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Abstract: Sexual dimorphism is associated not only with somatic and behavioral differences between
men and women, but also with physiological differences reflected in organ metabolism. Genes
regulated by sex hormones differ in expression in various tissues, which is especially important in
the case of liver metabolism, with the liver being a target organ for sex hormones as its cells express
estrogen receptors (ERs: ER«, also known as ESR1 or NR3A; ER; GPER (G protein-coupled ER,
also known as GPR 30)) and the androgen receptor (AR) in both men and women. Differences in
sex hormone levels and sex hormone-specific gene expression are mentioned as some of the main
variations in causes of the incidence of hepatic diseases; for example, hepatocellular carcinoma (HCC)
is more common in men, while women have an increased risk of autoimmune liver disease and
show more acute liver failure symptoms in alcoholic liver disease. In non-alcoholic fatty liver disease
(NAFLD), the distinction is less pronounced, but increased incidences are suggested among men and
postmenopausal women, probably due to an increased tendency towards visceral fat accumulation.

Keywords: gender-dependent liver failure; hepatic glucose metabolism; insulin resistance; type 2
diabetes; metabolic syndrome; hepatic lipid metabolism; non-alcoholic fatty liver disease; cirrhosis;
hepatocellular carcinoma; transgenic animal models; clinical cases

1. Sex Hormone-Dependent Glucose Metabolism in a Healthy Liver, in Insulin Resistance (IR)
and in Diabetes (T2D)

1.1. Cellular Transporters Involved in Glucose Transport: Their Expression in IR, T2D and MetS
(metabolic syndrome)

The liver is one of the organs responsible for glucose metabolism due to its production of glucose
(glucogenesis), which is stored as glucogen (glycogenogenesis) (Figure 1), and is degraded as needed
via the glycolytic pathway (glycogenolysis) or converted to fatty acids by the lipogenic pathway
(lipogenesis). Glucose transport is directed by the Na*-coupled glucose transporters (SGLT) or glucose
transporters (GLUT). Among the former, SGLT1 and SGLT?2 serve as transporters, and SGLT3 is a
glucose sensor. In humans, the GLUT family includes 14 isoforms which have diverse affinities
and different expression profiles, thus enabling tissue adaptation of glucose uptake via GLUT gene
expression [1]. Glucose absorption and release depends on the current needs of the body, and take
place mainly through the activation of GLUT2, one of GLUT’s isoforms. Bi-directional transport via
GLUT?2 is responsible for the glucose balance in the cell, and GLUT2 up-regulation plays a more
important role in the export of glucose than in its import to the liver [1]. Nevertheless, to ensure
proper expression of glucose-dependent genes in the liver, it is necessary to maintain a proper balance
between intracellular and extracellular GLUT2-dependent glucose concentrations [2]. In the liver, the
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GLUT?2 level is increased by glucose, insulin and fatty acid synthase (FASN) stimulation, and studies
on GLUT2 knockout mice confirm that glucose uptake by hepatocytes is a major source of glucose for
lipogenesis [2].
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Figure 1. Graphical comparison of glycogenesis and glycogenolysis pathways.

Epidemiological studies show sex differences in type 2 diabetes (T2D) and indicate a higher
prevalence in men than in women [3]. Men are also more likely to suffer from obesity and effects of
sedentary lifestyle than women, probably due to differences in insulin sensitivity and regional fat
storage [4], which may be due to disrupted sex hormone homeostasis. In a study on castrated rats,
an increased level of glucose in blood and a higher level of GLUT2 mRNA and protein expression
was found as a result of endogenous androgens deficiency [5]. Supplementation with testosterone (T)
or testosterone with estradiol (E2) normalized the level of GLUT2 mRNA and protein expression in
the liver of the rats, whereas supplementation with E2 alone had no effect [5]. In vitro data indicated
that the addition of testosterone and 17§ estradiol to the medium of non-malignant Chang liver cells
significantly increased the insulin receptor mRNA expression and glucose oxidation and that these
processes were not the effect of insulin action. So, compared to the individual effects of T and E2, their
combination significantly increased the glucose oxidation which is similar to the effect of insulin [6].
In the aforementioned study by Muthusamy [5], testosterone deficient rats were characterised by
increased hepatic glucose synthesis (hyperglycaemia) and symptoms similar to T2D or metabolic
syndrome (MetS) [5]. Because the normal testosterone level improved the levels of GLUT2 mRNA
and protein expression, it can be supposed that T directly influences the GLUT2 gene transcription
and translation [5]. Another report indicated that exogenous T encouraged synthesis of glycogen in
both castrated and non-castrated rats [7]. At the same time, in humans, a high level of testosterone
was related to a low risk of diabetes in men and a high risk in women [7]. An excess of androgens in
women with polycystic ovary syndrome (PCOS) disrupts hepatic glucose metabolism as a result of a
reduced glucose concentration in blood due to insulin action and glycogen synthesis; furthermore,
PCOS predisposes women to insulin resistance (IR) [8,9]. However, estrogens have been shown to
have little effect on GLUT2 and the insulin receptor in the livers of male rats, although this caused an
increase in the insulin receptor levels in the human liver cell line (HepG2) [10] and non-malignant
Chang liver cells [6]. Furthermore, testosterone supplementation resulted in the non-malignant Chang
liver cells up-regulating the mRNA level for the insulin receptor and increasing insulin sensitivity [6].
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1.2. Relationship between Androgens/Androgen Receptor/5a-Reductase and Hepatic Glucose Homeostasis

Alack of an androgen receptor (AR) in males promotes IR which could promote T2D development.
For example, an in vivo study performed on AR knockout (AR) male mice showed a gradual
decrease in sensitivity to insulin and attenuated glucose tolerance which increased with age. Aging
AR mice also exhibited accelerated hyperinsulinemia [4]. Another experiment on sex-dependent
insulin resistance was carried out on hepatic AR knockout mice, where overweight male H-AR™Y, but
not female H-AR™/~ mice, fed a high-fat diet (HFD) were characterized by reduced sensitivity to insulin
as a result of increased expression of protein-tyrosine phosphatase 1B (PTP1B, negative regulator of the
insulin signaling pathway). So, the hepatic androgen receptor, as a positive factor, could also play an
important role in avoiding IR development [11]. The authors of the publication suggest that “strategies
aimed at increasing AR activity specifically in the liver through tissue-selective AR modulators could
therefore improve both hepatic insulin and leptin sensitivity and improve both lipid and glucose
homeostasis”. In another study 5x-reductase-knockout (5aR1 =/~ but not 5aR2~/ ~) mice with an ALIOS
diet (American lifestyle-induced obesity syndrome) had decreased hepatic mRNA expression of genes
involved in insulin signaling [12]. However, overweight male Zucker rats (castrated and non-castrated)
showed hyperinsulinemia induced by finasteride (which is an inhibitor of 5x-R2 and not 5x-R1) [13].
Male 5xR1-knockout mice on HFD showed a higher average weight gain and hyperinsulinemia then
wild type (WT) animals [13]. This suggests that lack of activity of 5x-reductase, the enzyme that
converts T to DHT, induces IR. Interestingly, in another study [14], expression of the ERc transcript in
the liver was decreased by DHT treatment of orchidectomized (ORX) male mice, although there was
no significant impact on ERf or AR transcripts.

1.3. Relationship between Estrogens/Estrogen Receptors/Aromatase and Hepatic Glucose Homeostasis

The relationship between estrogen concentration and metabolic homeostasis has also been found
in a study carried out on aromatase-deficient patients and aromatase-knockout animals (ArKO mice);
these patients, such as a male patient with inactive ERoc [15], displayed diminished glucose metabolism,
insulin resistance and hyperinsulinemia [16]. Exogenous estrogen supplementation of the male
patient with attenuated ERx did not recover homeostasis of glucose and did not restore insulin
to normal level, whereas the aromatase-deficient patients revised their metabolic anomalies [15].
Estrogen supplementation increases synthesis and release of insulin [17,18], and may also change
liver GLUT expression [1]. Therefore, these sex hormones are important in hepatic insulin clearance.
Postmenopausal women, after an oral hormone replacement therapy (HRT) at low doses, did not
show any changes to IR but exhibited a slight increase in hepatic insulin clearance [19]. Estrogens also
reduce gluconeogenesis and increase liver glycogen synthesis and storage, and lower blood glucose
levels [20]. As well as this, observations on ovariectomized (OVX) rodents support the view that
estrogens decrease glucose levels [21,22]. This correlates with increased glucagon signalling due to
an increased expression of the glucagon receptor (GLR), which stimulates glucose production by
activating gluconeogenic enzymes in OVX rats [23]. As a glucose imbalance after an ovariectomy is
not reversed by exogenous E2 [23], it can be assumed that this disturbed homeostasis was due to a lack
of progesterone. While the classic, nuclear progesterone receptor (PR) has not been detected in the
liver [24], progesterone—in addition to binding to membrane PR [25]—can also bind to the nuclear
AR [26] and thus induce metabolic effects in human hepatocytes, similar to hepatic glycogenolysis and
gluconeogenesis regulated by the epinephrine/(32-adrenergic receptor pathway as a result of estrogen
action [27].

T2D and MetS development are known to be related to the polymorphism in the gene encoding
ER; for example, a study on men with identified ERx-deficiency showed an imbalance in glucose
metabolism [28]. ERx knockout (ERxKO) mice also display attenuated glucose tolerance with IR
in their livers, while ERp knockout (ERFKO) mice have normal glucose tolerance, which suggests
that ERx and not ERf3 plays an important role in regulating glucose homeostasis in the liver [20,29].
The normalization of glucose homeostasis, insulin concentration and the reverse obesity in mice
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with ER« deficiency and removed ovaries, suggests that ERf may be a base of diabetogenic and
adipogenic phenotype. In contrast, ERBKO mice had better insulin sensitivity and glucose tolerance
without increased body fat storage. That is why ER« is indicated as an important factor in metabolic
regulation [29]. Similarly, a declining glucose tolerance was also observed in GPER1 knockout mice
(G protein-coupled estrogen receptor 1), although GLUT2 expression and glucokinase activity were not
altered [30]. The mouse GLUT2 promoter includes both a PPAR-y (peroxisome proliferator activator
receptor-gamma) response element as well as a steroid hormone response element [31,32], and that is
why ERs with PPAR-y could together regulate the gene encoded glucose transporter type [33].

Ovariectomies of female Holstman rats did not affect liver glycogen levels or phosphoenolpyruvate
carboxykinase (PEPCK, the main enzyme in the gluconeogenesis pathway) gene expression, but after
E2 replacement the expression was altered (glycogen—increased, PEPCK-decreased) [34]. However,
according to another study [35], following the ovariectomy of obese female rats the expression of
lipogenic (sterol-regulatory element-binding protein 1c, SREBP-1c; FASN) and adipogenic (PPAR-y)
genes in the liver increased significantly, and administration of exogenous E2 or an ERx agonist
(16a-LE2) reduced hepatic expression of SREBP-1c, FASN and PPAR-y, while an ER3 agonist (83-VE2)
comparably increased PPARY expression to the same level of mRNA as in non-treated ovariectomized
animals [35]. Both agonist of ERs not only decreased lipogenesis but also lowered triglyceride (TG)
accumulation in the liver. Therefore, the systemic insulin sensitivity was improved by the activation of
ER«x and also ER(3, most likely as a result of the anabolic activity of ERf [35]. (Summary of the above
data in Table 1.)

Table 1. Summary data on impact of the hormone imbalance, disturbance of the sex hormone receptors
and the enzyme activity/expression on the hepatic metabolism of carbohydrate in relation to the gender
as a cause of many physiological dysfunctions, syndromes or diseases.

Hormone Imbalance or

Receptor/Enzyme Dysfunction Results References

Disturbed carbohydrate metabolism in male

| Testosterone Hyperglycemia, T2D, MetS Muthusamy et al. [5]
AR (lack) IR, T2D Lin et al. [4]
AR knockout ! GIE}C];Z;I;‘;E;ZH;E’ IR, Lin et al. [4]
AR knockout + HFD | Sensitivity to insulin Lin et al. [11]
5a-red1 knockout + ALIOS Hyperinsulinemia Dowman et al. [12]
5a-red1 knockout + HFD Hyperinsulinemia Livingstone et al. [13]
| ER« ! GI}JCOS(.E met.abolism, IR, Zirilli et al. [16],
hyperinsulinemia, T2D, MetS Yamada et al. [28]
ERxKO | Glucose tolerance, hepatic IR BrKTZifgszloor:]Z te;clz'il[.z[92]0],
| Testosterone Hyperglycemia, T2D, MetS Muthusamy et al. [5]
Disturbed carbohydrate metabolism in female
| Testosterone T Glucose Kelly et al. [7]
| Estrogens 1 Diabetes Saengsirisuwan et al. [21],

Feigh et al. [22]

ALIOS—American lifestyle-induced obesity syndrome, AR—androgen receptor; ERax—estrogen receptor alpha,
ERaKO—ERa knockout, HFD—high-fat diet, IR—insulin resistance, MetS—metabolic syndrome, T2D—type 2
diabetes, 5a-red1—5x reductase type 1.
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2. Sex Hormone-Dependent Lipid Metabolism in the Normal Liver, in Nonalcoholic Fatty Liver
Disease (NAFLD), Obesity and in Metabolic Syndrome (MetS)

There is an increasing amount of evidence from animal cell culture and clinical studies that
testosterone/androgens control the expression of important regulatory proteins involved not only
in glycolysis and glycogen synthesis but also in lipid and cholesterol metabolism [7]. For example,
dihydrotestosterone treatment of orchidectomized male mice caused obesity, decreased energy
utilization and fat oxidation, ane increased HDL-C and TG levels correlating with lowered bile
acid synthesis as a result of down-expression of 7x-hydroxylase gene [14]. In addition, in AR knockout
male mice (AR™Y) the exogenous DHT did not reverse the metabolic anomalies and IR [11].

2.1. Relationship between Estrogens/Estrogen Receptors/Aromatase and Hepatic Lipid Homeostasis

In the case of hepatic lipid metabolism, it should be emphasized that estrogens are also crucial.
In both sexes, estrogen signalling via ER is important in the regulation of lipogenesis, as evidenced
by experimental animal models and clinical studies. Women with breast cancer were treated with
tamoxifen (selective modulator of ER, with anti-estrogenic effect) although hepatic steatosis caused by
an impairment of fatty acids (FA) -oxidation in estrogen deficient livers is a frequent complication
associated with this therapy [1]. Genome-wide analysis demonstrates that transcriptional activity of
ER« oscillates depending on the phase of the mouse estrous cycle and this oscillation is required for
pulsating transcription of FA and cholesterol genes. This ER-dependent physiological programming
changes during gestation and after termination of fallopian tube as a result of progressing age or
surgically induced menopause, signifying that ER signalling is crucial for appropriate liver physiology
in relation to the energetic necessities of reproductive age. Therefore, any changes in the amplitude
and frequency of the cycle are related with the accumulation of fat in the liver [36]. Accordingly, the
oscillation of ER expression has great importance for limiting fat deposition in the livers of women
of reproductive age, and appropriate HRT in post-menopausal women or after surgical menopause,
and has an important role for hepatic metabolism [36]. This protective function of estrogens is mainly
attributed to ER« signalling [37] because, as was shown in microarray analysis, male and female
ER&KO mice exhibit a fatty liver due to the up-expression of lipogenic genes and down-expression of
genes involved in lipid intake [34]. Mice with liver ERa-knockout (LKO) [38] and Gpr30-deficient mice
(GPR30; orphan G protein-coupled receptor 30) [39] fed a HFD had increased liver triglycerides and
diacylglycerides, and female rather than male mice had significantly lower HDL-C level along with an
increase in fat liver accumulation with insulin resistance. Thus, both ERox and GPER (G protein-coupled
ER, also known as GPR 30) must be present in the liver cells to maintain lipid homeostasis.

