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Abstract: Polycystic ovary syndrome (PCOS) is one of the most common endocrine diseases causing infertility in women of
childbearing age. It is characterized by hyperandrogenemia (HA), chronic anovulation, and polycystic ovary morphology (PCOM).
Most women with PCOS have metabolic abnormalities. Sex hormone-binding globulin (SHBG), a transport carrier that binds estrogen
and androgens and regulates their biological activity, is usually used as an indicator of hyperandrogenism in women with PCOS. Low
serum SHBG levels are considered a biomarker of metabolic abnormalities and are associated with insulin resistance (IR), HA, and
abnormal glucose and lipid metabolism in PCOS patients. SHBG is also related to the long-term prognosis of PCOS, whereas SHBG
gene polymorphism is associated with PCOS risk. In addition, the administration of metformin (MET), glucagon-like peptide-1
receptor agonists (GLP-1 RAs), thiazolidinediones (TZDs), compound oral contraceptives (COCs), as well as nutrient supplements
such as inositol (MI), vitamin D, and synbiotics can regulate SHBG levels to ameliorate PCOS complications and improve prognosis.
This review focuses on the interaction between SHBG and various PCOS complications as well as the regulation of SHBG by various
drugs and nutrients and its therapeutic effects on PCOS.
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Introduction

Polycystic ovary syndrome (PCOS) is a complex and common reproductive and endocrine disease that affects up to 10%
of women of childbearing age. It is characterized by hyperandrogenemia (HA), chronic anovulation, and polycystic ovary
morphology (PCOM)." The 2003 Rotterdam Consensus Symposium of the European Society of Human Reproduction
and Embryology and the American Society of Reproductive Medicine (ESHRE/ASRM) proposed the definition of PCOS
with at least two of the following three criteria: amenorrhea/oligomenorrhea (AO), clinical or biochemical hyperandro-
genism (HA) and polycystic ovary (PCO) ultrasound examination. Thus, PCOS is divided into four phenotypes: (full-
blown phenotype: HA + AO + PCOM; non-PCO phenotype:HA + AO; non-hyperandrogenic phenotype: AO + PCOM,;
ovulatory phenotype: HA + PCOM).** PCOS has complex reproductive and metabolic characteristics; important driving
factors such as insulin resistance (IR) and HA affect the metabolism and reproductive capacity of women with PCOS,
with approximately 75% of adult women with PCOS presenting with infertility.* With an unclear etiology and
a complicated pathological mechanism, PCOS is believed to be associated with factors such as the hypothalamic-
pituitary-ovarian axis and adrenal dysfunction, genetics, and metabolism.’ In addition, HA is considered a key feature of
PCOS. A genome-wide association study (GWAS) carried by Dapas et al revealed 2 distinct PCOS subtypes: the
“reproductive” group (21-23%) which was characterized by higher LH and SHBG levels with relatively low BMI and
insulin levels; and the “metabolic” group (37-39%) which was characterized by higher BMI, glucose, and insulin levels
with lower SHBG and LH levels.® Sex hormone-binding globulin (SHBG), a sex hormone transporter, is produced by the
liver and binds with circulating sex steroids with a high affinity to regulate the concentration of biologically active sex
hormones in the blood, affecting their bioavailability. Therefore, SHBG can be used to assess the severity of
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hyperandrogenism and evaluate treatment efficacy.” The complications and long-term prognosis of PCOS may be related
to serum SHBG, which plays an important role in the pathogenesis of PCOS. The concentration of SHBG in PCOS
patients is typically low because these women have elevated androgen levels and usually present with compensatory HA
and IR. In addition, the synthesis and secretion of SHBG in the liver are inhibited by androgens and insulin. Compared
with those in healthy people, testosterone levels in PCOS patients increase significantly. HA is one of the reasons for the
low serum SHBG levels.® A meta-analysis revealed that obesity-related metabolic abnormalities in women with PCOS
were associated with significantly reduced SHBG levels.’ Since adolescents and children are increasingly becoming
obese, obesity could affect the development of adolescent girls and increase PCOS risk. Clinical observations have
shown that childhood obesity is an initial sign of IR and a precursor of PCOS. The relationship between obesity and
PCOS is partly associated with the adverse effects of obesity on the synthesis and secretion of SHBG, which in turn
increases the bioavailability of testosterone. Thus, relatively lower serum SHBG levels have been identified as a risk
factor for PCOS in adolescents.'® Therefore, understanding the role of SHBG in the early development of the syndrome
may help clinicians identify PCOS tendencies and intervene early to improve metabolic and reproductive outcomes.''
PCOS management strategies include lifestyle changes, such as diet and physical activity, as a first-line treatment;
however, these have been reported to have a negligible effect on reducing weight or treating PCOS-related symptoms.'
Medications are used as second-line treatments; nevertheless, they have not been openly approved for PCOS treatment
because they are primarily used to treat other diseases, such as type 2 diabetes (T2DM). Recently, various new
therapeutic drugs for treating T2DM have broadened the range of specific treatment options for PCOS patients.'* This
review focuses on the interaction between SHBG and various PCOS complications as well as the regulation of SHBG by
various drugs and nutrients and its therapeutic effects on PCOS.

