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Preface 
 

In the past decade or so, nutrition research has grown into one of the most challenging 

and innovative health-related scientific disciplines in the world. New advances in basic and 

applied nutritional research help emphasize several health challenges of the population such 

as obesity, chronic diseases (e.g., diabetes, cardiovascular disease, cancer) and aging. On 

the other hand, research focused on the healthy population with specific nutritional needs 

(e.g., athletes, elderly, children and adolescents) highlights new questions and dilemmas. The 

volume of information grows exponentially with new studies and challenging old paradigms. 

In this book, authors explore selected topics that have implications for human health and 

nutrition, from epidemiological approaches to basic and applied trials. 

In Chapter 1, authors discuss the importance of obesity and iron deficiency, as two most 

common nutritional disorders in the world. Authors challenge a new hypothesis: whether 

being overweight or obese is associated with an increased risk of iron deficiency anemia. It is 

already known that obesity is associated with an increased risk of low serum iron levels (the 

risk increases even more in the morbidly obese population). On the other hand, obese people 

tend to have higher hemoglobin and serum ferritin concentrations compared to normal weight 

people. Due to the fact that adipose tissue may act as an endocrine organ and produce several 

types of cytokines, authors report that greater adiposity could regulate iron metabolism 

through hepcidin-related effect of cytokines on iron storage and erythropoiesis.  

Chapter 2 reviews selected conditions and diseases that might influence the transport of 

zinc in human nutrition. This essential mineral is involved in numerous structural, catalytic 

and regulatory functions of the body, with its role highlighted recently in diabetes mellitus 

Type 2 and cardiovascular disease. Specifically, low-grade inflammation that is presented in 

diabetes and cardiovascular disease can negatively affect zinc metabolism in the body. 

Furthermore, exercise might enhance the physiological demand for zinc, which is particularly 

relevant in chronic diseases when physical activity is prescribed as an element of primary or 

secondary prevention programs. Authors describe interconnected roles of exercise, 

inflammation and chronic disease on cellular zinc transporters in multiple cell types and 

cellular zinc homeostasis.  

Sport nutrition is well-grounded scientific discipline, yet several questions are still 

debatable or challenging, such as protein requirements among athletes and/or performance-

enhancing effects of protein supplements. In Chapter 3, authors discuss fundamental issues 

regarding protein supplementation and athletic performance through extensive overview of 

scientific literature. They provide comprehensive guidelines on daily protein requirements in 
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athletes and non-athletes, and describe benefits and drawbacks of protein consumption from 

different sources (animal proteins vs. vegetable proteins). In addition, updated information 

has been provided regarding the optimal timing of protein intake and the importance of 

leucine for muscle protein synthesis, as well as safety issues concerning high-protein intake in 

athletic environment. 

In Chapter 4, authors investigate the efficacy and safety of novel nutritional supplement 

guanidinoacetic acid. Guanidinoacetic acid is a natural precursor of creatine, the latter playing 

an important role as an energy carrier in the cell. Authors suggest that dietary guanidinoacetic 

acid induces a significant increase in lean body mass, grip strength and upper body strength in 

52 young men and women when administered for 6 weeks. On the other hand, treatment with 

three different oral doses of guanidinoacetic acid has no major effect on aerobic and 

anaerobic endurance, neither cardiovascular nor lactate responses after maximal exercise. It 

seems that 1.2 g/day of guanidinoacetic acid can be considered as a minimal dose with 

performance-enhancing properties. The effects are most consistently seen in participants 

receiving 2.4 grams of guanidinoacetic acid per day. Except for the dose of 4.8 grams of 

guanidinoacetic acid, reported side effects of guanidinoacetic acid administration are rather 

mild (e.g., weight gain, mild gastrointestinal distress). Furthermore, during guanidinoacetic 

acid loading liver and muscle enzymes remain within the normal clinical ranges, as well as 

serum antioxidant capacity and hematological indices. 

Increased methylation after guanidinoacetic acid ingestion could affect metabolism of 

homocysteine and induce hyperhomocysteinemia. Due to the fact that elevated plasma 

homocysteine is discussed as a risk factor for a number of important diseases, it seems 

reasonable to employ different nutritional agents (e.g., methyl group donors) as additives 

during guanidinoacetic acid loading to suppress or counterbalance hyperhomocysteinemia. In 

Chapter 5, authors analyze whether dietary intake of methyl donors (e.g., betaine, choline and 

B vitamins) during guanidinoacetic acid loading affected metabolic and clinical markers, and 

increased the incidence of side effects after 8 weeks of administration. It seems that methyl 

group donors co-administered during guanidinoacetic acid supplementation largely prevented 

an increase in plasma homocysteine induced by pure guanidinoacetic acid. A powerful 

homocysteine-balancing effect has been noted in subjects co-supplemented with choline and 

betaine. All nutritional interventions seemed to be comparably effective for improving 

skeletal muscle mass as well as decreasing body fat, with no major changes in weight 

throughout the study. Considering the negligible disturbances in clinical markers of health 

status, the intake of guanidinoacetic acid together with methyl group donors and B vitamins 

during eight weeks is relatively safe if the substance is taken in the recommended amount.  

Creatine is among the most popular dietary supplements in the world in terms of health 

and disease. In Chapter 6, authors evaluate the use of creatine in human nutrition from its 

metabolism and utilization to supplemental creatine effects in sports and medicine. Authors 

extensively review the physicochemical properties (e.g., solubility, stability in solid forms 

and solutions) of creatine monohydrate and several advanced creatine formulas (e.g., creatine 

ethyl ester, creatine chelate, creatine salts, buffered creatine) that are currently available in the 

market. In addition, creatine monohydrate and new forms of creatine are compared 

concerning ergogenic effects and bioavailability issues. With the final goal of increasing 

solubility of creatine, authors highlight future challenges of synthesizing creatine in the form 

of hydrophilic room temperature ionic liquids.  
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Chronic inflammation and oxidative stress accompanies many diseases and conditions 

(e.g., obesity, metabolic syndrome, diabetes mellitus, cancer, cardiovascular disease). 

Therefore, the use of nutritional agents with anti-inflammatory and antioxidant properties 

might be beneficial. In Chapter 7, authors present the results from three pilot intervention 

studies that evaluated multi-target biological activities of two medicinal plants in humans. In 

particular, the effects of extracts from Sambucus ebilus and Agrimonia eupatoria are tested on 

healthy volunteers. Results obtained indicate changes in selected markers for anti-oxidative 

and anti-inflammatory activity of two medicinal plants. Due to its favorable characteristics, 

authors consider supplementation with agrimony and elderberry teas as an option to combat 

oxidative stress related conditions, including low-grade inflammation and metabolic 

disturbances. 

In Chapter 8, authors describe the role of different edible wild plants in nutrition 

indigenous to the Umbria region (Italy). It seems that gathering and consuming edible wild 

plants is still very much alive in Umbria as one aspect of an age-old ethno-botanical folk 

tradition although in most cases their nutritional value is unknown. Local names, parts used, 

folk medicinal properties and variations in culinary use linked to local traditions are still very 

important while conventions, exhibitions and themed courses provide information and 

promote these species as an environmental resource. It was found that the quality and quantity 

of the various components of the four species under examination (Bellis perennis, Bunias 

erucago, Chondrilla juncea, Sanguisorba minor) could make an excellent contribution to 

balancing and rationalizing diet as well as  preventing metabolic pathologies. In particular, 

high content of micronutrients, polyphenols and antioxidants might offer advanced protection 

against degenerative processes and advances health of the consumer.   

Chapter 9 discusses the significance of fruit and vegetable intake for health prevention in 

adolescent population. It seems that many dietary habits, such as fruit and vegetable intake, 

established during this sensible period of life continues into adulthood. World Health 

Organization reported that the daily fruit and vegetable intake in adolescents was below the 

recommended, despite the health benefits associated with optimal intake of fruits and 

vegetables. Several factors affect intake of fruits and vegetables during adolescence. Authors 

identify three key factors that might influence intake of fruits and vegetables in adolescents. 

These factors include individual factors (e.g., gender, age, knowledge, self-efficacy, taste 

preference), social factors (e.g., parents intake and modeling, parents and family support), and 

environmental factors (e.g., income, school availability, neighborhood, television). Authors 

also discuss several development strategies and effective intervention programs aimed to 

increase fruit and vegetable intake to  promote adolescents‘ healthy dietary behaviors. 

The number of people in Europe over the age of 65 years is expected to double over the 

next 50 years. It seems that sustained periods of physical inactivity and concomitant loss of 

muscle mass (sarcopenia) are more common in older people. The consequences of physical 

inactivity together with an unhealthy diet present an aggravating factor for chronic diseases 

and sarcopenia. In Chapter 10, authors discuss the importance of developing tools and 

interventions that reverse the negative consequences associated with physical inactivity 

and/or aging. Four studies evaluated adaptive responses to physical inactivity of 37 younger 

males and 16 older adults who received several interventions (nutritional, physical exercise or 

cognitive) during bed rest or rehabilitation that followed.  
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In particular, use of tensiomyography might be applicable novel approach to evaluate and 

manage sarcopenic muscle; the procedure is reliable, inexpensive and simple to use, and 

sensitive enough to detect early atrophic changes.  

 

Complimentary Contributor Copy



In: Human Health and Nutrition  ISBN: 978-1-63482-823-9 

Editor: Sergej M. Ostojic  © 2015 Nova Science Publishers, Inc. 

 

 

 

 

 

 

 

Chapter I 
 

 

Obesity and Iron Deficiency Anemia:  
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Abstract 
 

Obesity and iron deficiency are amongst the most common nutritional disorders in 

the world. However, whether being overweight or obese is associated with increased risk 

of iron deficiency anemia (IDA) remains undefined. Obesity is associated with increased 

risk of hypoferremia (low serum iron levels) and the risk may increase further in morbid 

obesity (BMI > 40 kg/m2). On the other hand, obese people tend to have higher 

hemoglobin and serum ferritin concentrations compared to normal weight people. Since 

the sites for iron storage and erythropoiesis are remote from the intestine, the circulating 

peptide hepcidin is thought to act as the communicating signal between these organs. 

Adipose tissue is an active endocrine organ which can produce numerous cytokines, 

adipokines and hormones leading to hepcidin perturbation. Hence, greater adiposity may, 

directly or indirectly, regulate iron metabolism. The recent advances in the molecular 

mechanism of iron regulation have also led to the development of alternative iron 

therapeutic methods for both iron restrictive anemia and/or iron overload. This chapter 

discusses recent advances of obesity and iron metabolism with special focus on 

population based studies. 

                                                        
*
 E-mail: susanchang@tmu.edu.tw. 
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Introduction 
 

Both iron deficiency (ID) and obesity are global epidemics affecting billions with 

regional disparities [1]. Increasing evidence suggests ID and obesity are causally associated at 

the molecular level [2]. The association was first observed in the 1960-s among obese 

children with decreased serum iron being as frequent as 36% and 18% in obese males and 

females, respectively [3]. This observation was later confirmed in obese adolescents [4, 5] 

and adults [6, 7]. Currently, it is hypothesized that the low-grade inflammatory phenotype 

may be contributory to ID. While the possible relationship between obesity and hypoferremia 

has been described in children [4, 5, 8] and women [9-15], it is still debatable whether being 

overweight or obese is associated with an increased risk of anemia or iron deficiency anemia 

(IDA) [12-19]. One systematic review of 25 studies investigating iron status in obese 

populations reported that obese people tend to have higher hemoglobin (Hb) and ferritin 

concentrations, but lower transferrin saturation compared to non-obese controls [20]. This 

conclusion adds credence to the view that hypoferremia is associated with obesity, but that 

the higher Hb levels observed among the overweight and obese indicates that sufficient iron is 

available for erythropoiesis [20]. Iron metabolism is highly regulated and involves cross-talk 

signals between multi-organs, hormones and cytokines. This chapter discusses recent 

advances of obesity and iron metabolism with special focus on factors that influence iron 

metabolism such as diet, adipokines, inflammation and sex hormone. 

 

 

Physiology of Iron Metabolism 
 

Iron is an essential trace element for all microorganisms. Iron is also a potent pro-oxidant 

which can donate electrons leading to reactive oxygen species (ROS). However, there is no 

known mechanism for iron excretion. Thus, as a primitive defense mechanism, iron 

metabolism is tightly regulated in humans. 

The average adult human contains 2-4 g of iron in the body (approximately 0.06 g iron/kg 

body weight) [21]. About two-thirds of this iron (60-70%) is stored in the hemoglobin; the 

other third is contained in the iron-binding proteins such as ferritin and transferrin [22]. 

Ferritin uses as much as 20% of the iron. Myoglobin and iron containing enzymes use about 

10%. Only about 1-2% is in transit in plasma. The major site of iron utilization is the bone 

marrow (~20 -25 mg iron/day) where it is used in heme synthesis for the red blood cells 

(RBCs) [23]. Recycling of heme iron from senescent RBC is the primary source of 

erythropoiesis [22]. This process is mediated by macrophage and accounts for 90% of the 

daily iron requirement in adults. In healthy adults, only 10% (1-2 mg) of iron is absorbed 

from diet to replace the iron losses (e.g., menstrual or dead cell loss). The absorbed iron is 

transported across the basolateral membrane of intestinal enterocytes into the circulation via 

ferroportin (FPN). Transferrin carries two ferric iron (Fe
3+

) and transport iron throughout the 

body. All iron-requiring cells express transferrin receptor on the cell surface including RBCs. 

Increased iron requirement triggers transcriptional upregulation of transferrin receptor as well 
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as shedding of transferrin receptor. Hence, soluble transferrin receptor (sTfR) reflects the 

body‘s iron status. The excess iron is stored in the liver in the form of ferritin (<20%). Thus, 

the amount of ferritin in circulation normally reflects the amount of iron stored in the body in 

healthy subjects. When iron stores diminishes, little ferritin is made, which allows greater 

amounts of iron to enter the mucosal iron pool for transport into the bloodstream. 

Hepcidin is the principle regulator of systemic iron homeostasis [24]. Hepcidin mRNA is 

primarily synthesized in the liver. But it is also expressed at low steady-state levels in other 

organs including the heart [25], brain [25], lung [25], macrophage rich tissues [25] and 

adipocytes [26]. The amount of circulating hepcidin contributed by the non-liver organs 

remains unknown. A recent study showed hepcidin mRNA expression was increased in 

adipose tissue of obese patients [26]. This finding suggests that adipose tissue may be directly 

involved in iron metabolism via regulating hepcidin secretion. As proposed by Nemeth and 

Ganz [21], hepcidin controls plasma iron concentration by physically binding to FPN leading 

to FPN internalization, degradation, and thus to blockage of cellular iron export from 

enterocytes to body cells. FPN is the sole known cellular iron exporter in mammals. Taken 

together, hepcidin-FPN axis maintain iron homeostasis via: 1) decreasing dietary iron 

absorption in duodenum, 2) inhibiting the release of recycled iron by macrophages to 

peripheral, 3) and inhibiting iron mobilization from hepatic or splenic stores [21, 27]. 

 

 

Pathophysiology of Iron Metabolism Related  

to Obesity 
 

Several mechanisms concerning obesity and dysregulated iron metabolism have been 

identified in humans. As described above, the iron homeostasis is maintained by the iron 

absorption in the gut (1-2 mg absorbed iron/day) and iron sequestration (20 -25 mg recycled 

iron/day) [23]. The bioavailability of iron in the diet is influenced by (i) iron status, (ii) form 

of iron in the diet (heme and non-heme iron), (iii) diet composition (inhibitor and enhancer), 

and (iv) iron exporter hepcidin-FPN axis. However, most of the dietary iron bioavailability 

data have been derived from malnutrition subjects. Therefore, whether obese people exhibit 

the same iron absorption rate as malnutrition people remains unclear. The recent discovery of 

hepcidin-FPN axis has provided new aspects on how our body responds to iron status, 

particularly, in the inflammatory state. Adipose tissue is a very active endocrine organ that 

produces numerous cytokines, adipokines and hormones [28]. Hence, greater adiposity may, 

directly or indirectly, regulate hepcidin secretion resulting in altered iron homeostasis. As 

discussed below, several factors are known to influence iron metabolism in relation to 

obesity, namely diet, adipocytes, leptin, inflammation, macrophage, erythropoiesis and sex 

hormone. 

 

 

Diet 

 

The iron requirements of an individual are proportional to growth (~0.2 -0.6 mg 

iron/day), basal (~0.6 -1 mg iron/day) and menstrual (~0.5 mg iron/day) losses [29]. For 

adults, approximately 1-2 mg of iron (male and postmenopausal female: 1 mg/day and 
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reproductive aged female: 1.5-2 mg/day) must be absorbed daily to replace the basal and 

menstrual losses. Typical Western diets contain 6 mg/1000 kcal of iron while Chinese diet 

contains 7 mg/1000 kcal of iron [30]. Iron absorption rate is regulated by the iron status of an 

individual: 5-10% in individuals with normal iron status and 20-30% in individuals with Iron 

Deficiency Anemia (IDA). In patients with IDA, iron bioavailability has been estimated to be 

14–18% for mixed diets and 5–12% for vegetarian diets [31]. These data have been used to 

generate dietary reference values for all population groups [31]. However, whether these 

values can apply to overweight and obese subjects remain unclear. 

Literature shows a poor correlation between dietary iron intake and obesity-related 

hypoferremia [32]. Aeberli et al.investigated dietary iron intake in 121 children aged 6-14 

years (yrs) and reported no differences in dietary iron intakes nor iron bioavailability between 

overweight and normal weight children [33]. The average iron intake in Taiwanese adult 

women is 15.2 mg/day, reaching 100% of the dietary recommended iron intake for 

reproductive-aged women [34]. Dietary iron intake (animal or plant iron) did not differ 

between anemic status nor did BMI status in Taiwanese women [34]. Obese people tend to 

replace carbohydrate (CHO) with fat and protein as sources of energy compared with normal 

weight [33, 34]. Animal protein such as red meat, poultry and fish are good sources of heme 

iron. In addition, animal iron accounts for 10-30% of total iron intake (approximately 15% is 

absorbed). CHO foods such as red bean and grains are also good sources of non-heme iron 

(approximately 3-8% is absorbed). The absorption rate of plant-based iron depends largely on 

the concomitant presence of iron absorption-regulating factors (e.g., vitamin C and vitamin 

A) and iron-absorption inhibitors (e.g., calcium, tea, coffee, and polyphenol) in the meal. 

Menzie et al.compared dietary factors that affect iron absorption in obese and non-obese 

adults and found no association between obesity-related hypoferremia and dietary factors 

[35]. Dietary composition may also affect iron bioavailability. Using radioactively labeled 
59

ferric citrate, animal study showed mice fed on high-fat diet had lower iron absorption rate 

in the duodenum and the high-fat diet induced hypoferremia was independent of hepcidin 

level [36]. Another study showed that mice fed with high-fat and high-fructose diet developed 

hepatic iron overload and this was, in part, due to decreased hepatic hepcidin levels [37]. 

Upon administration of 4 mg of isotopically labeled fortification iron to healthy 

premenopausal Thai women, Zimmermann et al.observed an inverse relationship between 

Body Mass Index (BMI) and fractional iron absorption [38]. However, these authors did not 

measure hepcidin levels in Thai women. Taken together, more studies are needed to clarify 

the role of dietary factors in the development of obesity-related IDA, particularly the effects 

of high fat/low CHO diet on hepcidin and FPN expression. 

 

 

Adipocytes 

 

In healthy normal weight subjects, iron homeostasis is primarily controlled by hepcidin 

produced in the liver. There are conflicting evidences concerning the role of adipose-derived 

hepcidin in obesity-related hypoferremia or IDA. Bekri et al.first reported the possible role of 

adipocytes in hepcidin secretion [26]. Hepcidin mRNA expression was increased in 

subcutaneous adipose tissue (SCAT) in severe obese patients and its expression was 

positively correlated with inflammatory signals, IL-6 and C-reactive protein (CRP) [26]. By 

examining adipose tissue derived from patients who underwent cardiac surgery, Vokurka et 
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al.observed the basal expression of hepcidin mRNA was higher in epicardial visceral adipose 

tissue (VAT) than in the SCAT. Hepcidin expression in SCAT increased significantly at the 

end of surgery but not in the VAT. However, Tussing-Humphreys et al.demonstrated that 

SCAT derived from obese or lean adults does not release hepcidin in vivo [39]. The notion is 

that hepcidin expression is much higher in the liver than in the adipose tissue (approximately 

700 times greater than in VAT and SCAT) [26, 40]. Hence, it is difficult to conclude to what 

extent adipocytes-secreted hepcidin contributes to the obesity-related hypoferremia. 

 

 

Leptin 

 

Leptin is produced primarily by the white adipose tissue to signal fat storage in the body. 

It controls food intake via regulating neuropeptides in hypothalamus [41]. Plasma leptin 

levels are positively correlated with BMI. A positive association between serum hepcidin and 

leptin was found in obese children [42]. Later, the same researchers conducted a 6-months 

weight reduction program in obese children and found an association between decreased BMI 

and decreased leptin and hepcidin levels in children [43]. In vitro study in HuH7 human 

hepatoma cell line showed leptin upregulates hepatic hepcidin expression through the 

JAK2/STAT3 signaling pathway [44]. These data suggest that leptin may regulate iron 

homeostasis via controlling hepatic hepcidin expression. However, most obese people 

develop leptin resistance and have high leptin levels in the body [45]. 

 

 

Inflammation 

 

Obesity is characterized by a low grade systemic inflammation. Adipose tissue secretes 

many pro-inflammatory cytokines such as interleukin 6 (IL-6), tumor necrosis factor (TNF-

α), interleukin 1β (IL-1β) and monocyte chemoattractant protein-1 (MCP-1). The effects of 

pro-inflammatory cytokines on iron status have been extensively reviewed [21, 23, 28, 46-

51]. For example, it is well reported that hepcidin is transcriptionally upregulated by pro-

inflammatory cytokines such as IL-6 [52]. This condition is commonly referred to as anemia 

of inflammation (AI) or anemia of chronic disease (ACD) [52, 53]. 

 

 

Macrophage 

 

The pathological hallmark of obesity is characterized by the infiltration of macrophage 

into the adipose tissue, leading to increased release of proinflammatory cytokines [54]. P-

selectin glycoprotein ligand-1 (PSGL1) is a critical adhesion molecule for the recruitment of 

leukocytes into adipose tissues [55, 56]. Macrophage play a key role in both host defense and 

iron metabolism [23]. 

By recycling heme iron from senescent RBCs, splenic and hepatic macrophages provide 

sufficient iron to bone marrow for erythropoiesis. Deletion of iron exporter gene ferroportin-1 

(Fpn1
-/-

) in macrophage resulted in increased TNF-α and IL-6 secretions in iron-loaded 

macrophage [57]. FPN mutations have also been identified in different ethnic groups. 
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Furthermore, disruption in FPN may lead to hyperferritinemia, iron overload in macrophage 

and/or hepatocellular iron deposition [58]. 

 

 

Erythropoiesis: Role of Hypoxia 

 

Hypoxia profoundly affects erythropoiesis via activation of the hypoxia inducible factor 

(HIF)/hypoxia response element (HRE) [59]. The HIF system senses oxygen levels and plays 

a key role in anemia induced hypoxia [60]. HIF-1α is thought to be a negative regulator of 

hepcidin by binding to the HRE in the hepcidin [59]. The HIF system can also induce 

erythropoietin (EPO) production in the kidney thereby promoting the proliferation and 

differentiation of erythroid progenitor cells [61]. The HIF/EPO system is also the negative 

regulator of hepcidin [49]. By suppressing hepcidin level, EPO can enhance blood iron levels 

and supply iron to the bone marrow for erythropoiesis. 

Pathological adipose tissue expansion may cause adipocyte hypertrophy, which creates 

areas of local adipose tissue micro-hypoxia [54]. It may also upregulate adipokines and pro-

inflammatory cytokines that are associated with transcriptional upregulation of hepcidin such 

as leptin, IL-6, interferon-alpha (IFN) and TNF-α. As hypothesized by Means [50], the 

presence of inflammatory cytokines may interfere with erythropoiesis through the following 

mechanisms: (1) inhibited erythroid progenitors response to EPO (e.g., IL-1, IFN and TNF-

α); (2) impaired iron mobilization or utilization through upregulation of serum ferritin and 

downregulation of TfR on progenitor cells; and (3) decreased RBC survival (e.g., IL-1 and 

TNF-α). 

 

 

Sex Hormone 

 

Association between obesity and the reproductive hormones have been noted in humans, 

however this relationship may differ by menopausal status [62]. 

A positive association between blood estrogen (estradiol and estrone) and BMI existed in 

postmenopausal women [63] but a reverse relationship was found in premenopausal obese 

women [62]. The mechanisms underlying this association are complex and undefined. 

However, the source of estrogen may play a key role in this relationship. 

There are three types of estrogen in the human body: estrone (E1), estradiol (E2) and 

estriol (E3). In premenopausal women, estradiol is the major estrogen that is predominantly 

secreted by the ovary. During menopause, estrone replaces estradiol and becomes the 

predominant estrogen. Estrone is secreted by both ovary and peripheral tissue such as adipose 

tissue and muscle. Ovarian estrogen production decreases after menopause and adipocytes-

mediated aromatase conversion of androstenedione to estrone is dominant in obese 

postmenopausal women [64]. Estrone can be further converted to estradiol by 17β 

hydroxysteroid dehydrogenase (17β-HSD) [65]. In 1987, Siiteri [64] proposed obese people 

maybe associated with: (i) increased androgen precursors available for conversion to 

estrogen; (ii) increased conversion efficiency of androstenedione to estrone ; and (iii) 

decreased plasma sex hormone-binding protein (SHBG) levels, which binds estradiol (E2), 

leading to increased levels of free serum estradiol. 
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It has long been speculated that there are cross-talk signals between sex hormone and iron 

profile at the systemic level [66]. In female, body iron status is closely associated with 

menopausal status. Ovariectomized mice, an animal model of postmenopausal osteoporosis, 

showed elevated body iron stores [67-69] and this was, in part, due to increased FPN 

expression in the duodenum and decreased hepcidin and bone morphologic protein 6 (BMP-

6) expression in the liver [69]. 

Using in vitro and in vivo models, several studies demonstrate estrogen directly regulates 

hepcidin expression [66, 68, 69]. Though, these findings are inconclusive. 

Yang et al.first reported 10 and 100 nM 17β-estradiol (E2) inhibited hepcidin expression 

in HepG2 and HuH7 cells and this inhibition was mediated through estrogen response 

element (ERE) that is located between -2474 and -2462 upstream from the start of hepcidin 

gene [66]. This effect was also observed in wild-type mice that received 100 nM E2/kg body 

weight for 24 hours [66]. Hou et al.identified another ERE, located on -1244 to -1232 

upstream from the start of hepcidin transcription site, that plays a key role in E2-mediated 

(10
-7

 M) downregulation of hepcidin expression [68]. However, Ikeda and colleagues 

reported E2 treatment (10
-8

-10
-6

 M) upregulated hepatic hepcidin expression in HepG2 cells, 

which was mediated through a distinct GRP30-BMP6-dependent mechanism [69]. 

Administration of testosterone to wild-type mice showed increased iron incorporation into 

RBCs and this effect was through BMP/Smad- mediated downregulating of hepcidin 

transcription [70]. 

A recent population based study of Chinese men observed a negative association between 

testosterone and serum ferritin levels [71]. Taken together, these data provide first evidence 

that sex hormone may directly be involved in iron homeostasis. 

 

 

Treatment of Obesity-Related Iron Deficiency 
 

Treatment of obesity-related iron deficiency can be achieved through two main 

approaches: (i) energy-restricted diet; and (ii) hepcidin antagonists. Furthermore, incidences 

of iron overload can also be managed by use of hepcidin agonists. 

 

 

Energy-Restricted Diet 

 

Information on the role of life-style interventions on iron status are scarce. Traditionally, 

iron supplementation is recommended for individuals who have iron deficiency or IDA. 

However, recent publications show the treatment efficacy of iron supplementation may vary 

significantly between normal weight and overweight/obese individuals [38, 72, 73]. The 

notion is that elevated serum hepcidin levels may reduce iron bioavailability in obese children 

and adults. Weight reduction, on the other hand, may improve obesity-related hypoferremia 

[43, 72, 73] even in the absence of elevated serum hepcidin [74]. Weight reduction, 

particularly loss of adipose tissue, is associated with change of adipokines, pro-inflammatory 

cytokines and sex hormone. It has been suggested that decreasing adipose tissue-derived 

signals may lead to decreased hepcidin expression, hence, a better iron status in obese 

individuals. Although serum hepcidin is positively correlated with the degree of BMI, a few 
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studies found normal or lower serum hepcidin levels in mild overweight/obese children and 

adults [74, 75]. Chang and colleagues investigated 648 children aged 7-13 yrs living in Taipei 

and New Taipei city and reported obese and overweight children had lower serum hepcidin 

concentrations compared with their normal weight counterparts [75]. Cheng et al.conducted a 

6 to 12-months weight reduction program (high protein and low protein diet: 5600 kJ/day) on 

young Australian women (18-25 yrs; BMI ≥ 27.5 kg/m
2
) and observed a normal serum 

hepcidin and CRP levels at baseline among participants [74]. These authors found that loss of 

> 10% initial body weight was associated with a better iron status regardless of the type of 

diet and hepcidin levels [74]. 

Taken together, these data suggest that weight loss induced by energy-restricted diet may 

be used as a means to correct obesity-related hypoferremia in spite of restricted heme and 

non-heme iron intake. 

 

 

Hepcidin As a Potential Iron Therapy Target 

 

Recent advances in the molecular mechanism of iron regulation suggest that hepcidin 

deficiency or excess play a pathogenic role in iron disorder. Thus, hepcidin agonists and 

antagonists have been developed as a means of iron therapy. The hepcidin-based therapy is an 

area of intensive research and in-depth reviews have been published elsewhere [76-82]. 

However, of note, the available data are primarily based on animal models. Although several 

hepcidin-targeted therapies have already been administered in human clinical trials, no 

clinical data has been reported yet [83]. 

 

Hepcidin Antagonists for Treatment of Iron Restrictive Anemia 

Iron restrictive anemia is associated with elevated serum hepcidin due to the presence of 

chronic inflammation. If the cause of anemia in obese individuals is due to inflammation-

driven hepcidin synthesis, hepcidin antagonists can be employed as a means of iron therapy. 

However, as noticed by Chang [75] and Cheng [74], normal hepcidin levels may occur in 

healthy young overweight/obese individuals. 

In this circumstance, hepcidin antagonists would only be suitable for patients with 

elevated serum hepcidin such as severe obese [43, 84] or those burdened with comorbid 

conditions [84, 85]. 

Two small-molecule antagonists of hepcidin have been developed including 

fursultiamine [86] and NOX-H94 [87], which target hepcidin-FPN axis. Fung et al.reported 

fursultiamine, a Food and Drug Administration (FDA)-approved thiamine derivative, directly 

interfered with hepcidin binding to FPN, by inhibiting FPN C326 thiol residue which is 

essential for hepcidin binding [86]. Schwoebel et al.identified a novel anti-hepcidin 

compound NOX-H94, a structured L-oligoribonucleotide that binds human hepcidin with 

high affinity and reported that NOX-H94 protects FPN from hepcidin-induced degradation in 

an acute cynomolgus monkey model of IL-6-induced hypoferremia [87]. Cooke and 

colleagues developed human anti-hepcidin antibodies (Abs) to neutralize hepcidin expression 

and reported that 12B9m Abs increase the serum iron availability leading to enhanced red cell 

hemoglobinization in a mouse and cynomolgus monkeys model of AI [77]. Anti-cytokine 

therapeutic approaches have also been developed to down-regulate inflammation-associated 

hepcidin synthesis. Briefly, these include anti-IL-6 antibodies [88], AG490 which is a STAT3 
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inhibitor [89], and carbon monoxide-releasing molecules [90]. The bone morphogenetic 

protein (BMP) pathway plays a key role in stimulating hepcidin transcription. Thus, iron 

availability can be restored by BMP therapeutic agents such as microRNA miR-130a [91] and 

heparin [82]. 

 

Hepcidin Agonists for Treatment of Iron Overload 

Iron overload disorders may also occur in obese individuals with hereditary iron 

disorders. This includes hereditary hemochromatosis (HH) and iron loading anemia 

associated with ineffective erythropoiesis (e.g., β-thalassemia and sickle cell disease). 

Hepcidin insufficiency is the common clinical feature. However, iron overload of HH is 

results from the combination of genetic disorders in the genes encoding hepcidin or its 

regulator, leading to excessive dietary iron absorption and iron deposition in the body [78]. 

By contrast, hepcidin production is suppressed due to ineffective erythroid regulators (e.g., 

GDF15, TWSG1) in the β-thalassemia major. In practice, phlebotomy is an effective 

treatment for patients with hereditary hemochromatosis. In β-thalassemia major, iron 

chelation therapy is used to prevent iron overload, however, the treatment is is less well 

tolerated due to intolerance of parenteral chelating agents [79]. Tissue iron overload is a 

primary focus of β-thalasemia management and it can be fatal in both transfused and non-

transfused patients. Gardenghi et al.tested the hypothesis that β-thalasemic mice absorb more 

iron than is needed for erythropoiesis. By placing β-thalasemic mice on a normal (35 ppm 

iron) and low iron diet (2.5 ppm iron) for 5 months, the authors found that the β-thalasemic 

mice that received low iron diet did not exhibit a worsening anemia despite relative systemic 

iron deficiency [92]. By contrast, β-thalasemic mice on a normal iron diet (35 ppm iron) 

showed decreased hemoglobin, RBCs and reticulocyte count but increased iron storage in the 

liver and spleen [92]. It has been speculated that the reversal of ineffective erythropoiesis in 

β-thalasemic mice is, in part, due to decreased formation of toxic unpaired α-globin chains 

and heme iron-reactive oxygen species mediated membrane damage in RBCs [76]. 

Schmidt et al.delivered TMPRSS6 siRNA formulated in lipid nanoparticles (LNP) to Hfe 

(-/-) and thalassemia intermedia (Hbb (th3/+)) mice and reported LNP-TMPRSS6 siRNA 

induces hepcidin expression and diminishes tissue and serum iron levels in transgenic mice 

[93]. Furthermore, LNP-TMPRSS6 siRNA treatment of Hbb (th3/+) mice substantially 

improved the anemia by altering RBCs survival and alleviating ineffective erythropoiesis. 

TMPRSS6 is the negative modulator of hepcidin and by silencing TMPRSS6 expression 

thereby leading to increased hepcidin synthesis. Overall, as suggested by Bartnikas and 

Fleming [76], there is very narrow therapeutic window of hepcidin modulation as expression 

of very high levels of hepcidin in β-thalasemic mice may lead to more severe anemia [92]. 

 

 

Conclusion 
 

Mechanisms underlying obesity-related hypoferremia are different from those of 

conventional iron deficiency associated with under weight or normal weight individuals. 

Given the fast rising number of overweight and obesity persons, an insight on the interaction 

between obesity-related inflammation and iron metabolism is of greater importance towards 

developing public health strategies for preventing dysmetabolic iron overload syndrome. The 
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recent advances in the molecular mechanism of iron regulation have also led to the 

development of alternative iron therapeutic methods for both iron restrictive anemia and/or 

iron overload. Although hepcidin-based therapeutic methods remain to be tested in clinical 

trials, it is probably more relevant for obese patients with comorbidities. By contrast, life-

style modification (e.g., weight reduction and exercise) may help to restore normal body iron 

circulation in healthy overweight and obese people with normal hepcidin levels. 
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Abstract 
 

Zinc is involved in numerous structural, catalytic and regulatory functions of the 

body. The role of zinc in chronic diseases, such as Type 2 diabetes mellitus (DM) and 

cardiovascular disease (CVD) and associated aspects such as inflammation, has attracted 

much research interest. Recent findings also suggest that the prescription of exercise in 

the prevention and management of chronic diseases enhances the physiological demand 

for zinc. The present review aims to explore the determinants of whole body and cellular 

zinc transport in humans, as related to chronic diseases, inflammation and exercise. 

Whole body zinc homeostasis is maintained primarily at the level of the gastrointestinal 

tract and liver. The bioavailability and amount of dietary zinc consumed directly 

influence zinc uptake and endogenous zinc secretion in the gut. With no defined zinc 

store within the body, the assessment of zinc status in humans is complicated. The search 

for a sensitive zinc biomarker may benefit from the study of cellular zinc homeostasis. 

Zinc transporters and metallothionein act in a coordinated fashion to mediate zinc 

transport within the cell. Perturbations in cellular zinc homeostasis have been linked to 

CVD and Type 2 DM, as part of the disease pathologies. In a similar vein, low-grade 

inflammation that co-exists with chronic diseases has been shown to mediate changes in 

zinc homeostasis. While exercise has shown beneficial effects on inflammation, it can 

also induce suboptimal zinc status, which exacerbates the deleterious effects of deranged 

zinc homeostasis in chronic diseases. Limited studies have explored the cellular zinc 
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transport under exercise stress in humans, hence further research is required to ascertain 

the connection between whole body zinc homeostasis and cellular zinc transport network 

under conditions of health and chronic diseases. 

 

Keywords: Zinc; Inflammation; Exercise: Diabetes mellitus; Cardiovascular disease 

 

 

Introduction 
 

The interest in metabolism and function of zinc in humans was amplified by the 

recognition of zinc deficiency in the 1960s [1]. Since then, zinc has been implicated in 

numerous metabolic functions, including energy metabolism, immunity and antioxidant 

activity. Almost 10% of the proteins found in the human body have been predicted to bind 

zinc in vivo [2]. The extensive involvement of zinc in biology can be categorized into 

structural, catalytic and regulatory roles. The importance of zinc ions in gene transcription 

and protein structure was clarified further through the discovery of ‗zinc fingers‘. ‗Zinc 

fingers‘ are protein motifs characterized by a zinc ion coordinated with a combination of 

cysteine and histidine residues which maintain structural integrity of the protein [3]. In 

addition, ‗zinc fingers‘ also have the ability to serve as sensors of cellular zinc ions. An 

example of an intracellular zinc sensor in humans is metal-responsive transcription factor-1 

(MTF-1). This transcription factor represents the primary regulatory control of cellular zinc 

homeostasis at the transcription level [4]. Although proteins containing ‗zinc fingers‘ were 

initially recognized for their interaction with nucleic acids, recent evidence suggests that 

proteins with ‗zinc finger‘ motifs also play a crucial role in other biological functions, for 

instance, in mediating protein-protein interactions [5]. 

In humans, zinc serves a catalytic role in over 50 metalloenzymes, spanning across all six 

classes [6]. Carbonic anhydrase (CA) was the first discovered zinc metalloenzyme; other 

enzymes include carboxypeptidase, alkaline phosphatases (ALP), transferases, ligases, lyases, 

isomerases, DNA/RNA polymerase, reverse transcriptase and superoxide dismutase (SOD) 

[7]. Recent findings also suggest that zinc can modulate the activities of proteins that were not 

identified as zinc proteins. For example, transient fluctuations in cytoplasmic zinc 

concentration can activate or inhibit protein tyrosine phosphatases [8]. Many proteins that can 

be modulated by zinc are mediators of cellular signaling pathways, supporting the role of zinc 

ions as second messengers within the cell, akin to calcium. Examples of the major signaling 

pathways in which zinc participates include the redox signaling pathways [9] where zinc, 

despite being a redox inert metal, provides an overall antioxidant effect. 

Overt zinc deficiency often manifests with clinical signs, such as impaired immunity and 

growth retardation. In low- and middle-income countries (LMIC), zinc deficiency in young 

children contributes to the rates of morbidity and mortality arising from persistent diarrhea 

and pneumonia [10]. Other manifestations of zinc deficiency include diverse forms of skin 

lesions, impaired wound healing, hypogeusia, behavioral disturbances and night blindness. In 

contrast, marginal zinc deficiency presents with a spectrum of ambiguous signs and 

symptoms. The consequences of suboptimal zinc status are suggested to impact many chronic 

diseases, including Type 2 diabetes mellitus (DM) [11] and cardiovascular diseases (CVD) 

[12]. The insidious effects of marginal zinc deficiency are reflective of the numerous 

physiological roles in which zinc is involved. 
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Whole Body Zinc Homeostasis 
 

Absorption and Excretion 

 

Of the dietary zinc that is absorbed, the majority is delivered through the small intestine, 

primarily at the distal duodenum or proximal jejunum. The mode of zinc absorption involves 

both saturable and passive mechanisms. Current evidence suggests that the saturable pathway 

is responsible for zinc absorption of up to 7-9 mg of daily ingested zinc [13] and requires the 

expression of specific zinc transporters and divalent metal transporters. At dietary zinc levels 

beyond 9 mg elemental zinc/d, passive transport involving paracellular zinc diffusion 

becomes the prominent mean of zinc absorption [14]. The fractional absorption of zinc 

appears to be dependent on total dietary zinc intake, rather than the host‘s intrinsic zinc status 

[15]. 

In addition to dietary zinc intake, a major factor in the determination of zinc absorption 

within the gut is the bioavailability of zinc amongst the chyme formed from digestion. Factors 

that influence zinc bioavailability and their effects on fractional zinc absorption were 

reviewed recently [17]. The absorption of zinc can be hindered through direct competition 

with other nutrients or by the presence of anti-nutrients, such as phytate [18], which form 

insoluble zinc complexes within the lumen. In vitro studies suggest that calcium and 

magnesium can form precipitates of phytate, enabling high affinity binding of zinc and 

thereby decreasing the availability of zinc for absorption. 

 

 

Figure 1. Factors affecting bioavailability and absorption of zinc within the gastrointestinal tract [16]. Zinc 

absorption in the lumen is determined by exogenous factors such as phytate, protein, iron and small 

molecular weight ligands, such as citrate and histidine. Endogenous zinc secretion also contributes to the 

luminal zinc concentration. Compensatory mechanisms in zinc deficiency modulate the amount of zinc 

secreted in mucosal cells, bile and pancreatic secretions. 
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Moreover, high iron to zinc ratio in the diet, typically achieved by iron supplementation, has 

been shown to decrease zinc bioavailability significantly and ultimately impact on zinc status 

[19]. In contrast, zinc absorption may be enhanced by the formation of coordination 

complexes between zinc and small molecular weight ligands. Specifically, the amino acids 

histidine and cysteine can form stable complexes with zinc in the lumen, which improves the 

efficiency of zinc absorption [20]. The introduction of animal protein into plant-based meals 

can significantly improve the bioavailability and absorption of zinc [21]. Figure 1 summarizes 

zinc homeostasis in the gastrointestinal tract with emphasis on the factors influencing the 

bioavailability of zinc. 

In order to estimate zinc bioavailability in the diet, the World Health Organization 

(WHO) identified 3 categories of zinc bioavailability according to the food source of zinc, 

phytic acid:zinc (PA:Zn) molar ratio and total calcium intake [23]. Figure 2 shows zinc 

content and PA:Zn molar ratios in common foods. A high fractional zinc absorption of 50% 

dietary zinc is estimated for a highly refined diet with PA:Zn molar ratio of less than 5. In 

contrast, an unrefined diet, which corresponds with a PA:Zn molar ratio of greater than 15, 

reduces estimated zinc absorption by 70%. However, most of the studies identified from the 

WHO report derived fractional zinc absorption from single meals, which may not be 

representative of the total diet.  

 

 

Figure 2. Zinc content (mg/100 g edible portion) and phytic acid:zinc (PA:Zn) molar ratios of selected foods. 

PA:Zn molar ratios of 5, 10 and 15 are shown to represent high, moderate and low zinc bioavailability foods, 

respectively. While foods with higher PA:Zn molar ratio are predicted to provide a lower percentage of 

bioavailable zinc in the gut, higher total zinc content in these foods may compensate for the reduced 

efficiency of zinc absorption, resulting in a greater amount of total zinc absorbed. Data adapted from [22]. 

In 2004, the International Zinc Nutrition Consultative Group developed two categories 

for estimating dietary zinc absorption in the context of the total diet [24]. Mixed diets and 

refined vegetarian diets, with PA:Zn molar ratio of 4-18, were grouped into a single category, 

with fractional zinc absorption predicted to be 26% in men and 34% in women. The second 

category, of lower zinc bioavailability, consists of unrefined, cereal-based diets with PA:Zn 
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molar ratio greater than 18. However, the limited number of studies identified in the latter 

category limits the interpretation of the cut-offs. 

The excretion of zinc in humans is primarily through fecal zinc originating from dietary 

sources, as well as endogenous zinc released in bile, pancreatic secretions and the turnover of 

mucosal cells. Regulation of fecal excretion is crucial in the maintenance of whole body zinc 

homeostasis [25]. In zinc depletion and supplementation studies, the amount of fecal zinc 

excreted is inversely correlated to dietary zinc intake, through changes in fractional zinc 

absorption and endogenous zinc secretion. Under marginal habitual dietary zinc intakes (< 8 

mg/d Zn), a reduction in endogenous zinc excretion appears to be the initial point of 

homeostatic adjustment [26]. It is unclear whether the mechanism of action is through 

increased efficiency in the reabsorption of zinc or a decrease in endogenous zinc secretion. In 

comparison to fecal zinc losses, urinary zinc represents a negligible route of excretion, which 

remains largely unchanged with small fluctuations in dietary zinc intakes, but responds to 

increased zinc exposure [27]. However, urinary zinc losses become significant in conditions 

that increase urine production, such as uncontrolled DM [11], or induce catabolism, for 

example severe burns, trauma/surgery. 

 

 

Tissue Distribution 

 

Zinc is found in all body organs and tissues, approximating to 1.2-2.3 grams of zinc in a 

human adult [7, 28]. Zinc primarily exists intracellularly, with close to 95% of total body zinc 

found within different body tissues [29]. The remainder of zinc resides in extracellular fluid, 

such as plasma or serum zinc, which represents 0.1% of total zinc within the body. While the 

highest concentrations of zinc are observed in the choroid of the eye and the prostate gland, 

the majority of zinc within the body is found in the musculoskeletal system [7]. Zinc 

concentration within erythrocytes is a number of magnitudes higher than the concentration of 

blood plasma. The majority of erythrocyte zinc is associated with CA, with some found 

incorporated in the cell membrane [14]. 

After absorption in the intestinal tract, zinc is bound to albumin and delivered to the 

systemic circulation via the hepatic portal system [30]. Approximately 30-40% of absorbed 

zinc in the portal blood exchanges with the liver, where zinc can be sequestered by hepatic 

metallothionein (MT). The liver represents a pool of readily exchangeable zinc in the body. 

The presence of hormones and inflammation can initiate the redistribution of zinc, leading to 

changes in hepatic zinc store [14]. 

The systemic zinc concentration is maintained within 10-18 µmol/L with diurnal 

variations across the day [24]. Albumin binds to ~75% of zinc found in plasma due to its 

abundance in blood and high affinity to zinc. Recent observations suggest that the binding 

and release of zinc from albumin may be modulated by fatty acids in the circulation [31]. The 

remaining zinc found in plasma is bound to α-2 macroglobulin (~25%) or with low molecular 

weight complexes (~1%), such as cysteine and histidine. The uptake of zinc into peripheral 

tissue appears to be dependent on the properties of zinc carriers. From the systemic 

circulation, zinc is transported into interstitial fluid through the endothelium via one of two 

transport systems [32]. Zinc-albumin complex is transported mainly via a saturable pathway 

by receptor-mediated transcytotic vesicles. The alternative endothelial transport system is a 

non-saturable pathway where zinc complexed with albumin or histidine is transported through 
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the intercellular junctions or by nonselective, bulk-fluid transcytosis. Under sufficient zinc 

status, plasma zinc is predicted to turn over ~150 times, which increases by one third when 

challenged with very low dietary zinc intake (< 5 µmol/d) [33]. Zinc isotopic studies have 

identified a rapidly exchangeable zinc pool which represents the entire pool of zinc in the 

plasma in addition to a portion located within the liver [34]. This kinetically defined 

metabolic zinc pool reflects habitual dietary zinc intake and may be useful in predicting total 

absorbed zinc in the gastrointestinal tract [25]. 

The musculoskeletal system contains 90% of total zinc in the body, of which two-thirds 

reside in skeletal muscles [29]. The majority of zinc in muscles is found within protein 

complexes, where zinc provides structural stability and enzymatic activities of 

metalloenzymes such as lactate dehydrogenase, SOD and CA. At rest, the turnover of zinc 

within muscles and bone has been suggested to be slower than the liver and other 

metabolically active tissues [34]. During exercise, muscular contractions can disrupt cellular 

structures [35] which leads to the release of proteins and ions, such as zinc, from myocytes. In 

recovery from exercise, the initial stages of muscle repair occur with monocytes and 

leukocytes infiltrating muscle cells, initiating cytokine production and stimulating the 

subsequent inflammatory response [36]. Inflammatory cytokines have been shown to regulate 

the expression of cellular zinc transporters in a number of tissues and thereby alter whole 

body zinc homeostasis [37]. 

 

 

Biomarkers of Zinc Status 

 

Systemic zinc concentration, analyzed in serum or plasma, is currently the recommended 

biomarker when assessing zinc status within a population [38, 39]. In a recent meta-analysis 

which explored the relationship between dietary and/or supplemental zinc and plasma zinc 

concentration in healthy populations, a doubling of zinc intake corresponded with a 6% 

increase in plasma or serum zinc concentration [40]. However, it is well-known that the 

systemic zinc concentration can be confounded by factors other than zinc status, which limits 

its usefulness as a diagnostic biomarker in individuals. Diurnal variation and interaction 

between zinc and other nutrients or drugs, including oral contraceptive agents, are examples 

of factors known to impact serum zinc concentration in healthy populations [41]. Fluctuations 

in hormones, such as insulin and leptin as a result of fasting or the post-prandial state, can 

also influence zinc concentration in the circulation. Inflammation and metabolic stress due to 

exercise, infection and chronic diseases are conditions which may cause redistribution of zinc 

in the body, typically causing a decrease in plasma zinc concentration [42]. 

Zinc concentrations in various blood components, such as erythrocytes, mononuclear 

cells, polymorphonuclear cells and platelets were determined to be poor indicators of zinc 

status in meta-analyses of zinc supplementation and depletion studies [38]. Moreover, there is 

limited evidence to support the use of other biological tissues, such as saliva and nail, in the 

assessment of zinc status in humans. In contrast, data from zinc supplementation studies 

suggests that urinary zinc excretion may be an effective biomarker of extreme dietary zinc 

intakes [38], with a dose-response effect observed for zinc supplementation between 15 and 

50 mg/d. Urinary zinc excretion responds well during severe zinc depletion (< 2 mg/d) [43, 

44] or higher intakes [27], however lacks the sensitivity to differentiate dietary zinc intakes 

around the recommended dietary zinc intakes (8-14 mg/d) [45]. Similar to urinary zinc 
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excretion, hair zinc appears to respond to zinc supplementation with limited data supporting 

its validity in zinc depletion. 

Functional biochemical tests, specifically enzymatic activities of zinc-dependent 

metalloenzymes, also have been explored in the estimation of zinc status. Commonly 

analyzed enzymes include plasma ALP and erythrocyte Cu-Zn SOD. Meta-analysis of zinc 

supplementation and depletion trials revealed plasma ALP activity to be a poor zinc 

biomarker [38]. Zinc supplementation generally decreases erythrocyte Cu-Zn SOD activity, 

primarily due to an antagonistic relationship between dietary zinc intake and copper 

absorption [46]. Similar to the systemic zinc concentration, a number of factors influences 

enzymatic activities, which complicates the delineation of relationship between zinc status 

and activities of enzymes. 

Given the limitations of the current zinc biomarkers, recent attention in this field has 

focused on the assessment of novel biomarkers, in both global genomic [47] and proteomic 

[48] studies. Recent investigations into the responses of serum microRNAs in zinc depletion 

and subsequent repletion have revealed possible novel biomarkers of zinc status [49]. The 

expression of zinc transporter and MT genes have been used in zinc supplementation and 

depletion studies to determine the relationships between mediators of cellular zinc 

homeostasis and whole body zinc status. In vitro studies have shown changes in cellular zinc 

transporter and MT expressions in response to different concentrations of zinc incubated in 

the media [50, 51]. However, in vitro regulatory response in zinc transporter and MT 

expressions does not appear to correspond with the effects observed in humans after zinc 

supplementation [51]. Hence, further studies are required to determine the usefulness of zinc 

transporter and MT measurements as zinc biomarkers in humans. 

The use of the peripheral blood mononuclear cells (PBMC) transcriptome as a marker of 

interest in nutrigenomic studies has gained momentum recently, due to the ease of sampling 

and analyses in humans. To date, two distinct approaches have been used to explore the 

changes in PBMC gene expression in nutritional intervention studies. In the first approach, 

the analysis of PBMC provides an insight into the role of inflammation that forms part of the 

pathology of many chronic diseases. Examples of studies that are pertinent include 

supplementation trials of immunomodulating nutrients, such as zinc and polyphenols, and 

studies that explore acute immune responses to nutritional challenges [52]. The alternative 

approach uses PBMC as a surrogate model for other biological tissues that are difficult to 

obtain in humans, such as those of the liver and pancreas. The underlying assumption of the 

latter approach is that the transcriptomic responses of PBMC and the target tissue are similar. 

While this relationship is reasonably established in genes regulating lipid metabolism [53, 

54], it remains largely unexplored in the mediators of cellular zinc homeostasis. Given that 

zinc mostly resides intracellularly within the liver and musculoskeletal system, the search for 

a novel zinc biomarker will benefit from future studies that aim to identify similarities in 

cellular zinc metabolism between PBMC and peripheral tissues. 

Whole body zinc homeostasis is influenced by dietary factors, such as zinc bioavailability 

in the gut lumen, and intrinsic determinants, such as inflammation and zinc status. As alluded 

to above, the assessment of zinc status in humans is complicated by the tight regulatory 

control of zinc homeostasis. The study of the mediators of cellular zinc homeostasis may shed 

light on the regulatory mechanism of zinc transport, in addition to advancing the discovery of 

novel zinc biomarkers in humans. 
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Cellular Zinc Homeostasis 
 

The regulation of cellular zinc is under tight homeostatic control. While the circulating 

zinc concentration in zinc-sufficient conditions is maintained within the micromolar range 

(around 10-18 µmol/L) [24], intracellular free zinc concentrations have been suggested to be 

multiple of magnitudes lower, i.e. in picomolar concentrations. Fluorescence spectroscopy of 

free zinc ions within the cell has identified compartmentalisation of zinc in subcellular 

locations, such as the Golgi apparatus and mitochondria. The accumulation of zinc within 

different subcellular organelles is important in eliciting rapid changes in cytoplasmic zinc 

concentration. Given the extensive role of zinc in modulating the activities of proteins within 

many cellular signaling pathways, the maintenance of cytoplasmic zinc concentration is 

important in the propagation of cellular signals, among other functions of zinc. Cellular zinc 

homeostasis is regulated primarily by two families of zinc transporters and MT. In addition, 

recent evidence suggests that a minor route of zinc transport can be mediated through 

calcium-conducting channels. 

 

 

Zinc Transporters 

 

To date, a total of 24 zinc transporters have been identified, classified into two families of 

solute carriers (SLC) according to their proposed function and structure. The mechanism of 

zinc transport through plasma and subcellular membranes is via secondary active transport, 

whereby the co-transport of solutes occurs without direct coupling of adenosine triphosphate, 

suggesting that the zinc transport process is energy independent. Both hydrogen (H
+
) and 

bicarbonate (HCO3
-
) ions are proposed to counter-transport with zinc via the action of zinc 

transporters; hence acid-base balance is possibly intrinsically linked to cellular zinc 

homeostasis. 

Members from the Zinc Transporter (ZnT; SLC30) family are responsible largely for 

decreasing cytoplasmic zinc concentration by zinc efflux into extracellular space or 

subcellular compartments, such as the Golgi apparatus and endoplasmic reticulum. Thus far, 

most of the 10 identified ZnTs reside primarily on the subcellular membranes (Table 1). 

Members from the ZnT family initially were predicted to form homodimers, with the 

exception of ZnT5 and ZnT6, which form heterodimers. However, a recent in situ study using 

bimolecular fluorescence complementation and visualization of intracellular free zinc 

demonstrated the ability of various ZnTs, specifically ZnT1-4, to form heterodimers [55]. 

Although the crystal structure is yet to be resolved, the structure for ZnT proteins can be 

estimated from YiiP, a cation-diffusion facilitator of zinc arising from Escherichia coli [56]. 

ZnT proteins are depicted typically with six transmembrane domains, with both the N- and C-

termini located intracellularly. Multiple sites of zinc binding have been suggested, one of 

which is located on the cytosolic domain and can trigger conformational change, facilitating 

zinc transport through the protein [57]. To date, only ZnT10 out of the ZnT family appears to 

have the ability to transport divalent metals other than zinc, specifically manganese. 

While dietary zinc intake appears to regulate the expression and activity of some ZnTs, 

other factors also have been shown to modulate ZnT proteins, in a tissue specific manner. 
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Table 1. Localization, transcriptional regulation and association with pathology of Zinc 

Transporters (ZnT)
1
 

 
Zinc 

transporter 

(ZnT; 

SLC30) 

Tissue 

distribution 

Subcellular 

localization  

Transcriptional 

regulation (response) 

Single nucleotide 

polymorphism (SNP) 

or mutations of genes 

and their association 

with pathology in 

humans 

ZnT1 Ubiquitous  Plasma membrane, 

vesicles 

All: zinc depletion (↓)  

Blood cells: zinc excess (↑) 

 

ZnT2  Mammary 

gland, 

prostate, 

retina, 

pancreas, 

small 

intestine, 

kidney 

Endosomal / 

lysosomal / 

secretory vesicles, 

plasma membrane  

Mammary cells: prolactin 

(↑), glucorticoid hormone 

(↑), zinc excess (↑) 

Others: zinc depletion (↓) 

Mammary epithelial cell 

zinc secretion (H54R 

mutation) [75] 

ZnT3 Brain, testes, 

pancreas 

Synaptic vesicles, 

intracellular 

vesicles 

Pancreatic cells: glucose 

(↑), zinc depletion (↑), IL-

1β (↓), IFN-γ (↓), IL-1β + 

TNF-α + IFN-γ (↓) [76] 

Schizophrenia in 

females (rs11126936, 

rs6547521, rs2083363, 

and rs11126931) [77]  

Verbal learning memory 

(rs11126936) [78]  

ZnT4 Ubiquitous  Secretory vesicle, 

plasma membrane 

Small intestine: zinc 

depletion (↓), cell 

differentiation (↑) 

T-cells: PHA (↑) 

Pancreatic cells: IFN-γ (↓) 

[76] 

 

ZnT5 Ubiquitous Golgi apparatus, 

secretory vesicles, 

plasma membrane 

Small intestine: zinc excess 

(↓) 

 

ZnT6 Ubiquitous  Golgi apparatus, 

vesicles 

Small intestine: zinc 

depletion (↓), zinc excess 

(↑) 

Pancreatic cells: IL-1β (↓), 

IFN-γ (↓) [76] 

 

 

ZnT7 Ubiquitous Golgi apparatus, 

vesicles  

Peritoneal mesothelial 

cells: glucose (↑) [79] 

 

ZnT8 Pancreas, 

thyroid, 

adrenal gland, 

testes  

Secretory granules  Pancreatic cells: IL-1β (↓), 

IFN-γ (↓), IL-1β + TNF-α 

+ IFN-γ (↓) [76] 

Type 2 diabetes mellitus 

(rs13266634, 

rs11558471, rs3802177) 

[80–82] 

Intraocular pressure 

(rs7815720) [83] 

ZnT9 Ubiquitous  Cytoplasm, 

nucleus  

Blood cells: ultraviolet-B 

radiation (↓) [84] 

 

ZnT10 Brain, retina, 

liver 

Golgi apparatus, 

endosomes, 

plasma membrane 

[85] 

Neurons: IL-6 (↓) [86] Manganese toxicity and 

associated symptoms i.e. 

hepatic cirrhosis, 

polycythemia, dystonia, 

and Parkinsonism [87] 
1
Adapted from [37, 61, 88] and updated [75–87]. 

Abbreviations: IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; PHA, 

phytohaemagglutinin.  
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The function of secretory pathways in specialized cells, such as prostate, mammary and 

pancreatic cells, are reliant on the expression and activity of ZnT members [58]. Hormones 

have been shown to influence cellular zinc transport, for instance the regulation of ZnT2 

expression by prolactin in mammary cells during lactation [59]. Furthermore, zinc secretion 

into breast milk is further enhanced by the subcellular relocalization of ZnT2 as a result of 

post-translational regulation [60]. 

In contrast to the role of ZnT proteins, the 14 members of the ZIP (Zrt-, Irt-like Protein; 

SLC39) family of transporters function to increase cytoplasmic zinc concentration by 

transporting zinc from subcellular organelles or extracellular space (Table 2). The three 

dimensional structure of ZIP proteins has not been resolved. Most ZIP transporters are 

predicted to have eight transmembrane domains, with the N- and C- termini located away 

from the cytoplasm. The exact process of zinc transport through ZIPs remains unclear. 

Current evidence suggests that the transport of zinc by ZIP1 and ZIP2 is independent of 

energy [61]. With the exception of ZIP7, ZIP11 and ZIP13, homodimers formed by ZIPs 

appear to function at the plasma membrane, either primarily or inducible by other biological 

factors [57]. 

External HCO3
-
 can induce zinc transport through ZIP2, ZIP8 and ZIP14 [62, 63]. Other 

divalent metals, such as iron, cadmium and manganese, can also influence the activity of ZIPs 

by direct competition for binding sites. In particular, ZIP8 and ZIP14 have been shown to 

transport iron, cadmium and manganese under physiological conditions, in addition to zinc 

[64]. While tissue zinc concentration and zinc status play a role in determining the activities 

of ZIPs, other factors, such as inflammation and hormonal changes, may have a greater 

influence on specific ZIP transporters [61]. Furthermore, current evidence suggests that zinc 

transporters localise in different subcellular components, subject to tissue specificity [65]. 