The estrogenic pathway of regulation of the liver function also heavily depends on the activity
of aromatase, an enzyme that converts androgens to estrogens. In aromatase knockout (ArKO)
male mice, but not in ArKO female mice, the developed liver steatosis could be normalized by the
administration of exogenous estrogens [40], and impaired hepatic FA (3-oxidation was caused by
disturbing the activity of peroxisomal very long-chain acyl-CoA synthetase (VLACYS), fatty acyl-CoA
oxidase (AOX) and medium-chain acyl-CoA dehydrogenase [41,42]. These impairments were inverted
by exogenous E2 [41] or treatment with pitavastatin that is able to re-establish FA 3-oxidation via the
PPAR-« and abolish hepatic steatosis [42]. As such, estrogen therapy is used to aid recovery from
metabolic anomalies in aromatase-deficient patients [15]. In castrated male rats, E2 supplementation
also decreased FA production and lipid collection, and prevented nonalcoholic fatty liver disease [43].
Similar to the increase in hepatic triglycerides and diacylglyceride in liver ERa-knockout HFD fed mice,
the alteration of insulin-stimulated ACC (acetyl-CoA carboxylase) phosphorylation and DGAT1/2
(diacylglycerol O-acyltransferase 1/2) protein levels were also observed due to decreased insulin
sensitivity [38]. Males on a HFD showed that estrogen (via ER«) helps avoid not only hepatic but also
whole body IR. Therefore, intensifying hepatic estrogen-ER« pathways could reduce the effect of obesity,
diabetes and cardiovascular risk [38]. Another study on a mouse knockout model (ArKO) [44] showed
obesity and liver steatosis due to an impaired FA 3-oxidation and an increased FASN level in the liver
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of both female and male mice. This is in line with the findings of Foryst-Ludwig et al. [45], according
to whom ERa mainly mediates beneficial metabolic effects of estrogens such as anti-lipogenesis,
improvement of insulin sensitivity and glucose tolerance, and reduction of body fat mass. In contrast,
ERp activation seems to be detrimental for the maintenance of regular glucose and lipid homeostasis.
Hypoestrogenemia caused by ovarian senescence significantly increases the risk of steatohepatitis and
liver fibrosis severity both in humans with NAFLD and in zebrafish with experimental steatosis [46].
Therefore, estrogen deficiency promotes the development of NASH (nonalcoholic steatohepatitis) and
estrogen treatment improved NASH progression in bilateral ovariectomized mice fed a high-fat and
high-cholesterol (HFHC) diet [47].

It was also shown that not only classic, nuclear ERox and ER act in liver metabolism. Some very
interesting results are presented in a study carried out on a “membrane-only ERx” mouse model
(MOER, ligand-binding domain of receptor is present within the plasma membrane) injected with
propyl-pyrazole-triol or trisphenol (PPT), a selective agonist of ERx [48]. This experiment showed
that the expression of many lipid synthesis-related genes was decreased in “MOER” mice but was
not suppressed in ERKO mice, indicating that only membrane-localized ERx was necessary for the
suppression of these genes (cholesterol, TG and FA content was decreased only in livers from MOER
mice exposed to PPT, but not in the livers from the ERKO mice). Therefore, the inhibition of gene
expression mediated by membrane-localized ER caused the aforementioned metabolic phenotype that
did not require nuclear ERx. Consequently, the membrane-localized ER« is responsible for protection
against hyperlipidemia by reducing the expression of some genes involved in lipid synthesis in the
liver [48]. Although ERc in the liver is considered anti-lipogenic, data from literature on the role of ER
in the liver is not consistent. Mice with a lack of ER( are heavier but their livers are lighter as a result
of reduced hepatic TG storage accompanied by whole body higher insulin sensitivity [49], indicating
that ERf in the liver can perform lipogenic and diabetogenic functions, because—as was documented
by Foryst-Ludwig et al. [49]—this receptor deactivates the adipocytic gene expression induced by
PPAR-y and finally leads to a reduction in adipogenesis. This is confirmed by the discoveries of some
mutations in the ER3 gene of obese female adolescents or women with bulimia [50,51].

2.2. Correlation of Non-Alcoholic Fatty Liver Disease (NAFLD)/Non-Alcoholic Steatohepatitis (NASH) with
Sex Steroids

Non-alcoholic fatty liver disease (NAFLD) includes the entire spectrum of steatohepatitis as a
non-alcoholic steatohepatitis (NASH) with or without fibrosis, cirrhosis and hepatocellular carcinoma
(HCC) [52-55], related to systemic features [56,57] and excessive mortality from cardiovascular and
liver diseases [58-61]. Histologically indistinguishable from alcoholic liver disease, the NAFLD [62] is
closely related to insulin resistance [63] and metabolic syndrome [53,54].

There are studies which show that androgens protect against NAFLD [43], because low serum
T levels and hepatic steatosis in men are closely related [64]. However, other reports show opposite
results, with androgens promoting the development and progression of NAFLD [65,66]. In vitro data
similarly suggests that exposure to excessive amounts of androgens (including corticosterone) can lead
to lipogenesis [12]. These inconsistencies may result from the use of various animal models, genders,
methods of treatment or combinations of various steroid hormone replacements. In addition, it is
the T to DHT ratio that is most important for the development and progression of NAFLD rather
than the concentrations of T or DHT [67]. In the human liver, both isoforms of 5x-reductase (5aR1,
5aR2) are present, and the level of the first isoform becomes higher with the growing severity of
NAFLD symptoms. Mice with 5a-reductase knockout (5aR17/~, 5cR27/~) do not convert testosterone
into DHT. Implementing an ALIOS diet for these knockout mice induced a development of great
hepatic steatosis only in 5aR17/~, but not 5aR27/~ [12]. This steatosis was driven largely by impaired
corticosterone clearance rather than decreased DHT [12]. Similarly, male 5&R1-knockout mice on a
HFD diet also demonstrated hepatic steatosis as a result of hepatic reduction in FA (3-oxidation and
increased TG accumulation [13]. The authors of the mentioned study also observed hepatic steatosis
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in obese male Zucker rats, both intact and castrated, after treatment with finasteride (5a-reductase
type 2 inhibitor) [13]. The hepatic steatosis was independent of DHT, but changes in 5«R1 activity
with non-selective 5a-reductase inhibition in overweight men with prostate disease could indicate the
beginning and progression of hepatic metabolic failure [13].

In another study [68], a very low T serum level in feminised (Tfm) male mice on a normal diet
showed increased lipid accumulation although this was significantly less than cholesterol-fed Tfm
mice. Tfm mice on a normal diet demonstrated increased gene expression of hormone sensitive lipase,
stearoyl-CoA desaturase-1 (SCD1) and PPAR-y, although acetyl-CoA carboxylase alpha (ACACA) and
FASN were not altered. Yet testosterone supplementation caused a reduction in the lipid deposition
in the liver of Tfm mice compared to placebo-treated Tfm as a result of a decrease in the expression
of key regulatory enzymes of fatty acid synthesis [68]. Hepatic AR-knockout (H-AR™Y) male (but
not female) mice on a HFD diet also developed hepatic steatosis as a result of a rise in SREBP-1c and
PPAR-y [4,11]. Moreover, the insulin resistance of these male mice was associated with a decline of
phosphoinositide-3 kinase (PI3K) action, increased phosphoenolpyruvate carboxykinase (PEPCK)
expression, and correlated with increased protein-tyrosine phosphatase 1B expression (PTP1B). Loss of
AR in aging H-AR™Y male mice caused a rise in hepatic TG volume, so that hepatic androgen receptors
may be a key for avoiding liver steatosis development. Lin et al. [11] proposed the development of
AR agonists to target hepatic AR and thus improved the effectiveness of therapies used in metabolic
syndrome in male patients. Male mice with complete (not only hepatic) AR knockout (ARKO)
developed increasing triglyceride deposition in liver, obesity, and severe IR [4]. As hepatic AR
has a greater effect in men than in women [7,11], Kanaya et al. [69] performed an experiment to
try to better understand how elevated androgen levels regulate food intake and obesity in females.
Ovariectomized female mice treated with DHT (non-aromatazable androgen) exhibited increased
food intake, significantly higher lipids storage in the liver, and other signs of biochemical dysfunction
(increased fasting glucose, impaired glucose tolerance, resistance to leptin) [69].

The aforementioned reports indicate that androgens have a major influence on lipid metabolism
in female livers. There are also many indications that hyperandrogenic women with PCOS may
indirectly increase the risk of NAFLD by obesity, IR, and directly by the hepatotoxic effect (significantly
increased level of alanine aminotransferase (ALT)) [70]. Compared to premenopausal women, men and
postmenopausal women have higher LDL-C and lower HDL-C concentration in blood, so estrogens
could play an important role in decreased hepatic fats storage [71]. This indicates that menopause
is related to increased body weight and higher risk of metabolic diseases. In an OVX mice model of
menopause [72], increased adiposity was prevented by estrogen replacement. In that study, treatment
with E2 was associated with general reduction of adipose tissue mass (because of down-regulation of
lipogenic genes under the control of SREBP-1c). In the liver, endogenous E2, similar to the adipose
tissue, caused a decrease in the expression of lipogenic genes. It was shown by D’Eon et al. [72], that
in the liver, estradiol participated in free fatty acids dividing during oxidation and prevented TG
storage by up-regulation of PPAR-6 and by direct initiation of AMP-activated protein kinase (AMPK).
Accordingly, genomic and non-genomic actions of E2 promote leanness in OVX mice independently of
reduced energy intake [72].

There is ample evidence from screening studies that the prevalence of NAFLD is higher in males
compared to females, regardless of age [73-78]. In a study examining the incidence of NAFLD in
women, 7.5% of those going through menopause and 6.1% of postmenopausal women were found to
have NAFLD, in comparison to 3.5% of premenopausal women [76]. The increased risk of NAFLD did
not correlate with hormone replacement therapy. The incidence of NAFLD in women rose with age,
but did not change with age in men [76]. Thus, this indirectly indicates that endogenous (contrary to
exogenous) estrogens could play a protective function against the advancement of NAFLD in women.
On the other hand, there is data indicating that hormone-replacement therapy may lessen the risk of
diabetes, but its mechanisms are unclear [79]. In contrast, an Italian multicentre study on almost 5500
healthy hysterectomised women who received tamoxifen or placebo for five years showed that the
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medicament increased the risk of NAFLD/NASH development only in overweight and obese women
with features of MetS [80]. A study on women with T2D documented that low doses of hormone
replacement therapy significantly reduced liver enzymes: AST, ALT, GGT (y-glutamyltransferase), and
ALP (alkaline phosphatase) in serum, potentially due to a reduced level of hepatic fat accumulation [81].
Authors of this publication indicate that the explanation for the HRT improvement of liver physiology
could help in the search of the effective treatment of non-alcoholic fatty liver disease among women.

(Summary of the above data in Table 2.)

Table 2. Summary data on impact of the hormone imbalance, disturbance of the sex hormone receptors

and the enzyme activity/expression on the hepatic metabolism of lipids in relation to the gender as a

cause of many physiological dysfunction, syndromes and diseases.

Hormone Imbalance or

Receptor/Enzyme Dysfunction

Results

References

disturbed lipids metabolism in male

| Testosterone

T Hepatic steatosis
| Hepatic steatosis

Vélzke et al. [64]
Jones et al. [65]
Schwingel et al. [66]

5u-red1 knockout + ALIOS

Hepatic steatosis

Dowman et al. [12]

5x-red1 knockout + HFD

T TG, hepatic steatosis

Livingstone et al. [13]

Hepatic AR- knockout + HFD

Hepatic steatosis, IR

Lin et al. [4],
Lin etal. [11]

1 AR T TG in liver, hepatic steatosis Lin et al. [4]
ARKO T TG in liver, obesity, IR Lin et al. [4]
ArKO Liver steatosis, obesity Hewitt et al. [40],

Fisher et al. [44]

| Aromatase

Metabolic anomalies

Maffei et al. [15]

| ERx + HFD T TG, 7 diacylglyceride, IR Zhu et al. [38]
ERa«KO Fatty liver Bryzgalova et al. [20]
. . Zhu et al. [38],
LKO + | Gpr30 + HFD T TG, 1 diacylglyceride Meoli et al. [39]
disturbed lipids metabolism in female
. . Trapani et al. [71],
| Estrogen T LDL-C, | HDL-C, hepatic steatosis Chen et al. [1]
| Estrogen + HFD/HFHC NASH Kamada et al. [47]
T TG, 1 diacylglyceride, | HDL-C, T Zhu et al. [38],
LKO + | Gpr30 + HFD fat liver accumulation, IR Meoli et al. [39]
ERaKO Fatty liver Bryzgalova et al. [34]
ArKO Liver steatosis, obesity Fisher et al. [44]

Hyperandrogenism + PCOS

Obesity, IR, NAFLD

Bohdanowicz-Pawlak et al. [70]

ALIOS—American lifestyle-induced obesity syndrome, AR—androgen receptor, ARKO—AR knockout,
ArKO—aromatase-knockout, ERx—estrogen receptor alpha, ERakKO—ERax knockout, Gpr30—orphan G
protein-coupled receptor 30, HDL-C—high-density lipoprotein HFD—high-fat diet, HFHC—high-fat an
high-cholesterol diet, IR—insulin resistance, LDL-C—low-density lipoprotein, LKO—liver ERa knockout,
MetS—metabolic syndrome, NAFLD—non-alcoholic fatty liver disease, PCOS—polycystic ovary syndrome,
T2D—type 2 diabetes, TG—triglycerides, 5o-red1—5x reductase type 1.

3. HBV/HCV and Hepatocellular Carcinoma (HCC, Hepatoma)

Hepatitis B (HBV) and hepatitis C (HCV) are two hepatotropic viruses belonging to the family
of Hepadnaviridae and Flaviviridae (respectively), differing in genome, life cycle and molecular
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prediction. HBV is a DNA virus that has an ability to integrate into the DNA of the host cell. In contrast,
HCV is an RNA virus that replicates in cytoplasmic membranous host cell networks. The innate and
adaptive immune responses are the main mechanism involved in determining persistent hepatitis
infection, and the innate immune response is the first line of defence against viral infections [82].

The HBV contagion and subsequent consequences of infection are different in males and
females [83-89]. The effects of sex differences, especially sex hormones, on the innate immune
response to HBV are largely unknown, which is at least partly due to the lack of appropriate research
models. Slightly more is known about gender differences in the adaptive immune response to HBV
infection. For instance, after a prophylactic vaccination against HBV, women have a higher titre of
anti-HBV antibodies than men [90]. Hepatocellular carcinoma (HCC) development, pathogenesis and
disease progression-induced hepatitis B infection show gender-related differences [91]. HBV-related
HCC occurs more often in men than in women [92]. Rates of liver cancer in men are typically 2 to 4 [93]
or even 3 to 5 [94] times higher than in women. Gender-related variation in liver cancers is common in
mammals, from rodents to humans, and was firstly described in mice in the late 1930s, with female
mice being resistant to liver cancer [95]. The remarkable gender disparity suggests an important role of
sex hormones in HCC pathogenesis [96]. It is probable that the specific immune response of the host is
reflected in HBV replication and viral protein levels. Likewise, in a study conducted on HBV infected
mice, males had up-expressed DNA and protein of HBV in comparison to females. The reduced
functionality (not the number) of CD8" T lymphocytes was accompanied by increased numbers of
regulatory T cells (T reg) in males which may explain why, among male HBV human patients, there
are more infections and more failed cases of immunotherapy than in women [91].