The Biochemistry, Expression, and Production of SHBG
SHBG is a 90—-100-kDa homodimeric glycoprotein with two identical peptide chains.'* Circulating SHBG is mainly
produced by the liver and is regarded as the primary protein that binds and transports testosterone (T), estradiol (E2), and
other sex steroids in plasma with high affinity. In addition, SHBG regulates the concentration of biologically active sex
hormones in the blood, affecting their bioavailability.'> The concentration of free active T in plasma is greatly affected by
SHBG concentration. Because 65% of T is bound to SHBG and the rest is bound to albumin, only 1-2% of T in
circulation is free and active; therefore, women with low SHBG may have normal total T levels, but its bioavailability
and free testosterone (FT) levels are elevated. Hence, SHBG can be used to evaluate the effect of treatments and measure
HA severity.'®

A recent genome-wide association study (GWAS) and Mendelian randomization analysis have provided new
insights into the regulation and function of human SHBG.'” Based on the findings of these analyses, we hypothesize
that SHBG is a biomarker of both metabolic disorders and self-exposure. The protein involved in systemic metabolism
is the so-called liver factor, implying that hepatocytes are the main site for SHBG synthesis. The SHBG gene is located
on chromosome 17pl13.1, expressing stimulated hepatocyte nuclear factor 40 (HNF-4a), constitutive androstane
receptors, and inhibitory peroxisomes.'® HNF-4a is the most important transcription factor, activating SHBG expres-
sion in the liver by binding to the DR1 and DR3 cis-element-binding sites located upstream of the SHBG promoter.’
These transcription factors are affected by various hormones and metabolism, nutrition, and inflammatory factors,
including thyroid hormone,'® adiponectin,”® and various cytokines, including tumor necrosis factor-alpha (TNF-a),
which downregulates HNF-4a through nuclear factor-kB (NF-kB).?' In addition, mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase 1/2 (MEK1/2) and c-Jun N-terminal kinase MAPK signal, which down-
regulates HNF-4a through interleukin a (IL«), also influence the aforementioned transcription factors.”> Experimental
studies using a human liver cancer cell line (HepG2) have shown that monosaccharides (glucose or fructose), insulin,
and androgens negatively affect SHBG expression.”® The level of HNF-4a is negatively correlated with lipogenesis in
the liver. The conversion of monosaccharides to palmitate inhibits HNF-4a expression, subsequently inhibiting
SHBG.?* In addition, SHBG can downregulate de novo lipogenesis, thereby reducing intrahepatic lipid levels.”
Moreover, hyperinsulinemia can inhibit HNF-4a expression and reduce the synthesis and production of SHBG in the
liver.%¢
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Roles of SHBG Levels in Women with PCOS
SHBG Levels and Obesity in Women with PCOS

Obesity is considered one of the most crucial factors leading to the development of PCOS. Obesity aggravates the

metabolic phenotype of PCOS, and the incidence of PCOS is higher in overweight and obese patients.’” Low plasma
SHBG levels have been shown to be related to obesity, especially abdominal obesity. Studies have shown that body
weight, particularly the relative amount of adipose tissue and lean muscle, is among the most important determinants of
plasma SHBG levels.”® Compared with normal-weight PCOS women, obese PCOS women have lower SHBG and higher
FT, free androgen index (FAI), insulin resistance homeostasis assessment (HOMA-IR), fasting insulin (FINS), and
fasting blood glucose (FG) levels,”’ indicating that obesity may be an important cause of IR and HA in PCOS women.
However, low serum SHBG levels may lead to an increase in T and IR, which has been observed in obese adolescent
gitls compared with that in girls of normal weight.”” Body mass index (BMI) is considered to be negatively correlated
with SHBG plasma concentration. A high BMI directly increases the degree of IR in PCOS patients.’® Recent evidence
confirms that obese women with PCOS have higher IR and lower insulin sensitivity.*' Insulin reduces circulating SHBG
levels by inhibiting the synthesis of SHBG in the liver,?’~>
elevated serum FT further reduces the insulin clearance rate and aggravates IR, ultimately creating a vicious circle.

thereby increasing the level of biologically active FT. This

Hyperinsulinemia caused by obesity can also directly stimulate the ovaries and adrenal glands of women with PCOS to

. 2
produce excessive androgens.’

SHBG Levels and Hyperandrogenemia in Women with PCOS

HA is a major feature of PCOS and a significant cause of infertility in women with PCOS. In these women, excessive
androgens are mainly produced by the ovaries and adrenal glands, inhibiting the selective growth of follicles, leading to
increased follicular atresia, and ultimately causing ovulation disorders, which are the direct cause of anovulation in
patients with HA and PCOS.>* Androgen levels are also positively correlated with IR in PCOS patients because HA
induces IR by reducing insulin clearance and increasing lipoprotein lipase activity and triacylglycerol release.
Compensated hyperinsulinemia, in turn, further aggravates HA.** A meta-analysis of 16 independent studies showed
that young women with PCOS, especially obese adolescents, have reduced serum SHBG levels.*> SHBG reduces HA and
IR by binding free androgens, thereby reducing FT levels. Compared with that in healthy individuals, the T level in
PCOS patients is significantly higher, and SHBG levels are negatively correlated with T levels.*® Studies have shown that
T in HepG2 cells inhibits SHBG production,’” and at the same time, even at low doses, exogenous androgens can also
inhibit SHBG.*® Therefore, it can be concluded that HA is one of the reasons for the low serum SHBG level in PCOS
patients. In any case, since the human SHBG promoter does not contain androgen binding elements, the androgen
signaling pathway may affect SHBG expression by regulating other factors.*® Unlike the effect of T on SHBG, E2
increases the level of SHBG in the liver, which may be due to the upregulation of HNF-4a gene expression mediated by
estrogen receptor-a (ER-a).>

