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Abstract
Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease in the indus​trialized world. The prevalence of NAFLD is increasing, becoming a substantial public health burden. NAFLD includes a broad spectrum of disorders, from simple conditions such as steatosis to severe manifestations such as fibrosis and cirrhosis. The relationship of NAFLD with metabolic alterations such as type 2 diabetes is well described and related to insulin resis​tance, with NAFLD being recognized as the hepatic manifestation of metabolic syndrome. However, NAFLD may also coincide with endocrine diseases such as polycystic ovary syndrome, hypothyroidism, growth hormone deficiency or hypercortisolism. It is therefore essential to remember, when discovering altered liver enzymes or hepatic steatosis on radiological exams, that endocrine diseases can cause NAFLD. Indeed, the overall prognosis of NAFLD may be modified by treatment of the underlying endocrine pathology. In this review, we will discuss endocrine diseases that can cause NALFD. Underlying pathophysiological mechanisms will be presented and specific treatments will be reviewed.
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Core tip: The review discusses the links between nonal​coholic fatty liver disease and endocrine diseases, from common ones such as type 2 diabetes and poly​cystic ovary syndrome to rare disorders such as growth hormone deficiency. The pathophysiological mechanisms underlying these associations are described.

INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease in the Western world. The term “nonalcoholic steatohepatitis” (NASH) was introduced by Ludwig in 1980 following observations of patients, mainly obese women, with histological evidence of alcoholic hepatitis on liver biopsy without a history of alcohol abuse[1]. The term “NAFLD” was introduced in 1986 to define a spectrum ranging from hepatic steatosis to fibrosis and cirrhosis.

Given the strong association of NAFLD with metabolic syndrome and the worldwide epidemic of obesity, the prevalence of NAFLD is constantly increasing. In the United States, one-third of the overall population has NAFLD and 2%-5% have NASH[2]. Within the NAFLD spectrum, only patients with histologically proven NASH develop progressive liver disease. Progression is more likely in the setting of diabetes, insulin resistance (IR) and other pre-existing conditions[3].

As we will discuss in this review, the physio​pathological mechanism common in both NAFLD and many different endocrine diseases is IR. For this reason, it is important for endocrinologists and gastroenterologists to remember that NAFLD and endocrine diseases may coexist (Figure 1).

EPIDEMIOLOGY

In the United States, the prevalence of NAFLD varies between 10% and 35%[2], depending on the population studied and the modality used for diagnosis. Ultimately, liver biopsy is required to make a definitive diagnosis of NASH, and estimates from biopsy series indicate that the prevalence of NASH in the United States is between 2% and 5%. NAFLD linked to metabolic syndrome is the most common cause of NASH, but NAFLD may be found in association with other diseases (e.g., Wilson disease, disorders of lipid metabolism, etc).

NAFLD is not unique to Western countries. NAFLD is also prevalent in developing countries[4], and data from the rest of the world suggest that the prevalence of NAFLD varies between 6% and 35%, with a median of 20%[3,5]. Most studies indicate that NAFLD is usually associated with metabolic syndrome, but studies in Asian countries also report NAFLD in non-obese individuals[6-9]. However, these findings may be explained by the fact that, for a given body mass index (BMI), body fat content is usually higher in Asians than in westerners[10].

Several cohorts have shown that NAFLD prevalence depends on ethnicity. Notably, Hispanics have the highest prevalence of NAFLD, hepatic steatosis, and elevated aminotransferases levels, followed by non-Hispanic whites, whereas African Americans have the lowest prevalence[5]. However, in the absence of liver biopsies, the true prevalence of NAFLD cannot be accurately estimated, and it is therefore difficult to draw clear conclusions from these analyses. Moreover, the recent MESA (Multi-Ethnic Study of Atherosclerosis) found no association between ethnicity and NAFLD[11].

NAFLD may be affected by genetic or environmental factors. Notably, 38% of Asian Indian men with the apolipoprotein C3 gene variant alleles C-482T and T-455C have NAFLD (compared to 0% amongst wild-type homozygotes). An association between these variant alleles, NAFLD and IR was therefore reported[12]. Recently, a nonsynonymous genetic variant (rs58542926) within the transmembrane 6 superfamily member 2 (TM6SF2) gene of unknown function was associated with the severity of NAFLD[13].

In summary, estimates of the prevalence of NAFLD should be considered with caution, as they may vary depending on the criteria used for diagnosis.

DIAGNOSIS

NAFLD encompasses a spectrum of diseases of different etiologies ranging from fat accumulation (steatosis) to inflammation and fibrosis (NASH) and finally cirrhosis. Formally, a diagnosis of NAFLD requires a liver biopsy with a lipid content of at least 5% of hepatocytes. In 20%-25% of cases, steatosis will evolve to NASH and, in turn, 20% of these patients will develop cirrhosis[14]. We will briefly discuss the different diagnostic methods.

Liver biopsy is the current gold standard for NASH diagnosis and staging[5], but the method is invasive and cannot be used in population-based studies. Only biopsy can assess inflammation and fibrosis. However, sampling variability may alter the accuracy of the diagnosis[15]. Several noninvasive diagnostic methods for NAFLD and NASH have been introduced recently. Notably, imaging techniques including proton magnetic resonance spectroscopy (1H-MRS), ultrasonography, computed tomography (CT), and magnetic resonance imaging (MRI) can be used[16]. 1H-MRS is considered the most accurate noninvasive method for measuring liver fat content. Ultrasonography is the most widely used method but is relatively insensitive, as it can detect steatosis only when liver fat content exceeds 33%[17].

Other studies have used elevations in the liver enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) as indicators of NAFLD[18-22]. However, these measurements are neither sensitive nor specific[23]. Indeed, up to 70% of subjects with NAFLD have normal levels of ALT and AST[17].

Different scoring methods have been developed for NAFLD screening, such as the Fatty Liver Index[24] and the Lipid Accumulation Product[25]. These indices are easy to use, applicable in community healthcare settings, and could contribute to better assess NAFLD prevalence. A study published by the LIDO study group tried to validate five NAFLD scoring methods (fatty liver index, NAFLD liver fat score, hepatic steatosis index, visceral adiposity index and triglyceride × glucose index) in patients with biopsy-confirmed NAFLD. All of these methods diagnosed hepatic steatosis but failed to quantify the severity[26].

More specific scoring methods using other bio​markers, such as -2-macroglobulin, haptoglobin, apolipoprotein a1, and -glutamyl-transferase, have to be developed in order to better select patients for liver biopsy[27].

Clinicians should consider NAFLD in a patient with abnormal liver tests and at least one metabolic risk factor. However, clinical features are nonspecific and patients are usually asymptomatic until they progress to liver cirrhosis.

PATHOGENESIS

Historically, liver injury is thought to be the result of the ”two-hit hypothesis” involving IR and altered adipokine production, resulting in oxidative stress and apoptosis[28] (Figure 2).