3.1. Relationship between Estrogens/ERs and HBV-Related Acute Liver Failure Such as HCC

The sexual dimorphism of hepatitis B virus-related liver diseases may be related to estrogen and
its receptors. One possible explanation is that the ERoc polymorphism leads to a defective immune
cell response to estrogen in HBV-related acute liver failure [97]. Antiviral modulation of immune
responses by sex hormones can also help to explain the prevalence of HCC in men, as in the case of
chemically induced HCC by diethylnitrosamine (DEN, a chemical carcinogen), which is more severe
in males than in female mice, due to an increased production of IL-6 by Kupffer cells (in a manner
dependent on the Toll-like receptor adaptor protein MyD88) in the male liver [98]. Interleukin 6 (IL-6)
is a multifunctional cytokine that is largely responsible for the hepatic response to systemic infection or
inflammation, often referred to as an “acute phase response’ [99]. Naugler et al. [98] demonstrated
that estrogens inhibited IL-6 by reducing the activation by Myd 88-induced NF-«B. Physiological
doses of estrogens can suppress metastasis of HCC not only by decreasing IL-6 expression but also by
decreasing hepatocyte growth factor levels [100]. The hepatocarcinogenic effect of IL-6 in hepatocytes
can be stopped by inhibiting transcription factor STAT3 and reducing the activity of mitogen-activated
protein kinase JNK (c-Jun N-terminal kinases) [98]. The protection against the development of liver
cancer in carcinogen-treated mice also depends on ERa-mediated estrogen signaling of forkhead box
protein A (Foxa) factors such as Foxal and Foxa2 [101] pioneer transcription factors in the liver, crucial
for steroid hormone signalling (estrogens and androgens) as essential controllers of variations of liver
cancer in terms of gender [95]. The integrative genomic analysis showed that the risk of HCC in
women might be associated with the SERPINA6-rs1998056 regulated by FOXA/ER« [102].

3.2. Relationship between Androgens/AR and HBV-Related Acute Liver Failure Such as HCC

Mechanisms through AR that can mediate the expansion of HCC also include the modulation
of innate immunity. Shi et al. [103]. showed that AR could suppress IL-12A expression at the
transcriptional level via direct binding to the IL-12A promoter region which results in repressing
the efficacy of natural killer (NK; related innate immune surveillance) cell cytotoxicity against liver
cancer cells. On the other hand, there is also evidence that activated AR can inhibit HCC metastasis
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by inducing cellular apoptosis by modulation of p38 kinase phosphorylation [104], shown to be
mitogenic-dependent and playing a significant role in HCC [105-107].

In addition to affecting the immune response, sex hormones can also directly affect the activity
of the virus. In general, the HBV surface antigen (HBsAg) circulates at a higher level in the serum
of male mice than in females [108], and its level decreases after castration, thus indicating that the
expression of the viral antigen and viral replication are regulated by androgens [109]. The HBV
genome integrated into the host cell DNA contains two androgen respond elements (ARE) in the
enhancer region I. When the AR-androgen complex is internalized to hepatocytes, it binds to both
the nuclear and viral ARE sequences, thereby activating the transcription of the HBV genome and
the production of HBV X (HBx) protein [110]. This protein, in turn, facilitates dimerization of AR
and enhances transcriptional activity of AR by activating Src kinase, thus creating a feedback loop
that can promote hepatocarcinogenesis [92]. The AR further acts in conjunction with other molecules,
such as cell cycle-related kinases (CCRKSs), which in turn activate oncogenic (3-catenin in hepatocytes.
This mechanism indicates that androgens/AR signalling may promote the development of HBV-related
hepatocellular carcinoma and explains the higher incidences of HCC as well as higher HBV titres in
male serum than female [111]. Conversely, estrogen signalling probably inhibits hepatocarcinogenesis
and protects against HBV-related HCC progression. The molecular mechanism of estrogen is mediated
by the binding to the nuclear ERx which inhibits the enhancer I of HBV and transcription of integrated
viral genomes [92,111].

3.3. Complicity of Noncoding mRNAs in the Onset and Progression of HCC

Progression of HCC is also related with several long noncoding RNAs such as IncRNAs, which
have miR-374b/421 and miR-545/374a clusters. Considering that the estrogen-related receptor gamma
(ESRRG) is a potential target gene of miR-545, it has been hypothesized that this mechanism may be
associated with a lower incidence of HVC-induced HCC in women. As the miR-545 and miR-374a
were up-expressed in male versus female HCC individuals in a study by Zhao et al. [112], the authors
of the study concluded that the up-expressed miR-545/374a cluster could be related to a low chance of
recovery, and suggested the employment of miR-545/374a levels in sera for HCC diagnostics. The role
of E2 in regulating the activation of p53 and miR-23a expression could be crucial to understanding
the sex differences observed in HCC [113]. In miRNA PCR array, Huang et al. [113] found more
than a two-fold alteration in apoptotic miRNAs (25 was upregulated and 10 was downregulated) in
E2-treated cells. Among these miRNAs, expression of miR-23a was related to p53 functional status
in the male-derived liver cell-lines. Moreover, miR-23a expression correlated negatively with the
expression of target gene X-linked inhibitor of apoptosis protein (XIAP), but positively with the
caspase-3/7 activity. So, a decrease of XIAP may contribute to caspase-3 activity and cell apoptosis.
The authors of the study emphasize the huge potential of miRNAs as biomarkers and therapeutic
agents thanks to their ability to control gene expression. In research in which lentivirus-mediated
ER« small interfering RNA (siRNA) was transfected into HCC cells (Hep3B), the downregulation of
ERx expression caused the inhibition of cell proliferation, reduced cell invasion, slowed-down cell
population at S phase, and increased the rate of apoptosis [114]. According to these authors, ERx may
play a very important role in carcinogenesis of HCC and its knockdown may offer a new potential
gene therapy approach for human liver cancer in the future. In addition, it has been proved that the
promotor of pri-miR-216a has an androgen-responsive element [115]. The up-expression of miR-216a
was mainly noticed in male patients, as a result of transcriptional activation of pri-miR-216a by the
androgen signaling further reinforced by X protein (HBV protein) [115].

3.4. HCC Malignancy and Sex Hormones

Generally, a correlation between the axis of androgen/androgen receptor and HCC incidence
have been confirmed, but the mechanism is still largely unknown. For example, it is proposed that
androgen/AR complex after binding to promoter of Nanog (pluripotency factor) can promote HCC
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stemness. It is worth emphasizing that, in HCC tissues, AR expression was abnormally high and
showed a correlation with Nanog expression [116]. Another study revealed a “vicious circle” of
androgenic signaling. This signaling increases the expression of CCRK (cycle-related kinase, a direct
AR transcriptional target), which results in the activation of the Wnt/f3-catenin/TCF (T cell factor)
pathway that finally leads to up-expression of AR in HCC cells [117]. CCRK was overexpressed
in approximately 70% of HCCs and was significantly correlated with tumor staging. Thus, the
interaction of AR/CCRK stimulates cell cycle progression and induces tumor formation (promotion of
hepatocarcinogenesis) [117]. It was noted that the expression of matrix metalloproteinase 9 (MMP9),
an important marker of migration, adhesion, invasion and metastasis of liver cancer [118], was higher
in HCC tumors in mice lacking specific AR in the liver (L-AR™/Y) compared to WT-animals. It was also
found that AR suppresses cell migration via suppression of nuclear factor kappa B (NF-xB)-MMP9
pathway [104]. In their next paper, the authors showed that AR affects cell adhesion and cellular
mobility through the AR-B1-integrin-PI3K/AKT signaling pathway in HCC [119]. The L-AR7Y mice
with carcinogen-induced HCC developed more undifferentiated and larger size tumors at the metastatic
stage and died earlier with increased lung metastasis [104]. These results indicated that hepatic AR
may play dual opposite roles, to promote HCC initiation but suppress HCC metastasis.

DEN:-injected female mice exhibited scarcer dysplastic foci and less acute early stage of HCC
than males, with more differentiated tumors and fewer metastases [120]. Castration of these mice
down-regulated cyclin E kinase and amplified hepatocyte apoptosis, and estradiol/progesterone
enhanced those effects. In control female mice, cyclin E kinase activity was lower than in males, and
testosterone administration of ovariectomized mice increased cyclin E and its kinase activity and
accelerated hepatocarcinogenesis. Moreover, exogenous testosterone not only up-expressed cell cycle
regulators (cyclin D1 and E, CDK2) but also down-expressed p53 and p21, which improved hepatocyte
viability. Conversely, E2 inhibited hepatocyte cell cycle markers, increased p53 and reduced hepatocyte
and HCC viability. This study showed that both sex hormones determined the male predominance to
hepatocarcinogenesis: castration of male mice delayed the onset of HCC [120]. Moreover, the DHT to
T ratio is also an essential indicator, because it is elevated in patients with HCC in contrast to patients
with cirrhosis or healthy individuals [121]. Furthermore, the size and cell division activity of HCC
significantly declines after blood DHT levels drop [122]. Therefore, in terms of tumorigenesis, DHT
(a more active T metabolite and AR ligand) cannot be omitted. According to Yu et al. DHT reinforces
hepatocellular carcinoma cell division depending on AR activation [123], and the decline in HCC
malignancy after AR antagonism treatment is linked with a decrease in blood DHT [124]. This data
confirms the observations of Dowman et al. [12], where more than half of the mice after one year of the
ALIOS diet revealed hepatocellular lesions similar to those observed in HCC, compared to one-fifth
of 5aR27/~ and zero of 5&R17/~ (isoform 5x-reductase knockout) mice. Because of this, it has been
proposed that the 5xR1 deletion could have protective function against the NAFLD-associated HCC
expansion, and this enzyme isoform may become a therapeutic target [12].

3.5. Hypothesis about the Role of ERs in HCC

Although hepatocellular carcinoma is known to be accompanied by decreased expression of ERs,
their role in HCC is not fully understood [125]. There are some studies on the effects of estrogen/ERs
signaling on various tumor suppressors, but their results are inconclusive. The development and
invasion/progression of HCC and other cancers are associated with metastasis-associated protein 1
(MTA1) gene expression [126-128]. Additionally, the results of research carried out by Deng et al. [129]
show that ER«x up-regulation inhibits the division and spread of HCC. On the other hand, the MTA1
overexpression lowers ERx-controlled inhibition of HCC cells’ division and metastasis. These results
indicate a co-regulation of ERx and MTA1 in the response to HCC, providing a basis for understanding
the gender-related difference in HCC progression. Overexpression of ERx has also been shown
to mediate apoptosis in ERo-negative Hep3B cells via the binding of ER« to specificity protein 1
(SP1). Then this complex (ERx-SP1) binds to the TNFa gene promoter, inducing the expression of
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active caspase 3 in a ligand-dependent manner [125]. It was also shown that decreased expression
of ERae mRNA due to inhibition of ion channel (KCNN4; Ca?*-activated K* channel) by TRAM-34
(1-[(2-chlorophenyl)diphenylmethyl]-pyrazole) led to a decrease in activation of NF-kappaB, the factor
known to be involved in the development of HCC [130]. Therefore, TRAM-34 is proposed as a new
therapeutic target for the treatment of HCC.

In addition, E2 may also inhibit the progression of HCC, since E2-suppressed cell cycle markers,
increased p53-regulated p21, Bcl-Xp, and Bax expression, consequently reducing the viability of HCC
cells [120]. Interestingly, estradiol was shown to have a dual effect: in hepatocytes, increasing estradiol
concentrations promoted cell survival, while the opposite effect was observed in HCC cells. A primary
culture of hepatocytes and HCC cells clearly responded differently to estradiol stimulation with respect
to cell death [120]. These dual effects of estradiol have been described before: low doses of endogenous
estradiol are tumor-enhancing, while high doses of exogenously delivered estradiol inhibit tumor
formation [131,132]. This is probably why some of the results of research on the effects of estrogen on
HCC are contradictory, in addition to the existence of various estrogen receptor variants [133]. One of
ER’s alpha receptors is VER (variant estrogen receptor) which does not have the hormone-binding
domain but has a normal DNA-binding domain, responsible for the transcription of estrogen-dependent
genes [134]. In chronic hepatitis, VER transcripts, in contrast to wtER (wild-type ER), are present more
frequently in men and in HBsAg-positive subjects than in individuals with antibodies to HCV. In HCC
male patients the VER transcript is overexpressed or is the only one expressed form [133]. The much
more frequent presence of VER in men, mainly those with HBsAg, both in the early stages of the
disease and chronic hepatitis, indicates that this variant of estrogen receptor promotes the uncontrolled
proliferation and development of hyperplasia, and may be a mechanism of neoplastic alteration in
men [133]. The hepatocellular carcinoma cells that express VER are highly malignant [134,135], because
of the raised proliferation rate and because they are insensitive to tamoxifen (antiestrogen). Fortunately,
megestrol (a drug that blocks wtER and vER) does have some influence on the success of therapy in
HCC with the expression of VER [134].

3.6. Immune Response in Liver Failure and Sex Hormones

Yet another role of estrogen receptors in HCC progression was shown by Wei et al. [136] who
presented a novel link between estrogen receptor 3 and the NLRP3 inflammasome (an intracellular
multiprotein complex involved in the innate immune response to pathogens) in hepatocarcinogenesis.
They demonstrated that expression of ER} was significantly downregulated in HCC tissue compared
with normal liver tissue; moreover, ERB expression had a significant negative correlation with
disease progression and a positive correlation with the expression level of NLRP3 inflammasome
components. It is known that loss of NLRP3 inflammasome in HCC tissue contributes to tumor
progression. Treatment with 173 estradiol significantly inhibited the malignant behavior of HCC
cells through E2/ERB/MAPK pathway-mediated upregulation of the NLRP3 inflammasome [136].
E2 could achieve the same effect (suppression of tumor growth) via regulating the polarization
(producing distinct functional phenotypes as a reaction to specific microenvironmental stimuli/signals)
of macrophages [137]. During this process, 17p-estradiol suppressed macrophage activation and
HCC development alternatively by inhibiting the interaction between ER and ATPase coupling
factor 6 (ATP5], an ATPase component), and then blocking the JAK1-STAT6 signaling pathway [137].
These results could contribute to the implementation of a new HCC therapeutic strategy based on the
discovered aforementioned mechanism.

3.7. Activity of Aromatase/Estrogens/ERs (and Variants) in HCC

A study by Carruba et al. [138,139] carried out on nontumoral, cirrhotic, and malignant human
liver tissue samples (in vivo) and in HepG2, HuH7, and HA22T cells (in vitro) revealed for the first
time that the level of the aromatase enzyme is significantly increased in liver cancer cells (malignant
human liver tissue and HepG2 hepatoma cells), which leads to an increase in the local conversion of
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estrogens from androgens. Aromatase expression is moderate (or intermediate) in cirrhotic human
liver samples (or HuH? cells) and undetectable (or very low) in nontumoral human liver tissue (or
HAZ22T cells) [138-140]. The level of local androgen aromatization is correlated with the degree of
malignancy of the liver tissue/cell line. Therefore, locally elevated estrogen formation affects the
development and progression of cancer tissues and cells (HCC, HepG2) by activating the rapid
signalling pathway mediated via amphiregulin (AREG; a member of the EGF family), a ligand of EGF-R
(epidermal growth factor receptor) [138,140]. Moreover, elevated expression of AREG corresponds
with ubiquitous expression of hERalpha46 (human variant of ERe) [138,139] and occasional expression
of the hER32/Cx (human variant of ER3) [139]. Either none or a low expression of wild-type ERx
and ERp is observed in liver cancer cells and malignant tissues, and the pattern of wtERw is inversely
related to aromatase expression [140]. Therefore, the elevated estrogen production induced to a higher
aromatase activity could induce liver tumor cell growth through a variant ERx-mediated mechanism.
Furthermore, the modification in activity of aromatase-estrogen-amphiregulin-EGF-R axis in issue
injury or inflammation could result in growth of tumours such as liver, breast or prostate and progress
of chronic diseases such as diabetes, obesity, Alzheimer’s and heart disease [140]. Other studies also
confirm that the change in ER« status (from wild type ERx66 to the ERx36 splice variant, but not
to the ERx46 splice variant) influences HCC development [141]. Probably, due to the existence of
numerous ER splicing variants with diverse action, many HCC patients have not responded properly
to anti-estrogen treatment. This was possibly caused by hER«66 which inhibits the activation of hERf3
in an estrogen-dependent and independent manner [142].