SHBG Levels and Hyperinsulinemia in Women with PCOS

Approximately 75% of PCOS patients show IR, a prominent PCOS feature.*® IR is a condition where the response of
cells to a given environmental insulin concentration is lower than that of normal controls,* varying with tissue type.
Hepatic IR is aggravated by the upregulation of several genes in de novo lipogenesis (DNL). DNL is stimulated by sterol
regulatory element-binding protein 1c (SREBP-1c), which enhances the transcription of several lipogenic enzymes,
especially adenosine triphosphate citrate lyase (ACL), acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), and
stearoyl-CoA desaturase (SCD).*! IR and the resulting hyperinsulinemia are considered to be the underlying cause of the
relationship between metabolic disorders and reproductive dysfunction in PCOS. According to observations, insulin
affects SHBG, and hyperinsulinemia prevents SHBG secretion and synthesis, as is the case in healthy individuals. In
contrast, patients with hyperinsulinemia have significantly lower serum SHBG levels.** Using unsupervised phenotypic
cluster analysis from GWAS data, two different PCOS subtypes have been identified: a “reproductive” group with high
SHBG levels and low BMI and insulin levels and a “metabolic” group with prominent BMI, high glucose and insulin
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levels, and low SHBG levels. This finding emphasizes that PCOS is a heterogeneous reproductive disease with different
underlying biological mechanisms. The metabolic phenotype (non-reproductive group) with IR and low SHBG levels is
a high-risk population for infertility.® Clinical studies in adolescent girls have shown that SHBG is a strong predictor of
insulin sensitivity, and a decline in SHBG is indicative of IR development.*® Therefore, understanding the correlation
between SHBG and IR is essential to explain the cause of PCOS and to treat PCOS complications. At present, insulin is
considered to be an important regulator of SHBG metabolism. When insulin sensitivity decreases and insulin compen-
satory secretion increases, thereby downregulating SHBG gene transcription and SHBG production.** An in vivo animal
study using SHBG transgenic mice and wild-type mice revealed that SHBG overexpression can prevent a high-fat diet
(HFD) from inducing obesity and insulin resistance and also eliminate the increase in insulin, leptin, and resistin levels as
well as the decrease in adiponectin levels induced by a HFD.*® Triglycerides accumulate in the liver, and IR is negatively
correlated with SHBG mRNA, HNF-4oo mRNA, and circulating SHBG levels. In addition, these mRNA and serum
SHBG levels are negatively correlated with liver triglyceride content and ACC activity.*® This may explain the molecular
mechanism by which hyperinsulinemia downregulates HNF-4a expression, thereby reducing SHBG production in the
liver by upregulating ACC lipogenesis. PPAR-y competes with HNF-4a for the DR3 binding site of the SHBG promoter.
Therefore, PPAR-y can be used as an inhibitor of SHBG expression to increase SHBG production by reducing PPAR-y
activity.*” Although the mechanism by which SHBG affects IR is unclear, in vitro studies using human IR cell models
have shown that the decreased expression and mRNA of SHBG protein, IRS-1, IRS-2, PI3Kp85a, GLUT-3, and GLUT-4
imply that SHBG expression may be downregulated to participate in developing local and systemic IR through the PI3K/
AKT pathway.**

SHBG Levels and Ovarian Dysfunction in Women with PCOS

In adolescents with PCOS, low SHBG levels are usually associated with fatty liver disease and hyperinsulinemia, which
may reflect a new liver-ovarian axis.*> At the initial stage of PCOS in non-alcoholic fatty liver disease (NAFLD) patients,
the decrease in SHBG synthesis in the liver leads to an increase in androgen bioavailability. However, the continued
increase in free androgens in the bloodstream eventually leads to ovarian dysfunction and excessive androgen secretion.
The mechanism underlying liver and ovarian HA may involve the disruption of the negative feedback regulation of the
hypothalamic-pituitary-ovarian axis.*” Low SHBG levels result in a sustained increase in the circulating free androgen
concentration, which reduces hypothalamic sensitivity to luteinizing hormone (LH) pulses, leading to the excessive
release of gonadotropin-releasing hormone (GnRH), which in turn stimulates the pituitary to release LH. Adolescents
with mild PCOS show increased GnRH and LH pulse frequency and amplitude as well as an increase in the ratio of LH
to FSH (>3:1). This increase is exaggerated in adolescent women prone to PCOS, further enlarging their ovaries and
increasing androgen production by theca cells, leading to ovarian HA.® Thus, decreased SHBG levels in the liver in
NAFLD patients may trigger a cascade of excessive androgen production in adolescents, leading to PCOS development.
In addition, NAFLD liver dysfunction may affect sex steroid metabolism, thereby aggravating HA. It can be speculated
that increased liver adipogenesis may inhibit liver SHBG synthesis, leading to relative and absolute HA and ovarian
dysfunction in PCOS."" On the contrary, low-carbohydrate diets, insulin sensitizers, and phytoestrogens can increase
SHBG production by reducing liver fat production and ameliorating fatty liver so as to prevent the progression of ovarian