The “two-hit hypothesis” was first described by Day et al[29] in 1998. The first hit represents accumulation of triglycerides (TG) and free fatty acids (FFA) from visceral adipose tissue in hepatocytes secondary to IR. FFA are transported to organs including the liver and undergo either -oxidation in the mitochondria or are stored as TG. TG stored in the liver come principally from lipolysis of white adipose tissue, but also from dietary lipids and de novo lipogenesis[30]. If an imbalance is present, excessive FFA flux and accumulation induce hepatic IR.

Once hepatic steatosis is established, progression to steatohepatitis involves a “second hit”, consisting of inflammation, mitochondrial dysfunction, enhanced oxidative stress caused by reactive oxygen species, lipid oxidation and production of adipokines resulting in hepatocyte damage and fibrosis[29]. Fatty liver is susceptible to oxidative injury and lipid peroxidation[31].

In 2010 Tilg and Moschen[32] introduced the “multi-parallel hit” hypothesis to explain NAFLD pathogenesis. This hypothesis stresses the importance of gut-derived and adipose tissue-derived factors that promote liver inflammation and fibrosis. This hypothesis, based on reports that endoplasmic reticulum stress[33] and cytokine-mediated stress can induce steatosis as well as necroinflammation, suggests that multiple “hits” act together in parallel in the development of NASH[32]. The role of the gut microbiota in this process will be discussed below.

A more detailed discussion of NAFLD pathogenesis and its link with IR can be found elsewhere[34].

Gut microbiota

The gastroenterological tract contains more than 1014 microorganisms, including more than a thousand bacterial species. The role of gut microbiota in the pathogenesis of obesity is now being recognized. By regulating liver fat deposition and energy homeostasis, gut microbiota may also play a role in NAFLD path​ogenesis.

The liver is supplied primarily by the portal sys​tem and is therefore exposed to metabolites ori​ginating from intestinal bacteria (such as ethanol and other volatile organic compounds) or the bacteria themselves[35]. The liver acts as a barrier between the gut and the systemic circulation by removing toxins. When Kupffer cells, the specialized macrophages in the hepatic sinusoids, are impaired, or when the gut-mucosal barrier is damaged by inflammation or portal hypertension, a metabolic endotoxinemia results. The high endotoxin level activates Kupffer cells and hepatic stellate cells (HSC). Bacteria can also produce lipopolysaccharides (LPS), which bind to Toll-like receptor 4 (TLR-4) and induce the production of pro-inflammatory cytokines[36], subsequently leading to inflammation. These events then contribute to the pathogenesis of obesity and NAFLD[37,38].

Patients with biopsy-proven NAFLD have increased gut permeability and small intestinal bacterial over​growth, which play an important role in the alteration of hepatic fat metabolism[39]. In obese children with biopsy-proven NAFLD, expression of zonulin, a mo​dulator of intracellular tight junctions, is increased in parallel with the severity of hepatic steatosis. However, there was no significant correlation of plasma zonulin concentrations with lobular inflammation, fibrosis or NASH[40]. These data have not been verified in adults.

Obese people have a different microbiota com​position than lean people, with an increase in Firmicutes and a 50% decrease in Bacteroidetes[41,42]. This results in a change in short-chain fatty acids and an increase in intestinal energy absorption[43]. Patients with NAFLD also have different microbiota, with less Bacteroidetes and Lactobacilli and more Prevotella and Porphyromonas compared to healthy controls[44]. However, these findings are controversial with incon​sistent data.

Together, bacterial overgrowth and increased intestinal permeability contribute to NAFLD path​ogenesis[39]. Mouzaki et al[45], in a prospective cross-sectional study, assessed whether differences in gut microbiota could be associated with the development of NAFLD. The authors found that, independently of diet and BMI, NASH patients contained a lower ratio of Bacteriodetes to Prevotella than did healthy controls. In contrast, Raman et al[46], in an observational case-control study of obese patients with NAFLD vs healthy controls, found that Bacteriodetes repre​sentation was similar between the two groups. Interestingly, gut microbiota might contribute to the development of NAFLD through ethanol production[47]. Further studies are needed to clarify whether gut microbiota contributes to NAFLD pathogenesis or if representational differences are a result of the disease. Nevertheless, gut microbiota affects the susceptibility to NASH via metabolic endotoxinemia mediated by bacterial ethanol production, alterations in choline and bile acid metabolism, hepatocyte lipogenesis and increased intestinal permeability[43].

Probiotics modulate intestinal flora and have been proposed as a beneficial complement to NAFLD treatment[48]. Probiotics modulate gut microbiota, reduce inflammation, increase epithelial barrier function, and increase antibacterial substance pro​duction[35]. A meta-analysis of four randomized clinical trials showed that probiotic therapy decreases plasma levels of aminotransferases, total cholesterol and HDL cholesterol, and improves the Homeostasis Model Assessment of insulin resistance (HOMA-IR) index[49]. However, these studies were conducted with small group sizes without dietary control. The results should therefore be considered with caution, and the use of probiotics for NAFLD is not recommended at this time[50].

PROGNOSIS

Studies based on histological data suggest that only patients with NASH are at risk of disease progression[27]. Patients with NAFLD are, however, prone to develop type 2 diabetes. In a Swedish cohort study, most patients with NAFLD (78%) were dia​gnosed with diabetes or impaired glucose tolerance at follow-up. Progression to liver fibrosis occurred in 41% of the patients and was associated with marked IR and pronounced weight gain[51]. A major prognostic issue in NAFLD is hepatocellular carcinoma. Finally, NAFLD is associated with cardiovascular diseases and has emerged as a new cardiovascular risk factor (see below).

Liver transplantation is the treatment for end-stage liver disease. However, de novo NAFLD after transplantation has been reported to be common: in a retrospective study, 75% of the patients developed fatty infiltration of the graft and 38% developed NASH[52].

METABOLIC CONSEQUENCES: CARDIOVASCULAR DISEASE

NAFLD increases the incidence of cardiovascular disease (CVD) and is a predictor of CVD of other risks factors[53]. Accordingly to the review of Edens et al[54], NAFLD is linked to the CVD risk profile. After adjusting for cardiovascular risk factors, NAFLD is independently associated with markers of subclinical atherosclerosis such as impaired flow-mediated vasodilation, increased carotid artery intima-media thickness and arterial stiffness[55]. NAFLD patients are more likely than healthy individuals to have advanced high-risk coronary atherosclerosis, correlated with the severity of hepatic fibrosis[56]. Moreover, the presence of hepatic fibrosis is predictive of cardiovascular events[57]. The coronary artery calcium score is often used as a surrogate marker of coronary atherosclerosis and is considered an independent predictor of CVD[58]. Fatty liver and HOMA-IR are each associated with a high coronary artery calcium score (37.9% and 26.0%, respectively)[59]. In the MESA study, NAFLD was associated with high coronary artery calcium scores and inflammation independently of obesity and metabolic syndrome[11]. Recently, in the “Hepatic steatosis and cardiovascular disease outcomes” sub-analysis of the Framingham Heart study including 3014 participants, there was a significant association of hepatic steatosis with coronary artery calcium score. However, there was a non-significant association between hepatic steatosis and clinical CVD (non-fatal myocardial infarction, stroke, transient ischemic attack, heart failure or peripheral arterial disease)[60]. Interestingly, the increase in cardiovascular events in patients with NAFLD is almost always associated with diabetes[61-63]. NAFLD is frequently associated with dyslipidemia (high triglycerides, low HDL, high VLDL) and increased levels of pro-inflammatory cytokines which are atherogenic[64] and promote the development of CVD[65]. Finally, hepatokines such as fibroblast growth factor 21 (FGF21), fetuin-A and selenoprotein P may also play a role in the development of CVD[66].

