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Abstract

Fetuin-A is a multifunctional protein which inhibits ectopic calcification and insulin receptor
phosphorylation. It may also promote insulin resistance by activation of toll-like receptor 4 pro-
inflammatory cascade. Increased levels of Fetuin-A have been associated with obesity and related
comorbidities such as type 2 diabetes and cardiovascular disease, therefore, it has been suggested
as a potential therapeutic target for intervention. However, in addition to its role in disease
pathophysiology, Fetuin-A is also important for growth and development. Thus, before evaluating
Fetuin-A as a biomarker or pharmacological target, an understanding of Fetuin-A variability
throughout the life cycle is essential. This manuscript reviews the current body of knowledge

surrounding Fetuin-A throughout the life cycle and discuss challenges to studying Fetuin-A.
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1. Introduction

Fetuin-A, also known as alpha 2-Heremans Schmid glycoprotein (AHSG), was first
recognized due to its high concentration in fetal serum [1]. Since being discovered, this
endogenously synthesized protein has been ascribed multiple biological functions but the
understanding of these mechanisms remains poor. Circulating levels of Fetuin-A have been
associated with numerous chronic diseases; most notably, renal disease, cardiovascular disease

(CVD) and type 2 diabetes (T2DM) [2-7].

1.1. Structure and function

Human Fetuin-A is mainly secreted from the liver, but many other tissues are able to
express this protein (i.e. adipose, placenta and tongue) [8, 9]. The structure of Fetuin-A, including
other mammalian isoforms, has been described in great detail [10-12]. Briefly, Fetuin-A is secreted
as a single chain precursor. This precursor is cleaved during proteolytic processing in the Golgi
apparatus to form a heavy and a light chain consisting of 321 and 27 amino acids, respectively. A
connecting peptide, which is 40 amino acids in length, is cleaved from the C terminus of the heavy
chain [13, 14]. The remaining chains are joined by six disulfide bonds. The final (mature) form of
Fetuin-A has three domains. These domains contain important functional and structural features.
The first domain contains a calcium-binding site. Domain 2 has three N-linked glycosylation sites
and a phosphorylation site at Ser120. The final domain (Domain 3) contains two O-linked
glycosylation sites as well as the second phosphorylation site at Ser312 [11, 12, 15]. It is estimated
that 20% of FetA is phosphorylated in at least one site and phosphorylation appears to be essential

for activation of Fetuin-A [11, 13, 15, 16].



The complex structure of Fetuin-A suggests multiple biological functions. Specifically,
Fetuin-A encloses a TGF-beta binding site, in the first domain which allows to influence cell
differentiation and proliferation [17, 18]. Indeed, Fetuin-A is a natural antagonist of TGF-beta and
bone morphogenetic protein (BMP) activities [17-19]. Fetuin-A also contains a calcium binding
site which supports its proposed role as a mineral chaperone and inhibitor of calcification [20, 21].
The disulfide bonds, for apatite precipitation, and the TGF-beta/ BMP binding sites are integral to
Fetuin-A’s function in bone development and CVD [17, 18, 22].

Fetuin-A appears to be important in managing systemic calcification. Specifically, Fetuin-
A reduces ectopic calcification that contributes to development of CVD [18, 20, 21, 23, 24]. Low
Fetuin-A in circulation may lead to increased mortality risk [20]. However, high Fetuin-A levels
may contribute to the pathophysiology of T2DM. Circulating Fetuin-A is higher in individuals
with T2DM than those with normal glucose tolerance [12, 25, 26]. This may be explained by the
finding that Fetuin-A diminishes insulin response in muscle and adipose cells by inhibiting
autophosphorylation of the insulin receptor [12]. Domain 2 of Fetuin-A is structurally similar to
tyrosine kinase thus may inhibit it [11, 27]. It should be noted that there is some controversy about
this particular mechanism due to inconsistent findings reported [12, 15, 28]. At the molecular level,
the question still remains as to why Fetuin-A is elevated in those with T2DM.

Another potential mechanism of Fetuin-A function has been discovered in cell culture and
animal models. Emerging evidence suggests that Fetuin-A plays an important role in the
development of lipid-induced insulin resistance. Palmitate bound Fetuin-A activates toll-like
receptor-4 (TLR4); thus, signaling the release of proinflammatory cytokines, contributing to

decreased insulin sensitivity [29]. In obesity, Fetuin-A may also orchestrate macrophage migration



and polarization in adipocytes by acting as a chemokine [30]. Due to these findings, Fetuin-A has
been proposed as a therapeutic target to treat obesity and related comorbidities [4].