Both prognostic factors and survival rate after therapeutic HCC resection differed between sexes,
with female patients having a better overall survival rate than male patients (women had a less invasive
tumor phenotype), but this survival benefit was only observed in cases of tumor-node-metastasis stage
I diseases compared with males at the same stage; although female patients had a greater prevalence
of increased serum alpha-fetoprotein (AFP), AFP and tumor number had prognostic significance only
for males; vascular invasion and serum g-glutamyl transpeptidase (GGT) levels were independent risk
factors for early recurrence in female patients, whereas AFP and GGT level were independent risk
factors for late recurrence [143]. These authors suggest that because estrogens may have a protective
effect against early-, but not late-stage, HCC, more aggressive treatment should be attempted for
female patients with recurrent HCC [143]. The effective treatments for hepatocellular carcinoma are
hepatectomy and liver transplantation, although the risk of recurrence is still high, particularly in
patients with a large pool of circulating cancer cells (CTCs) positive for cancer stem cell/progenitor
cell mercers. In this area, the results of a study performed on two AR knockout mouse models
with spontaneous HCC, which showed a negative relation between HCC recurrence/progression
after hepatectomy expression of AR in CTCs, are very interesting and promising. AR-regulated
suppression of HCC is a solid sign that this receptor could act as a gatekeeper of HCC recrudescence
after surgery [144].

4. Other Pathological Conditions and HCC

It was also shown that cirrhosis, as a result of liver fibrosis in chronic liver disease (CLD), could
lead to neoplasia in hepatocellular carcinoma [145]. A cohort study of over 12,000 patients showed
that males with CLD were younger (52.9 vs. 58.7 yrs.) and additionally more frequently suffered from
alcoholic liver disease (11.4% vs. 6.9%) than women with CLD [146]. Researchers of this analysis
have highlighted significant gender differences in terms of the etiologic factors and the onset of
chronic liver disease. On this basis, it can be concluded that fibrosis as a consequence of CLD may
also be gender-dependent. According to Saginelli et al. [146] factors such as NF-kB, STAT3 and JNK
could be linkers with the onset of HCC in patients with cirrhosis. In an inflammatory mouse model
(mdr2~/~ mice with cholangitis, chronic liver inflammation and finally HCC), the TNF-NF-«B axis
had a pro-carcinogenic effect on the liver. It was demonstrated that inhibition of NF-«B by doses
of anti-TNF-a stopped HCC progression [147]. In lymphotoxin (LT) transgenic mice models, the
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overexpression of LT is related with chronic inflammation and infiltration into the liver by T, B and
dendritic cells, with cytokine (IL-13, IFN-y, IL-6) over production reaching the highest concentration in
HCC. These mice also had elevated production of chemokines (CXCL1, CCL7, CXCL10) as a result of
NF-«B activation [148]. Activation of NF-«B is a frequent and early event of human HCC [149,150]. Asit
had been described earlier [98,100], by reducing Myd 88-induced NF-«B or STAT3/]NK kinase-pathway,
estrogens may inhibit IL-6 or hepatocyte growth factor, and then this activity can suppress the
progression of liver fibrosis and chronic liver disease. It has also been noted that there are noncirrhotic
patients with HCC that have a better overall survival and disease-free survival than cirrhotic patients
with HCC [145].

A not often noted and not well known progression is the development of hepatocellular carcinoma
in patients with primary biliary cirrhosis (PBC). An early study carried out on almost 400 patients with
PBC has shown that only 14 patients developed HCC; and the appearance rate was higher in patients
with advanced-stage PBC, with age at the time of diagnosis and male gender more associated with
the development of HCC [151]. In the decade following, there was the point of view that the disease
overwhelmingly affected females. In epidemiological studies, only 7-11% of documented PBC patients
were males, but with a higher risk of life-threatening complications such as gastrointestinal bleeding
and hepatoma [152]. In PBC, females demonstrated enhanced antibody production and cell-mediated
responses, in addition to an increased CD4 T cell number, probably because, normally T decreases IgG
and IgM production by plasmocytes in healthy males and females, or because of co-expression of ER
and AR on B cells, whereas CD8 T cells, monocytes, neutrophils and NK cells express only ER [152].

Obesity related to leptin secretion is also a significant predictor of HCC in humans. In the context
of sex steroid dimorphism, it is not known whether estrogens antagonize the action of leptin in women.
HCC line HepG2 cells cultured with leptin and E2, PPT, DPN (bis-hydroxy-phenyl-propionitrile, a ER
selective agonist) or G-1 (GPER selective agonist) were studied. The results of the experiment showed
that E2/ERs upset the oncogenic function of leptin in the HepG2 cells via preventing their division
and promoting their death; and these events were linked with regression of changes in SOCS3/STAT3
induced by leptin, up-regulation of p38/MAPK as a result of ER3 action, and up-regulation of ERK due
to the action of ERx and GPER. Additionally, it was shown that agonists of ER«, ERf3 and GPER induced
cell apoptosis in the HepG2 line [153]. This further data demonstrates the protective role of estrogens
in the expansion of HCC, and that estrogen receptors could be a target in the prevention/treatment of
leptin-induced HCC.

5. Pathological Condition Associated with the Biliary Tree

The biliary tree (network of intra- and extra-hepatic bile ducts) is lined with a specific type of
epithelial cell known as cholangiocyte. They are a heterogeneous (biochemically and functionally)
highly dynamic population of cells that modify (via transcytotic transport of various ions like CI~,
HCO;~, Ca?*, Na*, K*, solutes, water and also glucose) hepatocyte-derived bile under the direction of
hormones, cytokines, growth factors and neurotransmitters [154]. Other functions of cholangiocytes
are proliferation, injury repair, fibrosis, angiogenesis and regulation of blood flow [155]. It was
documented that cholangiocytes can undergo damage or pathological proliferation during chronic
cholestatic liver diseases (cholangiopathies), primary biliary cirrhosis (PBC), primary sclerosing
cholangitis (PSC), polycystic liver disease (PCLD) and cholangiocarcinoma (CCA) [155]. During
biliary fibrosis, proliferating bile duct epithelial cells, along with hepatic stellate (Ito) cells, are the
dominant source of connective tissue growth factor (CTGF); additionally, in this pathological condition,
the elevated mRNA level of TGF-B1 that is produced not only by Ito cells but also by activated
cholangiocytes seemed to be the main source of this profibrogenic factor [156]. Within the hepatic
parenchyma are also oval cells (stem cells). These cells are heterogeneous and bipotent in terms of their
developmental maturity or their commitment to either the hepatocytic or biliary lineage. Studies in
rodents demonstrated that oval cells not only are associated with an increased risk of HCC in chronic
liver disease, but also can proliferate and form ductule-like structures during carcinogenesis and biliary
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obstruction, and have been also indicated to have the potential involvement of bile epithelium in
fibrosis associated with other chronic liver diseases [157].

Suggestions exist that hormones, especially the sex hormones, play a key role in the modulation
of cholangiocyte growth in a damaged liver [155]. For example, bile duct ligation (BDL) caused an
increase in ER-f3 expression in cholangiocytes in comparison to control animals [158]. Clinical studies
have shown that patients with late-stage PBC had markedly reduced ER expression in cholangiocytes.
ER modulators improve the serum parameters of cholestasis in PBC patients [159]. An in vitro
study documented that estrogens, by Src-Shc-ERK1/2 signalling mechanisms, modulate cholangiocyte
proliferation and secretion [160,161]. This was confirmed in an experiment on rats with bile duct
ligation after tamoxifen or ICI 182,780 9 (anti-estrogen) treatment; the BDL rats had significantly lower
weight of intrahepatic bile ducts (IBDM) compared to the control as a result of impaired proliferation
and increased apoptosis [155]. Another experimental cholestasis study showed that ovariectomised
(OVX) female rats after BDL had significantly reduced bile duct mass associated with a decreased
expression of ERf3. Exogenous E2 caused a normalization of bile duct mass, ER3 expression and
cholangiocyte proliferation in comparison to untreated BDL rats [162]. This is why it is highly likely
that estrogens might delay the progress of cholangiopathies into ductopaenia [163].

Generally, there is little data that described the influence of androgen on biliary epithelium.
For example, Yang et al. [164] showed the expression of AR in cholangiocytes and that testosterone
stimulated biliary growth and secretion during cholestasis. The cAMP level in cholangiocytes from BDL
rats was higher than cAMP levels from normal cholangiocytes [165,166]. Castration of the BDL rats
inhibited the stimulatory effects of secretin on cAMP levels in cholangiocytes, and bile and bicarbonate
secretion in bile fistula rats; and exogenous testosterone restored the functional secretory activity
(secretin stimuli bile and bicarbonate secretion) of cholangiocytes in the castrated BDL rats [164].
Reduced serum testosterone levels as a result of castration or anti-testosterone treatment led to a
decrease of IBDM in normal and BDL rats in comparison to the non-castrated rats; and then endogenous
testosterone partly compensated for the castration-induced loss of IBDM. Moreover, in the bile duct
of BDL castrated rats and BDL rats treated by anti-testosterone, there was an increase in apoptosis
compared with BDL rats [164].

On the basis of the above mentioned studies, it was proposed that not only estrogens [155] but also
testosterone is important in sustaining biliary proliferation and ductal secretory activity in pathological
conditions like functional damage of the biliary epithelium [164].
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lymphotoxin

metabolic syndrome

microRNA

matrix metalloproteinase 9

ER« at the plasma membrane
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MTA1 metastasis-associated protein 1

MyD88 myeloid differentiation primary response 88
NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

NE-Kb nuclear factor kappa B

NK natural killer

ORX orchidectomized

ovX ovariectomized

PBC primary biliary cirrhosis

PCLD polycystic liver disease

PCOS polycystic ovary syndrome

PEPCK phosphoenolpyruvate carboxykinase

PI3K phosphoinositide 3-kinase

PPAR-o proliferator-activated receptor-alpha
PPAR-6 peroxisome proliferation activator receptor-delta
PPAR-y peroxisome proliferator activator receptor-gamma
PPT propyl-pyrazole-triol or trisphenol

PR progesterone receptor

PSC primary sclerosing cholangitis

PTP1B protein-tyrosine phosphatase 1B

SCD1 stearoyl-CoA desaturase-1

SGLT Na™-coupled glucose transporters

siRNA small interfering RNA

SREBP-1c sterol-regulatory element-binding protein 1c
STAT3 signal transducer and activator of transcription 3
T testosterone

T2D type 2 diabetes

TCF T cell factor

Tfm testicular feminized male mice

TG triglycerides

TGF-p1 transforming growth factor beta 1

TNFo tumor necrosis factor alpha

vER variant estrogen receptor

VLACS very long fatty acyl-CoA synthetase

WT wild type

wtER wild type estrogen receptor

XIAP X-linked inhibitor of apoptosis protein

5aR 5o-reductase

5aR1/5aR2 5a-reductase typel/5Sx-reductase type 2

5aR17/7/5aR27/~  5a-reductase typel/5a-reductase type 2 knockout

References

1.  Chen, ]J.Q,; Terry, R.; Brown, T.R.; Russo, J. Regulation of energy metabolism pathways by estrogens and
estrogenic chemicals and potential implications in obesity associated with increased exposure to endocrine
disruptors. Biochim. Biophys. Acta 2009, 1793, 1128-1143. [CrossRef] [PubMed]

2. Seyer, P; Vallois, D.; Poitry-Yamate, C.; Schutz, F.; Metref, S.; Tarussio, D.; Maechler, P; Staels, B.; Lanz, B.;
Grueter, R.; et al. Hepatic glucose sensing is required to preserve P cell glucose competence. J. Clin. Invest.
2013, 123, 1662-1676. [CrossRef] [PubMed]

3.  Wild, S.; Roglic, G.; Green, A.; Sicree, R.; King, H. Global prevalence of diabetes: Estimates for the year 2000
and projections for 2030. Diabetes Care 2004, 27, 1047-1053. [CrossRef] [PubMed]

4. Lin,H.Y; Xu,Q.; Yeh, S.; Wang, R.S.; Sparks, ].D.; Chang, C. Insulin and leptin resistance with hyperleptinemia
in mice lacking androgen receptor. Diabetes 2005, 54, 1717-1725. [CrossRef]


http://dx.doi.org/10.1016/j.bbamcr.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/19348861
http://dx.doi.org/10.1172/JCI65538
http://www.ncbi.nlm.nih.gov/pubmed/23549084
http://dx.doi.org/10.2337/diacare.27.5.1047
http://www.ncbi.nlm.nih.gov/pubmed/15111519
http://dx.doi.org/10.2337/diabetes.54.6.1717

Int. |. Environ. Res. Public Health 2020, 17, 2620 18 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Muthusamy, T.; Murugesan, P.; Balasubramanian, K. Sex steroids deficiency impairs glucose transporter 4
expression and its translocation through defective Akt phosphorylation in target tissues of adult male rat.
Metabolism 2009, 58, 1581-1592. [CrossRef]

Parthasarathy, C.; Renuka, V.N.; Balasubramanian, K. Sex steroids enhance insulin receptors and glucose
oxidation in Chang liver cells. Clin. Chim. Acta 2009, 399, 49-53. [CrossRef]

Kelly, D.M.; Jones, T.H. Testosterone: A metabolic hormone in health and disease. |. Endocrinol. 2013, 217,
R25-R45. [CrossRef]

Hejlund, K. Metabolism and insulin signaling in common metabolic disorders and inherited insulin resistance.
Dan. Med. . 2014, 61, B4890.

