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binding globulin
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Department of Internal Medicine, College of Medicine, The Catholic University of Korea, Seoul,
South Korea
Non-alcoholic fatty liver disease (NAFLD) is the most common form of chronic

liver disease in the world. It is linked mainly to insulin resistance and metabolic

syndrome including obesity and dyslipidemia. In addition, various endocrine

dysfunctions including polycystic ovary syndrome (PCOS) and hypogonadism

are involved in the development and progression of NAFLD. We need to know

the disease pathophysiology more accurately due to the heterogeneity of

clinical presentation of fatty liver disease. The liver is the major metabolic organ

with sexual dimorphism. Sexual dimorphism is associated not only with

behavioral differences between men and women, but also with physiological

differences reflected in liver metabolism. In men, normal androgen levels

prevent hepatic fat accumulation, whereas androgen deficiency induce

hepatic steatosis. In women, higher androgens can increase the risk of

NAFLD in PCOS. Sex hormone binding globulin (SHBG) is involved in

androgen regulation. Recently, SHBG may be reported as a surrogate marker

for NAFLD. Therefore, this review will focus on the mechanism of androgen

dysfunction in the regulation of hepatic metabolism, the risk of developing

NAFLD, and the potential role of SHBG in the course of NAFLD.; Keywords:

Non-alcoholic fatty liver disease, insulin resistance, sexual dimorphism,

androgen, sex hormone binding globulin

KEYWORDS

non-alcholic fatty liver disease, insuline resistance, sexual dimorphism, androgen, sex
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Introduction

Nonalcoholic fatty liver disease (NAFLD) imposes a major public health burden with

increasing incidence of comorbidities including obesity and dyslipidemia (1). The main

histologic and imaging characteristic of NAFLD is the hepatic accumulation of lipids.

Dysregulation of lipid metabolism in liver leads to the accumulation of toxic lipids, which

may result in inflammation, hepatocellular injury, and fibrosis (2–4).
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fendo.2022.1053709/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1053709/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1053709/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1053709/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.1053709&domain=pdf&date_stamp=2022-11-22
mailto:jychoi@catholic.ac.kr
https://doi.org/10.3389/fendo.2022.1053709
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.1053709
https://www.frontiersin.org/journals/endocrinology


Song and Choi 10.3389/fendo.2022.1053709
Recently, it was suggested that metabolic dysfunction

associated fatty liver disease, which is not merely a differential

diagnosis for NAFLD could reflect the current knowledge of the

disease pathophysiology and aid risk stratification and

management of fatty liver disease, which shows a heterogenous

clinical presentation (5).

Obesity and metabolic syndrome lead to the development of

NAFLD and may be accompanied by endocrine and hormonal

disturbances. The liver is the major metabolic organ related to

sexual dimorphism (6, 7). NAFLD prevalence is 2.0-3.5-fold

higher in men than in women (8). Epidemiological studies have

reported that NAFLD is also more severe in men, indicating a

deleterious effect of androgens and, on the other hand, protective

effect of estrogens in the pathogenesis of NAFLD (9–11).

However, the sex-specific mechanisms underlying the

development and progression of NAFLD remain to be elucidated.

Sex-differences in the prevalence, progression, outcomes and

comorbidities of fatty liver might be considered as the result of

gender differences indicative of the liver phenotype between

males and females (8). The sexual dimorphism usually observed

in NAFLD is reflected in polycystic ovary syndrome (PCOS) in

women and hypogonadism in men. Furthermore, sex hormone

binding globulin (SHBG) is related to androgen regulation (12).

Recently SHBG is reported as a surrogate marker for NAFLD.