While the evidence to link Fetuin-A with obesity has increased in recent decades, there is
also accumulating research in the area of inflammation [24, 31-38]. Not only in the sub-chronic
inflammation associated with excess adiposity, but also in the acute inflammation resulting from
infection and injury. Fetuin-A has a somewhat elusive role in inflammation depending on the
instigating stimulus and has the potential to behave as both a negative and a positive acute phase
protein (APP) (recently revised by [36]). Early reports by Lebreton and colleagues show that
circulating values fell during acute infection, which led to its characterization as a negative APP
[33]. This finding is supported by cell culture and animal studies showing Fetuin-A temporarily
decreases with administration of LPS [34, 38]. In those models with lower Fetuin-A, it was
possible to launch an early inflammatory response to infection. Paradoxically, mice with
endotoxemia that received supplemental Fetuin-A exhibited greater survival capabilities than mice
with endotoxemia that did not receive Fetuin-A [34]. This protective effect may be explained by
Fetuin-A’s ability to decrease the release of proinflammatory cytokines such as IL-1 and TNF,
therefore reducing the late inflammatory response to sepsis mediated by high mobility group box-
1 (HMGB1) [31]. Fetuin-A is also essential for spermine to act as an anti-inflammatory agent [37,
38]. Taken together, these findings suggest Fetuin-A decreases in response to acute inflammation
but increases in response to late inflammation resulting from infection. Fetuin-A has also been
shown to act as a positive APP in response to inflammation caused by injuries such as cerebral
ischemia in both humans and cattle [24, 32, 36]. In these situations, the initial injury stimulates the
release of HMGB1, which if left unmanaged would trigger subsequent damage and inflammation.

The presence of Fetuin-A is thought to decrease the inflammatory response and prevent further



damage [36]. It should be noted that Fetuin-A is normally unable to cross the blood brain barrier
(BBB), however, following instances of trauma, the BBB permeability is temporarily increased
allowing for Fetuin-A to enter damaged cerebral tissue [35]. Therefore, the type and source of
inflammation may be an important consideration when determining the relationship between
Fetuin-A and the immune response. These findings also indicate that accurate measures of acute

infection and illness are important and need documentation in any study evaluating Fetuin-A.

1.2. Challenges in measuring Fetuin-A

Since many conditions influence circulating Fetuin-A, it has been difficult to establish
reference values and Fetuin-A’s role in normal mammalian development [1, 39, 40]. Current data
suggest that Fetuin-A is highest during infancy, declines into childhood and varies in adults [41-
43]. The variability of Fetuin-A in adulthood may be attributed to diverse health behaviors, disease
states and weight status. For example, weight management strategies such as caloric restriction,
aerobic exercise and weight loss surgeries have all been shown to reduce circulating Fetuin-A
while overfeeding and obesity tend to increase its levels [43-46]. Multiple comprehensive reviews
on Fetuin-A in unhealthy populations have been published, however, scarce data are available
discussing the action of Fetuin-A over the lifespan in healthy populations [6, 47-49]. There are
few reports on Fetuin-A during childhood. Most randomized control trials evaluating the response
of Fetuin-A to health behavior interventions include only adult cohorts. Of the existing reports in
children, most have methodological limitations such as wide age variation, cross-sectional study
design, or include only children with compromised health conditions such as renal disease and

nonalcoholic fatty liver disease (NAFLD) [50-52].



Another limitation to our understanding of Fetuin-A is the variability of measurement
methods. Several companies offer Fetuin-A specific enzyme-linked immunosorbent assays
(ELISA); however, inconsistencies exist among reported values [53]. In a study by Smith et al.,
commercial kits from Epitope™ and Biovendor™, yielded differing values for circulating Fetuin-
A in normal populations. The reported Fetuin-A values were 2.2 higher when using the Epitope™
ELISA kit than when using the Biovendor™ ELISA kit. Smith and collaborators demonstrated
that glycosylation status may explain, in part, the difference between the two commercial kits [53].
Therefore, it is possible that the degree of post-translational modification of Fetuin-A may
influence measurement accuracy. In addition to glycosylation sites, as mentioned, at least two
important phosphorylation sites have been reported in Fetuin-A at Ser120 and Ser312 [11]. The
impact of phosphorylation status on Fetuin A measurement by ELISA is not known. However, the
high variability in the reported circulating values of Fetuin-A may be partially explained by
technical differences or methodological selection of the epitope used by commercial kits. The
heterogeneity of published results and pre-analytical variability are major challenges to the use of
Fetuin-a as a novel biomarker of metabolic disease. This area eagerly awaits further clinical
investigation.