Tables 1 and 2 summarize the localization, transcriptional regulation, and association 

with pathology of zinc transporters in humans. The regulatory mechanism of zinc transporters 

can be categorized into those that occur at the transcriptional or post-translational level. The 

classic zinc-inducible transcription factor, MTF-1, is confirmed to regulate the transcription 

of ZnT1, ZnT2, Zip10 and Zip11 in murine models and MT in humans [66]. ‗Zinc fingers‘ 

and the acidic activation domains within MTF-1 are proposed to mediate zinc sensing in the 

cytoplasm, which promotes the localization of the activated transcription factor to the 

nucleus. Once within the nucleus, MTF-1 can bind to the metal-responsive element of 

regulated genes, thereby modulating their expression. Moreover, the activation of a novel zinc 

finger protein, ZNF658, is suggested to repress the transcription of ZnT5 and ZnT10 when 

challenged with excess zinc [67]. Mutations and single nucleotide polymorphisms (SNP) in 

some zinc transporters have been associated with different pathology and diseases in humans. 

The interaction among zinc transporters, nutrient status and disease remains to be determined.  

The multiple levels of regulation on zinc transporter activities reflect differences in the 

requirements of intracellular zinc signaling compared to other functions of zinc. While 

transcriptional regulation of zinc transporters represents a viable system to modulate the 

cytoplasmic zinc concentration in time frames of hours or days, post-translational 

modifications that modulate the activity of zinc transporters can initiate rapid zinc flux within 

minutes. [68]. Hence, most post-translational regulation of zinc transporters observed to date 

has been related to the propagation of cellular signals. External stimuli, such as extracellular 

zinc, can result in ZIP7 phosphorylation on the endoplasmic reticulum, initiating a rapid 

increase in cytoplasmic zinc [69]. 
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Table 2. Localization, transcriptional regulation and association with pathology of Zrt-, 

Irt-like Proteins (ZIP)
1
 

 

Zrt, Irt-

like 

Protein 

(ZIP; 

SLC39) 

Tissue 

distribution 

Subcellular 

localization  

Transcriptional 

regulation 

(response) 

Single nucleotide 

polymorphism (SNP) 

or mutations of genes 

and their association 

with pathology in 

humans 

ZIP1 Ubiquitous  Plasma 

membrane, 

intracellular 

vesicles, 

endoplasmic 

reticulum  

Osteoblasts: cell 

differentiation (↑) 

Prostate: prolactin 

(↑), testosterone (↑) 

Liver: IL-6 (↑) 

 

ZIP2 Ubiquitous Plasma 

membrane 

Leukocytes: zinc 

chelator TPEN (↑) 

 

ZIP3 Ubiquitous Plasma 

membrane, 

lysosomes 

Blood cells: zinc 

excess (↓) 

Mammary cells: 

prolactin (↑) 

Bipolar disorder 

(rs4806874) [89] 

ZIP4 Gastrointestin

al tract, 

kidney, 

hippocampal 

neurons 

Plasma 

membrane, 

apical surface of 

enterocytes, 

lysosomes 

Small intestine/colon: 

zinc depletion (↑) 

Acrodermatitis 

enteropathica 

(reviewed in [90]) 

ZIP5 Pancreas, 

kidney, liver, 

stomach, 

intestine 

Plasma 

membrane, 

basolateral 

surface of 

enterocytes 

Liver: IL-6 (↑) 

Pancreatic: IL-1β 

(↓)[76] 

High myopia 

(rs199624584) [91] 

ZIP6 Ubiquitous Plasma 

membrane 

Liver: IL-6/IL-1 (↑) 

Dendritic cells: LPS 

(↑) 

Pancreatic cells: IL-

1β (↓); IL-1β + TNF-

α + IFN-γ (↓) [76] 

Length of survival in 

esophageal squamous-

cell carcinoma 

(rs7242481) [92] 

ZIP7 Ubiquitous Endoplasmic 

reticulum, Golgi 

apparatus, 

intracellular 

vesicles  

Skeletal muscles: cell 

differentiation (↓) 

[93] 

 

ZIP8 Ubiquitous Plasma 

membrane, 

lysosomes, 

mitochondria 

Leukocytes: LPS (↑), 

immune activation 

(↑) Lung: TNF-α (↑) 

HDL-cholesterol 

(rs13107325) [94] 

Blood pressure 

(rs13107325) [95] 

Schizophrenia 

(rs13107325) [96] 

ZIP9 Ubiquitous  trans-Golgi 

apparatus, 

plasma 

membrane[97] 

Prostate and breast: 

androgen (↑) [98] 
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Table 2. (Continued) 

 

Zrt, Irt-

like 

Protein 

(ZIP; 

SLC39) 

Tissue 

distribution 

Subcellular 

localization  

Transcriptional 

regulation 

(response) 

Single nucleotide 

polymorphism (SNP) 

or mutations of genes 

and their association 

with pathology in 

humans 

ZIP10 Brain, liver, 

erythroid, 

testes  

Plasma 

membrane 

Brain, liver, erythroid 

progenitor cells: zinc 

depletion (↑) 

Intestine: thyroid 

hormone (↑) 

 

ZIP11 Stomach, 

testes, 

intestine [99] 

Golgi apparatus 

[100] 

 Serum selenium 

concentration 

(rs891684) [101] 

ZIP12 Brain, lung, 

testes, retina 

   

ZIP13 Ubiquitous  Intracellular 

vesicles, Golgi 

apparatus  

 Spondylocheiro 

dysplastic form of 

Ehlers–Danlos 

syndrome 

(rs121434363) [102] 

ZIP14 Ubiquitous Plasma 

membrane 

Liver: IL-6/IL-1 (↑), 

nitric oxide (↑) 

Neurons: IL-6 (↑) 

[86] 

 

1
Adapted from [37, 61, 88] and updated [76, 86, 89–102]. 

Abbreviations: IL, interleukin; TPEN, N,N,N',N'-tetrakis(2-pyridylmethyl)ethane-1,2-diamine; LPS, 

lipopolysaccharide; TNF, tumor necrosis factor; IFN, interferon; HDL, high-density lipoprotein. 

 

The transient increase in free zinc concentration phosphorylates Akt and extracellular 

regulating kinase (ERK)-1/2, thereby activating downstream cellular signaling pathways. 

Multiple potential sites for glycosylation have been identified in ZIP8 and ZIP14, however 

they do not appear to affect the movement of metals through these transporters [70]. It is 

unclear whether other post-translational modifications are able to modulate the activity of 

zinc transporters. 

 

 

Zinc Transport by Calcium-Conducting Channels 

 

Thus far, four families of calcium-conducting channels have been shown to transport zinc 

into the cell, specifically voltage-gated calcium channels (VGCC), glutamate receptors, 

acetylcholine receptors and transient receptor potential (TRP) channels. The uptake of zinc by 

VGCC was identified in murine muscle cells initially and confirmed subsequently in in vitro 

studies of the heart, brain and pancreatic β-cells [71]. The transport of zinc in the brain 

appears to be reliant on both VGCC and glutamate receptors under depolarized conditions 

[72]. To date, the largest family of calcium-conducting channels capable of zinc transport is 

the TRP channels, of which seven members have been reported to transport zinc under 
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physiological conditions [73]. The activation and depolarization of TRPM3 channels to 

transport zinc into pancreatic β-cells can activate other VGCC, which potentiate the influx of 

zinc [74]. The biological significance and relative contribution of zinc transport through 

calcium-conducting channels in humans is not known. 

 

 

Extracellular Zinc Sensor 

 

Fluctuations in extracellular zinc also have been shown to modulate cellular function and 

processes. The mechanism of action is proposed to be mediated through an extracellular zinc 

receptor, G protein-coupled receptor 39 (GPR39). GPR39 is a novel receptor that can trigger 

changes in intracellular calcium in response to extracellular zinc via the inositol triphosphate 

pathway [103]. Increases in intracellular calcium have a flow-on effect in mediating cellular 

signals, such as those involved in secretion, cell proliferation and growth [104], through the 

modulation of ERK-1/2 and Akt pathways. The significance of GPR39 in cellular function is 

established in the pancreas, intestinal tract and the brain. GPR39 knockout (KO) mice display 

reduced ability to secrete insulin and deregulation of normal gastrointestinal function [105]. A 

lack of human studies limits the translation of GPR39 functions to whole body zinc 

homeostasis. 

 

 

Metallothionein 

 

MT represents a large group of metal-binding proteins which have been shown to buffer 

cytoplasmic zinc concentration. In humans, multiple isoforms of MT have been found, of 

which only those in the MT-1 and MT-2 subtypes are central to mediating cellular zinc 

homeostasis [106]. Structurally, MT is defined by the unique amino acid sequence of cysteine 

residues that provide binding sites for metals, such as zinc. The seven metal binding sites of 

MT have discretely different affinities for zinc, with dissociation constants (Kd) ranging over 

four orders of magnitude [107]. This chemical property of MT complements its function as a 

chaperone and cellular storage protein for zinc, mediating the movement and availability of 

zinc to other proteins [108]. In addition to the maintenance of cellular zinc homeostasis and 

related activities, the release of zinc from thiol groups in MT confers the indirect antioxidant 

effects of zinc [109]. 

While MT is found ubiquitously at basal levels in all tissues, the expression of MT genes 

can be induced by metal ions, oxidative stress, hormones (e.g., glucocorticoids) and cytokines 

(e.g., interleukin (IL)-6). The multiple promoter regions upstream of the MT structural gene 

are reflective of the various stimuli that can regulate MT expression. Zinc excess and 

depletion in humans and in vitro studies have shown MT expression to be highly inducible 

and reflective of the availability of zinc [49, 110]. In a recent study that determined the effects 

of zinc supplementation on the expression of zinc transporter and MT genes, MT-2A gene 

expression was found to increase substantially within 2 days of zinc supplementation (20 mg 

elemental Zn/d), without significant concomitant change in plasma zinc concentration [111]. 

Over the course of the trial, the change in MT-2A gene expression was determined by the 

expression of zinc transporter genes. Specifically, the change in ZIP1 gene expression was a 

significant predictor of MT-2A gene expression. 
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Upregulation of MT gene expression has been proposed to be mediated through the co-

activation of multiple transcription factors by zinc transported into the cytoplasm via ZIP1. A 

novel transcription factor, CCAAT/enhancer-binding protein α (C/EBPα), can induce MT 

expression, both independently and synergistically with MTF-1 [112]. Activation of C/EBPα 

by phosphorylation can be mediated through the phosphoinositide 3-kinase/Akt pathway, one 

of the many signaling pathways in which zinc plays a regulatory role as a second messenger 

[9]. The activation of MTF-1 and C/EBPα is consistent with the role of MT in counteracting 

increases in intracellular zinc concentrations. 

Numerous routes and proteins play a role in maintaining cellular zinc homeostasis, as 

summarized in Figure 3. Coordination among various zinc transporters and MT has been 

documented in humans previously [113]. However, the mechanisms and organization by 

which the novel mediators of cellular zinc homeostasis and zinc-binding proteins coordinate 

cellular responses to biological challenges, such as exercise, inflammation and chronic 

diseases, remain to be elucidated. 

 

 

Figure 3. Schematic showing the mediators of cellular zinc homeostasis, their proposed sites of action and 

their influence on cellular function. The primary mediators of cellular zinc homeostasis include the two 

families of zinc transporters (ZnT and ZIP) and metallothionein (MT). Recent evidence suggests calcium-

conducting channels provide a minor route of cellular zinc import. Changes in zinc content in subcellular 

locations have been linked to cellular processes, such as the production of secretory proteins. In a similar 

vein, the action of extracellular zinc sensor (GPR39) can mediate cellular signaling pathways through 

fluctuations in extracellular zinc. GPR39, G protein-coupled receptor 39; ZIP, Zrt-, Irt-like Protein; ZnT, 

Zinc Transporter; ER, endoplasmic reticulum. 
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Zinc and Chronic Diseases 
 

There is increasing evidence that zinc is implicated in the pathogenesis and management 

of chronic diseases, such as Type 2 DM and CVD. Patients with Type 2 DM and CVD often 

present with perturbed zinc status as a result of disease state and/or suboptimal dietary zinc 

intake. Recent studies investigating the interrelationship of zinc and chronic diseases have 

identified novel interactions between mediators of cellular zinc homeostasis and disease 

pathology. 

 

 

Type 2 Diabetes Mellitus 

 

The discovery of zinc‘s role in the biosynthesis, storage and secretion of insulin initiated 

interest in zinc metabolism in the context of Type 2 DM. Individuals with Type 2 DM are of 

marginal zinc status due to higher urinary zinc excretion and lower serum zinc concentration 

[11]. Suboptimal zinc status affects glycemic control by compromising the production and 

secretion of insulin in the pancreas [114] and impacting insulin sensitivity in peripheral 

tissues [11]. Increasing dietary zinc intake through diet or supplementation has been proposed 

as an adjunct therapy in Type 2 DM [115], which is supported by recent meta-analyses that 

reveal improved measures of glycemic control [116] and lipidemia [117] following zinc 

supplementation in Type 2 DM. 

The beneficial effects of improved zinc status in the management of Type 2 DM may be 

related to modulated expression of zinc transporter genes. Genome-wide association studies 

have identified SNP variants in the ZnT8 gene to be associated with risk of developing Type 2 

DM in numerous ethnic groups [118]. ZnT8 protein is highly expressed in pancreatic β-cells 

and functions to provide zinc to the secretory vesicles, contributing to the storage and 

secretion of insulin. A recent study in ZnT8 KO mice revealed that increased insulin secretion 

from the pancreas corresponded with lower systemic insulin concentration. This paradoxical 

relationship between insulin secretion and systemic concentration was explained by the role 

of ZnT8 in regulating hepatic insulin clearance [119]. A recent trial found that, while 

individuals with the risk allele of ZnT8 gene had lower hepatic insulin clearance relative to 

those in the non-risk allele group, there was a substantial improvement in their insulin 

processing after zinc supplementation [120]. Larger studies have shown that the adverse 

effects of ZnT8 SNP on glycemic control can be moderated by improvement in zinc status 

through increases in dietary zinc intake [81] and plasma zinc concentration [121]. 

Current evidence suggests that attenuation of the insulin signaling pathway, at least in 

part, contributes to the pathology of Type 2 DM. In vitro studies have shown that zinc ions 

can inhibit protein tyrosine phosphatase activity, thereby promoting the propagation of the 

insulin signal [122]. Increased glucose uptake was observed in 3T3-L1 adipocytes upon 

incubation with zinc, in both the presence and absence of insulin. The insulinomimetic effect 

of zinc appears to be dose responsive at concentrations of 0, 20, 50, 100 and 200 μmol/L of 

zinc chloride (ZnCl2) in the media [123]. Taken together, the evidence suggests that zinc is 

capable of increasing glucose uptake in the absence of insulin and synergistically with insulin. 

Molecular analysis from in vitro studies revealed that improvements in cellular glucose 

uptake were mediated through improved tyrosine phosphorylation of the insulin receptor and 
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insulin receptor substrate (IRS)-1 [124]. Table 3 shows selected studies that report on the 

effects of zinc supplementation on fasting insulin concentration and/or Homeostatic Model 

Assessment-Insulin Resistance. 

ZnT7 is responsible for the translocation of cytoplasmic zinc into the Golgi apparatus and 

intracellular vesicles; the expression of ZnT7 has been associated with the regulation of 

glycemic control. ZnT7 KO mice were found to be more susceptible than their wild-type 

counterparts to high fat diet-induced postprandial hyperglycemia and insulin resistance [131]. 

This may be due to the crucial roles that ZnT7 plays in insulin secretion and the activation of 

the insulin-signaling pathway. ZnT7 KO mice display down-regulation of Irs2 gene 

expression, reduced Akt activation and subsequent lowered efficiency of the insulin-signaling 

pathway. The interaction between zinc transporters and Type 2 DM pathology is further 

demonstrated in the relationships between expression of zinc transporter genes and measures 

of glycaemic control. In a 12-week zinc supplementation trial [132], changes in glucose and 

insulin concentrations were related to fold changes of Zip10 and ZnT6 genes, respectively. 

Further studies in humans are required to ascertain the intricacies and altered function of the 

cellular zinc transport system in Type 2 DM. 

 

Table 3. Effects of zinc supplementation on insulin sensitivity in humans 

 

Study Study population Supplementation 

(dose, duration)  

Fasting insulin 

concentration 

HOMA-IR 

[125] Obese women  

(Zinc, n=28; 

Placebo, n=28) 

30 mg elemental zinc  

30 days 

Decreased in 

zinc group  

Decreased in 

zinc group  

[126] Obese  

(Zinc, n=30; 

Placebo, n=30) 

30 mg elemental zinc  

4 weeks 

Decreased in 

zinc group  

Decreased in 

zinc group  

[127] Pre-pubertal 

obese children  

(Zinc, n=30; 

Placebo, n=30) 

20 mg elemental zinc  

8 weeks 

Decreased in 

zinc group  

Decreased in 

zinc group  

[128] Obese women  

(Zinc, n=20; 

Placebo, n=20) 

30 mg elemental zinc  

8 weeks 

NS  NS  

[129] Type 2 DM  

(Zinc, n=20; 

Placebo, n=20) 

240 mg elemental zinc 

12 weeks  

NS Not reported 

[130] Type 2 DM  

(Zinc; n=44, 

Control, n=32) 

Healthy  

(Zinc, n=32; 

Control, n=40) 

50 mg elemental zinc 

4 weeks  

NS  Not reported 

Abbreviations: HOMA-IR, Homeostatic Model Assessment-Insulin Resistance; NS, not significant; 

DM, diabetes mellitus. 
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Cardiovascular Diseases 

 

One of the principal underlying causes of CVD is atherosclerosis, which co-exists with 

oxidative stress. Zinc plays a role in attenuating the atherosclerotic process and optimizing 

redox balance through moderation of apoptotic, nitric oxide and nuclear factor-kappa B (NF-

κB)-related signaling mechanisms and the oxidative modification of low-density lipoprotein-

cholesterol [9].Conversely, the pathology of atherosclerosis contributes to perturbation in zinc 

metabolism [133]. Alteration in the distribution of zinc among its plasma carriers has been 

observed in patients with atherosclerosis [134], possibly as a result of the interaction between 

circulating fatty acids and binding affinity of zinc and albumin [31]. In addition, oxidative 

stress induced by hydrogen peroxide (H2O2) can significantly increase intracellular zinc in 

endothelial cells, which promotes apoptotic signals; when endothelial cells were over-

expressed with MT-1 protein or treated with a zinc chelator, a reduction in oxidative stress-

induced apoptosis was observed [135]. While favorable effect of zinc supplementation on 

high density lipoprotein (HDL)-cholesterol has been observed for patients with Type 2 DM 

[117], the overall effect of zinc on CVD risk, as related to lipid profile and atherosclerosis, is 

currently unclear.  

Hypertension is another key contributor to the risk of CVD. The pathogenesis of arterial 

hypertension has been associated with changes in the distribution of zinc between 

extracellular and intracellular spaces [136]. In addition, a lower level of plasma zinc 

concentration combined with higher erythrocyte zinc content in hypertensive patients 

suggests perturbed whole body zinc homeostasis. Untreated arterial hypertension appears to 

increase gastrointestinal uptake of zinc, which is attenuated upon anti-hypertensive treatment 

[137]. It is unclear which mechanisms of cellular transport mediate the changes in zinc 

homeostasis as a result of arterial hypertension. In genome-wide association studies, a SNP 

variant in the ZIP8 gene has been associated with blood pressure [95], HDL-cholesterol level 

and coronary heart disease risk [94], suggesting that zinc transporters may play a role in 

perturbed zinc homeostasis that co-exists with the pathogenesis of CVD. 

 

 

Determinants of Zinc Transport 
 

Established first-line strategies for the prevention and treatment of chronic diseases, such 

as Type 2 DM and CVD, include dietary manipulation and exercise prescription. Exercise 

training has been used to induce beneficial effects on the low-grade inflammatory state [138] 

that coexists with many chronic diseases. While exercise has proved to be an effective mean 

in modifying chronic disease risk and management, it also poses alteration in zinc 

homeostasis by modulating inflammation, promoting zinc loss and redistributing zinc in the 

body. 

 

 

Inflammation 

 

Inflammation is the programmed immune response to stimuli that are potentially harmful. 

As part of the innate immune system, acute inflammatory response is characterized by the 
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transmittance of cellular signals within the immune cell network which, in part, requires 

changes in cellular zinc concentration. The intricate management of zinc concentration in the 

cytoplasm of immune cells serves functional purposes, i.e. cellular signal propagation and 

activation of zinc-dependent proteins [139], while at the same time minimizing the supply of 

zinc to intracellular microbes [140]. At the systemic level, the acute phase response of 

inflammation includes a transiently rapid decline in plasma zinc concentration as a result of 

the redistribution of zinc to other tissues [141]. This is facilitated primarily by altered zinc 

transporter and MT expressions that are instigated by systemic pro-inflammatory molecules, 

such as C-reactive protein and cytokines [76, 142]. For example, the redistribution of zinc 

from plasma to the liver occurs as a result of the upregulation of ZIP14 and MT induced by 

IL-6 [143]. Known transcriptional regulatory control of zinc transporters by specific 

inflammatory signals are summarized in Tables 1 and 2. 

Extracellular stimuli, such as lipopolysaccharide, activate toll-like receptors that initiate 

acute immune responses through the activation of cellular signaling pathways. The classic 

transcription factor, NF-κB, represents the master regulatory protein that facilitates immune 

function in cells. In addition to modulating the expression of cytokines, such as tumor 

necrosis factor (TNF)-α and IL-1β, in vitro studies have confirmed that NF-κB has direct 

transcriptional regulation of ZIP8 [144]. NF-κB activation induces ZIP8 expression which 

contributes to cellular zinc uptake in immune cells. In turn, the increase in cytoplasmic zinc 

inhibits the activation of NF-κB, thereby providing a potent negative feedback loop of NF-κB 

signaling pathways in acute immune response. The role of zinc in immune function is further 

supported by the recent observation of higher expression and secretion of IL-1β in zinc-

depleted macrophages through the activation of NACHT, LRR and PYD domains-containing 

protein 3 [145]. 

Despite acute localized inflammation being a crucial part of the immune defense system, 

the chronic activation of the inflammatory processes forms an underlying feature of many 

chronic diseases, for example Type 2 DM. Impaired immune function, as part of the Type 2 

DM pathology, can ultimately contribute to the deterioration of pancreatic β-cells. Zinc 

supplementation in Type 2 DM can alter the gene expression of cytokines, such as TNF-α 

[146]. In addition, relationships among systemic inflammatory markers and gene expression 

of zinc transporters and cytokines [146, 147] suggest an improvement of immune response in 

Type 2 DM after zinc supplementation through increased efficiency of signaling pathways 

mediated by zinc. For instance, IL-1β gene expression in PBMC was predicted by the 

expression of zinc transporter and MT genes in both the presence and absence of zinc 

supplementation in Type 2 DM. 

 

 

Exercise 

 

Exercise has been prescribed as a treatment strategy for chronic diseases, due in part to its 

ability to modulate low-grade inflammation. However, exercise can also alter zinc 

homeostasis, which may negate the favorable effects of exercise [148]. Zinc loss during 

exercise, in particular through sweat, is well documented [149, 150]. The magnitude of zinc 

loss in sweat is dependent on training status, duration of exercise and ambient temperature. In 

prolonged exercise, conservation of sweat zinc is evident after an hour of aerobic activity and 

this adaptation is enhanced further in heat-acclimatized individuals [151]. In contrast, urinary 
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zinc loss as a result of exercise has been difficult to quantify due to differences in exercise 

test conditions [152, 153]. 

Reports of the change in plasma zinc concentration immediately after an aerobic exercise 

bout are mixed [152, 154, 155]. Table 4 summaries selected studies reporting on changes in 

plasma zinc concentrations immediately after exercise and during exercise recovery. In 

studies that report increases in plasma zinc immediately after exercise, a decrease in plasma 

zinc concentration is observed during exercise recovery [152, 156]. Furthermore, lower levels 

of zinc and CA-I in erythrocytes were found immediately after high intensity cycling, which 

returned to baseline levels after 30 minutes of rest [157]. Taken together, the results suggest a 

shift of zinc from plasma to erythrocytes; the redistribution of zinc between different body 

compartments highlights the rapid flux of zinc when challenged by exercise.  

Localized exercise-induced muscle inflammation and its sequel have been proposed to 

explain the flux of zinc observed during exercise recovery. In a study where 
70

Zn was infused 

into subjects after a maximal aerobic exercise bout, zinc shifted from plasma into the 

interstitial fluid and the liver, presumably due to the acute phase response and/or changes in 

oncotic pressure associated with exercise [161]. The acute stress of exercise induces the 

production of inflammatory cytokines, such as IL-6, which can sequester zinc in the liver via 

increases in hepatic MT and differential regulation of zinc transporters [143]. 

 

Table 4. Effect of an acute exercise bout on plasma zinc concentration immediately after 

exercise and during recovery of exercise 

 

Study Study population Intervention Plasma zinc concentration 

Immediately 

after 

exercise 

During 

exercise 

recovery 

[152] Moderately trained 

male runners (n=9) 

Running, maximal field 

test 

NS Decreased at 

120 min  

[154] Untrained healthy 

males (n=5) 

Cycling, maximal  

 ̇O2max test 

Increased  Not reported 

[155] Untrained healthy 

males (n=20) 

Running, progressive 

exercise test till fatigue  

Decreased Not reported 

[156] Untrained males 

(n=9) 

Running at 80-90% 

 ̇O2max for 30 min  

Increased  Decreased at 

30 min  

[158] Untrained males and 

females (n=8)  

Step test, 40 min Decreased Not reported 

[159] Untrained males 

(n=10) 

Swimming, 400 m Increased  Decreased at 

60 min  

[160] Untrained males 

(n=32) 

Boxing training, 60 min Decreased  Not reported 

Abbreviations: NS, not significant. 
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Figure 4. Determinants of zinc transport. Exercise and chronic diseases can influence the inflammatory state 

of the body, which in turn initiate changes in zinc homeostasis through redistribution or loss of zinc. Altered 

zinc status, as a result of zinc depletion or supplementation, can affect the immune system and its 

inflammatory processes, thereby impacting the pathogenesis of chronic diseases, such as Type 2 DM and 

CVD. 

For inactive individuals who undergo repeated bouts of exercise, additional zinc losses 

and transfer between body compartments are hypothesized to compromise zinc status. In 

previously inactive individuals, a decline in serum zinc concentration was observed after 

several weeks of aerobic training [162]. In addition, Ohno et al. reported a reduction in 

albumin-bound plasma zinc in men after a 10-week running program [163]. Collectively, 

these observations suggest an increased requirement for zinc when previously inactive 

individuals are under chronic exercise stress. 

Training status of the individual is implicated in the regulation of zinc homeostasis 

during exercise, however the details of this process remain uncertain. Smaller fluctuations in 

serum zinc concentration during exercise was found in endurance-trained individuals with 

higher aerobic thresholds, when compared to inactive individuals [153]. Longitudinal studies 

that followed athletes over a competitive season report contradictory changes to blood zinc 

concentration [164, 165], however the failure of some studies to assess dietary zinc intake 

during the study period limits the interpretation of the results. In cross-sectional studies, there 

appear to be no significant differences in plasma zinc level between athletes and the general 

population [166]. In contrast, athletes in aerobic disciplines, such as triathletes or long 

distance runners, are more likely to display signs of zinc redistribution from plasma to 

erythrocytes when compared to their anaerobically-trained counterparts [167]. Moreover, 

erythrocyte-SOD appears to be upregulated as a result of adaptation to aerobic exercise. It is 

plausible that, over time, adaptations associated with exercise can modulate the redistribution 
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of zinc within the body, however the details of this process are unknown. Correlations 

between erythrocyte zinc concentration and activity of erythrocyte-MT and -SOD in elite 

athletes further emphasize the requirement for zinc in the development of antioxidative 

adaptation as a result of exercise [167]. 

To date, no studies have investigated the cellular network of zinc transport under exercise 

stress in humans. However, in vitro studies suggest that the loss of ZIP7 expression in muscle 

cells contributes to a reduction in the expression of principal mediators of glucose 

metabolism, specifically glucose transporter 4, the insulin receptor and downstream signaling 

molecules [93]. Thus, ZIP7 is implicated in glycolysis and glycogen synthesis within the 

muscle cell, suggesting a link between zinc homeostasis, cellular metabolism in muscle and 

exercise performance. Similarly, variants in ZnT8 SNP have been associated with undesirable 

exercise-related functional outcomes, such as lower muscle size and strength [168]. How 

exercise influences cellular zinc transporters and their effects on exercise performance in 

humans require further investigation, possibly by measuring multiple aspects of zinc transport 

network to capture cellular zinc flux in tissues, such as skeletal muscles. 

The interrelationship between inflammation and zinc homeostasis as related to exercise 

and chronic diseases is summarized in Figure 4. 

 

 

Conclusion 
 

The maintenance of zinc homeostasis at the whole body and cellular levels is critical in 

optimizing the biological functions of zinc. In comparison to the investigation of cellular zinc 

transport, the mechanisms which maintain whole body zinc homeostasis are well established. 

Factors, such as exercise, inflammation and chronic diseases, are significant determinants of 

zinc homeostasis in humans. The management of chronic diseases, such as Type 2 DM and 

CVD, often involves the provision of exercise training regimes, which impose additional 

requirements for dietary zinc to maintain optimal zinc status. In the dietary management of 

chronic diseases, clinicians should consider the provision of bioavailable dietary zinc to 

maximize zinc uptake from the gut. 

While earlier studies with zinc isotopes have confirmed the major sites of zinc 

homeostatic regulatory control in the gastrointestinal tract and liver, the exact cellular zinc 

transport mechanisms remain to be determined. The current knowledge of cellular zinc 

homeostasis is based on fluorescence techniques and the expression of mediators of cellular 

zinc homeostasis in cell culture studies, thereby limiting the translation of results to humans. 

A sensitive zinc biomarker to detect marginal zinc deficiency in humans remains to be 

discovered. Future research that ascertains the connection between whole body zinc 

homeostasis and the cellular zinc transport network under conditions of health and diseases 

will extend the current knowledge and provide a more comprehensive evidence base for 

clinical practice. 
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Abstract 
 

To optimize athletic performance and enhance recovery from high intensity training, 

the competitive athlete needs to ensure adequate energy and protein consumption. 

Differences in protein requirements for athletes, non-athletes and different types of 

athletes (i.e., endurance vs. strength/power) are well acknowledged. This has resulted in 

many athletes using protein supplements as a means of achieving their recommended 

protein intake and often to exceed the recommended amounts. In the past few years, a 

number of studies have focused on whether the timing of protein ingestion as it relates to 

a workout enhances protein synthesis and muscle recovery. This chapter focuses on 

protein requirements for different types of athletes and whether protein timing provides 

any advantage on affecting performance gains and recovery. Considering the high protein 

intake for many athletes, a discussion will also be directed to the safety aspects of high 

protein consumption.  
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Introduction 
 

Proteins are nitrogen-containing substances that are comprised of amino acids. They form 

the major structural component of muscle and other tissues in the body. Proteins are also used 

to produce hormones, enzymes, and hemoglobin. Although proteins are not the primary or 

desired source of energy, during periods of nutrient deprivation they can also be used to 

produce energy. For proteins to be used by the body, they are first degraded to their simplest 

form known as amino acids. There are twenty amino acids identified that are needed for 

growth and metabolism, and they are categorized as either being essential or nonessential. 

Nonessential amino acids can be synthesized by the body and do not need to be consumed in 

the diet, whereas essential amino acids cannot be synthesized endogenously and must be 

consumed in the diet. However, there are non-essential amino acids that are considered to be 

‗conditionally essential‘; this means that there may be times when obtaining some of these 

nonessential amino acids becomes vital for maintaining health. For example, during periods 

of extreme physiological stress the endogenous production of the nonessential amino acid 

glutamine may not be sufficient for maintaining proper immune function [1]. Absence of any 

of the essential amino acids from the diet can limit the ability for muscle to grow or be 

repaired. 

 

 

Daily Protein Requirements 
 

Maintaining high levels of protein and preserving lean body mass in the body is 

important during periods of intense physical training and training overload. In order to sustain 

muscle protein balance during periods of stress and/or high intensity activity, diet alone may 

not be sufficient. The use of protein supplements can or perhaps should be used to attenuate 

proteolysis and promote muscle protein accretion [2-5]. Daily protein needs are determined 

by the ability to maintain a positive balance between protein degradation and protein 

synthesis. If protein degradation exceeds protein synthesis the body is considered to be in a 

catabolic state. In contrast, if protein synthesis exceeds protein degradation the body is 

considered to be in an anabolic state. Thus, protein balance is the outcome between an 

increase in skeletal muscle protein synthesis (anabolism) and a reduction in muscle protein 

breakdown (catabolism). A positive balance results in an increase in skeletal muscle mass as 

opposed to a negative balance, which results in a loss of skeletal muscle. In general, the 

protein requirement for an adult to maintain a positive protein balance is 0.8 g∙kg∙day
-1

 body 

mass. However, for individuals who are active their protein needs are likely greater and 

dependent on the type of physical activity being performed. Individuals performing strength 

and power sports have greater daily protein need than individuals involved in sub-maximal 

but sustained activities (e.g., endurance activities). Both groups of active individuals though 

require a greater daily protein intake than their sedentary colleagues.  

Resistance exercise has been shown to stimulate both protein synthesis and protein 

degradation, but in a fasted state protein degradation will still exceed protein synthesis [6,7]. 

When protein is ingested following exercise, the increase in muscle protein synthesis is 

between 50% and 100% greater than that seen from resistance exercise only [8]. Other 

investigators have reported that the combination of oral ingestion of amino acids and 
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resistance exercise may produce an even greater increase (3.5-fold) in muscle protein 

synthesis [9]. Although resistance exercise and protein intake can each increase muscle 

protein synthesis, the combination of the two is clearly superior in eliciting significant gains. 

Evidence is quite compelling that demonstrates that strength/power athletes have a greater 

daily protein requirement than other segments of the population. In studies examining high 

versus low daily protein intakes, higher protein consumption was associated with greater 

gains in protein synthesis, muscle size, and body mass. Fern and colleagues [10] compared 

two daily doses of protein ingestion (3.3 vs. 1.3 g·kg
−1

·day
−1

) in subjects performing a 4-

week resistance training program. Significantly greater gains in protein synthesis and body 

mass were observed in the subjects consuming the higher daily protein intake. Similar results 

were noted by others that reported greater rates of protein synthesis in novice resistance-

trained individuals consuming 2.62 g·kg
−1

·day
−1

 versus 0.99 g·kg
−1

·day
−1

 [11]. However, in 

the latter study no differences in muscle hypertrophy or strength were observed between the 

two groups. Considering that subjects were previously untrained, the significant gains in 

strength were likely related to neural adaptations and not to any muscle structural changes. 

Other investigators examining competitive strength/power athletes (collegiate football 

players), reported that trained athletes consuming 2.0 g·kg
−1

·day
−1

 for 12 weeks showed 

greater gains in strength than a similar group of strength/power athletes consuming 1.2 

g·kg
−1

·day
−1

 [12]. 

Protein intakes between 1.2 and 1.7 g·kg
−1

·day
−1 

are recommended for strength/power 

athletes to maintain a positive nitrogen balance [13]. However, there have been only limited 

studies conducted on competitive strength/power athletes. One study examining college 

football players compared three different daily protein intakes (1.2 g·kg
−1

·day
−1

, 1.7 

g·kg
−1

·day
−1

, and 2.4 g·kg
−1

·day
−1

) and found no significant differences in strength or lean 

body mass between the groups, but the greatest gains in strength (1-RM squat and bench 

press) were seen in the group consuming the highest daily protein intake [14]. Additional 

research on daily protein intakes in competitive strength-trained athletes still appears to be 

warranted.  

To maintain a positive protein balance endurance athletes are required to consume 1.2 to 

1.4 g·kg
−1

·day
−1

 [13]. Although maximizing muscle size and strength is not the primary goal 

for these athletes, loss of lean tissue from high energy expenditure and inadequate energy 

intake can have a significant detrimental effect on endurance performance. Therefore, these 

athletes also have a greater daily protein requirement than the sedentary individual.  

 

 

Protein Supplementation 
 

In regards to protein and amino acid supplementation, the leading dietetic and sports 

medicine organizations generally take a conservative approach to supplementation [13]. 

Consensus among these organizations is that protein needs can generally be met through food 

intake. However, these organizations also acknowledge the role that protein and amino acids 

have in optimizing the training response and enhancing recovery, and how the timing of 

ingestion may provide significant benefits. Further, the most convenient and efficient method 

for providing immediate protein needs to enhance recovery may be through supplementation. 
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As discussed earlier, protein synthesis is elevated by about 100% from resting 

concentrations following a resistance training session [6]. Early investigations examining the 

benefits of protein supplements infused amino acids directly into the body, a method of 

ingestion that is not comparable to how most athletes (competitive, recreational or tactical) 

consume protein. This may result in unrealistic expectations or incorrect extrapolations 

considering that evidence exists suggesting that between 20% and 90% of the amino acids 

ingested orally are removed from the circulation during the initial pass through the liver [15-

17], and further exacerbated by exercise [18, 19]. However, others have demonstrated 

comparable changes in net muscle protein balance (synthesis − degradation) in comparisons 

between oral ingestion and infused essential amino acids following resistance exercise [20], 

indicating that oral consumption of protein, typical for individuals consuming protein 

supplements, is effective in maintaining a positive protein balance following exercise.  

A recent meta-analysis was performed examining the ability of protein supplementation 

to enhance the adaptive responses of skeletal muscle to resistance exercise [21]. Data from 22 

randomized controlled studies that included 680 participants were included in the analysis. 

The inclusion criteria for consideration was that each study have a supplementation group that 

consumed a minimum of 1.2 g∙kg∙day
-1

 of protein taken in combination with a prolonged 

resistance training program of at least 6-weeks or longer. Results revealed that protein 

supplementation in combination with resistance training can significantly augment the gains 

in lean body mass, cross-sectional area of both type I and type II muscle fibers and strength. 

These results appeared to be consistent for both younger (23 ± 3 y) and older (62 ± 6 y) 

adults. 

One of the benefits associated with protein consumption following an intense workout is 

in its ability to enhance the recovery and remodeling processes within skeletal tissue [22]. 

Several studies have reported a decrease in the extent of muscle damage, attenuation in force 

decrements, and an enhanced recovery from protein ingestion following resistance exercise 

[2, 23-26]. Hulmi and colleagues [2] have shown that when protein is consumed prior to, and 

immediately following a bout of resistance exercise an increase in messenger RNA (mRNA) 

expression is observed, preventing a post-exercise decrease in myogenin mRNA expression. 

This is thought to accelerate muscle adaptation and enhance muscle recovery from the 

training session. Thus, the timing of the protein supplement may take on greater importance 

in stimulating muscle adaptations that occur during prolonged training. This will be discussed 

in further detail later. 

 

 

Protein Sources 
 

Protein consumption from normal dietary intake can be consumed from a variety of 

dietary sources that can be from animal and/or plant origin. Protein can also be ingested as a 

supplement, which can also provide protein from the same variety of sources. Which protein 

is most effective in maximizing performance gains is of interest to all athletes. Protein 

effectiveness is accomplished by determining its quality and digestibility. Quality refers to the 

availability of amino acids that it supplies, and digestibility considers how the protein is best 

utilized [27]. A protein that contains all of the essential amino acids is considered to be a 

complete protein. Proteins from animal sources are considered to be complete proteins. In 
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contrast, proteins from vegetable sources are incomplete in that they are generally lacking one 

or two essential amino acids. Thus, someone who desires to get their protein from vegetable 

sources (i.e. vegetarians) will need to consume a variety of vegetables, fruits, grains, and 

legumes to ensure consumption of all essential amino acids. As such, individuals are able to 

achieve necessary protein requirements without consuming beef, poultry, or dairy. Protein 

digestibility refers to how the body can efficiently utilize dietary sources of protein. Proteins 

from vegetable sources are generally less efficient than animal proteins [27].  

 

 

Animal Proteins 

 

The common animal proteins typically found in protein supplements include whey, 

casein and bovine colostrum. Whey is a general term that typically denotes the translucent 

liquid part of milk that remains following the process (coagulation and curd removal) of 

cheese manufacturing. Whey is one of the two major protein groups of bovine milk, 

accounting for 20% of the milk. Whey contains high levels of the essential and branched 

chain amino acids. There are several varieties of whey protein that result from various 

processing techniques used to separate whey protein. These include whey powder, whey 

concentrate, whey isolate, and whey hydrolysate. Whey protein powder is more commonly 

used in the food industry as an additive in food products. It has several different varieties 

including sweet whey, acid whey (seen in salad dressings), demineralized (seen primarily as a 

food additive including infant formulas), and reduced forms. The demineralized and reduced 

forms of whey are not seen in sports supplements. In contrast, whey concentrate, whey isolate 

and whey hydrolysate contains more biologically active components and proteins, which 

make them a very attractive supplement for the athlete [27, 28]. Whey concentrate contains a 

protein concentration of 70% – 80% protein and is the most common form of whey protein 

found in sport supplements [28]. Whey isolates though contains protein concentrations of 

90% with minimal amounts of lactose or lipids making it ideal for individuals who are lactose 

intolerant. Whey hydrolysate is thought to provide an accelerated rate of absorption as the 

manufacturing process of creating a hydrolysate (i.e., partially digested) is thought to enhance 

absorption and utilization of amino acids [28]. There is limited to no evidence demonstrating 

enhanced gastric emptying or plasma appearance of amino acids following whey hydrolysate 

ingestion. However, whey hydrolysates have been shown to enhance the insulin response 

compared to whey concentrate or isolate [28], and may improve recovery compared to whey 

isolate [29]. 

Casein is the major component of protein found in bovine milk accounting for nearly 70-

80% of the total protein, and is responsible for the white color of milk. Similar to whey, 

casein is a complete protein. It exists in milk in the form of a micelle, which is a large 

colloidal particle. Once ingested it forms a gel or clot in the stomach. The ability to form this 

clot makes it very efficient in nutrient supply. The clot is able to provide a sustained slow 

release of amino acids into the blood stream, sometimes lasting for several hours [30]. This 

provides better nitrogen retention and utilization by the body. 

Bovine colostrum is the ―pre‖ milk liquid secreted by mothers in the first few days 

following birth. This nutrient-dense fluid is important for the newborn for its ability to 

provide immunities and assist in the growth of developing tissues in the initial stages of life. 

Evidence exists that bovine colostrum contains growth factors that stimulate cellular growth 
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and DNA synthesis [31]. Although it is not as common as whey and casein as a supplement, it 

does present interesting potential. Colostrum ingestion has been demonstrated to significantly 

elevate insulin-like-growth factor 1 (IGF-1) [32] and enhance lean tissue accruement [33, 34]. 

However, athletic performance improvements have been less conclusive. No changes in 

vertical jump or strength performance have been reported following 2- [32] and 8-weeks [34] 

of supplementation, respectively. 

 

 

Vegetable Proteins 

 

To provide for all of the essential amino acids various types of vegetable proteins need to 

be combined. Popular sources include legumes, nuts and soy. One advantage of vegetable 

protein is a likely reduction in the intake of saturated fat and cholesterol. Soy, from the 

legume family, is the most widely used vegetable protein source. Soy is a complete protein 

with a high concentration of branched chained amino acids. There have been many reported 

benefits related to soy proteins associated with health and performance (including reducing 

plasma lipid profiles, increasing LDL-cholesterol oxidation and reducing blood pressure) 

[27]. The soybean can be separated into three distinct categories; flour, concentrates, and 

isolates. Soy flour is the least refined form, and is commonly found in baked goods. Soy 

concentrate is made from defatted soybeans, is more palatable and has a high degree of 

digestibility. It is often found in nutrition bars, cereals, and yogurts. Isolates are the most 

refined soy protein product containing the greatest concentration of protein, but unlike flour 

and concentrates, contain no dietary fiber. Soy isolates are very digestible and easily 

introduced into foods such as sports drinks and health beverages. 

 

 

Amino Acids versus Whole Protein 

Which Has Greater Benefit? 
 

The use of either essential amino acids or whole protein ingestion appears to be beneficial 

in stimulating muscle protein synthesis. However, the question of whether one type of protein 

is more advantageous than the other is interesting. A study by Kersick et al., [35] suggested 

that the combination of whey and casein may be more beneficial in eliciting lean tissue gains 

when compared to a whey and essential amino acids combination. Unfortunately, there is not 

sufficient data to provide any conclusion. Interestingly, one study examined pre- and post-

exercise whey protein ingestion and reported no benefits in regards to stimulating muscle 

protein synthesis from a pre-exercise ingestion of whey protein compared to a 1 h post-

exercise ingestion [36]. This contrasts with the studies examining pre-exercise amino acid 

ingestion, which indicate that pre-exercise intake has greater benefit than post-exercise 

consumption. These differences are likely related to the difference in absorption rates and 

subsequent delivery of amino acids to exercising muscle. Tipton et al., [36] showed that 

arterial amino acid concentrations are approximately 100% higher than resting levels 

following ingestion of essential amino acids but only 30% following whey protein ingestion, 

indicating a greater amino acid availability to active muscle. In addition, the effect of the 

added carbohydrate to the amino acid blend (no carbohydrate was included with the whey 
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protein) likely enhanced the uptake of amino acids into the muscle by stimulating a greater 

insulin response. 

 

 

Soy Protein vs. Animal Protein Consumption 
 

The use of soy protein to fulfill daily protein requirements is popular among vegetarians 

and athletes who at times may prefer an alternative to animal-based proteins. The primary 

question regarding the consumption of soy is whether it provides the similar effect as an 

animal-based protein in stimulating protein synthesis and muscle protein accretion. Tang and 

colleagues [37] compared equivalent content of essential amino acids (10 g) as either whey 

hydrolysate, micellar casein or soy protein isolate consumed following 4-sets per exercise of a 

10 – 12 repetition maximum (RM) on both unilateral leg press and knee extension exercises. 

Whey protein ingestion resulted in a significantly greater increase in plasma leucine 

concentrations during the 3-h recover period than both casein and soy proteins. In addition, 

whey protein ingestion stimulated muscle protein synthesis to a greater extent than both 

casein and soy. These differences were attributed to the faster absorption of whey protein and 

the faster increase of leucine in the circulation acts as a leucine ‗trigger‘ to stimulate muscle 

protein synthesis [37]. Anthony et al. [38] fed carbohydrate + soy or carbohydrate + whey in 

treadmill exercised rats and reported that both soy and whey proteins were able to 

significantly enhance muscle protein synthesis to a greater extent than rats fed carbohydrate 

only. However, whey feedings appeared to enhance the phosphorylation of S6K1 and mTOR 

to a greater degree than soy, suggesting a potential differential response in mTOR signaling 

between the two types of proteins. Subsequent research in older men (60 – 75 y) comparing 

soy and whey protein after resistance exercise reported that both proteins increased p70S6K 

phosphorylation at 2 hours post exercise [39]. However, participants ingesting whey protein 

were able to maintain phosphorylation of p70S6K up to 4 hours post-exercise, whereas 

participants ingesting soy did not. 

Volek and colleagues [40] compared the effects of either a daily whey or soy protein 

ingestion in untrained men and women participating in a 9-month periodized resistance 

training program. No significant differences were noted between the groups in the change in 

1-RM bench press or squat strength. However, the change in lean body mass was significantly 

higher in whey than soy following 3-, 6- and 9-months of training. In addition, fasting leucine 

concentrations were significantly elevated (20%) and post-exercise plasma leucine increased 

more than 2-fold in the whey group. An additional study compared soy and whey protein 

supplementation in resistance trained men [41]. Participants consumed 20 g of either soy or 

whey on a daily basis for two weeks. Following the supplementation period, participants 

performed 6 sets of 10 repetitions of the squat exercise at 80% of the participant‘s 1-RM. 

Participants consuming the soy protein were shown to have an attenuated testosterone 

response to an acute training program, while whey may blunt the cortisol response to exercise 

[41]. Although others have reported no differences in the resting testosterone response 

following 12-weeks of soy and whey protein supplementation with resistance exercise [42], 

the response to exercise was not assessed.  

Present understanding appears to support the use of milk, or animal-based proteins to 

maximize muscle protein synthesis and changes in lean body mass. This is likely related to 
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differences in protein quality as milk proteins contain a greater concentration of leucine. 

Further research appears warranted whether soy ingestion attenuates the anabolic response to 

exercise. 

 

 

Importance of Leucine for Muscle Protein 

Synthesis 
 

Leucine is one of the branched chain amino acids that appear to be a potent stimulator of 

muscle protein synthesis. Increases in muscle protein synthesis occur quite rapidly in 

response to an oral dose of leucine, with synthesis peaking between 30 – 60 min following 

ingestion in some reports [43], or 45 – 90 minutes in others [44]. This appears to be facilitated 

by a transient increase in insulin. Although leucine appears to independently stimulate an 

increase rate of muscle protein synthesis, the duration of stimulation does appear to be 

prolonged when accompanied by elevations in insulin [43]. A leucine and carbohydrate 

combination may appear to provide a sustained elevation in muscle protein signaling, though 

the precise role that carbohydrate plays is still not well understood. Others have demonstrated 

that essential amino acids (including leucine) can stimulate muscle protein synthesis 

independent of insulin [45]. Drummond and colleagues [46] indicated that the essential amino 

acids stimulate muscle protein stimulus, but the hyperinsulinemia resulting from carbohydrate 

ingestion may be more involved with attenuating protein breakdown. Thus, carbohydrates 

may have a greater role in muscle protein synthesis indirectly by reducing the AMP activated 

protein kinase (AMPK) inhibition of the mammalian target of rapamycin (mTOR) protein 

signaling pathway [47].  

When leucine is provided in combination with resistance exercise the stimulus for muscle 

protein synthesis appears to be enhanced. Dreyer et al. [48] infused leucine enriched essential 

amino acids with carbohydrates in subjects performing 10 sets of 10 repetitions of their 1-RM 

in the leg extension exercise. They reported a 145% increase in muscle protein synthesis in 

the supplement + resistance exercise group compared to only a 41% increase in muscle 

protein synthesis in the resistance exercise group only. Elevations in protein synthesis appear 

to be partially explained by increases in the phosphorylation of the mTOR-signaling pathway. 

Specifically, leucine enriched essential amino acids provide following exercise were 

demonstrated to enhance phosphorylation of mTOR, S6K1 and 4E-BP1 signaling molecules. 

Increases in muscle protein synthesis appear to occur in a dose-dependent manner [44, 

45, 49]. Norton and colleagues [44] compared different dosing‘s of leucine in an animal 

study. Rats were fed a meal that contained 10%, 20% or 30% whey or wheat protein. The 

whey protein meals contained 47 mg, 94 mg and 142 mg of leucine, respectively, while the 

wheat protein (e.g., soy) meals contained 29 mg, 60 mg and 89 mg of leucine, respectively. 

Feedings of 10% wheat protein, containing 29 mg of leucine did not stimulate muscle protein 

synthesis, but feedings of 10% whey protein containing 47 mg of leucine did initiate protein 

synthesis. As leucine content increased from whey or wheat ingestion, an increase in muscle 

protein synthesis was noted. An interesting aspect of this study is that it was the first report 

indicating that a specific threshold may be needed to initiate mRNA translation resulting in 

muscle protein synthesis, and that if protein content is not sufficient (i.e., not reaching this 

threshold) then the anabolic processes may be blunted. 
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Protein Timing – Acute Effects 
 

When protein is consumed following a workout the anabolic response is greater the 

closer the protein was consumed to the workout. Rasmussen and colleagues [50] provided 

untrained subjects 6 g of essential amino acids with 35 g sucrose following a resistance 

training workout. No differences in net muscle protein synthesis were seen in comparisons of 

protein ingestion periods of 1 or 3 h post-workout. However, when this same combination of 

essential amino acids and carbohydrate was infused immediately before exercise, the increase 

in muscle protein synthesis was significantly greater compared to infusion occurring 

immediately post-exercise [51]. Amino acid infusion immediately prior to the training session 

resulted in a 46% increase in amino acid concentration within skeletal muscle immediately 

post-exercise and an 86% elevation 1 h following exercise, which was significantly greater 

than those values seen from the same amino acid and carbohydrate infusion occurring 

immediately following the training session [51]. The primary benefit from pre-exercise 

ingestion of amino acids is likely related to an increased rate of delivery and subsequent 

uptake by skeletal muscle during exercise. A 2.6-fold greater increase in the rate of amino 

acid delivery to skeletal muscle is reported when the protein was consumed before exercise 

compared to post-exercise [51]. 

The composition of the amino acids provided in many of these studies was predicated on 

their proportional importance to stimulate protein synthesis. Evidence from several 

investigations have demonstrated that only the essential amino acids are necessary for 

stimulating protein synthesis, and that increases in muscle protein synthesis were relative to 

the essential amino acid composition of the supplement [20, 52, 53]. There is little to no 

evidence to support the use of nonessential amino acids as part of any nutritional supplement. 

Borsheim and colleagues [52] have also noted that differences in the clearance rate of amino 

acids following ingestion appears to alter the composition of the essential amino acids 

absorbed by the muscle. Leucine and isoleucine appear to have a more potent effect than the 

other essential amino acids on muscle protein synthesis [48, 52].  

 

 

Effect of Timing – Whole Proteins 

 

The two most common whole proteins used in dietary supplements are casein and whey. 

The differences in these proteins stem to a large extent to differences in digestive properties 

and the amino acid composition. As discussed earlier, when casein is ingested it forms a gel 

or clot in the stomach which slows down absorption. As a result, casein provides a sustained 

but slow release of amino acids into the bloodstream, sometimes lasting for several hours 

[30]. Whey protein is the translucent liquid part of milk, and contains higher amounts of the 

essential and branched chain amino acids [27,28]. In addition, whey protein has been shown 

to have a faster absorption capability than casein, which may have important implications for 

increasing the rate of protein synthesis following a training session [30]. 

One of the first comparisons between casein and whey protein supplementation examined 

protein synthesis rates following a 30 g feeding [30]. The investigators reported that ingestion 

of whey protein resulted in a rapid appearance of amino acids in the plasma, while ingestion 

of casein resulted in a slower rate of absorption, but provided for a more sustained elevation 
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in plasma amino acid concentrations. As a result of the fast absorption rate of whey, a more 

rapid increase in protein synthesis (68%) was observed within approximately two hours 

following ingestion. Casein ingestion though stimulated a more sustained elevation in protein 

synthesis, with a peak synthesis rate of approximately 31% above baseline. However, the 

sustained effect of casein resulted in a significantly higher leucine balance 7 hours following 

ingestion with no change from baseline seen at that time point following whey consumption. 

The fast and slow increase in muscle protein synthesis occurring from whey and casein 

ingestion, respectively, was supported by a subsequent investigation by Tipton et al. [22]. 

They suggested that although whey protein consumption may result in a more rapid increase 

in protein synthesis, a large part of this protein is oxidized (used as fuel), while casein 

consumption, due to its slower absorption rate, may result in a greater protein accretion over a 

longer duration. Interestingly, Dangin and colleagues [54] compared multiple ingestions of 

whey protein (over 4 h) to a single serving of whey or casein (total protein consumed was 

equivalent). The multiple ingestion periods resulted in a greater net leucine oxidation than a 

single feeding of either casein or whey. Whey protein‘s fast rate of absorption and high 

concentrations of leucine may make it the appropriate protein to consume immediately 

following a workout. Recent work by Burd and colleagues [55] compared whey and casein 

protein at rest and after exercise and found that whey protein significantly increased muscle 

protein synthesis significantly greater than casein in both conditions. Considering that there 

may be a heightened sensitivity in skeletal tissue following a workout, [24, 56, 57] ingestion 

of whey protein immediately following the training session may enhance muscle remodeling 

and recovery.  

Studies on performance effects of whey versus casein ingestion in athletic or trained 

populations are limited. Kerksick and colleagues [35] examined resistance trained men for 

10-weeks. Subjects were provided either a carbohydrate placebo, 40 g of whey protein and 8 

g of casein, or 40 g of whey protein and 8 g of amino acids (5 g of branch chain amino acids 

and 3 g of glutamine) per day. The group ingesting the whey and casein combination  

experienced the greatest increase in lean body mass, but no differences were noted between 

the groups in strength gains. Wilborn and colleagues [58] compared 24 g of daily whey 

ingestion to 24 g of daily casein supplementation in collegiate female basketball players for 8-

weeks. Significant improvements were noted in both groups in lean tissue accruement, and 

strength and power improvements. However, no differences between the groups were 

observed in any of the body compositional or performance measures suggesting that both 

proteins are beneficial. 

 

 

Protein Timing: Training Response 

 

The initial training study indicating the importance of protein timing examined older 

adults (74.1 ± 1 years) ingesting a liquid protein supplement (10 g protein, 7 g carbohydrate, 

and 3 g fat) immediately after or 2 h following each resistance training session (three times 

per week) for 12 weeks [57]. The investigators reported that muscle cross-sectional area and 

individual muscle fiber area were significantly increased in the participants who consumed 

the supplement immediately following each workout, but were not altered in the participants 

who ingested it 2 h following the workout. Willoughby and colleagues [59] examined the 

effects of pre and post protein feedings (20 g blend of whey and casein 1 h before and the 
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same 20 g supplement immediately post-workout) in a group of young (19 ± 2 y), untrained 

men. The placebo group consumed a similar amount of carbohydrate at the same time points. 

Following 10-weeks of training the protein supplement group realized significantly greater 

gains in strength, lean body mass than the placebo group. In addition, although both groups 

experienced significant gains in myofibrillar protein content, the gains observed in the protein 

group were significantly greater than that seen in the placebo group. Cribb and Hayes [56] 

examined the effects of protein timing in young (21-24 years) recreational male bodybuilders, 

40 g of whey isolate and 43 g of carbohydrate (glucose) were provided either immediately 

before and after each resistance training session or in the morning and evening. Significantly 

greater gains in lean body mass, cross-sectional area of type II fibers, contractile protein 

content, and strength were seen in the pre- and post-workout feeding group compared to the 

morning and evening feeding group.  

Research examining the effects of protein timing in a group of experienced, resistance 

trained athletes is quite limited. One study investigated the effects of protein timing in 

experienced, competitive college football players [60]. Participants were randomized into 

three groups. The first group consumed a 42 g protein supplement pre- and post-workout; the 

second group consumed the same supplement, albeit in the morning and evening; and the 

third group were not provided the supplement and served as the control group (e.g., they 

performed the same workout, but were not provided any protein supplement). Significant 

strength and power improvements were reported in all three groups, with no between-group 

differences observed. The average daily protein intake for all three groups ranged from 1.6 – 

2.3 g∙kg
-1 

body mass. The results of this study suggested that if dietary protein intake is at, or 

exceeds recommended levels for a strength–power athlete (1.6 g∙kg∙day
-1

), additional protein 

from a supplement, regardless of when it is ingested, may not bring about further performance 

gains. In addition, all three study groups were in a positive nitrogen balance, suggesting that 

protein intakes were sufficient in meeting the athlete‘s protein needs. Considering that this 

study was only 10 weeks in duration, it may not have been long enough to see differences in 

performance gains from nutrient timing in experienced, competitive strength/power athletes. 

Another potential factor influencing the results of that study is that the supplement contained 

only collagen protein and no carbohydrate. This may have delayed nutrient absorption, and 

subjects may have missed the window of adaptation. Additional research still appears 

warranted in examining the potential benefits associated with protein ingestions surround a 

workout in experienced, resistance trained athletes, who consume a relatively high daily 

intake of protein. 

 

 

How Much Protein Should Be Consumed per 

Ingestion? 
 

Research on protein supplementation has used various quantities of protein per ingestion. 

These studies range from 6 g of amino acids to more than 40 g of whole protein, amino acids 

or proprietary blends in various combinations. However, little research has been conducted on 

whether there is a ceiling on the effectiveness of the quantity of protein that can be effectively 

used per ingestion. One study examined post-exercise protein drinks containing 0, 5, 10, 20, 

or 40 g protein [61]. Protein was ingested following an acute bout of leg extension exercise, 
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while whole-body leucine oxidation was measured over 4 h. The results indicated that muscle 

protein synthesis increased with each increase of protein quantity up to 20 g. No difference in 

protein synthesis was seen between the 20 g and 40 g dose. Whether a multi-joint structural 

exercise such as the squat, or a normal training routine (6 – 7 exercises using 3 – 4 sets per 

exercise), would stimulate further increases in protein synthesis at higher doses is not known. 

A recent study characterized the dose-response relationship between various amounts of whey 

protein ingestion on myofibrillar protein synthesis in experienced, resistance trained men who 

were not competitive athletes [62]. Doses of 0, 10, 20 and 40 g of whey protein isolate were 

ingested 10-min following resistance exercise. Results indicated that ingestion of moderate 

(20 g) and high (40 g) doses of whey protein stimulated a greater response of myofibrillar 

muscle protein synthesis than the low (10 g) dose. However, no additional benefit was noted 

in myofibrillar muscle protein synthesis when comparing 20 g to 40 g feedings, confirming 

previous research suggesting that an upper limit of muscle protein synthesis with 20 g 

feedings. Important to note though is that the body mass of the participants of this study was 

approximately 80 kg. Whether larger individuals can utilize greater amounts of protein 

remains largely unknown. Still, how much protein is consumed per ingestion may be less 

important that the pattern of protein ingestion. 

Recent studies have examined the pattern of daily protein intake [63, 64]. Moore and 

colleagues [64] provided 80 g of whey protein per day to young, resistance trained men. 