Investigating the role of androgens in the development and

progression of NAFLD in consideration of the gender differences

is necessary. Therefore, this review will focus on the mechanism

of androgen dysfunction in the regulation of hepatic

metabolism, the risk of developing NAFLD, and the potential

role of SHBG in the course of NAFLD.
Hepatic lipid metabolism in NAFLD

Hepatic fatty acids (FAs) are derived from two main sources

including excess carbohydrates and FAs that are produced by diet

and lipolysis in the adipose tissue. Uptake of circulating lipids are

facilitated by fatty acid transporters (CD36, FATP2-5) in

hepatocyte membrane and is regulated by Peroxisome

proliferator-activated receptor-g (PPAR-g) (13). Fatty acid

binding protein 1 facilitate the transport of hydrophobic FAs

with the cytoplasm. De novo lipogenesis (DNL) is regulated by the

sterol regulatory element binding proteins 1c (SREBP1c) that

induces the expression of genes involved in de novo FA synthesis

including acetyl-CoA carboxylase (ACC), fatty acid synthase, the

long-chain elongase and stearolyl-CoA desaturase (14). In

NAFLD, enhanced SREBP1c-mediated DNL is a key character.

FA oxidation is controlled by PPAR-a and reduces intrahepatic

fat levels by utilizing FAs as a source of energy in mitochondrial b-
oxidation. Mitochondrial dysfunction in NAFLD results in liver

injury through increased production of reactive oxygen species.

Triglycerides (TGs) are secreted from the hepatocytes in the form

of very low density lipoprotein (VLDL) via the fusion of
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apolipoprotein B-100 (ApoB100). Decreased level of microsomal

triglyceride transfer protein (MTTP) and ApoB100 may limit

VLDL export and facilitate fat accumulation. An imbalance of

these processes leads to the progression of steatosis to

nonalcoholic steatohepatitis (NASH).

Hepatic sexual dimorphism
according to sex
hormone dysfunction

Sex hormones, including estrogens and androgens play a key

regulatory role in lipid metabolism and insulin sensitivity (15–

17). Sex hormone dysfunction may contribute to the

development of NAFLD, because a reduction in insulin

sensitivity increases hepatic gluconeogenesis and lipogenesis,

in turn, this may exacerbate hepatic steatosis (18).

Among the sex hormones, estrogens have critical metabolic

actions in both women and men. The biologically active form of

estrogens is 17b-estradiol (E2). In premenopausal women, themain

source of E2 is from cholesterol, while in postmenopausal women

and men, it is primarily derived from testosterone aromatization.

Estrogen reversibly binds to SHBG and diffuse into liver to exert its

functions by binding to estrogen receptors (ERs). Estrogen reduce

TG accumulation in the liver via ERa. Estrogens play a key role in
protecting against hepatic steatosis, by promoting lipolysis and

improving FA oxidation in mitochondria via the induction of ACC

(19). Therefore, an imbalance in estrogens may have a marked

effect on hepatic lipid metabolism. Menopause, a physiological

condition of estrogen deficiency, promotes the risk of development

and progression of NAFLD (60% and 32% prevalence rates in

menopausal and premenopausal women, respectively) (20). The

incidence of NAFLD after menopause increases significantly (to

that observed in men) due to the protective effect of estrogens,

although gender-differences in the prevalence of NAFLD also

depend on age (8). Menopause-related fat redistribution also

increases the risk of insulin resistance (IR) and subsequently the

risk of NAFLD (21). Accordingly, premature menopausal women

are also at risk of severe liver fibrosis (22).

On the contrary, androgens showed different opposite effects

by sex differences. The major circulating androgens are

dehydroepiandrosterone (DHT), androstenedione, testosterone,

and dihydrotestosterone, but only testosterone and DHT can bind

to androgen receptors (18, 23). Testosterone plays an important

role in lipid, and protein metabolism, and has a major influence

on body composition including adipose fat and skeletal muscle in

men (18, 24). Androgens are achieved by activation of androgen

receptor (AR), followed by binding to androgen response element

(ARE) or interacting with cytoplasmic signal transduction

pathways, including PKA and MAPK/ERK (18). Overexpression

of genes involved in lipid accumulation and down expression of

FA oxidation is modulated by 5a reductase inhibition because it

does not covert testosterone to DHT. Normal androgen levels
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prevent hepatic fat accumulation, in men, while androgen

deficiency induces hepatic steatosis. In women with PCOS,

higher androgen levels can increase the risk of NAFLD (25, 26).

