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Sex hormone-binding globulin (SHBG) is a homodimeric glycoprotein
produced by the human liver and secreted into the systemic circulation where
it binds with high affinity sex steroids regulating their availability in blood and
accessibility to target tissues. Plasma SHBG levels are altered in metabolic
disorders such as obesity, anorexia, and insulin resistance. Several reports
have shown that diets in terms of total calories or fat, fiber, or protein content
can alter plasma SHBG levels. However, there are many components in a diet
that can affect SHBG gene expression in the liver. In order to unravel the
molecular mechanisms by which diets regulate SHBG production, it would be
necessary to analyze single diet components and/or nutritional factors. This

1.2. Transcription Factors Regulating Hep-
atic SHBG Gene Expression

The human SHBG proximal promoter is
a TATA-less promoter that contains dif-
ferent footprint (FP) regions which have
been well characterized during the last
decade (Figure 1):

FP1 region: chicken ovalbumin upstream
promoter transcription factor (COUP-
TFI) and hepatocyte nuclear factor 4 al-
pha (HNF-4a), which represses and acti-

review summarizes the recent advances in identifying different nutritional

vates SHBG transcription, respectively.?!

factors regulating SHBG production and the related molecular mechanism, as ¢ FP3 region: HNF-4q, estrogen receptor

well as the clinical implications.

1. Sex Hormone-Binding Globulin Background

1.1. Human Sex Hormone-Binding Globulin Gene

The human SHBG gene is located on chromosome 17p13.1 and
it spans up to 11-kb containing two known transcription units: a)
first transcription unit or proximal promoter (4.3-kb) that is re-
sponsible for driving the expression of the SHBG gene in the hep-
atocytes that secrete SHBG protein into the circulation!]; b) sec-
ond transcription unit containing an alternative promoter which
drives the expression of the SHBG gene in germ cells of the testes
producing a smaller isoform than the plasmatic SHBG that accu-
mulates in the acrosome of human sperm!!! (Figure 1).
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alpha (ERa), and constitutive androstane
receptor (CAR) activate SHBG transcrip-
tion, while peroxisome proliferator acti-
vated receptor gamma (PPARy) inhibits
SHBG transcription.[23]
® FP4 region: upstream stimulatory factor 1/2 (USF1/2) acti-
vates SHBG transcription.[*]

1.3. SHBG Function and Role as Biomarker of Metabolic
Disturbances

SHBG is a glycoprotein produced by the human liver and se-
creted into the circulation where it binds with high affinity
both androgens and estrogens regulating their availability in
blood and accessibility to target tissues and cells.’] The plasma
SHBG levels are altered in different metabolic disorders, in
fact low plasma SHBG are inversely associated with metabolic
syndrome, insulin resistance, obesity, type 2 diabetes, and ges-
tational diabetes.*®] There are also emerging evidences that
low SHBG levels could represent an independent biomarker of
proinflammatory states and SHBG levels may be an indicator
of low-grade inflammation in obese individuals.’ In addition,
low SHBG is associated with a greater coronary artery calcium
score and increased risk for cardiovascular disease (CVD) in post-
menopausal women.['%* Plasma SHBG levels correlate with
the body mass index (BMI) and subjects living with obesity and
anorexia have low and high plasma SHBG, respectively.[!214]
Moreover, it has been also suggested that determining plasma
SHBG levels could be a reliable index of nutritional status in
anorexial®! (Figure 2).
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Figure 1. Human SHBG gene structure and transcription factors regulating its expression. The hepatic expression of SHBG is driven by a proximal
promoter resulting in an mRNA that comprises eight exons. The SHBG alternative promoter is expressed in testicular germ cells resulting in an mRNA
that comprises an alternative exon 1 (A1) followed by exons 2-8. The proximal SHBG promoter has been well characterized and several transcription
binding sites (footprint regions) and its transcription factors binding them have been identified.

1.4. Dietary Composition and SHBG

Several studies had explored the relation between SHBG plasma
levels and the dietary composition in terms of fiber, fat, and pro-
tein content, as well as total calories. However, the conclusions
of these reports are sometimes unclear or conflicting.
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Figure 2. Altered plasma SHBG levels can be found in several human dis-
eases. Subjects suffering from fatty liver disease, obesity, type 2 diabetes,
hypothyroidism, polycystic ovary syndrome, or inflammatory diseases are
characterized by having low plasma SHBG levels. On the contrary, sub-
jects suffering from anorexia or hyperthyroidism have high plasma SHBG
levels.
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- Fiber: Several studies have shown that women under high fiber
diets had decreased plasma SHBG levels,!'>!°] whereas others
reported that vegetarians had an increase in plasma SHBG lev-
els compared to nonvegetarians.[16-18]

- Fat: It has been suggested that fat intake may be related to SHBG
levels.192] A study by Reed et al.[?!! showed that men fed a high-
fat diet had a decrease in plasma SHBG levels, while men fed a
low-fat diet had an increase in plasma SHBG levels.