Despite years of research, there are no standardized reference values of Fetuin-A for
infants, children or adults. It is also unclear which factors influence Fetuin-A levels at these life
stages. Therefore, the objective of this review is to discuss the current understanding of Fetuin-A
across the lifespan focusing on the impact of development, pregnancy and aging as well as
modifiable life factors including diet, exercise, weight management and elective surgeries (Figure
1). A summary of relevant human studies that were published in English are presented. The search

terms included Fetuin-A, alpha2-Heremans Schmid Glycoprotein, AHSG and terms related to the



lifecycle (i.e. infant, child, adult, pregnancy, elderly) in three search engines (PubMed, Scopus and

Elsevier) until October of 2015. Both authors were involved in the search and selection of the

papers summarized here.

Insert Figure 1 about here

2. Fetuin-A during the Lifespan

2.1 Gestation and Pregnancy

Due to high concentrations of Fetuin-A in fetal serum, multiple functions related to
development have been suggested [1, 8]. Fetuin-A constitutes ~25% of the non-collagenous
protein fraction of mammalian bone [54]. Following collagen, Fetuin-A is one of the most
abundant proteins in bone and its ability to bind calcium and other minerals supports the notion
that it is essential for osteochondrogenesis [21, 54, 55]. A role for Fetuin-A in cell proliferation
and differentiation has also been demonstrated [56].

During normal gestation, serum Fetuin-A increases with each trimester [57]. However,
women with the highest Fetuin-A levels during pregnancy had newborns with lower average body
weights, shorter average body lengths and smaller average head circumferences [57]. Therefore,
there appears to be a physiological reason for Fetuin-A to increase for bone development but there
may also be negative effects from values that are too high.

The rise in Fetuin-A may be correlated with the observed decrease in insulin sensitivity
during pregnancy. Thus, it could be postulated that women with gestational diabetes mellitus
(GDM) would have the highest values of Fetuin-A, however, conflicting results have been reported

[57, 58]. In a study of 104 women, those with GDM had higher serum Fetuin-A than healthy



women at the same stage of pregnancy [57]. Conversely, in a study of 20 pregnant women, plasma
Fetuin-A in women with GDM and those with normal glucose tolerance did not differ at the 28™
week of gestation or 10-12 weeks after delivery [58]. How maternal diet, maternal weight status
and breastfeeding effect Fetuin-A in the mother and infant is unknown. Further research is needed
to identify the function and significance of Fetuin-A during pregnancy and whether modulations

in maternal Fetuin-A can influence the growth and development of the infant.

2.2 Birth

Fetuin-A is frequently described as an important developmental protein because of its high
concentrations in fetal circulation [8, 59]. Infants have Fetuin-A levels greater than 1 mg/mL,
however, values vary based on measurement methods and length of gestation [39, 41]. Two studies
have shown infants born prematurely to have higher plasma Fetuin-A levels than those born at
term [39, 41]. Conversely, a study of 19 fetuses following therapeutic abortion found that Fetuin-
A increased from 20 weeks gestation to 38 weeks gestation although this trend was not significant
[8]. Notably, these studies included small sample sizes and limited information on the
demographics and coexisting health conditions of the participants. Thus, studies of larger cohorts
with more information about the ethnicity, sex, and health status of the infants as well as maternal
demographics are needed. New studies could provide important information about the
normal/optimal levels of Fetuin-A in early development.

As stated previously, Fetuin-A has the ability to inhibit calcification plays a critical role in
bone growth. Fetuin-A knockout mice have stunted long bones growth likely resulting from
premature mineralization of growth plates [40]. This inhibitory effect has been also demonstrated

in vitro [20, 60]. In humans, the hypothesis that Fetuin-A may be linked to restricted growth was



tested in a comparison of appropriate-for-gestational-age infants and intrauterine-growth-restricted
(IUGR) infants and no difference was found [61]. However, infants with IUGR have different
glycosylation patterns on Fetuin-A than full-term infants [62]. Thus, although circulating Fetuin-
A may not differ, there may be important post-translational modifications occurring throughout

life that impact Fetuin-A functions.