ENDOCRINE DISEASES ASSOCIATED WITH NAFLD

Type 2 diabetes

NAFLD is more prevalent in patients with pre-existing metabolic conditions than in the general population. Specifically, type 2 diabetes and NAFLD have a particularly close relationship. A cross-sectional study of patients under 65 with type 2 diabetes found a 69% prevalence of ultrasonographic NAFLD[67] , and the prevalence varies from 30% to 70% in other studies[68,69]. In an Indian cohort, 127 of 204 diabetic patients displayed fatty liver on ultrasound. Among these, 87% were diagnosed with NAFLD after a liver biopsy[70]. Therefore, the prevalence of NAFLD is higher in patients with type 2 diabetes than in the general population, IR being the central mechanism of both diseases.

In addition to having a higher prevalence, liver disease may be more progressive in patients with type 2 diabetes. Diabetic patients with elevated BMI are at higher risk for fibrosis progression[71]. Even without diabetes, IR is a hallmark for cirrhosis[72]. A significant and independent association of degree of IR and stage of fibrosis suggests that severe IR may contribute to fibrosis development in NAFLD[14,73]. Consistent with IR, patients with NAFLD have reduced insulin sensitivity in muscle, liver and adipose tissue[74]. Finally, glucose intolerance or type 2 diabetes is found in 20%-70% of patients with NASH[75,76].

Obesity

Here the prevalence of NAFLD ranges from 57% in overweight individuals attending outpatient clinics to 98% in nondiabetic obese patients[77-79]. The median prevalence of NASH in the obese population is 33%, ranging from 10% to 56%[79-81]. Bariatric surgery is becoming a frequent treatment option and intra-operative liver biopsies are now frequently performed. For example, in a study by Boza et al[80], the pre​valence of NAFLD and cirrhosis in a cohort of obese patients undergoing gastric bypass surgery was 63% and 2%, respectively.

In obesity, visceral fat contributes to IR by liberating FFA that accumulates in the liver[82]. Hepatic fat content is correlated with IR as well. In some studies, hepatic fat content cancelled the correlation of visceral fat with IR[83], but in other studies there was an independent contribution of both visceral fat and IR to hepatic fat content[84]. Interestingly, perivascular and epicardial lipid deposits are correlated with atherosclerosis and metabolic syndrome[85]. Moreover, epicardial lipids are correlated with visceral fat, coronary artery disease, presence of NAFLD, and even the severity of liver fibrosis[86,87].

Due to age-related changes in body fat distribution, especially an increase in visceral fat, the prevalence of NAFLD increases with age[88]. Visceral adipose tissue produces FFA and diverse adipokines involved in NAFLD pathogenesis such as increased levels of tumor necrosis factor- (TNF-), resistin, and interleukin-6 (IL-6) and decreased levels of adiponectin[89]. Hyper​trophied adipocytes promote, via adipokine secretion, accumulation of macrophages in the visceral fat. These macrophages produce pro-inflammatory cytokines, resulting in chronic inflammation that further exa​cerbates IR[90].

Altogether, these data reveal a central role of obesity in the development of IR and NAFLD.

Adipokines: Adipokines are cytokines secreted by adipose tissue that are involved in adipose home​ostasis and lipid metabolism. Many adipokines are being studied as potential targets for new drugs. Adiponectin, ghrelin and leptin are adipokines that decrease IR, while TNF- and IL-6 are cytokines that enhance IR and, subsequently, NAFLD[91]. However, IL-6 can play either a pro- or an anti-inflammatory role[92,93].
Leptin: Leptin is a protein encoded by the ob gene and produced mainly by adipocytes, but also by the skeletal muscle, stomach, ovaries and liver[94]. This peptide plays an anorexigenic role in the regulation of body weight, acting on the hypothalamus to decrease appetite and increasing energy expenditure via sympathetic stimulation of several tissues. The anti-lipogenic effect of leptin is mediated by lowering the expression of sterol regulatory element binding protein 1, which regulates genes involved in de novo lipogenesis[95]. Leptin down-regulates pre-proinsulin transcription and insulin secretion, explaining why leptin levels are high in insulin-resistant patients[91]. Leptin production is stimulated by pro-inflammatory cytokines (e.g., IL-1, TNF-)[96]. Expression of leptin in visceral adipose tissue is associated with NAFLD features[97]. Leptin participates in NASH not only via IR but also perhaps in the regulation of HSC, contributing to the development of hepatic fibrosis[98]. In vitro, leptin has a fibrogenic effect on HSC[99] by an unknown mechanism. Mice deficient in leptin signaling are obese and have increased lipid accumulation in liver[100], and leptin infusion in wild-type mice attenuates hepatic steatosis and hyperinsulinemia[101]. In clinical studies, leptin levels are elevated in patients with NASH and correlate with fibrosis severity[102]. However, in some studies this association disappears when leptin levels are adjusted for variables such as age, gender, BMI and hyperinsulinemia, all of which influence leptin levels[14,103].
Adiponectin: Adiponectin, an anti-inflammatory cytokine, is produced predominantly by adipocytes at a level inversely correlated with visceral fat content. Low adiponectin levels are associated with IR and type 2 diabetes, dyslipidemia, hypertension, and NAFLD[104-107]. In animal studies and in vitro, adiponectin exhibits an anti-inflammatory effect by impairing NF-κB activity and inhibiting TNF--induced expression of endothelial adhesion molecules. Moreover, adiponectin decreases LPS-induced TNF- production[108-110]. Anti-oxidative, anti-steatotic and anti-fibrotic effects have also been demonstrated[111]. Indeed, disruption of adiponectin receptors increases tissue triglyceride content, inflammation, oxidative stress and IR[112]. Adiponectin can prevent lipid accumulation in patients with NASH by increasing -oxidation and by decreasing synthesis of FFA in hepatocytes[113].
In human studies, high plasma levels of adiponectin are correlated with a decreased risk of developing type 2 diabetes[114], and lower adiponectin levels have been shown to be an independent risk factor for NAFLD[115]. Adiponectin levels are correlated with NAFLD progression and are therefore a prognostic factor[116,117].