- Protein: A report by Vermuelen et al. described that a high pro-
tein diet increased plasma SHBG levels.[??]

- Total calorie consumption: Studies have shown that women
suffering from anorexia had a significant decrease in plasma
SHBG levels after increasing their total calorie intake,?’!
whereas women suffering from polycystic ovary syndrome
showed an increase in plasma SHBG levels when fed a very
low-calorie diet.[?*]

The discrepancies between reports in humans regarding the
effects of different diets on SHBG regulation may be due to the
fact that there are many components in these diets that can vary
between studies and affect different SHBG gene expression in
the liver. In order to understand the molecular mechanisms by
which different diets regulate SHBG production, it would be nec-
essary to analyze single diet components and/or nutritional fac-
tors to determine the associated molecular mechanisms.

2. SHBG Regulation by Nutritional Factors and
Associated Molecular Mechanisms

In recent years, several advances of importance have been made
in terms of identifying several nutritional factors regulating
SHBG production and the related molecular mechanism us-
ing in vitro and in vivo approaches as well as clinical studies.
Specifically, a) high carbohydrate diets (glucose and fructose)
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Figure 3. Molecular mechanisms by which caffeine, high carbohydrate diets, red wine, and olive oil regulate SHBG expression. Caffeine upregulates
hepatic SHBG expression by increasing adiponectin production through AKT/FOXO1 pathway in the adipose tissue, adiponectin actions in the liver
include the increase of f-oxidation and the decrease of lipogenesis which in turn increases HNF-4a and decreases PPARy resulting in an increase SHBG
expression. High carbohydrate diets decrease f-oxidation and the increases lipogenesis which in turn decreases HNF-4a and increases PPARy resulting
in an inhibition of SHBG expression. Red wine and olive oil increase SHBG expression by increasing CAR protein levels and decreasing PPARy protein

levels, respectively.

have been shown to reduce SHBG production by increasing hep-
atic lipogenesis and therefore hepatic lipid content; b) compo-
nents of Mediterranean diet such as olive oil and red wine have
been shown to increase hepatic SHBG production by different
mechanisms through specific transcription factors; ¢) caffeine
consumption have been demonstrated to increase hepatic SHBG
production indirectly by acting in the adipose tissue (Figure 3).

2.1. Carbohydrates

It is well known that higher intake of sugar and sugar-sweetened
beverages are associated with lower plasma SHBG levels.] In
addition, it has been shown that high carbohydrate diets, fruc-
tose in particular, induce hepatic de novo lipogenesis and in-
hibit mitochondrial p-oxidation, resulting in intrahepatic lipid
accumulation.l??’] In this regard, we have demonstrated in in
vitro experiments using HepG2 cells that monosaccharides di-
rectly regulate SHBG gene expression in these cells by increasing
de novo lipogenesis.[?8] Mechanistically, the increase in hepatic li-
pogenesis and lipid accumulation induces an upregulation of the
peroxisome proliferator activated receptor gamma (PPARy) and a
decrease of the hepatocyte nuclear factor alpha (HNF-4a) levels,
which are the main transcription factors inhibiting and activat-
ing SHBG gene expression respectively, resulting in a decrease
in SHBG expression and production.[?$2° These findings were
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further corroborated by treating HepG2 cells with monosaccha-
rides in the presence of cerulenin, a fatty acid synthase inhibitor.
Cerulenin was able to inhibit the monosaccharide-induced reduc-
tion of SHBG production in HepG2 cells.[?®] In addition, these
results were corroborated in in vivo studies using the human-
ized SHBG transgenic mice fed with high amounts of sucrose,
glucose, or fructose. Under these conditions, the human SHBG
transgenic mice showed decreased plasma SHBG levels.[?] It is
important to mention that fructose was more effective in reduc-
ing SHBG plasma levels than glucose or sucrose.[?8! The expla-
nation is that unlike glucose, ingested fructose is preferentially
metabolized by the liver*”) and this and other features make it
an exceptionally lipogenic sugar.>!-33] In this regard, it has been
shown that hepatic lipogenesis is strongly associated with fatty
liver in humans.** Norbert et al. showed that elevated liver fat
content strongly correlated with circulating SHBG in humans.*!
In a subsequent study, Peter et al. replicate these findings in an
independent group of subjects and found that besides age and
sex, liver fat content, but not total body or visceral fat, was an in-
dependent predictor of plasma SHBG levels.[**] The authors also
found using data from a longitudinal lifestyle intervention study,
that subjects having the largest increase in SHBG plasma levels
were those showing the largest decrease in liver fat. Moreover, an
inverse correlation was found between SHBG mRNA levels and
triglyceride content and acetyl-CoA carboxylase mRNA levels in
human liver biopsies.[?82]
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2.2. Olive Oil