Androgen dysfunction is a significant contributor to hepatic

sexual dimorphism. Therefore, determining the exact

mechanisms underlying the sex dimorphism for androgens

associated with the development and progression of NAFLD

is necessary.

Hyperandrogenism in women
with polycystic ovary syndrome
and NAFLD

PCOS affects 6–15% of women of reproductive age (27). It is

characterized by chronic anovulation, hyperandrogenism (HA),

and polycystic ovaries, with women often exhibiting menstrual

cycle disturbances and hirsutism or acne (27). Recent studies

reported a higher prevalence of NAFLD in women with PCOS

than healthy controls (34-70% vs. 14-34%) (26, 28–30). In

addition, NAFLD prevalence was significantly higher in

patients with PCOS than healthy subjects, with an overall odds

ratio of 3.93 (95% CI: 2.17-7.11) (31, 32). Conversely, women

with NAFLD are diagnosed with PCOS more often than those

without NAFLD (43.7% vs. 23.1%) (33). Therefore, women with

PCOS should be screened for NAFLD, while premenopausal

women with fatty liver should be screened for PCOS (34).

The pathophysiological mechanism that increases the risk of

NAFLD in subjects with PCOS is multifactorial. IR and HA may

have a bidirectional relationship with PCOS and NAFLD (35).

IR represents a major physiological imbalance in patients with

PCOS. As a compensatory response to IR, hyperinsulinemia

develops and subsequently interacts synergistically with

luteinizing hormone (LH), acting as a co-gonadotrophin

within the ovary (36). The resultant activation of CYP17

promotes the production and release of androgens (37).

Hyperinsulinemia also exerts extraovarian pleiotropic effects

including enhancement of LH pulse amplitude, stimulation of

adrenal P450c17a activity, and suppression of hepatic SHBG

synthesis, thus elevating the bioavailability of free androgens

(37–40).. Low SHBG levels in women can lead to progression of

the characterist ic phenotype of PCOS. Low SHBG

concentrations are also related to NAFLD and IR in women

with PCOS, and may reflect activity within a new liver-ovarian

axis (41). In a recent study, two distinct PCOS subtypes were

distinguished based on SHBG levels: a “reproductive” type that

presents with higher SHBG levels and relatively low body mass

index (BMI) and insulin levels, and a “metabolic” type that is

characterized by higher BMI, glucose, and insulin levels, and

lower SHBG levels (42). This finding suggests that PCOS is a

heterogeneous complex disorder with different biological

mechanisms (43).
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HA itself is the independent risk factor to affect NAFLD,

although IR is associated with high androgen levels (34). HA

directly affects LDL receptors in the liver, causing an increase in

LDL, that renders women with PCOS more likely to develop

dyslipidemia and NAFLD (44). Furthermore, androgens may affect

the production of adipokines, including leptin, and adiponectin,

which could be concerned with the metabolic characteristics of

PCOS and the development of NAFLD (45). In PCOSmice model,

DHT increased binding of AR to ARE in elevating the SCAP-

SRBEP1 interaction, resulting in increased hepatic DNL (46, 47).

Chronic androgen excess induces IR and hepatic fat accumulation

through mitochondrial dysfunction and causing apoptosis, and

autophagy imbalance (48). Androgens can induce mitochondria b-
oxidation imbalance and DNL and can exacerbate liver

inflammatory injury by the overexpression of interleukin-6 (IL-

6), tumor necrosis factor-a (TNF-a), MCP-1, and IL-1b (49).

Therefore, HA may be a key contributor to NAFLD development

in women with PCOS. The causality of the relationship between

NAFLD and PCOS requires further research.

Lifestyle interventions are the most effective treatments for

women with PCOS due to improvements in insulin sensitivity.