Velez, L.; Motta, A. Association between polycystic ovary syndrome and metabolic syndrome. Curr. Med.
Chem. 2014, 21, 3999-4012. [CrossRef]

Xie, P; Liu, M.L.; Gu, Y.P; Lu, ].; Xu, X.; Zeng, W.M.; Song, H.P. Oestrogen improves glucose metabolism and
insulin signal transduction in HepG2 cells. Clin. Exp. Pharmacol. Physiol. 2003, 30, 643-648. [CrossRef]

Lin, HY,; Yu, .C.; Wang, R.S.; Chen, Y.T; Liu, N.C.; Altuwaijri, S.; Hsu, C.L.; Ma, W.L.; Jokinen, J.; Sparks, ].D.;
et al. Increased hepatic steatosis and insulin resistance in mice lacking hepatic androgen receptor. Hepatology
2008, 47,1924-1935. [CrossRef] [PubMed]

Dowman, J.K.; Hopkins, L.J.; Reynolds, G.M.; Armstrong, M.].; Nasiri, M.; Nikolaou, N.; van Houten, E.L.A.F;
Visser, ].A.; Morgan, S.A.; Lavery, G.G.; et al. Loss of 5a-Reductase Type 1 accelerates the development
of hepatic steatosis but protects against hepatocellular carcinoma in male mice. Endocrinology 2013, 154,
4536-4547. [CrossRef] [PubMed]

Livingstone, D.E.; Barat, P.; Di Rollo, E.M.; Rees, G.A.; Weldin, B.A.; Rog-Zielinska, E.A.; MacFarlane, D.P;
Walker, B.R.; Andrew, R. 5a-Reductase type 1 deficiency or inhibition predisposes to insulin resistance,
hepatic steatosis, and liver fibrosis in rodents. Diabetes 2015, 64, 447-458. [CrossRef] [PubMed]
Movérare-Skrtic, S.; Venken, K.; Andersson, N.; Lindberg, M.K.; Svensson, ].; Swanson, C.; Vanderschueren, D.;
Oscarsson, ].; Gustafsson, J.A.; Ohlsson, C. Dihydrotestosterone treatment results in obesity and altered lipid
metabolism in orchidectomized mice. Obesity 2006, 14, 662-672. [CrossRef]

Maffei, L.; Murata, Y.; Rochira, V.; Tubert, G.; Aranda, C.; Vazquez, M.; Clyne, C.D.; Davis, S.; Simpson, E.R.;
Carani, C. Dysmetabolic syndrome in a man with a novel mutation of the aromatase gene: Effects of
testosterone, alendronate, and estradiol treatment. J. Clin. Endocrinol. Metab. 2004, 89, 61-70. [CrossRef]
Zirilli, L.; Rochira, V.; Diazzi, C.; Caffagni, G.; Carani, C. Human models of aromatase deficiency. J. Steroid
Biochem. Mol. Biol. 2008, 109, 212-218. [CrossRef]

Barton, M.; Prossnitz, E.R. Emerging roles of GPER in diabetes and atherosclerosis. Trends Endocrinol. Metab.
2015, 26, 185-192. [CrossRef]

Meyer, M.R,; Clegg, D.].; Prossnitz, E.R.; Barton, M. Obesity, insulin resistance and diabetes: Sex differences
and role of oestrogen receptors. Acta Physiol. (Oxf) 2011, 203, 259-269. [CrossRef]

Van Pelt, R.E.; Gozansky, W.S.; Schwartz, R.S.; Kohrt, WM. Intravenous estrogens increase insulin clearance
and action in postmenopausal women. Am. |. Physiol. Endocrinol. Metab. 2003, 285, E311-E317. [CrossRef]
Bryzgalova, G.; Gao, H.; Ahren, B.; Zierath, ].R.; Galuska, D.; Steiler, T.L.; Dahlman-Wright, K.; Nilssosn, S.;
Dustafsson, ].A.; Efendic, S.; et al. Evidence that oestrogen receptor-alpha plays an important role in the
regulation of glucose homeostasis in mice: Insulin sensitivity in the liver. Diabetologia 2006, 49, 588-597.
[CrossRef]

Saengsirisuwan, V.; Pongseeda, S.; Prasannarong, M.; Vichaiwong, K.; Toskulkao, C. Modulation of insulin
resistance in ovariectomized rats by endurance exercise training and estrogen replacement. Metabolism 2009,
58, 8-47. [CrossRef] [PubMed]

Feigh, M.; Andreassen, K.V,; Hjuler, S.T.; Nielsen, R.H.; Christiansen, C.; Henriksen, K.; Karsdal, M. A.
Oral salmon calcitonin protects against impaired fasting glycemia, glucose intolerance, and obesity induced
by high-fat diet and ovariectomy in rats. Menopause 2013, 20, 785-794. [CrossRef] [PubMed]

Nigro, M.; Santos, A.T.; Barthem, C.S.; Louzada, R.A.; Fortunato, R.S.; Ketzer, L.A.; Carvalho, D.P;
de Meis, L. A change in liver metabolism but not in brown adipose tissue thermogenesis is an early event in
ovariectomy-induced obesity in rats. Endocrinology 2014, 155, 2881-2891. [CrossRef] [PubMed]

Varas, S.M.; Jahn, G.A. The expression of estrogen, prolactin, and progesterone receptors in mammary gland
and liver of female rats during pregnancy and early postpartum: Regulation by thyroid hormones. Endocr.
Res. 2005, 31, 357-370. [CrossRef]


http://dx.doi.org/10.1016/j.metabol.2009.05.010
http://dx.doi.org/10.1016/j.cca.2008.09.011
http://dx.doi.org/10.1530/JOE-12-0455
http://dx.doi.org/10.2174/0929867321666140915141030
http://dx.doi.org/10.1046/j.1440-1681.2003.03899.x
http://dx.doi.org/10.1002/hep.22252
http://www.ncbi.nlm.nih.gov/pubmed/18449947
http://dx.doi.org/10.1210/en.2013-1592
http://www.ncbi.nlm.nih.gov/pubmed/24080367
http://dx.doi.org/10.2337/db14-0249
http://www.ncbi.nlm.nih.gov/pubmed/25239636
http://dx.doi.org/10.1038/oby.2006.75
http://dx.doi.org/10.1210/jc.2003-030313
http://dx.doi.org/10.1016/j.jsbmb.2008.03.026
http://dx.doi.org/10.1016/j.tem.2015.02.003
http://dx.doi.org/10.1111/j.1748-1716.2010.02237.x
http://dx.doi.org/10.1152/ajpendo.00490.2002
http://dx.doi.org/10.1007/s00125-005-0105-3
http://dx.doi.org/10.1016/j.metabol.2008.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19059529
http://dx.doi.org/10.1097/GME.0b013e31827c58ab
http://www.ncbi.nlm.nih.gov/pubmed/23793169
http://dx.doi.org/10.1210/en.2013-1385
http://www.ncbi.nlm.nih.gov/pubmed/24914935
http://dx.doi.org/10.1080/07435800500454528

Int. |. Environ. Res. Public Health 2020, 17, 2620 19 of 26

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Selmin, O.; Thorne, P.A.; Blachere, EM.; Johnson, P.D.; Romagnolo, D.F. Transcriptional activation of the
membrane-bound progesterone receptor (mPR) by dioxin, in endocrine-responsive tissues. Mol. Reprod. Dev.
2005, 70, 166-174. [CrossRef]

Eisenfeld, A.]J.; Aten, R.F. Estrogen receptors and androgen receptors in the mammalian liver. ]. Steroid
Biochem. 1987, 27, 1109-1118. [CrossRef]

Shima, S.; Okeyama, N.; Akamatu, N. Effects of oestrogen on adenylate cyclase system and glucose output in
rat liver. Biochem. J. 1989, 257, 407-411. [CrossRef]

Yamada, Y.; Ando, F,; Niino, N.; Otha, S.; Shimokata, H. Association of polymorphisms of the estrogen
receptor alpha gene with bone mineral density of the femoral neck in elderly Japanese women. . Mol. Med.
(Berl) 2002, 80, 452-460. [CrossRef]

Nilsson, S.; Gustafsson, J.A. Estrogen receptors: Therapies targeted to receptor subtypes. Clin. Pharmacol.
Ther. 2011, 89, 44-55. [CrossRef]

Martensson, U.E.A.; Salehi, S.A.; Windahl, S.; Gomez, M.E,; Swird, K.; Daszkiewicz-Nilsson, J.; Wendt, A.;
Andersson, N.; Hellstrand, P.; Grande, P.O.; et al. Deletion of the G protein-coupled receptor 30 impairs
glucose tolerance, reduces bone growth, increases blood pressure, and eliminates estradiol-stimulated insulin
release in female mice. Endocrinology 2009, 150, 687-698. [CrossRef]

Im, S.S.; Kim, J.W.; Kim, T.H.; Song, X.L.; Kim, S.Y.; Kim, H.I; Ahn, Y.H. Identification and characterization of
peroxisome proliferator response element in the mouse GLUT2 promoter. Exp. Mol. Med. 2005, 37, 101-110.
[CrossRef] [PubMed]

Im, S.S.; Kang, S.Y.; Kim, S.Y;; Kim, H.L; Kim, ].W,; Kim, K.S.; Ahn, Y.H. Glucose-stimulated upregulation of
GLUT?2 gene is mediated by sterol response element-binding protein-1c in the hepatocytes. Diabetes 2005, 54,
1684-1691. [CrossRef] [PubMed]

Wang, X.; Kilgore, M.W. Signal cross-talk between estrogen receptor alpha and beta and the peroxisome
proliferator-activated receptor gammal in MDA-MB-231 and MCEF-7 breast cancer cells. Mol. Cell Endocrinol.
2002, 194, 123-133. [CrossRef]

Tomaz, L.M.; Barbosa, M.R.; Farahnak, Z.; Lagoeiro, C.G.; Magosso, N.S.; Lavoie, ].M.; Perez, S.E. GLUT2
proteins and PPARYy transcripts levels are increased in liver of ovariectomized rats: Reversal effects of
resistance training. J. Exerc. Nutr. Biochem. 2016, 20, 51-57. [CrossRef]

Weigt, C.; Hertrampf, T.; Kluxen, EM.; Flenker, U.; Hiilsemann, F.; Fritzemeier, K.H.; Diel, P. Molecular
effects of ER alpha- and beta-selective agonists on regulation of energy homeostasis in obese female Wistar
rats. Mol. Cell Endocrinol. 2013, 77, 147-158.

Villa, A.; Della Torre, S.; Stell, A.; Cook, J.; Brown, M.; Maggi, A. Tetradian oscillation of estrogen receptor «
is necessary to prevent liver lipid deposition. Proc. Natl. Acad. Sci. USA 2012, 109, 11806-11811. [CrossRef]
Linnér, C.; Svartberg, J.; Giwercman, A.; Giwercman, Y.L. Estrogen receptor alpha single nucleotide
polymorphism as predictor of diabetes type 2 risk in hypogonadal men. Aging Male 2013, 16, 52-57. [CrossRef]
Zhu, L.; Martinez, M.N.; Emfinger, C.H.; Palmisano, B.T.; Stafford, ].M. Estrogen signaling prevents
diet-induced hepatic insulin resistance in male mice with obesity. Am. J. Physiol. Endocrinol. Metab. 2014,
306, E1188-E1197. [CrossRef]

Meoli, L.; Isensee, ].; Zazzu, V.; Nabzdyk, C.S.; Soewarto, D.; Witt, H.; Foryst-Ludwig, A.; Kintscher, U.;
Noppinger, PR. Sex- and age-dependent effects of Gpr30 genetic deletion on the metabolic and cardiovascular
profiles of diet-induced obese mice. Gene 2014, 540, 210-216. [CrossRef]

Hewitt, K.N.; Pratis, K.; Jones, M.E.E.; Simpson, E.R. Estrogen replacement reverses the hepatic steatosis
phenotype in the male aromatase knockout mouse. Endocrinology 2004, 145, 1842-1848. [CrossRef]

Toda, K; Takeda, K.; Akira, S.; Saibara, T.; Okada, T.; Onishi, S.; Shizuta, Y. Alternations in hepatic expression
of fatty-acid metabolizing enzymes in ArKO mice and their reversal by the treatment with 17beta-estradiol
or a peroxisome proliferator. J. Steroid Biochem. Mol. Biol. 2001, 79, 11-17. [CrossRef]

Egawa, T.; Toda, K.; Nemoto, Y.; Ono, M.; Akisaw, N.; Saibara, T.; Hayashi, Y.; Hiroi, M.; Enzan, H.; Onishi, S.
Pitavastatin ameliorates severe hepatic steatosis in aromatase-deficient (Ar~") mice. Lipids 2003, 38, 519-523.
[PubMed]

Zhang, H.; Liu, YW,; Wang, L.; Li, Z.; Zhang, H.; Wu, J.; Rahman, N.; Guo, Y,; Li, D.; Li, N.; et al. Differential
effects of estrogen/androgen on the prevention of nonalcoholic fatty liver disease in the male rat. J. Lipid Res.
2013, 54, 345-357. [CrossRef]


http://dx.doi.org/10.1002/mrd.20090
http://dx.doi.org/10.1016/0022-4731(87)90197-X
http://dx.doi.org/10.1042/bj2570407
http://dx.doi.org/10.1007/s00109-002-0348-0
http://dx.doi.org/10.1038/clpt.2010.226
http://dx.doi.org/10.1210/en.2008-0623
http://dx.doi.org/10.1038/emm.2005.14
http://www.ncbi.nlm.nih.gov/pubmed/15886523
http://dx.doi.org/10.2337/diabetes.54.6.1684
http://www.ncbi.nlm.nih.gov/pubmed/15919789
http://dx.doi.org/10.1016/S0303-7207(02)00154-5
http://dx.doi.org/10.20463/jenb.2016.06.20.2.7
http://dx.doi.org/10.1073/pnas.1205797109
http://dx.doi.org/10.3109/13685538.2013.772134
http://dx.doi.org/10.1152/ajpendo.00579.2013
http://dx.doi.org/10.1016/j.gene.2014.02.036
http://dx.doi.org/10.1210/en.2003-1369
http://dx.doi.org/10.1016/S0960-0760(01)00135-2
http://www.ncbi.nlm.nih.gov/pubmed/12880107
http://dx.doi.org/10.1194/jlr.M028969

Int. |. Environ. Res. Public Health 2020, 17, 2620 20 of 26

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

Fisher, C.R.; Graves, K.H.; Parlow, A.E; Simpson, E.R. Characterization of mice deficient in aromatase (ArKO)
because of targeted disruption of the cyp19 gene. Proc. Natl. Acad. Sci. USA 1998, 95, 6965-6970. [CrossRef]
[PubMed]

Foryst-Ludwig, A.; Clemenz, M.; Hohmann, S.; Hartge, M.; Sprang, C.; Frost, N.; Krikov, M.; Bhanot, S.;
Barros, R.; Morani, A.; et al. Metabolic actions of estrogen receptor beta (ERf) are mediated by a negative
cross-talk with PPARy. PLoS Genetics 2008, 4, e1000108.

Turola, E.; Petta, S.; Vanni, E.; Milosa, F.; Valenti, L.; Critelli, R.; Miele, L.; Maccio, L.; Calvaruso, V.;
Fracanzani, A.L.; et al. Ovarian senescence increases liver fibrosis in humans and zebrafish with steatosis.
Dis. Model Mech. 2015, 8, 1037-1046. [CrossRef]

Kamada, Y.; Kiso, S.; Yoshida, Y.; Chatani, N.; Kizu, T.; Hamano, M.; Tsubakio, M.; Takemura, T.; Ezaki, H.;
Hayashi, N.; et al. Estrogen deficiency worsens steatohepatitis in mice fed high-fat and high-cholesterol diet.
Am. |. Physiol. Gastrointest. Liver Physiol. 2011, 301, G1031-G1043. [CrossRef]

Pedram, A.; Razandi, M.; O’'Mahony, F.; Harvey, H.; Harvey, B.].; Levin, E.R. Estrogen reduces lipid content
in the liver exclusively from membrane receptor signaling. Sci. Signal 2013, 6, ra36.