Endocrine disruptors

Endocrine disruptors (EDCs) are becoming an im​portant health- and environment-related concern. Recent studies indicated that exposure to bisphenol A in utero increases the likelihood of adulthood hepatic steatosis by altering hepatic -oxidation capacity, possibly through epigenetic mechanisms[118,119].

EDCs (dioxins, phtalates, bisphenol A, persistent organic pollutants) may induce IR, either directly by increasing oxidative stress or indirectly by altering gene transcription, e.g., down-regulating adiponectin[120]. For example, high bisphenol A levels are associated with increased IR and hepatic steatosis[121]. However, the time gap between fetal exposure and adult disease manifestation makes the causal relationship difficult to prove. A systematic review of observational studies demonstrated an association between EDCs and NAFLD but failed to demonstrate causality. Interventional mechanistic studies (reducing or eli​minating EDC exposure) are difficult to conduct but are essential for determining the role of EDCs in NAFLD pathogenesis[122].

Sexual hormones

Polycystic ovary syndrome: Polycystic ovary syn​drome (PCOS) is an endocrine syndrome frequently encountered in young women of childbearing age (prevalence 8%-15%)[123,124], hallmarked by clinical and/or biological hyperandrogenism, oligo/amenorrhea and polycystic ovarian morphology following ultrasound[124].
Genes influencing obesity and IR, -cell dys​function, steroid production and metabolism, an​drogen receptor and X-inactivation, and ovarian folliculogenesis have been studied as candidates for PCOS pathogenesis[125]. Genowe-wide association studies conducted in women with PCOS have found a relationship between the syndrome and several genes involved in type 2 diabetes, such as THADA, INSR and HMGA2[126]. In European populations, the DENND1A variant is associated with hyperandrogenism and oligomenorrhea[126]. IR occurs in about half of women with PCOS[127]. A recent meta-analysis from Ramezani-Binabaj et al[128] showed that there is a higher risk of NAFLD among women with PCOS (overall OR = 3.93). The prevalence of NAFLD in women with PCOS is between 15% and 55%[129-131], depending on the diagnostic method used. Conversely, the prevalence of PCOS in women with NAFLD is high as well, 71% in one cohort[132].

However, it is not clear whether PCOS is an independent risk factor for NAFLD. Gambarin-Gelwan et al[130] studied lean and obese women with PCOS and found a NAFLD prevalence of 39% in the lean group. Steatosis was associated with a higher BMI and HOMA-IR and a higher prevalence of glucose intolerance and type 2 diabetes. Moreover, women with PCOS had more IR than control women with the same BMI (Figure 3).

IR is a major player in PCOS, promoting hyper​androgenism via an increased release of andro​stenedione and testosterone[133]. Insulin acts as a co-gonadotropin to increase luteinizing hormone-stimulated production of androgens; therefore, production of androgens is enhanced in PCOS. A concomitant decrease in sex hormone binding globulin (SHBG) by impaired liver production amplifies this phenomenon, further increasing the levels of free and active androgens. The decrease in SHBG is mediated by IR and hyperandrogenism, further increasing IR. Different hypotheses have been raised to explain why IR is present in PCOS. It is suggested that post-receptor defects in insulin receptor signal transduction are involved, because no structural abnormality in the insulin receptor has been identified in these patients[134]. Impaired glucose transport has also been suggested[135]. Defective serine phosphorylation can lead to both IR and hyperandrogenism, given that serine phosphorylation modulates the activity of key regulating enzymes of androgen biosynthesis, including the 17, 20 lyase activities of P450c17[136,137].

Whether PCOS contributes independently to NAFLD is unclear. PCOS diagnosis is significantly associated with NAFLD, after adjustments are made for age, obesity, waist circumference[138] and dyslipidemia[139]. As hyperandrogenism is a hallmark of PCOS, androgens likely play a role in the deve​lopment of NAFLD. It has been hypothesized that androgens promote a pro-apoptotic environment[140] which is present in woman with PCOS[141,142]. The caspase 3-cleaved fragment of cytokeratin 18 is released from cells undergoing apoptosis and is now established as a serum marker for NASH. The levels of this fragment correlate with hepatocyte apoptosis and is elevated in women with PCOS[142]. It is not clear whether hyperandrogenism and IR act concomitantly or independently to induce NAFLD, but a synergistic action may be present[143]. Interestingly, oophorectomy in a patient with hyperthecosis reverses hirsutism but not IR[144]. However, the link between hyperandrogenism and NAFLD may be found in the down-regulation of the LDL-receptor, prolonging the half-lives of VLDL and LDL, inducing accumulation of fat in the liver and ultimately triggering NAFLD[141]. In addition, women with hyperandrogenism have higher transaminases levels (predominantly ALT) compared to control subjects, even if the women with hyperandrogenism are lean[138]. Moreover, central obesity and visceral fat are often increased in PCOS women and can be involved in the development of both IR and NAFLD. Indeed, women with PCOS have larger adipocytes, with a diameter increased by 25% (“hypertrophic obesity”), compared to obese women without PCOS (“hyperplastic obesity”)[145]. Hypertrophic obesity is associated with IR and can be mediated by androgens in vivo[146]. The role of leptin in PCOS is unclear. Compared with BMI-matched controls, lean PCOS patients have lower soluble leptin receptor levels, and PCOS per se might cause leptin resistance with higher free leptin indices[147]. Adiponectin levels are lower in women with PCOS (after controlling for BMI-related effects), in relationship with IR, but not in women with hyperandrogenism[148].

The association between PCOS and NAFLD is crucial to recognize considering the former’s young presentation age. It is important to screen young women with PCOS and an associated metabolic syndrome or IR for NAFLD, although the best screening method has not been defined[149]. Routine screening is not recommended by the Endocrine Society[150], but screening high-risk patients seems reasonable. The use of the Fatty Liver Index may be helpful and can identify PCOS patients at high risk for hepatic disturbances[149].

Estrogen deficiency/menopause: Several studies indicate that estrogens play a protective role in NAFLD. NAFLD is more prevalent in post-menopausal women than pre-menopausal women and worsens after menopause[151]. Moreover, estradiol levels in women with PCOS are lower than in women without PCOS[152].
The effects of estrogens are mediated not only through activation of estrogen receptors (ER)  and  but also by non-nuclear activities[153]. Estrogens regulate growth hormone (GH) production and energy homeostasis[154]. In murine models, estrogens have been shown to suppress hepatic fibrosis by attenuating HSC activation[155]. In ER knockout mice (ERKO) and aromatase knockout mice (ARKO), estrogens are either not synthesized or cannot act properly. These mice contain increased amounts of visceral adipose tissue, as well as an accumulation of lipid droplets in the liver of ARKO mice, highlighting the importance of estrogens in lipid homeostasis[156]. ERKO mice manifest adipocyte hyperplasia and hypertrophy, IR and glucose intolerance in both sexes[157], and steatosis in males[158]. Interestingly, patients with an aromatase gene inactivating mutation (aromatase deficiency) exhibit estrogen deficiency, development of metabolic syndrome with IR, steatohepatitis and precocious atherogenesis. When these patients undergo estrogen treatment, their IR and liver steatohepatitis improve[159]. Moreover, estrogen replacement therapy in mice has been shown to prevent diet-induced ectopic lipid (notably diacylglycerols) deposition as well as hepatic and muscle IR[160].