The health benefits of olive oil, a key component of Mediter-
ranean diet (MedDiet), are well known and reported in the
literature.3”] Olive oil may offer health benefits as it is high in
healthy monosaturated fats and antioxidants as well as for hav-
ing anti-inflammatory properties.3®! The Pizarra study,®! that
evaluated more than 900 people after 6 years of consuming olive
oil, found that SHBG serum levels were significantly higher in
subjects using olive oil for cooking compared with subjects us-
ing sunflower oil. Remarkably, SHBG levels correlated positively
with monounsaturated fatty acids (MUFAs) and negatively with
saturated fatty acids. In addition, multiple regression analysis
showed that MUFAs were independently associated with SHBG
levels.[*] This study was complemented by in vitro experiments
using HepG2 cells showing that oleoyl-CoA treatment was able
to increase SHBG production by downregulating PPARy protein
levels, an inhibitor of SHBG gene expression.[>%]

2.3. Red Wine (Resveratrol)

Epidemiological studies have shown that moderate red wine con-
sumption reduces the risk of suffering cardiovascular disease
(CVD).'-*] This beneficial cardiovascular effect has been at-
tributed to components other than alcohol,[*#7] these compo-
nents are referred to as congeners of alcoholic beverages and
these congeners include several polyphenols.[*®/ Among these
polyphenols, resveratrol (3,4’,5-trihydroxystilbene), which has a
potent antioxidant activity, is considered to be protective against
CVD and cancer, among other diseases.[*>*752] In a series of com-
prehensive experiments, we have shown that red wine and resver-
atrol increase SHBG production in HepG2 cells.’] Mechanisti-
cally, resveratrol acts specifically through the human constitutive
androstane receptor (CAR), a drug/xenobiotic detoxification gene
regulator,>3> to increase hepatic SHBG production by bind-
ing to a DR-1 element, present in the footprint 3 region of the
SHBG promoter.’] These results were corroborated in vivo us-
ing a humanized SHBG/CAR transgenic mouse, where plasma
SHBG levels were increased by resveratrol consumption.*! More-
over, SHBG expression correlated significantly with CAR mRNA
levels in human liver biopsies.®! Finally, a pilot study aimed to
test the effect of drinking two types of red wine with different
resveratrol content was conducted in 26 healthy volunteers. The
results showed that consumption of both wines did not change
body mass index or biochemical markers of liver injury. How-
ever, while the low resveratrol wine did not modify the lipid pro-
file or SHBG levels, the red wine with high resveratrol content
significantly reduced total cholesterol in both men and women
and increased plasma SHBG levels in women, but not in men.[’!
It is also important to mention that these results agree with the
results reported by Chow et al. showing an increase of 10% in
plasma SHBG levels after a resveratrol treatment of 1 g daily for
12 weeks in postmenopausal women.*®]

2.4. Caffeine

A positive relationship between coffee and caffeine consump-
tion and SHBG plasma levels has been shown in epidemio-
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logical studies.[*>*°l However, the relationship between caffeine
and SHBG production has never been studied before at the
molecular level. Our results using HepG2 cells showed that caf-
feine did not increase SHBG production in in vitro experiments.
By contrast, plasma SHBG levels increased in human SHBG
transgenic mice after 12 days of drinking water supplemented
with caffeine.l!] These results confirmed that caffeine increases
plasma SHBG levels in vivo and strongly suggests that the un-
derlying molecular mechanisms by which caffeine increases
SHBG production is unrelated to its hepatic effects. In this re-
gard, it is known that caffeine intake has effects on different
body tissues, including adipose tissue.l®”) White adipose tissue
is an endocrine organ producing several cytokines, for instance
adiponectin,[®*l which have been already shown to increase hep-
atic SHBG production.l®! Since caffeine consumption is asso-
ciated with higher adiponectin plasma levels in humans,!%! we
decided to measure adiponectin levels in our humanized SHBG
transgenic mice drinking caffeine supplemented water. The re-
sults showed a significant increase in plasma adiponectin levels
in mice consuming caffeine in the drinking water. In addition,
caffeine treated mice had higher adiponectin mRNA levels than
vehicle treated mice in white adipose tissue. The later was corrob-
orated by treating with caffeine mature 3T3-L1 mouse adipocytes,
the results showed that caffeine increased adiponectin produc-
tion in adipocytes through protein kinase B (AKT) signaling
pathway by increasing the forkhead box protein O1 (FOXO1)
protein levels,[®!] a well-known transcription factor activator of
adiponectin gene expression.[®®]