Although metformin has been widely used in women with

PCOS, it showed limited efficacy for resolving NASH (50, 51).

A randomized clinical trial showed that liraglutide, a glucagon

like pepatide-1 receptor agonist, achieved body weight loss, of

5.6%, a 66% reduction in NAFLD prevalence, and an 18%

reduction in visceral adipose tissue (VAT) when administered

to women with PCOS (52). However, the evidence is insufficient

to recommend liraglutide as a treatment regimen in women with

PCOS. Further research should aim to determine whether novel

therapeutics can improve insulin sensitivity and reduce the risk

of NAFLD in women with PCOS.
Hypogonadism in men and NAFLD

Male hypogonadism is a clinical syndrome characterized by

deficient or absent gonadal function that results in insufficient

testosterone secretion (53). Obesity is one of the most important

risk factors for secondary hypogonadism in men (54). Male

obesity secondary hypogonadism (MOSH) impairs fertility,

sexual function, bone mineralization, and fat metabolism, also

leads to lower muscle mass and altered body composition (54).

Although the prevalence of MOSH remains unclear, rates as

high as 45.0–57.5% have been reported (54–56). 26% of men

with NAFLD have low free testosterone in a study of 159 men

randomly selected from the NASH clinical research network

cohort (57). Men with low free testosterone were more likely to

have NASH and advanced fibrosis than simple steatosis (88% vs.

67%, 27% vs. 14%, respectively) (57).

The mechanism that increases the risk of NAFLD in subjects

with hypogonadism has been poorly described. Testosterone plays
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an important role in insulin sensitivity, body composition and

lipid metabolism (58). There is a bidirectional relationship exists

between low testosterone and IR (59). In preclinical study, low

testosterone levels may cause hepatic fat accumulation through

increased DNL via upregulation of hepatic SREBP-1 (60, 61). The

upregulation of SREBP-2 and ACC-1 is apparently due to reduced

AMP-activated protein kinase (AMPK) activity (60). Testosterone

may promote the expression of hepatic scavenger receptor class B

member 1, which is involved in selective uptake of cholesterol

esters from circulating high-density lipoprotein (HDL) and

facilitates reverse cholesterol transport. Furthermore,

testosterone decreases MTTP expression, thus reducing

apolipoprotein B-mediated VLDL secretion and cholesterol 7a-
hydroxylase levels, which in turn leads to hepatic steatosis due to

increased cholesterol uptake and decreased removal (62, 63).

Testosterone also significantly increases the mRNA expression

of insulin receptors, resulting in increased insulin binding, and

elevated glucose oxidation (64). Serine phosphorylation of insulin

receptor substrate 1, which attenuates insulin signaling by

inhibiting tyrosine phosphorylation, was improved by

testosterone treatment (65, 66). Testosterone deprivation leads

to reduced glucose transporter type 4 expression in liver tissue and

results in hyperglycemia, low insulin level, and diminished glucose

uptake in adipose and skeletal muscle tissue (67).

Low testosterone and SHBG in men are independent

predictors of metabolic syndrome (68). Low testosterone is

related to the visceral fat distribution and exhibits sexual

dimorphism due to the dependency on testosterone and E2 of

men and women, respectively. Testosterone levels are inversely

proportional to the amount of visceral fat. Testosterone and E2

regulate the expansion of visceral fat by activating ERs (ERa and

ERb) and ARs. ER is activated by E2 derived from testosterone

aromatization; thus, testosterone deficiency, which leads to low

estradiol levels, is a major cause of visceral fat deposition and IR

in men (69–71). Efficient AR activation also lowers body fat and

increases insulin activity (69, 72). Thus, testosterone exerts its

anti-obesity effect (which inhibits the expansion of visceral fat

deposition, as well as insulin and leptin resistance, leading to

lipogenesis in liver and adipose tissue) by activating the AR

pathway (73–75). In addition, SHBG is associated with the low

testosterone levels in men with adult-onset hypogonadism (76).