pathology and restore reproductive function.”'>*

SHBG Levels and Lipid Metabolism Disorders in Women with PCOS

PCOS with lipid metabolism disorders has been attracting increasing attention. PCOS patient dyslipidemia is mainly
characterized by elevated levels of low-density lipoprotein (LDL) and triglycerides (TG) and low levels of high-density
lipoprotein (HDL).? Obesity and metabolic syndrome are associated with adipocyte IR, which weakens the inhibition of
lipolysis, leading to ectopic lipid deposition in non-fat tissues and the resulting “lipotoxicity.”** IR in adipose tissue
increases lipolysis, leads to the release of non-esterified fatty acids (NEFAs) and lipid intermediates for mobilization to
the liver, promotes gluconeogenesis and adipogenesis, and reduces SHBG production. In contrast, low SHBG levels can
promote lipid disorders in PCOS patients.> Adipose tissue is an important endocrine tissue that can secrete various active
adipokines and inflammatory factors, including leptin, adiponectin, resistin, visfatin, TNF-a, C-reactive protein (CRP),
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interleukin-1 (IL-1), and interleukin-6 (IL-6), which may cause local inflammation and exacerbate IR.>> Circulating
levels of CRP, TNF-a, IL-1, and IL-6 in PCOS patients are elevated,>® and serum SHBG level is reduced, indicating that
these inflammatory cytokines may regulate SHBG expression. The mechanism by which adiponectin reduces liver lipid
content involves reducing the level of HNF-4a and ultimately SHBG production in the liver through AMPK pathway
activation.?’ In patients with obesity and metabolic syndrome, lower SHBG levels are associated with lower adiponectin
levels, which may be caused by increased liver adipogenesis, leading to HNF-4a downregulation.”>>® TNF-a released
from fat in the liver can impair hepatic insulin signaling and promote the accumulation of triglycerides in the liver,
leading to the inhibition of HNF-4a mRNA via NF-kB.’”*® In addition, the lipoinflammatory cytokine interleukin-1/
(IL-1p) can inhibit HNF-4a expression by activating the MEKK-1/2 and JNK/MAPK pathways.?? Therefore, adipose
tissue IR associated with cell inflammatory factors negatively affects SHBG production in the liver and accelerates
metabolism and reproductive disorders. In contrast, in vitro studies using adipocytes and macrophages have shown that
SHBG inhibits inflammation and lipid accumulation in macrophages and adipocytes, which may be a potential mechan-
ism underlying the protective effects of SHBG in reducing the incidence of metabolic syndrome and its complications.

SHBG Gene Polymorphism and PCOS

SHBG is mainly synthesized in the liver and binds androgens and estrogen with high affinity, thereby reducing circulating
steroid hormones and making them biologically unavailable for target tissues. Several polymorphisms in the SHBG gene
located on chromosome 17 have been shown to alter the liver biosynthesis, plasma levels, and plasma clearance efficiency
of SHBG, effectively regulating sex steroid hormone distribution.®® The correlation between SHBG gene polymorphisms
and serum SHBG levels is of increasing interest for research, while SHBG polymorphisms are considered an important
predictor of HA in PCOS women.®' The (TAAAA)n motif exists in the upstream region of the SHBG promoter, and it has
been confirmed that HA is positively correlated with the (TAAAA)n polymorphism of the SHBG gene promoter.®’ The
(TAAAA)n pentanucleotide repeat sequence affects the level of SHBG; the shorter the repeat sequence length, the higher
the gene transcription.®” Variations in the SHBG gene are also associated with metabolic syndrome in obese women and
women with PCOS, suggesting that the SHBG gene may be a risk factor for PCOS.%**** In addition, there is a negative
correlation between the combined short androgen receptor (AR) CAG repeats and SHBG serum levels.®> PCOS women
with long SHBG alleles and short CYP19 alleles showed low SHBG and high T, FAI, dehydroepiandrosterone sulfate
(DHEAS), and an increased T/E2 ratio.'” SHBG metabolism is affected by a functional missense polymorphism in exon 8,
which causes the amino acid to change from aspartic acid to asparagine, thereby increasing the half-life of SHBG.* In
contrast, another missense polymorphism, E326K, reduces SHBG levels in women with PCOS but does not affect the BMI,
androgens, and insulin-related traits.” A meta-analysis concluded that there is no association between the (TAAAA)n
repeat polymorphism and PCOS risk,*” while other previous studies have shown that SHBG metabolism is markedly
dependent on rs1799941 and rs727428 in the SHBG gene without affecting PCOS risk.**®® In addition, a recent study
revealed that haplotypes spanning six polymorphisms are associated with increased or decreased susceptibility to PCOS.%
A population-based cohort study by Ruth et al reported on a large-scale GWAS on serum SHBG, T, and FT and identified
658 genetic variants that cause changes in serum SHBG levels, including glucokinase regulatory protein (GKRP) coding
gene (GCKR; rs1260326), glucokinase gene (GCK; rs1799831), carbohydrate response element-binding protein (ChREBP)
coding gene (MLXIPL; rs17145750), and protein 3 gene (PNPLA3; Rs738409), indicating that DNL, rather than
intrahepatic lipids themselves, drives the reduction in SHBG levels.'” In any case, there is no consistent conclusion as to
whether SHBG polymorphism is related to PCOS incidence. These controversies may be due to ethnic differences between
the study groups or different PCOS phenotypes (such as BMI and IR). In general, research on PCOS-susceptibility genes is
still exploratory; further studies are expected to provide a deeper understanding of the mechanism underlying PCOS.

Therapeutic Agents for Managing SHBG Levels in Women with PCOS

To assess the impact of various interventions on changes of SHBG levels in women with PCOS, we conducted
a computerized literature search using PubMed. Finally, 7 randomized controlled trials (RCTs) and 10 meta-analysis
were included from inception to 2021. Their main features are reported in Tables 1 and 2.