Male hypogonadism: Male hypogonadism includes biochemical and clinical features such as low testosterone and/or low sperm count, erectile dys​function, diminished libido, decrease in lean body mass and increase in visceral fat, as defined by the International Society of Andrology, the International Society for the Study of the Aging Male and the European Association of Urology.
Testosterone plays a key role in insulin sensitivity, body composition and lipid metabolism[161]. A bidi​rectional relationship exists between low levels of testosterone and IR[161-163]. The HERITAGE study indicated that people with lower testosterone levels have a preferential accumulation of abdominal fat and a higher visceral adipose tissue accumulation[164]. Low levels of testosterone and SHBG in men are independent predictors of the occurrence of metabolic syndrome[165]. Men with metabolic syndrome have a higher prevalence of low testosterone compared to healthy controls[166,167]. Furthermore, according to the hypogonadal-obesity-adipokine hypothesis, increased amounts of adipose tissue converts testosterone to estradiol via aromatase activity. Estradiol inhibits kisspeptin liberation and testosterone production. Moreover, adipose tissue produces leptin and pro-inflammatory cytokines that both have an effect on the gonadal axis, impairing testosterone production. Leptin has an additional effect on Leydig cells, resulting in decreased androgen production[168].

In a retrospective cohort study, hepatic steatosis, defined by sonographic criteria, was correlated with low testosterone levels (< 14.2 nmol/L) after adjusting for diverse confounders (including age, BMI, smoking, diabetes, and visceral adipose tissue)[169]. A recent cross-sectional study using data from MESA study showed that men with the highest tertile of SHBG were less likely to have a fatty liver, defined by computed tomography, than those in the lower tertile[170].

Interventional studies using testosterone replace​ment therapy in hypogonadal men have shown that testosterone not only improved insulin sensitivity but also decreased waist circumference[171,172] together with BMI[173]. In obese men with sleep apnea, testosterone replacement therapy led to increased insulin sensitivity and reduced liver fat content[174]. In castrated rats on a high-fat diet, testosterone replacement therapy led to a lower body fat percentage and only mild-moderate microvesicular steatosis compared to castrated rats not receiving testosterone, which displayed severe micro-and macrovesicular fat in hepatocytes[175]. However, the evolution of NAFLD during testosterone replace​ment therapy in men has not been studied in clinical trials.

Osteoporosis

Evidence for an important triumvirate (NAFLD, oste​oporosis and metabolic syndrome) is rising[176]. A complex crosstalk of mediators coming from the liver (fetuin-A), adipose tissue (leptin, TNF-, adiponectin) and bone (osteopontin, osteocalcin, osteoprotegerin) may contribute to the development of NAFLD and metabolic syndrome[177], and the protective effect of obesity on bone mass is progressively challenged[178]. For example, insulin can increase bone formation by binding to the insulin receptor on osteoblasts, and leptin and adiponectin can suppress bone formation or stimulate resorption. Conversely, the bone also affects glucose metabolism, by secreting cytokines, hormones and peptides like osteocalcin which increase pancreatic -cell function[179]. Mice lacking the insulin receptor on osteoblasts develop obesity and IR that are improved after osteocalcin administration, suggesting the pre​sence of a bone-pancreas loop[180].

In post-menopausal women with an ultrasonographic diagnosis of NAFLD, lumbar bone mass density was found to be lower (0.98 ± 0.01 g/cm² vs 1.01 ± 0.02 g/cm², P = 0.046) than in controls, after adjusting for age, BMI, ALT levels, smoking and alcohol consumption. This phenomenon was also demonstrated after adjusting for metabolic syndrome[106]. Among Asian men, NAFLD (diagnosed by ultrasound) was significantly associated with osteoporotic fractures, defined as fractures secondary to low trauma[181]; however, the association did not reach significance in women[105].

Treatment of NAFLD may also have an impact on bone. Thiazolidinediones, which are peroxisome proliferator-activated receptor  (PPAR) agonists, improve insulin sensitivity and reduce hepatic fibrosis progression[179], but also increase bone loss and fractures, especially vertebral fractures in males with type 2 diabetes[182]. 

Further studies are needed to better understand the interactions between osteoporosis and NAFLD.

Vitamin D deficiency

The pleiotropic effects of vitamin D, particularly on metabolism and the immune system, are being increasingly studied. NAFLD has been associated with low 25-OH vitamin D levels. Notably, a recent meta-analysis found that NAFLD patients are 26% more likely to be deficient in vitamin D compared with controls[183]. However, the two conditions are quite frequent and the association may be fortuitous. The use of a cross-sectional approach and the method to diagnose NAFLD are two limitations of this study. Other studies found that 25-OH vitamin D levels can predict the histological severity of NAFLD, with NASH patients having lower levels than individuals with simple steatosis, even children[184,185]. However, in the study of Dasarathy et al[184], the control group was smaller in number, had a lower BMI and was not age-matched. These differences may influence vitamin D levels, as obese patients have lower vitamin D levels.

It is unclear how vitamin D could prevent or slow the development of NAFLD. However, vitamin D has been shown to inhibit the proliferation of HSC, which express the vitamin D receptor[186], and therefore could reduce the fibrotic process. The work of Roth et al[187] demonstrates in a rat model that phototherapy can reduce fibrosis, apoptosis and inflammation, primarily by reducing hepatic expression of inflammatory genes such as TNF- and transforming growth factor . The authors conclude that vitamin D deficiency exacerbates inflammatory gene expression and is partially reversible[188]. In another study, treatment of adipocytes with calcitriol (1,25-OH-vitamin D) caused the GLUT4 transporter to be upregulated and translocated to the cell surface, resulting in increased glucose uptake and utilization[189]. A double-blind, placebo-controlled Iranian study[190] showed that vitamin D supplementation decreases the inflammatory marker hs-CRP, but there was no effect on liver enzymes, HOMA-IR or steatosis grade (evaluated by ultrasound). However, this study enrolled only 53 patients and was conducted for a short period of time.

Altogether, only a limited number of prospective and randomized studies have analyzed the impact of vitamin D supplementation on NAFLD. Therefore, the effect of vitamin D supplementation on NAFLD has to be further studied, as concluded in a recent review by Eliades et al[191].