Participants were randomized into three different dosing pattern groups. One group consumed 

the protein in a pulse fashion (8 x 10 g of whey protein every 1.5 h); another group used an 

intermediate ingestion fashion (4 x 20 g every 3 h); and the final group consumed the protein 

in a bolus fashion (2 x 40 g every 6 h). Ingestion occurred following an acute bout of knee 

extension exercise (4 set of 10 repetitions using 80% 1RM). Whole-body protein turnover 

was significantly greater (~ 19%) during the pulse ingestion format than the bolus ingestion 

format, and trended towards being greater than the intermediate format (~ 9%). Rates of 

protein synthesis were significantly greater for the pulse ingestion format compared to the 

intermediate and bolus formats (32% and 19%, respectively). Further inferential analysis 

showed likely small and moderate increases in whole-body protein turnover for pulse and 

intermediate ingestion formats compared to the bolus ingestion format. Thus, the pattern of 

protein ingested appears to impact whole-body protein metabolism. Areta and colleagues [63] 

examining myofibrillar protein synthesis, cell signaling and mRNA abundance using the 

same research methodology as the previous study reported that all three ingestion protocols 

increased myofibrillar protein synthesis, throughout the 12 h recovery period (ranging from 

88% - 148%). However, the intermediate ingestion pattern elicited the greatest levels of 

myofibrillar protein synthesis than the other two ingestion patterns. Thus, it does appear that 

protein ingestion every three hours has the potential to maximize muscle mass development. 

Figure 1a-c provides theoretical feeding patterns of protein. Figure 1a depicts a typical 

feeding pattern, while Figures 1b and 1c provide optimal protein feedings to ensure reaching 

the leucine threshold and maximizing muscle protein synthesis. 
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Figure 1. Daily protein distribution. 
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Safety 
 

The use of high protein diets and protein supplements has been suggested to have 

potential health risks related to cardiovascular, renal, hepatic and bone function. Most of these 

concerns have proven to be without any scientific merit. Regarding cardiovascular disease 

risk, if protein intake comes primarily from meats, dairy products and eggs, without regard to 

fat intake, an increase in the consumption of saturated fat and cholesterol would likely occur. 

However, with making certain dietary modifications (removing skin from chicken, 

substituting fish for meat), the risk for cardiovascular disease will be reduced. Interestingly, 

Jenkins and colleagues [65] reported a decrease in lipid profiles in individuals consuming a 

high protein diet, while others have reported on an inverse relationship with protein intake 

and blood pressure [66].  

The major concern associated with renal function is the role that the kidneys have in 

nitrogen excretion and the potential of a high protein diet to over-stress the kidneys. In 

healthy individuals there does not appear to be any adverse effects associated with a high 

protein diet. Poortsman and Dellalieux [67] examining bodybuilders consuming 2.8 g⋅kg
-1

 of 

protein per day reported no changes in any kidney function tests. However, for individuals 

with existing kidney disease it may be prudent to maintain a lower protein intake to reduce 

the progression of renal disease. High protein diets are also associated with an increase in 

calcium excretion. This is likely related to the ingestion of high amounts of animal protein, 

which is higher in sulfur-based amino acids than vegetable proteins [68,69]. Sulfur-based 

amino acids are thought to be the primary cause of calciuria (calcium loss). This can 

potentially result in kidney stones, but may also increase in acid secretion due to the elevated 

protein consumption. If the kidneys are unable to buffer the high endogenous acid levels, 

other physiological systems will need to compensate, such as bone. Calcium released from 

bone can be used to buffer high acidic levels and restore acid-base balance. However, 

Creedon and Cashman [70] reported no change in calcium concentrations or bone resorption 

in rats consuming 500 mg of casein per day. Others have demonstrated that animal protein 

intake in an older population, several times greater than the RDA requirement, results in a 

bone density accruement and significant decrease in fracture risk [71]. Hanley and Whiting 

[72] recently concluded that insufficient protein intake is a much greater problem for bone 

health than protein excess.  

High protein diets have also been suggested to increase the risk for hepatic disease 

primarily due to the liver being stressed from metabolizing a greater protein intake [13]. 

Although one study by Jorda and colleagues [73] did indicate morphological changes in liver 

mitochondria consequent to high protein diets in rats, the investigator indicated that these 

changes were not pathological, but represented a positive hepatocyte adaptation to a 

metabolic stress. There is little to no scientific evidence regarding protein intake and hepatic 

disease [27]. More relevant is that protein is believed to be important for liver function by 

providing lipotropic agents such as methionine and choline for the conversion of fats to 

lipoprotein for removal from the liver [74]. In addition, high protein diets has been suggested 

to offset the elevated protein catabolism seen with liver disease [75], while a high protein diet 

has also been shown to improve hepatic function in individuals suffering from alcoholic liver 

disease [76]. In summary, there is little to no scientific evidence indicating any increased 

health risk from protein supplementation. 
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Summary 
 

The benefits of elevating protein intake in trained athletes are well accepted. Most 

dieticians would emphasize the use of dietary protein to achieve these goals; however, the 

ability to provide protein at specific time points surrounding the workout may be best 

achieved from a supplement. Recent emphasis on the importance of protein timing is 

interesting with some evidence to support its efficacy. Data though is not conclusive in 

regards to the experienced athlete. Recent information strongly indicates the importance of 

multiple protein feedings per day to maintain a sustained elevation of muscle protein 

synthesis.  
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Abstract 
 

Guanidinoacetic acid (GAA) is a natural precursor of creatine and under 

investigation as a novel dietary supplement. However, its use in human nutrition is 

hampered by limited knowledge on its physiological effectiveness and safety after 

supplementation. The main aims of the present study were: (a) to identify if oral GAA 

affects human performance and body composition; (b) to determine the most effective 

dose regimen of GAA; and (c) to analyze the incidence and severity of adverse effects of 

GAA supplementation. Fifty two (n = 52) male and female college athletes who were 

experienced in exercise training (> 2 years), and who were between 20 and 25 years of 

age were included in the study. Participants were randomized in a double-blind design to 

receive three different dosages of GAA (1.2 g/day, 2.4 g/day, and 4.8 g/day) or placebo 

(inulin) by oral administration for 6 weeks. Two-way mixed model ANOVA revealed 

significant increase in lean body mass (P = 0.006), handgrip strength (P = 0.03), and 

bench press performance (P = 0.014) in participants supplemented with GAA. 

Supplementation with GAA for 6 weeks had no major effect on indices of anaerobic 

power and capacity. Low-dose GAA (1.2 g/day) can be considered as the minimum 

effective dose for improving performance characteristics, while the effects are most 

consistently seen in participants receiving 2.4 g/day of GAA. Except for the dose of 4.8 

g/day of GAA, reported side effects of GAA administration are rather mild (e.g., weight 

gain, gastrointestinal distress). The findings of this study demonstrate that oral GAA is an 

effective performance-enhancing agent with dose-dependent effects and mild side effects 

experienced when ingested over 6 weeks. 
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Introduction 
 

Guanidinoacetic acid (GAA; also known as glycocyamine or guanidinoacetate) is the 

biochemical precursor of creatine, the latter being phosphorylated and playing an important 

role as an energy carrier in the cell. Creatine irreversibly degrades to creatinine, which is 

excreted via the kidneys with approximately 1.6% of the creatine pool being daily degraded 

to creatinine and excreted [1]. The daily creatine loss must be replaced either through the 

body‘s own creatine biosynthesis or via exogenous supply. Creatine and GAA deficiency can 

occur due to impairment in endogenous synthesis [2] and/or increased requirements during 

energy-demanding circumstances [3]. This deficit may impede cellular bioenergetics, which 

suggests a need for creatine or GAA replenishment from exogenous sources. Since the uptake 

of GAA through the diet is negligible [4], provision of concentrated GAA in oral form as a 

precursor of creatine is rather unexplored in human nutrition. Preliminary studies that 

evaluated the digestibility of GAA suggested that the bioavailability after oral administration 

of GAA was nearly 100% [5], making GAA eligible as a potent dietary additive. According 

to the research in animals [6-8] and preliminary reports in humans [9-11] short-term oral 

administration of GAA increases serum level of creatine. This ‗creatine-delivering‘ effect of 

supplemental GAA has been advocated in both athletic environment and patients [9, 12-15], 

although the clear physiological and clinical benefits of GAA administration are yet to be 

determined. So far, neither human study evaluated the physiological effectiveness of oral 

GAA, nor has the dose-response effect of supplemental GAA been determined. Currently, 

there is only little information available about the adverse effects of GAA supplementation in 

humans [9]. Therefore, the main aims of the present study were: (a) to identify if the GAA 

improves human performance and body composition, (b) to determine the most effective dose 

regimen of GAA, and, (c) to analyze the incidence and severity of adverse effects of GAA 

supplementation.  

 

 

Methods 
 

Study Design 

 

The original randomized, double-blind, placebo-controlled study was initiated in 2009 to 

examine the safety and physiological outcomes after medium-term supplementation of oral 

GAA in healthy men and women [16]. During the study, additional analyses of the original 

data set were introduced to explore specific aspects of GAA administration [9-11]. Herein, we 

report results on the physiological effectiveness and additional information on the safety 

profile of GAA observed throughout the 6-week intervention period. 
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Participants 

 

Male and female college athletes who were experienced in exercise training (> 2 years) 

and who were between 20 and 25 years of age, were candidates for inclusion in the study. 

They were not admitted to the study if any of the following criteria were present: (1) a history 

of metabolic disease; (2) musculoskeletal dysfunction; (3) known heart disease; (4) smoking; 

(5) use of any performance-enhancing drugs or dietary supplements within the past 60 days; 

(6) an impaired response to exercise test; (7) residence outside the city of Novi Sad, or 

unwillingness to return for follow-up; and, (8) pregnancy in case of women. Both men and 

women were participants in the study. All participants were fully informed verbally and in 

writing about the nature and demands of the study as well as the known health risks. They 

gave their informed consent regarding their voluntary participation in the study. Approval of 

the University's ethical advisory commission was obtained, with all procedures performed in 

accordance with the Declaration of Helsinki. All participants completed a health history 

questionnaire, prescreening blood and urine profiling, and general pre-participation 

examination at the initial recruitment. If any of specific markers were above the reference 

values, subjects were excluded from the study. Subjects were obliged to maintain their normal 

physical activity patterns and dietary regimen throughout the duration of the study. Upon 

initial recruitment, fifty two (n = 52) participants met the criteria to take part in the study with 

number of participants was in accordance with optimal sample size [17]. The mean physical 

characteristics of participants were: age 22 ± 2 years, weight 71 ± 14 kg, height 176 ± 10 cm.  

 

 

Intervention 

 

Participants were randomized according to a computer generated randomization list in a 

double-blind design to receive three different dosages of GAA (1.2 g, 2.4 g, 4.8 g) or placebo 

(inulin) at a dose of 8 capsules per day by oral administration for 6 weeks. Groups were 

matched for subjects‘ age, weight, and exercise performance, with women had an equal 

probability of assignment to the groups. Study personnel were blinded to the treatment 

assignment for the duration of the study. GAA and placebo were provided in non-transparent 

soft capsules Interventions were supplied by AlzChem AG (Trostberg, Germany). 

Interventions were delivered in numbered (coded) plastic bags and the code was revealed 

once recruitment, data collection and laboratory analyses were completed. All subjects 

received supplementation package for in-between-tests period at every visit to the lab. 

Subjects collected coded treatment directly from the research staff at the lab and self-

administered capsules during the study. Supplementation period lasted for 6 weeks. 

Participants were instructed to take daily dose of eight capsules in the morning upon waking 

before the breakfast with plenty of water. The primary endpoint with respect to the efficacy in 

exercise performance was the increase of muscle power on leg press test achieving a 

significant (5%) change in number of repetitions. Additional analyses were done on the 

isometric and isotonic muscle strength, anaerobic and aerobic performance indicators, body 

composition variables, selected biochemical profiles in blood and urine, and incidence of side 

effects. All testing procedures were conducted at baseline and at the end of the first, second, 

fourth, and sixth week. In the 24 hours before the performance tests, the subjects did not 

participate in any prolonged exercise or drinking alcoholic and/or caffeine beverages. In 
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general, except for the pre-testing day, habitual caffeine intake was not restricted during the 

study. All participants performed regular exercise for the whole duration of the study (four 

sessions per week for 60 minutes/session at 70-85% of maximal heart rate). Subjects were 

strongly instructed to limit exercise to the prescribed training regimen. Most of the training 

sessions were performed at the faculty‘s athletic training facility. 

 

 

Experimental Protocol 

 

Participants visited the laboratory on 5 occasions: before starting receiving the 

intervention and after one, two, four and six weeks during the supplementation period. All 

measurements were taken between 9 and 12 a.m. after an overnight fast of between 10 and 12 

h. For this report, fasting blood was analyzed for complete blood count (Coulter blood 

counter, Model S-plus II, Coulter Electronics Inc., Hialeah, Florida, USA), and yielded values 

for red blood cell (RBC) count, white blood cell (WBC) count, platelets, hemoglobin (Hb), 

hematocrit (Hct), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) 

and mean corpuscular hemoglobin concentration (MCHC). The serum total antioxidant 

capacity (TAC) was analyzed by the procedure of chemiluminescence (Boehringer Mannheim 

GmbH, Germany). Glucose, urea, total cholesterol, triglycerides, and lipoprotein levels were 

analyzed by standard enzymatic methods and an automated analyzer (Hitachi 704, Tokyo, 

Japan). Serum activities of aspartate aminotransferase (AST), alanine aminotransferase 

(ALT), alkaline phosphatase (ALP), gamma-glutamyl transaminase (γ-GT), and creatine 

kinase (CK) along with calcium level were analyzed by an automated analyzer (RX Daytona, 

Randox Laboratories Ltd., Crumlin, UK). Blood and urine sodium and potassium levels were 

analyzed by ISE direct with ILyte analyzer (Kaunas, Lithuania). Routine urinalysis was 

completed by standard screening test (Machery-Nagel GmbH & Co. KG, Duren, Germany), 

with urine pH assessed by standard pH meter (Radiometer PHM82, Copenhagen, Denmark). 

The urinary protein was measured by a Randox commercial kit with a Bayer opeRA 

autoanalyser (Bayer Diagnostics, Leverkusen, Germany). All samples for each subject were 

assayed in the same run. For all values, the first reading was discarded and the mean of the 

next three consecutive readings with a coefficient of variation below 15% was used in the 

study.  

Height was measured using a stadiometer (Seca 202, Hanover, MD, USA) while body 

mass was obtained using a calibrated balance beam scale (W & T Avery Ltd, Model 3306 

ABV, Smethwick, West Midlands, UK). The subjects were measured nude, in the same state 

of hydration and nourishment after voiding. Total body resistance was measured with a foot-

pad bioelectrical impedance analyzer (BF-662W, Tanita Corporation, Tokyo, Japan) at a 

fixed signal frequency of 50 kHz and 500μA. When these preliminary measurements were 

done subjects completed a general warm up (15-min of stretching and individual exercise). 

After a general warm up, each subject underwent a series of strength tests. Isometric strength 

of forearm muscles was assessed by hand grip test [18] with hydraulic hand dynamometer 

(Jamar J00105, Lafayette Instrument Company, Lafayette, IN, USA). Afterwards, subjects 

were instructed to perform the maximal number of full repetitions for the supine free weight 

bench press (75% of body mass) and leg press (45°, 150% of body mass) exercises (Pro-

Fitness Exercise Systems, Phoenix, AZ, USA), respectively. Single and repetitive maximal 

vertical jump performance was assessed using a contact mat (Just Jump System, Probotics, 
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Huntsville, AL, USA) [19]. Finally, subjects were instrumented for submaximal-to-maximal 

interval endurance running test and blood lactate sampling. Gas-exchange data were collected 

throughout the test using a breath-by-breath metabolic system (Vacu-Med CPX, Ventura, CA, 

USA), while lactate concentration was determined using reflectance photometer (Accutrend, 

Roche Deutschland Holding GmbH, Mannheim, Germany). Exercise test was performed 

according to incremental protocol using a treadmill system (Trackmaster TMX425C, Newton, 

KS, USA). During and after the test heart rate (HR) was also recorded using a HR monitor at 

beat-to-beat interval (Polar S810, Kempele, Finland). All subjects were assessed on the same 

day with the tests performed in the same order. The participants were familiar with testing 

procedures as part of their regular training process. A week before the testing, the subjects 

performed a 10 min familiarization trial on the treadmill along with vertical jump assessment 

and isodynamic strength tests. To ensure that the testing environment was appropriately 

controlled, the laboratory was kept as quiet as possible during all measurements. The testing 

room was maintained at 22.0 ± 2.0°C and 25 ± 5% relative humidity. 

In order to assess potential side effects to the supplementation regimen, all subjects were 

instructed to report any adverse effects of supplementation (e.g., diarrhea, nausea, weight 

gain, muscle cramps) at every visit to the lab. An open-ended questionnaire for self-

assessment of well-being and side-effects was administered during the study. During the first 

week of intervention, all participants were interviewed by phone to closely monitor acute 

adverse effects of supplementation. In case of severe effects reported (e.g., vomiting, 

headache, vision impairment, numbness), subjects were closely monitored by phone and in 

person at a daily basis, and if another episode occurred which impaired the study participation 

or subject‘s health, participants were excluded from the study.  

 

 

Statistical Analyses 

 

The data are expressed as means ± SD. Two-way mixed model analysis of variance 

(ANOVA) with repeated measures was used to establish if any significant difference existed 

between participants‘ responses over time. Where significant differences were found, the 

Tukey test was employed to identify the differences. The rates of side-effects occurrence 

between the groups were compared using the Fisher exact probability test. P values of less 

than 0.05 were considered to be statistically significant. The data were analyzed using the 

statistical package SPSS, PC program, version 14.0 (SPSS Inc., Chicago, Illinois, USA). 

 

 

Results 
 

Fifty-two participants (n = 52) underwent randomization and received at least one dose 

of a study supplement. Twelve participants per group were randomly assigned to placebo, 

low-dose and medium-dose GAA group, and 16 to high-dose GAA group. Seven volunteers 

withdrew before the end of the study; one female from placebo group, and one female from 

low-dose GAA group were lost due to follow-up. Five females from high-dose GAA group 

were excluded from the study due to side effects experienced during the intervention. Most 

participants received all interventions regularly but a few omitted some quantity of capsules. 
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The total compliance with the regimen was 86 ± 5% for the all GAA groups, and 95 ± 2% for 

the placebo group.  

 

Table 1. Incidence of side effects reported after placebo and GAA administration 

 

Symptoms 
Placebo 

(n = 12) 

1.2 g GAA 

(n = 12) 

2.4 g GAA 

(n = 12) 

4.8 g GAA 

(n = 16) 
P 

Swallowing problems 5 (41.7) 4 (33.3) 4 (33.3) 6 (37.5) 0.99 

Heartburn 4 (33.3) 3 (25.0) 4 (33.3) 4 (25.0) 0.93 

Intestinal cramping 2 (16.7) 2 (16.7) 3 (25.0) 7 (43.7) 0.41 

Diarrhea  2 (16.7) 1 (8.3) 0 (0) 4 (25.0) 0.25 

Muscle cramping 0 (0) 1 (8.3) 2 (16.7) 3 (18.8) 0.47 

Appetite increase 1 (8.3) 0 (0) 1 (8.3) 3 (18.8) 0.53 

Weight gain 1 (8.3) 1 (8.3) 3 (25.0) 4 (25.0) 0.57 

Bloadtdness 0 (0) 0 (0) 3 (25.0) 3 (18.8) 0.11 

Nausea 0 (0) 0 (0) 2 (16.7) 10 (62.5) 0.0001 

Abdominal pain 0 (0) 0 (0) 1 (8.3) 6 (37.5) 0.008 

Vomiting 0 (0) 0 (0) 0 (0) 6 (37.5) 0.001 

Numbness 0 (0) 0 (0) 0 (0) 1 (6.3) 0.99 

Tingling 0 (0) 0 (0) 0 (0) 1 (6.3) 0.99 

Headache 0 (0) 0 (0) 0 (0) 3 (18.8) 0.06 

Vision impairment 0 (0) 0 (0) 0 (0) 1 (6.3) 0.99 

Values are presented as actual numbers with percentage in parentheses 

 

 
Asterisk (*) indicates significant interaction effect (trial vs. group) at P < 0.05. 

Figure 1. Percentage change in exercise performance end points 0 vs. 6 week.  
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Twenty nine participants reported different side-effects of supplementation (Table 1). 

Side effects were experienced in 3 females and 2 males in placebo group, 2 females and 2 

males in low-dose GAA group, 3 males and 4 females in medium-dose GAA group, and 3 

males and 10 females in high-dose GAA group, respectively. The rates of most subjectively 

reported adverse effects were not different between the groups, except for nausea, abdominal 

pain and vomiting that were more frequent in participants supplemented with high-dose GAA 

(P < 0.05). 

Changes in weight and body composition outcomes from the baseline to the end of the 

study are presented in Table 2. No significant between-group changes were observed at the 

end of the intervention (week 6) in body weight, nor for fat percentage or total body water. In 

addition, intervention affected lean body mass (P = 0.006), with participants receiving 2.4 g 

of GAA per day, and 4.8 g of GAA per day significantly elevated their lean body mass 

compared to placebo (P < 0.05).  

Changes in exercise performance end points from baseline to week 6 are presented in 

Figure 1. Significant differences in handgrip strength were seen between the groups (P = 

0.03).  

Following 6-weeks of GAA ingestion, participants receiving low-dose GAA and 

medium-dose GAA significantly improved their handgrip strength compared to placebo (P < 

0.05). Furthermore, muscle endurance expressed as the change from baseline in repetitions 

performed in the bench press exercise was significantly greater in the 1.2 g/day dose of GAA 

(P = 0.01), and the 4.8 g/day dose (P = 0.01) compared to placebo. No significant between-

group changes were observed at week 6 in lower body muscle endurance, nor anaerobic or 

aerobic performance. In addition, no changes in heart rate measures neither exercise-related 

lactate responses have been found (not presented).  

Blood glucose and lipid profiles (triglycerides, total cholesterol, LDL cholesterol, and 

HDL cholesterol) were not affected by the intervention. In addition, no interaction effect of 

intervention has been found for AST, ALT, CK, ALP and γ-GT. On average, liver and muscle 

function enzymes were within the normal clinical ranges from baseline throughout the study 

termination. GAA intervention affected RBC (P = 0.03), with low-dose GAA induced a 

decrease in RBC at post-administration as compared to the baseline (5.4 ± 0.4 x 10
12

/L vs. 5.2 

± 0.5 x 10
12

/L; P = 0.02). On the other hand, GAA loading for 6 weeks had no effect on 

serum Hgb, Hct, erythrocyte indices, platelets and WBC count (not presented). None of the 

GAA-supplemented participants with GAA experienced anemia or macrocytic erythrocytes 

(e.g., MCV > 90 fL); all hematological indices were well within their respective normal range 

at all times. Serum electrolytes, albumin and total antioxidant capacity were not affected by 

GAA; no effect of intervention (except for urinary sodium) has been reported for urine 

electrolytes, urea nitrogen, proteins and urine pH.  

 

 

Discussion 
 

This study has evaluated the effectiveness and safety of six-week GAA supplementation 

in young physically active men and women. Dietary GAA induced significant increase in lean 

body mass, grip strength and upper body strength. Treatment with three different oral doses of 

GAA for 6 weeks had no major effect on aerobic and anaerobic endurance, neither 
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cardiovascular and lactate responses after maximal exercise. It seems that 1.2 g/day of GAA 

can be considered as a minimal dose with ergogenic properties, while the effects are most 

consistently seen in participants receiving 2.4 grams of GAA per day. Except for the dose of 

4.8 grams of GAA, reported side effects of GAA administration are rather mild (e.g., weight 

gain, mild gastrointestinal distress). Furthermore, during GAA loading liver and muscle 

enzymes remained within the normal clinical ranges, as well as serum antioxidant capacity 

and hematological indices.  

 

 

Body Composition and Exercise Performance 

 

According to authors‘ knowledge, no mammalian or human studies investigated the 

short- or medium-term effects of exogenous GAA on weight and body composition. Although 

its relevance is questionable with regards to humans, the European Food Safety Authority [4] 

authorized GAA as a feed additive for chickens for fattening, with GAA significantly 

improved weight gain at 600 and 800 mg per kg feed for an experimental period of 42 days. 

Although no body composition was assessed, GAA at doses of 800 mg/kg and above 

increased breast weight and reduced the amount of abdominal fat, particularly when chicken 

were supplemented with doses of 1000 mg GAA per kg feed and above. The results of the 

present study indicated that supplemental GAA increased lean body mass in healthy men and 

women, while no effect of intervention has been found for weight, total body water and 

fatness. However, the exact mechanism of action is not revealed so far. Weather an increase 

in lean body mass after GAA administration is due to the influx of water into the muscle cell 

and/or enhanced protein synthesis should be further analyzed employing onward body 

composition assessment techniques (e.g., DEXA, magnetic resonance imaging).  

No human studies known to authors examined the effects of GAA on exercise 

performance, although few studies from the 1950-s indicated a beneficial effect of oral GAA 

(co-administered with betaine) on wellness and general muscular strength in clinical patients 

[12]. In the present study we found beneficial effects of supplemental GAA on maximal 

voluntary strength during handgrip performance, and muscular endurance as assessed during 

isodynamic bench press exercise. Although we did not measure muscular concentration of 

phosphocreatine after GAA intervention, enhanced synthesis of creatine and improved energy 

balance might explain purported ergogenic effect of GAA loading. Since the upper body 

strength is less developed in general population as compared to the lower body strength [20], 

it seems that GAA supplementation is particularly effective for enhancing muscular 

performance for muscle groups with lower initial level of strength. Therefore, GAA 

supplementation (low-dose and high-dose of GAA in particular) may have a greater effect on 

the relative strength gains for the upper body muscle groups (e.g., chest, shoulders, arms) in 

novice athletes or subjects with lower level of fitness. In addition, aerobic and anaerobic 

performance indicators were not affected by GAA administration. This is probably due to the 

fact that performance tasks of longer duration primarily rely on anaerobic glycolysis and/or 

oxidative phosphorylation instead of ATP-PCr energy system [21].  
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Table 2. Body composition changes during the study. Values are  

presented as mean ± SD 

 

 Baseline 1st week 2nd week 4th week 6th week P 

Weight (kg) 

Placebo 67.8 ± 12.8 67.9 ± 12.8 68.5 ± 13.5 68.4 ± 13.3 68.7 ± 13.5 0.32 

1.2 g GAA 73.4 ± 19.3 73.9 ± 19.6 74.9 ± 19.4 75.1 ± 19.4 75.2 ± 19.3 

2.4 g GAA 70.3 ± 12.4 70.6 ± 12.5 71.1 ± 12.0 71.3 ± 12.0 71.6 ± 12.2 

4.8 g GAA 72.1 ± 10.8 73.9 ± 10.8 74.1 ± 11.2 74.5 ± 11.3 74.9 ± 11.3 

Body fat (%) 

Placebo 19.8 ± 6.4 19.6 ± 6.0 18.6 ± 5.5 18.3 ± 5.5 18.0 ± 5.5 0.63 

1.2 g GAA 20.6 ± 4.9 19.9 ± 4.9 19.3 ± 4.6 18.9 ± 4.7 18.4 ± 4.7 

2.4 g GAA 19.1 ± 6.6 18.0 ± 6.0 17.1 ± 5.4 17.2 ± 5.6 17.1 ± 5.4 

4.8 g GAA 20.1 ± 7.7 18.5 ± 7.8 18.1 ± 7.2 18.2 ± 7.1 17.5 ± 7.1 

Total body water (%) 

Placebo 53.7 ± 5.2 53.8 ± 4.5 54.2 ± 4.5 54.1 ± 3.8 53.8 ± 2.3 0.19 

1.2 g GAA 53.2 ± 3.4 54.4 ± 3.6 54.7 ± 3.5 55.6 ± 3.6 55.8 ± 3.2 

2.4 g GAA 54.4 ± 4.6 55.1 ± 4.3 55.9 ± 4.2 55.8 ± 4.0 56.8 ± 3.8 

4.8 g GAA 53.8 ± 4.6 56.1 ± 4.7 55.9 ± 4.4 55.9 ± 4.1 56.7 ± 4.2 

Lean body mass (kg) 

Placebo 51.0 ± 11.5 51.1 ± 11.5 51.8 ± 11.8 51.7 ± 11.7 51.9 ± 11.6 0.006 

1.2 g GAA 55.6 ± 17.4 56.5 ± 18.1 57.9 ± 18.0 58.3 ± 17.6 58.5 ± 17.7 

2.4 g GAA 54.1 ± 12.7 54.8 ± 12.7 55.6 ± 12.7 55.6 ± 13.2 55.8 ± 12.8 * 

4.8 g GAA 54.4 ± 11.2 56.6 ± 11.3 56.8 ± 11.0 56.9 ± 11.0 57.9 ± 11.5 * 

Note. * - Indicates significant change 0 vs. 6 week as compared to the placebo at P < 0.05 

 

 

Clinical Markers 

 

The effects of GAA supplementation on muscle and liver enzyme efflux, hematological 

indices, serum electrolytes and lipid profiles in humans were not profoundly investigated in 

the past. Although poorly designed, previous human studies from the 1950-s [12, 14, 15, 22-

24] indicated no major changes in markers of clinical status after extensive blood and urine 

analysis in patients supplemented with GAA and betaine. However, concerns have been 

raised that GAA supplementation may induce muscle and/or liver damage [6]. Recent report 

from our lab found that 2.4 g/day of GAA had an acceptable side-effects profile, with a low 

incidence of biochemical abnormalities [9]. The present study reported that GAA 

supplementation has no clinically significant effect on clinical enzymes (AST, ALT, ALP, 

CK, γ-GT). All reported values throughout the study were well within the normal range. 

Although no other human studies on GAA were reported, according to the results of previous 

studies we could conclude that GAA does not significantly affect liver and muscle enzymes in 

healthy humans.  

Since muscle creatine uptake is sodium dependent [25], and since there have been some 

anecdotal reports that creatine may promote dehydration, fluid retention and alter serum 

and/or urine electrolyte status (through dilution), there has been interest in determining 

whether administration of GAA (as an agent that stimulates creatine synthesis) affects blood 

volume and/or electrolytes in body fluids. The European Food Safety Authority [4] reported 
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elevated potassium level in male rats fed with high-dose GAA (5%) for 90 days, and the 

difference disappeared in the animals kept for four weeks after the end of the treatment. 

According to the results of the present study, it seems that GAA supplementation for 6 weeks 

does not significantly affect Hct, Hgb or serum and urine potassium and calcium levels. We 

noticed significantly lower urine sodium in participants supplemented with medium-dose 

GAA after intervention, which could indicate increased sodium uptake by the cell. However, 

the effect was rather transient and clinically insignificant. Findings from the present 

investigation support results of previous studies that GAA supplementation does not 

considerably alter electrolyte status. 

Clinical chemistry analyses in rats fed GAA for 90 days showed slightly reduced serum 

triglycerides and cholesterol levels for the three highest-dose groups, while no significant 

differences for total cholesterol were found in chickens fed with GAA for 35 days [4]. It has 

been reported [26] that creatine supplementation positively affects lipid profiles in 

hypertriglyceridemic patients but the exact mechanism of action is not known. One theory of 

this phenomenon is that creatine may enhance the quality of exercise thereby accentuating the 

positive effects of exercise on blood lipid profiles. The present study demonstrates that 

despite possible lipid-lowering effect of creatine, GAA supplementation did not change blood 

lipid profiles in healthy young men and women. These findings suggest that the possible 

influence of GAA on lipid profiles in physically active men and women with normal blood 

lipids in either transient or non-existent.  

In vitro studies have shown that guanidino compounds might be responsible for the 

increased hemolysis in uremic patients [27, 28]. Moreover, several studies reported that 

guanidino compounds could also affect platelet count and aggregation in chronic renal failure 

[29,30]. It seems that the accumulation of several experimentally proven toxic guanidino 

compounds (e.g., guanidinosuccinic acid, guanidinobutyric acid, guanidine, methylguanidine) 

could contribute to the hematological complications seen in renal insufficiency [31]. Yet, 

plasma GAA concentrations were significantly decreased in this particular subjects and its 

role in hemolysis is questionable [28]. Besides toxic hemolysis and possible anemia induced 

by guanidino compounds, another possible mechanism affecting hematological status of 

subjects receiving GAA could be related with methylation reactions during creatine synthesis. 

The European Food Safety Authority [4] indicated that MCV was significantly increased in 

chickens by 1500 mg GAA kg
-1

 feed, which could be a sign of deficiency of vitamin B12 and 

folic acid. However, we reported that GAA ingestion did not deplete B vitamins pool 

available for remethylation in healthy men and women, as assessed by serum folates, vitamin 

B6 and vitamin B12 [11]. During the present study we found that GAA intervention affected 

RBC, while GAA loading had no effect on serum Hgb, RBC indices, Hct, platelet count and 

WBC count. None of the GAA-supplemented participants with GAA experienced anemia or 

macrocytic erythrocytes (e.g., MCV > 90 fL); all hematological indices were well within their 

respective normal range at all times. Although the effects of GAA on hematological status 

were not deeply examined in the past in neither healthy humans nor animals, results of the 

present study indicate that medium-term GAA supplementation does not appear to adversely 

affect clinical markers of hematological status in physically active men and women.  
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Side Effects of GAA 

 

According to the historical seminal studies from the 1950-s, no significant adverse effects 

were noted after GAA loading in clinical environment [12-15, 23]. Authors mainly combined 

GAA with betaine, with oral GAA administered in dosages from 0.2 to 5 grams per day for 

up to 6 months. Recent reports from our laboratory described mild to moderate 

hyperhomocysteinemia in healthy men and women after GAA supplementation, while only 

minimal subjective side effects were reported (e.g., gastrointestinal distress, weight gain, 

muscle cramping) [9-11]. Herein, we reported cumulative results on the safety profile of 

GAA, suggesting similar incidence of most side effects reported after GAA intervention. No 

participants from low-dose and medium-dose have being excluded from the study due to 

vexatious side effects. However, it seems that the risk of different detrimental adverse effects 

is increased following intake of 4.8 grams of GAA per single serving, with nausea marked as 

a most frequent side-effect (> 60%) in both men and women. Moreover, five female 

volunteers who received 4.8 g/day of GAA were permanently excluded from the study during 

the first week of administration due to repeated episodes of vomiting. Although orally 

ingested GAA is probably absorbed completely [4, 5], there may be an upper limit to 

intestinal absorption of GAA in humans, and the excess GAA ingested may serve to cause 

moderate to severe GI distress (e.g., abdominal pain, nausea, vomiting) we found in 

participants receiving 4.8 grams of GAA per day. Another possible explanation is an 

inhibitory effect of excess GAA acting as GABAA agonist on duodeno-jejunal motility [34], 

which requires further investigation. In addition, participants from all treatment groups 

(including placebo) reported swallowing problems, heartburn and intestinal cramping as most 

frequent GI complaints. These effects are probably not related to GAA intervention, and 

happened due to large quantity of capsules (size 00) taken at once. We could presume that 

such effects will probably disappear or be reduced if the formulation is liquid or the daily 

dose is divided into two or three units.  

It is puzzling why only females experienced intrusive gastrointestinal side effects (e.g., 

severe nausea, vomiting) during the supplementation with 4.8 g/day of GAA. It could be due 

to one of the following factors: 1) more sensitive gastrointestinal system in females, 

particularly during the menarche [35]; 2) females have higher incidence of cyclic vomiting 

syndrome [36]; 3) higher dose of GAA per kg bodyweight in females; and, 4) the unknown 

influence of GAA on gut in women, which requires more investigation. At long last, severe 

continuous signs of intolerance were not observed in young healthy men and women 

supplemented with GAA for 6 weeks. Although long-term studies are not available at the 

moment, GAA could be considered as relatively safe nutritional supplement for physically 

active population.  

 

 

Limitations of the Study 

 

Despite the evidence that GAA enhanced exercise performance in healthy male and 

female young recreational athletes, the present study has several limitations. Firstly, we did 

not consider other possible factors that could be responsible for the observed differences in 

exercise performance between the groups, such as individual daily variation responses to 

exercise (particularly for maximal tests). Second, although we selected subjects with similar 

Complimentary Contributor Copy



Sergej M. Ostojic and Marko Stojanovic 80 

age and training status, training routine seems to be quite heterogeneous, with gender 

differences observed. The size of the experimental samples along with concomitant high 

coefficient of variability (CV) for certain parameters could be considered partly limited. 

Consequently, although of moderate magnitude, the observed differences between the groups 

in several exercise performance indicators (e.g., anaerobic performance indicators) could not 

reach the statistically significant level. Moreover, we partially controlled extraneous factors 

such as nutrition, yet strict prescription of dietary regimen and advanced monitoring of food 

consumed were not conducted for the present study.  

 

 

Conclusion 
 

The administration of GAA for six weeks led to the progress in lean body mass and 

muscular strength performance in healthy men and women. Low-dose GAA (1.2 g/day) 

seems to be minimal dosage for improving exercise performance. Supplemental GAA had no 

effect on clinical markers of health (e.g., liver and muscle enzymes, lipid status, 

hematological indices), with values were within reference ranges during the intervention. 

There is no reason to believe that medium-term GAA supplementation has any severe 

prolonged detrimental subjective side-effect if taken in a recommended amount, particularly 

for 1.2 g/day and 2.4 g/day of GAA. The risk of gastrointestinal distress may be increased, 

however, following intake of 4.8 grams of GAA per single serving during supplementation in 

female participants. In addition, the risk of hyperhomocysteinemia after GAA ingestion may 

require long-term monitoring and countermeasures (e.g., addition of methyl donors or serine) 

before its regular supplementation on a daily basis.  
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Abstract 
 

The main aim of this study was to investigate whether dietary intake of methyl 

donors (e.g., betaine, choline and/or B vitamins) during guanidinoacetic acid (GAA) 

loading affected metabolic and clinical markers, and increased the incidence of side-

effects after 8 weeks of administration. Forty (n = 40) healthy men and women aged 18 to 

30 years were recruited for a GAA-controlled, double-blind and parallel-group 

intervention study. Subjects were allocated to four randomly assigned trials: group A was 

supplemented with pure GAA, group B with a formulation containing GAA, choline, and 

B vitamins, group C with GAA, betaine, and B vitamins, and group D with GAA and B 

vitamins. Addition of methyl donors to GAA largely precluded the elevation of plasma 

total homocysteine caused by the GAA administration alone (P < 0.05). The intake of B 

vitamins in groups B, C and D significantly increased levels of plasma folates, vitamin 

B12 and holo-transcobalamine (P < 0.05). Reported side-effects during the intervention 

were transient and clinically irrelevant, and no major disturbances of clinical enzymes 

and other biochemical indicators of health status have been observed. It seems that 

addition of methyl donors in combination with dietary GAA supplementation effectively 

compensated for methylation requirements, such that the administration can be 

considered as a relatively safe nutritional intervention.  

 

Keywords: Methyl donors, Homocysteine, Side-effects, Vitamin B12, Vitamin B6 
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Introduction 
 

Guanidinoacetic acid (GAA; also known as glycocyamin or guanidinoacetate, chemical 

formula NH2C(=NH)NHCH2COOH) is an amino acid like compound that is naturally present 

in the human body in low concentration. GAA is considered as a possible dietary supplement 

due to its role in the synthesis of creatine, a fundamental compound in cellular bioenergetics. 

Beneficial effects of dietary GAA have been found in both patients and a healthy population, 

yet its use in human nutrition is still hampered by limited data on GAA clinical features when 

administered separately or co-administered with other nutritional agents. In particular, since 

creatine synthesis is considered to be the major user of methyl groups [1], increased 

methylation after GAA intake could affect metabolism of homocysteine and induce 

hyperhomocysteinemia [2-4]. Several mechanisms for the hyperhomocysteinemic effect of 

GAA have been proposed: (a) accelerated conversion of S-adenosylmethionine to S-

adenosylhomocysteine through the reaction catalyzed by GAA N-methyltransferase (GAMT) 

[5]; (b) decreased activity of cystathionine β-synthetase partly due to a decrease in hepatic S-

adenosylmethionine [6]; and, (c) decreased homocysteine remethylation due to a decrease in 

hepatic betaine concentration [7]. Due to the fact that elevated plasma homocysteine is 

discussed as a risk factor for a number of important diseases [8], it seems reasonable to 

employ different nutritional agents (e.g., methyl group donors) as additives during GAA 

loading to suppress or counterbalance hyperhomocysteinemia. Supplementation with betaine 

and B vitamins seemed to be an effective counter strategy to cope with an increased 

methylation demand and hyperhomocysteinemia induced by GAA administration in humans 

[9]. However, no studies contrasted the metabolic effects of betaine, choline (betaine 

precursor) and B vitamins during GAA loading. Comparing possible metabolic effects of 

folate supplementation with betaine-dependent remethylation might help to determine the 

most effective additive for GAA to prevent hyperhomocysteinemia. Moreover, the complex 

effects of GAA and methyl donors on other metabolic markers, and body composition 

indicators are largely unknown. Finally, the side effects of such an intervention on clinical 

markers of health status, and subjective adverse events are yet to be determined. Therefore, 

the main goals of the present study were to evaluate biochemical and physiological behavior 

of different dietary methyl donors dispensed during GAA loading, and to analyze the 

incidence and severity of adverse events throughout the intervention. 

 

 

Methods 
 

Participants 

 

Male and non-pregnant female moderately physically active subjects, aged 18 to 30 

years, were recruited from February to April 2011 through digital laboratory database. The 

study protocol was approved by the local IRB according to the Declaration of Helsinki. The 

subjects were not admitted to the study if any of the following criteria were present: (1) 

elevated total serum homocysteine above 15 µmol/L; (2) a history of metabolic disease; (3) 

known heart disease; (4) use of any dietary supplement (e.g., creatine, B complex vitamins, 

choline/lecithin, proteins, amino acids) within the past 60 days; and, (5) residence outside the 
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city of Belgrade, or unwillingness to return for follow-up. Females were strongly suggested 

not to get pregnant during the study, with no women got pregnant throughout the course of 

the study. During the study usage of hormonal contraceptives was strongly discouraged. All 

subjects were volunteers and gave their informed written consent to take part in the study. 

They were in good health, as assessed by health questionnaire and general pre-participation 

examination including blood and urine screening profile (including blood glucose, lipid 

profile, aspartate aminotransferase (AST), alanine aminotransferase (ALT), urea, creatinine, 

total homocysteine (T-Hcy), hemoglobin, hematocit, red and white blood cell count, routine 

urinalysis, human chorionic gonadotropin (hCG) [women only], urine creatinine, proteins, 

urea nitrogen, sodium, calcium and potassium). Subjects were moderately physically active 

(average of 4 hours of exercise per week). They were informed that they could withdraw from 

the study at any time, even after giving their written consent. The stopping rules for 

participants included: (a) refuse to participate in this research at any time, (b) inability to 

follow prescription procedure, (c) pregnancy or significant change of health status, (d) serious 

side-effects (clinical or subjective). Withdrawal of participation did not include withdrawal of 

data compiled up to that point. Subjects were obliged to maintain their normal physical 

activity patterns and dietary regimen (including no use of any other supplements or 

medicaments) throughout the duration of the study. Compliance was monitored at each visit 

to the lab by analyzing 5-day food records with average daily energy intake, macronutrient 

content, and B complex vitamins intake calculated (Nutribaze, Phoenix, AR, USA) by 

certified dietitian. Two days prior to the baseline testing subjects met a nutritionist who 

instructed them how to maintain a normal dietary pattern through self-selected diets 

throughout the study. In the 48-h before baseline and subsequent assessment points, all 

subjects were advised by a nutritionist to restrict from caffeine and/or alcoholic beverages due 

to the possible relation to serum T-HCy. Subjects were asked not to change their physical 

activity patterns during the study yet no habitual or programmed physical activity was 

monitored throughout the study.  

 

 

Supplementation Protocol 

 

Subjects were allocated in a GAA-controlled, double-blind and parallel-group design to 

four randomly assigned trials, with treatment lasting for 8 weeks. The four intervention trials 

included group A (supplemented with 2.4 g/day of GAA), group B (2.4 g/day of GAA + 3.0 

g/day of choline dihydrogencitrate + 5 µg/day of B12 + 10 mg/day of B6 + 600 µg/day of folic 

acid), group C (2.4 g/day of GAA + 1.6 g/day of betaine HCl + 5 µg/day of B12 + 10 mg/day 

of B6 + 600 µg/day of folic acid) and group D (2.4 g/day of GAA + 5 µg/day of B12 + 10 

mg/day of B6 + 600 µg/day of folic acid). Groups were matched for weight, and women had 

an equal probability of assignment to the groups. The unique treatment formulation was 

provided by AlzChem AG (Trostberg, Germany) in powder form in coded sachets to be 

stirred into a liquid (0.5 L of lukewarm water) by the participant right before consumption, 

with all drinks similar in appearance, texture and taste. A person not further involved in the 

study assigned codes to the study treatments and randomly allocated the selected participants 

according to a computer-generated list and kept the key in a sealed envelope. The code was 

revealed to the researchers once recruitment, data collection and laboratory analyses were 

completed. All subjects received the supplementation packages for in-between-tests period at 

Complimentary Contributor Copy



Sergej M. Ostojic, Marko Stojanovic and and Patrik Drid 88 

every visit to the lab directly from the research staff. Subjects were instructed to take one 

portion of drink in the morning upon waking before breakfast and another portion in the 

evening before the last meal, with sachet counts used to determine subject compliance. 

Subjects were required to return unused supplements at the end of the study (if any). The 

primary endpoint with respect to the efficacy in affecting blood metabolites was the change of 

serum T-HCy level achieving a significant change in concentration from baseline to 2 weeks 

(first assessment point after intervention) in order to detect a possible clinically relevant 

alteration of serum T-HCy as early as possible and stop the intervention if needed. Additional 

analyses were done on blood and urinary biochemical profiles, body composition variables, 

and prevalence of side effects.  

 

 

Experimental Design 

 

All testing were conducted at pre-supplementation (baseline), after 2, 4, 6, and 8 weeks of 

supplementation. All subjects were assessed on two consecutive days with the tests performed 

in the same order. Blood samples were obtained between 9 and 10 a.m. after an overnight fast 

(10 to 12 h). Both 24-h and morning urine samples were provided in plastic containers at 

baseline and at every lab visit throughout the end of the study. All biochemical urinalysis 

were done on whole urine samples (24 h volume with morning samples included). Morning 

samples were provided in separate plastic container for HCG analyses (females only), and 

added to the rest of the urine collected for complete biochemical analyses. From 10 p.m. until 

after the fasting measurements the next morning, participants were not allowed to smoke, eat, 

or drink anything except for water. In the 24 hours before each testing session, the subjects 

did not participate in any prolonged exercise due to a possible relationship between physical 

activity and plasma T-HCy levels [10]. At each of the visits to the lab, volunteers provided a 

fasting blood sample from a radial vein into different evacuated vacutainer test tubes (Greiner 

Bio-One, Basel, Switzerland) while seated. Blood was collected in following tubes: a) two gel 

vacutainers for biochemical variables; b) 7.5% K3-EDTA vacutainers for homocysteine; and, 

c) Na-citrate vacutainers for coagulation and ESR. The K3-EDTA tubes were centrifuged 

within the next 10 minutes at 3000 × g for 10 min. Plasma was separated, frozen at -20°C, 

stored and analyzed for homocysteine and other metabolites after 4 weeks of intervention and 

after the completion of the study. Gel vacutainers were centrifuged within the next 30 minutes 

at 3000 × g for 15 min, with serum stored at -20°C and the analysis completed at the same 

day, after 4 weeks of intervention and after the completion of the study for selected outcomes 

individually. T-Hcy was measured with chemiluminescent immunoassay method using 

chemistry analyzer (DPC Immulite 2000, Siemens, Germany), while folate and vitamin B12 

were measured by electrochemiluminescence using the automatic analyzer (Cobas E411, 

Roche Diagnostics, Indianapolis, IN, USA). Serum vitamin B6 concentrations were analyzed 

by HPLC with fluorimetric detection (Hewlett-Packard, Palo Alto, CA, USA). Plasma holo-

transcobalamin was measured by microparticular enyzmatic imunoanalysis (Axsyme, Abbott 

Laboratories, Abbott Park, IL, USA), with the serum proteins and albumin measured by 

Aeroset BCG (Abbott Laboratories, Abbott Park, IL, USA). Creatine and GAA in both 

plasma and urine samples were assessed by HPLC with fluorimetric detection (Hewlett-

Packard, Palo Alto, CA, USA), with creatinine in serum and urine determined by kinetic Jaffa 

method (RX Daytona, Randox Laboratories Ltd., Crumlin, UK). Level of choline was 
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assayed by ELISA and quantitative real time RT-PCR (Microplate Reader Rayto RT 2100C, 

Rayto Ltd, Shenzhen, China). Methionine and arginine were assessed by AccQ-TagUltra pre-

column derivization UPLC (Waters Copr., Milford, MA, USA). The complete blood count 

was performed using a Coulter blood counter (Model S-plus II, Coulter Electronics Inc., 

Hialeah, Florida, USA) and yielded values for red blood cell count (RBC), white blood cell 

count (WBC), platelets, hemoglobin (Hb), hematocrit (Hct), mean corpuscular volume 

(MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin 

concentration (MCHC). Glucose, total cholesterol, triglycerides, and lipoprotein levels were 

analyzed by standard enzymatic methods and an automated analyzer (Hitachi 704, Tokyo, 

Japan). Serum activities of AST, ALT, alkaline phosphatase (ALP), gamma-glutamyl 

transaminase (γ-GT), and creatine kinase (CK) were analyzed by an automated analyzer (RX 

Daytona, Randox Laboratories Ltd., Crumlin, UK). Urine sodium, calcium and potassium 

levels were analyzed by ISE direct with ILyte analyzer (Kaunas, Lithuania). Volume of urine 

was monitored for 24-urine diuresis, with routine urinalysis was completed by standard 

screening test (Machery-Nagel GmbH & Co. KG, Duren, Germany), and urine pH assessed 

by standard pH meter (Radiometer PHM82, Copenhagen, Denmark). Urine hCG was 

qualitatively analyzed by standard method of immunochromatography (BTNX Inc., Coral 

Springs, FL, USA). The urinary protein was measured by a Randox commercial kit with a 

Bayer opeRA autoanalyser (Bayer Diagnostics, Leverkusen, Germany). All samples for each 

subject were assayed in the same run. For all values, the first reading was discarded and the 

mean of the next three consecutive readings with a coefficient of variation below 15% was 

used in the study. All measurements were controlled by certified senior biochemists at 

referenced biochemistry laboratories. After the biochemical sampling was finished, 

anthropometrical variables were obtained at each visit to the lab, with height measured using 

a stadiometer (Seca 217, Hamburg, Germany) only at baseline testing point. Advanced body 

composition assessment including body weight was conducted by direct segmental multi-

frequency bioimpedance spectroscopy analyzer (Inbody 720S, Biospace, Tokyo, Japan). 

Recorded outputs included intracellular and extracellular water, total body protein, total 

mineral and osseous content, body fat percentage, weight, and skeletal muscle mass. Subjects 

were measured in underwear in the same state of hydration and nourishment after voiding. 

The same trained technician did the anthropometric assessment in aim to minimize the testing 

error. To ensure that the testing environment was appropriately controlled, the testing room 

was maintained at 23.0 ± 2.0°C and 25 ± 10% relative humidity during all measurements. 

In order to assess potential adverse events of the intervention, all subjects were instructed 

to report any side effects throughout the study. An open-ended questionnaire for self-

assessment of well-being and deleterious side effects was administered and discussed with 

each participant during the study at every visit to the lab. During the first week of 

intervention, all subjects were interviewed by phone to closely monitor acute adverse events 

of supplementation. Side effects severity and frequency of occurrence, and relation to 

intervention were noted and analyzed in detail. Each adverse event reported was closely 

evaluated, with affected subject additionally interviewed by another investigator in aim to 

prevent inter-examiner bias. The laboratory end point committee evaluated adverse event 

reports in a blinded fashion, and end decisions for inclusion into the final analysis were 

determined unanimously.  
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Statistical Analyses 

 

From the pool of 216 subjects initially selected for the present study, and 87 checked for 

eligibility, we finally recruited 40 subjects (twenty males and twenty females), according to 

power analysis (power = 0.90, α = 0.05) for the primary outcome measure, and allocated them 

to four different treatment groups. The required sample of 10 subjects in each of the four 

groups was estimated with the goal of rejecting the null hypothesis if the means of the serum 

T-Hcy, with equal standard deviations of 2.0 µmol/L, differed by at least 1.0 µmol/L 

according to Mann-Whitney U test, with a type I error of 0.05 (two-sided) and 90% percent 

power. The data were reported as means ± SD. Differences within and between groups were 

tested by one-way analysis of variance (ANOVA). Two-way ANOVA with repeated 

measures was used to establish if any significant differences existed between subjects‘ 

responses over time of intervention (0 vs. 8 weeks). Where significant differences were found, 

the Tukey test was employed to identify the differences. Effects-sizes in two-way ANOVA 

with replication after 8 weeks of administration were assessed by advanced Cohen statistics. 

The rates of side-effects occurrence between the groups were compared using the Fisher exact 

probability test. P values of less than 0.05 were considered to be statistically significant, with 

η
2
 > 0.22 indicated a large effect of drink, time or mixed factors. The data were analyzed 

using the statistical package SPSS 21.0, PC program (IBM SPSS Data Collection, New York, 

NY, USA).  

 

 

Results 
 

Subject baseline characteristics are presented in Table 1. No differences were found for 

baseline characteristics between the groups. One female participant (from group A) left the 

study before baseline testing due to a significant change of health status not related to the 

current study. Three participants (one male and two females) left the study due to follow up. 

Results are presented for intention-to-treat population (n = 39).  

Most participants consumed the entire intervention, but few omitted some quantity of 

drinks. The total compliance with the supplementation regimen was 99.5%. No participant 

left the study due to adverse events of intervention. Several adverse events were recorded 

during the study (Table 2), but no differences were found between groups with regards to the 

frequency of subjectively reported side effects. Side effects were reported as mild, single-

episodic, and clinically non-significant. They were experienced in two males and one female 

from group A, two females from group B, and one male from group C. No participant from 

group D reported any side-effect of the intervention throughout the study.  

Changes in plasma B-vitamins and guanidino-related compounds during the study are 

presented in Figure 1. The results of two-way mixed model ANOVA found significant 

interactions (trial vs. group) for plasma T-Hcy, folates, vitamin B12, holo-transcobalamine, 

GAA and creatinine (P < 0.05). Moderate to large size-effects for mixed factors (time vs. 

drink interaction) were found for plasma T-Hcy (η
2
 = 0.43), folates (η

2
 = 0.36), vitamin B6 (η

2
 

= 0.26), and GAA (η
2
 = 0.56). No relevant size-effects of intervention were found for changes 

in plasma amino acids (e.g., methionine, arginine, choline), plasma lipids, clinical enzymes, 

and urinary outcomes (not presented), except for protein excretion (η
2
 = 0.25).  

Complimentary Contributor Copy



Supplementation with Methyl Donors during Guanidinoacetic Acid Loading … 91 

Table 1. Baseline characteristics of study participants 

Values are mean ± SD 

 

 
Group A 

(n = 9) 

Group B 

(n = 10) 

Group C  

(n = 10) 

Group D 

(n = 10) 
P 

Age (years) 23.7 ± 3.0 23.9 ± 3.5 21.6 ± 2.8 23.2 ± 3.8 0.41 

Weight (kg) 72.6 ± 14.3 69.7 ± 9.4 68.9 ± 10.6 68.5 ± 8.8 0.85 

Height (cm) 175.0 ± 9.1 174.4 ± 6.9 173.4 ± 6.7 175.4 ± 7.3 0.94 

 

 

Figure 1. Changes in plasma B-vitamins and guanidino-related compounds. Error bars are removed for more 

clarity. Abbreviations: T-Hcy – total homocysteine; Holo-TC – holo-transcobalamine; GAA – 

guanidinoacetic acid. 
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Table 2. Incidence of subjectively reported side effects 

Values are presented as actual numbers with percentage in parentheses 

 

 
Group A 

(n = 9) 

Group B 

(n = 10) 

Group C  

(n = 10) 

Group D 

(n = 10) 
P 

Mild nausea  2 (22.2) 0 0 0 0.05 

Change in saliva taste 1 (11.1) 0 0 0 0.23 

Change in body odor 1 (11.1) 0 0 0 0.23 

Stomach burning 1 (11.1) 0 0 0 0.23 

Frequent urination 0 1 (10.0) 1 (10.0) 0 0.99 

Appetite decrease 0 1 (10.0) 0 0 0.99 

 

Hemathological indices during the study are presented in Figure 2. Intervention affected 

blood hematocrit and RBC count (P < 0.05), with notable fall-off in participants from group 

B and C. No differences were found for changes in other hemathological indices between the 

groups throughout the study. In addition, no relevant size-effects for mixed factors (time vs. 

drink interaction) were found for hematological markers after 8 weeks of administration.  

Changes in body composition outcomes are presented in Figure 3. Two-way mixed 

model ANOVA revealed similar responses for all regimens concerning changes in weight, 

body fat, intracellular and extracellular water, total body protein, skeletal muscle, and osseous 

and total mineral content during 8-week intervention. Furthermore, no relevant size-effects of 

the intervention were found for changes in above outcomes after 8 weeks of administration. 

In addition, no differences between groups have been reported in nutritional outcomes 

throughout the study (not presented). 

 

 

Discussion 
 

For the first time the biochemical and physiological effects of methyl group donors 

supplementation during 8-week GAA administration have been evaluated in humans, along 

with side-effects incidence and severity of such a nutritional intervention. The results of the 

present study indicate that the addition of methyl donors to dietary GAA largely precluded the 

elevation of plasma T-HCy caused by GAA administration alone. Plasma T-HCy remained 

essentially unchanged during the study in participants supplemented with GAA along with 

methyl donors, while the group supplemented with sole GAA experienced ~ 80% elevation in 

T-HCy from baseline level to post-administration. A particularly powerful size-effect for this 

‗homocysteine-balancing‘ action has been noted in subjects receiving supplemental choline 

and betaine, and both formulations could be considered as equally effective in preventing 

GAA-provoked hyperhomocysteinemia. All interventions homogenously produced an 

increase in skeletal muscle mass, accompanied by an elevation in total protein synthesis and 

intracellular hydration (average gain in skeletal muscle mass was about 2 kg), at the same 

time as reducing body fatness (2% on average) in healthy young subjects after 8 weeks of 

supplementation. It seemed that subjectively reported side-effects during 8 weeks of 

administration of different GAA formulations were rather transient, minor and clinically 
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irrelevant, with no major disturbances of clinical enzymes and other biochemical indicators of 

health status. 

 

 

Figure 2. Changes in hematological indices during the study. Error bars are removed for more clarity.  
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Figure 3. Percentage change in body composition outcomes 0 vs. 8 week.  

 

Homocysteine Dynamics 

 

It is apparent that biological methylations and homocysteine metabolism are intimately 

linked and that alterations in one my affect the other [5, 6]. GAA as a methyl group acceptor 

has a substantial hyperhomocysteinemic effect probably by accelerating the conversion of 

SAM to SAH and further to homocysteine [7]. For the present study, an increase in T-HCy 

after GAA administration has been noted from week 2 onwards, with the peak level of T-HCy 

found after 6 weeks of supplementation (approximately 82% above the baseline level). In 

addition, splitting the dosage into two portions seemed to amplify the rise in T-Hcy induced 

by GAA as compared to a previous study (an increase of ~ 28% at post-administration) [3]; 

this may indicate enhanced conversion of GAA into creatine. Yet, superior rise in T-Hcy is 

maybe overrated due to the small sample size. On the other hand, co-administration of GAA 

and methyl group donors effectively prevented or attenuated upturn of serum T-HCy. Choline 

and betaine groups influenced T-HCy in a similar fashion, keeping plasma T-HCy low at all 

sampling points during the intervention as compared to the baseline. These results seem to be 

in accordance with a previous GAA-loading study in animals, confirming a homocysteine-

lowering effect of choline (and betaine) [7], although in that study the effect of choline was 

most pronounced when applied in an excess amount in relation to the amount of GAA. The 

comparable magnitude of the homocysteine-balancing effect between choline and betaine 

probably indicates that production of betaine from supplemental choline by choline oxidase 

(mainly in kidney and liver) was substantial and quick. Compared to the administration of 

sole GAA, the formulation with GAA and B vitamins effectively attenuated the rise in T-

HCy, yet the power of this effect was smaller when compared to the effect of choline and 
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betaine protocols. Furthermore, besides an initial drop in T-HCy level after two weeks as 

compared to the pre-administration level (for about 4%) in group D, we found a steady 

increase in T-HCy, although minor and clinically insignificant, throughout the rest of the 

intervention period. One might speculate that this increase would have continued if the 

intervention would have been further extended, possibly due to the insufficient capacity of 

such formulation (folic acid, vitamin B6, vitamin B12) to provide abundant methyl groups for 

a prolonged methylation demand [12].  

Several randomized placebo-controlled trials have evaluated the effects of multivitamin 

and/or betaine/choline supplementation on fasting T-HCy or hyperhomocysteinemia in 

humans. In overview of several clinical trials [13-15], folic acid lowered fasting plasma T-

HCy levels by 26% and addition of vitamin B12 lowered T-HCy by another 7%, but addition 

of vitamin B6 was not associated with further reductions in T-HCy concentrations. Reductions 

in T-HCy were larger at higher pretreatment T-HCy levels and at lower pretreatment folates 

level [13]. Furthermore, when elevation in T-HCy was induced in animals by nutritional 

manipulation (such as methionine or GAA loading) the effectiveness of B-complex vitamins 

was less pronounced [7]. On the other hand, betaine or phosphatidylcholine seemed to 

effectively lower both, fasting or post-methionine T-HCy from 20 to 50% [15]. For the 

present study, the notable differences in effectiveness for balancing T-HCy levels after 

loading with GAA were probably due to the application of different formulations of methyl 

group donors. Since the additive formulations were matched for folic acid, vitamin B12 and 

vitamin B6 content, the additional effect on T-HCy balance was mostly due to the betaine-

dependent remethylation of homocysteine to methionine. Furthermore, transsulfuration of 

HCy through activation of β-cystathionine synthase induced by an increased hepatic 

concentration of SAM should be considered as well [16]. Yet, an alternative mechanism for 

the T-HCy lowering effect of choline (although probably limited) could involve a reduction in 

the endogenous production of phopshatidylcholine via the phopshatidylethanolamine N-

methyltransferase pathway [17, 18], but the relevance of this effect would require more 

investigation. In short, supplementation with a multi-formula containing methyl group donors 

(e.g., betaine/choline with B vitamins) together with GAA effectively reduced the increase in 

T-HCy during medium-term supplementation whereas GAA plus B vitamins had only a 

secondary effect in this setting. 