Foryst-Ludwig, A.; Kintscher, U. Metabolic impact of estrogen signalling through ERalpha and ERbeta.
J. Steroid Biochem. Mol. Biol. 2010, 122, 74-81. [CrossRef]

Rosenkranz, K.; Hinney, A.; Ziegler, A.; Hermann, H.; Fichter, M.; Mayer, H.; Siegfried, W.; Young, ].K.;
Remschmidt, H.; Hebebrand, J. Systematic mutation screening of the estrogen receptor beta gene in probands
of different weight extremes: Identification of several genetic variants. J. Clin. Endocrinol. Metab. 1998, 83,
4524-4527. [CrossRef]

Nilsson, M.; Naessen, S.; Dahlman, I.; Linden Hirschberg, A.; Gustafsson, J.A.; Dahlman-Wright, K.
Association of estrogen receptor beta gene polymorphisms with bulimic disease in women. Mol. Psychiatry
2004, 9, 28-34. [CrossRef] [PubMed]

Brunt, E.M. Nonalcoholic fatty liver disease: Pros and cons of histologic systems of evaluation. Int. J. Mol.
Sci. 2016, 17, 97. [CrossRef] [PubMed]

Ballestri, S.; Nascimbeni, F.; Romagnoli, D.; Lonardo, A. The independent predictors of non-alcoholic
steatohepatitis and its individual histological features. Insulin resistance, serum uric acid, metabolic
syndrome, alanine aminotransferase and serum total cholesterol are a clue to pathogenesis and candidate
targets for treatment. Hepatol. Res. 2016, 46, 1074-1087. [PubMed]

Ballestri, S.; Zona, S.; Targher, G.; Romagnoli, D.; Baldelli, E.; Nascimbeni, F; Roverato, A.; Guaraldi, G.;
Lonardo, A. Nonalcoholic fatty liver disease is associated with an almost twofold increased risk of incident
type 2 diabetes and metabolic syndrome. Evidence from a systematic review and meta-analysis. ]. Gastroenterol.
Hepatol. 2016, 31, 936-944. [CrossRef]

Piscaglia, F; Svegliati-Baroni, G.; Barchetti, A.; Pecorelli, A.; Marinelli, S.; Tribelli, C.; Bellentani, S.;
HCC-NAFLD Italian Study Group. Clinical patterns of hepatocellular carcinoma in nonalcoholic fatty liver
disease: A multicenter prospective study. Hepatology 2016, 63, 827-838. [CrossRef]

Petta, S.; Valenti, L.; Bugianesi, E.; Targher, G.; Bellentani, S.; Bonino, F.; Special Interest Group on Personalised
Hepatology of the Italian Association for the Study of the Liver (AISF); Special Interest Group on Personalised
Hepatology of Italian Association for Study of Liver AISF. A “systems medicine” approach to the study of
non-alcoholic fatty liver disease. Dig. Liver Dis. 2016, 48, 333-342. [CrossRef]

Byrne, C.D.; Targher, G. NAFLD: A multisystem disease. J. Hepatol. 2015, 62, S47-564. [CrossRef]

Lonardo, A.; Sookoian, S.; Chonchol, M.; Loria, P; Targher, G. Cardiovascular and systemic risk in nonalcoholic
fatty liver disease—Atherosclerosis as a major player in the natural course of NAFLD. Curr. Pharm. Des.
2013, 19, 5177-5192. [CrossRef]

Loria, P.; Marchesini, G.; Nascimbeni, E.; Ballestri, S.; Maurantonio, M.; Carubbi, F.; Ratziu, V.; Lonardo, A.
Cardiovascular risk, lipidemic phenotype and steatosis. A comparative analysis of cirrhotic and non-cirrhotic
liver disease due to varying etiology. Atherosclerosis 2014, 232, 99-109. [CrossRef]

Lonardo, A.; Ballestri, S.; Targher, G.; Loria, P. Diagnosis and management of cardiovascular risk in
nonalcoholic fatty liver disease. Expert Rev. Gastroenterol. Hepatol. 2015, 9, 629-650. [CrossRef]

Targher, G.; Byrne, C.D.; Lonardo, A.; Zoppini, G.; Barbui, C. Non-alcoholic fatty liver disease and risk of
incident cardiovascular disease: A meta-analysis. J. Hepatol. 2016, 65, 589-600. [CrossRef] [PubMed]
Nascimbeni, F.; Pais, R.; Bellentani, S.; Day, C.P; Ratziu, V.; Loria, P.; Lonardo, A. From NAFLD in clinical
practice to answers from guidelines. J. Hepatol. 2013, 59, 859-871. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.95.12.6965
http://www.ncbi.nlm.nih.gov/pubmed/9618522
http://dx.doi.org/10.1242/dmm.019950
http://dx.doi.org/10.1152/ajpgi.00211.2011
http://dx.doi.org/10.1016/j.jsbmb.2010.06.012
http://dx.doi.org/10.1210/jcem.83.12.5471
http://dx.doi.org/10.1038/sj.mp.4001402
http://www.ncbi.nlm.nih.gov/pubmed/14699439
http://dx.doi.org/10.3390/ijms17010097
http://www.ncbi.nlm.nih.gov/pubmed/26771611
http://www.ncbi.nlm.nih.gov/pubmed/26785389
http://dx.doi.org/10.1111/jgh.13264
http://dx.doi.org/10.1002/hep.28368
http://dx.doi.org/10.1016/j.dld.2015.10.027
http://dx.doi.org/10.1016/j.jhep.2014.12.012
http://dx.doi.org/10.2174/1381612811319290003
http://dx.doi.org/10.1016/j.atherosclerosis.2013.10.030
http://dx.doi.org/10.1586/17474124.2015.965143
http://dx.doi.org/10.1016/j.jhep.2016.05.013
http://www.ncbi.nlm.nih.gov/pubmed/27212244
http://dx.doi.org/10.1016/j.jhep.2013.05.044
http://www.ncbi.nlm.nih.gov/pubmed/23751754

Int. |. Environ. Res. Public Health 2020, 17, 2620 21 of 26

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Lonardo, A.; Bellentani, S.; Ratziu, V.; Loria, P. Insulin resistance in nonalcoholic steatohepatitis: Necessary
but not sufficient—Death of a dogma from analysis of therapeutic studies? Expert Rev. Gastroenterol. Hepatol.
2011, 5, 279-289. [CrossRef] [PubMed]

Volzke, H.; Aumann, N.; Krebs, A.; Nauck, M.; Steveling, A.; Lerch, M.M.; Rosskopf, D.; Wallaschofski, H.
Hepatic steatosis is associated with low serum testosterone and high serum DHEAS levels in men. Int. |.
Androl. 2010, 33, 45-53. [CrossRef] [PubMed]

Jones, H.; Sprung, V.S.; Pugh, C.J.A.; Daousi, C.; Irwin, A.; Aziz, C.; Adams, V.L.; Thomas, E.L.; Bell, ].D.;
Kemp, GJ; et al. Polycystic ovary syndrome with hyperandrogenism is characterized by an increased risk
of hepatic steatosis compared to nonhyperandrogenic PCOS phenotypes and healthy controls, independent
of obesity and insulin resistance. . Clin. Endocrinol. Metab. 2012, 97, 3709-3716. [CrossRef] [PubMed]
Schwingel, P.A.; Zoppi, C.C.; Cotrim, H.P. Increased liver steatosis in anabolic-androgenic steroid users:
More evidence towards toxicant-associated fatty liver disease development. Liver Int. 2011, 31, 1240-1241.
[CrossRef] [PubMed]

Miinzker, J.; Hofer, D.; Trummer, C.; Ulbing, M.; Harger, A.; Pieber, T.; Owen, L.; Keevil, B.; Brabant, G.;
Lerchbaum, E. Testosterone to dihydrotestosterone ratio as a new biomarker for an adverse metabolic
phenotype in the polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 2015, 100, 653-660. [CrossRef]
Kelly, D.M.; Nettleship, J.E.; Akhtar, S.; Muraleedharan, V.; Sellers, D.J.; Brooke, ]J.C.; McLaren, D.S,;
Channer, K.S.; Jones, T.H. Testosterone suppresses the expression of regulatory enzymes of fatty acid
synthesis and protects against hepatic steatosis in cholesterol-fed androgen deficient mice. Life Sci. 2014, 109,
95-103. [CrossRef]

Kanaya, N.; Vonderfecht, S.; Chen, S. Androgen (dihydrotestosterone)-mediated regulation of food intake
and obesity in female mice. |. Steroid Biochem. Mol. Biol. 2013, 138, 100-106. [CrossRef]
Bohdanowicz-Pawlak, A.; Lenarcik-Kabza, A.; Brona, A.; Kuliczkowska-Plaksej, J.; Laczmanski, L.;
Zaleska-Dorobisz, U.; Milewicz, A. Non-alcoholic fatty liver disease in women with polycystic ovary
syndrome—Clinical and metabolic aspects and lipoprotein lipase gene polymorphism. Endokrynol. Pol. 2014,
65, 416-421. [CrossRef]

Trapani, L.; Segatto, M.; Pallottini, V. Regulation and deregulation of cholesterol homeostasis: The liver as a
metabolic ‘power station’. World J. Hepatol. 2012, 4, 184-190. [CrossRef] [PubMed]

D’Eon, T.M.; Souza, S.C.; Aronovitz, M.; Obin, M.S.; Fried, S.K.; Greenberg, A.S. Estrogen regulation of
adiposity and fuel partitioning. Evidence of genomic and non-genomic regulation of lipogenic and oxidative
pathways. J. Biol. Chem. 2005, 280, 35983-35991. [CrossRef] [PubMed]

Hamaguchi, M.; Kojima, T.; Takeda, N.; Nakagawa, T.; Taniguchi, H.; Fujii, K.; Omatsu, T.; Sarui, H.;
Shimazaki, M.; Kato, T.; et al. The metabolic syndrome as a predictor of nonalcoholic fatty liver disease. Ann.
Intern. Med. 2005, 143, 722-728. [CrossRef] [PubMed]

Suzuki, A.; Angulo, P; Lymp, J.; St Sauver, J.; Muto, A.; Okada, T.; Lindor, K. Chronological development of
elevated aminotransferases in a nonalcoholic population. Hepatology 2005, 41, 64-71. [CrossRef] [PubMed]
Tsuneto, A.; Hida, A.; Sera, N.; Imaizumi, M.; Ichimaru, S.; Nakashima, E.; Seto, S.; Maemura, K.; Akahoshi, M.
Fatty liver incidence and predictive variables. Hypertens. Res. 2010, 33, 638-643. [CrossRef]

Hamaguchi, M.; Kojima, T.; Ohbora, A.; Takeda, N.; Fukui, M.; Kato, T. Aging is a risk factor of nonalcoholic
fatty liver disease in premenopausal women. World J. Gastroenterol. 2012, 18, 237-243. [CrossRef]
Zelber-Sagi, S.; Lotan, R.; Shlomai, A.; Webb, M.; Harrari, G.; Buch, A.; Nitzan Kaluski, D.; Halpern, Z;
Oren, R. Predictors for incidence and remission of NAFLD in the general population during a seven-year
prospective follow-up. J. Hepatol. 2012, 56, 1145-1151. [CrossRef]

Sung, K.C.; Kim, B.S.; Cho, Y.K,; Park, D.I.; Woo, S.; Kim, S.; Wild, S.H.; Byrne, C.D. Predicting incident fatty
liver using simple cardio-metabolic risk factors at baseline. BMC Gastroenterol. 2012, 12, 84. [CrossRef]
Ding, E.L.; Song, Y.; Malik, V.S.; Liu, S. Sex differences of endogenous sex hormones and risk of type 2
diabetes: A systematic review and meta-analysis. JAMA 2006, 295, 1288-1299. [CrossRef]

Bruno, S.; Maisonneuve, P,; Castellana, P.; Rotmensz, N.; Rossi, S.; Maggioni, M.; Persico, M.; Colombo, A.;
Monasterolo, F.; Casadei-Giunch, D.; et al. Incidence and risk factors for non-alcoholic steatohepatitis:
Prospective study of 5408 women enrolled in Italian tamoxifen chemoprevention trial. BMJ 2005, 330, 932.
[CrossRef]


http://dx.doi.org/10.1586/egh.11.19
http://www.ncbi.nlm.nih.gov/pubmed/21476922
http://dx.doi.org/10.1111/j.1365-2605.2009.00953.x
http://www.ncbi.nlm.nih.gov/pubmed/19226405
http://dx.doi.org/10.1210/jc.2012-1382
http://www.ncbi.nlm.nih.gov/pubmed/22837189
http://dx.doi.org/10.1111/j.1478-3231.2011.02552.x
http://www.ncbi.nlm.nih.gov/pubmed/21745295
http://dx.doi.org/10.1210/jc.2014-2523
http://dx.doi.org/10.1016/j.lfs.2014.06.007
http://dx.doi.org/10.1016/j.jsbmb.2013.04.001
http://dx.doi.org/10.5603/EP.2014.0058
http://dx.doi.org/10.4254/wjh.v4.i6.184
http://www.ncbi.nlm.nih.gov/pubmed/22761969
http://dx.doi.org/10.1074/jbc.M507339200
http://www.ncbi.nlm.nih.gov/pubmed/16109719
http://dx.doi.org/10.7326/0003-4819-143-10-200511150-00009
http://www.ncbi.nlm.nih.gov/pubmed/16287793
http://dx.doi.org/10.1002/hep.20543
http://www.ncbi.nlm.nih.gov/pubmed/15690483
http://dx.doi.org/10.1038/hr.2010.45
http://dx.doi.org/10.3748/wjg.v18.i3.237
http://dx.doi.org/10.1016/j.jhep.2011.12.011
http://dx.doi.org/10.1186/1471-230X-12-84
http://dx.doi.org/10.1001/jama.295.11.1288
http://dx.doi.org/10.1136/bmj.38391.663287.E0

Int. |. Environ. Res. Public Health 2020, 17, 2620 22 of 26

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

McKenzie, J.; Fisher, B.M.; Jaap, A.].; Stanley, A.; Paterson, K.; Sattar, N. Effects of HRT on liver enzyme
levels in women with type 2 diabetes: A randomized placebo-controlled trial. Clin. Endocrinol. (Oxf) 2006,
65,40-44. [CrossRef] [PubMed]

Shlomai, A.; de Jong, Y.P,; Rice, C.M. Virus associated malignancies: The role of viral hepatitis in hepatocellular
carcinoma. Semin. Cancer Biol. 2014, 26, 78-88. [CrossRef] [PubMed]

Scully, E.P. Sex differences in HIV infection. Curr. HIV AIDS Rep. 2018, 15, 136-146. [CrossRef] [PubMed]
Ziegler, S M.; Altfeld, M. Human immunodeficiency virus 1 and Type I interferons-where sex makes a
difference. Front. Immunol. 2017, 8, 1224. [CrossRef]

Hassan, M.M.; Botrus, G.; Abdel-Wahab, R.; Wolff, R.A.; Li, D.; Tweardy, D.; Phan, A.T.; Hawk, E.; Javle, M.;
Lee, ].S,; et al. Estrogen replacement reduces risk and increases survival times of women with hepatocellular
carcinoma. Clin. Gastroenterol. Hepatol. 2017, 15, 1791-1799. [CrossRef]

Weyn, C.; Vanderwinden, J.M.; Rasschaert, ].; Englertm, Y.; Fontaine, V. Regulation of human papillomavirus
type 16 early gene expression in trophoblastic and cervical cells. Virology 2011, 412, 146-155. [CrossRef]
Itaborahy, R.M.; Mancini, D.A.; de Medeiros, S.F. Response to the influenza vaccine based on estradiol use in
menopausal women. Vaccine 2016, 34, 1358-1362. [CrossRef]

Peretz, ].; Pekosz, A.; Lane, A.P; Klein, S.L. Estrogenic compounds reduce influenza A virus replication in
primary human nasal epithelial cells derived from female, but not male, donors. Am. |. Physiol. Lung Cell
Mol. Physiol. 2016, 310, L415-1425. [CrossRef]

Furman, D.; Hejblum, B.P.; Simon, N.; Jojic, V.; Dekker, C.L.; Thiébaut, R.; Tibshirani, R.J.; Davis, M.M.
Systems analysis of sex differences reveals an immunosuppressive role for testosterone in the response to
influenza vaccination. Proc. Natl. Acad. Sci. USA 2014, 111, 869-874. [CrossRef]

Su, EH.; Chen, ].D.; Cheng, S.H.; Lin, C.H.; Liu, Y.H.; Chu, EY. Seroprevalence of Hepatitis-B infection
amongst Taiwanese university students 18 years following the commencement of a national Hepatitis-B
vaccination program. J. Med. Virol. 2007, 79, 138-143. [CrossRef]

Kosinska, A.D.; Pishraft-Sabet, L.; Wu, W.; Fang, Z.; Lenart, M.; Chen, ].; Dietze, KK.; Wang, C.; Kemper, T.;
Lin, Y,; et al. Low hepatitis B virus-specific T-cell response in males correlates with high regulatory T-cell
numbers in murine models. Hepatology 2017, 66, 69-83. [CrossRef] [PubMed]

Wang, S.H.; Yeh, S.H.; Lin, W.H.; Wang, H.Y.; Chen, D.S.; Chen, PJ. Identification of androgen response
elements in the enhancer I of hepatitis B virus: A mechanism for sex disparity in chronic hepatitis B.
Hepatology 2009, 50, 1392-1402. [CrossRef] [PubMed]

Bosch, EX.; Ribes, J.; Diaz, M.; Cléries, R. Primarylivercancer: Worldwideincidence and trends. Gastroenterology
2004, 127, S5-516. [CrossRef] [PubMed]

Balkwill, E.; Mantovani, A. Inflammation and cancer: Back to Virchow? Lancet 2001, 357, 539-545. [CrossRef]
Zhao, Y.; Li, Z. Interplay of estrogen receptors and FOXA factors in the liver cancer. Mol. Cell Endocrinol.
2015, 3, 334-339. [CrossRef]