Pituitary gland

Growth hormone insufficiency: GH and insulin-like growth factor-1 (IGF-1) insufficiency have recently been associated with NAFLD, progression to NASH and even liver cirrhosis. NAFLD is more common in hypopituitary patients than control subjects and patients with growth hormone deficiency (GHD) are likely to have an increased risk of developing NAFLD. In a Korean cohort of men with hypopituitarism, the frequency of NAFLD (diagnosed by abdominal ultrasonography) was significantly higher in hypo​pituitary men than in control subjects (32.5% vs 70.6%, P = 0.001). CRP and FFA were significantly elevated in hypopituitary patients with NAFLD com​pared to hypopituitary patients without NAFLD. More​over, the severity of NAFLD correlated negatively with GH after adjusting for BMI (P = 0.020). Severe GHD in hypopituitarism was associated with more advanced NAFLD[192]. In one series NAFLD developed after 6.4 ± 7.5 years (median 3 years) in GHD patients[193].
GHD leads to visceral adiposity, reduced lean body mass, an abnormal lipid profile and IR[194]. However, the exact pathophysiological mechanisms need to be clarified[195]. Recent data show a relationship between low IGF-1 and Sirtuin4 (Sirt4) levels. Obese patients with low levels of GH or IGF-1 have a higher waist circumference and/or metabolic syndrome. Like GH, which regulates mitochondrial oxidative capacity, Sirt4 is a mitochondrial NAD-dependent ADP-ribosyltransferase that inhibits mitochondrial glutamate dehydrogenase 1 activity, thereby down-regulating insulin secretion in response to amino acids. Sirt4 functions within the mitochondria as a negative regulator of oxidative capacity. Levels of Sirt4 are low in obese patients, in order to preserve fat oxidative capacity and mitochondrial function in liver and muscle[196]. Sirt4 reduces plasma FFA but, in turn, increases reactive oxygen species. In obese patients with NAFLD, the combination of FFA and oxidative stress products results in endothelial dysfunction and can be a coronary risk factor[197]. Oxidative stress is an important feature of the pathogenesis of NAFLD. As IGF-1 is known to have antioxidative effects and improve mitochondrial function, low IGF-1 levels may enhance oxidative stress and promote NAFLD[198,199].

Interventional studies regarding GH substitution are controversial. Some studies found an improvement after GH replacement[200], whereas others found only a reduction of abdominal and visceral fat without any impact on liver fat[201]. In one study the prevalence of NAFLD among patients with GHD was significantly higher than among controls (77% vs 12%, P < 0.001)[200]. After the introduction of GH replacement therapy, a reduction in the levels of liver enzymes and fibrosis markers (hyaluronic acid and type Ⅳ collagen) were noticed. Six months of GH-replacement therapy improved NASH and reduced oxidative stress[202]. GH replacement therapy also decreased serum levels of hsCRP and TNF-, and drastically reversed NASH[202].

To our knowledge, there is data concerning NAFLD in acromegalic patients.

Hyperprolactinemia: Prolactin may be elevated in diverse conditions such as pituitary adenomas or by certain drugs. Hyperprolactinemia is seen in men with liver disease as well and is unrelated to the presence of gynecomastia[203]. Prolactin is not only a lactotroph hormone, but also regulates enzymes and transporters associated with glucose metabolism (stimulates insulin secretion) and lipid metabolism (suppresses lipid storage and adipokine release)[204-206]. Furthermore, adipose tissue produces prolactin in an autocrine and paracrine manner. Therefore, a potential role of prolactin in NAFLD may be evoked but has never been studied.
Bromocriptine, a dopamine agonist, has been linked to improvements in obesogenic behaviors, hepatic lipid accumulation, glucose tolerance and mitochondrial oxidative stress in rats and was therefore proposed as a therapy for NAFLD[207]. However, prolactin levels were not measured in the study.

Thyroid gland: hypothyroidism

Thyroid hormones play an important role in hepatic lipid metabolism, increasing hepatic lipogenesis and enhancing -oxidation[208]. Increased fatty acid oxidation may produce reactive oxygen species, damaging hepatocytes[209]. Therefore, hypothyroidism is associated with reduced lipolysis and decreased liver uptake of FFA derived from triglycerides. Moreover, thyroid hormones modify hepatic fat accumulation, affecting adiponectin regulation. Hence, thyroid hormones could control the development of fibrosis through the modulation of adiponectin[209,210]. Increased leptin and FGF21 secretion may also play a role in this pathogenesis[209].

Thyroid hormones mediate their actions through thyroid hormone receptors. Thyroid receptor  (THR) is ubiquitously expressed and THR is mainly expressed in the liver, brain and kidney[211]. Rodent studies show that THR agonists diminish hepatic lipid accumulation[212]. Mice lacking THR do not develop high-fat diet-induced hepatic steatosis and IR[213]. Moreover, hypothyroidism has been associated with disorders of glucose and insulin metabolism involving IR[214] which can influence the development of fatty liver disease. The relationship between thyroid dysfunction and NAFLD is controversial. Both diseases share common features such as metabolic syndrome, obesity, IR and the disturbance of lipid metabolism[209]. There is, however, no proven cause-effect relationship between the two conditions. In an Indian cohort, patients with NAFLD had higher thyroid stimulating hormone (TSH) levels and lower free thyroxine levels than control subjects[215]. Overt hypothyroidism has been associated with NAFLD[216,217] with a prevalence of 30.2% vs 19.5% in control subjects, even after adjusting for age, gender, BMI, diabetes and hypertension[218]. In a Chinese study, the prevalence of NAFLD increased in parallel to the degree of hypothyroidism: 29.9% for subclinical hypothyroidism and 36.3% for overt hypothyroidism. Each 1U/L increment of TSH was associated with a 20% increase in NAFLD prevalence, independently of classical risk factors[217]. These findings were confirmed by other studies[218,219]. Several studies demonstrated that an increased TSH level is an independent risk factor for NASH in patients with NAFLD[220]. In a recent cross-sectional study, compared to the low normal range (< 2.5 mIU/L), TSH levels within the upper normal range (2.5-4.5 mIU/L) were associated with a 40% increased risk for NAFLD after adjusting for age, gender, BMI, waist circumference, triglyceride levels, HDL cholesterol levels, hypertension, and diabetes[217]. However, in an Iranian cohort, there was no statistically significant difference in serum TSH, free T4 or free T3 levels between participants with or without NAFLD[221]. Moreover, a study by Mazo et al[222] did not show any statistically significant association between NASH and hypothyroidism. Nevertheless, a recent systematic review of 11 studies on this subject suggests that hypothyroidism is an independent risk factor for NAFLD. The prevalence of hypothyroidism ranged from 15.2% to 36.3% among patients with NAFLD/NASH[209]. Although this association has not been uniformly reported, further research is needed to confirm previous findings. However, it is unclear whether a low-normal thyroid function, but still within the euthyroid range, is related to NAFLD[223]. A cross-sectional study in euthyroid elderly Chinese individuals found that the prevalence of NAFLD is negatively correlated with serum free thyroxine[224]. An Italian retrospective study showed that serum gamma-glutamyltransferase and ALT concentrations increase steadily along with TSH categories, after adjusting for gender, age, lipids and fasting glucose concentrations[225]. It is important to determine whether hypothyroidism has an impact on NAFLD pathogenesis, as hypothyroidism is easily identifiable and treatable. Conversely, hepatic steatosis may influence thyroid function[226].