 

 

Metabolic Markers of the Intervention 

 

Folates, vitamin B6 and vitamin B12 are all involved in the metabolism of homocysteine 

[19], and GAA through its hyperhomocysteinemia-inducing effect could alter B vitamins 

status in blood plasma [7], and even induce folate and cobalamine deficiencies [20]. On the 

other hand, supplementation with B vitamins in subjects receiving GAA could provide 

additional methyl groups and positively affect B vitamin status in plasma and liver, although 

this pathway might not be as functional as the betaine pathway for donating methyl-groups to 

homocysteine [Setoue et al. unpublished data]. In the present study, we found that GAA co-

administered with betaine and choline along with B complex vitamins (over RDA, yet lower 

than UL), strongly increased blood B vitamins concentration from week 2 of the intervention 

throughout the rest of the intervention, as compared to sole GAA. No major differences in the 

effectiveness of the different methyl donors used has been noted. Yet, it seems that the 
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power-size of the formulations to affect particular serum B vitamins was largest for folates 

(η
2
 = 0.36) and vitamin B6 (η

2
 = 0.26), which could be related to the balance between nutrient 

use through metabolic processes and supply through oral intake. The ability to affect the 

status of a particular vitamin could imply that either more vitamin is supplemented than 

utilized, or more vitamin is utilized then provided. Both ways would require more 

investigation. Although a trend of mild decline for serum B vitamins could be noted in 

subjects supplemented with pure GAA (with lowest points attained after six weeks of 

supplementation), we did not find signs of a clinically significant decline for serum B-

vitamins after supplementation. Finally, since folic acid-dependent remethylation and betaine-

dependent remethylation are interrelated (e.g., betaine/choline intake affects folate 

metabolism and vice versa) [21, 22], it is hard to isolate the effect of each additive on plasma 

B vitamins profiles in the present study. 

A number of amino acids and amino acid derivates play key roles in creatine and/or 

methionine metabolism, with arginine, glycine and serine are among the most important. For 

the present study, plasma levels of arginine and methionine were particularly monitored as 

individual indicators of amino acids metabolism during loading with GAA alone and GAA 

plus methyl group donors. Since GAA, a precursor of creatine, is formed from arginine and 

glycine by L-Arginine:glycine amidinotransferase (AGAT) mainly in the kidney, addition of 

exogenous GAA (and concomitant increase in creatine synthesis) could lead to down-

regulation of AGAT and an increase in arginine concentration, both in the kidney and in 

plasma [23, 24], and concomitant enhanced utilization of arginine as a substrate for secondary 

pathways [25] such as formation of urea and ornithine, guanidinosuccinate and argininic acid 

[26]. Furthermore, since insulin plays a role in cellular transport of arginine [27], and GAA 

could alter insulin secretion in vivo [28], it could be hypothesized that exogenous GAA might 

influence arginine cellular uptake and plasma levels, although this mechanism may have 

peripheral importance for the present study. On the other hand, exogenous GAA could affect 

fasting serum methionine through consuming more SAM than under normal physiological 

conditions and cause plasma methionine and/or protein shortfall [5]. For the methyl group 

donors, additional resynthesis of methionine through remethylation of SAH should be 

counted for total plasma methionine yield as well [29]. Therefore, the physiological role and 

relationship between the pathways of arginine and methionine synthesis and catabolism after 

GAA loading could be complex and difficult to analyze, owing to diet, hormones and 

cytokines [26], and the effects of methyl donors or accompanied co-factors (e.g., betaine, 

choline, folic acid, vitamin B12) on the metabolism of these two amino acids are largely 

unknown. Although one would expect a decrease of endogenous GAA synthesis and thus an 

arginine-sparing effect as a consequence of GAA-loading, in the present study we noticed a 

homogeneous drop in serum arginine after 2 weeks of intervention for all groups, yet the 

values observed for other sampling points are close to baseline values. Furthermore, no 

relevant size-effects of the different formulations were found for plasma arginine during 

intervention. Consequently, no clear conclusion can be drawn from these results, and 

measurement of other indicators of arginine metabolism (e.g., plasma citrulline clearance, 

arginine excretion) could possibly help to elucidate the effects of different GAA formulations 

on arginine metabolism. In accordance with previous animal studies [7], we did notice a mild 

reduction in serum methionine during intervention as compared to the baseline, yet the 

disturbances are rather small, with no relevant size-effects throughout the intervention period. 

It seems that all formulations equally provoked a vague drop in blood methionine (as well as 
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total serum proteins), starting from week 2 of administration. We could hypothesize that 

GAA enhanced the rate of methionine utilization, either for the methylation pathway or for 

protein anabolism. Yet, due to the fact that several aspects of methionine metabolism were 

not monitored during the study (e.g., methionine levels in diet, sarcosine excretion, SAM 

levels in serum and/or liver) full understanding of the methionine metabolism during GAA 

plus additives application is not clear at the moment. Finally, due to the fact that choline, as 

an important dietary nutrient and source of labile methyl groups, plays an important role in 

homocysteine metabolism [15], serum choline was used as an indicator of choline 

provision/consumption for vitamin B12 independent remethylation during the GAA-loading 

intervention. Although we did notice slightly depressed serum choline in the group A and D 

(which probably indicates enhanced consumption of betaine by loading of a methyl-group 

acceptor such as GAA, although no signs of choline deficiency were found such as serum 

level below 5 µmol/L in hemorrhagic kidney necrosis), and increased serum choline level in 

group B (likely due to additional choline oral application and/or lesser remethylation through 

betaine-related pathway), we did not find a relevant size-effect throughout the intervention 

period (η
2
 < 0.09). It seems that GAA with or without methyl group donors did not adversely 

affect choline metabolism during supplementation.  

 

 

GAA, Creatine and Creatinine Profiles  

 

GAA can be eliminated from the blood via two parallel pathways. The first pathway is 

the saturable uptake into the liver and potentially other organs (kidney, pancreas, spleen, 

heart, skeletal muscle) where GAA turns into creatine by GAMT. The second pathway is 

renal elimination. The clearance of GAA is closely interrelated to creatine due to the premise 

that both metabolites are competing for the identical specialized receptor (CrT1) for the 

transport across the cell membrane, and that the GAA uptake could be inhibited by creatine if 

the concentration of creatine was high enough to completely saturate CrT [31] (or maybe vice 

versa for critically high GAA). It has been reported that several agents (e.g., insulin, 

catecholamines, exercise, IGF-1, taurine) can affect the creatine and/or GAA uptake and 

turnover [30, 31], but the effects of betaine/choline and/or B complex vitamins on the 

guanidino compounds cycle are largely unknown. For the present study we found that GAA, 

creatine and creatinine measured in both urine and serum at baseline largely corresponded to 

the reference values found in the literature [32]. As expected, all formulations homogenously 

induced an increase in plasma creatine level from week 2 throughout the rest of the 

intervention period, with a similar trend noticed in creatine excretion by the kidney. Yet, no 

differences were found between groups for changes in serum and urine creatine during the 

intervention; obviously, creatine uptake and excretion acted in a similar fashion for all 

groups. On the other hand, relevant size-effects were found for both serum and urine GAA, 

showing a large main effect of time vs. intervention (η
2
 = 0.56). So far, we could hypothesize 

that the degree of creatine cycling by various tissues (including liver and kidney) and 

excretion are similar for all groups, and none of the methyl group donors affected creatine 

uptake or clearance dynamics. In contrast, the application of GAA and methyl group donors 

somehow affected the conversion of GAA by the liver (or potentially other tissues) and/or 

absorption in the gut or kidney, with an attenuated rise in serum GAA during administration 

which is maybe due to more efficient transformation to creatine, and a lesser rate of GAA 
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urine excretion, as compared to pure GAA. Additionally, very low GAA excretion through 

the kidney for all groups during the present study, may indicate either high utilization and/or 

excretion through other organs (e.g., bile, feces, second-pass liver kinetics). To fully 

understand the distribution, metabolism and excretion of GAA additional studies with labeled 

GAA would be required. Finally, no relevant effect-sizes were found for serum and urine 

creatinine (along with other urine outcomes) during the intervention, and the observed values 

were well within the reference limits, indicating no clinically significant renal damage. The 

possibility that GAA alone or in combination with methyl group donors may increase renal 

stress during medium-term supplementation is unlikely. 

 

 

Clinical Markers 

 

The effects of GAA and homocysteine-lowering nutrients on serum lipid profiles seem to 

be complex and controversial, with data in healthy individuals are lacking. Although animal 

studies [33] showed a mild effect of GAA on reducing serum triglycerides and cholesterol 

levels, the previous study [3] suggested that a possible influence of GAA on lipid profiles in 

physically active subjects with normal blood lipids is either transient or non-existent. On the 

other hand, it has been reported that betaine (trimethylglycine) and phosphatidylcholine could 

raise blood cholesterol and triacylglycerol, while folic acid had no effect on lipid 

concentrations. This cholesterol-elevating effect of betaine/choline is probably due to an 

increased export of lipids from the liver into the circulation [34]. No significant disturbances 

in lipid profiles from the normal ranges has been noted throughout the present study. In 

addition, no participants experienced clinically significant changes in AST, ALT, ALP, CK 

and γ-GT as compared to the baseline during the present study, suggesting no muscular and 

liver damage during the intervention.  

Previous studies have shown that different guanidino compounds might affect 

hematopoiesis [35, 36]. However, the effect of GAA on hematological indices seemed to be 

rather transient or clinically insignificant [3]. On the other hand, it was reported that loading 

with betaine, choline and/or B complex vitamins can have complex and sometimes opposed 

effects on different hematological indices. In short, studies have shown that betaine loading 

may decrease measures of the red blood cell volume and hemoglobin concentration (e.g., 

MCV, MCH, MCHC) [37], while vitamin B12 and folates supplementation could enhance 

hematopoieses and treat anemia [38]. However, data examining combined effects of GAA 

and methyl group donors are lacking for healthy humans. In the present study, we did find 

mild fall-off in hemathological indices (e.g., Hct, RBC) during the intervention, yet no 

relevant size-effects for mixed factors of administration were noted, suggesting possible 

clinical irrelevance of above findings. Drop in RBC and Hct was particularly noticeable in 

groups B and C, stressing a possible cumulative effect of GAA and betaine on hemolysis. In 

addition, MCV below normal reference range (80 -100 fL) was found in less than 5% of 

samples, and none of the subjects experienced MCV above 100 fL throughout the 

intervention. Although scientifically interesting and controversial, the effect of GAA and 

methyl group donors on hematological indices for the present studies remains clinically 

irrelevant.  
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Body Composition Outcomes 

 

So far, combined effects of GAA and methyl donors on body composition outcomes were 

not examined in humans. Studies from the 1950-s reported an increase in body weight in 

subjects with chronic illnesses treated with combination of betaine and GAA [39-41]. It 

seems that medium-term intake of pure GAA could affect body composition indicators, such 

as lean body mass, in physically active individuals but the clear mechanism of action is yet to 

be determined (SM Ostojic, et al., unpublished results). On the other hand, the influence of B 

complex vitamins (e.g., folates, vitamin B6, vitamin B12) to affect body composition in 

humans is less evident, if present at all [42], while betaine supplementation could have an 

effect on cellular hydration [43]. Here we found that GAA intervention did affect body 

composition in healthy humans. It seems that the intervention induced an elevation in 

extracellular and intracellular water, with the magnitude of effects is similar among groups. 

Thus, no additional effect of betaine/choline and B vitamins was noted for hydration status as 

compared to pure GAA. The similar trend was noted for total body protein as well; all 

formulations induced gains in total body protein from week 2 onwards, but the effects of the 

different formulations were similar with no additional effect of supplemental methyl group 

donors. Despite the relatively short duration of the intervention, we found a mild elevation of 

total mineral and osseous mineral content during the study, which is in accordance with 

previous creatine studies [44]. Yet, no relevant differences in magnitude of changes were 

found between formulations, implying equivalent power of dietary GAA and added methyl 

donors to affect mineral accumulation. Interestingly, no significant changes were found for 

body weight within or between the groups during the supplementation regimen, while body 

fat was reduced in equal manner in all groups, and the ability of different treatment 

formulations to reduce body fatness was basically the same (η
2
 < 0.09). As a consequence of 

both enhanced intracellular hydration and protein uptake, skeletal muscle mass upraised 

consistently in all groups from week 2 onwards. The possible mechanisms of GAA action to 

increase skeletal muscle mass could include: 1) an increase in intramuscular water as a 

consequence of osmotic activity of newly-synthesized creatine [45]; 2) anabolic proliferation 

due to intracellular hyperhydration [46]; 3) an improved nitrogen balance [47], 4) or an 

increased satellite cell activity after elevated creatine uptake [48]. Furthermore, it could be 

postulated that an increase in skeletal muscle mass would provide an increase in person‘s 

metabolic rate and, in turn, more body fat would be burned (muscle tissue is burning more 

calories than fat tissue); in the state of caloric balance, body weight will be largely unaffected 

which was actually obtained in the present study. Another mechanism for the indirect fat-

reducing effect of GAA could be the higher training load enabled by the increase in muscular 

creatine [49]. Although subjects were strongly advised not to change their regular physical 

activity patterns during the present study, habitual physical activity was not monitored so it 

could be possible that elevated creatine (after GAA loading) affected training intensity and 

accelerate favorable changes in body composition.  

 

 

Subjective Adverse Effects  

 

For the present study, subjectively reported side-effects during 8 weeks of GAA loading 

and methyl donors supplementation were rather transient, minor and clinically irrelevant, with 
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no major disturbances of indicators of health status. Furthermore, no single subject was 

excluded from the study due to side-effects. When compared to the previous study [3], it 

seems that splitting the dosage of GAA in two portions, using a lower dose along with a 

different dosage form (e.g., capsules vs. drink), significantly reduced the prevalence of 

gastrointestinal side-effects after GAA administration. In addition, the incidence of side-

effects was similar among groups. Gastrointestinal effects (e.g., mild nausea, change in saliva 

taste, stomach burning) were reported occasionally (especially during the first week of 

administration), right after the drink consumption, but the effects disappeared throughout the 

rest of the monitoring period. These effects are probably due to the individual gastrointestinal 

sensitivity to the formulation. Change of body odor was reported in a single male participant 

supplemented with pure GAA. At the moment, there is no clear physiological mechanism 

known to the authors that relates GAA administration or metabolism with sweat production 

and changes in body odor. Frequent urination and mild polyuria were experienced during the 

first week of administration in two subjects (male and female) from group B and group C, but 

the effect fully disappeared during the rest of the monitoring period. This transient and 

individual effect found in hypersensitive subjects could be related to simple overhydration not 

related to the intervention, ingestion of a hyperosmolar substance or cellular hydration 

changes induced by intervention containing choline/betaine or a creatine precursor such as 

GAA [50, 51]. Furthermore, one female from group B reported appetite reduction following 

the intervention. Although this effect is single-case and insignificant, it could be related to 

either a GAA effect on gastrointestinal motility [52], or a choline and/or B vitamin effect on 

satiety [53]. Although long-term studies are not available at the moment, nutritional 

intervention containing GAA and methyl donors could be considered as a relatively safe 

procedure for physically active men and women during medium-term supplementation. 

 

 

Limitations of the Study 

 

Although we used a longitudinal design and controlled interventional strategies to gain 

optimal insight into the association between intake of GAA and methyl donors, and various 

metabolic and physiological outcomes, several study limitations should be noted. Firstly, the 

results (particularly for body composition outcomes) could be influenced by differences in 

habitual physical activity or training routine among participants, which was not monitored 

throughout the present study. Although we have the baseline values as reference nutritional 

values and instructed the participants to maintain their dietary habits, we did not monitor 

other relevant dietary factors (e.g., nutrient bioavailability, choline nutritional intake, 

composition of dietary proteins, coffee and/or tea consumption) that could have additionally 

affected metabolites profiles (particularly for plasma level of methionine, arginine, albumin, 

choline), and the effects of ingested amino acids (e.g., serine, cysteine) and proteins on the 

post-prandial T-HCy metabolism were not considered as well. It should be noted that 

responses after GAA loading with methyl group donors supplementation in the present study 

were noted in young and healthy subjects, while other population groups could have 

responded to the treatment in different pattern. 
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Conclusion 
 

Methyl group donors (e.g., choline, betaine, B vitamins) co-administered during GAA 

supplementation largely prevented an increase in plasma T-HCy induced by pure GAA, and a 

powerful ‗homocysteine-balancing‘ effect has been noted in subjects co-supplemented with 

choline and betaine. All nutritional interventions seemed to be comparably effective for 

improving skeletal muscle mass as well as decreasing body fatness, with no major changes in 

weight throughout the study. Considering the negligible disturbances in clinical markers of 

health status, the intake of GAA together with methyl group donors and B vitamins during 8 

weeks is relatively safe if the substance is taken in the recommended amount. However, long-

term studies in lager groups are necessary to corroborate the results obtained in this pilot trial.  

 

 

Acknowledgments 
 

No conflicts of interest apply in this work. This study was supported by the Serbian 

Ministry of Science (Grant No. 175037), and by AlzChem AG, Trostberg, Germany (Grant 

No. BN_214E_S10). Trial identification: www.clinicaltrials.gov number NCT01371357. The 

authors thank Dr. Barbara Niess for the technical and scientific advice. 

 

 

References 
 

[1] Edison, EE; Brosnan, ME; Meyer, C; Brosnan, JT. Creatine synthesis: production of 

guanidinoacetate by the rat and human kidney in vivo. Am J Physiol Renal Physiol., 

2007, 293(6), F1799-804.  

[2] Stead, LM; Brosnan, JT; Brosnan, ME; Vance, DE; Jacobs, RL. Is it time to reevaluate 

methyl balance in humans? Am J Clin Nutr., 2006, 83(1), 5-10. 

[3] Ostojic, SM; Niess, B; Stojanovic, M; Obrenovic, M. Creatine metabolism and safety 

profiles after six-week oral guanidinoacetic acid administration in healthy humans. Int J 

Med Sci., 2013, 10(2), 141-7. 

[4] Ostojic, SM; Niess, B; Stojanovic, M; Idrizovic, K. Serum creatine, creatinine and total 

homocysteine concentration-time profiles after a single oral dose of guanidinoacetic 

acid in humans. J Funct Foods., 2014, 6(1), 598-605. 

[5] Stead, LM; Au, KP; Jacobs, RL; Brosnan, ME; Brosnan, JT. Methylation demand and 

homocysteine metabolism: effects of dietary provision of creatine and guanidinoacetate. 

Am J Physiol Endocrinol Metab., 2001, 281(5), E1095-100. 

[6] Fukada, S; Shimada, Y; Morita, T; Sugiyama, K. Suppression of methionine-induced 

hyperhomocysteinemia by glycine and serine in rats. Biosci Biotechnol Biochem., 2006, 

70(10), 2403-9. 

[7] Setoue, M; Ohuchi, S; Morita, T; Sugiyama, K. Hyperhomocysteinemia induced by 

guanidinoacetic acid is effectively suppressed by choline and betaine in rats. Biosci 

Biotechnol Biochem., 2008, 72(7), 1696-703.  

Complimentary Contributor Copy



Sergej M. Ostojic, Marko Stojanovic and and Patrik Drid 102 

[8] Lewington, S; Bragg, F; Clarke, R. A review on metaanalysis of biomarkers: promises 

and pitfalls. Clin Chem., 2012, 58(8), 1192-204. 

[9] Ostojic, SM; Niess, B; Stojanovic, M; Obrenovic, M. Co-administration of methyl 

donors along with guanidinoacetic acid reduces the incidence of hyperhomocysteinemia 

compared to guanidinoacetic acid administration alone. Br J Nutr., 2013, 110(5), 865-

70.  

[10] Sotgia, S; Carru, C; Caria, MA; Tadolini, B; Deiana, L; Zinellu, A. Acute variations in 

homocysteine leves are related to creatine changes induced by physical activity. Clin 

Nutr., 2007, 26(4), 444-9. 

[11] Fowler, B. Homocysteine: overview of biochemistry, molecular biology, and role in 

disease processes. Sem Vasc Med., 2005, 5(2), 77-86. 

[12] Verhoef, P; Katan, MB. A healthy lifestyle lowers homocysteine, but should we care? 

Am J Clin Nutr., 2004, 79(5), 713-4. 

[13] Verhoef, P; de Groot, LC. Dietary determinants of plasma homocysteine 

concentrations. Sem Vasc Med., 2005, 5(2), 110-23. 

[14] Ciaccio, M; Bellia, C. Hyperhomocysteinemia and cardiovascular risk: effect of vitamin 

supplementation in risk reduction. Curr Clin Pharmacol., 2010, 5(1), 30-6. 

[15] Ueland, PM. Choline and betaine in health and disease. J Inherit Metab Dis., 2011, 

34(1), 3-15. 

[16] Purohit, V; Abdelmalek, MF; Barve, S; Benevenga, NJ; Halsted, CH; Kaplowitz, N; 

Kharbanda, KK; Liu, QY; Lu, SC; McClain, CJ; Swanson, C; Zakhari; S. Role of S-

adenosylmethionine, folate, and betaine in the treatment of alcoholic liver disease: 

summary of a symposium. Am J Clin Nutr., 2007, 86(1), 14-24. 

[17] Reo, NV; Adinehzadeh, M; Foy, BD. Kinetic analyses of liver phosphatidylcholine and 

phosphatidylethanolamine biosynthesis using (13)C NMR spectroscopy. Biochim 

Biophys Acta., 2002, 1580(2-3), 171-88. 

[18] Noga, AA; Stead, LM; Zhao, Y; Brosnan, ME; Brosnan, JT; Vance, DE. Plasma 

homocysteine is regulated by phospholipid methylation. J Biol Chem., 2003, 278(8), 

5952-5. 

[19] Blom, HJ; Smulders, Y. Overview of homocysteine and folate metabolism. With 

special references to cardiovascular disease and neural tube defects. J Inherit Metab 

Dis., 2011, 34(1), 75-81. 

[20] Horne, DW; Cook, RJ; Wagner, C. Effect of dietary methyl group deficiency on folate 

metabolism in rats. J Nutr., 1989, 119(4), 618–621. 

[21] Niculescu, MD; Zeisel, SH. Diet, methyl donors and DNA methylation: interactions 

between dietary folate, methionine and choline. J Nutr., 2002, 132(8), 2333S-5S. 

[22] Olthof, MR; Brink, EJ; Katan, MB; Verhoef, P. Choline supplemented as 

phosphatidylcholine decreases fasting and postmethionine-loading plasma 

homocysteine concentrations in healthy men. Am J Clin Nutr., 2005, 82(1), 111-7. 

[23] Wyss, M; Kaddurah-Daouk, R. Creatine and creatinine metabolism. Physiol Rew., 

2000, 80(3), 1107-213. 

[24] Jahangir, E; Vita, JA; Handy, D; Holbrook, M; Palmisano, J; Beal, R; Loscalzo, J; 

Eberhardt, RT. The effect of L-arginine and creatine on vascular function and 

homocysteine metabolism. Vasc Med., 2009, 14(3), 239-48.  

Complimentary Contributor Copy



Supplementation with Methyl Donors during Guanidinoacetic Acid Loading … 103 

[25] Derave, W; Marescau, B; Vanden, Eede, E; Eijnde, BO; de Deyn, PP; Hespel, P. 

Plasma guanidino compounds are altered by oral creatine supplementation in healthy 

humans. J Appl Physiol., 2004, 97(3), 852-7. 

[26] Wu, G; Morris, SM; Jr. Arginine metabolism: nitric oxide and beyond. Biochem J., 

1998, 336(Pt I), 1-17.  

[27] Sobrevia, L; Gonzalez, M. A role for insulin on L-arginine transport in fetal endothelial 

dysfunction in hyperglycaemia. Curr Vasc Pharmacol., 2009, 7(4), 467-74.  

[28] Alsever, RN; Georg, RH; Sussman, KE. Stimulation of insulin secretion by 

guanidinoacetic acid and other guanidine derivatives. Endocrinology., 1970, 86(2), 332-

6. 

[29] Dudman, NP; Wilcken, DE; Wang, J; Lynch, JF; Macey, D; Lundberg, P. Disordered 

methionine/homocysteine metabolism in premature vascular disease. Its occurrence, 

cofactor therapy, and enzymology. Arterioscler Thromb Vasc Biol., 1993, 13(9), 1253-

60.  

[30] Wyss, M; Schulze, A. Health implications of creatine: can oral creatine 

supplementation protect against neurological and atherosclerotic disease? 

Neuroscience., 2002, 112(2), 243-60. 

[31] Tachikawa, M; Kasai, Y; Yokoyama, R; Fujinawa, J; Ganapathy, V; Terasaki, T; 

Hosoya, K. The blood-brain barrier transport and cerebral distribution of 

guanidinoacetate in rats: involvement of creatine and taurine transporters. J 

Neurochem., 2009, 111(2), 499-509.  

[32] Carducci, C; Birarelli, M; Leuzzi, V; Carducci, C; Battini, R; Cioni, G; Antonozzi, I. 

Guanidinoacetate and creatine plus creatinine assessment in physiologic fluids: an 

effective diagnostic tool for the biochemical diagnosis of arginine:glycine 

amidinotransferase and guanidinoacetate methyltransferase deficiencies. Clin Chem., 

2002, 48(10), 1772-8. 

[33] European Food Safety Authority. Safety and efficacy of guanidinoacetic acid as feed 

additive for chickens for fattening. EFSA J., 2009, 988, 1-30. 

[34] Olthof, MR; van, Vliet, T; Verhoef, P; Zock, PL; Katan, MB. Effect of homocysteine-

lowering nutrients on blood lipids: results from four randomised, placebo-controlled 

studies in healthy humans. PloS Med., 2005, 2(5), e135.  

[35] Maejima, M; Takahashi, S; Hatano, M. Platelet aggregation in chronic renal failure - 

whole blood aggregation and effect of guanidino compounds. Nippon Jinzo Gakkai 

Shi., 1991, 33(2), 201-12. 

[36] Tanaka, A; Takaihashi, Y; Mizokuci, M; Shimada, N; Koide, H. Plasma, urinary, and 

erythrocyte concentrations of guanidino compounds in patients with chronic renal 

failure. Ren Fail., 1999, 21(5), 499-514.  

[37] Hayes, KC; Pronczuk, A; Cook, MW; Robbins, MC. Betaine in sub-acute and sub-

chronic rat studies. Food Chem Toxicol., 2003, 41(12), 1685-700. 

[38] Morris, MS; Jacques, PF; Rosenberg, IH; Selhub, J. Folate and vitamin B-12 status in 

relation to anemia, macrocytosis, and cognitive impairment in older Americans in the 

age of folic acid fortification. Am J Clin Nutr., 2007, 85(1), 193-200. 

[39] Borsook, ME; Borsook, H. Treatment of cardiac decompensation with betaine and 

glycocyamine. Ann West Med Surg., 1951, 5(10), 830-55. 

Complimentary Contributor Copy



Sergej M. Ostojic, Marko Stojanovic and and Patrik Drid 104 

[40] Borsook, ME; Billing, HK; Goklseth, JG. Betaine and glycocyamine in the treatment of 

disability resulting from acute anterior poliomyelitis. Ann West Med Surg., 1952, 6(7), 

423-27. 

[41] Dixon, HH; Dickel, HA; Shanklin, JG; Peterson, RD; West, ES. Therapy in anxiety 

states and anxiety complicated by depression. West J Surg Obstet Gynecol., 1954, 

62(6), 338-41. 

[42] Lukaski, HC. Vitamin and mineral status: effects on physical performance. Nutrition., 

2004, 20(7-8), 632-44. 

[43] Armstrong, LE; Casa, DJ; Roti, MW; Lee, EC; Craig, SA; Sutherland, JW; Fiala, KA; 

Maresh, CM. Influence of betaine consumption on strenuous running and sprinting in a 

hot environment. J Strength Cond Res., 2008, 22(3), 851-60. 

[44] Antolic, AM; Roy, BD; Tarnopolsky, MA; Zernicke, RF; Wohl, GR; Shaughnessy, SG; 

Bourgeois, JM. Creatine monohydrate increases bone mineral density in young 

Sprague-Dawley rats. Med Sci Sports Exerc., 2007, 39(5), 816-20. 

[45] Brosnan, JT; Brosnan, ME. Creatine: endogenous metabolite, dietary, and therapeutic 

supplement. Annu Rev Nutr., 2007, 27, 241-61 

[46] Deldicque, L; Theisen, D; Bertrand, L; Hespel, P; Hue, L; Francaux, M. Creatine 

enhances differentiation of myogenic C2C12 cells by activating both p38 and Akt/PKB 

pathways. Am J Physiol Cell Physiol., 2007, 293(4), C1263-71.  

[47] Craig, SAS. Betaine in human nutrition. Am J Clin Nutr., 2004, 80(3), 539-49. 

[48] Dangott, B; Schultz, E; Mozdziak, PE. Dietary creatine monohydrate supplementation 

increases satellite cell mitotic activity during compensatory hypertrophy. Int J Sports 

Med., 2000, 21(1), 13-6. 

[49] Volek, JS; Duncan, ND; Mazzetti, SA; Staron, RS; Putukian, M; Gómez, AL; Pearson, 

DR; Fink, WJ; Kraemer, WJ. Performance and muscle fiber adaptations to creatine 

supplementation and heavy resistance training. Med Sci Sports Exerc., 1999, 31(8), 

1147-1156. 

[50] Schwab, U; Törrönen, A; Meririnne, E; Saarinen, M; Alfthan, G; Aro, A; Uusitupa, M. 

Orally administered betaine has an acute and dose-dependent effect on serum betaine 

and plasma homocysteine concentrations in healthy humans. J Nutr., 2006, 136(1), 34-

8. 

[51] Atkinson, W; Elmslie, J; Lever, M; Chambers, ST; George, PM. Dietary and 

supplementary betaine: acute effects on plasma betaine and homocysteine 

concentrations under standard and postmethionine load conditions in healthy male 

subjects. Am J Clin Nutr., 2008, 87(3), 577-85. 

[52] Fargeas, MJ; Fioramonti, J; Bueno, L. Central and peripheral action of GABAA and 

GABAB agonists on small intestine motility in rats. Eur J Pharmacol., 1988, 150(1-2), 

163-169. 

[53] Melanson, KJ; Angelopoulos, TJ; Nguyen, VT; Martini, M; Zukley, L; Lowndes, J; 

Dube, TJ; Fiutem, JJ; Yount, BW; Rippe, JM. Consumption of whole-grain cereals 

during weight loss: effects on dietary quality, dietary fiber, magnesium, vitamin B-6, 

and obesity. J Am Diet Assoc., 2006, 106(9), 1389-90. 

 

Complimentary Contributor Copy



In: Human Health and Nutrition  ISBN: 978-1-63482-823-9 

Editor: Sergej M. Ostojic  © 2015 Nova Science Publishers, Inc. 

 

 

 

 

 

 

 

Chapter VI 
 

 

New Forms of Creatine in Human 

Nutrition 
 

 

Milan B. Vranes* and Snezana Papovic  
Faculty of Sciences, University of Novi Sad, Novi Sad, Serbia 

 

 

Abstract 
 

Creatine is one of the best-known and most studied ergogenic supplements among 

athletes. Besides its performance-enhancing power, creatine has significant clinical 

potential in patients with neurological and neuromuscular diseases. The most frequently 

used form of creatine is creatine monohydrate. The utilization of creatine monohydrate 

seems to be somewhat limited due to its physico-chemical characteristics such as poor 

water solubility, instability in aqueous solutions (because of its tendency to cyclize into 

biologically inactive creatinine), and finite capacity of creatine transporters. Therefore, 

the pharmaceutical industry strives to develop novel forms of creatine that will diminish 

or overcome aforementioned limitations. New formulations of creatine seem to appear in 

the market on a daily basis while no sufficient research is conducted regarding their 

physico-chemical characteristics and safety in humans. In this chapter, authors reviewed 

recent literature on advanced creatine formulations (e.g., creatine salts, chelates, esters 

and alkaline buffered forms). The purpose and goal for the use of new creatine 

formulations have been discussed as well as their advantages and disadvantages 

compared to creatine monohydrate. 
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Introduction 
 

The human body is a myriad of independent systems working symbiotically to sustain 

life. Throughout these systems, many mechanisms exist to provide and regenerate energy that 

is required for the body to function properly. The energy that is generated in the process of 

food digestion is used partially for maintaining body temperature while the larger part of that 

energy is stored as adenosine triphosphate (ATP). This is a high-energy molecule that is 

transported to all parts of the cell where energy is needed. It represents the basic transport 

form of chemical energy that is being released during transport of the phosphate group (PO4
3-

) 

to specific receptors. 

A man of average body weight (70 kg) has 50 g of ATP. The energy that is being 

released from all the molecules of ATP during hydrolysis of his one PO4
3- 

group into 

energetically inferior molecule such as adenosine diphosphate (ADP) is not sufficient for 

performing a heavy workout lasting 0–1.5 seconds. However, there are other compounds 

stored in the muscles such as energetically rich N-phosphato derivatives of guanidine that 

serve as a energy source when needed. The phosphorylated form of creatine (Cr) is 

phoshpocreatine (PCr); it is used for replenishing ATP molecules used immediately during 

high intensity exercise. The ability of PCr to quickly regenerate ATP under anaerobic 

conditions in the muscle cell have made creatine the most researched molecule in the area of 

sport nutrition. 

The future of creatine research is quite promising. Considering the fact that Cr 

supplementation (CrS) is beneficial for improving physical performance, particularly for tasks 

requiring muscular strength and power, scientists are determined to find ways to increase Cr 

buildup in the muscle after oral administration by discovering new forms of Cr. The safety of 

long term CrS in athletic and clinical environment, especially in patients who lack Cr due to 

disruptions in its biosynthesis due to neurological and neuromuscular diseases, has been 

extenivelly studied in the past decade. All this lead to development of new forms of creatine, 

while their effect on athletic performance and health has not been researched thoroughly. In 

this chapter, the authors will overview scientific studies on Cr in order to answer the question 

whether the new forms of Cr are more efficient in comparison to its most used form so far – 

creatine monohydrate (CrMH). 

 

 

History of Creatine 
 

Creatine (κρέας, Greek for meat) was isolated from meat for the first time in 1835 [1],
 

while almost a century later (1927) the phosphorylate form, phosphocreatine, a high-energy 

phosphate compound [2, 3] was discovered (Figure 1).  

Lundsgaard [4] proved that PCr plays the central role in energy production for muscular 

contraction. In 1934 Lohmann [5] reported that in the case of high availability of ATP, the 

phosphate group (PO43–) is transferred to Cr and then stored in the form of PCr. Once the 

level of ATP drops, the phosphate group is transferred from PCr to ADP through the reaction 

catalyzed by the enzyme creatine kinase (CK) [5]. Lohnmann had unequivocally determined 

the importance of PCr in maintaining high levels of ATP during physically demanding 

anaerobic activities. In scientific literature, this was described as PCr/Cr shuttle system [6, 7]. 
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Figure 1. Chemical structure of creatine, Cr (left) and phosphocreatine, PCr (right). 

 

Metabolism of Creatine 
 

Biosynthesis of Creatine 

 

Creatine (Cr; (α-methylguanido)acetic acid; N-(aminoiminomethyl)-N-methyl-glycine), is 

synthesized in two steps in the kidney and the liver, from where it gets transported through 

blood by the means of active transport system to its final destination: tissues with high energy 

consumption such as skeletal muscle [8] (Figure 2). 

 

 

Figure 2. Schematic representation of Cr biosynthesis and metabolism. 

The body produces Cr from L-arginine, glycine and L-methionine that are supposed to be 

plentiful in human diet [9]. The synthesis begins in the kidney [10] by the reaction in which 

the amino group of L-arginine [11] gets transferred onto glycine, thus forming ornithine and 
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guanidino-acetic acid (GAA). This reaction is catalyzed by glycine-amidinotransferase 

(AGAT) [12,13]. The kidney-formed GAA gets transported through blood to the liver where 

the enzyme guanidinoacetate-methyltransferase (GAMT) catalyzes methylation of amidino 

group of GAA to Cr with S-adenosyl-L-methionine (SAM) as the methyl donor. During this 

reaction, S-adenosylhomocisteine is being released [14].  

Newly formed Cr is actively transported from the liver through the cell membrane into 

the circulation. Absorption of Cr from blood into the muscles occurs in the opposite direction 

of the concentration gradient of intracellular concentration of Cr (in plasma c(Cr) = 50-100 

μmol/l while intracellular c(Cr +PCr) = 40 mmol/l) [15]. The process is carried out by the 

NaCl dependent Cr transporter. The mechanism of Cr uptake seems to be stimulated by 

insulin [15-21]. Muscle cells store 95% of Cr [22], while the remaining 5% is present in the 

heart, brain and testes [23]. 

 

 

PCr As a Regulator of Energy Processes 

 

Creatine phosphate (PCr) as an energy regulator of muscle contraction plays fundamental 

multifaceted role in relation to exercise metabolism. Storage capacity of PCr is relatively 

small. Through reverse activity of the enzyme CK, during muscular contraction [6] the PO4
3– 

group is quickly transferred to ADP in aim to maintain high levels of ATP [5, 24] (Figure 3). 

In this process, one proton is being absorbed which means that Cr plays a role in increasing 

pH in the muscles [25, 26] and therefore neutralizes the effects of exercise-induced metabolic  

acidosis [27]. Transfer of PO4
3–

 group from PCr onto ADP and formation of ATP is 

thermodynamically spontaneous process (ΔG
0
= -8,6 kJ/mol) [25]. 

 

 

Figure 3. Conversion of PCr into Cr with a release of one molecule of ATP. 

During periods of rest, when ATP levels are restored by aerobically generated oxidative 

phosphorylation, CK acts in reverse direction, restoring 95% of PCr during 3-4 minutes [28]. 
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An increase in the level of PCr (during Cr supplementation for example) reduces 

intramuscular lactate accumulation and delays the onset of fatigue [27, 29]. 

 

 

Creatine Kinase 

 

There are several isoforms of CK that are named after the tissue in which they exert their 

biocatalytic effect. Cytosolic CK is composed of subunits MM-CK that is expressed in 

sarcomeric (skeletal and cardiac) muscle [30], BB-CK is found in smooth muscle and non-

muscle tissues [31-33], while MB-CK isoform expressed in cardiac muscle. Isoenzyme CK 

known as mitochondrial CK (Mi-CK)
 
is found in the intermembrane space of mitochondria 

[34, 35]. ATP that is formerly generated by oxidative phosphorylation in the mitochondrial 

matrix and then transported in the intermembrane mitochondrial space through adenine 

nucleotide translocator (ATN), plays an important role in the phosphorylation of Cr (imported 

from the cytosol through protein pores) in the presence of the enzyme Mi-CK [24, 36, 37].  

Newly formed PCr diffuses into cytosol through protein pores. It then becomes available 

for ATP formation in the reaction with ADP and PCr catalyzed by CK. Dephosphorylated Cr 

is being transported from the cytosol back to mitochondria [38]. Mitochondrial Mi-CK and 

cytosolic CK (CKc) are linked in a so-called PCr/Cr-shuttle [6]. Inside the cell (were PCr/Cr 

and ATP/ADP are located), the cytosolic form of CK (CKc) is activated in order to maintain 

the equilibrium between Cr and PCr. During the periods of rest, the PCr stores are being 

replenished by the ATP formed by glycolysis [38]. In this reaction the glycolytic form of CK 

(CKg) phosphorylates Cr into PCr and increases its availability for periods of physical 

activity [28].  

 

 

Absorption of Cr in the Gastrointestinal System  

 

Creatine can be obtained through an omnivorous diet. Because Cr is found in food, it is 

not surprising that Cr is absorbed from the gastrointestinal system (GI) via a process similar 

to other nutrients (amino acids, glucose, vitamins), so it can be absorbed through amino acid 

or peptide transporters in the small intestine. The mechanism of absorption of Cr in GI was 

elucidated after identifying mRNA of Cr transporter (CrT) [39]. Transporters mediating Cr 

flux through the intestinal wall have been identified in rodents mostly in the ileum [40], 

jejunum [41], on the apical [41, 42] and basolateral membranes of enterocytes [43]. Studies 

have shown that CrT has an important role in the export of Cr from the enterocyte across the 

basolateral membrane [43].  

 

 

Transfer of Cr and Cr Transporter (CrT) 

 

Creatine that was provided through biosynthesis or oral intake is transported into the 

skeletal muscles against a concentration gradient via a NaCl dependent transporter [15]. The  

structure of this transporter is similar to dopamine or GABA transporters [15, 39]. It requires 

at least 2 Na
+
 and one Cl

-
 to transport single molecule of Cr into the cell. The function of CrT 

Complimentary Contributor Copy



Milan B. Vranes and Snezana Papovic 110 

is determined by insulin, exercise and the content of Cr in the muscles [44]. The CrT is highly 

specific for Cr, neither creatinine (Crn) nor PCr are substrates. Branched chain amino acids 

(BCAA) that are frequently used in supplementation do not affect Cr transport, although they 

used to be considered competitive substrates for CrT [18, 45]. However, there is one 

competitive substrate, beta-guanidinopropionic acid [39, 46]. The rate-limiting step in muscle 

Cr uptake is intracellular unphosphorylated Cr content, which makes about 1/3 of the muscle 

Cr pool [47, 48], rather than extracellular Cr concentration. The increase of extracellular 

concentration is known to down-regulate the Cr in striated muscle cells [18]. It means that 

after achieving maximum concentrations of Cr in the muscle cells by consuming large 

amounts of Cr in shorter period of time (e.g., loading phase) this concentration in the cells can 

be maintained by further taking much smaller concentration of Cr (e.g., maintenance phase). 

This will be discussed in further details later. CrT expression and its regulation may differ in 

disease with insufficient activity of CrT, as it is described later. 

 

 

Bioavailability and Clearance 

 

When Cr is administered non-intravenously through oral, sublingual and transdermal 

route, it is transported to the GI tract and then further through the bloodstream to the target 

cells in its unchanged form. Uptake of Cr into the bloodstream and target tissue depends on 

its bioavailability. Based on the research so far, bioavailability is diminished due to (1) 

insufficient solubility when administered by oral route; (2) degradation of Cr to Crn in the 

stomach and gastrointestinal tract (GI); (3) increased fecal excretion of Cr after oral intake; 

and (4) degradation of Cr by the gut flora.  

It is primarily necessary to have Cr supplement (e.g., powder, tablet, capsule) completely 

soluble before use. Limited bioavailability of Cr is evident in lozenges, as they require 

disintegration and dissolution, while suspension requires dissolution of the suspended 

particles [49]. Unlike these forms, bioavailability from solutions and meat is practically 

maximal (99%)
 
[50]. Although absorption of Cr after meat consumption is slower than from a 

solution, its bioavailability is not diminished. Therefore the limiting factor for CrS is 

solubility. Cr supplement that has a good solubility provides optimal bioavailability. In order 

to achieve maximum solubility, new forms of Cr are being synthesized and tested. This will 

be discussed in further details later.  

Spontaneous non-enzymatic cyclization of Cr into Crn depends on pH value of the 

solution, with reaction fastest at pH = 3.4 [51-54]. When Cr is ingested in oral forms, 

conversion of Cr into Crn is negligible in the pH environment of the stomach (pH = 2) [52, 

55], while the level of Cr in the plasma increases considerably [49].  

In other segments of gut, Cr spends more time than in the stomach, but even higher pH in 

jejunum and ileum (pH = 6-7), no significant conversion of Cr into Crn has been reported. 

This can be inferred by a non-measurable amount of Crn in feces. As absorption of Cr in 

small intestine is mediated by CrT, with the process could be saturated by continuous CrS. 

Fecal excretion of Cr increases with higher Cr administered [56]. It used to be thought that 

the gut flora has the ability to metabolize Cr into Crn [57], but the latest studies shown that is 

not the case [42, 43, 54, 58, 59]. In order to determine bioavailability of Cr it is necessary to 

determine the levels of Cr in the muscle cells before and after CrS by using muscle biopsy 
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and/or whole body Cr retention estimate by measuring the difference in Cr intake and urinary 

excretion.  

Studies have shown that Cr monohydrate (CrMH) does not degrade during the digestive 

process, and nearly 99% of orally ingested Cr is being either stored in the muscles or excreted 

by urine [50, 55, 60, 61]. Cr uptake by the muscles as well as urinary clearance by the kidneys 

diminishes through supplementation. Creatine is irreversibly trapped in the muscle because its 

polar nature prevents its passive efflux back into the circulation. During the early phase of the 

supplementation (the initial 1-3 days) clearance is top-most. The levels of Cr in urine 

increases progressively as large doses of Cr are being continuously ingested [62, 63]. After 

initial supplementation (e.g., loading phase) saturated muscular pool of Cr [64], Cr being to 

eliminate from the body through kidneys. After the loading phase, CrS is reduced to 2-5 g/d 

as daily excretion of Cr in the form of Crn is about 2 grams on average [44]. 

Therefore, daily intake of large doses of Cr results in large quantities of Cr/Crn being 

excreted through urine, a situation that can potentially lead to kidney problems [50].
.
As Cr 

pharmacokinetics changes over time, so should the dosage [44]. In order to deliver the highest 

possible amount of Cr into the muscles, it has been shown that it is necessary to maintain 50-

100 μmol/L of Cr in plasma [65]. These levels are easily achieved by consuming 2 grams per 

day of Cr. After 2 hours the plasma Cr levels will return to the baseline yet the degree of Cr 

uptake by the muscles is probably low. From this perspective, it is more efficient to take 20 g 

of Cr and the return to the baseline values happens after more than 10 hours. Plasma levels of 

Cr higher than 100 μmol/L will not further increase Cr uptake by the muscle cells so the 

saturation limit of CrT is close to 100 μmol. The effect of carbohydrates (CHO) administered 

during CrS is attributed to the more efficient removal of Cr from the blood caused by the 

CHO-medicated stimulation of CrT that ensures better absorption and accumulation of Cr 

[66]. In people who do not exercise, there was no effective increase of intramuscular PCr 

levels during the course of CrS [65], due to limited conversion of Cr into PCr in the cytosol 

and mitochondria [67]. Physical activity increases the content of Mi-CK i CKc [68], so in 

non-athletic population muscles cannot generate proper response to CrS due to diminished 

activity of CK. Also, as the consequence of exercise, insulin levels in the blood increase 

leading to the increased uptake of Cr by the muscles [69-72]. 

 

 

Creatine in Sport 
 

Dietary Creatine 

 

Daily utilization of Cr for an average human is ~ 2 g. This is because Cr cyclizes into its 

metabolite creatinine (Crn) that is being excreted daily in the amounts of 2 g [22]. Half of the 

daily dose of Cr is available through diet (exogenous source of Cr) [73], while the remaining 

amount of Cr is supplied by endogenous biosynthesis [74]. Various kinds of meat are 

particularly rich in Cr [23] (Table 1). 
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Table 1. Cr content in selected foods  

(data adapted from Balsom et al. [23]) 

 

Food g / kg 

Herring  6.5-10 

Beef  4.5 

Salmon  4.5 

Pork  5 

Cod 3 

Tuna 4 

Milk 0.1 

Cranberries  0.02 

Shrimp Trace 

 

A balanced diet and biosynthesis of Cr can maintain the constant amount of 120 g of Cr 

in a 70 kg human. The range of Cr in skeletal muscles is 110-160 mmol/kg of dry mass [75-

77], of which 60% is found in the form of PCr, while the remaining 40% is available as Cr 

[78, 64]. The amount of Cr varies due to several factors, such as dietary habits, the type of 

muscle fibers used, and gender [49, 79]. Vegetarians represent a distinct group with low Cr 

availability since only the endogenously Cr is available [80]. Although the levels of Cr in 

vegetarians plasma is considerably lower in comparison to meat eaters, the concentration of 

Cr in muscles is mostly within the normal range [66, 78, 81, 82]. Large amounts of fish and 

meat are required to obtain gram quantities of Cr, but this diet will also include additional 

amounts of fat and protein. It is necessary to ensure a more efficient way of increasing dietary 

availability of Cr. Exogenous Cr can also be obtained through CrS. 

 

 

Creatine Supplementation 

 

The intracellular stores of PCr are small, meaning that PCr is quickly depleted during 

maximal exercise (10-20 seconds). Depletion of ATP and PCr in the muscle during exercise 

causes a drop in exercise intensity. Therefore, CrS (e.g., CrMH, novel forms) is a way to 

increase the amounts of PCr in the muscles, leading to muscle mass growth and increased 

perfoemance (ergogenic effect) [29, 54, 64, 69, 78, 83-86]. Following paragraphs focuses 

nutritive procedures and dosing strategies for CrS that are effective in promoting either an 

acute physiological response that may improve exercise performance, or influence chronic 

training adaptations. It is necessary to consider all the advantages of CrS, to minimize 

possible side effects, and count issues related to absorption, distribution and relevant 

pharmacokinetic parameters of CrS such as clearance, bioavailability, half life, and 

elimination from the body [44]. 

 

Supplementation Protocols and Retention of Cr in the Skeletal Muscles 

During CrS, the typical dosage pattern was divided into two phases: a loading phase and 

a maintenance phase. The method of increasing Cr stores in the muscles is described in 

scientific literature as a loading phase. It consists of ingesting 20 g of CrMH (divided in 4 x 5 
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g of daily doses in the course of 4-6 days or 0.3 g/kg body weight) [69, 87, 88]. After 6 days 

of loading, Cr stores in the muscles seems to be filled up. Afterwards, it is necessary to take 

only 2-5 g of CrMH daily as a single dose (or 0.03 g/kg) in order to maintain higher Cr stores 

levels [87, 89] (Figure 4). This mode of supplementation may promote fast ergogenic effect. 

If CrS in terminated after the loading phase that lasted for 6 days, a decrease in muscle Cr 

levels has been found, and after 4 weeks muscle Cr will revert back to pre-supplementation 

levels. There is no clear consensus on how much Cr a person should ingest per day, because 

individuals have different weights and body muscle content. Cr is stored in the form of total 

Cr (TCr = Cr + PCr). Above protocol optimizes intramuscular Cr content and whole body Cr 

retention [82]. 

 

 

Figure 4. Content of total creatine (Cr + PCr) in subjects taking different forms of supplementation over the 

course of 4 weeks (data adapted from [78]). 

Hultman
 
[78] suggested a "cycling" strategy that does not require the loading phase. 

During constant supplementation with 3 g/d over 29 days there is no fast saturation of Cr 

stores in the muscles as with the loading phase. During the ―cycling‖ protocol levels of Cr are 

being increased gradually, and after 4 weeks they are the same as during the loading and 

maintaining phase (Figure 4). In comparison to the loading phase, the increase of Cr muscle 

stores is more gradual and thus the ergogenic effect does not occur as quickly [62, 90]. 

In studies where the loading phase is neglected (6 g/d CrMH for 12 weeks), it has been 

reported that the increase of muscle size and strength is far slower than in the case of 

protocols with the loading phase [91, 92]. Exogenous intake of small amounts of Cr (2 g/d, a 

value equivalent to the concentration of Cr that degrades into Crn) [22] did not show any 

beneficial effect on aerobic or anaerobic metabolism during endurance exercise [93, 94]. 

Therefore, if the goal is to increase muscle Cr levels, the minimal daily dose of Cr is 3 g.  

The amount of Cr that gets retained in the muscles after CrS depends on the initial muscle 

Cr content [95]. Individuals with lower Cr content in the muscles before CrS (e.g., 

vegetarians) can increase Cr muscle stores for 20-40%, while those individuals with relatively 

high levels of Cr before CrS can achieve only 10-20% increase [29, 84, 87]. During CrS a 

decrease in endogenously formed Cr has been demonstrated [22]. Upon termination of CrS, a 

concentration of Cr reverts back to the baseline levels [62]. Cr accumulation in the muscle 
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might be depressed by the presence of several drugs (e.g., ouabain, digoxin)
 
[96] or vitamin E 

deficiency [97].  

There are 20-30% of subjects that are unresponsive to CrS (e.g., non-responders), with 

muscle levels of Cr ≤ 10 mmol/kg dry muscle after 5 days of 20 g/day of CrS [98]. 

Differences in efficacy of CrS can occur due to insufficient amount of Cr that was ingested, 

formulation of the supplement, the type of training as well as the activity of CrT and its mode 

of transport to muscle cells. In aim to increase Cr uptake by the muscle, numerous 

commercial forms of Cr has been developed [15,19]. Research efforts are also directed 

toward finding the ways to transport Cr to muscle cells independently of Cr transporters, such 

as facilitating passive diffusion [99,100]. 

 

 

Effects of Insulin and Glucose on Cr Utilization  

 

Upon intense physical activities, insulin is being secreted [101, 102] and this facilitates 

Cr uptake by the muscle [103]. This effect is attributed to insulin's ability to indirectly 

stimulate NaCl pump that enhances Cr transport. Therefore, Cr uptake into skeletal muscle 

can be stimulated by the compounds that induce insulin secretion [20], such as glucose, CHO
 

[104], and short chain glucose polymers (e.g., maltodextrin). For that reason, above 

compounds are often co-administered with CrMH [105]. It is necessary to avoid high-fructose 

components (such as fruit juices) because fructose does not stimulate insulin secretion
 
[65, 

106, 107]. Studies on CrS with CHO were done in wide range of CHO amounts, in order to 

achieve optimal amounts of CHO that stimulates Cr uptake into the muscle. Based on the 

collective evidence presented, to each dose of CrS (20 g/d during loading and 5 g/d CrMH 

during maintaining phase) a 93 g of CHO should be added in aim to achieve optimal uptake 

[66]. This protocol of CHO-CrS enables higher concentration of Cr in the muscle to be 

achieved, when compared to CrS alone. Preen et al. [108] established that CrS combined with 

1 g of glucose per kg body mass twice per day increased muscle total Cr by 9% more as 

compared to CrS alone. Another study investigated the effects of protein co-administered 

during CrS. A half of the amount of CHO (93 g) was replaced with protein (PRO, whey 

protein isolate), so the combination of CrMH, 47 g of CHO and 50 g of PRO has been 

evaulated
 
[103]. The results showed similar increase in muscle Cr as in the case of CrS with 

CHO [103, 109, 110]. Concentration of Cr in plasma was the same like in the previous 

studies, which indicates that the added PRO does not affect absorption of Cr through GI tract. 

Another study suggests that -glucan bars (polysaccharides rich in dietary fibers) facilitate Cr 

retention by decreasing the velocity of intestinal absorption rate [50]. Additional studies 

evaluated the combination of CrMH with CHO but with lower dose of CHO while its efficacy 

remained the same (e.g., CrMH followed by ingesting 18 g of glucose per dose)
 
[105]. This 

supplementation protocol is particularly important in people who are not supposed to ingest 

large amounts of CHO (e.g., diabetes patients) or with limited energy consumption [66]. A 

combination of CrMH with CHO is administered four times per day during the loading phase. 

Study revealed that it is not recommended to mix CrMH and CHO in the same bowl, since 

CHO or PRO reduces solubility of CrMH in the solution, which will be discussed in further 

details later.  
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Regardless of which protocol is chosen, Cr should be administered close to exercise 

session (60 minutes prior to and/or immediately after) [111]. The reason for this is to provide 

a higher degree of Cr accumulation and therefore promote better gains in strength, body 

composition (increase lean mass with no increase in fat mass), training adaptations and 

muscle mass [70, 112, 113].  

 

 

Influence of Caffeine on Ergogenic Properties of Cr 

 

Caffeine is used in sport supplementation with the goal of keeping focus during workout 

[114], and thus improving athletic performance [115]. Researchers and athletes have long 

known that caffeine and Cr independently improve performance so a combination would be 

the next logical step. In light of this, there have been studies designed to determine if the two 

agents (caffeine and Cr) could work together to increase exercise performance. The findings 

from several studies suggest that caffeine impairs the advantages of Cr loading
 
[116, 117], 

whereas other studies reported significant elevations in muscle Cr and improved athletic 

performance after Cr-caffeine co-administration [64, 84, 118]. Further studies are needed to 

clarify ergogenic potential of caffeine-Cr formulation.  

 

 

Effect of Cr on Water Retention 

 

Cr is osmotically active compound, so an increase in its concentration in muscle cells 

requires the formation of equilibrium inside and outside the cells. The equilibrium is achieved 

by water uptake into the cell. This results in water retention and overall increase in muscle 

mass
 
[119-121]. This is usually expected during the initial 5-7 days of CrS (e.g., loading 

phase with 20 g of Cr per day) with an increase in intramuscular concentration of Cr and 

water. As an osmotically active compound, Cr increases cell volume that appears to be a 

proliferative, anabolic signal that may enhance protein synthesis [121-124] which suggests a 

method by which extended CrS may promote muscular hypertrophy [125].  

 

 

Effect of Cr on Muscle Metabolism 

 

Beneficial effects of Cr are achievable after an increase in muscular TCr to 20 mmol/kg 

dry muscle (dm), which requires CrS for 5 days with 20 g of Cr per day [64, 69, 98]. That 

amount is needed in order to significantly attenuate the drop in ATP levels during intense 

exercise, as well as to elicit a proliferative anabolic signal [126] and cell mitotic activity 

[127]. This is partly attributed to cell volumization via induced water retention [128] and 

muscle insulin-like growth factor-1 (IGF-1) signaling [86, 129]. CrS and resistance training 

has been shown to stimulate the rate of synthesis of two major contractile proteins, actin and 

myosin heavy chains [91, 130]. These studies utilized standard Cr supplementation protocol 

over the course of 6-8 weeks [131-133]. Increases in muscle cell diameter and increase in fat-

free body mass by approximately 2.8-3.2 kg has been reported as well [134]. 
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Effect of Cr on Athletic Performance and Health  

 

Many activities have a high dependence on the PCr/Cr system [29]. Success in team 

sports [131, 135, 136], weight lifting [137], field events (e.g., shot put and discus throwing 

[138], knee extensions [131], jumping squats [139]), swimming [141] requires short-term 

singular or a limited number of repeated intense muscle contractions. Athletes who require 

sudden, high intensity bursts of power and strength are ideal candidates for Cr 

supplementation [132, 133].  

The main energy source during short term, high intensity exercise is PCr. An increase in 

Cr and PCr availability achieved through CrS affects workout and training adaptations. 

Larger concentration of PCr in muscles contributes to fast ATP regeneration under anaerobic 

conditions. This is how high levels of ATP are maintained during the course of demanding 

anaerobic activities such as sprinting or weight lifting. Increasing the availability of PCr may 

help speed recovery between sprints or bouts of intense exercise. It enables athletes to do 

more work over a series of sprints or sets of exercise, which leads to improves in maximal 

strength (as measured by 1 repetition maximum), power, increase muscle mass or benefit in 

sport performance. 

Although Cr supplements are typically marketed as bodybuilding and strength-boosting 

supplements, there are some assumptions that may prove beneficial for endurance athletes as 

well. For aerobic activities there is a less evidence that CrS might be helpful. Cr may improve 

endurance, but the magnitude of improvement seems to be dependent on two issues: the 

duration of the endurance event, which in most cases is dictated by the intensity of exercise, 

and the mode of exercise. Based on time to exhaustion measurements and average work 

achieved, CrS demonstrates good effects on short-duration, high-intensity endurance events 

that last up to approximately 3-4 min. Potential ergogenic effects are diminished as duration 

increases. 

Short-term CrS (5-7 days) promotes an increase in total intramuscular Cr that might 

improve maximal power/strength (for 5–15%) [140], work performed during sets of maximal 

effort muscle contractions (for 5–15%) [139], single-effort sprint performance (for 1–5%) 

[142], work performed during high-intensity sprints or endurance training repetitive sprint 

performance (for 5–15%) [143, 144]. In addition, long term CrS (5 g/day during 21 months) 

does not negatively affect athletes' health nor caused any clinically significant change in 

serum metabolic markers, muscle and liver enzyme efflux, serum electrolytes, blood lipid 

profiles, red and white whole blood cell hematology, or quantitative and qualitative urinary 

markers [145]. In addition, this research supports previous reports from short-term studies (5 

days-12 weeks) and long term retrospective studies of athletes (up to 5 years) that found no 

adversely effects in athletes, healthy individuals and patient populations [60, 136, 146-150]. 

 

 

Creatine As a Therapeutic Agent 
 

Most Cr studies were done on primarily healthy volunteers and well-trained athletes 

[95,133]. There is a small number of studies relevant for specific patient populations such as 

elderly people [151, 152], sick children and adolescents, people with muscle dystrophy, 

hypercreatinemia and creatinuria with lower Cr and PCr levels [8]. There are also patients 
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with a deficit of endogenously produced Cr [153-155], who suffer from cerebral Cr 

deficiency syndromes (CCDS). Studies have shown that the inability of biosynthesis of Cr is 

due to congenital deficiency of the enzyme AGAT and/or GMAT [156] as well as deficiency 

in transport of Cr through cell membranes through CrT [157, 158]. These specific patient 

populations were subjected to CrS in combination with dietary restrictions and/or additional  

interventions. Benefits of CrS have been reported overall. CrS provides therapeutic benefit for 

patients with metabolic disorders (myophosphorylase deficiency) [159], GAMT deficency 

[160], neuromuscular diseases [161,162], during
 
recovery following immobilization [163]. A 

confirmation that Cr and CK are of vital importance in normal brain development was 

obtained from Cr deficient patients [153, 164]. Those patients suffer from severe 

developmental disabilities with language delay, extrapyramidal syndrome, behavioral 

disorders and epileptic seizures [153, 154, 165]. If Cr treatment starts early, it could prevent 

the development of clinical symptoms [153].  

Brain has become an increasingly popular tissue with respect to Cr disposition in the 

investigation of neurological disease. To date there is a little evidence available concerning 

brain Cr uptake and saturation. Several studies have found low brain Cr levels in patients with 

Parkinson‘s disease [166] and Huntington‘s disease [167]. These clinically relevant 

discoveries support the importance of the CK system and CrS for normal physiological 

function of the human body [168-170] and brain disorders [171], thus offering a new 

perspective on Cr/PCr system. 