2.3 Childhood

To evaluate Fetuin-A throughout childhood, H&usler and collaborators collected blood
from 96 healthy children ages 3 weeks to 17 years old. No significant difference was seen when
the average Fetuin-A was compared across age groups, suggesting that age was not a predictor of
circulating Fetuin-A. The mean serum Fetuin-A was 0.58 (+ 0.12) mg/ml, about half that of infants
[41]. The authors of this publication did not comment on ethnicity or pubertal status of these
children and only measured the children cross-sectionally. Therefore, the utility of these values in
creating a reference range is low. A similar study in 246 Caucasian children, ages 9 days to 18
years, found comparable Fetuin-A concentrations (0.46 £ 0.24 mg/ml). This study concluded that
age, sex and body mass index standard deviation scores (BMI-SDS) did not alter Fetuin-A [42].
Importantly, children in this study had normal BMI-SDS, so there was limited ability to detect
differences in Fetuin-A related to obesity.

The association between childhood obesity and Fetuin-A concentrations was specifically
studied by Reinehr and Roth [52]. Fetuin-A was not significantly different between normal weight
and obese children, however, obese children with NAFLD had significantly higher circulating
Fetuin-A (0.35 = 0.07 mg/mL) than obese children without NAFLD (0.29 + 0.06 mg/mL) [52].

Waist circumference was also positively correlated with Fetuin-A [52]. Overall, this study suggests

10



that metabolically unhealthy obesity but not metabolically healthy obesity is positively correlated
to Fetuin-A. The arguments on metabolically healthy and unhealthy obesity and its progression to
metabolic disease are an issue of heated debate (as reviewed by [63-66]) and the role of Fetuin-A
has been underlined, especially by Stefan and colleagues [67]. Further, Stefan’s team group
suggested that Fetuin-A could have a role in the severity or progression of NAFLD [68]. In general,
studies in the field of obesity would benefit from using more precise measures of body composition
such as dual X-ray absorptiometry and bioelectrical impedance because correlations between
Fetuin-A and weight status may not be appreciated if obesity is defined by height and weight alone.

In childhood, it is unclear how dietary intake impacts circulating Fetuin-A. The study of
Fetuin-A response to dietary intake and physical activity includes mostly adult cohorts with the
exception of a one-year nutrition and physical activity education intervention with obese
participants (ages 8-12 years old). Fetuin-A levels were compared between a group of children
who achieved significant weight loss (as evidenced by a 0.5 reduction in BMI-SDS) and a group
of children who did not change body weight after the intervention. A 10% reduction in Fetuin-A
was observed in children who lost weight [52]. It is uncertain based on the study design whether
changes in body composition, dietary intake, or physical activity regimen impacted serum Fetuin-
A, therefore, further studies are warranted.

Genetic influences may also impact Fetuin-A levels and function. Notably, a meta-analysis
by Elks and collaborators found that BMI heritability estimates were highest in younger children
[69]. Whether the heritability of Fetuin-A level follows a similar trajectory remains to be reported.
The gene which codes for human Fetuin-A is AHSG [13]. At this time, we are unaware of any
research investigating the impact of AHSG genetic polymorphisms on obesity or associated

comorbidities during childhood, however, genetic polymorphisms in Fetuin-A have been linked to
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an increased risk of T2DM, obesity, and CVD in adults [50, 70, 71]. The genomic locus of AHSG
(3927) was found to be a susceptible region for early-onset diabetes and thus, may support an

important role for Fetuin-A in the progression of childhood obesity associated comorbidities [72].

3. Factors influencing Fetuin-A during Adulthood

3.1 Genetics

The AHSG gene is located in the 3927 region, which has been identified as a T2DM and
obesity susceptible region [72, 73]. Individual genetic variation may impact circulating Fetuin-A
levels, as well as risk for T2DM and obesity-related phenotypes. Single nucleotide polymorphisms
(SNPs) in the AHSG gene correlate with plasma Fetuin-A [74, 75]. In a cohort of 2197 adults, the
rs4917 polymorphism explained 21.2% of the variance in Fetuin-A with each C-allele increasing
Fetuin-A by 0.035 mg/mL. To date, four SNPs have been found to be associated with circulating
Fetuin-A [74].