Yeh, S.H.; Chen, PJ. Gender disparity of hepatocellular carcinoma: The roles of sex hormones. Oncology 2010,
78,172-179. [CrossRef]

Yan, Z.; Tan, W,; Dan, Y.; Zhao, W.; Deng, C.; Wang, Y.; Deng, G. Estrogen receptor alpha gene polymorphisms
and risk of HBV-related acute liver failure in the Chinese population. BMC Med. Genet. 2012, 13, 49.
[CrossRef]

Naugler, W.E,; Sakurai, T.; Kim, S.; Maeda, S.; Kim, K.; Elsharkawy, A.M.; Karin, M. Gender disparity in liver
cancer due to sex differences in MyD88-dependent IL-6 production. Science 2007, 317, 121-124. [CrossRef]
Soresi, M.; Giannitrapani, L.; D’Antona, F.; Florena, A.M.; La Spada, E.; Terranova, A.; Cervello, M.;
D’Alessandro, N.; Montalto, G. Interleukin-6 and its soluble receptor in patients with liver cirrhosis and
hepatocellular carcinoma. World ]. Gastroenterol. 2006, 12, 2563-2568. [CrossRef]

Wang, Y.C,; Xu, G.L; Jia, W.D.; Han, S.J.; Ren, WH.; Wang, W.; Liu, W.B.; Zhang, C.H.; Chen, H. Estrogen
suppresses metastasis in rat hepatocellular carcinoma through decreasing interleukin-6 and hepatocyte
growth factor expression. Inflammation 2012, 35, 143-149. [CrossRef]

Li, Z.; Tuteja, G.; Schug, J.; Kaestner, K.H. Foxal and Foxa2 are essential for sexual dimorphism in liver
cancer. Cell 2012, 148, 72-83. [CrossRef] [PubMed]

Shen, M.; Kumar, S.P; Shi, H. Estradiol regulates insulin signaling and inflammation in adipose tissue. Horm.
Mol. Biol. Clin. Investig. 2014, 17, 99-107. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1365-2265.2006.02543.x
http://www.ncbi.nlm.nih.gov/pubmed/16817817
http://dx.doi.org/10.1016/j.semcancer.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24457013
http://dx.doi.org/10.1007/s11904-018-0383-2
http://www.ncbi.nlm.nih.gov/pubmed/29504062
http://dx.doi.org/10.3389/fimmu.2017.01224
http://dx.doi.org/10.1016/j.cgh.2017.05.036
http://dx.doi.org/10.1016/j.virol.2010.12.056
http://dx.doi.org/10.1016/j.vaccine.2016.01.052
http://dx.doi.org/10.1152/ajplung.00398.2015
http://dx.doi.org/10.1073/pnas.1321060111
http://dx.doi.org/10.1002/jmv.20771
http://dx.doi.org/10.1002/hep.29155
http://www.ncbi.nlm.nih.gov/pubmed/28295453
http://dx.doi.org/10.1002/hep.23163
http://www.ncbi.nlm.nih.gov/pubmed/19670412
http://dx.doi.org/10.1053/j.gastro.2004.09.011
http://www.ncbi.nlm.nih.gov/pubmed/15508102
http://dx.doi.org/10.1016/S0140-6736(00)04046-0
http://dx.doi.org/10.1016/j.mce.2015.01.043
http://dx.doi.org/10.1159/000315247
http://dx.doi.org/10.1186/1471-2350-13-49
http://dx.doi.org/10.1126/science.1140485
http://dx.doi.org/10.3748/wjg.v12.i16.2563
http://dx.doi.org/10.1007/s10753-011-9299-3
http://dx.doi.org/10.1016/j.cell.2011.11.026
http://www.ncbi.nlm.nih.gov/pubmed/22265403
http://dx.doi.org/10.1515/hmbci-2014-0007
http://www.ncbi.nlm.nih.gov/pubmed/25372734

Int. |. Environ. Res. Public Health 2020, 17, 2620 23 of 26

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Shi, L.; Lin, H.; Li, G,; Jin, R A.; Xu, J.; Sun, Y.; Ma, W.L,; Yeh, S.; Cai, X.; Chang, C. Targeting androgen
receptor (AR)—IL12A signal enhances efficacy of Sorafenib plus NKcells immunotherapy to better suppress
HCC progression. Mol. Cancer Ther. 2016, 15, 731-742. [CrossRef] [PubMed]

Ma, W.L.; Hsu, C.L; Yeh, C.C.; Wu, M.H.; Huang, C.K; Jeng, L.B.; Hung, Y.C; Lin, T.Y,; Yeh, S.; Chang, C.
Hepatic androgen receptor suppresses hepatocellular carcinoma metastasis through modulation of cell
migration and anoikis. Hepatology 2012, 56, 176-185. [CrossRef]

Iyoda, K.; Sasaki, Y.; Horimoto, M.; Toyama, T.; Yakushijin, T.; Sakakibara, M.; Takehara, T.; Fujimoto, J.;
Hori, M.; Wands, ].R.; et al. Involvement of the p38 mitogen-activated protein kinase cascade in hepatocellular
carcinoma. Cancer 2003, 97, 3017-3026. [CrossRef]

Koul, H.K,; Pal, M.; Koul, S. Role of p38 MAP kinase signal transduction in solid tumors. Genes Cancer 2013,
4,342-359. [CrossRef]

Su, Y;; Gao, L.; Teng, L.; Wang, Y.; Cui, J.; Peng, S.; Fu, S. Id1 enhances human ovarian cancer endothelial
progenitor cell angiogenesis via PI3K/Akt and NF-kappaB/MMP-2 signaling pathways. |. Transl. Med. 2013,
11, 132. [CrossRef]

Farza, H.; Salmon, A.M.; Hadchouel, M.; Moreau, J.L.; Babinet, C.; Tiollais, P.; Pourcel, C. Hepatitis B surface
antigen gene expression is regulated by sex steroids and glucocorticoids in transgenic mice. Proc. Natl. Acad.
Sci. USA 1987, 84, 1187-1191. [CrossRef]

Breidbart, S.; Burk, R.D.; Saenger, P. Hormonal regulation of hepatitis B virus gene expression: Influence of
androgen receptor. Pediatr. Res. 1993, 34, 300-302. [CrossRef]

Cha, M.Y,;; Kim, C.M,; Park, YM.; Ryu, W.S. Hepatitis B virus X protein is essential for the activation of
Wnt/beta-catenin signaling in hepatoma cells. Hepatology 2004, 39, 1683-1693. [CrossRef]

Wang, S.H.; Chen, PJ.; Yeh, S.H. Gender disparity in chronic hepatitis B: Mechanisms of sex hormones.
J. Gastroenterol. Hepatol. 2015, 30, 1237-1245. [CrossRef] [PubMed]

Zhao, Q.; Li, T,; Qi, J.; Liu, J.; Qin, C. The miR-545/374a cluster encoded in the FtxIncRNA is overexpressed in
HBV-related hepatocellular carcinoma and promotes tumorigenesis and tumor progression. PLoS ONE 2014,
9, €109782.

Huang, FY.; Wong, D.K,; Seto, WK_; Lai, C.L.; Yuen, M.E. Estradiol induces apoptosis via activation of
miRNA-23a and p53: Implication for gender difference in liver cancer development. Oncotarget 2015, 6,
34941-34952. [CrossRef] [PubMed]

Jiang, P,; Cao, J.; Bai, W.H. Lentivirus-mediated siRNA targeting ER-alpha inhibits tumorigenesis and induces
apoptosis in hepatocarcinoma cells. Biomed. Res. Int. 2015, 2015, 490681. [CrossRef]

Chen, PJ.; Yeh, S H,; Liu, WH.; Lin, C.C,; Huang, H.C.; Chen, C.L.; Chen, D.S. Androgen pathway
stimulates microRNA-216a transcription to suppress the tumor suppressor in lung cancer-1 gene in early
hepatocarcinogenesis. Hepatology 2012, 56, 632—643. [CrossRef]

Jiang, L.; Shan, J.; Shen, J.; Wang, Y.; Yan, P,; Liu, L.; Zhao, W.; Xu, Y.; Zhu, W.; Su, L,; et al. Androgen/androgen
receptor axis maintains and promotes cancer cell stemness through direct activation of nanog transcription
in hepatocellular carcinoma. Oncotarget 2016, 7, 36814-36828. [CrossRef]

Feng, H.; Cheng, A.S.; Tsang, D.P; Li, M.S.; Go, M.Y,; Cheung, Y.S.; Zhao, G.J.; Ng, S.S.; Lin, M.C.; Yu, J;
et al. Cell cycle-related kinase is a direct androgen receptor-regulated gene that drives beta-catenin/T cell
factor-dependent hepatocarcinogenesis. J. Clin. Invest. 2011, 121, 3159-3175. [CrossRef]

Zhang, M.; Dai, C.; Zhu, H.; Chen, S.; Wu, Y,; Li, Q.; Zeng, X.; Wang, W.; Zuo, J.; Zhou, M,; et al. Cyclophilin
A promotes human hepatocellular carcinoma cell metastasis via regulation of MMP3 and MMP9. Mol. Cell
Biochem. 2011, 357, 387-395. [CrossRef]

Ma, W.L,; Jeng, L.B.; Lai, H.C.; Liao, P.Y.; Chang, C. Androgen receptor enhances cell adhesion and decreases
cell migration via modulating betal-integrin-AKT signaling in hepatocellular carcinoma cells. Cancer Lett.
2014, 351, 64-71. [CrossRef]

Pok, S.; Barn, V.A.; Wong, H.].; Blackburn, A.C.; Board, P.; Farrell, G.C.; Teoh, N.C. Testosterone regulation of
cyclin E kinase: A key factor in determining gender differences in hepatocarcinogenesis. J. Gastroenterol.
Hepatol. 2016, 31, 1210-1219. [CrossRef]

Igbal, M.J.; Wilkinson, M.L.; Forbes, A.; Corbishley, T.P.; Williams, R. Preponderance of serum and intra-hepatic
5a-dihydrotestosterone in males with hepatocellular carcinoma despite low circulating androgen levels.
J. Hepatol. 1986, 3, 304-309. [CrossRef]


http://dx.doi.org/10.1158/1535-7163.MCT-15-0706
http://www.ncbi.nlm.nih.gov/pubmed/26939703
http://dx.doi.org/10.1002/hep.25644
http://dx.doi.org/10.1002/cncr.11425
http://dx.doi.org/10.1177/1947601913507951
http://dx.doi.org/10.1186/1479-5876-11-132
http://dx.doi.org/10.1073/pnas.84.5.1187
http://dx.doi.org/10.1203/00006450-199309000-00012
http://dx.doi.org/10.1002/hep.20245
http://dx.doi.org/10.1111/jgh.12934
http://www.ncbi.nlm.nih.gov/pubmed/25708186
http://dx.doi.org/10.18632/oncotarget.5472
http://www.ncbi.nlm.nih.gov/pubmed/26439986
http://dx.doi.org/10.1155/2015/490681
http://dx.doi.org/10.1002/hep.25695
http://dx.doi.org/10.18632/oncotarget.9192
http://dx.doi.org/10.1172/JCI45967
http://dx.doi.org/10.1007/s11010-011-0909-z
http://dx.doi.org/10.1016/j.canlet.2014.05.017
http://dx.doi.org/10.1111/jgh.13232
http://dx.doi.org/10.1016/S0168-8278(86)80482-2

Int. |. Environ. Res. Public Health 2020, 17, 2620 24 of 26

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Maruyama, S.; Nagasue, N.; Dhar, D.K.; Yamanoi, A.; El-Assal, O.N.; Satoh, K.; Okita, K. Preventive effect
of FK143, a 5a-reductase inhibitor, on chemical hepatocarcinogenesis in rats. Clin. Cancer Res. 2001, 7,
2096-2104. [PubMed]

Yu, L.; Nagasue, N.; Makino, Y.; Nakamura, T. Effect of androgens and their manipulation on cell growth and
androgen receptor (AR) levels in AR-positive and -negative human hepatocellular carcinomas. J. Hepatol.
1995, 22, 295-302. [CrossRef]

Forbes, A.; Wilkinson, M.L.; Igbal, M.].; Johnson, PJ.; Williams, R. Response to cyproterone acetate treatment
in primary hepatocellular carcinoma is related to fall in free 5x-dihydrotestosterone. Eur. |. Cancer Clin.
Oncol. 1987, 23, 1659-1664. [CrossRef]

Tu, C.C,; Kumar, V.B.; Day, C.H.; Kuo, W.W.; Yeh, S.P; Chen, R.J.; Liao, C.R.; Chen, H.Y; Tsai, EJ.; Wu, W.J.;
et al. Estrogen receptor alpha (ESR1) over-expression mediated apoptosis in Hep3B cells by binding with
SP1 proteins. J. Mol. Endocrinol. 2013, 51, 203-212. [CrossRef]

Li, Y,; Chao, Y.; Fang, Y.; Wang, ].; Wang, M.; Zhang, H.; Ying, M.; Zhu, X.; Wang, H. MTA1 promotes the
invasion and migration of non-small celllungcancercells by downregulating miR-125b. J. Exp. Clin. Cancer
Res. 2013, 32, 33. [CrossRef]

Ryu, S.H.; Jang, M.K,; Kim, WJ.; Lee, D.; Chung, Y.H. Metastatic tumor antigen in hepatocellular carcinoma:
Golden roads toward personalized medicine. Cancer Metastasis Rev. 2014, 33, 965-980. [CrossRef]

Song, Q.; Zhang, H.; Wang, M.; Song, W.; Ying, M.,; Fang, Y.; Li, Y.; Chao, Y.; Zhu, X. MTA1 promotesna
sopharyngeal carcinoma growth in vitro and in vivo. J. Exp. Clin. Cancer Res. 2013, 32, 54. [CrossRef]
Deng, L.; Yang, H.; Tang, J.; Lin, Z; Yin, A.; Gao, Y.; Wang, X,; Jiang, R.; Sun, B. Inhibition of MTA1 by ER
alpha contributes to protection hepatocellular carcinoma from tumor proliferation and metastasis. J. Exp.
Clin. Cancer Res. 2015, 34, 128. [CrossRef]

Freise, C.; Ruehl, M.; Seehofer, D.; Hoyer, ].; Somasundaram, R. The inhibitor of Ca2+-dependent K+ channels
TRAM-34 blocks growth of hepatocellular carcinoma cells via downregulation of estrogen receptor alpha
mRNA and nuclear factor-kappa B. Invest. N. Drugs 2013, 31, 452—-457. [CrossRef]

Banerjee, S.K.; Campbell, D.R.; Weston, A.P.; Banerjee, D.K. Biphasic estrogen response on bovine adrenal
medulla capillary endothelial cell adhesion, proliferation and tube formation. Mol. Cell Biochem. 1997, 177,
97-105. [CrossRef] [PubMed]

Strom, J.O.; Theodorsson, E.; Holm, L.; Theodorsson, A. Different methods for administering 173-estradiol
to ovariectomized rats result in opposite effects on ischemic brain damage. BMC Neurosci. 2010, 11, 39.
[CrossRef] [PubMed]

Villa, E.; Dugani, A.; Moles, A.; Camellini, L.; Grottola, A.; Buttafoco, P.; Merighi, A.; Ferretti, I.; Esposito, P;
Miglioli, L.; et al. Variant liver estrogen receptor transcripts already occur at an early stage of chronic liver
disease. Hepatology 1998, 27, 983-988. [CrossRef] [PubMed]

Villa, E.; Colantoni, A.; Grottola, A.; Ferretti, I.; Buttafoco, P.,; Bertani, H.; De Maria, N.; Manenti, F. Variant
estrogen receptors and their role in liver disease. Mol. Cell Endocrinol. 2002, 193, 65-69. [CrossRef]
Giannitrapani, L.; Soresi, M.; La Spada, E.; Cervello, M.; D’Alessandro, N.; Montalto, G. Sex hormones and
risk of liver tumor. Ann. N. Y. Acad. Sci. 2006, 1089, 228-236. [CrossRef]