 

 

Physicochemical Properties of Creatine 

Monohydrate 
 

Creatine crystallizes as monoclinic prisms [172, 173] with one molecule of water. By 

using X-ray crystallograhpy, Kato et al. [174] have determined that molecules of Cr exist in 

the zwitterionic form [175] (Figure 5). The carboxyl group is found in the deprotonated 

(anionic) form while the guanidine group is in the protonated (cationic) form [174]. 

These two groups interact electrostatically through strong Coulomb interactions, but 

formation of hydrogen bonds also takes place (Figure 5). Strong electrostatic interactions 

between the molecules of Cr are the reason for its low solubility in polar solvents such as 

water (17 g/l at 25
o 

C), while in non-polar solvents, CrMH is practically insoluble. When 

CrMH is heated at temperatures above 102
o 

C, water evaporates while Cr is converted in its 

anhydrous form [176]. Water solution of CrMH is practically pH-neutral (between 7.0 and 7.4 

depending on concentration), while the acid dissociation constants are: pK1 = 2.79 and pK2 = 

12.1 [177]. Isoelectric point (pI) is the arithmetic mean of acid dissociations constants, and its 

value is 7.4.  

Depending on pH of the solution, Cr can take different forms. When pH is lower than 

2.79 it is found primarily in the cationic form (Figure 6) while at pH above 12.1 it takes the 

anionic form. Zwitterionc form is present at all other pH values. Solvent pH and subsequently 

the form in which Cr is found in the solution are the main determinants of its physico-

chemical characteristics (e.g., solubility, stability etc.) as well as its biological characteristics 

such as bioavailability, permeability etc. 
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Figure 5. Hydrogen bonds between Cr molecules in crystal of CrMH (adapted from [175]). 

 

 

Figure 6. Fraction of Cr forms at various pH values. 

 

Solubility of Cr Monohydrate 

 

The biggest deficiency of CrMH is its low water solubility. It is also the reason for 

synthesis of various forms of Cr that are more soluble (e.g., salts, complexes etc.). Water 

solubility of Cr increase with temperature in a linear manner. One liter of water dissolves 6 g 

of Cr at 4
o 

C, 14 g at 20
o 

C, 17 g at 25
o 

C, 34 g at 50
o 

C, and 45 g at 60
o 

C. High water intake 

that is necessary for solubility can lead to water retention and gastrointestinal discomfort. 

Low solubility of Cr is the consequence of its pH-dependent structure. In the pH range 

between 4.79 (pK1+2) and 10.1 (pK2-2) as much as 99% of the molecules are zwitterionic 

(Figure 6) where the nitrogen atom from the guanidine functional group is positively charged 

while the oxygen atom from the carboxyl group is negatively charged. This results in strong 

electrostatic attraction between these two oppositely charged groups casing aggregation of the 

molecules, as independent Cr molecules cannot be solvatized by water further causing low 

solubility. Saturated water solution of CrMH has pH = 7.4 because as its concentration 

increases, the pH of the solution is getting close to the pI of the zwitterion. However, at that 
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exact pH value the percentage of zwitterionic form is at maximum, hence its solubility is 

minimal.  

Lowering the pH of Cr solution to values below 4.79 (by adding some acid or buffer) 

protonation of carboxyl group takes place, and the zwitterionic form turns into the cationic 

form (creatinium ion) (Figure 6). As these are positively charged ions, they repel each other 

leading to higher solubility. This is in line with previously reported experimental results 

[178], where solubility of Cr is being tested in the pH range from 1 to 9 at 25
o 
C.  

Data shows that solubility of CrMH in the pH = 4 to pH = 9 range (dominant zwitterionic 

form) is low (around 16 g/L) while after lowering pH below 4 it starts to increase abruptly (at 

pH = 1, it is ~ 52 g/l). This practically means that if all CrMH is solubilized and ingested, 

there would be no concern as to whether the acidic environment of the stomach would lower 

its solubility and bioavailability. This is the exact reason for synthesizing numerous 

commercial forms of Cr containing inorganic and organic acids as solubilizing these forms 

would ensure much lower pH as opposed to CrMH alone thus increasing its solubility as it 

will be discussed later in further detail. Also, increasing pH of the solution to values above 

10.1 leads to the formation of anionic structures of Cr (creatinate ion) and increase of 

solubility. Lastly, it is important to mention that in the presence of other molecules and ions 

certain percentage of molecules of water will be engaged in solvation of these molecules 

leaving less water molecules available for solvation of Cr causing decrease in solubility. This 

phenomenon is called ―salting out‖ effect. For this reason preparing Cr solutions together 

with say amino acid supplements or carbohydrates should be avoided, as they will lead to 

decrease in solubility of CrMH. 

 

 

Stability of Cr Monohydrate 

 

Stability in Solid Forms 

CrMH powder is very stable for long periods of time, even at higher temperatures [55]. 

Kept at 60
o 

C for 44 months leads to decomposition of only 0.0106% of molecules. At 

temperatures of 100
o 

C dehydration on one molecule of water takes place, while at 

temperatures above, 230° C one more water molecule is lost leading to formation of Crn 

[176]. This is an extremely important piece of information because after cooking meat at 

temperatures above 230
o 
C, the option of delivering Cr this way is completely lost. 

 

Stability in Solutions 

Unlike in solid state, Cr is not stable in aqueous solution due to non-enzymatic intra-

molecular cyclization to Crn [179] (Figure 7). The velocity of Cr degradation is not 

dependent on its concentration, but it depends on pH and temperature. 

In the pH range between 2.79 and 12.1 the largest percentage of Cr is found in it 

zwitterionic form that is still balanced with small concentration of neutral molecule (Figure 7, 

(a)). Although concentration of the neutral molecule in the solution in negligible in 

comparison to the concentration of zwitterion structure [180] it is thought that this form of Cr 

plays a crucial role in cyclization to Crn [179].  

This is a two-step reaction: first, there is a nucleophilic attack of the free electron pair 

from the nitrogen atom in the guanidine functional group onto the electrophilic carbon from 
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carboxyl group (Figure 7, step 1) leading to the formation of cyclical transient state. This 

reaction phase does not take place in very acidic conditions (pH<2.5 [55]), because the 

protonated atom of nitrogen possesses no nucleophilic properties (Figure 7, (b)), therefore 

making Cr very stable in highly acidic conditions such as stomach environment [59]. On the 

other hand, this phase of the reaction is greatly reduced in highly alkaline environments 

(Figure 7, (c)) because the deprotonated carboxyl group has less pronounced electrophilic 

properties. The next phase of the reaction, starts with proton attachment to the OH-group 

from the transient cyclical intermediate leading to formation of one molecule of water and 

formation of Crn. Since this phase requires free H
+
 ions, it practically does not happen in 

alkaline conditions. It means, that even if certain amount of cyclical intermediate is formed in 

the first phase of the reaction, its further conversion to Crn is blocked, thus making Cr more 

stable in alkaline conditions. For this very reason, many buffered Cr products have appeared 

on the market as it will be discussed in further details later.  

 

 

Figure 7. Mechanism of Cr cyclization to Crn (adapted from [179]). 

Now, we could ask the question: ―At what pH is the conversion of Cr into Crn the 

fastest?‖ The first papers that dealt with this problem had appeared at the beginning of the last 

century [52, 53] while more recent research is also available [179, 181, 182]. These results 

lead to the conclusion that the rate of transformation of Cr into Crn is the fastest at pH = 3.4 

(Figure 8) while both the increase and the decrease in pH abruptly slow down the speed of 

cyclization.  

However, one could ask the following question:‖ What percentage of Cr is lost due to the 

conversion in Crn at that pH in certain time frame under specific reaction conditions?‖ 
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Howard and Harris [181] have demonstrated that at pH = 3.5 and 3 days at 25
o 

C, about 21% 

of Cr is being converted while in the first 8 hours of the reaction that percentage is negligible.  

 

 

Figure 8. Cyclization rate of Cr into Crn versus pH (According to [182]). 

In solutions with neutral pH (6.5-7.5) Cr decomposition is negligible even after three 

days. As water solution of CrMH has pH = 7.4, we can predict that the solution will certainly 

be stable for a longer period of time. Another factor that affects stability of water solution of 

Cr is temperature. In general, as temperature gets lower, stability of Cr increases, or in other 

words, its conversion rate to Crn is slower [61, 179, 181]. Figure 9 shows that the percentage 

of decomposed Cr at 4
o 
C after one months is very small even at pH = 3.5. This is in line with 

the results reported by Ganguly et al. [61] who came to the conclusion that decomposition of 

Cr is much slower when kept in a refrigerator, therefore this mode of preservation is 

recommended when Cr solution is not consumed right after preparation.  

 

Table 2. pH of the often used solutions 

 

Product pH value 

Coca-Cola 2.52 

Sprite 3.29 

Orange juice 2.90 

Red Bull 3.3 

Milk 6.7 

Yoghurt 3.9-4.5 

Fruit yoghurt 4.5 

Fruit cocktail 3.6-4.0 

Ice tea 3.86 

Grapefruit juice 3.0-3.7 

Diet Cola 3.39 

Carbonated water 3-4 

 

Likewise, dissolving Cr in soft energy drinks, fruit juices, carbonated water etc., should 

be avoided because these products are usually acidic therefore leading to faster loss of Cr 

(Table 2). It is important to mention that besides the effects of pH and temperature, other 
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factors that affect Cr stability have been investigated. Uzzan et al. [183] tested water activity 

on stability of Cr at various temperatures, while adjusting water activity by mixing it in 

different proportions with glycerol. They came to the conclusion that in solutions with 

reduced water activity (solutions with lower percentage of water), stability of Cr is higher, 

especially at lower temperatures. 

 

 

Figure 9. Effect of pH on Cr stability in solution at 25oC (left) and 4oC (right) (Adapted from [181]). 

It means that by adding certain substances such as glucose or protein supplements it is 

possible to reduce water activity as one percentage of water molecules will be bound to these 

molecules in the process called solvation. Although this method might increase stability of 

water solution of Cr, it is not recommended because addition of other substances can decrease 

its solubility in water. 

 

 

Novel Forms of Creatine 
 

Cr Ethyl Ester 

 

Esterification is a common procedure used for reducing polarity and increasing solubility 

and bioavailability of pharmaceutical products. Ethyl ester of Cr is formed through 

esterification reaction between carboxyl group from the Cr molecule and ethyl alcohol in the 

presence of hydrochloric acid. The product is a stable crystalline form called creatine ethyl 

ester hydrochloride (CEE∙HCl) [184] (Figure 10). 

Newly formed ethyl-ester Cr should have two huge advantages over Cr alone. First, the 

electrostatic attraction between molecules of CEE is far weaker because this molecule cannot 

exist in the form of a bipolar zwitterion that increases water solubility. Its solubility is further 

increased by synthesizing commercial forms such as hydrochloride salts (see chapter Creatine 

salts) making CEE·HCl about 13 times more soluble than CrMH [184].  

Second, converting the carboxyl group to a more lipophilic ester reduces polarity in 

comparison to Cr which is something that should make transport by passive diffusion from GI 

into blood and blood into muscle cells possible, independently from the Cr transport 
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molecules. These two advantages over Cr should significantly increase bioavailability of Cr 

and therefore its ergogenic effects in comparison to CrMH. 

Although results have shown that permeability of CEE molecules throughout lipophilic 

membranes is significantly higher in comparison to molecules of Cr [185], research results 

based on patients with CrT deficiency in brain cells have shown that one-year  

supplementation did not increase Cr levels in the brain [100] and that CEE is not lipophilic 

enough after all in order to be transported through cell membrane by passive diffusion [99].  

However, a much bigger deficiency of CEE is its low stability under biological 

conditions. Stability of CEE is significantly reduced as pH of the environment gets higher 

[185,186], during which time the half-life at pH=1 is about 22 days, while at pH=7.4 (blood 

pH) half-life is only 1 minute. This means that CEE is stable in acidic environment such as 

stomach conditions, while in blood, 99% of CEE is decomposed within 7 minutes [186], 

making the amount of Cr that finally reaches the muscles very low. Giese and Lecher used 1H 

NMR to show that molecules of CEE in plasma do not hydrolyze into Cr and ethanol by the 

action of the enzyme esterase, as it was originally thought [187], but rather gets converted 

into inactive Crn [188]. This reaction is spontaneous and happens even without the enzyme 

esterase. The aforementioned results indicate that under physiological conditions almost all 

CEE is converted to Crn. This has been confirmed by the increase of Crn in plasma upon 

consumption of CEE–based supplements [189, 190]. The effect of CEE on body composition 

and sport performance has been reported by Spillane et al. [190]. The researchers randomly 

assigned in a double-blind manner 30 male resistance-trained athletes to ingest 0.30 g/kg per 

day fat-free mass (about 20 g/day) of either a placebo, CrMH, or CEE for 42 days. The 

authors reported that Cr ethyl-ester did not show any benefit in regards to muscle mass 

increase in comparison to CrMH or maltodextose placebo. Other parameters such as total 

body mass, fat mass, fat-free mass and thigh muscle mass did not increase in the group taking 

CEE when compared to the control groups. The CEE group showed a large increase in serum 

Crn levels while the levels of Cr in serum and muscles did not increase. These results can be 

explained by degradation of CEE in the GI tract. 

 

 

Figure 10. Chemical structure of Cr ethyl ester (CEE) and Cr ethyl ester hydrochloride (CEE∙HCl). 

 

Cr Chelate 

 

A large number of organic and biologically active molecules have atoms with the free 

electron pair (nitrogen, sulfur, oxygen) that can be used to form bonds with other molecules. 

Those molecules with electron donor atoms are called ligands and they can form complexes 

with metals ions. When a ligand has multiple electron donor atoms or functional groups that 

can form multiple bonds with metal ions, they are called polydentate ligads. Complexes that 
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are formed this way are called chelates. Chelate complexes are much more stable of those 

formed though only one bond (monodentate ligands). 

As it has already been mentioned, a molecule of Cr is found in zwitterionic form in a 

wide range of pH values and therefore, has multiple electron-donor groups such as negatively 

charged carboxyl group and the free electron pair on the nitrogen atoms. The negatively 

charged atom of oxygen from the carboxylic group forms ionic bond with the metal ion, while 

the nitrogen atom participates in formation of the weaker coordination-covalent bond (Figure 

11). The formation of ionic bond between the metal ion and the oxygen from the carboxyl 

group results in charge neutralization. With the loss of negative charge in the molecule of Cr, 

its zwitterionic structure is disrupted therefore reducing the electrostatic attraction between 

the molecules. This results in increase of water solubility. On the other hand, the loss of 

charge on the Mg
2+

-ion makes its absorption through the GI tract optimal. Also, high stability 

of chelates would protect molecules of Cr from its conversion into Crn in the acidic stomach 

environment [191]. Even though all this sounds quite promising, the track record of 

magnesium chelate with Cr was not very convincing. There are several problems that do not 

back up the claims of the manufacturers who claim that this formula is better than CrMH. 

First, the structure of chelate of Mg
2+

-ion with Cr is not known. It is not even known with 

how many molecules of Cr does Mg form the complex therefore making the recipe for 

preparation of these forms of complexes questionable. However, a far greater problem is the 

stability of these chelates. As the stability constant for Mg-Cr has not been determined 

experimentally, we can only assume its value. It is known that Mg
2+

-ion forms complexes of 

low stability even with much more efficient chelate ligands such as ethylen-

ediaminetetraacetic acid (EDTA) (Figure 11). Molecules of EDTA have the same kind of 

electron donor groups as Cr, but unlike Cr that can form only two bonds with a metal ion, the 

molecules of EDTA can simultaneously form as many as six (hexadentate ligand). Based on 

this, we can conclude that a molecule of EDTA forms a much more stable complex with 

Mg
2+

-ions when compared to Cr. As the stability constant for Mg-EDTA chelate is knows 

and at pH=1.5 it is Kst=1.2·10
-7 

it means that at the pH levels in the stomach this chelate 

would decompose quite fast. As Cr forms a far less stable chelate with Mg
2+

-ion than it is the 

case with EDTA, its form in stomach environment is practically unsustainable, meaning that 

it decomposes instantly into Mg and Cr. The metabolic fate of the components is practically 

identical as in the case of ingestion of pure CrMH. The paper published by Hageböck and 

Bader [59] shows that the rate of conversion of Cr into Crn in GI track for both forms is very 

similar and negligible. 

 

 

Figure 11. Structure of magnesium-Cr chelate forms (a,b) (adapted from [191]) and Mg-EDTA chelate (c). 
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In the end we can ask ourselves the following question: How many ions of Mg
2+ 

do we 

ingest at the stage of Cr loading that is done with 20 g of Cr per day? One mole of Cr 

molecules has the mass of 131.1 grams, while one mole of Mg ions has the mass of 24.3 

grams. Since in the suggested formula for the chelate the molar ratio 1:1, it would mean that 

20 grams of creatine comes with 3.7 grams of Mg
2+

- ions when ingested as chelates. This is 9 

times higher than the daily-recommended dose for this element (The Recommended Daily 

Allowance (RDA) of magnesium for adults is 420 mg/day for men and 320 mg/day for 

women). When it comes to studying the effect of Cr-Mg chelate on physical performance, the 

number of publications is quite low.  

Selsby et al. studied the effect of supplementation with Cr-Mg chelate and CrMH on the 

peak performance at a bench press test [192]. They have concluded that both forms have a 

positive effect, with no significant distinction between the two. Another study done by Brilla 

et al. [193] tested the effects of Cr magnesium chelate by comparing it with Cr mixed with 

magnesium oxide. The third group received placebo in the form of maltodextrine. The 

volunteers were healthy 19 to 24 year old subjects. Both groups experienced an increase in 

power and body water when compared to placebo, while the Cr magnesium chelate group 

also showed a greater increase in intracellular water [193]. The difference in p values for the 

peak torque was negligible as it was 0.06 in the Cr magnesium chelate group and 0.04 in the 

magnesium chelate group. This means that Mg chelate intake does not results in improvement 

of athletic performance when compared to taking the components separately. Unfortunately, 

the study does not include a group receiving pure CrMH. 

 

 

Creatine Salts 

 

One of the most important reasons for making salts of organic molecules is the increase 

in solubility [194]. It is mostly done by protonation with strong inorganic acids (such as HCl) 

that turn neutral organic molecules into their cationic forms and since the products are 

positively charged, the repulsive electrostatic interactions between them make them more 

soluble in water. The same principle can be used in the case of Cr. By protonation of 

carboxylate anion, molecules of Cr are converted from their zwitterionic form into the 

cationic form, a so-called creatinium ion (Figure 12). As the low water solubility of Cr is the 

main issue, this lead to creation of large number of its commercially available salt forms. The 

simplest way for synthesizing these salts with Cr it its cationic form is protonation of the 

carboxylate anion. However, since carboxyl group is quite acidic (pK = 2.79) it means that 

this group can be protonated only by stronger acids, such as those with pK < 2.79. Those are 

HCl (pK = -7), HNO3 (pK = -1.4) and other strong inorganic acids. Some forms of 

commercial Cr such as Cr hycrochloride (Figure 12) [195], Cr nitrate [196] are made through 

the reaction of equimolar amounts of creation and strong acids. Water solutions of these salts 

have very low pH values that allow the molecule of Cr to be found in the cationic form and 

therefore the solubility is much higher when compared to CrMH. The best example is Cr-

hydrochloride. Its saturated solution has pH = 0.3. At that pH value all the molecules of Cr 

are in the cationic form that is very soluble. At 25
o 

C, the solubility is a high as 709 mg/ml. 

This is 40 times more than the solubility of CrMH at the same temperature [178]. 
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Figure 12. Scheme of Cr hydochloride and Cr pyruvate synthesis. 

Besides the salts with strong inorganic acids, there are numerous commercially available 

forms of Cr salts with weak organic acids. Most frequently those are intermediates in the 

process of energy extraction from the molecules of glucose whether it is glycolysis (such as 

pyruvate) or in åå cycle (citrate, malate, fumarate, oxalate and α-ketoglutarate). The goal of 

synthesizing these compounds is creating forms that have synergistic effect of both cation and 

anion, and thus additionally increasing net energy in the body of an athlete as well as 

improving performance. However these acids are too weak to protonate the carboxyl group on 

Cr, so they are mostly synthesized by reactions between Cr-hydrochloride and sodium or 

calcium salts of the same acids (sodium citrate, calcium pyruvate). By replacing chloride ions 

with corresponding anions of those acids, many commercially available forms have been 

created like Cr pyruvate [197], Cr-malate [198], Cr-trihydrooxycitrate [199] and others. 

Although some authors assume that it is possible to create Cr salts with anions of weak 

organic acids such as citric (pK = 3.1, 4.8, 6.4) by simple mixing off their solutions [200], 

NMR studies have shown that the compound that is formed is not Cr tricitrate but rather 

physical mixture of Cr and citric acid [55, 178]. Solubility of Cr salts with weak acids is 

much lower in comparison to Cr salts with strong inorganic anions, but it is still much larger 

than solubility of CrMH. For example, Cr pyruvate and dicreatine citrate have about 5 times 

larger solubility than CrMH at 25
o 

C [61, 178]. As far as the stability of water solutions of Cr 

salts is concerned, they are mostly dependent on pH of the solution. When pH value of the 

solution prepared according to the manufacturer's direction is very low, such as the case of Cr 

hydrochloride (pH = 2.4) and Cr pyruvate (pH = 2.6) [59], molecules of Cr are found in their 

cationic form (see Figure 7, (b)) and that reduces its conversion to Crn.  

On the other hand, water solution of Cr-citrate has the pH value of 3.3 that is dangerously 

close to the values at which cyclization into Crn takes place (pH=3.4). However, as it was 

previously mentioned, the amount of Cr that gets converted into Crn is small within 8 hours 

(even at pH=3.4) [181], so if Cr is consumed within reasonable period of time, there is no 

concern as whether it would be lost. 

This is in line with studies that have shown that the amount of Crn appearing in the GI 

tract during the period of 8 hours whether it be from Cr or its salts practically negligible [59]. 

When it comes to permeability of Cr salts through cell membrane, it is relatively low, 

frequently even lower than permeability of Cr alone [178]. On the other hand, by measuring 

the concentration of Cr in plasma after intake in the form of CrMH, Cr pyruvate and 

tricreatine citrate (all doses contained 4.4 grams of Cr) it was shown that the maximum 

concentration is achieved after 1 hour, and that it diminishes in the following order 

pyruvate>citrate>monohydrate [201]. Higher concentrations of Cr salts in plasma when 

compared to CrMH can be the consequence of poor absorption of these forms in the muscle 

but also due to the change in pH of the plasma because of the presence of pyruvate and citrate 

as well as their effect on insulin. The only way to confirm the true bioavailability of 
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commercially available forms of Cr is to determine the levels in the muscle before and after 

Cr consumption. However this has not been investigated in the studies so far. 

The effect of Cr salts on performance was studied with Cr-pyruvate and Cr-citrate. Some 

studies have shown that supplementation with pyruvate and citrate can lead to body weight 

reduction and fat mass reduction in overweight individuals [202], and also improves athletic 

performance [203, 204]. Therefore, the assumption is that these salts would have the most 

profound effect. However, the results showing the effect of these two forms of Cr on athletic 

performance are not always in accord. Two studies investigating the same outcome 

(endurance after short-term supplementation with Cr-Pyr) showed conflicting results. One 

study was investigating the effects of 7 g per day of Cr-Py for 7 days in the subjects who were 

all well-trained cyclists [205] and found that it did not beneficially affect the subjects. The 

other study performed for 5 days with 7.5 g of Cr-Py per day showed that canoeists had 

increased paddling speed and decreased concentrations of lactate. This suggested possible 

ergogenic effect of Cr-Py for aerobic performance [206]. Studies focused on Cr-citrate imply 

that high-doses of short-term supplementation can increase anaerobic performance in women 

[207] and delay neuromuscular fatigue during cycle ergometry [208]. Another double-blind 

study with placebo investigated the effects of Cr pyruvate, tricreatine citrate and placebo by 

measuring endurance capacity and handgrip strength. Daily doses of 5 g/day of Cr-Pyr or Cr-

Cit (approximately 3 g of Cr) were designed to slowly load muscles with Cr. The results 

showed that the supplements increased mean power [209]. However it is important to mention 

that in none of the aforementioned studies there was a comparison with CrMH. One of the 

rare studies with such comparison concluded that the combination of CrMH and calcium 

pyruvate did not show improvement in athletic performance of college football players as 

compared to CrMH alone [210]. From all this we can conclude that the biggest advantage of 

Cr salts in comparison to CrMH is their superior solubility and therefore simpler preparation. 

However, after consumption, molecules of Cr regardless of whether they were ingested as 

salts or CrMH, are transformed into the cationic form in the stomach, so the only advantage 

of Cr salt over CrMH can be derived from the anions only, although this has not been 

confirmed in the studies so far. It is necessary to mention that the effect of Cr salts with 

inorganic anions (such as chloride or nitrate) on athletic performance has not been the subject 

of scientific studies. 

 

 

Buffered Cr 

 

Higher stability of Cr under alkaline conditions made the manufacturers of sport 

supplements to create a so called buffered or pH-correct form of Cr under the brand name of 

Kre-Alcalyn
®
 [KA] [211]. Its production is based on the patent of Jeffrey M. Golini [191] and 

in essence it is the combination of alkaline powders (such as sodium carbonate) and CrMH. 

This combination increases the pH and therefore stability, so the latest formulations of KA, as 

the manufacturer claims, have pH that is around 12 [212].  

However, data shown in the patent [191] that refer to stability of CrMH in acidic 

environment are not in line with the data obtained by other authors [59, 178, 179, 182]. The 

patent claims that the speed of conversion of Cr into Crn increases exponentially when pH is 

reaching zero, while numerous other results indicate high stability of Cr at under highly acidic 

conditions. Also, in the patent there is a clam that 1 gram of Cr dissolved in 1 liter of water is 
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being converted to Crn within 43 minutes that is also not in line with the results in previous 

publications that show high Cr stability at that pH value [59, 178]. Water solution of CrMH 

has pH of about 7.4 at which Cr is very stable (only 1% gets degraded in 30 days, Figure 9) 

so after increasing pH to over 12 there is probably no further increase in the stability. On the 

other hand, when it arrives in the stomach, small amount of the base that was added to KA in 

order to increase the pH cannot change the pH in the stomach, so the stability of the 

formulation is very similar as stability of CrMH [59]. According to the manufacturer, it is 

enough to take 2 capsules per day (1.5 g total) and there is no need for the loading phase. It 

means that this daily amount can replace 20 g of CrMH in the loading and 5 g in the 

maintenance phase, also meaning that according to the manufacturer, KA is about 10 times 

more efficient than CrMH. In order to confirm these claims, Jagim et al. [213] compared the 

results of muscle Cr content, body composition and training adaptations based on three 

groups of healthy resistance-trained males. The first group of participants received KA 

according to manufacturer guidelinesß (1.5 g/d for 28-days), while the second group took KA 

at Cr equivalent loading (4 x 5 g/d for 7-days) and maintenance doses (5 g/d for 21-days) as 

CrMH. Finally the third group was supplemented with normal loading (4 x 5 g/d for 7-days) 

and maintenance doses (5 g/d for 21-days) of CrMH. The conclusion of this study was that 

the KA brand Cr did not promote greater increase in muscle Cr content when compared to 

CrMH. 

 

 

The Future of Creatine 
 

There is no doubt that Cr will be the most important energy enhancing sport supplement 

for a long time. For that reason, the pharmaceutical industry will continue with production of 

novel forms of Cr with the final goal of making its use most comfortable through increasing 

its potency. With the final goal of increasing solubility of Cr, the future will certainly bring 

attempts of synthesizing Cr in the form of hydrophilic room temperature ionic liquids (RTIL) 

[214, 215]. Ionic liquids are ionic compounds that are mostly composed of a large 

asymmetrical organic cation and inorganic (or organic) anion that due to their dimensions are 

unable to form a perfect crystal lattice, therefore they stay liquids at room temperature [216-

222]. As Cr can be both cation (creatinium ion) and anion (creatinate ion), there is a 

possibility to synthesize an ionic liquid. Of course, it is necessary to find the corresponding 

counter ion which is not easy as it needs to be non-toxic at large concentrations, have large 

biological availability, unobstructed GI resorption and in the best case demonstrate some 

form of synergistic effect when combined with Cr. The advantages of ionic liquid would be 

complete solubility and also the possibility of consumption without making a solution first 

[221]. This would mean that only a few drops of ionic liquid based on Cr could replace the 

lengthy procedure of dissolving CrMH before consumption. On the other hand, there are 

increasing number of studies showing that deficiency of Cr in the brain [171] and other 

organs can lead to numerous diseases such as CCDS [153], developmental disabilities with 

language delay [155], Huntington‘s [158] and Parkinson‘s disease [157]. Above diseases 

might be at least partly due to the inability of Cr transport through the usual pathways. For 

that reason further research will be directed toward finding lipophilic forms of Cr such as 
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dodecyl Cr ester [169, 170] that will allow transport of Cr through cells by the means of 

passive diffusion, a process where CrT is not needed.  

 

 

Conclusion 
 

Bioavailability of CrMH is almost 100% and at first sight it seems that there is not need 

for creation of new forms of Cr. However, the fact that the new formulas appear on the 

markat al.most daily, raise the following question: Why those new formulas are better than 

CrMH? One of the biggest problems of CrMH, low solubility in water, has been successfully 

solved by the synthesis of the novel products in the forms of chelates and ions with metals. 

The salts with inorganic acids such as Cr chloride and Cr nitrate have shown a particularly 

good solubility, but so far there has not been a single study showing their effect on athletic 

performance. On the other hand, research based on Cr salts like biologically active anions, 

such as citrate and pyruvate, have not shown that their synergistic effect with Cr is superior to 

CrMH. Creatine chelates with Mg
2+

-ions have shown better solubility in water in comparison 

to CrMH but their stability under physiological conditions is under question, and requires 

further studies and better physico-chemical characterization. For now, there is no scientific 

proof that by using Cr in the form of Mg-chelate there is any improvement in performance 

when compared to CrMH.  

The second big problem of CrMH is its instability in water solutions as it has the 

tendency for cyclization in its biologically inactive form Crn. Formulations of Cr with 

alkaline compounds, a so called 'buffered Cr are designed to increase pH values of the 

solution and prevent the cyclization reaction. However, recent studies have shown that water 

solution of CrMH is particularly stable and that within 30 days there is less than 1% loss of 

Cr. Also, alkaline forms did not demonstrate higher stability under physiological conditions 

nor better results when it comes to body composition or training adaptations in comparison to 

CrMH.  

The third and maybe the biggest problem that CrMH is facing (along with other forms of 

Cr) is its transport into the cells through the specific transporters that have limited capacity. 

Synthesis of more lipophilic forms of Cr such as esters could make passive transport possible 

and therefore form large deposits of Cr in the cells. So far there has been only one 

commercially available formulation of Cr with increased lipophilic properties. This form is Cr 

ethyl ester. However, this molecule turned out to be insufficiently lipophilic for passive 

transport through cell membrane, and also has a pronounced tendency for cyclization into Crn 

therefore exerting a much lower effect than CrMH.  

From everything that has been said so far, studying the effects of the new forms of Cr 

such as salt, chelates, esters and alkaline-buffered forms have not shown better results in body 

composition, strength, endurance and training adaptations in comparison to CrMH.  
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Abstract 
 

Inflammation as an integral part of immune response involves the cytokine 

production and the subsequent activation of redox sensitive gene expression. Thus many 

diseases are accompanied by nonspecific inflammation and increased free radical 

oxidation. Even obesity and related metabolic disturbances involve low-grade 

inflammation associated with oxidative stress. Scientific data reveal that many of the 

beneficial effects reported by the traditional medicines are based on anti-inflammatory 

and antioxidant properties of medicinal plants. On the other hand, given the multifactorial 

nature of many diseases, especially metabolic diseases, the need for multi-targeted 

therapies rises while drug discovery research develops more single-target synthetic drugs. 

In this respect synergic multicomponent herbal remedies appear as the good new old 

alternative for pharmaceutical research. Identification of appropriate biomarkers and 

standardized intervention studies are needed to ensure comparability and reliability of 

results. For these reasons analysis of available human intervention studies is needed. The 

aim of the current investigation was to explore the applicability of different biomarkers 

for the assessment of antioxidative and anti-inflammatory plant potential. Results from 

three pilot intervention studies evaluating multi-target biological activities of two 

medicinal plants are presented. Sambucus ebilus and Agrimonia eupatoria tea effects 
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were tested on healthy volunteers in the period of 2011-2014. Despite the fact that human 

subjects have a strong phenotypic flexibility and capacity to maintain homeostasis, 

biomarkers, such as plasma total antioxidant capacity that showed consistently response 

to altered diet could be identified. 

 

Keywords: Human intervention studies; Medicinal plants; Biomarkers; Inflammation; 

Antioxidative potential 

 

 

Introduction 
 

Traditions of folk medicine in many countries around the world have preserved the 

millennial knowledge of the beneficial effects of herbs on health. Herbs, also called medicinal 

plants or medicinal herbs, comprise a large group of plants that are used in medical and 

veterinary practice for the prevention and treatment of diseases. In many societies, nutrition 

and health care are inextricably linked, and many plant species are used, in addition to 

treatment, also as food [1]. According to the World Health Organization today 80% of the 

world's population relies on traditional medicine treatment [2]. About 40% of all medicines 

are plant-derived and medicinal plant species used for their preparation are more than 20 000. 

A quarter of all drugs prescribed in USA, Canada and Europe contain active ingredients 

derived from plants (a report from 2003 of BCC, American marketing research agency). 

However, despite their wide use, only 5 to 15% of the world's known 250,000 vascular plants 

are examined for the presence of bioactive ingredients and biological effects 

(http://www.bccresearch.com/report/BIO022C.html). Understanding the links between 

existing empirical data from folk medicine and the mechanism of therapeutic action of plants 

is facilitated by the increased capacity of modern biomedical research and clinical trials. The 

need for accurate science-based information on the operation of medicinal plants by 

pharmaceutical industry is becoming more acute in relation to the risks of their incompetent 

use [3]. There are various methods of extrapolating data from in vivo animal models to 

humans, the allometric approach being the best described technique for predicting human 

pharmacokinetics from in vivo preclinical data. In recent years even parameters like "No 

adverse effects level (NOAEL)", defined in preclinical studies by the most sensitive and 

relevant animal model, and "The minimum anticipated biological effect level (MABEL)" 

(Guideline on strategies to identify and mitigate risks for first-in-human clinical trials with 

investigational medicinal products. CHMP/SWP/28367/07) were introduced. Animal models 

are in the focus of studies for prediction of drug response in humans. However, they have 

limitations due to the specificities of human and animal metabolisms. These specificities are 

based on the genetic variations in the human genome (including single nucleotide 

polymorphisms, SNPs and the presence of multiple copies of the same allele, CNVs), the 

effects of the deletions and insertions of genetic material, as well as the epigenetic changes 

during ontogeny. This imposes the necessity to study antioxidant action and biological effects 

of medicinal plants also in healthy volunteers. In folk medicine, various parts of the plants, 

prepared in the form of tea or other kinds of infusions and extracts are used in the treatment 

and prophylaxis of a variety of diseases. An analysis of the use of Bulgarian herbs makes 

apparent that many of these diseases are associated with inflammatory processes of different 

etiology [4]. Numerous in vitro and in vivo studies have been associated with antioxidant 
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properties of various plant products and extracts. Recently systematic studies of antioxidant 

properties of large groups of plants used in countries known for their traditions in folk 

medicine have been reported [5-12].  

Various biologically active substances with different chemical nature were identified in 

plants. These include phenolic compounds, alkaloids, terpenes, saponins, xanthophylls, 

phytosterols, vitamins and others. The biological effects of the different plant extracts are 

attributed in particular to the content of such ingredients. Of these groups undoubtedly one of 

the most numerous is the group of polyphenols, gained initial popularity with anti-oxidant 

properties. 

Inflammation as an integral part of immune response involves the cytokine production 

and the subsequent activation of redox sensitive gene expression. Thus many diseases are 

accompanied by nonspecific inflammation and increased free radical oxidation. Oxidative 

stress is associated with diseases and conditions such as obesity and related diabetes and 

metabolic syndrome [13-15]. There are several possible causes of oxidative stress in obesity – 

hyperglycemia [16], enhanced muscle work for the movement of larger body mass [17, 18], 

increased tissue lipid levels [18,19], inferior antioxidant protection [20-22], chronic 

inflammation [23-25], overproduction of reactive oxygen species (ROS) in the endothelium 

[26-28] hyperleptinemia [29] and others. All these factors are not mutually exclusive and 

systemic oxidative stress accompanying obesity may involve some or all of the above [30]. 

Scientific data reveal that many of the beneficial effects reported by the traditional medicines 

are based on anti-inflammatory and antioxidant properties of medicinal plants. On the other 

hand, given the multifactorial nature of many diseases, especially metabolic diseases, the 

need for multi-targeted therapies rises, while drug discovery research develops more single-

target synthetic drugs. In this respect synergic multicomponent herbal remedies appear as the 

good new old alternative for pharmaceutical research. Identification of appropriate 

biomarkers and standardized intervention studies are needed to ensure comparability and 

reliability of results. For these reasons analysis of available human intervention studies is 

needed. 

 

 

Methods 
 

Study Description 

 

Three pilot intervention studies on the evaluation of two medicinal plants' multi-target 

biological activities are presented with the aim to explore the applicability of different 

biomarkers for the assessment of antioxidative and anti-inflammatory plant potential. 

Sambucus ebulus and Agrimonia eupatoria tea effects were tested on healthy volunteers in 

the period of 2011-2014. 

Healthy volunteers intervention procedures were in accordance with international 

standards (Ethics for researchers, Facilitating Research Excellence in FP7, 2013) and were 

approved by the Ethics Committee for Scientific Research of Medical University "Prof. Dr. 

Paraskev Stoyanov" – Varna. The approvals for the interventions were released prior to 

studies start as follows: Protocols/Decisions No. 6/23.07.2009 and No. 13/24.03.2011 for the 

first Agrimonia eupatoria study and Protocol/Decision No. 27/21.02.2013 for the second 
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Agrimonia eupatoria study; Protocol/Decision No. 6/23.07.2009 for Sambucus ebulus study. 

The studies were supported by the National Scientific Fund, COST Action BM0602, 

"Medical Science Fund" of Medical University Varna. 

 

 

Participants and Study Design 

 

Each of the study participants completed informed consent and health history 

questionnaire. Exclusion criteria were: smoking, daily alcohol consumption, pregnancy, 

chronic diseases, liver or kidneys dysfunction, the use of drugs and/or dietary supplements in 

the course of the study. Subjects were obliged to maintain their normal lifestyle and dietary 

regimes through the duration of the study. Upon the initial recruitment 19 healthy volunteers 

met the criteria to take part in the first Agrimonia eupatoria study (AE1) carried out in a 

period of 30 days (28.03.2011 to 26.04.2011). The participants aged 20-55 years, the ratio of 

women-to-men was 14:5. The second Agrimonia eupatoria study (AE2) was designed as a 

follow up study to involve 40 healthy volunteers, divided in two groups, according to their 

BMI (normal weight group with BMI < 25 and overweight group with BMI ≥ 25) and aimed 

at exploring the effect of the herbal tea on biomarkers of obesity related oxidative stress and 

low grade inflammation. It was carried out in a period of 25 days (from 25.04.2013 to 

20.05.2013). The participants aged 19-60, the women: men ratio was 37:3. The study of the 

effect of Sambucus ebulus tea (SE) was carried out in a period of 30 days (17.04.2012 to 

17.05.2012) and involved 22 healthy volunteers, 16 women and 6 men aged between 20 and 

59 years. Blood samples were collected at the start (day 0) and at the end (day 25/30, 

respectively) of the studies after an overnight fast. Subjects consumed 200 ml infusion per 

day (SE and AE2 study) and 2 x 200 ml infusion per day (AE1 study) at one and the same 

day time (9 a.m. for SE and AE2 interventions and at 9 a.m. and 4 p.m. for AE1 intervention). 

 

 

Plant Material 

 

The Agrimonia eupatoria tea tested was a commercial product of Selibum Ltd., Varna, 

Bulgaria. Sambucus ebulus fruits were supplied by EkoHerb® Ltd., Suhindol, Bulgaria. Plant 

material is standardized according to the European Pharmacopoeia. The technology of the 

commercial preparation of the dried plant product included botanical identification prior to 

plant processing.  

 

 

Intervention 

 

Aerial parts of A. eupatoria and rape fruits of S. ebulus were used for infusion 

preparations. The recipes were adopted from Bulgarian folk medicine as follows: (a) AE 

intervention No 1 (AE1): 200 ml boiled water was added to 1.0 g dried plant material and was 

incubated for 10 minutes as described earlier [7]; (b) AE intervention No 2 (AE2): 2.5 g of 

dried plant material were incubated in 200 ml boiling water for 10 minutes; (c) SE 

intervention: the recipe for SE infusion preparation was according to the manufacturer‘s 
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prescription - 2.5 g dried fruit material to 300 ml boiling water. After 10 min of boiling and 

30 minutes of incubation the infusion was filtered and volunteers were given 200 ml infusion 

each. Daily intake of antioxidants (mg/day) was calculated as follows: daily intake = 

concentration in the infusion * MW of the respective calibrator (UA, Q or CG) *volume 

infusion per day, where UA is uric acid, Q is quercetin and CQ is cyanidin-3-glucoside. The 

plant material was weighed on electron scales. The infusions were freshly prepared in ewers, 

daily, at one and the same time, by one and the same person, just before the scheduled time 

on spot at the Department of Biochemistry, Molecular Medicine and Nutrigenomics. No sugar 

or other sweeteners were added. The volunteers were asked to be present earlier and each 

received a cup with one and the same content (from one pot), which was consumed 

immediately on spot. Total antioxidant capacity (TAC) and polyphenol content of herbal 

infusions were determined immediately prior to the survey.  

 

 

Experimental Protocol 

 

Venous blood samples were collected at the beginning (day 0) and at the end (day 25/30) 

of the study between 8 and 9 a.m. after an overnight fast. Plasma/serum samples were 

separated and used for biochemical analyses. Serum that was not used immediately was 

divided in aliquots and was stored at -80º C until analyses. Height, weight, waist and hip 

circumferences and arterial blood pressure were measured using standardized protocols and 

validated scales. BMI was calculated as kg/m
2
 and waist/hip ratio was evaluated. TAС in 

blood samples and infusions was measured applying the spectrophotometric method of Re et 

al. [31] based on the ability of the antioxidants to reduce preformed ABTS cation radical 

[2,2‘-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)]. Values were expressed as mM uric 

acid equivalents (UAE). ABTS was purchased from Sigma-Aldrich Chemie, Steinheim, 

Germany, uric acid and potassium persulfate - from Aldrich Chemical Company, Inc., 

Milwaukee, USA. Ferric reduction potential of plasma (FRAP) was measured by the method 

of Benzie and Strain [32]. The change in absorbance is directly related to the total reducing 

power of the electron donating antioxidants present in the reaction mixture. Values were 

expressed as mM FeSO4. 2.4.6-tri(2-pyridyl)-s-triazine was purchased from Sigma Aldrich 

Chemie, Steinheim Germany and FeSO4 – from Merck, Darmstadt, Germany. Total 

polyphenol content (TPC) was measured using the Folin-Ciocalteu reagent as described by 

Singleton and Rossi [33]. Polyphenol content was expressed as mmol/L quercetin equivalents 

(QE). Total anthocyanin content (AC) was evaluated by pH-differential method as described 

by Giusti and Wrolstad [34]. Data are presented as mg/L cyanidin-3-glucoside equivalents 

(CGE). Total thiols (TT) concentration in serum in AE1 and SE study, and glutathione (GSH) 

in erythrocyte lysates in SE study were quantified using Ellman's reagent (5,5'-dithiobis-(2-

nitrobenzoic acid), DTNB), (Sigma-Aldrich, Germany), as previously described [35]. For 

preparation of erythrocyte lysates 500 µL whole blood was centrifuged at 2500 g for 5 min at 

4º
 
C. After removal of plasma pellets were lysed in 1 mL 5% metaphospforic acid. Vortexed 

samples were centrifuged at 3000 rpm for 10 min at 4º C and the resulting lysates were used 

for further analysis. Values were expressed as reduced glutathione equivalents (GSHE). In 

AE2 intervention commercially available kit from Percipio Biosciences, OxisResearch, USA 

was used to measure both total thiols and GSH. The measurement is based on the interaction 

between the mercaptans (RSH) with the chromogenic agent 4-chloro-1-methyl-7-
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trifluromethyl-quinolinium methylsulfate. The formed chromophoric thiones and thioethers 

are spectrophotometrically measured to determine the concentration of total thiols and GSH. 

All measurements were performed in triplicate. Serum CRP levels were measured using 

commercially available ELISA kit (DIAsource Immunoassay S.A., Nivelles, Belgium and 

LUCIO, Nal von minden GmbH, Germany) and tumor necrosis factor alpha (TNF-alpha) and 

interleukin 6 (IL-6) levels by ELISA kits (Gen-Probe Diaclone SAS, Besancon Cedex, 

France). For IL-6 measurements in AE2 intervention the used ELISA kit was purchased from 

Ani Biotech Oy, Orgenium Laboratories Business Unit, Finland. Serum adiponectin was 

measured using ELISA kits from DIAsource Immunoassay S.A., Nivelles, Belgium and 

Invitrogen, Life Technologies, USA. Leptin was measured using ELISA kit from BioVendor 

R&D, Karasek, Czech Republic. 

 

 

Statistical Analyses 

 

The data If not specified otherwise, data are presented as mean ± standard error of mean 

(SEM). Statistical analyses were performed by t-test (95% confidence interval) using 

GraphPadPrism v.5.00 statistical program. Results with P values < 0.05 were considered to be 

statistically significant. 

 

 

Results 
 

Anthropometric and Demographic Data 

 

All of the enrolled participants completed the interventions. One subject complained from 

gastrointestinal discomfort and slight diarrhea in the first Agrimonia eupatoria intervention 

study. Anthropometric and demographic data are presented in Table 1.  

 

Table 1. Anthropometric measurements and demographic  

data of study subjects 

 

 Day 0 Day 25/30 Change (%) P value 

Sambucus ebulus intervention 

Gender (male/female) 6/15    

Age (years) 25.19 (20-58)    

Height (m) 1.68 (1.55-1.85)    

Body weight (kg) 65.22 ± 9.58 64.68 ± 8.82 -0.83 ns 

BMI (kg/m2) 23.12 ± 6.01 22.93 ± 5.91 -0.83 ns 

WHR  0.78 ± 0.07 0.81 ± 0.13 3.77 ns 

Agrimonia euparoria (1) intervention 

Gender (male/female) 5/14    

Age (years) 27.79 (19-58)    

Height (m) 1.69 (1.62-1.86)    

Body weight (kg) 64.08 ± 3.43 64.69 ± 3.73 1.08 ns 

BMI (kg/m2) 22.15 ± 0.87 22.37 ± 0.85 1.08 ns 

Complimentary Contributor Copy



The Impact of Human Intervention Studies on the Evaluation … 151 

 Day 0 Day 25/30 Change (%) P value 

WHR  0.75 ± 0.09 0.76 ± 0.06 1.33 ns 

Agrimonia euparoria (2) intervention 

Gender (male/female) 

 BMI < 25 1/22    

 BMI ≥ 25 2/15    

Age (years)     

 BMI < 25 26.43 (19-54)    

 BMI ≥ 25 34.29 (20-60)    

Height (m)     

 BMI < 25 1.65 (1.50-1.82)    

 BMI ≥ 25 1.65 (1.55-1.78)    

Body weight (kg) 

 BMI < 25 57.28 ± 1.48 56.44 ± 1.44 -1.47 <0.0001 

 BMI ≥ 25 78.03 ± 4.17 77.39 ± 4.22 -0.82 <0.05 

BMI (kg/m2)     

 BMI < 25 21.07 ± 0.37 20.76 ± 0.36 -1.46 <0.0001 

 BMI ≥ 25 28.60 ± 1.23 28.37 ± 1.26 -0.82 <0.05 

WHR      

 BMI < 25 0.71 ± 0.01 0.68 ± 0.01 -3.81 <0.001 

 BMI ≥ 25 0.75 ± 0.02 0.75 ± 0.02 -0.25 ns 

Data are presented as mean ± SD. BMI = body mass index; WHR = waist/hip ratio. 

 

In AE1 and SE studies plant infusion consumption for a period of 30 days did not result 

in significant reduction in body weight and related BMI, as well as waist/hip ratio and blood 

pressure. At the end of the intervention period in AE2 study significantly reduced body 

weight and BMI were established for both groups. In addition, waist/hip ratio decreased in 

normal weight group.  

 

Table 2. Total antioxidant capacity, total polyphenol and anthocyanin concentration 

and content in Sambucus ebulus L and Agrimonia eupatoria infusions, designated for the 

intervention studies 
 

 
Total antioxidant 

capacity 
Total polyphenols Total anthocyanins 

Sambucus ebulus 7.23±0.03 mM UAE 0.75±0.04 mM QE 18.31±0.13 mg/L CGE 

Agrimonia euparoria 

(1) 

3.76±0.05 mM UAE 0.70±0.00 mM QE NA 

Agrimonia euparoria 

(2) 

6.61±0.09 mM UAE 1.58±0.06 mM QE NA 

Daily intake with the infusion (mg/day) 

Sambucus ebulus 243.09±1.01 UAE 50.73±2.71 QE 3.66±0.03 

Agrimonia eupatoria 

(1) 

252.84±3.36 UAE 94.71±0.00 QE NA 

Agrimonia eupatoria 

(2) 

222.24±3.03 UAE 106.94±4.05 QE NA 

Data are presented as mean ± SD. QE - quercetin equivalents; CGE - cyanidin-3-glucoside equivalents. 
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Antioxidant Capacity of the Infusions 

 

TAC and TPC of AE and SE herb infusions and AC of SE fruit infusion designated for 

intervention studies, as well as their calculated daily intake are presented in Table 2. AC was 

calculated to represent about 8% of the infusion‘s TPC (Table 2).  

 

 

Blood Antioxidant Parameters 

 

Table 3 presents parameters of blood antioxidant capacity form studies AE1, AE2 and 

SE. All of the three interventions resulted in significantly increased TAC in blood samples. 

TT levels increased in SE study, whereas in both AE1 and AE2 interventions their levels were 

significantly lowered at the end of the investigation period. At the same time, plasma GSH 

levels were significantly increased in AE2 intervention (p<0.001) (Figure 1). GSH levels in 

erythrocyte lysates in SE study remained unchanged (1047.12±65.75 µM vs. 1052.24±59.42 

µM at day 0). In AE1 study FRAP analysis of blood samples was also performed and no 

significant changes were established (0.95±0.04 mM at day 30 vs. 0.92±0.02 mM at day 0).  

 

 
Data are presented as mean ± SEM, *** P < 0.001. 

Figure 1. Glutathione (GSH) levels in plasma samples of AE1 volunteers.  
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Table 3. Blood total antioxidant capacity and total thiols content  

in SE and AE1 and AE2 intervention studies 
 

 Day 0 Day 25/30 
Change 

(%) 
P value 

Sambucus ebulus intervention 

Total antioxidant capacity 

(mM UAE) 

1.66 ± 0.02 2.09 ± 0.02 26.08 <0.0001 

Total thiols (µM/g protein) 7.13 ± 0.13 7.45 ± 0.13 4.51 <0.05 

Agrimonia euparoria (1) intervention 

Total antioxidant capacity 

(mM UAE) 

2.09 ± 0.02 2.18 ± 0.01 5.05 ± 1.09 <0.001 

Total thiols (μM)* 456.9 ± 11.2 428.14 ± 

11.5 

-79 ± 2.63 <0.05 

Agrimonia euparoria (2) intervention 

Total antioxidant capacity (mM UAE) 

 BMI < 25 2.43 ± 0.04 2.6 ± 0.03 6.51 <0.05 

 BMI ≥ 25 2.42 ± 0.03 2.67 ± 0.02 10.04 <0.001 

Total thiols (µM/g protein) 

 BMI < 25 45.27 ± 0.81 33.62 ± 0,26 -25.73 <0.0001 

 BMI ≥ 25 43.41 ± 0.96 31.48 ± 0.5 -27.48 <0.0001 

Data are presented as mean ± SEM. UAE – uric acid equivalents. *Values are presented as 

concentration, as total protein was not measured. 

 

 

Proinflammatory Cytokines 

 

Proinflammatory cytokines as measured in the three studies are presented in Table 4. 

Plasma IL-6 levels significantly decreased in AE1 study, whereas those in the other two 

interventions remained unchanged. On the other hand, SE intervention significantly affected 

levels of CRP and IL-β. At the end of the study levels of these parameters were found to be 

significantly lower (Table 4, Figure. 2). TNF-alpha levels in SE intervention did not change 

significantly (10.79 ± 2.67 pg/ml at day 30 vs. 21.13 ± 10.73 pg/ml at day 0). In AE1 

intervention plasma TNF-alpha levels were below the detection limit.  

 

 

Adipokines 

 

Adipokines blood levels as measured in the three studies are presented in Table 5. 

Consumption of SE and AE2 infusion resulted in significantly reduced adiponectin levels. 

While the levels of leptin decreased in the SE study, the concentration of the adipokine was 

higher at the end of AE2 study in normal weight group. Both adipokine levels did not change 

in AE1 intervention.  
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Table 4. Interleukin 6 (IL-6), C-reactive protein (CRP), and tumor necrosis factor alpha 

(TNF-alpha) blood content in SE and AE1 and AE2 intervention studies 

 

 Day 0 Day 25/30 Change (%) P value 

Sambucus ebulus intervention 

IL-6 (pg/mL) 18.33 ± 4.10 15.09 ± 3.04 -17.72 ns 

CRP (mg/L) 1.25 ± 0.41 0.84 ± 0.32 -32.83 <0.05 

Agrimonia euparoria (1) intervention 

IL-6 (pg/ml) 9.75 ± 1.73 5.2 ± 0.55 -18.12 <0.05 

CRP (mg/L) 0.64 ± 0.23 0.47 ± 0.1 -26.62 ns 

Agrimonia euparoria (2) intervention 

IL-6 (pg/ml)     

 BMI < 25 26.9 ± 9.18 28.74 ± 10.03 6.85 ns 

CRP (mg/L)     

 BMI < 25 0.82 ± 0.23 0.89 ± 0.23 9.61 ns 

 BMI ≥ 25 1.95 ± 0.36 2.45 ± 0.45 25.94 ns 

Data are presented as mean ± SEM. 

 

Table 5. Leptin and adiponectin blood content in plasma/serum samples  

from volunteers in SE and AE1 and AE2 intervention studies 

 

 Day 0 Day 25/30 Change (%) P value 

Sambucus ebulus intervention 

Leptin (ng/mL) 8.68 ± 1.73 6.08 ± 1.31 -29.94 <0.01 

Adiponectin (µg/mL) 19.11 ± 2.16 13.95 ± 1.56 -26.98 <0.0001 

Agrimonia euparoria (1) intervention 

Leptin (ng/mL) 4.65 ± 0.9 2.64 ± 0.7 -43.3 ns 

Adiponectin (µg/mL) 9.5 ± 1.03 10.1 ± 0.9 11.3 ± 6.2 ns 

Agrimonia euparoria (2) intervention 

Leptin (ng/ml)     

 BMI < 25 11.28 ± 1.71 14.09 ± 2.13 24.85 <0.05 

 BMI ≥ 25 23.05 ± 3.67 27.03 ± 4.02 17.25 ns 

Adiponectin (ng/ml)     

 BMI < 25 19.83 ± 1.72 16.54 ± 1.82 -16.63 <0.0001 

 BMI ≥ 25 15.56 ± 1.78 12.44 ± 1.52 -20.04 0.059 

Data are presented as mean ± SEM. 
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Data are presented as mean ± SEM, * P < 0.05. 

Figure 2. Interleukin 1 beta (IL-1beta) levels in subjects from SE intervention. 

 

Discussion 
 

Results obtained in the three pilot interventions indicated changes in selected markers for 

antioxidative and anti-inflammatory activity of two medicinal plants, which had been not well 

examined scientifically, although traditional medicine reported high healing potential. S. 

ebulus L. fruits are used in folk medicine for treatment of different inflammatory disorders [3, 

36-38], for stimulation of the immune system against respiratory infectious diseases [3, 36, 

37, 39]. They are known also for their diuretic, antiseptic and laxative activity and jam or 

juices prepared from fruits are used for amelioration of some gastrointestinal inflammatory 

disorders (colitis, hemorrhoids, etc.) [39, 40]. Traditional medicine points out the usage of A. 

eupatoria in cases of variety of inflammatory and metabolic diseases. For example, the herb 

is widely used for treatment of liver and gall bladder diseases, mild diarrhea, pulmonary, 

gastrointestinal inflammatory diseases, edemas and kidney diseases and even in diabetes or 

obesity. Thanks to its diuretic properties the herb is applied against atony of the bladder and 

disuria. Many other applications of agrimony infusions by Bulgarian folk medicine include 

cases of rheumatism, hemorrhoids, bleeding gums, varicose ulcers, laryngitis, pulmonary and 

cutaneous tuberculosis. The extracts could be used also externally as compresses or gargle 

[41].  

The results obtained presented increased serum/plasma TAC at the end of the AE1, AE2 

and SE interventions. SE induced serum TAC levels could be due to the good anthocyanin 

bioavailability. Plasma FARP levels did not change in the AE1 intervention, probably due to 

the assays‘ sensitivity to the different antioxidants present in serum.  
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In SE intervention the daily intake of polyphenols, including anthocyanins was 50.73 ± 

2.71 mg/day QE. Earlier study compared SE fruits with other anthocyanin containing fruits 

establishing highest TAC and TPC of the aqueous and aqueous-methanolic SE fruit extracts 

[42]. It has been found that SE fruits are rich in phenolic acids, including caffeic acid and 

derivatives, chlorogenic acid and p-coumaric acid [43-45]. In addition, SE aqueous and 

aqueous-ethanolic fruit extracts were found to be rich in anthocyanins [45, 46]. Cyanidin-3-

Osambubioside, the most abundant anthocyanin in elderberry fruits accounted for more than a 

half of all anthocyanins identified in the berries [47]. Recent studies established that TAC of 

SE fruit extracts correlated with TP and AC content [46]. Unlike many other polyphenols, 

anthocyanins can be absorbed in their glycosylated, as well as acetylated form in humans [48, 

49]. Moreover, a correlation between serum TAC and anthocyanin levels has been established 

[48]. Serum antioxidant activity has been found to increase in rats and human subjects 

supplemented with polyphenol rich teas and anthocyanins [50, 51]. Additionally, Cao et al. 

[52] also reported that consumption of strawberries or red wine increased serum TAC 

measured with different methods. Grape extracts increased plasma antioxidant capacity by 

20–25% in rats in absence and also in oxidative stimulation after 10-d consumption [53].  

Agrimony is a poorly studied herb and a lot of its properties are not well examined yet. 

Daily intake of total polyphenols in AE1 and AE2 intervention studies was 94.71 mg/day QE 

and 106.94±4.05 mg/day QE, respectively. Although bioavailability of polyphenols is limited, 

the products of their intestinal metabolism overcome the intestinal barrier and reach the 

tissues, where they may exert biological activity [54]. Our study demonstrates for the first 

time the effect of agrimony tea consumption on antioxidant potential in humans in accordance 

with experimental data reported for animal models and in cell cultures. Similarly, green tea 

and green tea polyphenols intake increases plasma antioxidant capacity [55, 56]. Strong 

evidence about antioxidant potential of agrimony have been obtained using in vivo model of 

hepatic oxidative stress [57]. In vitro studies show that the antioxidant properties of the herb 

exert neuroprotective effects on in a model of induced oxidative neurotoxicity in HT22 

hippocampal cells [58]. A single animal study [57] reports a beneficial effect of agrimony on 

antioxidant enzyme activity and hepatic glutathione levels. 

There are some investigations on the phytochemical composition of different alcoholic 

and aqueous-alcoholic extracts of the herb [58-62]. Literature reports are related mainly to its 

antioxidant capacity [7, 61, 63-65]. The potential of agrimony plant extracts and fractions to 

scavenge ROS in vitro has been documented [7, 61, 63, 65] following different extraction 

procedures. Polyphenol composition of A. eupatoria extracts was studied in an attempt to 

explain biological effects of the plant [60, 63] and high amount of tannins, flavonoids and 

phenolic acids was established [59]. High correlation between polyphenolic content and total 

antioxidant activity (TOA) has been demonstrated in aqueous-alcoholic agrimony extracts 

applying various methods [60, 61, 63, 65 ].  

Serum TT levels were increased at the end of the SE study. Similarly, serum TT 

concentrations have been established to increase significantly in Type 2 diabetic patients 

supplemented with fruit extracts [66, 67]. Polyphenols, which could act as free radical 

scavengers and reducing agents [68], along with other absorbed from the infusion constituents 

with antioxidant properties, most likely contribute to maintain the reduced state of thiol 

groups reported by this study. Unexpectedly, both AE interventions resulted in a significant 

decrease of plasma TT levels. It could be suggested that some AE extract constituents may 

have specific effect on plasma thiol balance. On the other hand, GSH levels significantly 
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increased both in normal and overweight subjects in the AE2 study. More studies are needed 

to elucidate the mechanism by which plant constituents could have an impact on plasma thiol 

and glutathione balance. In a previous study we found that AE extract stimulated GSH 

synthesis in cultured cells (3T3-L1 preadopocytes) [69]. GSH levels in erythrocyte lysates did 

not change in SE study (1047.12±65.75 µM/L at day 30 vs. 1052.24±59.42 µM/L at day 30).  