SHBG regulates testicular negative feedback either directly or by

modulating the entry of testosterone or estradiol into cells in the

hypothalamus and/or pituitary to control gonadotropin

synthesis and secretion (76). Low total testosterone and SHBG

were strongly associated with increased likelihood of having

metabolic syndrome, independent of IR (77). Therefore,

Hypogonadism is a risk factor for the development of NAFLD.

Testosterone replacement therapy in hypogonadal men with

metabolic syndrome had favorable effects on hepatic steatosis,

insulin sensitivity, and glucose control (78, 79). However, evidence

is lacking to support the use of testosterone therapy in

hypogonadal patients with NAFLD. Furthermore, the
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biochemical mechanisms of underlying the potential therapeutic

benefits of testosterone in NAFLD remain to be elucidated, and

further study is needed to understand the liver-specific role of

testosterone. Studies with large cohorts are necessary to determine

whether men with low androgens levels on long-term testosterone

therapy are protected against prostate cancer and have a reduced

risk of cardiovascular disease over time.
Sex hormone binding globulin status
in the course of NAFLD

SHBG is a glycoprotein produced by the liver (80). The

primary function of SHBG is to bind and transport circulating

testosterone and estradiol to regulate their bioavailability and

sequester circulating androgens and estrogens (43, 81). SHGB

shows high affinity for testosterone and low affinity for estradiol

(81). The free testosterone in plasma is strongly influenced by the

SHBG concentration because only 1-2% of testosterone in plasma

is free and active; 65% is bound to SHBG and the rest to albumin.

Therefore, women with low SHBG levels can have normal total

testosterone levels but increased bioavailability thereof, which leads

to the progression of PCOS. In addition, IR subsequently results in

reproductive dysfunction by diminishing SHGB synthesis. PCOS

patients with NAFLD usually have lower SHBG levels and a higher

free androgen index compared with those without NAFLD,

although differences in circulating androgens are not apparent

(26, 34, 82, 83). Furthermore, experimental studies indicated that

sex hormones bound to SHBG may directly mediate cell surface

signaling, cellular delivery, and the biologic action of sex hormones

(84–88). Future research on the association between the biological

activity of SHBG binding fractions and risk of NAFLD

is warranted.

SHBG also acts as a signal transduction factor. An

experimental study showed that thyroid and estrogenic

hormones increase SHBG synthesis by upregulating the

expression of hepatocyte nuclear factor-4a (HNF-4a), which
performs as a key factor in regulating SHBG promoter activity in

the liver (89, 90). Conversely, (PPAR-g competes with HNF-4a
for a binding site on the SHGB promoter, such that PPAR-g
inhibits SHBG expression (91). SHBG levels are inversely

correlated with hepatic TG and ACC activity (92). SHBG may

downregulate the phosphatidylinositol 3−kinase (PI3K)/protein

kinase B (AKT) pathway, which is involved in the development

of local and systemic IR (93). Increased hepatic lipogenesis or IR

downregulates HNF-4a expression thereby diminishing hepatic

SHBG synthesis and production. In addition, inflammatory

status affects the expression of SHBG. During chronic

inflammation diseases, patients show increased expression of

inflammatory cytokines such as IL-1 and TNF-a that affect the

production of SHBG. The action of IL-1 is mediated by the NF-

kB factor which downregulate HNF-4 a transcription leading to

the suppression of SHGB synthesis (94).
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Low testosterone is associated with a suboptimal distribution

of body fat and adipocyte IR, which impairs suppression of

lipolysis, and leads to ectopic fat deposition and “lipotoxicity”

(95). Adipose inflammatory cytokines, such as TNF-a, IL- 6, and
C-reactive protein, can impair hepatic insulin signaling and

promote hepatic fat accumulation, leading to inhibition of

HNF-4a mRNA via the activation of NF-kB or activating the

Methyl ethyl ketone-1/2 (MET-1/2) and c-Jun N-terminal kinase

(JNK) mitogen-activated protein kinase (MAPK) pathways (96,

97). In contrast, adiponectin increases SHBG production by

activating AMPK, which increases FA oxidation and HNF-4a
levels (98). Therefore, low circulating SHBG is associated with a

high risk of NAFLD in men with hypogonadism.