3. Clinical Implications and Future Perspectives

One of the most important lessons of recent years has been
that apart from a carrier of sex hormones, SHBG is a reliable
biomarker of metabolic dysfunctions in which insulin resistance
plays an essential role such as metabolic syndrome, obesity, fatty
liver disease, type 2 diabetes (T2D), gestational diabetes, and poly-
cystic ovary syndrome.l>®%7] In addition, low plasma SHBG con-
centrations in overweight individuals are predictive T2D and car-
diovascular disease (CVD) risk.'1*¢7] Although the potential
role of SHBG per se in the pathogenesis of the above-mentioned
diseases remains to be elucidated, several reports have suggested
its contribution to the development and progression of obesity.[8!

The new insights from SHBG research related to nutrition
reported in recent years, are based on fact that a single di-
etary component can potentially regulate plasmatic SHBG levels
in humans. Consumption of added sugars has been related to
an increased risk of several chronic diseases, including obesity,
CVD, T2D, nonalcoholic fatty liver disease (NAFLD), cognitive
decline, and even some cancers.[®*7! The fact that monosaccha-
rides reduced human SHBG gene expression by altering hep-
atic HNF-4« levels provide a molecular mechanism explaining
the link between the low plasma SHBG levels and the metabolic
extremes in people suffering from obesity and anorexia. In-
terestingly, monosaccharides induced hepatic de novo lipo-
genesis which increased the hepatocyte palmitate content
reducing HNF-4a protein levels.?®! This is important since,
among the monosaccharides, fructose is the most potent inducer
of de novo lipogenesis!?®! and therefore explains why the SHBG
gene expression is remarkably responsive to fructose consump-
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tion. Studies in different human cohorts have shown that ele-
vated liver fat content strongly correlated with circulating SHBG
in humans.[>3¢] These findings suggest that plasma SHBG lev-
els may represent a useful biomarker of metabolic disturbances
associated with excess sugar consumption.

MedDiet is a well-known and characterized diet distinguished
by high intakes of vegetables, legumes, fruits, nuts, grains, fish,
protein sources from seafood and poultry, olive oil and low-to-
moderate intake of red wine, as well as low intake of dairy prod-
ucts, red and processed meat, cream, and sugar drinks.l’>73 The
MedDiet is the most studied diet in the world and it has been
associated with important health benefits. In this regard, sev-
eral studies provided strong evidences of the MedDiet benefits
on cardiovascular health, which not only includes reduction in
the cardiovascular incident outcomes, but also in the associated
risk factors such as obesity, hypertension, metabolic syndrome,
and dyslipidemia. The MedDiet has been also related with a re-
duction of the risk in the development of developing T2D, a re-
duction in mortality and therefore an increase in longevity.”>74]
It is remarkable that olive oil and red wine, two of the most im-
portant components of MedDiet increased plasma SHBG levels,
thus linking epidemiologically studies showing that subjects with
low plasma SHBG levels have higher risk of suffering both CVD
and T2D.U>7¢] Therefore, specific studies addressed to examine
the role of SHBG as an independent mediator of the relationship
between olive oil and red wine consumption and the cardiovascu-
lar protective effects of the Mediterranean diet seem warranted.

Coffee is one of the most popular beverages in the world;
although its impact on health outcomes and adverse effects is
not fully understood. It is widely accepted that coffee consump-
tion contributes to the prevention of inflammatory and oxidative
stress-related diseases, such as obesity, metabolic syndrome, and
T2D.[”7I Recent results showed that caffeine upregulates hepatic
SHBG expression by increasing adiponectin production through
AKT/FOXO1 pathway in the adipose tissue.[®!] Therefore, this
could be one of the key mechanisms involved in the beneficial
effects of caffeine in the prevention of metabolic diseases.

Overall, all these findings point to SHBG not only as a sex
steroid carrier but also as a useful biomarker of type of diet con-
sumption and metabolic diseases. Future research is needed in
order to determine whether SHBG plasma levels could be a reli-
able biomarker of the success of dietary interventions in patients
suffering from metabolic diseases.
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