UA is one of the major contributors to serum antioxidant capacity [70]. We did not 

establish any increase in serum/plasma UA levels after 25/30 d of AE and SE infusion intake 

(data not shown). This observation, together with the strongly increased plasma GSH levels in 

the AE2 intervention, suggest that plant antioxidants may interfere with plasma/serum TAC 

via mechanisms involving direct antioxidant activity of absorbed plant constituents and their 

metabolites, as well as induction of glutathione biosynthesis.  

Whereas neither TT, nor GSH or UA levels were comparably and reliably changed, we 

could consistently identify response in all three interventions by measuring significant 

increase in blood TAC levels in the groups. Thus the established small but clearly detectable 

TAC changes allow us to suggest it as a biomarker for antioxidant capacity applicable in food 

intervention studies with healthy subjects who flexibly respond to changes in the environment 

resuming their metabolic balance. 

Polyphenols are present in a variety of plants utilized as important components of both 

human and animal diets [71-73]. In addition to their well-known antioxidant effects, they also 

have been reported to possess anti-inflammatory, anti-carcinogenic, anti-viral, anti-ulcer, anti-

apoptotic properties, and even lipid lowering activity [74, 75].  

S. ebulus and A. eupatoria are well known as folk remedies for many inflammatory 

conditions [41, 76, 77]. The anti-inflammatory activity of the herbs has been demonstrated by 

their inhibitory effects on proinflammatory cytokines production such as TNF α, and IL-6 in 

cell cultures models of inflammation [4, 45, 78].  

Cytokines such as TNFα, IL-1β and IL-6 play an important role in triggering and 

transmission of inflammatory response. Furthermore, they are reported to induce synthesis of 

C-reactive protein (CRP), an acute-phase protein produced during infections and 

inflammation, both in vitro and in vivo [79]. The results from the presented pilot studies 

demonstrated that everyday consumption of SE and AE infusion contributed to reduced 

concentration of the measured proinflammatory factors at the end of the interventions. This 

result is in accordance with recent epidemiologic study reporting that dietary intake of 

antioxidants was inversely associated with IL-1β and TNF-α levels [80]. To our knowledge, 

these results are the first scientific evidence for anti-inflammatory properties of these plants in 

humans, in support folk medicine data.  

Dietary and medicinal plants contain multifunctional compounds with polyphenolic 

nature including anthocyanins, also recognized to suppress inflammation thus efficiently 

protecting vascular function, and preventing CVD and metabolic diseases [74, 81-83]. The 

beneficial anti-inflammatory effects of polyphenols have been studied both in vitro and in 

vivo. Their potential to inhibit expression of TNF α, IL-6 and other mediators of inflammation 

has been demonstrated in different cell types, as well as in rodent models of inflammation 

[84-88]. In various interventional studies it has been found that the diet enriched with 

polyphenols is inversely associated with blood inflammation markers such as CRP, IL-6 and 

TNFα [89-91].  

The polyphenolic profile of AE aqueous-alcoholic extract includes compounds such as 

procyanidins, kaempferol and quercetin glycosides that are recognized to possess anti-
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inflammatory properties [60]. Several studies reported that anthocyanins, which are the major 

group of polyphenolic compounds in SE fruits, modulate the inflammatory responses in cell 

cultures and animal models by inhibiting the secretion of pro-inflammatory cytokines such as 

IL-8, MCP-1, IL-1β, IL-6, and TNFα [81, 92-96]. Consumption of SE fruit infusion in 

Intervention 1 resulted in significantly reduced serum CRP (Table 4). Similar results have 

been reported after intervention with diet rich in anthocyanins in healthy subjects [97], while 

agrimony tea did not affect significantly CRP concentrations (Intervention 2 and 3). 

Seemingly, SE along with pro-inflammatory cytokines affects also the production of acute-

phase proteins. One explanation to this could be the different phytochemical composition of 

the two plants, specifically to anthocyanins contained in SE tea. Higher anthocyanin intake is 

associated with lower hs-CRP concentrations [98].  

The main driver of CRP release from hepatocytes is believed to be IL-6 [99, 100]. In SE 

intervention IL-6 levels did not change significantly and this was accompanied by a decrease 

in CRP. In AE interventions (teas differed in preparation and in composition) IL-6 was either 

decreased (intervention 2) or not changed (intervention 3) and CRP remained within the 

reference values in both interventions. These effects could be explained by human metabolic 

flexibility which allows to maintain body‘s homeostasis exhibiting buffer-like capacities to 

respond to environmental stress, including response to food intake. As the volunteers 

involved in all three studies were healthy subjects it was not unexpected that significant effect 

could be measured in these acute-phase proinflammatory factors. Their values stayed within 

the reference ranges throughout the whole intervention, also for the group with BMI>25. At 

the same time, cultured preadipocyte and macrophage cells treated solely with SE or AE 

extracts responded with an increased IL-6 and TNF alpha production, which was decreased 

by the pretreatment with the herbal extracts followed by proinflammatory stimuli, such as 

LPS, conditioned medium or ethanol [101]. Upon 30 days of agrimony or dwarf elder tea 

consumption, no specific decrease of the TNFα concentrations was observed either, except 

for the fact that at the end of the interventions subjects had values below the detection level of 

the assay serum TNFα levels. The controversial effects on cytokine levels could be explained 

by the immunomodulatory activity of the plant polyphenols as earlier reported for various 

extracts, fractions or biologically active plant components, which could increase baseline 

cytokine levels in a healthy immune system and inhibit their activity in case of induced 

inflammation [102-106].  

Folk medicine from different countries reports strong anti-inflammatory potential of A. 

eupatoria and S. ebulus preparations and various homeopathic remedies based on this 

knowledge are produced. The above discussed effects are the first scientific evidence received 

from human studies in support to traditional medicine usage of agrimony and dwarf elder 

fruits for prevention or treatment of inflammation. 

In addition to the above effects, IL-6 is known to antagonize the secretion of adiponectin 

[107], and the pro-inflammatory TNFα factor blocks the synthesis of adiponectin and 

interferes with insulin signaling [108]. Adiponectin known for its high anti-inflammatory 

power, is known also to inhibit production of ROS [109]. High adiponectin levels are 

associated with higher insulin sensitivity [110]. High plasma levels of leptin have been 

positively correlated with obesity and metabolic syndrome [111] and administration of leptin 

was associated with increased CRP levels indicating an inflammatory effect [112]. Leptin is 

secreted mainly by adipocytes proportionally to the fat tissue mass and in inflammation acts 

directly on macrophages to increase phagocytic activity and ROS production.  
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AE1 and SE interventions did not cause significant reduction in body weight and related 

BMI. Although that leptin secretion is known to correlate with fat mass, SE tea consumption 

resulted in a decrease in both adiponectin and leptin levels at the end of the intervention. 

Second AE intervention resulted in significant decrease in BMI, while leptin levels increased 

in the group of BMI < 25 and adiponectin was reduced significantly. AE1 did not affect 

adipokine levels significantly. In accordance to our finding from SE intervention study Wang 

et al. [113] in their review on effects of dietary polyphenols reported similar decrease in these 

two adipokines. Other plant substances may also contribute to this effect. Yang et al. [114] 

have shown that treatment with berberine (an isoquinoline derivative alkaloid isolated from 

various kinds of medicinal herbs), resulted in a major inhibition of human preadipocyte 

differentiation and leptin and adiponectin secretion accompanied by downregulation of 

PPARγ2, C/EBPα, adiponectin, and leptin mRNA expression [114]. These results suggest that 

SE tea possibly improves insulin sensitivity by inhibiting fat store and adjusting adipokine 

profile in humans. In support to this earlier published data [115] report improved lipid profile 

in healthy volunteers upon SE fruit infusion consumption: significant decrease in 

triglycerides, total cholesterol and LDL-cholesterol. Changes in body weight not necessarily 

relate to changes in fat mass. Evaluation of fat tissue mass in such intervention studies could 

provide more evidence on the mechanisms of leptin metabolism. The different chemical 

composition, as well as the good health status of the participants could be the prerequisites 

that determine the moderate effect of agrimony on adiponectin and leptin levels.  

 

 

Conclusion 
 

The results in these human intervention studies with A. eupatoria and S. ebulus indicate 

that these plants have a potential to improve plasma antioxidant capacity, as well as to 

modulate inflammatory cytokines and adipokines levels. Although some of the effects of both 

plants on cytokine and adipokine were not definite, all of the three interventions resulted in 

strongly increased plasma antioxidant capacity. According to our knowledge these are the 

first scientific data received from human studies revealing mechanisms probably involved in 

the healing power of these plants. Thus we may conclude that supplementation with agrimony 

and elderberry teas could be an option to combat oxidative stress related conditions, including 

low-grade inflammation and metabolic disturbances.  
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Abstract 
 

This chapter deals the importance of edible wild plants as regards not only the 

ethnobotanical uses but also their value in human nutrition. Particularly in the past, these 

species played an important supporting role in daily nutrition and provided a balanced 

intake of oligoelements, vitamins and minerals. However, aspects that have attracted 

recent interest are the nutraceutical properties of these species and the health benefits that 

derive from their habitual consumption. Data on the use of 60 species were collected 

through informed consent ad hoc semi-structured interviews with local informants. 

Furthermore, the nutraceutical analysis centered on some of the commonly used wild 

edible plants demonstrates how these species contain many of the so-called minor 

nutrients, such as antioxidant vitamins and polyphenols. 

 

Keywords: Edible Wild Plants; Ethnobotanical analysis; Safeguarding of biodiversity; 

Antioxidant properties; Traditional use 
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Introduction 
 

In recent years, wild plants have been the objects of study worldwide, as many possess 

new and unusual therapeutic and nutritional properties [1-3]. In some rural areas of Southern 

Europe the use of numerous edible wild plants has survived, as they have always been seen as 

a source of simple, healthy food. Indeed the beneficial effects of the Mediterranean diet on 

human health are well documented and various authors have studied the nutritional properties 

of edible wild plants, such as high fiber content, vitamins with an antioxidant function, total 

polyphenols, vitamins and minerals [4-10]. Defining the content of these components is 

essential because of their antioxidant functions [11, 12], indeed at present, oxidant stress is 

known to be responsible for some forms of cancer [13], as well as for degenerative 

pathologies such as those affecting the cardio-circulatory system (hypertension, 

atherosclerosis, heart attack and stroke) [14, 15], and the autoimmune system [16], with 

repercussions on the central nervous system thus leading to Alzheimer‘s and Parkinson‘s 

disease [17, 18]. 

 

 

Figure 1. The study area in central Italy. Local markets, thematic excursions and exhibitions aimed at 

promoting knowledge of edible wild plants. 

A renewed interest in the use of edible wild plants is closely linked to the rediscovery of 

local traditions [19], food habits of the past and the role that these species have played in 

different cultures or ethnic groups [20, 21]. To this end, cultural and economic indices have 

been drawn up to estimate the importance of wild plants in a given society [22-26]. Recently 

they have become the subject of local markets, thematic excursions and exhibitions to satisfy 

the curiosity of the general public. However, up until today very few studies have been made 

on how edible wild plants were and are still used, and in particular on the nutraceutical 
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properties attributed to them [27-29]. In Italy the first ethnobotanical studies were carried out 

in the second half of the twentieth century. From the 1970s several research were done in 

various regions of Italy, focalizing the attention on the use of wild plants in folk medicine, in 

human nutrition, in magic rituals and ethno-veterinary practices [30-38]. In Umbria few 

authors have looked into these questions, and those who have done so have dealt mainly with 

the rediscovery of local traditional medicinal and nutritional uses of some wild plants [3, 9, 

39-47]. This study takes the point of view that the rediscovery of traditional uses of edible 

wild plants is an important facet of the reappraisal of one‘s own origins and underlines how a 

renewed interest in their nutritional uses has arisen, given their high nutraceutical properties. 

Indeed, the main objective was to demonstrate the importance of edible wild plants both as a 

reserve of genetic resources capable of satisfying both present and future biotechnological 

and agroindustry needs as well as of improving daily diet and preventing degenerative 

processes thanks to their high antioxidant nutrient content. 

The study was conducted in Umbria, Central Italy, a region characterized by numerous 

natural and semi-natural areas and by a high level of floristic and vegetational diversity (over 

2,000 vascular species) [48]. In this territory where many edible wild plants can be found, and 

where, in small rural communities, traditional uses of these species are still very much alive, 

local markets, thematic excursions and exhibitions are organized (Figure 1). 

 

 

Methods 
 

The study began with an ethnobotanical analysis by means of an ad hoc semi-structured 

interview involving 150 females and 70 males (average age 57 years) living locally. They 

were asked to provide information on local names, alimentary use, parts used, and popular 

uses and remedies. The nutraceutical research centred on four of the most commonly used 

wild edible species in Umbria: Bellis perennis L., Bunias erucago L., Chondrilla juncea L., 

and Sanguisorba minor Scop (Figure 2).  

These four species were chosen because they belong to the Compositae, Cruciferae and 

Rosaceae families that are among the most representative and well known in traditional folk 

recipes. [9, 45-47]. The data obtained were compared with the INRAN table of food 

composition [49]. Various samples of the four species were collected, which were analyzed 

with a Stereomicroscope SX45, and were determined according to Checklist of Flora 

Vascolare Italiana[50,51].  

All the exsiccata of the aforementioned species are preserved in the ‗Erbario PERU‘ of 

the Università degli Studi di Perugia.  

To determine the nutraceutical aspects, the various determinations were carried out on 

pools of fresh samples of the four species collected in the spring in Umbria, using the 

traditional methods described in literature, the Official Methods of Analysis of Association of 

Official Analytical Chemists [49, 52, 53] and the most recent analytical techniques [11, 12, 

54]. In this way, apart from the classical chemical percentage composition, other, so-called 

minor components were determined which have been difficult to define until recently.  

Particular attention was paid to defining the principal components with antioxidant 

functions and Total Antioxidant Capacity using the ORAC method (Oxygen Radical 

Absorbance Capacity) [55, 56]. The mineral content was determined by means of 
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Spectrophotometry and Atomic Absorption. All data were processed using the Star version 

4.10 software package and where necessary some integration corrections were made 

manually. The statistical analysis of the data was performed using the Statistical Analysis 

System (release 8.1, SAS Institute Inc). 

 

 

Figure 2. The four edible wild plants analyzed in the nutraceutical analysis: Bellis perennis L. (A), Bunias 

erucago L. (B), Chondrilla juncea L. (C), and Sanguisorba minor Scop (D). 

 

Results 
 

Ethnobotanical Analysis  

 

The analysis revealed that the most well-known and widely used edible wild plants in 

Umbria belong mainly to the Compositae family, followed by the Cruciferae and 

Umbelliferae families. The main use of wild plants was as a food (73%), followed by 

percentages of medicinal or popular uses and remedies (12%) and veterinary use (2%) in 

accordance with local habits and customs handed down from one generation to the next.  

The plants were mainly used in raw salads (45%), boiled (38%), as side dishes or in 

ravioli fillings (7%), fried with or without eggs (6%) or in vegetable soups (4%). In both 

cases it was uncommon to find the use of a single species, as a mixture was preferred to 

balance the different flavors. The data collected during the interviews provided information 

on the uses of 60 among the most common edible wild plants in Umbria, as well as on local 

names (See Table 1).  
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Table 1. Information on 60 species of edible wild plants 

 
Scientific names Botanical 

family 
Local names Part(s) used Preparation Citation Medicinal properties / 

Popular uses and remedies 

Alliaria petiolata (M. 

Bieb.) Cavara & Grande 
Cruciferae Alliaria comune, erba alliaria Leaves, young and seed Raw-salad, boiled 52  

Allium neapolitanum 

Cirillo 
Liliaceae Aglio napoletano Leaves, bulbs Raw-salad 58  

Allium triquetrum Ten. Liliaceae 
Aglio angolare, aglio 

trigono, aglio selvatico 
Leaves, bulbs Raw-salad, boiled 53  

Arctium lappa L. Compositae 
Bardana maggiore, lappa 
bardana, lappola 

Leaves, young shoots, roots Raw-salad, boiled 54 
Diuretic, astringent, 
emollient 

Asparagus acutifolius s L. Liliaceae 
Asparago, asparago dei 

boschi 
Young shoots 

Fried in fat, without or with 

beaten eggs ("Frittata"), boiled 
36  

Bellis perennisL. Compositae Margheritina, pratolina Young leaves and flowers  37  

Borago officinalis L. Boraginaceae Borragine, boragine Leaves 

Raw, in salads, fried in fat, 
without or with beaten eggs 

("Frittata"), ravioli filling, 

boiled 

30 

Diuretic to refresh the 

kidneys and very effective 
treatment for rheumatism 

Bunias erucagoL. Cruciferae 

Cascellora, cascellore 

comune, cotecacchie, navone 

selvatico 

Leaves, young shoots, 

flowers 
Raw-salad, boiled 2 

Anti-inflammatory, 

antiseptic, emollient 

Campanula rapunculus L. Campanulaceae 
Raponzolo, ramponzolo, 

raperonzolo, rapunzoli 

Leaves, roots or rootstocks, 

shaft, young shoots, whole 

aerial parts 

Raw in salads, boiled 13  

Calamintha nepeta (L.) 

Savi s.l. 
Labiatae 

Calamento, 

mentucciacomune, 

nepitellaselvatica 

Young leaves and flowers Raw in salads, boiled 53  

Calendula arvensis 

(Vaill.) L. 
Compositae 

Calendula dei campi, 

fiorrancio selvatico, 

primofiore 

Leaves, young shoots, 

flowers 
Raw in salads, boiled 30 

Anti-inflammatory, 

antiseptic 

Cardamine hirsutaL. Cruciferae 
Billeri primaticcio, 

cardamine 
Young leaves Raw in salad, vegetable soup 53  

Capsella bursa-pastoris 

(L.) Medik. subsp. bursa-

pastoris 

Cruciferae 
Borsa di pastore, 

borsacchina, capsella 

Leaves, whole aerial parts, 

young shoots 

Raw in salads, boiled, 

vegetable soup 
36  

Centranthus ruber(L.) 

DC. subsp. ruber 
Valerianaceae Valeriana rossa Young leaves Raw in salad, boiled 52  
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Table 1. (Continued) 

 
Scientific names Botanical family Local names Part(s) used Preparation Citation Medicinal properties / 

Popular uses and remedies 

Chondrilla junceaL. Compositae Mastrici, pioletta, piole Leaves, young shoots Raw in salads 43  

Cichorium intybus L. 

s.l. 
Compositae 

Cicoria, cicorietta, radicchio 

selvatico, radici amare 

Leaves, whole aerial 

parts, leaves stalks, young 

shoots 

Boiled, raw in salads, ravioli 

filling 
6 Digestive 

Clematis vitalba L. Ranunculaceae Clematide, vitabbie Young shoots 
Fried in fat, without or with 

beaten eggs ("Frittata") 
53  

Crepis sancta (L.) 

Babc. subsp. sancta 
Compositae 

Crepide, dolcetta, radicchiella 

di terrasanta 
Young leaves Raw in salads, boiled 52  

Crepis vesicariaL. s.l. Compositae 

Cota, crepide vescicosa, 

radicchi ella vescicosa, 

radicchio scoltellato 

Young leaves Raw in salads, boiled 53 Detoxifying 

Daucus carotaL. s.l. Umbelliferae Carota selvatica Whole aerial parts, roots Raw in salads, boiled 52  

Diplotaxis erucoides 

(L.) DC. subsp. 

erucoides 

Cruciferae 
Maraiuole, ruchetta violacea, 

ruchettone 
Young leaves Raw in salads, boiled 53  

Diplotaxis tenuifolia 

(L.) DC. 
Cruciferae 

Rucola, rucoletta, rucoletta di 

campo, ruchetta selvatica 
Leaves Raw in salads, vegetable soup 52  

Helminthotheca 

echioides (L.) Holub 
Compositae 

Aspraggine volgare, erba 

brusca, erba bruscia, 

spraggine 

Leaves Boiled 58  

Hyoseris radiataL. 

subsp. radiata 
Compositae 

Trenette, trinciatella, 

radicchio selvatico 
Young leaves Raw in salads, boiled 58  

Hypochaeris 

achyrophorusL. 
Compositae Costolina annuale Young leaves Raw in salads, boiled 54  

Hypochaeris 

radicataL. 
Compositae 

Costoled'asino, costolina 

giuncolina, ingrassaporci, 

piattello 

Young leaves Raw in salads, boiled 36  

Lactuca muralis (L.) 

Gaertn. 
Compositae Lattuga dei boschi Young leaves Raw in salads, vegetable soup 52  

Lactuca perennis L. 

subsp. perennis 
Compositae 

Lattuga perenne, lattuga 

rupestre 
Young leaves Raw in salads, boiled 58  

Lactuca serriolaL. Compositae Lattuga selvatica Leaves, leaves stalks Raw in salads 36  
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Scientific names 
Botanical 

family 
Local names Part(s) used Preparation Citation 

Medicinal properties / 

Popular uses and remedies 

Lactuca viminea (L.) 

Presl. 
Compositae Lattuga alata Leaves Raw in salads 36  

Leopoldia comosa(L.) 

Parl. 
Liliaceae 

Cipollaccio, lampagione, 

lampascione 
Bulb Boiled, sott'olio o sott'aceto 50 Diuretic, emollient 

Malva sylvestrisL. subsp. 

sylvestris 
Malvaceae Malva 

Leaves, young shoots, 

flowers 

Raw in salad, vegetable soup, 

ravioli filling, infusions, decoctions 
53 

Infusions for the relief of 

heartburn and indigestion 

Nasturtium officinale R. 

Br. Subsp. officinale 
Cruciferae 

Crescione d'acqua, crescione 

delle fontane, crescione di 

sorgente 

Leaves Raw in salads 58  

Papaver rhoeas L. subsp. 

rhoeas 
Papaveraceae Papavero comune, rosolaccio Young leaves, seed 

Vegetable soup, ravioli filling, raw 

in salads, seed in bread and cookies 
36  

Parietaria officinalisL. Urticaceae Vetriolacomune 
Young leaves, young 

shoots 
Boiled, vegetable soup 30  

Pastinaca sativa L. Umbelliferae Pastinaca comune Root, young leaves Boiled, raw in salads 54 
Fruits and roots are 

diuretic and emollient 

Picris echioides L. Compositae 
Aspraggine volgare, 

raspraggine, spraggine 
Leaves Boiled 6 Astringent 

Picris hieracioides L. s.l. Compositae 
Aspraggine comune, erba 

brusca 
Young leaves Boiled 54  

Plantago lanceolataL. Plantaginaceae 
Plantago, lanciuola, lingua di 
cane 

Leaves, whole aerial 
parts 

Boiled, raw in salads 30  

Portulaca oleraceaL. s.l. Portulaceaceae Porcacchia, porcellana  Boiled, in salads 52  

Rhagadiolus stellatus 

(L.) Gaertn. 
Compositae 

Erba cornetta, radicchio lirato, 

ragaggiolo, raggiolo 
Young leaves Boiled, raw in salads 58  

Rhaphanus 

raphanistrumL. 
Cruciferae 

Rafano, ramolaccio selvatico, 

rapastrello, ravanello selvatico 
Young leaves, roots Boiled 36 Diuretic 

Reichardia picroides (L.) 

Roth 
Compositae 

Caccialepre, scaccialepre, 

grattalingua 

Leaves, whole aerial 

parts, flowers, roots 
Raw in salads, boiled 35  

Rumex acetosaL. subsp. 

acetosa 
Polygonaceae Acetosa, romice acetosa Young leaves Vegetable soup 53  

Rumex acetosella L. s.l. Polygonaceae Acetosella, romice acetosella Young leaves 
Raw in salads, boiled, vegetable 

soup, ravioli filling 
53  
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Table 1. (Continued) 

 
Scientific names Botanical family Local names Part(s) used Preparation Citation Medicinal properties / 

Popular uses and remedies 

Salvia pratensis L. Labiatae 
Chiarella, salvia dei prati, 

salvia pratense 
Young leaves 

Vegetable soup, fried with eggs 

(frittata) 
36  

Sanguisorba minor Scop. 

S.l. 
Rosaceae Pimpinella, pimpinellone 

Leaves, whole aerial 

parts, young shoots 
Raw in salads, boiled 1 Digestive properties 

Scandix pecten-veneris 

L. 
Umbelliferae 

Acicula comune, erba 

spilletta 
Leaves, young shoots Raw in salad 53 Digestive, diuretic 

Silene vulgaris (Moench) 
Garckes.l. 

Caryophyllaceae Strigoli, stricoli 
Whole aerial parts, 
young shoots 

Risotto, fried with eggs (Frittata) 6  

Sonchus asper (L.) Hill 

s.l. 
Compositae 

Crespigno spinoso, 

crespignola 
Young leaves Raw in salad, boiled 6 

Insect bites or as a remedy 

for mouth ulcers 

Sonchus oleraceus L. Compositae 
Gruspigno, cruspino, 
crispigno, cruspigno, 

grespigno, crespigno 

Leaves, whole aerial 

parts, young shoots, shaft 
Boiled, Raw in salads 37 Remedy for mouth ulcers 

Stellaria media (L.) Vill. Caryophyllaceae 
Centocchio comune, erba 

gallinella 
Young leaves Raw in salad, boiled 30 Diuretic, astringent, 

Taraxacum officinale 
(group) 

Compositae 

Pisciacane, piscialletto, 

soffione, dente di leone, 

dendelion 

Leaves, whole aerial 

parts, young shoots, 

shaft, flowers 

Boiled, raw in salads 16 
Depurative and diuretic 
properties 

Thymus serpyllum S.L. Labiatae Pepolino, serpillo, serpollino Leaves Per aromatizzare i cibi 34 Anti-inflammatory 

Tordylium apulum L. Umbelliferae 

Pimpinellone, pimpinella 

vellutata, zampa d'oca, 

saporitella 

Leaves, whole aerial 
parts 

Raw in salads 13  

Tragopogon pratensis L. 
s.l. 

Compositae 

Baciapreti, barba di 

beccocomune, barba di prete, 

salsefica 

Roots, young leaves, 
shaft 

Raw in salads, boiled 52  

Tragopogon porrifolius 

L. s.l. 
Compositae 

Barba di becco violetta, 
raperonzolos elvatico, 

salsefica 

Roots, young leaves Raw in salads, boiled 53  

Urospermum 
dalechampii(L.) F.W. 

Schmidt 

Compositae 
Cicoriamatta, grugno, 

grugnoamaro, grugnola 

Leaves, whole aerial 

parts 
Boiled, raw in salads 2  

Urtica dioica L. subsp. 

dioica 
Urticaceae Ortica 

Leaves, young shoots, 

roots, whole aerial parts, 
roots 

Boiled, ravioli filling, risotti, 

fried with eggs (frittata) 
30 

Excellent remedy for 

dysmenorrhoea 

Viola odorata L. Violaceae Viola mammola Flowers Raw in salad 36 Emollient 
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The following is a description of some of the most common uses: in salads the herbs such 

as ‗grespigni‘- sow thistle (Sonchus L. spl.), ‗piantaggine‘ - plantain (Plantago lanceolataL.) 

and ‗borragine‘ - borage (Borago officinalis L.), mitigate the bitterness of ‗cicoria‘ - chickory, 

(Cichorium intybus L. s.l.), ‗pisciacane‘ - dandelion (Taraxacum officinale group), costole 

d'asino, costolina giuncolina [Hypochaeris radicata L.] and ‗erba brusca‘ - bristly ox-tongue 

[Helminthotheca echioides(L.) Holub]. In raw salads there is a mixture of ‗pimpinella‘ - salad 

burnet (Sanguisorba minor Scop. s.l.), ‗raponzolo‘ - bellflower (Campanula rapunculus L.), 

‗pimpinellone‘ (Tordylium apulum L.), ‗caccialepre‘ [Reichardia picroides (L.) Roth], ‗carota 

selvatica‘ - wild carrot (Daucus carota L. s.l.), ‗erba bussola‘ - prickly lettuce (Lactuca 

serriola L.), ‗costolina annuale‘ (Hypochaeris achyrophorus L.), ‗borsa del pastore‘ - 

shepherd‘s purse [Capsella bursa-pastoris(L.)Medik.subsp. bursa-pastoris], and ‗calendula 

dei campi‘, ‗fiorrancio selvatico‘ [Calendula arvensis (Vaill.) L], . 

Many species are used as condiments in pasta and rice dishes, such as ‗ortica‘ - stinging 

nettles (Urtica dioicaL. subsp. dioica), ‗strigoli‘ - bladder campion [Silene vulgaris (Moench) 

Garckes.l.] and ‗asparago selvatico‘ - wild asparagus (Asparagus acutifolius L.). These 

species are also used to give a distinctive flavour to omelettes and soups (Table 1). 

Some wild plants have medicinal properties. Some folk remedies recorded are as follows: 

borage (Borago officinalis L.) is a diuretic, it refreshes the kidneys and is a very effective 

treatment for rheumatism; infusions of mallow (Malva sylvestris L. subsp. sylvestris) relieves 

heartburn and indigestion; grispigni (Sonchus oleraceus L.) is a remedy for mouth ulcers and 

stinging nettle (Urtica dioica L. subsp. dioica) is an excellent remedy for dysmenorrhoea.  

 

Table 2. Comparison of chemical composition and mineral content  

(mg/100 g per edible parts) values in edible plants with those of cultivated species [49] 

 
Names Chemical composition Mineral content 

Water Protein Lipids Carbohydrates Dietary  

fibers 

Fe Ca P Na Mg 

Bunias erucago 83.1 2.2 0.4 3.0 8.2 2.4 425 18.2 6.1 216 

Bellis perennis 84.2 1.4 0.4 1.0 7.6 4.8 444 18.3 56 123 

Chondrilla juncea 87.8 1.9 0.5 2.0 5.8 4.9 159 12.7 3.8 100 

Sanguisorba minor 76.2 3.8 0.8 6.0 10.5 5.1 283 21.9 21 282 

Potato  78.5 2.1 1 17.9 1.6 0.8 10 54 7 28 
Raw artichoke (Cynara 

cardunculus L. subsp. 

scolymus (L.) Hayek) 91.3 2.7 0.2 2.5 5.5 1 86 67 133 45 

Raw spinach  

(Spinacia oleracea L) 90.1 3.4 0.7 2.9 1.9 2.9 78 62 100 60 
Ripe tomatoes 

(Solanum lycopersicum 

L.) 94 1 0.2 3.5 2 0.3 9 25 6 10 

Salad tomatoes 

(Solanum lycopersicum 

L.) 94.2 1 0.2 3.5 2 0.4 11 26 3 10 
Raw zucchini  

(Cucurbita pepo L.) 93.6 1.3 0.1 1.4 1.2 0.5 21 65 22 25 

Lettuce  

(Lactuca sativa L.) 94.3 1.8 0.4 2.2 1.5 1.2 45 31 9 - 
Raw carrot 

(Daucus carota L.) 91.6 1.1 0.2 7.6 3.1 0.7 44 37 95 11 

Pepper  

(Capsicum annuum L.) 92.3 0.9 0.3 4.2 1.9 0.7 17 28 2 18 
Eggplant  

(Solanum melongena 

L.) 92.7 1.1 0.4 2.6 2.6 0.3 14 33 26 - 
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NutraceuticalAnalysis  

 

All four species analyzed showed the presence of all the dietary energetic principles, 

although in different concentrations. Chemical composition and energy content were 

compared with those of some cultivated species [49]. The total fat content is very low in all 

four species, always below 1.0%. It is interesting to note mineral content. It was found that 

B.perennis show higher Iron and Calcium values than all the cultivated species with which 

they were compared. S. minor showed high protein and iron content similar to that of raw 

spinach (Table 2). 

Table 3 shows, among antioxidant vitamins, high concentrations of β-carotene (pro-

vitamin A), vitamin A in B. erucago, and significant vitamin A values, similar to raw carrot. 

S. minor shows high value of Vitamin E. Total polyphenol content varies greatly from rather 

low in C. juncea, to quite high in the other species, particularly in S. minor (258 mg/100 of 

edible parts), especially when the high water content of these types of samples is taken into 

consideration, followed by B. erucago and C. juncea (Table 3).  

 

Table 3. Antioxidant vitamins, total polyphenols and ORAC in edible plants vs. 

cultivated species  

 

Names β-carotene 

(μg/100 g) 

Vitamin A 

(μg Ret. 

Eq./100 g) 

Vitamin E 

(μg/100 g) 

Total 

polyphenols 

(mg/100 g) 

ORAC 

(μmol 

TE/100 g) 

Bunias erucago 5774 962 2942 86 529 

Bellis perennis 2537 423 3101 49 221 

Chondrilla juncea 2134 356 2728 23 427 

Sanguisorba minor 3339 556 5226 258 904 

Potato  - 3  - - - 

Raw artichoke (Cynara 

cardunculus L. subsp. 

scolymus (L.) Hayek) - 18 - - - 

Raw spinach  
(Spinacia oleracea L.) - 485 - - - 

Ripe tomatoes 
(Solanum lycopersicum L.) - 610 - - - 

Salad tomatoes 
(Solanum lycopersicum L.) - 42 - - - 

Raw zucchini  
(Cucurbita pepo L.) - 6 - - - 

Lettuce  
(Lactuca sativa L.) - 229 - - - 

Raw carrot 
(Daucus carota L.) - 1148 - - - 

Pepper  
(Capsicum annuum L.) - 139 - - - 

Eggplant  
(Solanum melongena L.) - - - - - 
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Conclusion 
 

The present study shows that gathering and consuming edible wild plants is still very 

much alive in Umbria Region, although in most cases their nutritional value is unknown. 

Local names, parts used, folk medicinal properties and variations in culinary use linked to 

local traditions are still very important, while conventions, exhibitions and themed courses 

provide information and promote these species as an environmental resource. It was found 

that the quality and quantity of the various components of the four species under examination 

could make an excellent contribution to balancing and rationalizing diet and preventing 

metabolic pathologies. This research demonstrates that edible wild plants contain many of the 

so-called minor nutrients (because they are found in small quantities), such as polyphenols 

and antioxidant vitamins, that can further improve a diet which is already balanced, thus 

offering protection against degenerative processes. A new, interesting factor is represented by 

the presence of adequate antioxidant components that can combat the effect of free radicals. 

As at present the amount necessary to maintain this equilibrium is estimated to be about 5000 

ORAC units, and considering that health authorities recommend the consumption at least five 

portions of fruit and vegetables a day [49] the wild plants which were dealt with in this study 

could make a notable contribution towards this objective. Many of the macro and 

micronutrients contained in these wild plants merit more attention, but the lack of an adequate 

national and regional nutrient database limits available knowledge, which at present is much 

more limited than that relevant to cultivated species [57]. More extensive knowledge could 

lead to improved diet in many areas of the Mediterranean area and the Developing World, and 

in general facilitate the use of these species. Thanks to their antioxidant properties, it would 

certainly be worthwhile to foster further study of edible wild plants and to promote 

commercialization campaigns, particularly in view of the growing demand s by the food 

industry for natural antioxidant. Human health in general would benefit greatly from a 

reconsideration of these plants because they represent a naturally-occurring, easy to obtain 

source of powerful vegetable antioxidants. Furthermore a renewed interest in edible wild 

plants could be a stimulus to further encourage the study of local flora and disseminate 

knowledge so as to preserve local cultural customs and traditions. The words of Breda sum up 

the fundamental importance of these species in safeguarding and preserving biodiversity 

(2001) [58]: ‘When, together with the plants, we shall also have preserved the flavors, the 

memories, the words, and the love associated with them, and we shall have been able to 

communicate all this to future generations, only then we shall have a right to claim that we 

have really preserved biodiversity’. 
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Abstract 
 

Fruit and vegetable intake (FVI) is an important factor in the preservation of health 

and the prevention of disease. Many dietary habits established during adolescence 

continue into adulthood, such as FVI. According to the World Health Organization, the 

daily FVI of adolescents was below the recommended values worldwide, despite the 

long-term health benefits associated with FVI. In this chapter, we updated and expanded 

previous research about factors influencing FVI during adolescence. Due to inductive 

thematic analysis based on Social Ecological Theory and Social Cognitive Theory, we 

identified three key factors that influence FVI: (a) individual factors (e.g., gender, age, 

knowledge, self-efficacy, taste preference and liking of FV, outcome 

expectations/expectancies, skill in preparing fruit and vegetable); (b) social factors (e.g., 

parents intake and modeling, parents and family support, family meals, peers influence); 

and (c) environmental factors (e.g., income, parents occupational status, parents 

education, household availability, school availability, neighborhood, television viewing). 

Development strategies and effective intervention programs aimed to increase FVI and to 

promote adolescents‘ healthy dietary behaviors could be achieved by understanding the 

relationship between FVI and above factors.  
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Fruit and Vegetable Global Outlook 
 

Fruit and vegetable intake (FVI) is an important factor in the preservation of health and 

the prevention of disease. A variety of fruits and vegetables provides several essential 

nutrients that we need for optimal growth and repair, such as water, dietary fibers, vitamins, 

minerals, phytochemicals, with most fruits and vegetables are low fat foods needed in a 

healthy diet [1]. According to the World Health Organization (WHO) recommendations, and 

most national and international dietary guidelines around the world, all individuals should 

consume 400 grams of fruit and vegetables daily, or five servings of fruit and vegetables per 

day as a minimal amount [2-4]. Starting at childhood, high FVI seems to decrease prevalence 

of many chronic diseases, such as coronary heart disease (up to 31%), cancer (12-20%), 

stroke (up to 19%), while 2.7 million deaths per year are attributable to diets low in fruits and 

vegetables worldwide [2, 5]. A review from 52 low- and middle-income countries showed 

that 77.6% of men and 78.4% of women consumed less than the minimum recommended 

daily servings of fruits and vegetables [6]. Another study in five Asian countries showed that 

63.5% of men and 57.5% of women had inadequate FVI [7]. In developed countries like USA 

and Australia, authors reported similar low FVI [8, 9]. Furthermore, studies conducted among 

adolescents in developing and developed countries showed insufficient FVI as reported in 

adults [8, 10]. Recent study in Curitiba [11] estimated frequency and adequacy of FVI among 

341 Brazilian adolescents. Authors shown that only 3.5% of Brazilian adolescents have 

adequate FVI. Another cross sectional study among 402 adolescents in Tabriz, Iran reported 

only one third of adolescents had the optimal FVI, with 30.3% and 34.6% adolescents 

consumed recommended daily servings of fruits and vegetables, respectively [12]. 

Furthermore, data from five Southeast Asian countries (16,084 adolescents aged 13-15 years) 

shown that 76.3% of adolescents had FVI less than five servings per day [7]. Developed 

countries had similar results concerning FVI in adolescents. De-Bourdeaudhuij and 

colleagues [13] investigated predictors of daily FVI in nine European countries that, with 

13305 adolescents recruited. Only 43.2% and 46.1% eat fruit and vegetables daily, 

respectively. EAT-2010 study (Eating and Activity among Teens) that examined physical 

activity patterns, eating behaviors and weight among 2,793 adolescents in United States, 

found the mean daily intake of fruit and vegetable of 2.7 servings per day only [14]. Authors 

concluded that developing strategies and intervention programs aimed to increase FVI and 

promoting adolescents‘ healthy dietary behaviors can be achieved by exploring the 

relationship between FVI behaviors and variables such as individual, social and 

environmental factors.  

 

 

Adolescents and Diet 
 

WHO defines adolescents as people who are 10-19 years of age [15], while other 

extended range from 10 to 20 years of age [16]. Adolescence is characterized by rapid 

physical growth, with hormonal, cognitive, and emotional changes. Adolescence is divided 

into three stages, with each stage has different characteristics. Early adolescence (10-13 years 

of age) is characterized by the start of puberty and increased cognitive development. Middle 

adolescence (14-16 years of age) characterizes increased independence and experimentation. 
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Late adolescence (17-20 years of age) is a time for making important personal decisions to 

start adulthood [16-18]. Many lifestyle habits that are established during adolescence have 

been reported to have a significant influence on the social and behavioral aspects of life for 

this age group [19]. At the same time, adolescence is an intense anabolic period where 

adolescents require a high quality diet, with adequate amount of energy, vitamins and 

minerals to support their physical growth. In addition, unhealthy eating behaviors during 

adolescence can negatively affect health and contribute to chronic diseases later in life, and 

are difficult to change once established [20]. FVI during adolescence influences many 

different perspectives. Several authors proposed comprehensive theoretical models of eating 

behavior among adolescents, with FVI affected by multiple interacting factors [21, 22]. The 

researchers adopted a theoretical framework based on Social Cognitive Theory (SCT) and the 

Social Ecological theory (SET) to explain adolescent's FVI [21-23]. SET has been employed 

through individual, social and environmental context [22, 23], while SCT explains behavior 

by the interaction of person's behavior, personal factors, and the environment factors [24]. 

The following sections highlight the effects of these factors for adolescents FVI. 

 

 

Individual Factors 
 

Age 

 

Dietary behavior seems to change as children become adolescents. FVI often declines 

when entering adolescence, and energy-dense foods and beverages intake increases [22, 25]. 

Research reported negative correlation between age and FVI during the adolescent period. In 

addition, parental influence declines as adolescents get older while level of self-efficacy for 

choosing their own foods influenced by their peers increases [26]. Previous studies including 

quantitative research showed FVI decreased with age in 60% of studies reviewed while 40% 

of studies reported no correlation between age and FVI [22]. Al-Hazzaa and colleagues found 

FVI decreased with age in Saudi adolescents [27]. Similar results were found in Ghana, where 

younger adolescents (12-15 years old) had higher FVI than older adolescents (16-18 years 

old) [28]. A recent study conducted in Iran found that adolescents over 14 years old have low 

FVI; older adolescents had more authority to select and consume foods they preferred [12].  

 

 

Gender 

 

Gender differences in FVI are widely documented in many studies, with strong 

correlation found between FVI and gender [12]. Most studies reported that girls consume 

more fruits and vegetables than boys [21, 29, 30]. They are more concerned with health and 

body image, have greater knowledge, outcome expectations/expectancies, self-efficacy and 

role models [31]. On other hand, review of 98 papers by Rasmussen and colleagues [22] 

found that girls have a higher or more frequent intake of fruit and vegetables than boys in 27 

studies, but 18 studies found no gender differences and only four papers report opposite result 

were boys had higher or more frequent intake than girls. Similar results were reported among 

Kuwaiti adolescents, where more boys regularly consumed vegetables (26.0% vs. 22.1%) and 
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fruits (17.5% vs. 11.8%) as compared to girls [32]. Youth Risk Behavior Survey with US 

adolescents found a large percentage of girls at risk for inadequate intakes of fruits and 

vegetables [33]. Resent study [34] explored eating habits, physical activity, and sedentary 

behaviors among Iraqi adolescents in Mosul City (723 adolescents, 350 boys and 373 girls). 

Authors reported significantly higher FVI among girls than boys. Similar results were 

reported among Mexican adolescents. Authors reported significant gender difference in FVI, 

with 15.2% of girls ate three or more fruits and vegetables per day as compared to 6.7% of 

boys [30]. Gender difference found might reflect the fact that boys have more independence 

in their food choices in some communities (e.g., eating away from home) than girls, and that 

can be a risk factor for poor dietary habits [21]. 

 

 

Knowledge 

 

Nutrition knowledge can influence our food behavior as how and why we eat healthy 

food [21]. School based intervention study on 3878 American adolescents from Minnesota 

reported knowledge as important predictor for FVI [35]. Authors investigated the meanings of 

―healthy‖ and ―unhealthy‖ eating and the importance of healthy eating among twenty-five 

structured focus groups of 203 adolescent girls and boys. It seems that adolescents had a 

significant amount of knowledge regarding healthy foods, and they believed that healthy 

eating involves moderation, balance, and variety, where fruits and vegetables were the most 

commonly mentioned healthy foods [36]. In addition, knowledge was positive predictor of 

daily FVI among adolescents in five European countries out of nine (Austria, Belgium, 

Portugal, Spain and Sweden) [13]. Furthermore, more girls (61%) than boys (55%) knew the 

daily fruit recommendations, and almost a similar percentage of girls and boys (24%, 23%; 

respectively) knew the daily vegetable recommendations [37]. Similarly, a cross-sectional 

study conducted among Saudi adolescent's girls reported that knowledge was potential 

determinant of FVI [38]. American Children and adolescents (aged 8 to 15 years) who 

participated in ten week youth gardening programs identified the health benefits of eating 

fruit and vegetable, and were more willing to eat nutritious food at the end of program [39]. 

However, knowledge seems not to be isolated factor for healthy food choices since several 

studies didn't find any association between FVI and knowledge [40-42]. 

 

 

Self-Efficacy 

 

Self-efficacy is defined as ''the power to produce desired changes by one‘s actions'' [43]. 

It has been recognized as an important factor that enables a change in the individual attitude 

towards healthy eating in adolescents, and the most important predictor for eating behavior 

such as FVI [21, 44, 45]. Fitzgerald and colleagues [44] examined the relationship between 

self-efficacy, parent and peer support for healthy and unhealthy eating, and food intake 

patterns among 483 Irish adolescents aged 13–18 years. Authors reported that higher self-

efficacy was associated with healthy food intake such as FVI. On the other hand, in a sample 

of 1321 adolescents from Denmark, authors reported the same self-efficacy related to FVI 

[46]. Similar results were reported among Saudi adolescents [38]. Granner and Evans [47] 

found that FVI was significantly correlated with self-efficacy among American adolescents 
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aged 11-15 years who participated in cross-sectional study aimed to evaluate scales that 

measure constructs related to Social Cognitive Theory related to FVI.  

 

 

Taste Preference for Fruit and Vegetable 

 

Taste preference or liking has been found to be an important factor that influences FVI 

among adolescents. Several studies reported smell, shape, deliciousness, diversity, color, and 

good or bad experiences after eating fruits and vegetables as important factors for FVI. 

Recent reviews [22, 48] found taste preference or liking as strong factors associated with an 

increased FVI. A review of longitudinal and cross-sectional FVI studies in adolescents [29] 

reported preference being the most consistent influences on FVI. De-Bourdeaudhuij et al. [13] 

reported that preferences and liking have been shown to be good predictors of FVI in 

adolescents in most European countries (seven out of nine). In a Pro Children project, twelve 

focus groups with school children aged 10-11 years old from Rotterdam (the Netherlands) 

and Ghent (Belgium-Flanders) identified taste preferences and taste as personal factors 

related to FVI [49]. In addition, FVI tends to decline during the transition from adolescence 

to young adulthood, where most of the young adults had low FVI. Larson and colleagues [50] 

identified longitudinal correlates of FVI in early young adults followed-up for 5 years (1495 

adolescent at baseline in 1998-1999 and follow-up in 2003-2004). Results showed that, after 

adjusting for baseline intake only, tastes preferences were identified as correlates of FVI 

during young adulthood across gender. Sometimes adolescents‘ FVI were associated with 

unpleasant and negative taste for vegetables or salads intake, or previous experiences. Many 

adolescents perceived green vegetables as healthy foods but they disliked it due to their bland 

or unpleasant taste [41]. In the school environment, adolescents sometimes demonstrated 

negative experiences as fruits being squashed in their bags, and adolescents not preferring to 

take it to the school [49, 51]. Usually adolescents have ingrained tastes which is a big 

challenge. For this matter, we should always convince them to change their eating behavior 

through offering adolescents different fruit and vegetable choices and/or options. 

 

 

Outcome Expectations/Expectancies 

 

Outcome expectations/expectancies describes expected positive or negative set of beliefs 

about the outcome of behavior [43]. Granner and Evans [47] found that health or positive 

outcome expectations of FVI (grow bigger muscles, become better in sports, be healthier, 

have energy to run, play, and think) were significantly correlated with FVI among American 

middle school students (aged 11-15 years old). Another study explained dietary behaviors 

among 357 adolescent girls from low-income communities in Australia. Authors measured 

the outcome expectations/expectancies referring to the benefits/values placed on anticipated 

outcomes of healthy eating (e.g., eating at least three servings of fruit and four servings of 

vegetables each day, choosing foods low in fat and added sugar, and monitoring portion 

sizes). The authors found outcome expectancies were more strongly associated with behavior 

than outcome expectations; they suggested that girls may recognize the benefits of healthy 

eating considering those benefits to be values [52]. Recent study reported similar results 

among American youth (aged 8-18 years old), where positive outcome expectations had 
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direct effects on youth diet quality [53]. A qualitative research [54] among Tehranian 

adolescents (aged 11-14 years old) found positive outcome expectations/expectancies among 

adolescents, as eating fruits made them feel good due to the taste. Eating vegetables was 

reported as delightful and made the food tasty, while FVI was indicated as useful for health, 

being energetic, better vision, enhancing body resistance, and better learning. On the other 

hand, McClain and co-workers [55] conducted a literature review from 16 countries, to 

understand the correlation between effective dietary intake and promotion of healthy dietary 

behaviors among children (age <13 years) and adolescents (age > 13-18). Thirty-five studies 

tested for outcome expectation correlates for fruit, juice, and vegetable consumption did not 

show consistent relationships between outcome expectations and dietary outcomes. 

 

 

Skill in Preparing Fruit and Vegetable 

 

Possessing skills to prepare healthful foods among adolescents would promote 

improvements in diet quality. In general, when adolescents helping their parents in preparing 

meals, more nutrient-rich eating patterns and healthier food choices were demonstrated [56-

59]. Rakhshanderou et al. [54] found that girls who had skills in preparing fruits and 

vegetables (e.g., cleaning, washing correctly, peel, cut, and slicing) ate more fruit and 

vegetable, while some girls cited preparing skill as barriers of FVI. Similarly, a family-based 

newsletter intervention aimed to increase FVI in adolescents through two newsletter packs 

(recipes and tip sheets) over a one-month period encouraged adolescents on trying new fruit 

and vegetables. By preparing and shopping fruits and vegetables with their parents, authors 

reported improved use of fruit and vegetables at home as meals and snacks [23]. In contrast to 

above findings, Nago and colleagues [60] found preparing skills as barriers to FVI in 

Beninese adolescents aged 13 - 19 years. Adolescents preferred fruits to vegetables because 

of its uncomplicated use (e.g., no need to cook fruits). In addition, girls consumed more 

vegetables during weekends because there is more time for cooking. Moreover, some studies 

reported gender differences in preparing skills between girls and boys. Girls were more 

involved in preparation and cooking while boys helped in preparation tasks only; older 

adolescents who were living with one parent were more involved in preparing meals on a 

regular basis than younger adolescents living with two parents [61, 62]. 

 

 

Social Factors 
 

Parental Intake and Modeling 

 

Parental FVI and modeling are important social factors, and have been found to be 

strongly associated with adolescent FVI and food preferences. Adolescents usually live with 

their parents, share FV that are available in the home, with adolescent usually have the same 

culture of eating as their parents. Many studies conducted in developed and developing 

countries well documented this association [13,22-24,48,49]. Studies used different methods 

to assess parental FVI and modeling, such as parent's report of modeling, adolescent's report 

of parental role modeling, or utilized both parents and adolescents report. All studies reported 
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positive association between parental intake and adolescent FVI no matter of methodology 

used. A recent study conducted in the United States utilized both parents and adolescents‘ 

reports of parental role modeling. Authors found significant association for fruit and green 

salad at dinner only, with participants were more likely to meet FVI recommendations [63]. 

Similar results were reported among African American and Caucasian adolescents where 

parental modeling was significantly correlated with FVI [47]. Pedersen and colleagues [46] 

found Denmark adolescents are influenced by parents when it comes to FVI more than their 

friends. Intervention study conducted among adolescents and their parents found that parental 

FVI is a significant predictor of adolescent fruit FVI when parents increase their FVI and 

provide more FV to be accessible to their children at home [24]. Tehranian adolescents 

learned how to eat FV from their parents, with positive dietary patterns found for the entire 

family [54]. Unfortunately, sometimes parental role modeling it not always the easiest thing 

to utilize, which was reported in a qualitative study conducted among Ecuadorian adolescents. 

Some parents reported that they are not always good role models for their children, having 

constant struggle to encourage their children to eat healthily and trying to be good role 

models especially for FVI [51].  

 

 

Parents and Family Support 

 

In general, parents and family support play a principal role to encourage their children to 

consume more FV by supervising adolescents‘ nutritional behaviors and establishment rules 

about household nutrition. A literature review from 16 countries conducted by McClain and 

colleagues [55] found parents‘ support correlated with FVI among adolescents. Also, active 

parental encouragement was found to be related to FVI among adolescents from nine 

European countries [13]. Furthermore, Rasmussen and colleagues [22] reported in their 

review that three out from three studies found positive association between FVI and parents 

support. Similar results were documented in intervention and longitudinal studies [23, 64]. In 

the HOME Plus study, authors confirmed the associations between parent's role for FVI at 

snacks and dinner in 160 parents and their children (aged 8-12 years). Encouragement of 

parental role modeling of FVI at snacks and salad at dinner is warranted and may increase 

healthful dietary habits among children [63]. Shokrvash et al. [12] reported that practical and 

emotional support were the most important factors of family support associated with 

adolescents FVI among Iranian adolescents, with low emotional support for boys and low 

practical support for girls were found to be significant predictors of low FVI. Irish parents' 

restricted certain unhealthy foods within the home to limit their consumption in aim to 

encourage their children to use healthy foods as fruits and vegetables [42]. 

 

 

Family Meals 

 

Eating family meals has been found to have a positive impact on adolescents‘ dietary 

quality and better nutritional intake including increased FVI [21]. Furthermore, family meal 

frequency is inversely associated with engagement in use of drugs and alcohol, disordered 

eating behaviors, depression, and suicide [65, 66].  
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Gillman and colleagues conducted a study to examine the association between frequency 

(e.g., most nights, infrequently) of eating family meals (dinner), and the dietary intake 

patterns of adolescents [67].  

The authors found that adolescents who consumed family dinners more frequently 

consumed 0.8 more servings of fruits and vegetables as compared to those who never or 

rarely ate family dinners. Another longitudinal study examined the FVI and family meals 

relation among 18,177 adolescents [69]. Results showed that adolescents who ate four or five 

family meals per week 22% less likely reported poor fruit intake, 19% less likely reported 

poor vegetable intake, and 19% less likely reported poor dairy intake, and infrequently 

skipped breakfast. This positive effect was highlighted as the number of family meals (six or 

seven) increased per week. A qualitative study examined the differences between Irish 

children and adolescents perceptions of factors influencing their food choices. Focus group 

discussions were conducted with 29 young people aged between 9-18 years. The authors 

concluded that participation in family meals is important in influencing their food choices 

including FVI [42]. Another study conducted among 520 Saudi adolescent girls (aged 13-19 

years) found positive associations between family meal frequency and increasing three major 

meal intakes, also a significant increase in the FVI, dairy products, grain and bread products, 

meat and fish, and legumes [68]. Longitudinal study [64] determined if family meal 

frequency during adolescence is associated with diet quality during young adulthood. Authors 

reported that family meal frequency during adolescence predicted higher intakes of fruit, 

vegetables, dark green and orange vegetables during young adulthood, and increased social 

eating in young adulthood which is an important time for adolescents to interact with family 

and friends. 

 

 

Peer Influence 

 

Peer influence or friends influence is an important social factor and challenging issue 

during adolescence [26]. Researchers found correlation between adolescents and their friend 

eating behaviors, with understanding similarities and differences between friends in their 

eating habits can helps dietitians and health professionals to design a diet and lifestyle 

interventions. EAT-2010 (Eating and Activity among Teens) trial [14] examined the 

association between adolescents and their friends healthy eating behaviors, specifically 

concerning breakfast, fruit, vegetable, whole-grain, and dairy food intake. Authors found 

significant correlation between adolescents and their best friends vegetable intake, also for 

whole-grain and dairy food intakes, but no associations were seen among friends for fruit 

intake.  

Granner and Evans [47] reported similar results among middle school adolescents in 

United States, where peer influence is significantly correlated to FVI. Sometimes friends have 

negative influence for healthy eating by encouraging adolescents to consume unhealthy foods, 

with Irish adolescents reported significant peer support for unhealthy eating [44]. Similar 

results were found among 757 Denmark adolescents, with population FVI was less influenced 

by friends than by parents [46]. 
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Environmental Factors 
 

Income 

 

Several studies reported income as the major determinate of dietary intake, with families 

with higher income having the affordability to purchase more expensive food such as FV 

comparable to lower income families [70, 71]. In Sao Paulo, Brazil, it has been found that 

52% of adolescents who had a household income equal to or lower than $ 75.00, consumed 

less than one FV serving/daily, while adolescents who had a higher income consumed 

between 140 g and 460 g of FV per day [72]. Positive association between FVI and family 

income was reported in several studies among American [73], Canadian [74] and Norwegian 

adolescents [75].  

Recent study reported positive association between income and FVI in the international 

Health Behavior in School-Aged Children study, research collaboration aimed to describe 

young people's well being, health behaviors and their social context within the WHO and 44 

countries across Europe and North America. Among the low-income Norwegian adolescents 

who participated in this study, they were more likely to eat low FVI than the higher income 

adolescents [76]. In addition, Denmark adolescents with low income have low FVI combined 

with high fast food outlet exposure, and low exposure to supermarkets to buy FV [77]. In two 

years follow-up study conducted in Australia, families who spend more money use more FV 

in their diet [78]. On the other hand, FV are cheap and available in Ghana during the whole 

year, especially in harvest seasons from June to August, and all adolescents from different 

socioeconomic level had frequent daily FVI [28].  

 

 

Parental Occupational Status 

 

It has also been shown that parental occupational status has a strong relationship with 

adolescents FVI. In an early review of family correlates for FVI, all the studies included in 

this review found parent's occupational status was positively correlated with fruit intake [23]. 

Another review study found the same positive association with FVI [22].  

The parental occupational status might affect three major meal intakes and parental 

supervision of adolescents‘ eating habits, which causes unhealthy eating patterns among 

adolescents [21].  

Father occupational status is determinant of healthy eating; if father had high occupation 

status, the adolescents were eating healthier food while mother occupational status is not 

always associated with eating healthier [79]. Traditionally, mother is responsible for grocery 

shopping and meal preparation, and because of her work schedule there is a possibility for 

insufficient time for meal preparation and FV, which can further decrease food availability 

and parental support for healthy eating habits as FVI [80]. Iranian adolescents whose mother 

is employed mother had lower FVI, while adolescents with an unemployed mother had higher 

FVI [12].  
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Parental Education 

 

The level of parents' education influence adolescents FVI. Recent study in Brazil reported 

that the head of the household (father, mother) who had a higher education had a better 

knowledge about healthier food choices, especially for FVI [72]. Increased level of education 

is usually combined with higher income that leads to purchasing expensive foods as FV, and 

enhanced knowledge about the benefits of FVI. A review of studies examining the association 

between parental education and FVI reported positively association between two factors [23]. 

In longitudinal Norwegian study conducted in 896 adolescents (mean age 12.5 years) parents' 

education level was positively related to FVI among adolescents [75]. In Ghana, level of 

mother‘s education predicted FVI among adolescents, while no correlation was found 

between father educational level and FVI [28]. Lawrence and colleagues [81] reported that 

mothers with low education level had more barriers and less knowledge for healthy eating. 

Furthermore, these mothers often bought cheapest food that usually not includes FV. 

Canadian cross-sectional study with 18,524 adolescents identified the impact of socio-

demographic factors on FVI pattern. It seems that parental education positively impacts 

adolescent FVI. PRO-GREENS project that took place in ten European countries found 

parents with higher educational level as significant mediators for more frequent daily FVI in 

children, although correlation was modest or absent in some countries [82]. 

 

 

Household Availability 

 

Household availability is defined as how plentiful and visible FV is in the house [83]. 

Most studies showed strongly correlation between household availability and FVI [61,84]. 

Fruit and vegetable availability at home depends on many factors, such as income, parental 

education, time, benefit of FV from parents view. Early studies found home availability as the 

strongest correlate to adolescent FVI. One of the largest studies conducted on 4,746 

adolescents in USA (Project EAT-I) reported that home availability significantly affected 

adolescents FVI [84]. Another qualitative study identified personal, behavioral, and 

environmental influences on FVI among low-income black American adolescents from 

Mississippi. Authors found household availability as a barrier to FVI by some of the subjects, 

who identified other relatives‘ homes (especially grandmother‘s house) and restaurants as a 

source of vegetables than fruits [61]. A European study examined the determinants of FVI in 

normal weight compared to overweight boys; authors found that availability of FV at home 

was related to increased FVI consumption in overweight boys [13]. Recent review reported an 

association between vegetable home availability and vegetables intake in adolescents from 

sixteen countries where parent and adolescents report household availability [85]. 

Adolescents reported availability more likely to be associated with vegetable intake as 

compared to parent report. In the PRO-GREENS project, authors reported availability as a 

significant mediator for fruit intake in Finland, and for vegetable intake in Finland, Germany 

and Iceland [82]. Furthermore, household availability for fruit and vegetable was related to 

parental education level in Norway [75]. A qualitative study examining availability of fruits 

and vegetables at home among Iranian adolescents found fruit household availability was 

associated with more frequent intake as compared to vegetables [54].  
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School Food Availability 

 

Adolescents spend most of their time in the school, with school environment has a large 

and powerful influence (positive or negative) on adolescents eating behavior, especially FVI 

[26, 86]. Previous cross-sectional study that included 598 adolescents in 165 American 

schools examined the association between the dietary behaviors and the availability of school 

vending machines a la carte (e.g., candy, chips, and cookies) programs, and fried potatoes 

begin served at school lunch. Results indicated la Carte availability was positively associated 

with total and saturated fat intake and inversely associated with FVI. Vending machines were 

negatively correlated with fruit consumption. Serving fried potatoes‘ at school lunch was 

positively associated with FVI [87]. In Australian longitudinal study, researchers found that 

adolescents who managed to avoid purchasing food or drink from vending machines at school 

frequently consumed fruit [78]. Authors concluded that adolescents may prefer the taste of 

fruit over high energy foods, and adolescents should be encouraged to take home-prepared 

school lunches and snacks, while schools should remove vending machines from their 

campuses [78].  

Another study conducted in USA found the availability of FV at school has a positive 

impact on low-income adolescents, who had higher FVI if they ate school food, but not for 

the high income adolescents who had lower FVI if they ate school food. This is mitigated via 

income related disparities in adolescent FVI, and this mitigation is beneficial for low-income 

students [88]. Sometimes, school availability was not related to adolescents FVI. European 

group recommended more research to study how the school environment can affect FVI, 

through health education aspects and availability of healthy/unhealthy snacks in school 

environment [13]. 