International Journal of Women’s Health 2022:14 https: 95
Dove:


https://www.dovepress.com
https://www.dovepress.com

Xing et al Dove

Table | Characteristics of the Included RCTs of Intervention on Changes of Serum SHBG

Study ID Population No of Cases Intervention Duration | Changes of Serum SHBG
Lass et al”® Obese PCOS (NICHD) 59 LS 52weeks 8ng/mL
Hoeger et al”' Obese adolescent PCOS 8 LS 24weeks 17.6nmol/l
Hoeger et al”' Obese adolescent PCOS 6 MET 24weeks 2.5nmol/l
Hoeger et al’”' Obese adolescent PCOS 10 COC (EE+DRSP) 24weeks 77.1nmol/l
Hoeger et al’”' Obese adolescent PCOS 10 PLA 24weeks 2nmol/l
Frossing et al®’ Overweight PCOS (Rotterdam) 44 LIA 26weeks 7.4nmol/l
Frossing et al® Overweight PCOS (Rotterdam) 21 PLA 26weeks 2nmol/l
Nylander et al”® Overweight PCOS (Rotterdam) 44 LIA 26weeks 7.4nmol/l
Nylander et al* Overweight PCOS (Rotterdam) 21 PLA 26weeks 2nmol/l
Morgante et al'®' PCOS (Rotterdam) 20 EE + DRSP 12weeks 61.5nmol/l
Morgante et al'® PCOS (Rotterdam) 20 EE + CMA 12weeks 56.05nmol/l
Morgante et al'®' PCOS (Rotterdam) 20 EE + DNG 12weeks 60.7nmol/l
Jamilian et al'?' PCOS (Rotterdam) 30 High-dose VitD +MET | |2weeks 19.Inmol/l
Jamilian et al'?! PCOS (Rotterdam) 30 Low-dose VitD +MET 12weeks 4.5nmol/l
Jamilian et al'?' PCOS (Rotterdam) 30 MET 12weeks 0.7nmol/l
Nasri et al'? PCOS (Rotterdam) 30 SYN 12weeks 0.5nmol/l
Nasri et al'? PCOS (Rotterdam) 30 PLA 12weeks 19.8nmol/l

Abbreviations: CMA, chlormadinone acetate; COC, combined oral contraceptives; DNG, dienogest; DRSP, drosperinone; EE, ethinyl estradiol; LS, lifestyle; MET,
metformin; NICHD, National Institute of Child Health and Human Development; PCOS, polycystic ovary syndrome; PLA, placebo; RCT, randomized controlled trial;
SHBG, sex hormone-binding globulin; SYN, synbiotic; VitD, vitamin D.

Lifestyle Intervention

Lifestyle intervention is considered to be the first choice for PCOS, and weight loss in obese women with PCOS is
associated with a decrease of androgens and normalization of menstrual cycles.”” Hoeger et al found that lifestyle
modification alone resulted in a 59% reduction in free androgen index with a 122% increase in SHBG in obese
adolescents with PCOS.”" At the same time, Lass et al confirmed that in contrast to the 33 girls without weight loss,
the 26 girls reducing their BMI during the lifestyle intervention (by a mean of - 3.9 kg/m2) showed lower testosterone
levels (by a mean of - 0.3 nmol/liter) and higher SHBG levels (by a mean of + 8 ng/mL). The changes in insulin levels in
the 1-yr follow-up were significantly correlated to changes in testosterone (r = 0.38; P = 0.002) and SHBG (r = - 0.35;
P = 0.048) levels.”” Moreover, the meta proposed by Haqq et al suggested that lifestyle (diet and exercise) intervention
improved the levels of FSH, SHBG, total testosterone, androstenedione, FAI, and FG score in women with PCOS"* while
Lim et al demonstrated that no significant associations were observed between shift work, exercise or sleep duration, and
the androgenic ovarian measures that define PCOS.”

Metformin

Metformin (MET) is a biguanide insulin sensitizer that does not affect insulin secretion but can improve insulin action.
Its mechanism of action is to reduce liver glucose production, stimulate the liver and skeletal muscle to carry out insulin-
mediated glucose uptake, and reduce the utilization of gluconeogenic substrates.”* Obese women with PCOS show
metabolic characteristics similar to those of T2DM in terms of IR and hyperinsulinemia; therefore, MET has been used as
an insulin sensitizer to treat PCOS.”” Studies have shown that in addition to regulating ovarian function and restoring
a normal menstrual cycle and ovulation, MET also has metabolic and reproductive benefits, including weight loss and
inducing relatively lower IR and androgen levels.”® Heidari et al concluded that MET could improve endothelial function
and ameliorate endothelial dysfunction in women with PCOS, but it has a limited effect in improving glucose metabolism
and dyslipidemia.”” Guan et al found that overweight women with PCOS treated with MET had significantly improved
sex hormone indicators, including T, follicle-stimulating hormone (FSH), and LH; however, MET had no significant
regulatory effect on SHBG and androstenedione (A4).”® Nonetheless, MET use may be limited by significant side effects
such as nausea, vomiting, and gastrointestinal discomfort. The observed poor compliance has prompted clinicians
worldwide to find new ways to treat PCOS.”
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Table 2 Characteristics of the Included Meta-Analysis of Intervention on Changes of Serum SHBG

Study ID Population No of Intervention Duration Changes of Serum
Cases SHBG
Haqq et al’? PCOS 104/102 LS vs UC 12— 2.37 (1.27, 3.47) nmol/l
48weeks