SHBG may serve as a biomarker of NAFLD. Low testosterone

and SHBG concentrations are related with metabolic syndrome

and fatty liver. In a recent meta-analysis, low total testosterone

was positively associated with NAFLD in men but inversely in

women, on the other hand, low SHBG concentration was

reportedly associated with a high risk of development of

NAFLD in both men and women (99). Furthermore, SHBG has

anti-inflammatory and lipolytic effects on adipocytes and

macrophages, which could explain its association with lower

incidence rates of metabolic syndrome and its complications

(100). In a biopsy proven NAFLD study, lower SHBG levels

were inversely related to the severity of steatosis (101). Therefore,

improving SHBG expression can be a potential therapeutic target

for NAFLD.
Conclusion

An intricate relationship exists between androgens and

NAFLD that may independently affect hepatic homeostasis.
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Gender differences in the effects of androgen have been

observed, with low testosterone levels affecting liver function

in men but not in young women, in whom HA presents a risk

factor for NAFLD. An apparent bidirectional connection exists

between sexual dimorphism of androgens and NAFLD. In

addition, SHBGs participate in hormone regulation, acting as a

buffer in the context of androgen homeostasis (Figure 1).

Therefore, understanding the molecular mechanism of

androgens in the liver would aid the development of

mechanism-based therapeutic interventions for NAFLD.
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FIGURE 1

Interactions of SHBG with androgen dysfunction on NAFLD development In PCOS, HA and insulin resistance leads to downregulate SHBG
production, and develops NAFLD. On the contrary, interaction of low testosterone with visceral adipose tissue and skeletal muscle may
modulate insulin resistance that decreases SHBG expression and increase the risk of NAFLD. SHBG has a dual action in interacting insulin
resistance as well as in acting as a buffer in the context of androgen homeostasis suggesting a role as a surrogate marker in the development of
NAFLD. SHBG, sex hormone binding globulin; NAFLD, nonalcoholic fatty liver disease; PCOS, polycystic ovary syndrome; HA,
hyperandrogenism.
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E, et al. Non-alcoholic fatty liver disease is associated with insulin resistance and
lipid accumulation product in women with polycystic ovary syndrome. Hum
Reprod (2016) 31:1347–53. doi: 10.1093/humrep/dew076

30. Cussons AJ, Watts GF, Mori TA, Stuckey BG. Omega-3 fatty acid
supplementation decreases liver fat content in polycystic ovary syndrome: a
randomized controlled trial employing proton magnetic resonance spectroscopy.
J Clin Endocrinol Metab (2009) 94:3842–8. doi: 10.1210/jc.2009-0870

31. Vuppalanchi R, Noureddin M, Alkhouri N, Sanyal AJ. Therapeutic pipeline
in nonalcoholic steatohepatitis. Nat Rev Gastroenterol Hepatol (2021) 18:373–92.
doi: 10.1038/s41575-020-00408-y

32. Ramezani-Binabaj M, Motalebi M, Karimi-Sari H, Rezaee-Zavareh MS,
Alavian SM. Are women with polycystic ovarian syndrome at a high risk of non-
alcoholic fatty liver disease; a meta-analysis. Hepat Mon (2014) 14:e23235.
doi: 10.5812/hepatmon.23235

33. Vassilatou E. Nonalcoholic fatty liver disease and polycystic ovary
syndrome.World J Gastroenterol (2014) 20:8351–63. doi: 10.3748/wjg.v20.i26.8351

34. Paschou SA, Polyzos SA, Anagnostis P, Goulis DG, Kanaka-Gantenbein C,
Lambrinoudaki I, et al. Nonalcoholic fatty liver disease in women with polycystic
ovary syndrome. Endocrine (2020) 67:1–8. doi: 10.1007/s12020-019-02085-7