The use of thyromimetics, which are thyroid hormone analogs that either have selective effects on the liver or the heart, or bind selectively to TR rather than to TR without cardiac side effects, are under consideration. Such compounds could be powerful new tools to address some of the largest medical problems in developed countries, i.e., obesity and related disorders such as NAFLD[227]. Interestingly, thyroid hormones also exert non-genomic effects attributable to naturally occurring iodothyronines apart from T4 and T3[228]. Further studies are needed in this field.

To our knowledge, there is no association between hyperthyroidism and NAFLD.

Adrenal gland

Different pathologies can affect the adrenal gland, several of which appear to relate with NAFLD. One study on patients with adrenal incidentalomas found that there is no increased incidence of NAFLD in these patients[229].

Glucocorticoids - Cushing syndrome: Hypercor​tisolism shares metabolic features with metabolic syndrome like IR, dyslipidemia, hypertension, visceral obesity and hepatic steatosis. Cortisol is known to impair insulin sensitivity, directly by interfering with the insulin receptor pathway or indirectly by stimulating lipolysis and proteolysis, thereby increasing FFA and amino acid release. In addition, plasma glucose is increased due to stimulated gluconeogenesis[230].
However, patients with Cushing’s syndrome have a low prevalence of hepatic steatosis[231], esti​mated at 20%[232]. It is hypothesized that there is a local increase of available glucocorticoids through the enzymatic activity of 11-hydroxysteroid dehy​drogenase type 1 (11-HSD1)[233]. Indeed, in obese individuals, there is increased regeneration of cor​tisone to cortisol mediated by increased activity of 11-HSD1. This enzyme is expressed in the brain, adipose tissue and liver[234], and converts cortisone into active cortisol, which is able to promote metabolic changes[235]. However, not all studies have shown an increase of 11-HSD1 activity in obese patients[236]. Another possible factor in NAFLD pathogenesis in Cushing syndrome is decreased clearance of cortisol through A-ring metabolism (5- and 5-reductase). Indeed, 5-reductase type 1 deletion accelerates the development of hepatic steatosis[237]. In the early stages of NAFLD, only hepatic steatosis is observed. During this time, to protect the liver from cortisol exposure, 5-reductase activity is increased, thus increasing cortisol clearance. Concomitantly, 11-HSD1 activity is decreased, decreasing cortisol production, which results in hypothalamic-pituitary-adrenal axis activation[238]. In the latter stages of NAFLD, especially in NASH, there is an increase in hepatic 11-HSD1 expression[239], which increases intra-hepatic gluco​corticoid levels. In addition, increased expression of glucocorticoid receptor  and decreased activity of 5-reductase accentuate this mechanism, resulting in hepatic lipid accumulation. Therefore, progression of NAFLD is complex, with a switch from glucocorticoid inactivation to activation[240].

11-HSD1 inhibitors are currently being developed to impair this phenomenon. Such an approach may be beneficial during the initial phase of steatosis but deleterious afterwards, notably by increasing inflammation[240].

Low levels of dehydroepiandrosterone/dehydroe​piandrosterone sulphate: The effects of low levels of dehydroepiandrosterone (DHEA), an important and abundant steroid that influences oxidative stress, insulin sensitivity and expression of PPAR, is controversial. A positive relationship between histologically advanced NAFLD and low levels of dehydroepiandrosterone sulphate (DHEA-S) has been found, but the study was performed with two different groups, one in obese patients undergoing surgery and the other in suspected NAFLD patients[241]. Indeed, low serum levels of GH and DHEA are very common in patients with NASH and more advanced fibrosis[242]. Moreover, another group found high levels of DHEA-S in patients with NAFLD, but NAFLD wasn’t histologically diag​nosed[243]. Therefore, it remains unclear whether DHEA plays a role in NAFLD pathogenesis, or if this was an isolated finding.
Hyperaldosteronism: The Renin-Angiotensin-Aldosterone-System (RAAS) acts not only in the vascular system, but also in different organs such as the liver. Indeed, the angiotensin Ⅱ receptor 1 (AT1) and receptor 2 (AT2) are abundant in different tissues, and in the liver the former is expressed in hepatocytes, bile duct cells, HSC, KC, myofibroblasts, and vascular endothelial cells[244]. AT1 receptor activation by angiotensin Ⅱ induces HSC contraction and proliferation, causes oxidative stress, endothelial dysfunction, cell growth and inflammation[245]. The expression of AT2 in the liver has also been reported[246], with possible anti-fibrogenic effects.
An Italian cross-sectional pilot study found that in a selected population without other metabolic risk factors, patients with primary hyperaldosteronism and hypokalemia have a higher prevalence of NAFLD than normotensive controls[247]. Insulin sensitivity was lower in this group of patients, either impaired directly by aldosterone or indirectly by potassium loss[248]. Indeed, RAAS activation can increase IR. Angiotensin Ⅱ stimulates phosphorylation of serine residues in the insulin receptor -subunit and the p85 regulatory subunit of PI3-kinase, thereby inhibiting the interactions between these two components of the insulin signaling pathway[249]. Activation of NADPH oxidase subsequently generates reactive oxygen species which modulate the production of pro-inflammatory cytokines such as TNF- and IL-6, resulting in the impairment of insulin signaling[250]. There is a growing interest in using RAAS inhibitors to treat NAFLD. Indeed, blocking RAAS reduced fibrosis in an experimental model of hepatic fibrosis[251]. Telmisartan and valsartan improved transaminases levels and insulin sensitivity, and telmisartan also significantly decreased NASH activity score and fibrosis[252]. Despite encouraging results in animal studies, RAAS inhibitors do not show consistent efficacy in NAFLD patients. A recent study by Goh et al[253] demonstrated that in a hypertensive cohort with biopsy-proven NAFLD, patients treated with RAAS inhibitors had less advanced hepatic fibrosis, indicating a beneficial effect of this class of anti-hypertensive drugs. This effect remains controversial, however, as some studies did not observe any benefit of RAAS blockers on hepatic fibrosis[251,254].

Larger randomized clinical trials are needed to directly assess the effectiveness of angiotensin converting enzyme inhibitors and angiotensin Ⅱ receptor blockers in NAFLD.

TREATMENT

In endocrine disorders, the most appropriate course of action is first to treat the underlying disturbance. However, in the case of metabolic diseases such as diabetes or obesity, alternative approaches are needed.

Lifestyle is the first-line therapy[179,255]. A weight loss superior or equal to 7% improves histological disease activity[179]. Diet and exercise improve weight loss, steatosis and lobular inflammation[256]. Dietary composition is important, as reducing carbohydrate or fat intake can reduce intrahepatic lipid content[257]. It is important to emphasize that certain diets such as the low carbohydrate and high fat diet or diets rich in fatty acids or refined carbohydrates may exacerbate NAFLD[255]. Ketogenic diets impair fibroblast growth factor 21 (FGF21) signaling and enhance lipid accumulation in the liver, which may explain hepatic inflammation[258]. Dietary interventions can also modify gut microbiota, as already discussed. However, aggressive weight loss (> 1.6 kg/wk) removes lipids and fatty acids from visceral fat that can be taken up by the liver, exacerbating hepatic inflammation[259]. Some diets are more prone than others to NAFLD. Notably, diets high in saturated fatty acids, low carbohydrate diets, or diets rich in refined carbohydrates such as soft drinks, can exacerbate NAFLD[255,260], although this issue is controversial.