Guan et al’”® Overweight PCOS 144/151 UC+PLAJ/LS vs MET 6—48weeks 2.21 (-0.20, 4.63) nmol/l

Xing et al’! Overweight PCOS (Rotterdam/ 77/82 GLP-1RA vs MET 12— 1.42 (—1.76, 4.60) nmol/l
NIH) 24weeks

Xing et al’' Overweight PCOS (Rotterdam/ 50/82 MET + GLP-IRA vs MET 12— 9.22 (5.46, 12.98) nmol/l
NIH) 24weeks

Xing et al’' Overweight PCOS (Rotterdam/ 40/82 MET + TZD vs MET 12— 4.30 (0.78, 7.82) nmol/l
NIH) 24weeks

Xing et al’! Overweight PCOS (Rotterdam/ 50/77 MET + GLP-1RA vs GLP- 12— 7.80 (4.75, 10.85) nmol/l
NIH) IRA 24weeks

Xu et al”’ PCOS (ESHRE/ASRM) 319/324 TZD vs.MET 6—24weeks | 2.28 (—0.50, 5.06) nmol/l

Unfer et al'® PCOS 292/249 Ml vs PLA or COC 12— 0.17 (—0.25, 0.58) nmol/l

24weeks

Facchinetti PCOS (Rotterdam) 37137 MET vs MI 24weeks 0.04 (-0.41, 0.50) nmol/l

etal'®

Zhang et al'% PCOS (NICHD/ESHRE/ASRM/ 108/233 IN vs PLA 8-24weeks 0.42 (0.20, 0.63) nmol/l
AES)

Zhang et al'% PCOS (NICHD/ESHRE/ASRM/ 108/139 IN vs VitD 8-24weeks 0.36 (0.07, 0.65) nmol/l
AES)

Guo et al'"? PCOS (NICHD/Rotterdam) 114/100 VitD vs PLA 8—I2weeks | 0.37 [-0.39, I.13] nmol/l

Yazdi et al'® PCOS (NICHD/Rotterdam) 75 VitD (before vs after) 3—12weeks 0.00 (-0.22, 0.22) nmol/l

Shamasbi et al'?’ PCOS 30/30 SYN vs PLA I2weeks 0.49 [-0.02, 1.01] ug/mL

Shamasbi et al'?’ PCOS 60/60 PRO vs PLA 12weeks 0.59 [0.23, 0.96] ug/mL

Shamasbi et al'?’ PCOS 90/90 SYN + PRO vs PLA I2weeks 0.56 [0.26, 0.86] ug/mL

Abbreviations: AES, Androgen Excess Society; COC, combined oral contraceptives; ESHRE/ASRM, European Society for Human Reproduction and Embryology/American
Society for Reproductive Medicine; GLP-IRA, glucagon-like peptide-1 receptor agonists; IN, inositol; LS, lifestyle; MET, metformin; MI, myo-inositol; NICHD, National
Institute of Child Health and Human Development; PCOS, polycystic ovary syndrome; PLA, placebo; PRO, probiotics; SHBG, sex hormone-binding globulin; SYN, synbiotic;
TZD, thiazolidinedione; UC, usual care; VitD, vitamin D.

Glucagon-Like Peptide-1 Receptor Agonists (GLP-1 RAs)
Incretin is a hormone secreted by the intestine that includes glucose-dependent insulinotropic peptide (GIP) and
glucagon-like peptide-1 (GLP-1), both of which are secreted after eating and enhance glucose-stimulated insulin
secretion.®® The incretin hormone also maintains glucose homeostasis by reducing hepatic glucagon release, slowing
gastric emptying, and suppressing appetite, thus helping to control weight and improve glucose metabolism.®' The half-
life of endogenous GLP-1 is relatively short at only 1-2 minutes, and it is degraded faster by the proteolytic enzyme
dipeptidyl peptidase-4 (DPP-4) than GIP, whose half-life is 5 minutes.® Most PCOS studies have found that the secretion
and activity of incretin in overweight/obese individuals are impaired.*> According to the international evidence-based
guideline for the assessment and management of PCOS, incretin therapy (including GLP-1RA and DPP-4 inhibitor) is the
latest example of PCOS treatment.'> DPP-4 inhibitors are a class of oral anti-diabetic drugs that improve blood sugar
control by increasing the endogenous physiological levels of GLP-1 and GIP, whereas GLP-1RA mimics the effects of
natural GLP-1 to achieve pharmacological levels DPP-4 inhibitors are resistant to degradation by the DPP-4 enzyme.**
Studies have shown that DPP-4 inhibitors and GLP-1RA are effective agents for treating PCOS and preventing its
metabolic consequences.®