Wei, Q.; Guo, P; Mu, K; Zhang, Y.; Zhao, W.; Huai, W.; Qiu, Y.; Li, T.; Ma, X; Liu, Y.; et al. Estrogen suppresses
hepatocellular carcinoma cells through ERbeta-mediated upregulation of the NLRP3 inflammasome.
Lab. Invest. 2015, 95, 804-816. [CrossRef]

Yang, W.; Lu, Y,; Xu, Y.; Xu, L.; Zheng, W.; Wu, Y,; Li, L.; Shen, P. Estrogen represses hepatocellular carcinoma
(HCC) growth via inhibiting alternative activation of tumor-associated macrophages (TAMs). J. Biol. Chem.
2012, 287,40140-40149. [CrossRef]

Carruba, G. Aromatase in nontumoral and malignant human liver tissues and cells. Ann. N. Y. Acad. Sci.
2009, 1155, 187-193. [CrossRef]

Carruba, G.; Miceli, V.; Cocciadiferro, L.; Zarcone, M.; Agostara, B.; Montalto, G.; Granata, O.M. Estrogen
signalling through amphiregulin may be implicated in human hepatocellular carcinoma. Horm. Mol. Biol.
Clin. Investig. 2011, 5, 153-160. [CrossRef]

Cocciadiferro, L.; Miceli, V.; Granata, O.M.; Carruba, G. Merlin, the product of NF2 gene, is associated with
aromataze expression and estrogen formation in human liver tissues and liver cancer cells. J. Steroid Bioechem.
Mol. Biol. 2017, 172, 222-230. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/11448929
http://dx.doi.org/10.1016/0168-8278(95)80282-7
http://dx.doi.org/10.1016/0277-5379(87)90446-9
http://dx.doi.org/10.1530/JME-13-0085
http://dx.doi.org/10.1186/1756-9966-32-33
http://dx.doi.org/10.1007/s10555-014-9522-4
http://dx.doi.org/10.1186/1756-9966-32-54
http://dx.doi.org/10.1186/s13046-015-0248-0
http://dx.doi.org/10.1007/s10637-012-9879-6
http://dx.doi.org/10.1023/A:1006888020596
http://www.ncbi.nlm.nih.gov/pubmed/9450650
http://dx.doi.org/10.1186/1471-2202-11-39
http://www.ncbi.nlm.nih.gov/pubmed/20236508
http://dx.doi.org/10.1002/hep.510270413
http://www.ncbi.nlm.nih.gov/pubmed/9537437
http://dx.doi.org/10.1016/S0303-7207(02)00097-7
http://dx.doi.org/10.1196/annals.1386.044
http://dx.doi.org/10.1038/labinvest.2015.63
http://dx.doi.org/10.1074/jbc.M112.348763
http://dx.doi.org/10.1111/j.1749-6632.2009.03706.x
http://dx.doi.org/10.1515/HMBCI.2011.003
http://dx.doi.org/10.1016/j.jsbmb.2016.05.023

Int. |. Environ. Res. Public Health 2020, 17, 2620 25 of 26

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Miceli, V.; Cocciadiferro, L.; Fregapane, M.; Zarcone, M.; Montalto, G.; Polito, L.M.; Agostara, B.; Granata, O.M.;
Carruba, G. Expression of wild-type and variant estrogen receptor alpha in liver carcinogenesis and tumor
progression. Omics |. Integr. Biol. 2011, 15, 313-317. [CrossRef] [PubMed]

Wang, Z.; Zhang, X.; Shen, P.; Loggie, B.W.; Chang, Y.; Deuel, T.F. A variant of estrogen receptor-{alpha},
hER-{alpha}36: Transduction of estrogen- and antiestrogen-dependent membrane-initiated mitogenic
signaling. Proc. Natl. Acad. Sci. USA 2006, 103, 9063-9068. [CrossRef] [PubMed]

Li, T.; Qin, L.X.; Gong, X.; Zhou, J.; Sun, H.C.; Wang, L.; Qiu, S.J.; Ye, Q.H.; Fan, J. Clinical characteristics,
outcome, and risk factors for early and late intrahepatic recurrence of female patients after curative resection
of hepatocellular carcinoma. Surgery 2014, 156, 651-660. [CrossRef] [PubMed]

Lai, H.C,; Yeh, C.C; Jeng, L.B.; Huang, S.F,; Liao, P.Y.; Lei, EJ.; Cheng, W.C.; Hsu, C.L.; Cai, X.; Chang, C.; et al.
Androgen receptor mitigates postoperative disease progression of hepatocellular carcinoma by suppressing
CD90+ populations and cell migration and by promoting anoikis in circulating tumor cells. Oncotarget 2016,
7, 46448-46465. [CrossRef]

Ramakrishna, G.; Rastogi, A.; Trehanpati, N.; Sen, B.; Khosla, R.; Sarin, S.K. From Cirrhosis to Hepatocellular
Carcinoma: New Molecular Insights on Inflammation and Cellular Senescence. Liver Cancer 2013, 2, 367-383.
[CrossRef]

Saginelli, E.; Stroffolini, T.; Saginelli, C.; Babudieri, S.; Russello, M.; Coppola, N.; Gaeta, G.B.; Cacopardo, B.;
De Luca, M.; Almasio, P.L.; et al. Gender differences in chronic liver diseases in two cohorts of 2001 and 2014
in Italy. Infection 2018, 46, 93-101. [CrossRef]

Pikarsky, E.; Porat, R M.; Stein, I.; Abramovitch, R.; Amit, S.; Kasem, S.; Gutkovich-Pyest, E.; Urieli-Shoval, S.;
Galun, E.; Ben-Neriah, Y. NF-kappaB functions as a tumour promoter in inflammation-associated cancer.
Nature 2004, 431, 461-466. [CrossRef]

Haybaeck, J.; Zeller, N.; Wolf, M.].; Weber, A.; Wagner, U.; Kurrer, M.O.; Bremer, J.; Iezzi, G.; Graf, R.;
Clavien, P.A.; et al. Lymphotoxin-driven pathway to hepatocellular carcinoma. Cancer Cell 2009, 16, 295-308.
[CrossRef]

Liu, P; Kimmoun, E,; Legrand, A.; Sauvanet, A.; Degott, C.; Lardeux, B.; Bernuau, D. Activation of NF-kappa
B, AP-1 and STAT transcription factors is a frequent and early event in human hepatocellular carcinomas.
J. Hepatol. 2002, 37, 63-71. [CrossRef]

Luedde, T.; Schwabe, R.F. NF-kB in the liver-linking injury, fibrosis and hepatocellular carcinoma. Nat. Rev.
Gastroent. Hepatol. 2011, 8, 108-118. [CrossRef]

Shibuya, A.; Tanaka, K.; Miyakawa, H.; Shibata, M.; Takatori, M.; Sekiyama, K.; Hashimoto, N.; Amaki, S.;
Komatsu, T.; Morizane, T. Hepatocellular carcinoma and survival in patients with primary biliary cirrhosis.
Hepatology 2002, 35, 1172-1178. [CrossRef] [PubMed]

Smyk, D.S.; Rigopoulou, E.I; Pares, A.; Billinis, C.; Burroughs, A.K.; Muratori, L.; Invernizzi, P.; Bogdanos, D.P.
Sex differences associated with primary biliary cirrhosis. Clin. Dev. Immunol. 2012, 2012, 610504. [CrossRef]
[PubMed]

Shen, M.; Shi, H. Estradiol and estrogen receptor agonists oppose oncogenic actions of leptin in HepG2 cells.
PLoS ONE 2016, 11, e0151455. [CrossRef] [PubMed]

Tabibian, J.H.; Masyuk, A.L; Masyuk, T.V.; O'Hara, S.P,; LaRusso, N.F. Physiology of Cholangiocytes. Compr.
Physiol. 2013, 3, 541-565. [PubMed]

Mancinelli, R.; Onori, P.; DeMorrow, S.; Francis, H.; Glaser, S.; Franchitto, A.; Carpino, G.; Alpini, G.; Gaudio, E.
Role of sex hormones in the modulation of cholangiocyte function. World J. Gastrointest. Pathophysiol. 2010, 1,
50-62. [CrossRef]

Sedlaczek, N.; Jia, ].D.; Herbst, H.; Ruehl, M.; Hahn, E.G.; Schuppan, D. Proliferating bile duct epithelial
cells are a major source of connective tissue growth factor in rat biliary fibrosis. Am. J. Pathol. 2001, 158,
1239-1244. [CrossRef]

Lowes, K.N.; Brennan, B.A.; Yeoh, G.C.; Olynyk, ].K. Oval cell numbers in human chronic liver diseases are
directly related to disease severity. Am. J. Pathol. 1999, 154, 537-541. [CrossRef]

Alvaro, D.; Alpini, G.; Onori, P; Perego, L.; Svegliata Baroni, G.; Franchitto, A.; Baiocchi, L.; Glaser, S.S.;
Le Sage, G.; Folli, F,; et al. Estrogens stimulate proliferation of intrahepatic biliary epithelium in rats.
Gastroenterology 2000, 119, 1681-1691. [CrossRef]


http://dx.doi.org/10.1089/omi.2010.0108
http://www.ncbi.nlm.nih.gov/pubmed/21348637
http://dx.doi.org/10.1073/pnas.0603339103
http://www.ncbi.nlm.nih.gov/pubmed/16754886
http://dx.doi.org/10.1016/j.surg.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/24998159
http://dx.doi.org/10.18632/oncotarget.10186
http://dx.doi.org/10.1159/000343852
http://dx.doi.org/10.1007/s15010-017-1101-5
http://dx.doi.org/10.1038/nature02924
http://dx.doi.org/10.1016/j.ccr.2009.08.021
http://dx.doi.org/10.1016/S0168-8278(02)00064-8
http://dx.doi.org/10.1038/nrgastro.2010.213
http://dx.doi.org/10.1053/jhep.2002.33157
http://www.ncbi.nlm.nih.gov/pubmed/11981767
http://dx.doi.org/10.1155/2012/610504
http://www.ncbi.nlm.nih.gov/pubmed/22693524
http://dx.doi.org/10.1371/journal.pone.0151455
http://www.ncbi.nlm.nih.gov/pubmed/26982332
http://www.ncbi.nlm.nih.gov/pubmed/23720296
http://dx.doi.org/10.4291/wjgp.v1.i2.50
http://dx.doi.org/10.1016/S0002-9440(10)64074-6
http://dx.doi.org/10.1016/S0002-9440(10)65299-6
http://dx.doi.org/10.1053/gast.2000.20184

Int. |. Environ. Res. Public Health 2020, 17, 2620 26 of 26

159.

160.

161.

162.

163.

164.

165.

166.

Alvaro, D.; Invernizzi, P; Onori, P,; Franchitto, A.; De Santis, A.; Crosignani, A.; Sferra, R.; Ginanni-Corradini, S.;
Mancino, M.G.; Maggioni, M.; et al. Estrogen receptors in cholangiocytes and the progression of primary
biliary cirrhosis. . Hepatol. 2004, 41, 905-912. [CrossRef]

Alvaro, D.; Onori, P; Metalli, V.D.; Svegliata Baroni, G.; Folli, E; Franchitto, A.; Alpini, G.; Mancino, M.G.;
Attili, A.F; Gaudio, E. Intracellular pathways mediating estrogen-induced cholangiocyte proliferation in the
rat. Hepatology 2002, 36, 297-304. [CrossRef]

Glaser, S.S.; Gaudio, E.; Miller, T.; Alvaro, D.; Alpini, G. Cholangiocyte proliferation and liver fibrosis. Expert
Rev. Mol. Med. 2009, 11, e7. [CrossRef] [PubMed]

Alvaro, D.; Mancino, M.G.; Onori, P.; Franchitto, A.; Alpini, G.; Francis, H.; Glaser, S.; Gaudio, E. Estrogens
and the pathophysiology of the biliary tree. World ]. Gastroenterol. 2006, 12, 3537-3545. [CrossRef]
Svegliati-Baroni, G.; Ghiselli, R.; Marzioni, M.; Alvaro, D.; Mocchegiani, F; Saccomanno, S.; Sisti, V.; Ugili, L.;
Orlando, F.; Alpini, G.; et al. Estrogens maintain bile duct mass and reduce apoptosis after biliodigestive
anastomosis in bile duct ligated rats. J. Hepatol. 2006, 44, 1158-1166. [CrossRef] [PubMed]

Yang, E; Priester, S.; Onori, P.; Venter, J.; Renzi, A.; Franchitto, A.; Munshi, M.K.; Wise, C.; Dostal, D.E.;
Marzioni, M.; et al. Castration inhibits biliary proliferation induced by bile duct obstruction: Novel role for
the autocrine trophic effect of testosterone. Am. J. Physiol. Gastrointest. Liver Physiol. 2011, 301, G981-G991.
[CrossRef]

Alpini, G,; Glaser, S.S.; Ueno, Y.; Pham, L.; Podila, P.V.; Caligiuri, A.; LeSage, G.; LaRusso, N.F. Heterogeneity
of the proliferative capacity of rat cholangiocytes after bile duct ligation. Am. J. Physiol. 1998, 274, G767-G775.
[CrossRef] [PubMed]

Alpini, G.; Lenzi, R.; Sarkozi, L.; Tavoloni, N. Biliary physiology in rats with bile ductular cell hyperplasia.
Evidence for a secretory function of proliferated bile ductules. J. Clin. Invest. 1988, 81, 569-578. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jhep.2004.08.022
http://dx.doi.org/10.1053/jhep.2002.34741
http://dx.doi.org/10.1017/S1462399409000994
http://www.ncbi.nlm.nih.gov/pubmed/19239726
http://dx.doi.org/10.3748/wjg.v12.i22.3537
http://dx.doi.org/10.1016/j.jhep.2005.10.032
http://www.ncbi.nlm.nih.gov/pubmed/16481066
http://dx.doi.org/10.1152/ajpgi.00061.2011
http://dx.doi.org/10.1152/ajpgi.1998.274.4.G767
http://www.ncbi.nlm.nih.gov/pubmed/9575860
http://dx.doi.org/10.1172/JCI113355
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Sex Hormone-Dependent Glucose Metabolism in a Healthy Liver, in Insulin Resistance (IR) and in Diabetes (T2D) 
	Cellular Transporters Involved in Glucose Transport: Their Expression in IR, T2D and MetS (metabolic syndrome) 
	Relationship between Androgens/Androgen Receptor/5-Reductase and Hepatic Glucose Homeostasis 
	Relationship between Estrogens/Estrogen Receptors/Aromatase and Hepatic Glucose Homeostasis 

	Sex Hormone-Dependent Lipid Metabolism in the Normal Liver, in Nonalcoholic Fatty Liver Disease (NAFLD), Obesity and in Metabolic Syndrome (MetS) 
	Relationship between Estrogens/Estrogen Receptors/Aromatase and Hepatic Lipid Homeostasis 
	Correlation of Non-Alcoholic Fatty Liver Disease (NAFLD)/Non-Alcoholic Steatohepatitis (NASH) with Sex Steroids 

	HBV/HCV and Hepatocellular Carcinoma (HCC, Hepatoma) 
	Relationship between Estrogens/ERs and HBV-Related Acute Liver Failure Such as HCC 
	Relationship between Androgens/AR and HBV-Related Acute Liver Failure Such as HCC 
	Complicity of Noncoding mRNAs in the Onset and Progression of HCC 
	HCC Malignancy and Sex Hormones 
	Hypothesis about the Role of ERs in HCC 
	Immune Response in Liver Failure and Sex Hormones 
	Activity of Aromatase/Estrogens/ERs (and Variants) in HCC 

	Other Pathological Conditions and HCC 
	Pathological Condition Associated with the Biliary Tree 
	References