35. Petta S, Ciresi A, Bianco J, Geraci V, Boemi R, Galvano L, et al. Insulin
resistance and hyperandrogenism drive steatosis and fibrosis risk in young females
with PCOS. PloS One (2017) 12:e0186136. doi: 10.1371/journal.pone.0186136

36. Barber TM, Dimitriadis GK, Andreou A, Franks S. Polycystic ovary
syndrome: insight into pathogenesis and a common association with insulin
resistance. Clin Med (Lond) (2016) 16:262–6. doi: 10.7861/clinmedicine.16-3-262

37. Morin-Papunen LC, Vauhkonen I, Koivunen RM, Ruokonen A,
Tapanainen JS. Insulin sensitivity, insulin secretion, and metabolic and
hormonal parameters in healthy women and women with polycystic ovarian
syndrome. Hum Reprod (2000) 15:1266–74. doi: 10.1093/humrep/15.6.1266

38. Diamanti-Kandarakis E, Dunaif A. Insulin resistance and the polycystic
ovary syndrome revisited: an update on mechanisms and implications. Endocr Rev
(2012) 33:981–1030. doi: 10.1210/er.2011-1034
frontiersin.org

https://doi.org/10.1002/hep.30251
https://doi.org/10.1016/j.jhep.2017.11.014
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.1073/pnas.1217611110
https://doi.org/10.1016/j.jhep.2020.03.039
https://doi.org/10.1146/annurev.ph.45.030183.000345
https://doi.org/10.1101/gr.5217506
https://doi.org/10.3389/fendo.2020.572490
https://doi.org/10.1038/nrendo.2013.203
https://doi.org/10.1016/j.phrs.2017.03.014
https://doi.org/10.1002/hep.30626
https://doi.org/10.1159/000184787
https://doi.org/10.1007/s00018-018-2860-6
https://doi.org/10.1016/j.pharmthera.2019.107401
https://doi.org/10.1155/2015/916585
https://doi.org/10.1159/000485999
https://doi.org/10.1016/j.molmet.2020.01.001
https://doi.org/10.1155/2015/294278
https://doi.org/10.1194/jlr.M028969
https://doi.org/10.1016/S1665-2681(19)31616-3
https://doi.org/10.3390/metabo12040298
https://doi.org/10.1002/hep.28514
https://doi.org/10.3389/fendo.2019.00374
https://doi.org/10.1530/joe-12-0455
https://doi.org/10.1530/eje-17-0124
https://doi.org/10.1210/jc.2012-1382
https://doi.org/10.1530/eje-14-0253
https://doi.org/10.1093/humrep/dep380
https://doi.org/10.1093/humrep/dew076
https://doi.org/10.1210/jc.2009-0870
https://doi.org/10.1038/s41575-020-00408-y
https://doi.org/10.5812/hepatmon.23235
https://doi.org/10.3748/wjg.v20.i26.8351
https://doi.org/10.1007/s12020-019-02085-7
https://doi.org/10.1371/journal.pone.0186136
https://doi.org/10.7861/clinmedicine.16-3-262
https://doi.org/10.1093/humrep/15.6.1266
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.3389/fendo.2022.1053709
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Song and Choi 10.3389/fendo.2022.1053709
39. Dunaif A. Insulin resistance and the polycystic ovary syndrome: mechanism
and implications for pathogenesis. Endocr Rev (1997) 18:774–800. doi: 10.1210/
edrv.18.6.0318

40. Yki-Järvinen H, Mäkimattila S, Utriainen T, Rutanen EM. Portal insulin
concentrations rather than insulin sensitivity regulate serum sex hormone-binding
globulin and insulin-like growth factor binding protein 1. vivo J Clin Endocrinol
Metab (1995) 80:3227–32. doi: 10.1210/jcem.80.11.7593430