Compared with the hypothalamus, the pituitary has lower GLP-1 mRNA expression, and GLP-1 increases LH release
by releasing GnRH.*® Acute intracerebral injection of GLP-1 promotes an immediate increase in LH levels before
ovulation and significantly increases estrogen and progesterone levels as well as the number of mature follicles.®” GLP-
IRA is also expressed in the ovaries, and it significantly suppresses progesterone levels without affecting estrogen
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synthesis.®® Compared with placebo, 26 weeks of liraglutide (a GLP-1 receptor agonist) treatment has brought good
weight loss and liver fat reduction effects to women with PCOS. In addition, it could also improve ovulation and HA,
including (increasing SHBG levels while reducing FT levels).The increase in SHBG levels in PCOS women after
liraglutide treatment may be caused by a combination of weight loss, improvement in IR and HA.***° Our previous
meta-analysis confirmed that for overweight women with PCOS, MET combined with GLP-1 RAs appears to be superior
to MET in ameliorating hyperandrogenemia, especially by increasing SHBG.’' At the same time, animal experiments by
Wu et al confirmed that rat serum androgen levels were significantly reduced and SHBG content was significantly
increased in the groups treated with three different doses of dulaglutide compared with that in the PCOS group induced
by DHEA.’? In addition, in our previous animal experiments, we found that both MET and exenatide can alleviate
glucose and lipid metabolism disorders and hyperandrogenemia and increase the serum SHBG level in a PCOS rat model
induced by letrozole combined with an HFD. Interestingly, our results also emphasized that compared with MET,
exenatide can have stronger effects on regulating the PI3K/AKT pathway, reducing liver TG deposition, and upregulating
the expression levels of SHBG and HNF-4q in the liver tissue of PCOS-with-IR rats.”® Although GLP-1RA and DPP-4
inhibitors have promising therapeutic effects, more extensive clinical trials are needed to determine the role and
mechanism of action of incretin-based therapies in improving SHBG levels and managing PCOS.

Thiazolidinediones (TZDs)

Thiazolidinediones (TZDs) are highly selective synthetic PPAR-y agonists. The pathogenesis of PCOS may be related to
changes in the PPAR-y gene. PPAR-y seems to play a key role in fertility and metabolism through its different subtypes,
such as PPAR-y 1, which can specifically regulate ovarian function.’® IR is an important aspect of PCOS, not only
observed in obese patients but also in lean women with PCOS, and seems to be an inherent part of the syndrome.”
PPAR-y agonists can indirectly improve peripheral IR to reduce androgen synthesis in the ovary, which provides
a theoretical and practical basis for TZD therapy to treat PCOS.’® A meta-analysis by Xu et al showed that pioglitazone
is better than MET in improving the menstrual cycle and ovulation in PCOS patients, whereas MET is better than
pioglitazone in improving BMI and FG scores in the treatment of PCOS patients. Nevertheless, there is no significant
difference between the two drugs in improving HA and SHBG.”” In addition, our previous meta-analysis confirmed that
compared with MET only, MET combined with TZDs is superior in menstrual recovery and is more effective in
increasing SHBG levels.”' However, in the future, large-scale clinical trials are still needed to verify the clinical efficacy
and safety of TZDs in the treatment of PCOS.

Combined Oral Contraceptives (COCs)

For many years, combined oral contraceptives (COCs) have been used as a first-line treatment to ameliorate HA and
regulate the menstrual cycle in women with PCOS.”® COCs are designed to inhibit ovulation by inhibiting the secretion
of GnRH and pituitary gonadotropin, thus inhibiting the secretion of LH in PCOS patients. On the one hand, the estrogen
component of COCs increases SHBG circulating levels, thereby reducing serum FT concentration. On the other hand, the
progesterone component of COCs inhibits LH secretion, resulting in decreased ovarian androgen production. In addition,
the anti-androgen progesterone inhibits 5-o reductase activity, thereby reducing the conversion of T to dihydrotestoster-
one (DHT).”” A systematic review and meta-analysis by Amiri et al showed that COCs could effectively improve the
biochemical and clinical parameters of HA in PCOS patients. All COCs studies showed a similar increase in SHBG
levels and decreases in the Ferriman—Gallwey (FG) score, T, FT, A4, and DHEAS levels; however, products containing
cyproterone acetate (CPA) may be the most effective treatment for hirsute PCOS patients.'°® In addition, a clinical study
by Morgante et al showed that dienogest (DNG) has an important stimulating effect on SHBG concentration, which is

less potent than that of drospirenone (DRSP) but more potent than that of chlormadinone acetate (CMA).'"!

Inositol

Inositol (MI) is a naturally occurring compound that has been studied extensively in the past decade due to its insulin-
sensitizing effect.'® Accordingly, several clinical trials have been conducted to evaluate the efficacy of MI in treating
metabolic and reproductive diseases in women with PCOS.103:104 A meta-analysis by Facchinetti et al showed no

98 https: International Journal of Women’s Health 2022:14
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Xing et al

difference in the effects of MET and MI on short-term hormonal changes such as FINS, HOMA-IR, T, and SHBG levels
in PCOS subjects.105 However, our previous meta-analysis revealed that for women with PCOS, MI supplementation
shows advantages in increasing SHBG, ameliorating HA, and glucose and lipid metabolism compared with placebo,
coenzyme Q10, vitamin E, vitamin D, and other nutritious foods.'% In addition, the superior tolerance to MI makes it

suitable for the recovery of androgen and metabolic characteristics in women with PCOS.'%

Vitamin D

Accumulating evidence indicates that vitamin D deficiency (VDD) may be a pathogenic factor in the pathogenesis of IR
and the PCOS metabolic syndrome. Approximately 67—-85% of PCOS women show VDD, and there is a correlation
between low vitamin D levels and IR, hirsutism, HA, and obesity.'°” In addition, VDD is positively correlated with some
well-known PCOS comorbidities (including T2DM, IR, metabolic syndrome, and cardiovascular disease).'”® Vitamin
D is a fat-soluble steroid hormone that can regulate calcium, magnesium, and phosphate homeostasis to maintain bone
health and plays a key role as an anti-proliferative and immunomodulatory mediator.'® Vitamin D has a physiological
role in reproduction, regulating follicular development by affecting the anti-Miillerian hormone (AMH) signal, FSH
sensitivity, and progesterone production in ovarian granulosa cells.''® Furthermore, vitamin D appears to be able to
regulate glucose-insulin homeostasis by acting on the auto-specific vitamin D receptor (VDR) located in pancreatic S
cells and skeletal muscle. Moreover, it directly activates the transcription of human insulin receptor genes, thereby
activating peroxidation enzyme proliferator activator receptor-D, thus stimulating insulin receptor expression and

111

enhancing insulin-mediated glucose transport in vitro.. = VDD may cause a wide range of extra-skeletal effects, affecting

glucose homeostasis, cardiovascular disease, cancer, autoimmune diseases, and psychological disorders."'?