Although Fetuin-A levels have been positively associated with obesity, the correlation
between AHSG SNPs and obesity parameters is inconsistent [48]. Multiple AHSG-SNPs
(rs2248690, rs2077119, rs4831, rs4917 and rs11540663) were genotyped in 364 normal weight
and obese women and no associations with BMI, percent body fat or waist circumferences were
found [76]. Another group genotyped rs4917 in 157 patients post-myocardial infarction and a
significant association with waist circumference and a borderline significant association with BMI
was found (p=0.065) [71]. When analyzed under a dominant model, and excluding individuals
with T2DM, it appeared that T-allele carriers of rs4917 (T/T or C/T) had significantly lower BMI
and waist circumferences than non-T-allele carriers (C/C) [71]. In a group of 504 normal weight

and obese Swedish men, the G-allele of rs2593813 was associated with leanness [70]. Three
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AHSG SNPs (rs2593813, rs4917 and rs4918) were constructed into haplotypes and certain
variations of these haplotypes were more common in lean versus obese men [70]. Conversely,
another research group used magnetic resonance imaging to assess regional body fat and was
unable to show correlations between body fat and genetic variations in the AHSG gene [77].
Overall, it appears that certain SNPs in AHSG influence circulating Fetuin-A, but these SNPs are
inconsistently associated with BMI. Furthermore, few of these SNPs have been linked to functional
changes in Fetuin-A whether that be decreased binding affinity for insulin receptor, TLR4,
palmitate or other ligands [71]. However, it could be possible that some of the non-functional
individual genetic variants reported in the AHSG gene are in linkage-disequilibrium (associated)

with unknown functional variants.

3.2 Obesity

Since Fetuin-A was found to inhibit the human insulin receptor at the tyrosine kinase level,
it prompt interest to investigate its association with insulin resistance and obesity [2]. A recent
review paper has covered this topic in great detail [48]. Overall, circulating Fetuin-A is positively
associated with obesity and weight gain and negatively associated with weight loss following
bariatric surgery [44, 78]. In an observational study spanning five years, baseline Fetuin-A was
positively associated with gain of visceral adipose tissue in older adults. More specifically, each
0.42 mg/mL increase in Fetuin-A led to a 5% increase in visceral adipose tissue gain [79]. On the
other hand, a 34% decrease in BMI caused by Roux-en-Y gastric bypass (GBP) led to a 19%
decrease in Fetuin-A 16 months after surgery [44]. In another study of bariatric surgery patients,

Fetuin-A was 27% lower just three days after surgery when compared to Fetuin-A levels three
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days before surgery [78]. Therefore, Fetuin-A does appear to fluctuate with weight but it is unclear
whether the change in Fetuin-A precedes weight loss or vice versa.

Medications which alleviate obesity-associated comorbidities may also impact circulating
Fetuin-A. The thiazolidinedione, pioglitazone, is prescribed to patients with T2DM to increase
insulin sensitivity and has been shown to decrease Fetuin-A expression in hepatocytes [80].
Another anti-diabetic drug, metformin, has also been studied and has shown inconsistent
correlations with Fetuin-A [80-82]. Extended release niacin, used for the treatment of
dyslipidemia, decreases serum Fetuin-A and phosphofetuin [83]. Finally, the glucocorticoid,
dexamethasone, which is often prescribed to relieve inflammation, has been shown to increase
Fetuin-A transcription through CCAAT enhancer binding protein-beta and hepatocyte nuclear
factor 3-beta [84]. Therefore, future studies should note whether participating subjects are taking

prescriptions which may modify circulating Fetuin-A.

3.3 Diet

High fat diets stimulate Fetuin-A transcription and Fetuin-A preferentially binds the
saturated fatty acid, palmitate and signals the TLR4 inflammatory cascade [29, 30]. In vitro studies
suggest that high carbohydrate and high fat environments promote the expression of Fetuin-A in
hepatocytes and adipocytes and may result in higher circulating levels in vivo [30]. However, a
recent study of a population in Bavaria (n=558) showed that circulating Fetuin-A was not
associated with total energy or specific macronutrient intake as calculated from three 24 hour
dietary recalls [85]. In order to avoid the bias of self-reported food intake, another study evaluated

circulating free fatty acids and found a positive correlation with circulating Fetuin-A [6]. Although
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there was no consistent association with fat intake and Fetuin-A, it is unclear whether specific fatty
acids preferentially stimulate the secretion or function of Fetuin-A.

Clinical studies (primarily investigating insulin resistance) have demonstrated effects on
Fetuin-A resulting from dietary interventions, including: 1) overfeeding, 2) calorie restriction, and
3) modified intake of specific nutrients (for example: omega-3 polyunsaturated fatty acids (PUFA),
caffeine and alcohol) [43, 86-90].

Plasma Fetuin-A was increased after overfeeding 40 healthy adults for 28-days [46]. The
composition of their diet was increased by 1100 kcals/d from baseline and modified to be
composed of 45% energy from fat, 15% energy from protein and 40% energy from carbohydrates.
This short report did not provide numerical values for baseline and post-overfeeding circulating
Fetuin-A, so the magnitude of influence is not known. Furthermore, no descriptive information
about the specific fatty acid content, ratio of saturated fat to monounsaturated and polyunsaturated
fatty acids or other nutrition details were reported. Therefore, although overfeeding seems to
increase Fetuin-A, there is no conclusive evidence on whether the type of dietary fat increased
during overfeeding matters.