41. Chang RJ. The reproductive phenotype in polycystic ovary syndrome. Nat
Clin Pract Endocrinol Metab (2007) 3:688–95. doi: 10.1038/ncpendmet0637

42. Dapas M, Lin FTJ, Nadkarni GN, Sisk R, Legro RS, Urbanek M, et al.
Distinct subtypes of polycystic ovary syndrome with novel genetic associations: An
unsupervised, phenotypic clustering analysis. PloS Med (2020) 17:e1003132.
doi: 10.1371/journal.pmed.1003132

43. Qu X, Donnelly R. Sex hormone-binding globulin (SHBG) as an early
biomarker and therapeutic target in polycystic ovary syndrome. Int J Mol Sci (2020)
21:1–17. doi: 10.3390/ijms21218191

44. Baranova A, Tran TP, Afendy A, Wang L, Shamsaddini A, Mehta R, et al.
Molecular signature of adipose tissue in patients with both non-alcoholic fatty liver
disease (NAFLD) and polycystic ovarian syndrome (PCOS). J Transl Med (2013)
11:133. doi: 10.1186/1479-5876-11-133

45. Xu A, Chan KW, Hoo RL, Wang Y, Tan KC, Zhang J, et al. Testosterone
selectively reduces the high molecular weight form of adiponectin by inhibiting its
secretion from adipocytes. J Biol Chem (2005) 280:18073–80. doi: 10.1074/
jbc.M414231200

46. Wang D, He B. Current perspectives on nonalcoholic fatty liver disease in
women with polycystic ovary syndrome. Diabetes Metab Syndr Obes (2022)
15:1281–91. doi: 10.2147/dmso.S362424

47. Seidu T, McWhorter P, Myer J, Alamgir R, Eregha N, Bogle D, et al. DHT
causes liver steatosis via transcriptional regulation of SCAP in normal weight
female mice. J Endocrinol (2021) 250:49–65. doi: 10.1530/joe-21-0040

48. Cui P, Hu W, Ma T, Hu M, Tong X, Zhang F, et al. Long-term androgen
excess induces insulin resistance and non-alcoholic fatty liver disease in PCOS-like
rats. J Steroid Biochem Mol Biol (2021) 208:105829. doi: 10.1016/
j.jsbmb.2021.105829

49. Zhang Y, Meng F, Sun X, Sun X, Hu M, Cui P, et al. Hyperandrogenism and
insulin resistance contribute to hepatic steatosis and inflammation in female rat
liver. Oncotarget (2018) 9:18180–97. doi: 10.18632/oncotarget.24477

50. Ehrmann DA, Cavaghan MK, Imperial J, Sturis J, Rosenfield RL, Polonsky
KS. Effects of metformin on insulin secretion, insulin action, and ovarian
steroidogenesis in women with polycystic ovary syndrome. J Clin Endocrinol
Metab (1997) 82:524–30. doi: 10.1210/jcem.82.2.3722

51. Rakoski MO, Singal AG, Rogers MA, Conjeevaram H. Meta-analysis:
insulin sensitizers for the treatment of non-alcoholic steatohepatitis. Aliment
Pharmacol Ther (2010) 32:1211–21. doi: 10.1111/j.1365-2036.2010.04467.x

52. Frøssing S, Nylander M, Chabanova E, Frystyk J, Holst JJ, Kistorp C, et al.
Effect of liraglutide on ectopic fat in polycystic ovary syndrome: A randomized
clinical trial. Diabetes Obes Metab (2018) 20:215–8. doi: 10.1111/dom.13053

53. Basaria S. Male Hypogonadism. Lancet (2014) 383:1250–63. doi: 10.1016/
s0140-6736(13)61126-5

54. Fernandez CJ, Chacko EC, Pappachan JM. Male Obesity-related secondary
hypogonadism - pathophysiology, clinical implications and management. Eur
Endocrinol (2019) 15:83–90. doi: 10.17925/ee.2019.15.2.83
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