 

 

Neighborhood Environments 

 

Few studies demonstrated that neighborhood environment might influence dietary intake 

in adolescents [89, 90]. The neighborhood has been defined as ―the area around one‘s place of 

residence, as stores within walking distance from home and restaurants within county 

boundaries‖ [90]. The findings concerning relationship between neighborhood environment 

and adolescent FVI have been mixed. Some studies found that greater access to neighborhood 

convenience stores, restaurants, and fast food facilities, has been associated with low FVI, 

obesity and low diet quality [90-92].  

Riediger and colleagues [74] found that low FVI among Canadian adolescents from low-

income families might be related to living in neighborhoods with fewer grocery stores, and 

not offer healthful foods with reasonable price. Other studies have shown an appositive 

association between FVI available in convenience stores that are closer to residential 

households, and higher FVI in adolescents [93]. Recent study among American adolescents 

showed minimal significant association between the neighborhood environment and healthful 

dietary intake as FVI, and lower BMI in adolescents [94]. 
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Television Watching 

 

Many adolescents in the world found television (TV) watching as the most popular 

leisure-time activity. A growing number of studies found TV watching has obesogenic effect 

in adolescents, as well as decreases FVI, fiber intake, physical activity and increases energy-

dense foods and beverages intake. [95-97]. Moreover, during TV watching adolescents are 

exposed to food commercials, with products with lower nutritional value and energy-dense 

products more often available in home, with this phenomena might affect children health 

[98]. A review study identified negative association between FVI and TV watching, as a 

sedentary lifestyle behavior among adolescents [99]. TV watching in adolescents was 

associated with decreased fruit juice intake [50]. Furthermore, in large school-based cross-

sectional study conducted among 2908 Saudi adolescents aged 14-19 years, authors reported 

that TV watching was inversely correlated with FVI and breakfast intake [27]. Also, TV 

watching was positively associated with home availability of energy-dense snacks among 

Australian adolescents but not with healthy food as fruits and vegetables [100]. However, 

little is known about the potential mechanisms of TV watching and healthy or unhealthy 

eating behaviors among adolescents [95, 96]. 

 

 

Conclusion 
 

Fruit and vegetable intake is found to be less than the minimum recommended (five daily 

servings) among adolescents from the developed and developing countries. Several factors 

(individual, social and environmental) affect FVI in adolescents. Taste preference and liking 

fruits and vegetables (individual factors), parental intake and family meals frequency (social 

factors), and household income and availability (environmental factors) are the most 

important factors that affect adolescent FVI. Adolescence is a critical period in the 

development of healthy dietary behaviors that prolongs into adulthood. A combination of 

individual, social and environmental factors is related to FVI, and the relationship between 

these factors is complex. There is an increasing need for better understanding of how these 

factors affect FVI in adolescents in aim to develop multilevel intervention strategies based on 

social and ecological theories and models, to help adolescents to adopt healthy choices as FVI 

especially in developing countries.  
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Abstract 
 

Physical inactivity continues to be a major public health concern and is on the path to 

become the highest risk factor for global health. Sustained periods of physical inactivity 

are more common in older people, and when superimposed on the natural aging process, 

can cause significant declines in physiological and cognitive function and a loss of 

independence.  

Furthermore, statistics show that hospitalization rates increase exponentially with 

age. Physical inactivity, together with unhealthy and unbalanced diet, represents an 

aggravating factor for chronic non-contagious diseases, muscle mass and strength 

decreases. Due to these epidemiological health concerns, the importance of developing 

interventions that reverse the decline associated with physical inactivity and/or aging is 

essential.  

To remain independent and healthy, an important factor to consider is the 

maintenance of skeletal muscle, as the elderly become prone to a progressive age-related 

skeletal muscle wasting (sarcopenia and dynapenia). In this chapter we advanced the use 

of tensiomiography (TMG) as a novel approach to evaluate and manage sarcopenic 

muscle. TMG reliability, non-invasiveness and simplicity seem to enable researchers to 

investigate new strategies for preventing physical inactivity-related skeletal muscle 

adaptations. 
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Introduction 
 

The number of people in Europe over the age of 65 years is expected to almost double 

over the next 50 years. Additionally, physical inactivity continues to be a major public health 

concern and is progressively becoming the ultimate risk factor for global death. Even more, 

sustained periods of physical inactivity are more common in older people, and when 

superimposed on the natural aging process, can cause significant declines in physiological 

and cognitive function and a loss of independence [1,2]. Not only in elderly, physical 

inactivity is implicated in the recent worldwide epidemic of obesity and indicated as a major 

risk factor for morbidity and mortality also in adults as well as an independent risk factor for 

metabolic morbidity in children and adolescents [3–5]. Due to these epidemiological health 

concerns, the importance of developing interventions that reverse the negative consequences 

associated with physical inactivity and/or aging is essential. To remain independent and 

healthy, an important factor to consider is the maintenance of skeletal muscle. 

The lifelong maintenance of muscle mass is an important health issue where physical 

activity with exercise and nutrition plays an important role. Regimes leading to maintaining 

muscle mass not only improves muscle mass but also bone mineral density, connective tissue, 

balance, blood-sugar control, sleep, mental health, decrease fall risk, ease arthritis pain, and 

increase energy demand for more efficient body weight control and finally improve 

mechanisms against widespread syndrome of frailty. 

 

 

Sarcopenia and Dynapenia 
 

The age related loss of muscle mass (sarcopenia) [6] and strength (dynapenia) [7] are a 

major causes of disability and frailty in the elderly. Both could be a consequence of normal 

aging that does not require a disease to occur, although muscle loss can be accelerated by 

chronic illness [8]. Important is to say that introducing a dynapenia as a new term for a 

parallel process to sarcopenia, suggests different mechanisms for either processes or at least 

the processes are not directly linked.  

There are many candidate mechanisms leading to sarcopenia, including age-related 

declines in alpha-motor neurons, growth hormone production, sex steroid levels, protein 

intake, changes in muscle fibers and physical inactivity. Furthermore, fat gain, increased 

production of catabolic cytokines, and inadequate energy and protein intake are also 

potentially important causes of sarcopenia. The observation that strength greatly reduces the 

association between muscle mass and functional decline [9] and also to early death [10] to a 

statistically non-significant level suggests that the contribution of muscle mass on certain 

outcomes may be primarily due to its association with strength. Thus it is important to 

establish mechanisms of dynapenia, a strength loss due to aging. 

Several mechanisms of dynapenia arise from neural and muscular factors [7]. However, 

subclinical deficits in the structure and function of the nervous system and/or impairments in 

the intrinsic force-generating properties of skeletal muscle are potential antecedents to 
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dynapenia [11]. Sarcopenia is an important muscular factor; however its level of association 

to dynapenia is blurred as cross sectional studies reported up to 35% of explained variance 

[12] but longitudinal studies < 5 % of explained variance [13]. Other muscular mechanisms 

are: muscle architecture changes, muscle specific tension decline, while neural mechanisms 

are: α-motoneuron excitation decline and presence of neuropathic processes. 

 

 

Assessing Muscle Mass and Strength  

in Aging Studies 
 

Currently, there is no consensus on the assessing of sarcopenia, although there are five 

methods to assess muscle mass and function in aging studies. We could summarize them in 

three approaches [14]: (a) comparing standardized (to body height, mass, fat) muscle mass 

using dual-energy X-ray absorptiometry or bio-impedance analysis and compare the 

individual values to younger reference populations; (b) compare individual values of muscle 

function to younger reference populations; and (c) the combination of both – muscle size and 

function. Altogether seven methods have been developed (Table 1) for diagnosing sarcopenia 

but little evidence is on their interexchange reliability. Even more, only 0.2% of all 

participants were recognized as sarcopenic consistently by all five methods [14]. That leads to 

a conclusion that the prevalence of sarcopenia is strongly dependent on the method being 

used and therefore, these consensus definitions are not clinically applicable. Therefore, if 

sarcopenia classification is performed a method should be described in details. As age itself is 

no longer considered a causal factor of disease [15], there is a substantial need for a new 

consensus definition or a method in order to make studies comparable and for implementation 

in clinical care. 

 

Table 1. Seven methods for diagnosing sarcopenia 

 

Measure Reference 

ALM/BH
2
 [16–18] 

Residuals of linear regression of ALM with BH and FM [17] 

100% × SLM/BM [19] 

SLM/BH
2
 [20] 

Optimal cut-point for grip strength, identified in the ROC curve,  

predicting walking slower than 0.8 m/s 

[21] 

Abbreviations: ALM – appendicular lean mass; SLM – skeletal lean mass; BH – body height; BM – 

body mass; FM – fat mass 
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Tensiomyography – A New Measure for 

Sarcopenia, Dynapenia or Both? 
 

Validation 

 

In 1990 a new method was introduced – named tensiomyography (TMG) as another 

mechanomyographic method to assess skeletal muscle contractile properties [22]. From a 

time response, four contractile parameters are calculated as presented in Figure 1. Firstly, it 

was introduced to assess contractile properties of denervated muscle [22] and later to 

noninvasively distinguish between muscles with high and low proportion of type I fibers [23, 

24]. After many reliability studies [25–27] a solid evidence exists that method has high inter-

rater, within- and between-day repeatability in all except one extracted parameters (ICC > 

0.88) with only half-relaxation time being less reliable (95% CI ICC [0.78, 0.96]) [27]. 

 

 

Figure 1. Vastus lateralis tensiomyographic response of muscle with low proportion of myosin heavy chain 

type I (full line) and with high proportion of myosin heavy chain type I (dotted line). Four contractile 

parameters are presented, where: Dm is maximal amplitude; Td is defined from electrical impulse to 10% of 

Dm; Tc is time from 10% to 90 % of Dm; and Tr is half relaxation time from 90% to 50 % Dm. Adapted 

from [28]. 

From our opinion three breaking points exist in the TMG method development: 

First is a high correlation between TMG contraction time (Tc) and myosin heavy chain I 

(MHC-I) proportion in vastus lateralis muscle (r = 0.87; MHC-I = 3.93·Tc – 158.2; p < 0.001) 

[28]. Furthermore, the same authors found even higher multivariate correlation between three 

contractile parameter (delay time - Td, Tc, and half-relaxation time - Tr) estimated from TMG 

with MHC-I proportion (r = 0.93; MHC-I = 2.829·Td + 2.98·Tc + .127·Tr – 121.023; p < 

0.001) [28]. That clearly indicates that TMG is highly sensitive for a non-invasive assessment 
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of muscle composition changes due to aging, disease, training, inactivity, etc. However, such 

a relation is confirmed only in vastus lateralis muscle and not in other muscles.  

Second is a relation between skeletal muscle mechanical response detected by TMG and 

with standard twitch torque assessment method. Skeletal muscle mechanical response 

detected by both methods is related only in Tr (r = 0.61; p = 0.025) but not in Td (r =0 .08) 

and Tc (r = 0.23) [29, 30]. Important is also to know that TMG Tc is 46.7 % shorter than 

when estimated from torque twitch response [30]. That indicates that TMG introduces new 

information about mechanical muscle output that is quick and not detected by standard twitch 

torque detection method (probably filtered through its propagation through connective tissue 

and dumping effect of joint mechanics, muscle mass bulk movement, etc.). 

Thirdly, there is a negative correlation between the TMG amplitude increase and muscle 

belly thickness decrease (measured with ultrasonography) after 35-days of bed rest (r = -0.70; 

P < 0.01) in gastrocnemius medialis muscle of young participants [31]. This finding came to 

us as a surprise, as we found that higher the atrophy, the higher the TMG amplitude. Later on, 

we demonstrated the same findings in 12 muscles after 35-days of bed rest, where after 14-

days of recovery almost in all muscles TMG amplitude recovered to baseline values, or at 

least there was a trend towards recovery [32]. Beside a confirmed relation between TMG 

amplitude and muscle belly thickness changes, authors later also reported that TMG 

amplitude increases without muscle volume change [33] and attribute this to muscle tone (or 

stiffness) decrease, where increased TMG amplitude reflects loss of muscle tone. However, to 

proof this, several experiments have been performed, as presented below. 

 

 

Skeletal Muscle Atrophy Dynamics 

 

Immediate response of human body when going from upright to horizontal posture is 

decrease in leg and increase in trunk muscle size [34, 35]. Fluid movement from vasculature 

to interstitium is likely the cause in early muscle volume alterations. The authors refer to this 

phenomenon as redistribution of the body fluids or fluid shift as a consequence of gravity-

dependent alterations in hydrostatic pressure.  

Previous studies have documented that skeletal muscle mass and strength are reduced 

with as little as seven days of spaceflight [36, 37] and continue to decline with the length of 

exposure [38]. But there is little research on anatomical muscle atrophy rate or function loss 

within first seven days of inactivity exposure even though, short-term inactivity exposures are 

much more frequent than long-term, and therefore more research is needed to investigate 

early muscle atrophy dynamics and processes related to it. 

To demonstrate the usefulness of TMG in detecting early processes of muscle atrophy 

and function loss due to physical inactivity we put 10 young participants in 35-day 6 degrees 

head down tilt bed rest and assessed muscle thickness using ultrasound, and contractile 

properties change using TMG in three different muscles [33]. Results for vastus medialis 

obliques and biceps femoris are presented in Figure 2. 

We found that vastus medialis obliques and biceps femoris thickness declined after 7
th

 

and 16
th
 day of bed rest, respectively. Findings in vastus medialis obliques are in agreement 

with other studies reporting muscle atrophy after 7 days of spaceflight [36, 37] while little 

data is available for biceps femoris, as a non-postural muscle. However, this is in agreement 

with our data that shows higher thickness loss in postural vastus medialis obliques (-21%) 
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than in non-postural biceps femoris (-13.5%) after 35-day of bed rest, as it was also presented 

by others [39]. However, TMG amplitude increased markedly already after the 1
st
 and 7

th
 day 

of bed rest for vastus medialis obliques and biceps femoris, respectively. Therefore, initial 

TMG amplitude increase preceded thickness decline and provides us an important insight in 

early processes that could not be detected by clinical assessment, but are evident from TMG 

response. Later on TMG amplitude increased even more and followed the trend of thickness 

change. TMG amplitude increase is related to thickness loss and also to muscle stiffness loss 

[31]. The latter is a consequence of muscle tone loss [40]. The exact mechanisms of TMG 

amplitude increase are still under investigations; however it seems that abovementioned two 

factors explained most of its variance. 

 

 

Figure 2. Mean (with standard error) of thickness (upper row), tensiomyographic (TMG) maximal amplitude 

(middle row) and contraction time (bottom row) changes during 35-day bed rest and followed 30-day 

recovery in vastus medialis obliques (left) and biceps femoris (right) muscles. * Different from baseline at P 

< 0.05. Adapted from [33]. 

TMG Tc did not change much in vastus medialis obliques, except on 2
nd

 day of recovery 

when increased, probably due to reported delayed muscle soreness reported by most of 

participants, which was triggered by post bed rest evaluation tests. However, Tc increased 

markedly in biceps femoris already after 9
th

 day of bed rest and remained increased also after 

30-day of recovery. This provides us an important clinical finding that Tc changes are muscle 

specific and even more important is that in non-postural biceps femoris bed rest provoked 

increase is irreversible for at least 30 day afterwards. 

This study provides us an important insight into atrophic, early atrophic and atrophy-

related modifications of skeletal muscle geometry, stiffness and composition.  

We clearly demonstrated that we could, by using non-invasive investigation, obtain for 

each muscle of interest an early modification of its tone/stiffness that might lead towards 
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muscle atrophy. Furthermore, even though our study participants were young and fit healthy 

males, we have demonstrated irreversible increase of Tc in non-postural muscle that has a 

huge role for our knee health and sport performance. Both findings are of major importance 

when designing interventions or rehabilitation protocols in future physical inactivity studies 

or real life settings (sport and rehabilitation). 

 

 

Skeletal Muscle Atrophy in Young and Old 

 

Only three studies evaluated physical decline in older participants after bouts of physical 

inactivity [41–43]. However, only [43] directly compared young and older male participants 

after 14 day of unilateral leg immobilization. In 2012/13 we conducted a 14-day bed rest 

study with 7 younger (18-30 years) and 16 older (55-65 years) participants (article in press). 

Knee extensor volume change for both age groups is presented in Figure 3. Interestingly we 

found higher volume decline in older group (P = 0.031) after 14-day bed rest. 

 

 

Figure 3. Knee extensor muscle volume change after 14-day bed rest in young and old age groups. Data is 

presented also after 14-day of recovery. * Different from baseline at P < 0.05. # Different from both groups 

after controlling baseline differences at P < 0.05. 

When we compared TMG data of both age groups (Figure 4) we found significant TMG 

amplitude increase in both groups after 14-day bed rest, higher but not significantly in older 

participants (P = 0.112). After 14 days of recovery TMG amplitude recovered to baseline 

values in both groups. Changes in young are in agreement with our previous findings (Figure 

2); however surprisingly after 14-day bed rest in older participants TMG amplitude tends to 

increase even more than in young, even though older participants have 36% higher TMG 

amplitude already at baseline. The same trend but even more pronounced was found in TMG 

Tc. After 14-day bed rest Tc increased in the group of older participants and remained 

increased after 14-day of recovery with very small slope of recovery. In young no significant 

changes were observed which is in agreement with our previous findings for postural muscle 

(Figure 2) [33]. 

Our study is the first to compare TMG assessed skeletal muscle contractile properties in 

the group of young and older participants submitted to disuse. Our results clearly demonstrate 

more pronounced responses after bout of physical inactivity in the group of old. This is in 

agreement with Deschenes et al. [44] who calculated rate of twitch force development (from 
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0–30 milliseconds) and found the same responses after 7-day immobilization in rats as we did 

in TMG Tc. Furthermore, from only one study performed in rats [44] examined time to torque 

twitch peak in both age groups, and found unchanged values; however, time to torque peak is 

not related to TMG Tc [30].  

The mechanisms of our results could be explained by muscle fiber cross sectional area 

(CSA) changes after 14-day of immobilization [45]. They reported significant decrease in 

type I and Type IIa CSA in younger and only in Type IIa in older participants. Assuming 

mathematical model developed to describe intrinsic (not measured at distal limb) torque 

twitch responses of muscles with various fiber type composition [46], this fully explained our 

results. Even more, after 28-day of recovery both fiber types in young recover fully, while in 

older participants Type IIa did not fully recover [45]. That is in agreement with our data 

(Figure 4) where TMG Tc was increased after 14-day of recovery in older group and we 

could extrapolate that TMG Tc full recovery might be longer than 28-days or even 

irreversible. 

 

 

Figure 4. Mean (with standard error) of tensiomyographic (TMG) maximal amplitude (left) and contraction 

time (right) changes after 14-day bed rest and during 28-day recovery (on 14th day) in vastus lateralis. * 

Different from baseline at P < 0.05 

 

Skeletal Muscle Atrophy Related to Food Intake 

 

Factors that have been implicated for sarcopenia are: (a) decreased physical activity level 

[41]; (b) declining androgen concentrations [46]; (c) specific nutritional deficiencies (dietary 
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protein and vitamin D) [48]; (d) chronic inflammation [49, 50]; (e) insulin resistance [51]; 

and a number of other factors.  

Importantly, decreased physical activity that occurs with aging may contribute to age-

related sarcopenia, where atrophy results in decreased rate of muscle protein synthesis, while 

sarcopenia results in alteration of both: decreased rate of muscle protein synthesis and 

increased rate of muscle protein degradation. Therefore, the rate of muscle loss is accelerated 

even more when an older person undergoes a period of bed rest. 

In individuals from early bed rest studies [52, 53] and from space-flown missions [54] it 

was shown that decreased protein imbalance could be achieved by using orally or 

intravenously administered isotopically labeled amino acids.  

 

 

Figure 5. TMG amplitude change after 35-day bed rest for two muscles in high (HEB) and low (LEB) energy 

groups. * Different between groups at P < 0.05. 

This data suggest that physical inactivity is a partly responsible for muscle wasting and 

protein intake have an important prophylactic role. Not only additional protein intake also 

neutral energy balance must be achieved during periods of inactivity to prevent muscle 

wasting [55] as it was clearly demonstrated that by adjusting neutral (lower) energy balance 

in one group of participants (N = 5; LEB) while allow other to achieve high energy balance 

(N = 5, HEB) during 35-day bed rest of healthy young males, muscle thickness was only 

diminished in HEB group. TMG results were never evaluated to the food intake, regardless 

the close relation between muscle mass and food intake [52–55]. Therefore, we post-study 

compared TMG data from the same participants and methods used as proposed by [55] and 

for both groups (HEB and LEB) confirm higher TMG amplitude increase after 35-day bed 

rest while no changes in TMG Tc. However, in Figure 5 higher TMG amplitude increase is 

observed in HEB comparing to LEB for both muscles. Physical inactivity is regularly 

associated to muscle atrophy; however, in healthy humans, physical inactivity is frequently 

associated also to positive energy balance leading to increased fat mass. Those who gain more 

fat, increase plasma leptin concentrations and suffer with greatest loss of fat-free mass, 

muscle mass specifically [55]. Positive energy balance and fat-free mass loss are associated 

with increased systemic inflammation and free radical production as well as activation of the 

glutathione system in erythrocytes. Additionally decreased muscle mass as a result of 

interaction between physical inactivity and HEB resulted in higher increase of TMG 
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amplitude of vastus medialis and biceps femoris (Figure 5), which was previously explained 

by alterations in muscle tone and thickness [31]. 

 

 

Conclusion 
 

After the first introduction of TMG in 1990, as a noninvasive method for the 

measurement of the skeletal muscle contractile properties, TMG continues to provide 

important insights in skeletal muscle adaptation during physical inactivity and rehabilitation. 

In particular, use of tensiomyography might be applicable novel approach to evaluate and 

manage sarcopenic muscle; the procedure is reliable, inexpensive and simple to use, and 

sensitive enough to detect early atrophic changes. 

 

 

References 
 

[1] Davis HP, Trussell LH, Klebe KJ. A ten-year longitudinal examination of repetition 

priming, incidental recall, free recall, and recognition in young and elderly. Brain Cogn. 

2001;46(1-2):99–104. 

[2] Nybo H, Petersen HC, Gaist D, Jeune B, Andersen K, McGue M, Vau-pel JW, 

Christensen K. Predictors of mortality in 2,249 nonagenarians - the Danish 1905-Cohort 

Survey. J. Am. Geriatr. Soc. 2003;51:1365–73. 

[3] Jakičič JM, Clark K, Coleman E, Donnelly JE, Foreyt J, Melanson E, Volek J, Volpe 

SL. Appropriate intervention strategies for weight loss and prevention of weight regain 

for adults. Med. Sci. Sports Exerc. 2001;33(12):2145–56. 

[4] Caballero B. The global epidemic of obesity: An overview. Epidemiol Rev. 2007;29:1–

5. 

[5] Strong WB, Malina RM, Blimkie CJ, Daniels SR, Dishman RK, Gutin B, Hergenroeder 

AC, Must A, Nixon PA, Pivarnik JM, Rowland T, Trost S, Trudeau F. Evidence based 

physical activity for school-age youth. J Pediatr. 2005;146:732–7. 

[6] Rosenberg IH. Summary comments. Am. J. Clin. Nutr. 1989;50:1231–3. 

[7] Clark BC, Manini TM. Sarcopenia ≠ Dynapenia. J. Gerontol. 2008;63A8):829–34. 

[8] Roubenoff R. Sarcopenia: a major modifiable cause of frailty in the elderly. J. Nutr. 

Health Aging. 2000;4(3):140–2. 

[9] Visser M, Goodpaster BH, Kritchevsky SB, Newman AB, Nevitt M, Rubin SM, 

Maughan RJ, Watson JS, Weir J. Strength and cross-sectional area of human skeletal 

muscle. J. Physiol. 1983;338:37–49. 

[10] Newman AB, Kupelian V, Visser M, Simonsick EM, Goodpaster BH, Kritchevsky SB, 

Tylavsky FA, Rubin SM, Harris TB. Strength, but not muscle mass, is associated with 

mortality in the Health, Aging and Body Composition Study cohort. J. Gerontol. A 

Biol. Sci. Med. Sci. 2006;61:72–7. 

[11] Clark BC, Manini TM. What is dynapenia? Nutrition. 2012;28(5):495–503. 

[12] Maughan RJ, Watson JS, Weir J. Strength and cross-sectional area of human skeletal 

muscle. J. Physiol. 1983;338:37–49. 

Complimentary Contributor Copy



A New Perspective in Physical Inactivity Related Mechanisms of Muscle Mass Loss 211 

[13] Hughes VA, Frontera WR, Wood M, Evans WJ, Dallal GE, Roubenoff R, Fiatarone 

Singh MA. Longitudinal muscle strength changes in older adults: influence of muscle 

mass, physical activity, and health. J. Gerontol. Biol. Sci. 2001;56A:B209–17. 

[14] Bijlsma AY, Meskers CGM, Ling CHY, Narici MV, Kurrle SE, Cameron ID, 

Westendorp RGJ, Maier AB. Defining sarcopenia: the impact of different diagnostic 

criteria on the prevalence of sarcopenia in a large middle aged cohort. Age. 

2013;35:871–81. 

[15] Holliday R. Ageing in the 21st century. Lancet. 1990;354(Suppl):SIV4. 

[16] Baumgartner RN, Koehler KM, Gallagher D, Romero L, Heymsfield SB, Ross RR, 

Garry PJ, Lindeman RD. Epidemiology of sarcopenia among the elderly in New 

Mexico. Am. J. Epidemiol. 1998;147:755–63. 

[17] Delmonico MJ, Harris TB, Lee JS, Visser M, Nevitt M, Kritchevsky SB, Tylavsky FA, 

Newman AB. Health, Aging and Body Composition Study. Alternative definitions of 

sarcopenia, lower extremity performance, and functional impairment with aging in 

older men and women. J. Am. Geriatr. Soc. 2007;55:769–74. 

[18] Kelly TL, Wilson KE, Heymsfield SB. Dual energy X-ray absorptiometry body 

composition reference values from NHANES. PLoS One. 2009;4(9):e7038. 

[19] Janssen I, Heymsfield SB, Ross R. Low relative skeletal muscle mass (sarcopenia) in 

older persons is associated with functional impairment and physical disability. J. Am. 

Geriatr. Soc. 2002;50:889–96. 

[20] Janssen I, Baumgartner RN, Ross R, Rosenberg IH, Roubenoff R. Skeletal muscle 

cutpoints associated with elevated physical disability risk in older men and women. Am. 

J. Epidemiol. 2004;159:413–21. 

[21] Lauretani F, Russo CR, Bandinelli S, Bartali B, Cavazzini C, Di Iorio A, Corsi AM, 

Rantanen T, Guralnik JM, Ferrucci L. Age-associated changes in skeletal muscles and 

their effect on mobility: an operational diagnosis of sarcopenia. J. Appl. Physiol. 

2003;95:1851–60. 

[22] Valenčič V. Direct measurement of the skeletal muscle tonus. In Popović D., editor. 

Advances in external control of human extremities. Beograd: Nauka. 1990:102–8. 

[23] Dahmane R, Valenčič V, Knez, N, Erţen I. Evaluation of the ability to make 

noninvasive estimation of muscle contractile properties on the basis of the muscle belly 

response. Med Biol Eng Comput. 2001;38:51–5. 

[24] Dahmane R, Djordjevič S, Šimunič B, Valenčič V. Spatial fiber type distribution in 

normal human muscle histochemical and tensiomyographical evaluation. J. Biomech. 

2005;38:2451–9. 

[25] Kriţaj D, Šimunič B, Ţagar T. Short-term repeatability of parameters extracted from 

radial displacement of muscle belly. J. Electromyogr Kinesiol. 2008;18(4):645–51. 

[26] Tous-Fajardo J, Moras G, Rodríguez-Jiménez S, Usach R, Doutres DM, Maffiuletti 

NA. Inter-rater reliability of muscle contractile property measurements using non-

invasive tensiomyography. J. Electromyogr. Kinesiol. 2010;20(4):761–6. 

[27] Šimunič B. Between-day reliability of a method for non-invasive estimation of muscle 

composition. J. Electromyogr. Kinesiol. 2012;22(4):527–30. 

[28] Šimunič B, Degens H, Rittweger J, Narici MV, Mekjavić IB, Pišot R. Noninvasive 

estimation of myosin heavy chain composition in human skeletal muscle. Med. Sci. 

Sports Exer. 2011;43(9):1619–25. 

Complimentary Contributor Copy



Boštjan Šimunič and Rado Pišot 212 

[29] Šimunič B, Kriţaj D, Narici MV, Pišot R. Twitch parameters in transversal and 

longitudinal biceps brachii response. Annales Kinesiologiae. 2010;1(1):61–80. 

[30] Koren K, Šimunič B, Rejc E, Lazzer S, Pišot R. Differences between skeletal muscle 

contractile parameters estimated from transversal tensiomyographic and longitudinal 

torque twitch response. Kinesiol. 2015;in press. 

[31] Pišot R, Narici MV, Šimunič B, De Boer M, Seynnes O, Jurdana M, Biolo G, Mekjavić 

IB. Whole muscle contractile parameters and thickness loss during 35-day bed rest. 

Eur. J. Appl. Physiol. 2008;104(2):409–14. 

[32] Šimunič B, Rittweger J, Cankar G, Jurdana M, Volmut T, Šetina T, Mekjavić IB, Pišot 

R. Changes in body composition, muscle stiffness and postural stability occurring in 

healthy young men submitted to a 35-day bed rest. Slovenian Journal of Public Health. 

2008;47(2):60–71. 

[33] Šimunič B, Degens H, Rittweger J, Narici MV, Pišot V, Mekjavić IB, Pišot R. 

Tensiomyographic measurement of atrophy related processes during bed rest and 

recovery. Proceedings of Life in Space for Life on Earth, Editors: Ouwehand L, ESA 

Communications, 2012. 

[34] Berg HE, Tedner B, Tesch PA. Changes in lower limb muscle cross-sectional area and 

tissue fluid volume after transition from standing to supine. Acta. Physiologica 

Scandinavica. 1993;148(4):379–85. 

[35] Conley MS, Foley JM, Ploutz-Snyder LL, Meyer RA, Dudley GA. Effect of acute 

head-down tilt on skeletal muscle cross-sectional area and proton transverse relaxation 

time. J. Appl. Physiol. 1996; 81(4):1572–7. 

[36] LeBlanc A, Rowe R, Schneider V, Evans H, Hedrick T. Regional muscle loss after 

duration spaceflight. Aviat. Space Environ. Med. 1995;66:1151–4. 

[37] Grigoryeva LS, Kozlovskaya IB. Effect of weightlessness and hypokinesis on velocity 

and strength properties of human muscles. Kosmicheskaya Biologiya I 

Aviakosmicheskaya Meditsina. 1987;21:27–30. 

[38] Adams GR, Caiozzo VJ, Baldwin KM. Skeletal muscle unweighting: spaceflight and 

ground-based models. J. Appl. Physiol. 2003;95:2185–201. 

[39] De Boer MD, Seynnes OR, di Prampero PE, Pišot R, Mekjavić IB, Biolo G, Narici MV. 

Effect of 5 weeks horizontal bed rest on human muscle thickness and architecture of 

weight bearing and non-weight bearing muscles. Eur. J. Appl. Physiol. 2008;04(2):401–

7. 

[40] Abe T, Kawakami Y, Suzuki Y, Gunji A, Fukunaga T. Effects of 20 days bed rest on 

muscle morphology. J. Gravit. Physiol. 1997; 4(1):S10–4. 

[41] Kortebein P, Ferrando A, Lombeida J, Wolfe R, Evans WJ. Effect of 10 days of bed 

rest on skeletal muscle in healthy older adults. [Letter Research Support, N.I.H., 

Extramural]. JAMA. 2007;297(16):1772–4. 

[42] Drummond MJ, Timmerman KL, Markofski MM, Walker DK, Dickinson JM, 

Jamaluddin M, Brasier AR, Rasmussen BB, Volpi E. Short-term bed rest increases 

TLR4 and IL-6 expression in skeletal muscle of older adults. Am. J. Physiol Regul. 

Integr. Comp Physiol. 2013;305(3):R216–23. 

[43] Suetta C, Hvid LG, Justesen L, Christensen U, Neergaard K, Simonsen L, Ortenblad N, 

Magnusson SP, Kjaer M, Aagaard P. Effects of aging on human skeletal muscle after 

immobilization and retraining. [Comparative Study Research Support, Non-U.S. Gov't]. 

J. Appl. Physiol. 2009;107(4):1172–80. 

Complimentary Contributor Copy



A New Perspective in Physical Inactivity Related Mechanisms of Muscle Mass Loss 213 

[44] Deschenes MR, Britt AA, Chandler WC. A comparison of the effects of unloading in 

young adult and aged skeletal muscle. Med. Sci. Sports Exerc. 2001;33(9):1477–83. 

[45] Hvid L, Aagaard P, Justesen L, Bayer ML, Andersen JL, Ortenblad N, Kjaer M, Suetta 

C. Effects of aging on muscle mechanical function and muscle fiber morphology during 

short-term immobilization and subsequent retraining. [Comparative Study Research 

Support, Non-U.S. Gov't]. J. Appl. Physiol. 2010;109(6):1628–34. 

[46] Savelberg HHCM. Rise and relaxation times of twitches and tetani in submaximally 

recruited, mixed muscle: a computer model. In: Skeletal Muscle Mechanics: From 

Mechanism to Function. Herzog, W. (editor), John Wiley & Sons, Ltd., Chichester, 

England, 2000. 

[47] Morley JE. Hormones and the aging process. J. Am. Geriatr Soc. 2003;51:S333–7. 

[48] Visser M, Deeg DJ, Lips P. Low vitamin D and high parathyroid hormone levels as 

determinants of loss of muscle strength and muscle mass (sarcopenia): the Longitudinal 

Aging Study Amsterdam. J. Clin. Endocrinol Metab. 2003;88:5766–72. 

[49] Cesari M, Kritchevsky SB, Baumgartner RN, Atkinson HH, Penninx BW, Lenchik L, 

Palla SL, Ambrosius WT, Tracy RP, Pahor M. Sarcopenia, obesity, and inflammation—

results from the Trial of Angiotensin Converting Enzyme Inhibition and Novel 

Cardiovascular Risk Factors study. Am. J. Clin. Nutr. 2005;82:428–34. 

[50] Cesari M, Penninx BW, Pahor M, Lauretani F, Corsi AM, Rhys Williams G, Guralnik 

JM, Ferrucci L. Inflammatory markers and physical performance in older persons: the 

InCHIANTI study. J. Gerontol. A Biol. Sci. Med. Sci. 2004;59:242–8. 

[51] Evans WJ, Farrell PA. The aging pancreas: the effects of aging on insulin secretion and 

action. In: Jefferson JS, Cherrington AD, eds. The Handbook of Physiology. Oxford, 

United Kingdom: Oxford University Press, 2001:969–99. 

[52] Shangraw RE, Stuart CA, Prince MJ, Peters EJ, Wolfe RR. Insulin responsiveness of 

protein metabolism in vivo following bedrest in humans. Am. J. Physiol. 1988 

Oct;255:E548–58. 

[53] Stuart CA, Shangraw RE, Prince MJ, Peters EJ, Wolfe RR. Bed-rest-induced insulin 

resistance occurs primarily in muscle. Metabolism. 1988;37(8):802–6. 

[54] Stein TP, Gaprindashvili T. Spaceflight and protein metabolism, with special reference 

to humans. Am. J. Clin. Nutr. 1994;60:806S–19S. 

[55] Biolo G, Agostini F, Šimunič B, Sturma M, Torelli L, Preiser JC, Deby-Dupont G, 

Magni P, Strollo F, di Prampero P, Guarnieri G, Mekjavić IB, Pišot R, Narici MV. 

Positive energy balance is associated with accelerated muscle atrophy and increased 

erythrocyte glutathione turnover during 5 wk of bed rest. Am. J. Clin. Nutr. 

2008;88(4):950–8. 

 

Complimentary Contributor Copy



Complimentary Contributor Copy



 

 

 

 

 

 

 

 

 

 

Index 
 

 