Calorie restriction appears to reduce Fetuin-A levels [43]. Overweight women with T2DM
were instructed by a dietitian on how to reduce energy intake by 30% (an average of 586 kcal per
day) over a period of 12 weeks. During this time, Fetuin-A decreased by 7% when compared to a
healthy control group (0.23 mg/mL to 0.25 mg/mL). Herein circulating free fatty acids were not
significantly different after this calorie restriction intervention [43]. Conversely, Hwang and
colleagues found that calorie restriction — short or long-term — had no impact on Fetuin-A [86].
Importantly, the calorie restriction in this study was not designed as an intervention, rather the

study participants were defined as calorically restricted due to intentional, excessive exercise and
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low body weight. This report also found no differences in short-term calorie restriction (72 hour
fasting) in men and women with a BMI less than 25kg/m? [86]. Therefore, the impact of calorie
restriction on circulating Fetuin-A may depend on baseline Fetuin-A levels and body composition
or adipose tissue distribution.

Due to the proposed role of Fetuin-A in insulin resistance, it has been studied in relation to
specific foods associated with T2DM development or management. Examples include n-3 PUFA,
coffee and alcohol [87-90]. Since increased PUFA intake has been associated with improved
insulin sensitivity [91], an intervention was designed to supplement n-3 PUFA (1.2 g/day) to 40
diabetic patients [89, 91]. Ozyazgan and collaborators found that after two months of PUFA
supplementation, serum Fetuin-A levels were decreased [89]. This study also found positive
baseline associations between serum Fetuin-A and triglycerides and HbAlc levels, but it’s not
clear if the dietary supplementation modified the correlations of circulating Fetuin-A and the lipid
profile [89]. Still, there are no studies reporting on the effects of PUFA supplementation on Fetuin-
A in individuals without T2DM.

Epidemiological evidence suggests that coffee drinkers have a lower risk for T2DM [92].
To determine whether Fetuin-A was influenced by coffee consumption, overweight individuals
who drank five cups of caffeinated or decaffeinated coffee daily for 8 weeks were compared to
overweight individuals who drank five cups of water daily for 8 weeks. After this intervention,
those who drank decaffeinated coffee daily reduced Fetuin-A by 20% and had significantly lower
Fetuin-A than those who did not drink any coffee. Consumption of caffeinated coffee reduced
Fetuin-A by 11%, but this effect was not statistically significant [90].

Alcohol intake in moderation has been associated with a lower risk of T2DM development.

Accordingly, alcohol consumption was negatively correlated to Fetuin-A in the Nurses’ Health
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Study [88]. Importantly, this consumption data was self-reported and retrospective. When this
finding was investigated in a randomized crossover trial, it was found that the type of alcoholic
beverage may be important. Consumption of white wine (259 alcohol) versus grape juice daily for
6 weeks did not modify the Fetuin-A levels of 36 postmenopausal women [87]. Still, in a cross-
over study, 24 men who consumed 100mL of vodka daily for 4 weeks had significantly lower
Fetuin-A than when they consumed only orange juice daily for 4 weeks. However the decrease in
Fetuin-A was minute (0.44 and 0.43 mg/ml, respectively) [87]. The molecular or physiological

mechanisms for this finding are yet to be elucidated.

3.4 Exercise

Only a handful of studies have attempted to evaluate the impact of a physical activity
intervention on Fetuin-A [45, 93-95]. Seven days of aerobic exercise training resulted in an 11%
decrease in Fetuin-A without significant weight loss in 12 obese adults [93]. In order to replicate
their findings, these same researchers administered a 12-week exercise program to 20 older adults
and found that an average weight loss of 6.4 kg led to an 8% reduction in Fetuin-A [45].
Conversely, a different group of researchers reported no impact on Fetuin-A following a 6-week
intervention consisted of aerobic exercise three times per week. This intervention included 14
obese and non-diabetic women and even though no significant changes in Fetuin-A occurred,
significant reductions in body fat and waist circumference were seen [95]. Mathews and colleagues
administered four bouts of daily exercise (designed to expend 350 calories each) and also found
no significant changes in total Fetuin-A concentration [94]. However, this exercise did lead to

decreased phosphorylation of Fetuin-A at Ser312 twenty-four hours after intervention. To our
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knowledge, this is the only report that underlines the effect of exercise on post-translational
modifications of Fetuin-A [94].