The basic principle of vitamin D supplementation for PCOS women is based on the roles of vitamin D in glucose
metabolism, enhancing insulin synthesis and release, increasing insulin receptor expression, and inhibiting pro-
inflammatory cytokines.''® The effect of vitamin D on PCOS metabolism and reproductive dysfunction may be mediated
by the overall effect on IR. In terms of reproduction, IR stimulates the production of ovarian androgens through insulin
and aggravates HA with a reduction in SHBG."'® In terms of metabolism, IR is associated with impaired glucose
tolerance, T2DM, and cardiovascular disease. Therefore, vitamin D may play a key role in the development of all clinical
features of PCOS patients.''> Vitamin D supplementation is beneficial to plasma vitamin D levels and glucose
metabolism;''® however, several published systematic reviews and meta-analyses have shown that oral vitamin
D supplementation has almost no overall effect on the metabolic status of PCOS patients.'’*''"-!1® A systematic review
by Guo et al showed that oral vitamin D supplementation could reduce IR and hyperlipidemia but cannot reduce the

androgen profile or inflammation markers in PCOS women with VDD.""’

However, a meta-analysis by Azadi-Yazdi et al
confirmed that vitamin D supplementation might significantly affect serum T but is not effective in improving other
androgen profile markers.'?® In addition, Jamilian et al demonstrated that compared with low-dose (1000 IU) and placebo
groups, high-dose vitamin D (4000 IU) supplements had a significant beneficial effect on T, SHBG, and FAL'?' These
beneficial effects of vitamin D on the clinical characteristics of PCOS may have multiple potential mechanisms. Further
double-blind, placebo-controlled clinical trials are needed to explore the complex role of vitamin D in different pathways

of this metabolic disorder.

Probiotics, Prebiotics, and Synbiotics

Prebiotics are difficult to digest and non-fermentable compounds that can enhance host health by reducing the binding
and activity of harmful bacteria and increasing beneficial intestinal bacteria. Prebiotics can improve host health by
increasing bifidobacteria, inhibiting pathogen growth and rotavirus activity, regulating the immune system, stimulating
intestinal microporous bacteria activity, treating diarrhea and irritable bowel syndrome, preventing intestinal inflamma-
tion and cancer, etc. In terms of health, prebiotics interfere with lipid metabolism and increase Fe, Mg, Ca, and Zn
absorption by lowering intestinal pH.'** Examples of prebiotics include inulin, resistant dextrin, oligofructose, oligo-
fructose, galacto-oligosaccharide, and lactulose.'*?

Probiotics are non-pathological live microorganisms whose moderate consumption can positively affect the host by

balancing the intestinal microbes. Lactic acid-producing bacteria, especially lactobacilli and bifidobacteria, are usually
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part of the gastrointestinal ecosystem, primarily located in the distal intestine and colon. Probiotics can effectively treat
lactose intolerance and inflammatory bowel diseases, prevent autoimmune diseases, stimulate the immune system,
possibly reduce cholesterol through bile acid uncoupling, regulate patient weight and blood lipids, reduce blood pressure,
and prevent and treat infections.'*’

The term synbiotics refers to products that include probiotics and prebiotics, such as products containing fructooligosac-
charides and bifidobacteria. Synbiotics improve host health by enhancing the survival rate of probiotics and implanting
beneficial gut microbes.'** Therefore, it seems appropriate to use probiotics, prebiotics, and synbiotic supplements to treat
PCOS, as they are effective and have few side effects. For example, Maryam et al found that PCOS women supplemented with
probiotics for 12 weeks benefited in terms of T, SHBG, and F-G scores'?® while Nasri et al found that PCOS women
supplemented with synbiotics for 12 weeks benefited in terms of SHBG and F-G scores.'?® In addition, a meta-analysis by
Shamasbi et al showed that when synbiotics and probiotics were used in women with PCOS, SHBG was significantly
increased, while FAI was significantly reduced.'?” However, due to the limited number of studies on women with PCOS, more
clinical studies are needed to determine the appropriate dosage, duration, and type of supplements.

Conclusions

Obesity, HA, IR, hyperinsulinemia, and hyperlipidemia are risk factors for PCOS. Low serum SHBG is associated with
the complications and long-term prognosis of PCOS which plays an important role in its pathogenesis. Furthermore,
PCOS is also related to genetic factors, and genetic SHBG polymorphisms can also affect the pathogenesis of PCOS. In
addition, medications such as MET, GLP-1RAs, TZDs, and COCs as well as nutrient supplements such as MI, vitamin D,
and synbiotics can regulate SHBG levels to ameliorate complications and improve the prognosis of PCOS. This review
discusses the relationship between SHBG and PCOS, related molecular and genetic mechanisms, and related treatment
methods. Despite this, there are still several issues that have not been resolved. In the future, more research is needed to
explore the relationship between SHBG and PCOS, evaluate the effects of different interventions on SHBG levels and
their therapeutic effects on PCOS.
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