# 

21st century, 211 

A 

abdominal fat, 76 

Abraham, 82 

access, 193, 200 

accessibility, 199 

accounting, 53 

acetic acid, 107, 108 

acetylcholine, 28 

acid, viii, 20, 24, 29, 50, 51, 53, 54, 57, 58, 62, 63, 

64, 65, 66, 67, 68, 69, 70, 78, 80, 81, 82, 85, 86, 

87, 91, 95, 96, 98, 101, 102, 103, 107, 108, 109, 

110, 117, 119, 122, 124, 126, 132, 141, 149, 153, 

156, 161 

acidic, 26, 62, 119, 120, 121, 123, 124, 125, 127 

acidosis, 108 

active compound, 115 

active transport, 24, 107 

acute stress, 35 

AD, 64, 67, 136, 195, 198, 213 

adaptation(s), 34, 36, 51, 52, 59, 62, 65, 104, 112, 

115, 116, 128, 129, 137, 138, 142, 201, 210 

adaptive responses, ix, 52 

additives, viii, 86, 97 

adenine, 109 

adenosine, 24, 106, 131 

adenosine triphosphate, 24, 106 

adhesion, 5 

adhesive properties, 13 

adipocyte(s), 3, 4, 6, 12, 31, 45, 158 

adipokines, 1, 3, 6, 159 

adiponectin, 150, 153, 154, 158, 159, 166 

adipose, vii, 3, 4, 5, 6, 7, 12, 13, 166 

adipose tissue, vii, 3, 4, 5, 6, 7, 12, 13, 166 

adiposity, vii, 1, 3, 11, 160, 161 

adjustment, 21 

adolescent(s), vii, ix, 2, 10, 116, 165, 183, 184, 185, 

186, 187, 188, 189, 190, 191, 192, 193, 194, 195, 

196, 197, 198, 199, 200, 202 

adolescent female, 198 

ADP, 106, 108, 109 

adrenal gland, 25 

adulthood, ix, 183, 185, 187, 190, 194, 197, 198 

adults, ix, 2, 3, 4, 5, 7, 11, 12, 40, 42, 46, 52, 58, 67, 

83, 125, 134, 166, 184, 187, 195, 200, 202, 210, 

211, 212 

adverse effects, 31, 62, 69, 70, 73, 75, 79, 83, 146 

adverse event, 86, 89, 90 

aerobic, viii, 34, 35, 36, 48, 71, 75, 76, 113, 116, 

127, 134, 135 

aerobic exercise, 35, 36, 48 

aerobic performance, 71, 127 

age, ix, 11, 69, 71, 80, 103, 169, 183, 184, 185, 188, 

192, 196, 201, 202, 203, 207, 208, 209, 210 

aggregation, 78, 82, 103, 118 

aging, vii, ix, 66, 134, 201, 202, 203, 205, 209, 211, 

212, 213 

aging process, 201, 202, 213 

aging studies, 203 

agonist, 79 

Agricultural Research Service (ARS), 180 

Agrimonia eupatoria, ix, 145, 147, 148, 150, 151, 

163 

agrimony, ix, 155, 156, 158, 159, 163 

agroindustry, 169 

alanine, 72, 87 

alanine aminotransferase, 72, 87 

albumin, 21, 33, 36, 39, 67, 75, 88, 100 

alcohol consumption, 148 

alcoholic liver disease, 62, 102 

alcoholism, 68 

Complimentary Contributor Copy



Index 216 

alkaline phosphatase (ALP), 72, 89 

alkaloids, 147 

allele, 31, 146 

Alliaria petiolata, 171 

Allium neapolitanum, 171 

Allium triquetrum, 171 

allometric, 146 

alpha-motor neuron, 202 

ALT, 72, 75, 77, 87, 89, 98 

alters, 44, 66, 67, 139 

amino, 20, 29, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 

62, 63, 64, 65, 66, 67, 86, 90, 96, 100, 107, 109, 

110, 119, 136, 209 

amino acid(s), 20, 29, 50, 51, 52, 53, 54, 55, 56, 57, 

58, 59, 62, 63, 64, 65, 66, 67, 86, 90, 96, 100, 

109, 110, 119, 136, 209 

AMP activated protein kinase (AMPK), 56 

amplitude, 204, 205, 206, 207, 208, 209 

anabolism, 50, 64, 66, 67, 97 

anaerobic, viii, 69, 71, 75, 76, 80, 106, 113, 116, 

127, 135, 136, 137, 141, 142 

analytical techniques, 169 

androgen, 6, 27, 43, 208 

androstenedione, 6 

anemia, vii, 1, 2, 5, 6, 8, 9, 10, 11, 13, 14, 15, 16, 38, 

75, 78, 98, 103 

anemia induced hypoxia, 6 

anemia of chronic disease, 5 

anemia of inflammation, 5, 16 

anhydrase, 18, 47 

animal proteins, viii, 53 

ANOVA, 69, 73, 90, 92 

anthocyanin(s), 149, 151, 155, 156, 157, 158, 161, 

162, 163, 165 

antibody, 15, 16 

anti-hepcidin antibodies, 8 

anti-inflammatory, ix, 145, 147, 155, 157, 158 

antioxidant, viii, ix, 18, 29, 40, 48, 72, 75, 76, 145, 

146, 147, 149, 151, 152, 153, 156, 157, 159, 160, 

161, 162, 163, 166, 167, 168, 169, 176, 177 

antioxidant capacity, viii, 75, 76, 146, 149, 152, 153, 

156, 157, 160, 162, 163, 166 

antioxidative potential, 162 

antiseptic, 155, 171 

anxiety, 81, 104 

apoptosis, 33, 42, 43 

appetite, 100 

apples, 194 

aqueous solutions, 105 

Arctium lappa, 171 

arginine, 89, 90, 96, 100, 102, 103, 107, 130 

arithmetic, 117 

ARS, 180 

arterial hypertension, 33, 46 

artery, 43, 166 

arthritis, 81, 202 

Asia, 12, 15 

Asian countries, 184, 195 

asparagus, 175 

Asparagus acutifolius, 171, 175 

aspartate, 72, 87 

aspartate aminotransferase, 72, 87 

assessment, 12, 17, 22, 23, 39, 40, 73, 76, 87, 88, 89, 

103, 145, 147, 161, 204, 205 

assessment techniques, 76 

astringent, 171, 174 

atherosclerosis, 33, 46, 160, 168 

athlete(s), vii, 36, 48, 49, 51, 52, 53, 55, 59, 60, 63, 

64, 67, 69, 71, 76, 79, 82, 83, 105, 115, 116, 123, 

126, 134, 135, 138 

athletic, vii, 49, 54, 58, 64, 70, 72, 106, 111, 115, 

125, 127, 129 

athletic performance, vii, 49, 54, 106, 115, 125, 127 

atoms, 123, 124 

ATP, 76, 106, 108, 109, 112, 115, 116 

atrophy, 139, 205, 206, 207, 209, 212, 213 

attachment, 120 

attitudes, 197, 198 

Austria, 186 

authority(s), 177, 185 

autism, 139 

autoimmune system, 168 

autoimmunity, 164 

B 

B vitamins, viii, 78, 81, 85, 86, 94, 95, 99, 101 

barriers, 188, 192, 197 

base, 12, 24, 37, 62, 128, 141, 146, 178, 194 

BD, 63, 64, 102, 104 

bed rest, ix, 205, 206, 207, 208, 209, 212 

beef, 53 

behavioral aspects, 185 

behavioral disorders, 117 

behaviors, ix, 183, 184, 185, 186, 187, 189, 190, 

191, 193, 194, 195, 196, 197, 198, 200 

Belgium, 150, 186, 187 

bellflower, 175 

Bellis perennis, ix, 169, 170, 171, 175, 176 

bench press, 55, 69, 72, 75, 76, 125, 137 

beneficial effect, 17, 31, 33, 76, 113, 145, 146, 147, 

156, 168 

benefits, viii, ix, 51, 52, 54, 59, 63, 70, 139, 167, 

183, 186, 187, 192 

beta-carotene, 161 

Complimentary Contributor Copy



Index 217 

betaine, viii, 76, 77, 79, 81, 85, 86, 87, 92, 94, 95, 

96, 97, 98, 99, 100, 101, 102, 103, 104 

beverages, 54, 71, 87, 163, 185, 194, 200 

BI, 196 

bias, 89 

bicarbonate, 24, 41 

biceps brachii, 212 

biceps femoris, 205, 206, 210 

bile, 19, 21, 98 

bioactive ingredients, 146 

bioavailability, viii, 3, 4, 7, 12, 17, 19, 20, 23, 38, 70, 

100, 110, 112, 117, 119, 122, 123, 126, 155, 156, 

162, 163 

biochemical profiles, 71 

biochemistry, 89, 102, 134 

biodiversity, 167, 177 

bioenergetics, 70, 86 

bio-impedance analysis, 203 

biological activities, ix, 145, 147 

biological activity, 156 

biomarkers, 23, 40, 102, 145, 147, 148, 162, 165 

biopsy, 110 

biosynthesis, 31, 70, 102, 106, 107, 109, 111, 112, 

117, 131, 139, 157 

biotechnological, 169 

bipolar disorder, 43 

bladder campion, 175 

bleeding, 155 

blends, 59 

blindness, 18 

blood, 2, 6, 14, 21, 22, 23, 33, 36, 41, 42, 43, 46, 48, 

53, 54, 62, 67, 71, 72, 73, 77, 78, 82, 87, 88, 92, 

95, 96, 97, 98, 103, 107, 108, 111, 116, 122, 123, 

138, 149, 151, 152, 153, 154, 157, 162, 163, 202 

blood plasma, 21, 95 

blood pressure, 33, 43, 46, 54, 62, 67, 149, 151, 162 

blood stream, 53 

blood-brain barrier, 103 

bloodstream, 3, 57, 110 

BMI, 1, 4, 5, 6, 7, 148, 149, 150, 151, 153, 154, 158, 

159, 193 

body composition, 58, 64, 65, 66, 67, 69, 70, 71, 75, 

76, 86, 88, 89, 92, 94, 99, 100, 115, 123, 128, 

129, 136, 137, 138, 141, 142, 211, 212 

body fat, viii, 89, 92, 99, 101, 161, 200 

body fluid, 77, 205 

body image, 185 

body mass, 13, 50, 51, 55, 59, 60, 69, 72, 75, 76, 77, 

80, 114, 115, 147, 151, 161 

body mass index, 13, 151, 161 

body size, 10 

body weight, 2, 7, 8, 75, 89, 99, 106, 113, 127, 136, 

151, 159, 202 

bonds, 117, 118, 123, 124 

bone, 2, 5, 6, 7, 9, 14, 15, 16, 22, 62, 67, 68, 104, 

202 

bone form, 15 

bone health, 62 

bone marrow, 2, 5, 6 

bone resorption, 62, 68 

borage, 175 

Boraginaceae, 171 

Borago officinalis, 171, 175 

Bosnia, 161 

bovine colostrum, 53, 65 

brain, 3, 28, 29, 42, 108, 117, 123, 128, 131, 132, 

135, 139, 164 

Brazil, 191, 192 

breakdown, 50, 56, 63 

breast cancer, 14, 43 

breast milk, 26 

bristly ox-tongue, 175 

buffered creatine, viii 

Bulgaria, 145, 148, 159, 162 

Bunias erucago, ix, 169, 170, 171, 175, 176 

bursa, 171, 175 

C 

Ca2+, 39 

cadmium, 26 

caffeine, 71, 87, 115, 136 

Calamintha nepeta, 171 

calcium, 4, 18, 19, 20, 24, 28, 29, 30, 42, 47, 62, 68, 

72, 78, 87, 89, 126, 127 

calcium excretion, 62 

calciuria, 62 

Calendula arvensis, 171, 175 

campaigns, 177 

Campanula rapunculus, 171, 175 

Campanulaceae, 171 

cancer, vii, ix, 14, 43, 168, 178, 184 

candidates, 71, 116 

capillary, 82 

Capsella bursa-pastoris, 171 

capsule, 110 

carbohydrate(s), 4, 12, 54, 55, 56, 57, 58, 59, 63, 66, 

111, 119, 134, 136, 141 

carbon, 9, 119, 163 

carbon dioxide, 163 

carbon monoxide, 9 

carboxyl, 117, 118, 119, 120, 122, 124, 125, 126 

carcinoma, 27, 43 

Cardamine hirsuta, 171 

cardiac muscle, 109 

cardiac surgery, 4 

Complimentary Contributor Copy



Index 218 

cardiovascular disease(s) (CVD), vii, ix, 17, 18, 38, 

43, 62, 102, 161, 165 

cardiovascular risk, 102 

carotene, 161, 176, 178 

Caryophyllaceae, 174 

casein, 53, 54, 55, 57, 58, 62, 64, 65, 67 

catabolism, 21, 50, 62, 96 

catecholamines, 97 

cation, 24, 126, 128, 149, 161 

cDNA, 131 

CEE, 122, 123 

cell culture, 37, 156, 157, 158 

cell death, 46 

cell differentiation, 25, 27 

cell line, 5, 131, 165 

cell membranes, 117 

cell signaling, 60 

cell surface, 2 

cellular energy, 131 

cellular regulation, 44 

cellular signaling pathway, 18, 24, 28, 30, 34 

central nervous system, 168 

cerebrospinal fluid, 82 

Chad, 135, 138 

challenges, vii, viii, 23, 30 

cheese, 53 

chelates, 105, 124, 125, 129 

chelation therapy, 9 

chemical, 29, 86, 105, 106, 117, 129, 131, 147, 159, 

162, 169, 175 

chemical characteristics, 105, 117 

chemical composition, 175 

chemical properties, 131 

chemiluminescence, 72 

Chicago, 73 

chicken, 62, 76, 132 

child mortality, 38 

childhood, 184 

children, vii, 2, 4, 5, 7, 10, 12, 13, 14, 15, 18, 32, 45, 

116, 185, 187, 188, 189, 190, 192, 194, 195, 196, 

197, 198, 199, 200, 202 

China, 89, 141 

Chinese women, 39 

cholesterol, 27, 33, 45, 54, 62, 72, 75, 78, 89, 98, 159 

choline, viii, 62, 85, 86, 87, 88, 90, 92, 94, 95, 96, 

97, 98, 99, 100, 101, 102 

Chondrilla juncea, ix, 169, 170, 172, 175, 176 

chorionic gonadotropin, 87 

choroid, 21 

chromium, 45, 47 

chronic disease(s), vii, ix, 17, 18, 22, 23, 30, 31, 33, 

34, 36, 37, 68, 148, 184, 185, 194 

chronic illness, 99, 202 

chronic inflammation, 147, 209 

chronic kidney disease (CKD), 80 

chronic renal failure, 78, 82, 103 

chyme, 19 

Cichorium intybus, 172, 175 

circulation, 2, 10, 21, 22, 52, 55, 98, 108, 111 

cirrhosis, 25 

citrulline, 96 

City, 186 

CKD, 80 

clarity, 91, 93 

classes, 18 

classification, 164, 203 

cleaning, 188 

Clematis vitalba, 172 

clinical, viii, 8, 9, 10, 18, 37, 38, 46, 47, 70, 76, 77, 

78, 79, 80, 81, 82, 85, 86, 87, 90, 93, 95, 98, 101, 

105, 106, 117, 138, 139, 146, 160, 162, 203, 206 

clinical assessment, 206 

clinical environment, 79 

clinical symptoms, 117 

clinical syndrome, 139 

clinical trials, 8, 10, 81, 95, 146 

cloning, 13, 131 

coefficient of variation, 72, 89 

coenzyme, 40 

coffee, 4, 100 

cognitive development, 184 

cognitive function, 201, 202 

cognitive impairment, 103 

cognitive theory, 197 

colitis, 155 

collaboration, 130, 191 

collagen, 59 

colon, 27, 44 

color, 53, 187 

colostrum, 53, 65 

combined effect, 63, 98, 99 

commercial(s), 72, 89, 114, 119, 122, 125, 148, 194 

communities, 169, 179, 181, 186, 187 

comparative analysis, 179 

competition, 19, 26 

competitive athlete, 49 

complete blood count, 72, 89 

complete protein, 52, 53, 54 

compliance, 74, 88, 90 

complications, 78, 161 

Compositae, 169, 170, 171, 172, 173, 174 

composition, 3, 4, 10, 57, 64, 65, 66, 67, 68, 69, 70, 

71, 75, 76, 77, 86, 88, 89, 92, 94, 99, 100, 115, 

123, 128, 129, 130, 136, 137, 138, 141, 142, 156, 

158, 159, 161, 166, 169, 175, 176, 205, 206, 208, 

211 

Complimentary Contributor Copy



Index 219 

compounds, 78, 82, 90, 91, 97, 98, 103, 106, 114, 

126, 128, 129, 139, 141, 147, 157, 160, 165 

computer, 71, 87, 213 

conditionally essential, 50 

conductivity, 142 

congestive heart failure, 82 

connective tissue, 202, 205 

consensus, 51, 113, 203 

consent, 71, 87, 148, 167 

conservation, 34 

constituents, 156, 157, 163 

consumption, viii, 38, 49, 51, 52, 54, 55, 58, 62, 67, 

87, 97, 100, 104, 107, 110, 114, 123, 127, 128, 

148, 151, 156, 157, 158, 159, 162, 163, 165, 166, 

167, 177, 179, 188, 189, 192, 193, 195, 196, 197, 

198, 199, 200 

containers, 88 

contraceptives, 87 

contractile properties, 204, 205, 207, 211 

control group, 59, 123 

controlled studies, 52, 103 

controlled trials, 45, 95 

controversial, 98, 158 

conversion rate, 121 

cooking, 119, 188, 197 

coordination, 20, 44, 124 

copper, 23, 46, 47, 48 

coronary artery disease, 43, 166 

coronary heart disease, 33, 184 

correlation, 4, 156, 163, 185, 188, 190, 192, 204, 205 

cortisol, 55 

Coulomb interaction, 117 

counterbalance, viii, 86 

covalent bond, 124 

C-reactive protein, 4, 34, 154, 157, 164, 165, 166 

creatine, viii, 69, 70, 72, 76, 77, 78, 81, 82, 83, 86, 

89, 94, 96, 97, 99, 100, 101, 102, 103, 104, 105, 

106, 107, 113, 122, 125, 130, 131, 132, 133, 134, 

135, 136, 137, 138, 139, 140, 141, 142 

creatine chelate, viii 

creatine ethyl ester, viii, 122, 135, 140, 141 

creatine kinase, 72, 89, 106, 131, 132, 139 

creatine monohydrate, viii, 82, 104, 105, 106, 136, 

137, 138, 139, 142 

creatine phosphokinase, 132 

creatine salts, viii, 105 

creatine transporter, 82, 105, 130, 131, 132, 135, 

139, 140 

creatinine, 70, 81, 82, 87, 88, 90, 97, 101, 102, 103, 

105, 110, 111, 130, 133, 134, 140, 141 

Crepis sancta, 172 

critical period, 194 

cross sectional area (CSA), 208 

cross sectional study, 184 

cross-sectional study, 15, 186, 187, 192, 193, 194, 

197 

CRP, 4, 8, 150, 153, 154, 157, 158 

Cruciferae, 169, 170, 171, 172, 173 

crystal structure, 24 

crystalline, 122 

CSA, 208 

culinary use, ix, 177 

cultivated species, 175, 176, 177 

culture, 37, 188 

cures, 15 

CV, 80 

CVD, 17, 18, 31, 33, 36, 37, 157 

cyanidin-3-glucoside, 149, 151 

cyclic vomiting syndrome, 79 

cycling, 35, 97, 113, 137, 141 

cyclization, 110, 119, 120, 126, 129, 141 

cystathionine, 86, 95 

cystathionine β-synthetase, 86 

cysteine, 18, 20, 21, 29, 100, 163 

cytokines, vii, 1, 2, 3, 5, 6, 7, 14, 22, 29, 34, 35, 40, 

42, 96, 153, 157, 158, 159, 165, 202 

cytometry, 46 

cytoplasm, 26, 30, 34 

Czech Republic, 150 

D 

daily protein requirements, vii, 55 

dandelion, 175 

data collection, 71, 87 

data set, 70 

database, 86, 177 

Daucus carota, 175, 176 

deaths, 184 

decomposition, 119, 121 

defects, 102 

deficiency(s), vii, 1, 2, 7, 8, 9, 10, 11, 12, 13, 14, 15, 

16, 18, 19, 37, 38, 39, 40, 42, 45, 70, 78, 95, 97, 

102, 103, 114, 117, 118, 123, 128, 130, 135, 139, 

140 

deficiency of vitamin B12, 78 

deficit, 70, 117 

degenerative, ix, 168, 169, 177 

degradation, 3, 8, 50, 52, 110, 119, 123, 209 

dehydration, 77, 119 

demographic data, 150 

demographic factors, 192 

denervated muscle, 204 

Denmark, 72, 89, 186, 189, 190, 191 

Department of Agriculture, 194, 195 

Department of Health and Human Services, 194 

Complimentary Contributor Copy



Index 220 

depolarization, 29 

deposition, 6, 9 

deposits, 129 

depression, 81, 104, 189 

deprivation, 50 

depth, 8 

deregulation, 29 

derivatives, 103, 106, 133, 156 

detectable, 157 

detection, 88, 153, 158, 163, 205 

developed countries, 184 

developing countries, 188, 194 

DEXA, 76 

diabetes, vii, ix, 12, 17, 18, 25, 32, 38, 42, 45, 46, 47, 

80, 114, 147, 155, 161, 163, 197 

diabetes mellitus, vii, ix, 17, 18, 25, 32, 38, 46, 47, 

80, 161, 163 

diabetic patients, 46, 156, 163 

diagnostic criteria, 211 

diarrhea, 18, 73, 150, 155 

diet, ix, 2, 3, 4, 7, 8, 9, 12, 15, 20, 31, 32, 46, 47, 50, 

62, 68, 70, 96, 107, 109, 111, 112, 132, 141, 146, 

157, 158, 161, 168, 169, 177, 184, 185, 188, 190, 

191, 193, 198, 201 

diet composition, 3 

dietary additive, 70 

dietary fat, 12 

dietary fiber, 54, 104, 114, 184 

Dietary Guidelines, 194, 195 

Dietary Guidelines for Americans, 194 

dietary habits, ix, 100, 112, 183, 186, 189, 196 

dietary intake, viii, 40, 52, 85, 157, 188, 190, 191, 

193, 197, 200 

dietary regimes, 148 

dietary supplements, viii, 57, 71, 148 

differential diagnosis, 13 

diffusion, 19, 24, 114, 122, 123, 129 

digestibility, 52, 54, 70 

digestion, 19, 66, 106, 133 

digestive, 57, 111 

Diplotaxis erucoides, 172 

Diplotaxis tenuifolia, 172 

disability, 82, 104, 202, 211 

discomfort, 118, 150 

diseases, vii, viii, ix, 17, 18, 22, 23, 26, 30, 31, 33, 

34, 36, 37, 43, 86, 105, 106, 117, 128, 145, 146, 

147, 148, 155, 157, 184, 185, 194, 196, 201 

disorder, 8, 27, 43 

displacement, 211 

disposition, 117 

dissociation, 29, 117, 133, 140 

distress, viii, 69, 76, 79, 80, 83 

distribution, 14, 25, 27, 28, 33, 61, 67, 98, 103, 112, 

211 

diuretic, 155, 173, 174, 175 

diversity, 38, 169, 179, 187 

DNA, 18, 54, 102 

DNA synthesis, 54 

DOI, 200 

donors, viii, 80, 85, 86, 92, 94, 95, 96, 97, 98, 99, 

100, 101, 102 

dopamine, 109 

dosage, 80, 94, 100, 111, 112 

dose-response, 22, 40, 60, 66, 70 

dose-response relationship, 60 

dosing, 56, 60, 112, 138 

double-blind, 69, 70, 71, 85, 87, 123, 127 

down-regulation, 32, 43, 96 

dressings, 53 

drug discovery, 145, 147 

drugs, 22, 71, 114, 145, 146, 147, 148, 159, 178, 189 

dual-energy X-ray absorptiometry, 203 

dumping, 205 

duodeno-jejunal motility, 79 

duodenum, 3, 4, 7, 19 

dwarfism, 38 

dynapenia, 201, 202, 210 

dysmenorrhoea, 174, 175 

dystonia, 25, 43 

E 

E85, 64 

economic status, 199 

edema, 164 

edible wild plants, ix, 167, 168, 169, 170, 177 

editors, 38, 41, 44 

education, 183, 192, 193, 199 

educational attainment, 199 

efficacy, viii, 7, 14, 71, 81, 88, 103, 114, 185, 186, 

197 

Egypt, 197 

elderly, vii, 38, 42, 66, 67, 68, 116, 139, 162, 201, 

202, 210, 211 

elderly population, 38 

electrical conductivity, 142 

electrolyte(s), 47, 77, 78 

electron(s), 2, 119, 123, 124, 149 

electrophoresis, 82 

ELISA, 89, 150 

emollient, 171, 173 

encephalopathy, 140 

encoding, 9, 14 

encouragement, 189 

endocrine, vii, 1, 3, 64, 166 

Complimentary Contributor Copy



Index 221 

endogenous synthesis, 70 

endothelial cells, 33, 161 

endothelial dysfunction, 103 

endothelium, 13, 21, 39, 147, 164 

endurance, viii, 36, 49, 50, 51, 73, 75, 76, 82, 113, 

116, 127, 129, 133, 141 

energy, viii, 4, 7, 8, 13, 18, 24, 26, 49, 50, 51, 66, 70, 

76, 87, 106, 107, 108, 114, 116, 121, 126, 128, 

130, 131, 132, 134, 136, 139, 176, 185, 187, 193, 

194, 202, 203, 209, 211, 213 

energy consumption, 107, 114 

energy content, 176 

energy expenditure, 51 

energy metabolism, 18, 136 

energy supply, 134 

energy-restricted diet, 8 

England, 46, 213 

environment(s), viii, 70, 73, 79, 89, 104, 106, 110, 

119, 120, 123, 124, 127, 157, 185, 187, 193, 199, 

200 

environment factors, 185 

environmental factors, ix, 183, 184, 194, 197 

environmental influences, 192, 196 

environmental stress, 158 

enzyme(s), viii, 2, 18, 23, 50, 75, 76, 77, 80, 85, 90, 

93, 106, 108, 109, 116, 117, 123, 156, 160, 163 

enzyme inhibitors, 163 

epidemic, 10, 202, 210 

epidemiologic, 157 

epithelial cells, 12 

equilibrium, 109, 115, 133, 177 

ergogenic effect, 76, 113, 127 

erythrocytes, 21, 22, 35, 36, 47, 75, 78, 135, 209 

erythrocytosis, 14 

erythropoiesis, 1, 2, 3, 6, 9 

erythropoietin, 6 

ESR, 88 

essential amino acids, 50, 52, 54, 55, 56, 57, 64, 65 

ester, viii, 105, 122, 123, 129, 135, 140, 141 

estradiol, 6, 7 

estriol, 6 

estrogen, 6, 7, 14 

estrone, 6 

ethanol, 123, 158 

ethnic groups, 5, 31, 168 

ethnobotanical, 164, 167, 169 

ethno-veterinary practices, 169 

ethyl alcohol, 122 

etiology, 14, 146 

Europe, ix, 146, 168, 191, 202 

European Food Safety Authority, 76, 77, 78 

evidence, 2, 7, 18, 19, 22, 24, 26, 30, 31, 37, 52, 53, 

57, 62, 63, 79, 114, 116, 117, 132, 156, 157, 158, 

159, 203, 204 

excitation, 203 

excretion, 2, 21, 22, 31, 40, 62, 67, 90, 96, 97, 110, 

111, 134, 135 

exercise performance, 37, 65, 71, 74, 75, 76, 79, 80, 

112, 115, 134, 137 

exercise training, 37, 69, 71 

exporter(s), 3, 5, 40 

exposure, 21, 46, 191, 199, 205 

extensor, 207 

extracellular water, 89, 92 

extract(s), ix, 146, 147, 155, 156, 157, 158, 160, 162, 

163, 164, 178 

extraction, 126, 156 

F 

families, 24, 28, 30, 169, 170, 191, 193 

family income, 191 

family meals, 183, 189, 190, 194, 198 

family support, ix, 183, 189 

fast food, 191, 193, 199 

fasting, 22, 32, 55, 64, 72, 88, 95, 96, 102 

fat, viii, 4, 5, 12, 32, 54, 58, 62, 75, 76, 77, 89, 92, 

99, 112, 115, 123, 127, 137, 158, 159, 160, 161, 

166, 171, 172, 176, 184, 187, 193, 202, 203, 209 

fat intake, 62, 193 

fatty acids, 21, 33, 39, 40, 178 

FDA, 8 

feces, 98, 110, 133 

ferritin, vii, 1, 2, 6, 7, 12, 14 

ferroportin, 2, 14, 15 

fiber(s), 38, 52, 54, 58, 59, 104, 112, 114, 168, 175, 

184, 194, 202, 204, 208, 211, 213 

fiber content, 168 

fibroblasts, 45, 135 

Finland, 73, 150, 192 

fish, 4, 62, 112, 178, 190 

fish oil, 178 

fitness, 76 

flavonoids, 156, 163, 164, 165 

flavour, 175 

flexibility, 146, 158 

flora, 110, 177, 180 

floristic, 169 

flour, 54 

flowers, 171, 173, 174 

fluctuations, 18, 21, 30, 36 

fluid, 21, 35, 53, 77, 82, 205, 212 

fluid retention, 77 

fluorescence, 24, 37 

Complimentary Contributor Copy



Index 222 

focus groups, 186, 187 

folate, 86, 88, 95, 102 

folate supplementation, 86 

folates, 78, 85, 90, 95, 96, 98, 99 

folic acid, 78, 87, 95, 96, 98, 103 

folk medicine, 146, 148, 155, 157, 169 

folk recipes, 169 

food, 5, 20, 51, 53, 80, 87, 106, 109, 133, 146, 157, 

158, 162, 165, 168, 169, 170, 177, 178, 179, 186, 

188, 190, 191, 192, 193, 194, 196, 197, 198, 199, 

200, 209 

food additive, 53 

Food and Drug Administration, 8 

food habits, 168, 199, 200 

food industry, 53, 177 

food intake, 5, 51, 158, 186, 190, 197, 209 

food products, 53 

football, 51, 59, 64, 127, 135, 137, 142 

force, 52, 65, 133, 202, 207 

Ford, 40, 41 

forearm muscles, 72 

formaldehyde, 133 

formation, 9, 15, 20, 44, 96, 108, 109, 115, 117, 119, 

120, 124, 130 

formula, 86, 95, 124, 125 

frailty, 202, 210 

France, 150 

free radical, 145, 147, 156, 209 

free radicals, 47, 131, 177 

free recall, 210 

fructose, 4, 12, 114, 136 

fruit, ix, 114, 121, 149, 152, 156, 158, 159, 166, 177, 

183, 184, 185, 186, 187, 188, 189, 190, 191, 192, 

193, 194, 195, 196, 197, 198, 199, 200 

fruit intake, 191, 192 

fruits, ix, 53, 148, 155, 156, 158, 162, 163, 184, 185, 

186, 187, 188, 189, 190, 192, 194, 195, 196, 198, 

199 

fursultiamine, 8 

G 

G protein-coupled receptor 39 (GPR39), 29 

GAA N-methyltransferase, 86 

GABA, 109 

gamma-glutamyl transaminase, 72, 89 

gastrocnemius, 130, 205 

gastrocnemius medialis, 205 

gastrointestinal distress, viii, 69, 76, 79, 80 

gastrointestinal tract, 17, 19, 20, 22, 37, 68, 110 

gel, 53, 57, 88 

gender, ix, 42, 80, 112, 183, 185, 187, 188, 196 

gender differences, 80, 185, 188, 196 

gene expression, 11, 23, 29, 30, 32, 34, 40, 42, 44, 

46, 47, 63, 137, 145, 147, 166 

gene regulation, 38, 41 

genes, 9, 23, 25, 26, 27, 28, 29, 31, 32, 34, 41, 42, 44 

genetic disorders, 9 

genome, 33, 38, 42, 43, 146 

genotype, 45 

geometry, 206 

Germany, 71, 72, 73, 80, 87, 88, 101, 131, 149, 192 

ginseng, 165 

gland, 21, 25, 41 

glucocorticoids, 29 

glucose, 25, 31, 32, 37, 42, 45, 46, 59, 63, 75, 87, 

109, 114, 122, 126, 135, 136 

glucose regulation, 45 

glucose tolerance, 135 

glucose uptake, 31 

glucoside, 149, 151, 165 

glutamate, 28, 163 

glutamic acid, 64 

glutamine, 50, 58, 64 

glutathione, 149, 156, 157, 163, 209, 213 

glycemic control, 31, 46 

glycerol, 122 

glycine, 96, 101, 103, 107, 130 

glycocyamine, 70, 81, 82, 104, 130 

glycogen, 37, 134 

glycolysis, 37, 76, 109, 126 

glycosylation, 28 

Golgi apparatus, 24, 28, 32 

Gori, 132 

grains, 4 

granules, 25 

gravity, 205 

Greece, 200 

green tea, 156 

grip strength, viii, 75 

growth, 3, 18, 29, 50, 53, 65, 82, 112, 115, 184, 202 

growth factor, 53, 65, 115 

growth hormone, 202 

guanidine, 78, 103, 106, 117, 118, 119, 132 

guanidino compound, 78, 82, 97, 98, 103 

guanidinoacetate, 70, 81, 86, 101, 103, 108, 130, 139 

guanidinobutyric acid, 78 

guanidinosuccinic acid, 78 

guidelines, vii, 184 

gut, 3, 19, 23, 64, 79, 97, 110 

H 

hair, 23 

half relaxation time, 204 

half-life, 123 

Complimentary Contributor Copy



Index 223 

HE, 212 

headache, 73 

healing, 18, 155, 159 

health care, 146 

health education, 193 

health prevention, ix 

health risks, 62, 67, 71, 195 

health status, viii, 85, 86, 87, 90, 93, 100, 101, 159 

healthy dietary behavior, ix, 183, 184, 188, 194 

healthy food, 168, 186, 187, 189, 194, 200 

heart, 3, 28, 33, 71, 72, 73, 75, 81, 82, 86, 97, 108, 

131, 168, 184 

heart attack, 168 

heart disease, 33, 71, 81, 86, 184 

heart failure, 82 

heart rate (HR), 72, 73, 75 

heartburn, 79, 173, 175 

heavy metals, 41 

height, 71, 89, 203 

Helminthotheca echioides, 172 

hemangioma, 165 

hematocrit, 72, 89, 92 

hematological, viii, 75, 76, 77, 78, 80, 82, 92, 93, 98, 

138 

hematology, 116 

heme, 2, 3, 4, 5, 8, 9, 11, 12 

hemochromatosis, 9, 11 

hemoglobin, vii, 1, 2, 9, 50, 72, 87, 89, 98 

hemoglobinization, 8 

hemolysis, 78, 82 

hemorrhoids, 155 

heparin, 9 

hepatic disease, 62 

hepatic portal system, 21 

hepatitis, 68 

hepatocellular carcinoma, 44 

hepatocytes, 13, 14, 158 

hepatoma, 5, 13 

hepatosplenomegaly, 38 

hepcidin, 1, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 

16 

herbal remedies, 145, 147 

herbs, 146, 157, 175 

HHS, 194 

high density lipoprotein, 33 

high fat, 4, 32 

high intensity training, 49 

high protein consumption, 49 

high protein diet, 62, 67 

higher education, 192 

high-fat diet, 4 

high-fructose diet, 4, 12 

histidine, 18, 19, 20, 21, 39 

history, 71, 86, 148 

HM, 131, 132, 139, 165, 178, 195, 196 

holo-transcobalamin, 88 

homeostasis, vii, 3, 4, 5, 7, 10, 11, 14, 15, 17, 18, 20, 

21, 22, 23, 24, 29, 30, 31, 33, 34, 36, 37, 38, 39, 

40, 41, 44, 46, 131, 146, 158 

homes, 192 

homocysteine, viii, 81, 85, 86, 88, 91, 92, 94, 95, 97, 

98, 101, 102, 103, 104 

hormone(s), 1, 2, 3, 6, 7, 13, 14, 21, 22, 25, 28, 29, 

50, 66, 96 

hormone levels, 14 

hospitalization, 201 

host, 5, 19, 46 

household availability, 183, 192 

household income, 191, 194, 200 

human body, 6, 18, 86, 106, 117, 205 

human chorionic gonadotropin, 87 

human genome, 38, 146 

human health, vii, 43, 162, 163, 168 

human performance, 69, 70 

human subjects, 146, 156, 162 

humans, ix, 2, 3, 6, 17, 18, 21, 22, 23, 25, 26, 27, 28, 

29, 30, 32, 37, 39, 40, 45, 47, 48, 63, 64, 67, 70, 

76, 77, 78, 79, 81, 86, 92, 95, 98, 99, 101, 103, 

104, 105, 131, 133, 136, 139, 146, 156, 157, 159, 

161, 194, 209, 213 

humidity, 73, 89 

Hunter, 140 

hydration, 72, 89, 92, 99, 100, 137 

hydrogen, 24, 33, 46, 117, 133 

hydrogen bonds, 117 

hydrogen peroxide, 33, 46 

hydrolysis, 106, 133, 140 

hydroperoxides, 161, 178 

hyperferritinemia, 6 

hyperglycaemia, 103 

hyperglycemia, 32, 147, 160 

hyperhomocysteinemia, viii, 79, 80, 86, 92, 95, 101, 

102 

hyperinsulinemia, 56 

hyperleptinemia, 147 

hyperlipidemia, 67 

hypertension, 33, 46, 168 

hypertriglyceridemic, 78 

hypertrophy, 6, 51, 63, 65, 67, 104, 115, 136 

Hypochaeris achyrophorus, 175 

Hypochaeris radicata, 175 

hypoferremia, 1, 2, 4, 7, 8, 9, 11, 12, 13 

hypogeusia, 18 

hypothalamus, 5 

hypothesis, vii, 9, 90, 160 

hypoxia, 6, 14, 140 

Complimentary Contributor Copy



Index 224 

hypoxia inducible factor, 6 

hypoxia response element, 6 

I 

ICC, 204 

Iceland, 192 

ID, 2, 211 

ideal, 53, 116, 142 

identification, 80, 101, 148 

IFN, 6, 25, 27, 28, 165 

IL-8, 158 

ileum, 109, 110 

image, 185 

immobilization, 117, 207, 208, 212, 213 

immune activation, 27 

immune defense, 34 

immune function, 34, 50, 63 

immune response, 23, 33, 34, 145, 147 

immune system, 33, 36, 155, 158, 166 

immunity, 18, 164 

immunofluorescence, 130 

immunomodulatory, 158 

impaired wound healing, 18 

impairments, 202 

improvements, 31, 54, 58, 59, 188 

in vitro, 5, 7, 19, 23, 28, 29, 31, 34, 37, 78, 81, 82, 

133, 135, 140, 146, 156, 157, 160, 164 

in vivo, 5, 7, 12, 16, 18, 63, 81, 96, 101, 146, 156, 

157, 213 

incidence, viii, 69, 70, 71, 77, 79, 82, 85, 86, 92, 

100, 102 

income, ix, 18, 183, 184, 187, 191, 192, 193, 194, 

196, 198, 199, 200 

independence, 184, 186, 201, 202 

India, 141, 178 

indigestion, 173, 175 

individuals, 4, 7, 8, 9, 22, 31, 34, 36, 44, 50, 51, 52, 

53, 60, 62, 64, 98, 99, 113, 116, 127, 141, 184, 

209 

induction, 157 

industry, 53, 105, 128, 146, 177 

infection, 14, 22 

inflammation, vii, ix, 2, 3, 5, 8, 9, 10, 13, 14, 15, 16, 

17, 21, 23, 26, 30, 33, 34, 35, 37, 40, 46, 145, 

147, 148, 157, 158, 159, 161, 162, 164, 165, 209, 

213 

inflammatory disease, 155 

inflammatory phenotype, 2 

inflammatory responses, 14, 158 

informed consent, 71, 148, 167 

infusion, 57, 148, 151, 152, 153, 156, 157, 158, 159, 

166 

ingest, 113, 114, 123, 125 

ingestion, viii, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 

59, 60, 62, 63, 64, 65, 66, 67, 75, 78, 80, 100, 

124, 133, 134, 137, 141, 162 

ingredients, 146, 147 

inhibition, 7, 16, 46, 56, 135, 159 

inhibitor, 3, 9, 15, 16, 132 

initiation, 65 

injury, 163 

inositol, 29 

insulin, 12, 13, 22, 29, 31, 32, 37, 45, 46, 53, 54, 55, 

56, 66, 96, 97, 103, 108, 110, 111, 114, 115, 126, 

135, 136, 158, 159, 161, 162, 163, 165, 209, 213 

insulin resistance, 12, 13, 32, 45, 46, 161, 162, 165, 

209, 213 

insulin secretion, 31, 32, 96, 103, 114, 213 

insulin sensitivity, 31, 32, 45, 158, 159 

insulin signaling, 31, 45, 158 

insulin-like-growth factor 1 (IGF-1), 54 

insulinomimetic, 31, 45 

integration, 170 

integrity, 18 

interaction effect, 74, 75 

interferon, 6, 25, 28 

interferon-alpha, 6 

interleukin 1β, 5 

interleukin 6 (IL-6), 5, 150 

internalization, 3 

international standards, 147 

intervention, ix, 14, 23, 70, 72, 73, 75, 76, 78, 79, 80, 

85, 86, 87, 88, 89, 90, 92, 94, 95, 96, 97, 98, 99, 

100, 145, 146, 147, 148, 149, 150, 151, 152, 153, 

154, 155, 156, 157, 158, 159, 183, 184, 186, 188, 

189, 194, 196, 210 

intervention strategies, 194, 210 

interview, 169 

intestinal absorption, 79, 114 

intestinal tract, 21, 29 

intestine, 1, 19, 25, 27, 28, 39, 82, 104, 109, 110, 133 

intolerance, 9, 46, 79 

intracellular, 18, 24, 25, 26, 27, 29, 30, 32, 33, 34, 

44, 89, 92, 99, 108, 110, 112, 125, 132, 135, 136 

intracellular calcium, 29 

intraocular, 42 

intraocular pressure, 42 

intravenously, 110, 209 

ion transport, 41 

ions, 18, 22, 24, 29, 31, 38, 42, 44, 46, 119, 120, 

123, 124, 125, 126, 129 

Iran, 162, 184, 185 

Iraq, 196 

iron, vii, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 

15, 16, 19, 20, 26, 38, 41, 47, 176 

Complimentary Contributor Copy



Index 225 

iron bioavailability, 3, 4, 7 

iron content, 176 

iron deficiency, vii, 1, 2, 7, 9, 10, 11, 12, 13, 15, 16, 

38 

iron deficiency anemia, vii, 1, 2, 15, 38 

iron metabolism, vii, 1, 2, 3, 5, 9, 11, 12, 14, 15 

iron overload, 1, 4, 6, 7, 9, 11, 12, 15, 16 

iron sequestration, 3 

iron supplementation, 7, 14 

ischemia, 140, 164 

isolation, 133 

isoleucine, 57 

isometric, 71, 133 

isotonic muscle strength, 71 

Israel, 49 

issues, vii, viii, 112, 116, 181 

Italy, vi, ix, 167, 168, 169, 179, 180 

J 

JAK2/STAT3 signaling, 5 

Japan, 42, 72, 89, 161 

jejunum, 19, 109, 110 

Jordan, v, 1 

jumping, 116 

K 

K+, 39 

kaempferol, 157 

keratinocytes, 164, 165 

kidney(s), 6, 25, 27, 62, 67, 70, 80, 81, 94, 96, 97, 

101, 107, 111, 130, 131, 148, 155, 171, 175 

kidney stones, 62 

kinase activity, 139 

kinetics, 47, 64, 98, 130 

knowledge, ix, 37, 69, 76, 146, 157, 158, 159, 168, 

177, 179, 183, 185, 186, 192, 197 

Korea, 160 

L 

Labiatae, 171, 174 

lactate, viii, 22, 73, 75, 76, 109 

lactate dehydrogenase, 22 

lactation, 26, 44 

lactose, 53 

Lactuca muralis, 172 

Lactuca perennis, 172 

Lactuca serriola, 175 

Lactuca viminea, 173 

laparoscopy, 82 

L-arginine, 102, 103, 107, 130 

laryngitis, 155 

LDL, 54, 75, 159 

lead, 6, 7, 9, 96, 106, 111, 118, 119, 120, 125, 127, 

128, 177, 206 

leakage, 39 

lean body mass, viii, 50, 51, 52, 55, 58, 59, 65, 69, 

75, 76, 80, 99 

learning, 25, 140, 188 

Lebanon, 161 

lecithin, 86 

leg press, 55, 71, 72 

legume(s), 53, 54, 190 

leisure, 194 

leptin, 3, 5, 6, 13, 22, 45, 153, 158, 159, 209 

lesions, 18 

leucine, viii, 55, 56, 58, 60, 63, 64, 66 

leukocytes, 5, 22, 40 

level of education, 192 

life cycle, 195 

life-style intervention, 7 

ligand, 5, 13, 123, 124 

light, 23, 115 

Liliaceae, 171, 173 

lipid metabolism, 23 

lipid nanoparticles, 9 

lipid peroxidation, 160 

lipid profiles, 62, 75, 77, 78, 98 

lipids, 40, 53, 67, 78, 82, 90, 98, 103 

lipoprotein, 33, 40, 45, 62, 72, 89 

liquids, viii, 128 

Lithuania, 72, 89 

liver, viii, 3, 4, 7, 9, 12, 13, 16, 17, 21, 22, 23, 25, 

27, 28, 34, 35, 37, 40, 43, 46, 52, 62, 64, 68, 75, 

76, 77, 80, 94, 95, 97, 98, 102, 107, 108, 116, 

148, 155 

liver damage, 77, 98 

liver disease, 43, 62, 102 

local markets, 168, 169 

local traditions, ix, 168, 177 

localization, 25, 26, 27, 28, 132 

longitudinal study, 190, 193 

loss of muscle mass, ix, 202 

love, 177 

low-density lipoprotein, 33 

low-grade inflammation, vii, ix, 17, 34, 145, 159 

lumen, 19, 20, 23 

lung, 3, 28 

Luo, 13, 160 

M 

macrocytosis, 103 

Complimentary Contributor Copy



Index 226 

macrophage(s), 2, 3, 5, 12, 14, 34, 46,  131, 158, 

163, 165 

magnesium, 19, 104, 124, 125 

magnetic resonance, 76 

magnetic resonance imaging, 76 

magnitude, 29, 34, 80, 94, 99, 116 

majority, 19, 21, 22 

mallow, 175 

malnutrition, 3 

maltodextrine, 125 

Malva sylvestris, 175 

Malvaceae, 173 

mammalian target of rapamycin (mTOR), 56 

mammals, 3 

man, 63, 106, 130, 133, 135, 136 

management, 9, 17, 31, 33, 34, 37 

manganese, 24, 26, 43 

manipulation, 33, 38, 95 

manufacturing, 53 

marketing, 146 

marrow, 2, 5, 6 

mass, viii, ix, 13, 50, 51, 52, 55, 58, 59, 60, 64, 65, 

67, 69, 72, 75, 76, 77, 80, 89, 92, 99, 101, 112, 

114, 115, 116, 123, 125, 127, 147, 151, 158, 159, 

161, 202, 203, 205, 209, 211 

mass loss, 209 

matrix, 109 

matter, 187, 189 

maximal amplitude, 204, 206, 208 

MB, 64, 102, 103, 109 

MCP, 5, 158 

MCP-1, 5, 158 

mean corpuscular hemoglobin (MCH), 72, 89 

mean corpuscular hemoglobin concentration 

(MCHC), 72, 89 

mean corpuscular volume (MCV), 72, 89 

measurement(s), 23, 72, 81, 88, 96, 116, 139, 149, 

150, 161, 163, 210, 211, 212 

meat, 4, 62, 106, 110, 111, 112, 119, 133, 134, 190 

mechanomyographic, 204 

media, 23, 31, 174 

mediation, 200 

medical, 146 

medicinal, ix, 145, 146, 147, 155, 157, 159, 160, 

161, 162, 163, 164, 166, 169, 170, 175, 177 

medicinal plants, ix, 145, 146, 157, 160, 162, 163, 

164 

medicinal properties, ix, 177 

medicine, viii, 51, 146, 148, 155, 157, 158, 161, 169, 

178 

Mediterranean, 165, 168, 177, 178, 179 

Mediterranean diet, 168 

mellitus, vii, 17, 18, 25, 80 

membranes, 24, 109, 117, 123 

memory, 25, 42, 140 

menarche, 79 

menopause, 6, 14 

mental health, 202 

mental retardation, 139 

messenger RNA (mRNA), 52 

messengers, 18 

meta-analysis, 22, 40, 42, 45, 52, 64 

metabolic, viii, ix, 10, 12, 13, 15, 18, 22, 40, 45, 62, 

63, 71, 73, 81, 85, 86, 95, 96, 99, 100, 108, 116, 

117, 124, 145, 147, 155, 157, 158, 159, 160, 166, 

177, 202 

metabolic disease, 71, 86, 145, 147, 155, 157 

metabolic disorder(s), 117 

metabolic disturbances, ix, 145, 159 

metabolic syndrome, ix, 10, 12, 13, 15, 45, 147, 158, 

160, 166 

metabolism, vii, viii, 1, 2, 3, 5, 9, 11, 12, 14, 15, 18, 

23, 31, 33, 37, 38, 39, 40, 46, 47, 48, 50, 60, 68, 

81, 86, 94, 95, 96, 98, 100, 101, 102, 103, 107, 

108, 113, 130, 131, 132, 133, 134, 135, 136, 137, 

156, 159, 163, 213 

metabolites, 88, 97, 100, 157 

metabolizing, 62 

metal ion(s), 29, 42, 123, 124 

metalloenzymes, 18, 22, 23 

metallothionein (MT), 21, 30 

metal-responsive transcription factor-1, 18 

metals, 24, 26, 28, 29, 41, 123, 129 

meter, 72, 89 

methionine, 62, 82, 95, 96, 102, 107 

methodology, 60, 189 

methyl group(s), viii, 86, 92, 94, 95, 96, 97, 98, 99, 

100, 101, 102 

methyl group donors, viii, 86, 92, 94, 95, 96, 97, 98, 

99, 100, 101 

methylation, viii, 78, 85, 86, 95, 97, 102, 108 

methylguanidine, 78 

Mexico, 211 

Mg2+, 124, 125, 129, 141 

MHC, 204 

mice, 4, 7, 9, 11, 12, 15, 16, 29, 31, 32, 46, 132, 140, 

164 

micro-hypoxia, 6 

micronutrients, ix, 177 

microorganisms, 2 

microRNA, 9, 40 

microscopy, 130 

military, 138 

milk, 26, 42, 53, 55, 57 

mineral, vii, 89, 92, 99, 104, 169, 175, 176, 202 

mineral content, 92, 99, 169, 175, 176 

Complimentary Contributor Copy



Index 227 

minimum anticipated biological effect, 146 

Ministry of Education, 129 

missions, 209 

mitochondria, 24, 27, 62, 68, 109, 111, 132 

mixing, 122, 126 

models, 7, 8, 26, 146, 156, 157, 158, 185, 189, 194, 

212 

modifications, 26, 28, 62, 206 

molar ratios, 20 

mole, 125 

molecular biology, 102 

molecular weight, 19, 20, 21 

molecules, 9, 15, 16, 34, 37, 56, 106, 117, 118, 119, 

122, 123, 124, 125, 126, 127 

momentum, 23 

monocyte chemoattractant protein, 5 

monocyte chemoattractant protein-1, 5 

Moon, 142 

morbid obesity, 1 

morbidity, 18, 202 

morphology, 212, 213 

mortality, 18, 38, 202, 210 

motor neurons, 202 

mouth ulcer(s), 174, 175 

MR, 64, 102, 103, 138, 166, 179, 200, 213 

mRNA, 3, 4, 52, 56, 60, 109, 137, 159 

multicomponent, 145, 147 

multi-target biological activities, ix, 145, 147 

muscle atrophy, 205, 207, 209, 213 

muscle biopsy, 110 

muscle contraction, 108, 116 

muscle cramps, 73 

muscle endurance, 75 

muscle enzymes, viii, 76, 77 

muscle fibers, 52, 112, 202 

muscle mass, viii, ix, 50, 60, 64, 89, 92, 99, 101, 

112, 115, 116, 123, 201, 202, 203, 205, 209, 210, 

211, 213 

muscle performance, 133, 141 

muscle power, 71 

muscle recovery, 49, 52 

muscle relaxation, 136 

muscle strength, 71, 138, 211, 213 

muscle wasting, 201, 209 

muscles, 22, 27, 37, 72, 106, 108, 110, 111, 112, 

113, 116, 123, 127, 132, 187, 204, 205, 206, 208, 

209, 212 

musculoskeletal, 21, 22, 23, 71 

musculoskeletal dysfunction, 71 

musculoskeletal system, 21, 22, 23 

mutation(s), 5, 25, 27, 28, 42, 43 

myoblasts, 135 

myofibrillar, 59, 60, 67 

myopathy, 132 

myopia, 27, 43 

myosin, 115, 131, 135, 204, 211 

myosin heavy chain I (MHC-I), 204 

N 

N,N-Dimethylformamide, 142 

Na+, 39, 109, 132 

NaCl, 108, 109, 114 

nanoparticles, 9 

Nasturtium officinale, 173 

nausea, 73, 75, 79, 82, 92, 100 

necrosis, 5, 25, 28, 34, 97, 150, 154, 165 

negative consequences, ix, 202 

negative experiences, 187 

neighborhood, ix, 183, 193, 200 

nervous system, 168, 202 

Netherlands, 187 

neurological disease, 117 

neuromuscular diseases, 105, 106, 117 

neurons, 27, 42 

neuropeptides, 5 

neuroprotection, 140 

neurotoxicity, 156 

neurotransmitters, 178 

neutral, 117, 119, 121, 125, 209 

New Zealand, 17, 40, 198 

NHANES, 211 

Nigeria, 178 

night blindness, 18 

nitric oxide, 28, 33, 103, 164, 165 

nitrogen, 50, 51, 53, 59, 62, 75, 82, 87, 99, 118, 119, 

123, 124 

nitrogen balance, 51, 99 

NMR, 102, 123, 126, 140 

non-essential amino acids, 50 

non-heme, 3, 4, 8 

non-polar, 117 

normal aging, 202 

normal clinical ranges, viii, 75, 76 

North America, 191 

Norway, 192 

NOX-H94, 8, 15 

nucleic acid, 18 

nucleus, 25, 26 

null, 46, 90 

null hypothesis, 90 

numbness, 73 

nutraceutical, 167, 168, 169, 170 

nutrient(s), 19, 22, 23, 26, 50, 53, 59, 96, 97, 98, 

100, 103, 109, 167, 169, 177, 184, 188, 199 

nutrigenomic, 23, 41 

Complimentary Contributor Copy



Index 228 

nutrition, vii, viii, ix, 11, 39, 48, 54, 68, 69, 70, 80, 

86, 104, 106, 146, 167, 169, 189, 194, 195, 196, 

197, 199, 202 

nutritional agents, viii, ix, 86 

nutritional deficiencies, 208 

nutritional disorder, vii, 1 

nutritional intervention, viii, 23, 85, 92, 100, 101 

nutritional supplement, viii, 57, 79 

nutritionist, 87 

nuts, 54 

O 

obesity, vii, ix, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 

45, 104, 145, 147, 148, 155, 158, 160, 161, 166, 

193, 202, 210, 213 

OH, 120 

oil, 178 

old age, 207 

older people, ix, 201, 202 

opportunities, 40 

oral administration, 69, 70, 71, 106 

organ(s), vii, 1, 2, 3, 21, 97, 128, 166 

organelles, 24, 26 

ornithine, 96, 107 

osmolality, 137 

osseous content, 89 

osteoporosis, 7, 14 

outcome expectations/expectancies, 183, 185, 187 

overlap, 11 

overproduction, 147 

overweight, vii, 1, 2, 4, 7, 8, 9, 10, 11, 15, 127, 141, 

148, 157, 160, 192 

ox, 175 

oxalate, 126 

oxidation, 54, 58, 60, 145, 147 

oxidative stress, ix, 29, 33, 45, 46, 145, 147, 148, 

156, 159, 160, 161, 162, 163, 164, 165, 166, 194 

oxygen, 2, 6, 9, 118, 123, 124, 147, 181 

P 

pain, 74, 75, 79, 202 

pancreas, 23, 25, 29, 31, 41, 45, 97, 213 

pancreatic β-cells, 28, 31, 34 

Papaver rhoeas, 173 

Papaveraceae, 173 

parallel, 85, 87, 97, 202 

parathyroid, 213 

parathyroid hormone, 213 

parental education, 192, 199 

parental influence, 185 

parental intake, 189, 194 

parental modeling, 189 

parental occupational status, 191 

parental support, 191 

parents, ix, 183, 188, 189, 190, 192, 199 

parents intake, ix, 183 

Parietaria officinalis, 173 

parkinsonism, 43 

participants, viii, 8, 52, 55, 58, 60, 69, 71, 72, 73, 75, 

76, 78, 79, 80, 87, 88, 90, 91, 92, 98, 100, 128, 

148, 150, 159, 189, 203, 205, 206, 207, 208, 209 

pasta, 175 

Pastinaca sativa, 173 

pathogenesis, 31, 33, 36 

pathologies, ix, 17, 168, 177 

pathology, 23, 25, 26, 27, 28, 31, 32, 33, 34 

pathophysiological, 43 

pathophysiological roles, 43 

pathophysiology, 139 

pathways, 16, 18, 24, 26, 28, 29, 30, 34, 41, 43, 46, 

96, 97, 104, 128, 165 

patients, 3, 4, 8, 9, 10, 33, 38, 45, 46, 68, 70, 76, 77, 

78, 80, 81, 82, 86, 103, 105, 106, 117, 123, 135, 

139, 156, 163, 165, 178 

PBMC, 23, 34, 40, 46 

PCR, 89 

peer influence, 190 

peer support, 186, 190, 197 

peptide, 1, 11, 14, 109, 134 

performance, 37, 49, 52, 54, 58, 59, 64, 65, 67, 69, 

71, 72, 74, 75, 76, 79, 80, 82, 115, 116, 123, 125, 

127, 129, 133, 134, 137, 138, 141, 142, 160, 213 

performance indicator, 71, 76, 80 

performance-enhancing, vii, viii, 69, 71, 105 

peripheral blood, 23, 41, 42 

peripheral blood mononuclear cells (PBMC), 23, 41 

permeability, 117, 123, 126 

peroxidation, 160 

peroxide, 33, 46 

pH, 72, 75, 89, 108, 110, 117, 118, 119, 120, 121, 

122, 123, 124, 125, 126, 127, 129, 132, 140, 149 

pharmaceutical, 105, 122, 128, 141, 145, 146, 147 

pharmacokinetics, 111, 146 

pharmacology, 162 

phenol, 162 

phenolic acid, 156 

phenolic compounds, 147, 160, 165 

phenotype, 2, 44 

phenotypic, 146 

phenylalanine, 64 

Philadelphia, 195 

phlebotomy, 9 

phosphate, 106, 108, 130, 132, 139 

Complimentary Contributor Copy



Index 229 

phosphatidylcholine, 95, 98, 102 

phosphatidylethanolamine, 102 

phosphocreatine, 76, 106, 107, 131, 132, 133, 134 

phosphorus, 47 

phosphorylation, 26, 30, 31, 41, 55, 56, 65, 76, 108, 

109 

physical activity, vii, 46, 50, 64, 71, 81, 87, 88, 99, 

100, 102, 109, 184, 186, 194, 196, 202, 208, 209, 

210, 211 

physical characteristics, 71 

physical exercise, ix, 47, 134 

physical inactivity, ix, 201, 202, 205, 207, 209, 210 

physicochemical properties, viii 

Physiological, 137 

physiology, 38, 39, 131, 137 

phytate, 19 

phytic acid:zinc (PA:Zn) molar ratio, 20 

phytohaemagglutinin, 25 

phytosterols, 147 

phytotherapy, 163 

Picris echioides, 173 

Picris hieracioides, 173 

pigs, 194 

placebo, 45, 58, 59, 69, 70, 71, 73, 74, 75, 77, 79, 83, 

95, 103, 123, 125, 127, 139 

placebo-controlled, 70, 83, 95, 103, 139 

Plantaginaceae, 173 

plantain, 175 

plants, ix, 145, 146, 147, 155, 157, 158, 159, 160, 

161, 162, 163, 164, 167, 168, 169, 170, 171, 172, 

174, 175, 176, 177, 178, 179, 180 

plasma levels, 47, 96, 158, 178 

plasma membrane, 25, 26, 27 

platelet count, 78 

platelets, 22, 72, 75, 89 

playing, viii, 70 

PM, 66, 102, 104, 165, 179, 180 

pneumonia, 18 

polar, 111, 117 

polarity, 122 

policy, 181 

polycythemia, 25, 43 

Polygonaceae, 173 

polymerase, 18 

polymers, 114 

polymorphism(s), 14, 25, 26, 27, 28, 42, 43, 146 

polyphenol(s), ix, 4, 23, 40, 147, 149, 151, 156, 157, 

158, 159, 160, 162, 164, 166, 167, 168, 176, 177 

polysaccharide(s), 114, 165, 166 

polyuria, 100 

pools, 39, 136, 169 

population, vii, ix, 1, 4, 7, 11, 12, 14, 15, 22, 32, 35, 

36, 40, 42, 51, 62, 76, 79, 86, 90, 100, 111, 146, 

190 

population group, 4, 100 

population-based, 12 

Portugal, 179, 186 

Portulaca oleracea, 173 

Portulaceaceae, 173 

post-exercise ingestion, 54 

postmenopausal women, 6 

postprandial, 32, 65 

potassium, 72, 78, 87, 89, 149 

potassium persulfate, 149 

potential benefits, 59 

poultry, 4, 53 

power, 49, 50, 51, 58, 59, 64, 67, 69, 81, 82, 90, 94, 

96, 99, 105, 106, 116, 125, 127, 135, 137, 138, 

149, 158, 159, 186 

PRC, 65 

precursor, viii, 69, 70, 96, 100 

pre-exercise ingestion, 54, 57 

pregnancy, 71, 87, 148 

premenopausal obese women, 6 

preparation, 121, 124, 127, 146, 148, 149, 158, 188, 

191, 198 

preschoolers, 200 

preservation, 121, 183, 184 

prevention, vii, ix, 12, 14, 17, 33, 146, 158, 183, 184, 

194, 210 

prickly lettuce, 175 

principles, 176 

probability, 71, 73, 87, 90 

probe, 181 

professionals, 190 

progenitor cells, 6, 28 

pro-inflammatory, 5, 6, 7, 34, 42, 158 

project, 187, 192 

prolactin, 25, 26, 27 

proliferation, 6, 29, 44, 99 

promoter, 29 

pro-oxidant, 2 

propagation, 24, 26, 31, 34, 205 

prophylactic, 209 

prophylaxis, 146 

propylene, 142 

prostate cancer, 178 

prostate gland, 21 

protection, ix, 147, 177 

protective role, 200 

protein balance, 50, 51, 52, 63 

protein intake, viii, 49, 50, 51, 59, 60, 62, 63, 64, 67, 

68, 202, 209 

protein signaling pathway, 56 

Complimentary Contributor Copy



Index 230 

protein structure, 18 

protein supplementation, vii, 52, 55, 57, 59, 64, 65, 

66 

protein synthesis, viii, 49, 50, 52, 54, 55, 56, 57, 58, 

60, 63, 64, 65, 66, 67, 76, 92, 115, 137, 209 

protein timing, 49, 58, 59, 63 

protein-protein interactions, 18 

proteins, viii, 2, 18, 22, 24, 26, 29, 30, 34, 38, 44, 50, 

52, 53, 54, 55, 56, 57, 58, 62, 64, 65, 75, 86, 88, 

97, 100, 115, 158 

proteolysis, 50, 64 

P-selectin glycoprotein ligand-1, 5, 13 

puberty, 184 

public health, 9, 201, 202 

pulp, 162 

pumps, 39 

Q 

qualitative research, 188, 198 

quantification, 195 

quantitative research, 185 

quercetin, 149, 151, 157 

questionnaire, 71, 73, 87, 89, 148 

R 

race, 39, 137 

radiation, 25 

radicals, 47, 131, 177 

randomized, 14, 52, 59, 60, 69, 70, 71, 95 

Ranunculaceae, 172 

rape, 148 

raw carrot, 176 

raw spinach, 176 

RBC indices, 78 

RE, 66, 81, 134, 138, 161, 198, 213 

reactions, 78, 126, 178 

reactive oxygen, 2, 9, 147 

reactive oxygen species (ROS), 2, 147 

reading, 72, 89 

reagents, 161 

real time, 89 

recall, 210 

receptors, 28, 34, 43, 106 

recognition, 18, 210 

recommendations, 184, 186, 189, 195 

recovery, 22, 35, 48, 49, 51, 52, 53, 58, 60, 64, 65, 

66, 67, 116, 117, 131, 205, 206, 207, 208, 212 

recreational, 52, 59, 79 

recycling, 5 

red bean, 4 

red blood cell count, 89 

red blood cells, 2, 14 

red meat, 4 

red wine, 156, 162 

redistribution, 21, 22, 34, 35, 36, 205 

redox signaling pathways, 18 

reference population, 203 

regenerate, 106 

regeneration, 116 

regression, 199, 203 

rehabilitation, ix, 135, 139, 207, 210 

Reichardia picroides, 173, 175 

relatives, 192 

relaxation, 136, 204, 212, 213 

relaxation times, 213 

relevance, 76, 95 

reliability, 145, 147, 201, 203, 204, 211 

relief, 173 

remedies, 157, 158, 161, 170, 175 

remethylation, 78, 86, 95, 96 

renal disease, 62 

renal failure, 78, 82, 103 

repair, 22, 184 

repetition maximum (RM), 55 

repetition priming, 210 

repetitions, 55, 56, 60, 71, 72, 75 

replication, 90 

reproductive age, 4, 11 

requirements, vii, 3, 26, 37, 49, 53, 55, 64, 70, 85 

researchers, 5, 87, 123, 147, 185, 193, 201 

residues, 18, 29 

resistance, 5, 12, 13, 32, 45, 46, 50, 52, 55, 56, 57, 

58, 59, 60, 63, 64, 65, 66, 67, 72, 104, 115, 123, 

128, 131, 133, 135, 136, 137, 138, 141, 161, 162, 

165, 188 

resistance exercise, 50, 52, 55, 56, 63, 65, 66, 67, 

136 

resources, 169 

response, 6, 7, 12, 14, 22, 23, 25, 27, 28, 29, 33, 34, 

35, 40, 46, 48, 51, 53, 55, 56, 57, 60, 64, 66, 67, 

70, 71, 81, 82, 111, 112, 135, 146, 147, 157, 158, 

165, 178, 204, 205, 206, 211, 212 

responsiveness, 213 

restaurants, 192, 193 

restrictions, 117 

retardation, 18, 139 

reticulum, 16, 24, 26, 27, 30 

retina, 25, 28 

reverse transcriptase, 18 

RH, 103, 131, 138 

Rhagadiolus stellatus, 173 

Rhaphanus raphanistrum, 173 

rheumatism, 155, 171, 175 

Complimentary Contributor Copy



Index 231 

ribosome, 41 

risk(s), vii, viii, 1, 2, 10, 12, 31, 33, 38, 39, 43, 45, 

62, 67, 71, 79, 80, 86, 102, 146, 165, 166, 178, 

186, 195, 196, 201, 202, 211 

risk factors, 45, 195 

RNA, 18, 52 

RNAi, 16 

rodents, 109 

room temperature, viii, 128 

roots, 171, 172, 173, 174 

Rosaceae, 169 

routes, 30, 42 

Royal Society, 41, 44 

rules, 87, 189 

Rumex acetosella, 173 

running, 36, 47, 73, 104 

rural areas, 168 

rural communities, 169, 181 

S 

S-adenosylhomocysteine, 86 

S-adenosylmethionine, 86 

safety, viii, 49, 69, 70, 75, 79, 81, 101, 105, 106, 

133, 138, 198 

salad burnet, 175 

saliva, 22, 65, 92, 100 

salts, viii, 105, 118, 122, 125, 126, 127, 129, 140, 

141 

Salvia pratensis, 174 

Sambucus ebilus, ix, 145 

Sambucus ebulus, 147, 148, 150, 151, 153, 154, 162, 

166 

Sanguisorba minor, ix, 169, 170, 174, 175, 176 

saponins, 147 

sarcopenia, ix, 201, 202, 203, 208, 209, 211, 213 

SAS, 104, 150, 170 

saturated fat, 54, 62, 193 

saturation, 2, 111, 113, 117 

Saudi Arabia, 183 

Scandix pecten-veneris, 174 

scavengers, 156, 163 

schizophrenia, 42, 43 

school, ix, 183, 187, 190, 193, 194, 195, 196, 197, 

199, 200, 210 

school availability, ix, 183, 193 

science, 10, 146, 196 

SCT, 185 

secondary prevention program, vii 

secondary schools, 197 

secrete, 29 

secretion, 3, 4, 17, 19, 21, 25, 26, 29, 31, 32, 34, 45, 

46, 62, 96, 103, 114, 158, 159, 213 

sedentary behavior, 186, 196 

sedentary lifestyle, 194 

seed, 171, 173 

selenium, 28, 42, 44 

self-assessment, 73, 89 

self-efficacy, ix, 183, 185, 186 

semi-structured interviews, 167 

senses, 6 

sensing, 26, 44 

sensitivity, 22, 31, 32, 45, 58, 100, 131, 155, 158, 

159, 166 

sensors, 18 

septic shock, 164 

Serbia, 69, 85, 105, 129 

serine, 80, 96, 100, 101 

serum ferritin, vii, 1, 6, 7, 14 

serum iron, vii, 1, 2, 8, 9 

serum iron level, vii, 1, 9 

sex, 2, 3, 6, 7, 14, 66, 202 

sex hormone-binding protein, 6 

sex hormones, 14, 66 

sex steroid, 202 

shape, 187 

shock, 164 

shortfall, 96 

showing, 30, 97, 127, 128, 129 

sickle cell, 9 

sickle cell disease, 9 

side effects, viii, 69, 71, 73, 74, 76, 79, 83, 86, 88, 

89, 90, 92, 112, 138 

signaling pathway(s), 5, 18, 24, 28, 30, 31, 32, 34, 

41, 46, 56, 165 

signals, 2, 4, 7, 24, 26, 29, 33, 34 

signs, 18, 36, 79, 96, 97 

Silene vulgaris, 174, 175 

Singapore, 10 

siRNA, 9 

skeletal muscle, viii, 22, 37, 41, 43, 45, 48, 50, 52, 

57, 64, 65, 66, 67, 89, 92, 97, 99, 101, 107, 109, 

112, 114, 130, 131, 133, 134, 135, 136, 137, 201, 

202, 204, 205, 206, 207, 210, 211, 212, 213 

skills, 188 

skin, 18, 62, 162 

small intestine, 19, 25, 82, 104, 109, 110 

smoking, 71, 148, 161, 195 

smooth muscle, 109 

SNP, 25, 26, 27, 28, 31, 33, 37 

soccer, 137 

social context, 191 

society, 168 

socioeconomic status, 199 

sodium, 72, 75, 77, 78, 87, 89, 126, 127, 141 

software, 170 

Complimentary Contributor Copy



Index 232 

solid phase, 140 

solid state, 119 

solubility, viii, 105, 110, 114, 117, 118, 119, 122, 

124, 125, 126, 127, 128, 129 

soluble transferrin receptor, 3 

solute carriers (SLC), 24 

solution, 110, 114, 117, 118, 119, 121, 122, 125, 

126, 128, 129, 133 

solvation, 119, 122, 142 

solvents, 117 

Sonchus asper, 174 

Sonchus oleraceus, 174, 175 

South Africa, 14, 166, 179 

Southeast Asia, 184, 195 

Southern Europe, 168 

sow thistle, 175 

soy, 54, 55, 56, 65, 66 

soybeans, 54 

SP, 63, 130, 212 

Spain, 179, 186 

species, ix, 2, 9, 146, 147, 160, 163, 167, 168, 169, 

170, 171, 175, 176, 177 

spectrophotometric method, 149 

spectroscopy, 24, 89, 102, 161 

sperm, 130 

spleen, 9, 97 

sport supplement, 53, 115, 127, 128 

Sprague-Dawley rats, 104 

Spring, 13, 15 

stability, viii, 22, 117, 121, 122, 123, 124, 126, 127, 

129, 133, 140, 212 

stable complexes, 20 

standard deviation, 90 

standard error, 150, 206, 208 

state(s), 3, 22, 31, 33, 36, 50, 72, 81, 89, 99, 104, 

119, 120, 156 

statistics, 90, 201 

Stellaria media, 174 

stimulation, 56, 66, 111, 155, 156 

stimulus, 56, 177 

stinging nettle, 175 

stomach, 27, 53, 57, 100, 110, 119, 120, 123, 124, 

127, 128 

storage, vii, 1, 5, 9, 29, 31, 140 

strength, 37, 50, 51, 54, 58, 59, 64, 69, 72, 75, 76, 

80, 106, 113, 116, 135, 137, 138, 139, 201, 202, 

205, 211, 212, 213 

strength training, 135 

stress, ix, 16, 18, 22, 29, 33, 35, 36, 37, 45, 46, 47, 

50, 62, 98, 145, 147, 148, 156, 158, 159, 160, 

161, 162, 163, 164, 165, 166, 168, 178, 194 

stretching, 72 

stroke, 168, 178, 184 

structural changes, 51 

structural gene, 29 

structure, 18, 24, 26, 107, 109, 118, 119, 123, 124, 

131, 202 

style(s), 7, 10, 135 

subcutaneous adipose tissue, 4 

substrate(s), 32, 96, 110 

sucrose, 57 

suicide, 189 

sulfate, 39 

sulfur, 62, 123 

Sun, 13, 42, 43, 160 

superoxide dismutase (SOD), 18 

supervision, 191 

supplement, 52, 53, 54, 56, 57, 58, 59, 63, 66, 67, 69, 

73, 86, 104, 105, 110, 114, 135, 136, 139 

survival, 6, 9, 27, 43 

susceptibility, 42 

sweat, 34, 47, 48, 100 

Sweden, 186 

sweeteners, 149 

Switzerland, 88 

symptoms, 18, 25, 117 

syndrome, ix, 9, 10, 12, 13, 15, 28, 38, 45, 79, 83, 

117, 139, 147, 158, 160, 166, 202 

synergic, 145, 147 

synergistic effect, 126, 128, 129 

synthesis, viii, 2, 8, 9, 13, 14, 37, 49, 50, 52, 54, 55, 

56, 57, 58, 60, 63, 64, 65, 66, 67, 70, 76, 77, 78, 

81, 86, 92, 96, 101, 107, 115, 118, 126, 129, 130, 

134, 137, 139, 157, 158, 209 

T 

table of food composition, 169 

Taiwan, 1, 10, 15 

tannins, 156 

Taraxacum officinale, 174, 175 

target, ix, 8, 13, 14, 15, 23, 56, 66, 110, 145, 147 

taste preference, ix, 183, 187 

taurine, 97, 103 

tea, 4, 100, 121, 145, 146, 147, 148, 156, 158, 159, 

162, 164 

team sports, 116 

technician, 89 

techniques, 37, 39, 53, 76, 169 

technology, 10, 148 

television, ix, 183, 194, 200 

television viewing, 183, 200 

television watching, 200 

temperature, viii, 34, 106, 118, 119, 121, 125, 128, 

140 

tensiomiography (TMG), 201 

Complimentary Contributor Copy



Index 233 

tension, 203 

terpenes, 147 

territory, 169 

testing, 71, 73, 87, 88, 90 

testosterone, 7, 27, 43, 55 

textbook, 195 

texture, 87 

TGF, 43 

Thailand, 178 

thalassemia, 9, 16 

thematic excursions, 168, 169 

themed course, ix, 177 

therapeutic, 1, 8, 9, 10, 13, 15, 16, 104, 117, 139, 

146, 164, 168 

therapeutic agents, 9 

therapeutic approaches, 8 

therapeutics, 15 

therapy, 8, 9, 15, 31, 45, 103, 135, 139 

thymus, 40 

Thymus serpyllum, 174 

thyroid, 25, 28 

time frame, 26, 120 

tincture, 15 

tissue, vii, 1, 3, 4, 5, 6, 7, 9, 11, 12, 13, 14, 21, 23, 

24, 26, 41, 51, 52, 54, 58, 99, 109, 110, 117, 131, 

137, 147, 158, 159, 166, 212 

TLR4, 165, 212 

TNF, 5, 6, 25, 27, 28, 34, 47, 150, 153, 154, 157, 158 

TNF-alpha, 150, 153, 154 

TNF-α, 5, 6, 25, 27, 34, 47, 157 

Tordylium apulum, 174, 175 

total antioxidant capacity (TAC), 72 

total body protein, 89, 92, 99 

total cholesterol, 72, 75, 78, 89, 159 

total energy, 200 

total fat content, 176 

toxicity, 25, 160, 178 

trace elements, 47 

traditional medicine, 146, 155, 158, 161 

traditions, ix, 147, 168, 177, 179 

trafficking, 13 

Tragopogon porrifolius, 174 

Tragopogon pratensis, 174 

training, 33, 34, 35, 36, 37, 47, 48, 49, 50, 51, 52, 55, 

57, 58, 60, 64, 65, 66, 67, 69, 71, 72, 73, 80, 99, 

100, 104, 112, 114, 115, 116, 128, 129, 133, 134, 

135, 136, 137, 138, 141, 142, 205 

transcription, 7, 9, 14, 16, 18, 26, 30, 34, 41 

transcription factors, 30 

transcriptome, 23 

transferrin, 2 

transferrin saturation, 2 

transformation, 97, 120 

translation, 29, 37, 56, 65 

translocation, 32 

transmission, 157 

transport, vii, 2, 17, 19, 21, 23, 24, 26, 28, 32, 33, 36, 

37, 39, 41, 42, 45, 63, 96, 97, 103, 106, 107, 109, 

114, 117, 122, 128, 129, 130, 131, 132 

trauma, 21 

treatment, viii, 7, 9, 14, 15, 33, 34, 71, 78, 79, 81, 82, 

87, 90, 99, 100, 102, 104, 117, 139, 140, 146, 

155, 158, 159, 165, 171, 175 

triacylglycerol, 98 

trial, 29, 31, 32, 39, 73, 74, 83, 90, 101, 139, 190 

triggers, 2, 41 

triglycerides, 72, 75, 78, 89, 98, 159 

tuberculosis, 155 

tumor, 5, 25, 28, 34, 150, 154, 165 

tumor necrosis factor (TNF), 5, 25, 28, 34, 150, 154, 

165 

Turkey, 161, 164 

turnover, 21, 22, 60, 63, 66, 67, 97, 213 

twitch force development, 207 

twitch torque, 205 

type 1 diabetes, 197 

Type 2 diabetes, 17, 18, 42, 45, 46, 47 

type I fibers, 204 

tyrosine, 18, 31, 38, 45 

U 

UL, 95 

ulcer, 157 

ultrasonography, 205 

ultrasound, 205 

Umbelliferae, 170, 172, 173, 174 

Umbria, ix, 169, 170, 177, 178 

unhealthy diet, ix 

United, 11, 140, 141, 184, 189, 190, 195, 213 

United Kingdom (UK), 72, 88, 213 

United States, 11, 140, 141, 184, 189, 190, 195 

upper body strength, viii, 76 

upper limit, 60, 79 

urban, 11, 166, 196, 198, 200 

urea, 72, 75, 82, 87, 96 

uremic, 78 

uric acid, 67, 149, 153 

urinalysis, 72, 87, 88 

urine, 21, 47, 71, 72, 75, 77, 78, 87, 88, 97, 111 

Urtica dioica, 174, 175 

Urticaceae, 173, 174 

US Department of Health and Human Services, 194 

USA, 65, 72, 73, 87, 88, 90, 131, 146, 149, 184, 192, 

193 

USDA, 180, 194 

Complimentary Contributor Copy



Index 234 

UV, 161, 164 

V 

Valencia, 45 

Valerianaceae, 171 

validation, 181 

variables, 47, 71, 88, 138, 184, 199 

variations, ix, 21, 81, 102, 146, 177 

varieties, 53 

vasculature, 205 

vastus lateralis, 204, 208 

vastus lateralis muscle, 204 

vastus medialis, 205, 206, 210 

vastus medialis obliques, 205, 206 

VAT, 5 

vegetable, viii, ix, 53, 54, 62, 165, 170, 171, 172, 

173, 177, 183, 184, 186, 187, 188, 190, 192, 194, 

195, 196, 197, 198, 199, 200 

vegetable intake, ix, 183, 184, 192, 194, 195, 196, 

197, 199 

vegetable proteins, viii, 54, 62 

vegetables, ix, 53, 163, 177, 178, 184, 185, 186, 187, 

188, 189, 190, 192, 194, 195, 196, 198, 199 

vegetarians, 53, 55, 112, 113, 134 

vein, 17, 30, 88 

velocity, 114, 119, 212 

vertical jump, 54, 72 

vesicle, 25 

veterinary, 146, 170 

Viola odorata, 174 

Violaceae, 174 

visceral adipose tissue, 5 

viscosity, 142 

vision, 73, 188 

vision impairment, 73 

visualization, 24 

vitamin A, 4, 176 

vitamin B1, 78, 85, 88, 90, 95, 96, 98, 99 

vitamin B12, 78, 85, 88, 90, 95, 96, 98, 99 

vitamin B6, 78, 88, 90, 95, 99 

vitamin C, 4, 162 

vitamin D, 209, 213 

vitamin E, 114, 135 

vitamin supplementation, 102 

vitamins, viii, 78, 81, 85, 86, 90, 91, 94, 95, 97, 98, 

99, 101, 109, 147, 167, 168, 176, 177, 184, 185 

voiding, 72, 89 

voltage-gated calcium channels (VGCC), 28 

volunteers, ix, 46, 66, 73, 79, 87, 88, 116, 125, 146, 

147, 148, 149, 152, 154, 158, 159, 162, 166 

vomiting, 73, 75, 79, 82, 83 

vulnerability, 164 

W 

waist/hip ratio, 149, 151 

waking, 71, 88 

walking, 193, 203 

Washington, 49, 180, 194 

water, 71, 75, 76, 77, 87, 88, 92, 99, 105, 115, 117, 

118, 119, 120, 121, 122, 124, 125, 126, 127, 129, 

137, 140, 141, 148, 176, 184 

water retention, 115, 118 

weight, vii, viii, 1, 4, 5, 7, 8, 9, 12, 15, 19, 20, 21, 69, 

71, 72, 73, 75, 76, 79, 89, 99, 101, 104, 106, 116, 

127, 131, 134, 137, 148, 150, 151, 153, 159, 161, 

184, 192, 200, 202, 210, 212 

weight gain, viii, 69, 73, 76, 79, 131, 161 

weight loss, 8, 15, 104, 210 

weight reduction, 5, 8, 10, 127 

weight status, 200 

well-being, 73, 89, 198 

wellness, 76 

whey, 53, 54, 55, 56, 57, 58, 60, 63, 64, 65, 66, 67, 

114 

whey concentrate, 53 

whey hydrolysate, 53, 55, 65 

whey isolate, 53, 59 

whey powder, 53 

white adipose tissue, 5 

white blood cell, 72, 87, 89 

white blood cell count, 87, 89 

wild asparagus, 175 

wild carrot, 175 

wild plants, ix, 168, 170, 175, 177, 179 

withdrawal, 87 

women, viii, 2, 4, 8, 10, 11, 12, 32, 39, 42, 44, 46, 

47, 55, 70, 71, 78, 79, 82, 85, 87, 100, 127, 148, 

184, 199 

workers, 188 

workout, 49, 52, 57, 58, 59, 63, 106, 115, 116, 136 

World Health Organization (WHO), ix, 12, 20, 39, 

146, 183, 184, 191, 194, 195 

worldwide, 168, 183, 184, 202 

wound healing, 18 

X 

xanthophylls, 147 

Y 

yield, 96 

young adults, 134, 166, 187 

young people, 190, 191 

Complimentary Contributor Copy



Index 235 

young women, 15 

Z 

zinc, vii, 15, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 

27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 

40, 41, 42, 43, 44, 45, 46, 47, 48 

zinc fingers, 18, 38 

zinc homeostasis, vii, 17, 18, 20, 21, 22, 23, 24, 29, 

30, 31, 33, 34, 36, 37, 38, 40, 41, 44, 46 

zinc sulfate, 39 

zinc supplementation, 22, 23, 29, 31, 32, 33, 34, 40, 

44, 45, 47 

zinc transport, 17, 24, 26, 28, 32, 37 

ZIP, 26, 27, 28, 30, 43 

 

Complimentary Contributor Copy

View publication stats

https://www.researchgate.net/publication/297057009

	HUMAN HEALTH AND NUTRITION: NEW RESEARCH
	HUMAN HEALTH AND NUTRITION
NEW RESEARCH
	Library of Congress Cataloging-in-Publication Data
	Contents
	Preface
	Chapter I: Obesity and Iron Deficiency Anemia: A Review of Population Based Studies
	Abstract
	Introduction
	Physiology of Iron Metabolism
	Pathophysiology of Iron Metabolism Related to Obesity
	Treatment of Obesity-Related Iron Deficiency
	Conclusion
	Acknowledgments
	References

	Chapter II: Determinants of Zinc Transport in Humans: Zinc Status, Exercise, Inflammation and Chronic Diseases
	Abstract
	Introduction
	Whole Body Zinc Homeostasis
	Cellular Zinc Homeostasis
	Determinants of Zinc Transport
	Conclusion
	References

	Chapter III: Protein Supplementation and Athlete Performance
	Abstract
	Introduction
	Daily Protein Requirements
	Protein Supplementation
	Protein Sources
	Amino Acids versus Whole Protein Which Has Greater Benefit?
	Soy Protein vs. Animal Protein Consumption
	Importance of Leucine for Muscle Protein Synthesis
	Protein Timing – Acute Effects
	How Much Protein Should Be Consumed per Ingestion?
	Safety
	Summary
	References

	Chapter IV: Efficacy and Safety of Guanidinoacetic Acid Supplementation in Healthy Men and Women
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	Acknowledgments
	References

	Chapter V: Supplementation with Methyl Donors during Guanidinoacetic Acid Loading in Humans
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	Acknowledgments
	References

	Chapter VI: New Forms of Creatine in Human Nutrition
	Abstract
	Introduction
	History of Creatine
	Metabolism of Creatine
	Creatine in Sport
	Creatine As a Therapeutic Agent
	Novel Forms of Creatine
	The Future of Creatine
	Conclusion
	Acknowledgments
	References

	Chapter VII: The Impact of Human Intervention Studies on the Evaluation of Medicinal Plant Antioxidant and Anti-Inflammatory Activities
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	References

	Chapter VIII: The Role of Edible Wild Plants in Human Nutrition: Ethnobotanical Uses and Nutritional Properties. The Case Study of Umbria, Central Italy
	Abstract
	Introduction
	Methods
	Results
	Conclusion
	Acknowledgments
	References

	Chapter IX: Factors influencing Fruit and Vegetable Intake in Adolescents
	Abstract
	Fruit and Vegetable Global Outlook
	Adolescents and Diet
	Individual Factors
	Social Factors
	Environmental Factors
	Conclusion
	References

	Chapter X: A New Perspective in Physical Inactivity Related Mechanisms of Muscle Mass Loss
	Abstract
	Introduction
	Sarcopenia and Dynapenia
	Assessing Muscle Mass and Strengthin Aging Studies
	Tensiomyography – A New Measure for Sarcopenia, Dynapenia or Both?
	Conclusion
	References

	Index