It is possible that exercise style, duration and intensity play a role on Fetuin-A and
phosphofetuin levels. However, given the scarcity of data, at this time, it is not possible to conclude
what the impact of exercise is on circulating Fetuin-A. Future studies should describe in detail the
type and duration of exercise, and measure differences in post-translational modification of

circulating Fetuin-A.

3.5 Aging

Fetuin-A may also be impacted by the natural aging process. Much of our understanding
of Fetuin-A’s role in older adults comes from two cohorts, ABC Health and the Rancho Bernardo
Study [5, 23, 79]. The Rancho Bernardo study included participants with a median age of 71 years
and found that Fetuin-A decreases with age. Women taking estrogen had the highest Fetuin-A
followed by women not taking estrogen. Men had the lowest Fetuin-A levels. Another important
sex difference that was pointed out in this study was the association between Fetuin-A and T2DM
risk in women but not in men [7, 96, 97]. In contrast to the Ranch Bernardo Study, the EPIC-
Potsdam study found that plasma Fetuin-A levels predicted increased risk for incident T2DM in
men and women (35 to 65 year-old) during an average of 7 years of follow-up [74, 98].

The process of aging typically results in decreased insulin sensitivity, however, Fetuin-A
knock out mice appeared to be protected against age-associated insulin resistance at 80 weeks
(approximately 53 human years) [99]. Epidemiological evidence suggests that older adults with
the lowest Fetuin-A are at a decreased risk for T2DM. The Nurses’ Health Study found that women

in the highest quintile (Fetuin-A >0.57 mg/mL) had around a 1.8 fold higher risk of T2DM than
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women at the lowest quintile (Fetuin-A <0.40 mg/mL) [63]. Similarly, the Health ABC study
found that older individuals with the highest tertile of Fetuin-A (>0.97 mg/mL) had a two-fold
higher incident rate of T2DM than individuals with the lowest tertile of Fetuin-A (<0.76 mg/mL)
[5]. Likewise, the EPIC-Potsdam study found that risk for incident T2DM increased 1.75 times
(95% ClI: 1.32-2.31) after adjustment for age in extreme quintiles of Fetuin-A [98].

In regards to aging, Fetuin-A has been suggested to be a marker of cognitive decline [7].
In a study of 1,382 older individuals, those with higher Fetuin-A performed better than those with
lower Fetuin-A on a series of tasks designed to assess attention, calculation, orientation, language
and recall. Those with higher Fetuin-A were also less likely to experience cognitive declines
longitudinally [7]. In an earlier study of cognitive impairment, it was found that plasma Fetuin-A
was significantly lower in of 34 individuals with Alzheimer’s disease (AD) than in 34 age-matched
controls (0.26 mg/mL and 0.30 mg/mL, respectively) [100]. Genetics may also influence the
association of Fetuin-A with AD. A study of 235 Italians found that late-onset AD was 3.9 times
more likely if the individual had a haplotype of two SNPs in the AHSG gene (rs4917 and rs4918)
[100, 101]. Although the sample size of many of the studies revised is small, they represent an
emerging area of research in the study of this versatile protein. At this time, it is unclear how
Fetuin-A contributes to cognition but these findings suggest that higher Fetuin-A may serve an

important role in preserving the cognitive abilities of older adults.

4. Conclusion: Challenges to studying Fetuin-A

The objective of this review was to discuss factors that influence Fetuin-A throughout the
lifecycle including modifiable life factors such as diet, exercise, weight management and elective

surgeries. This literature review revealed a set of challenges to the study of Fetuin-A in humans
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and its relevance as a metabolic biomarker (Table 1). First, reference values and standard units of
measure have not yet been established. In the study of older adults, it is common for the analytical
sample to be split into tertiles or quintiles for analysis. In doing so, the ability to create a standard
reference of circulating Fetuin-A is lessened as it becomes specific to each cohort studied and only
related to the outcome variable being assessed. Secondly, comparisons across studies are difficult
due to variability in commercially available kits. This may be because the kits are sensitive to post-
translational modifications such as glycosylation [53]. Measuring post-translationally modified
forms of Fetuin-A (i.e. glycosylated or phosphorylated) may be more informative in the study of
chronic disease than total circulating Fetuin-A [11, 15].

Few studies have examined the temporal variation in Fetuin-A within individuals. Fetuin-
A appears to vary week-to-week, but it is not clear if this relationship is related to sexual
dimorphism [102]. At the time of this review, no study evaluating Fetuin-A fluctuations throughout
the day has been reported. However, Fetuin-A does appear to vary throughout the day based on
meal intake [58]. Thus, as this field moves forward, it is important for researchers to disclose
whether measurements are collected while fasting and for how many hours the participants have
been fasting. Due to the multi-functionality of Fetuin-A, it can also be challenging to identify an
appropriate clinical control group for comparison. Ideally, control group individuals should be
age-, sex- and weight-matched to the treatment or intervention group. Attention to renal and liver
function, insulin sensitivity levels, acute infection, medications and genetic factors should be
noted. Furthermore, our search revealed that physical activity and nutrition are important

influences and should be described in detail when evaluating Fetuin-A in human participants.

Insert Table 1 about here
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5. Summary

Fetuin-A is a multifunctional protein that inhibits ectopic calcification and insulin signaling
via tyrosine kinase. Increased levels of Fetuin-A have been linked to greater risk of CVD and
incident T2DM, therefore, it has been proposed as a biomarker for these diseases. In order to fully
understand the clinical utility of Fetuin-A, consideration must be given to the multiple factors
influencing Fetuin-A beyond the presence of these diseases. Fetuin-A is affected by multiple
biological and behavioral factors. Biological factors include genetics and aging among others.
Behavioral factors that impact Fetuin-A levels include physical activity, weight loss and dietary
intake.

Throughout the lifecycle, Fetuin A is highest at infancy (around 1 mg/mL) and remains
stable throughout childhood and adulthood but values vary. At this time, it is unclear how Fetuin-
A during infancy is impacted by early life exposure including maternal diet, maternal weight status
and breastfeeding. Fetuin-A research would also benefit from studies on specific age ranges and
important developmental periods. Individual genetic variation is another biological factor which
influences Fetuin-A in circulation and if not considered, may skew findings and preclude
advancing the field of Fetuin-A research.

Behavioral factors can also influence Fetuin-A. In general, physical activity appears to
decrease Fetuin-A and weight loss either by lifestyle change or weight loss surgery, also decreases
Fetuin-A. Although research concerning the dietary impact on Fetuin-A is sparse, it appears that
excess calorie intake increases Fetuin-A while low-calorie diets reduce Fetuin-A. Therefore, if
Fetuin-A does prove to be an informative clinical marker of CVD or T2DM, it may be possible to
modify circulating Fetuin-A through physical activity, weight management and nutritional

interventions.
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Several disciplines such as biology, medicine, genetics, kinesiology and nutrition have
contributed to the overall understanding of Fetuin-A in recent years. Yet, this enigmatic protein
has eluded consensus on reference values and a true understanding of its biological importance.
Therefore, Fetuin-A research may provide opportunities for transdisciplinary collaborations
between benchtop scientists and clinicians to determine ideal Fetuin-A values and whether non-
pharmacological management strategies are effective at altering Fetuin-A and thus reducing

disease progression.
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Figure Legend

Figure 1. Fetuin-A is affected by multiple biological and behavioral factors. Biological factors
include genetics, disease status and aging, among others. Throughout the lifecycle, Fetuin A is
highest at infancy and remains stable throughout childhood and adulthood, but there is high
variability in circulating values. Several behavioral factors seem to influence Fetuin-A from
infancy to aging, but little or no evidence exists their impact during all life stages (italicized words
in the grey box). Per example, physical activity, weight loss either by lifestyle change (low-calorie
diets) or weight loss surgery, decrease Fetuin-A. On the other hand, excess calorie intake and
obesity seem to increase circulating Fetuin-A. At this time, it is unclear how Fetuin-A during
infancy is impacted by early life exposures including maternal diet, maternal weight status and

breastfeeding.
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Table 1. Challenges to studying human Fetuin-A in vivo

Methodological Biological

= Lack of reference values and standard unit = Day-to-day and week-to-week variation in
of measure report for Fetuin-A Fetuin-A has not been characterized

= Multiple commercial ELISA kits exist, but = Unknown effects of menstrual cycle on

yield inconsistent values Fetuin-A

= Lack of reporting on control groups and = Effect of post-translational modifications
numerical/absolute values for Fetuin-A on Fetuin-A function are unclear

= Effect of post-translational modifications = Fetuin-A responds to multiple health and
on Fetuin-A measurement are unknown behavioral factors

(i.e. glycosylation, phosphorylation)
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Figure 1. Individual Factors that Influence Circulating Fetuin-A
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