Insulin sensitizers

IR plays a pivotal role in NAFLD pathogenesis. There​fore, insulin sensitizers have been proposed as a treatment. Metformin, a biguanide used for type 2 diabetes, decreases hepatic gluconeogenesis and lipogenesis[179,261]. However, there is no improvement in histology, and four randomized clinical trials have failed to demonstrate a significant beneficial impact of metformin on NAFLD progression[262]. Thiazolidinediones, PPAR agonists used for type 2 diabetes, have effects on adipose tissue and reduce liver fat deposition. They interact with metabolic regulators such as adiponectin, AMPK, Foxo1 and peroxisome proliferator-activated receptor gamma coactivator 1- (PGC-1)[263]. In the “Pioglitazone vs Vitamin E vs Placebo for Treatment of Non-Diabetic Patients with Nonalcoholic Steatohepatitis” (PIVENS) trial[264], pioglitazone failed to meet the primary end-point, i.e., improvement of histologic features of NASH (fibrosis score), but improved ALT/AST levels, hepatic steatosis, lobular inflammation, insulin sensitivity, and steatohepatitis. Vitamin E improved steatohepatitis but not significantly. A pilot study reported that pioglitazone improved biochemical and histological features of NAFLD (steatosis, cell injury, inflammation, Mallory bodies, fibrosis), but there was no control group[265]. Recently, Pawlak et al[266] showed that the transrepression activity of PPAR may prevent progression of NASH to liver fibrosis. A meta-analysis of seven randomized clinical trials with post-treatment histology reported that thiazolidinediones improved histological activity (steatosis, hepatic ballooning, inflammation), plasma glucose and lipid levels, and reduced the risk of fibrosis progression[179]. However, the side effects (increased weight, raised fluid retention and heart failure[267], fractures, and bladder carcinoma) may limit the use of this class of drugs. Four randomized clinical trials with either pioglitazone or rosiglitazone confirmed the improvement of steatosis, ballooning and lobular inflammation, but did not address the long-term effects[262]. Finally, incretins, neuroendocrine hormones produced by the gastrointestinal tract in response to food, stimulate insulin release and decrease glucagon levels. Glucagon-like peptide-1 agonists and dipeptidyl peptidase-4 inhibitors are currently being studied, and transaminase levels have been shown to be reduced under these treatments[268].

Lipid-lowering drugs

Two types of lipid-lowering agents have been used in clinical studies: 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors (statins) and ezetimibe. Statins have many effects, one of which is PPAR agonism. Unfortunately, only a few pilot studies with small cohorts have used statins in monotherapy to evaluate hepatic histology in NAFLD[269,270]. Hyogo et al[270] found that atorvastatin improved transaminases levels and steatosis, but four patients had progression of fibrosis. In another study, statins improved hepatic steatosis and transaminases levels[271] but the impact on histology was not addressed[179]. Ezetimibe, an antagonist of Niemann-Pick C1-like protein, a key player in cholesterol absorption from the small intestine, may have an impact on NAFLD, but large-scale studies are needed to confirm this effect[272]. The combination of statins and ezetimibe, along with lifestyle changes, may represent a useful approach[273]. In summary, both classes of lipid-lowering drugs show promising results but need further investigation.

Anti-hypertensive drugs

Angiotensin Ⅱ receptor blockers inhibit hepatic inflammation and fibrosis via inhibition of fibroblast activity and prevention of HSC proliferation. A few studies have shown an improvement in liver histology and transaminases levels with the use of angiotensin Ⅱ receptor blockers[274]. Both telmisartan and valsartan were beneficial, but there was only one randomized clinical trial[252]. Details of this trial were discussed above.

Anti-oxidants and cytoprotective agents

Anti-oxidant and cytoprotective therapies have been evaluated for their effects on the inflammatory component of NAFLD. Vitamin E was studied in the PIVENS trial[264] and found to significantly improve hepatic steatosis but not fibrosis. However, the safety of large doses of vitamin E must be demonstrated, as it can increase IR and plasma triglyceride levels[179,275].

Betaine, a metabolite of choline which reduces oxidative stress, was tested but did not improve steatosis[276]. Ursodeoxycholic acid, a bile acid with antioxidant properties, failed to improve histological features[277,278]. As for pentoxyphylline, a TNF- inhibitor, only one study showed an improvement in histology (steatosis and lobular inflammation, with only a trend for fibrosis) and transaminases levels[279].

Salsalate, a prodrug of salicylate with anti-inflam​matory effects, was found to decrease steatosis and can therefore represent a new target drug if confirmed in larger studies[280].

TNF- inhibitors like etanercept have been studied in patients with psoriasis. These inhibitors reduced transaminase and fasting insulin levels while exhibiting anti-inflammatory effects and improved insulin sen​sitivity.
Probiotics

Probiotics have been studied in a few trials, as pre​viously discussed in the section on gut microbiota.

FGF21 analogs

FGF21 is an endocrine factor of the fibroblast growth factor family that improves insulin sensitivity in rodent models of IR. Administration of FGF21 decreased hepatic fat content and improved glucose homeostasis in mice[281,282]. Increased serum levels of FGF21 are found in patients with NAFLD, perhaps due to FGF21 resistance[283-286]. FGF21 analogs have been studied in humans and improve dyslipidemia, decrease body weight and fasting insulin plasma levels and increase adiponectin levels[287]. Several drugs are thought to regulate the FGF21 pathway, including resveratrol, a natural Sirtuin1 activator[288]. In diabetic rhesus monkeys, FGF21 administration improves insulin sensitivity and the lipid profile[289]. The potential beneficial effects of FGF21 in NAFLD patients warrant further investigation.

Gastric bypass

Surgical procedures such as bariatric interventions (notably gastric bypass) may lead to the resolution of liver steatosis. In one study of patients biopsied at the time of bariatric surgery and at follow-up, hepatic fat content was reduced in 65 out of 91 patients, whereas increases in the steatotic score were observed in only three patients[290]. Another study of 90 biopsied bariatric surgery patients showed that 16 patients (18%) had the same degree of steatosis, 25 (28%) had improved steatosis, and 49 (54%) had normal hepatic tissue in the second biopsy[291]. A recent French prospective study of 109 patients with morbid obesity and histologically-proven NASH showed that, one year after bariatric surgery, NASH had disappeared in 85% of the patients. The results were better in patients with mild NASH before surgery (94%) than severe NASH (70%), according to the Brunt scores. Histologically, steatosis decreased from 60% of the tissue before surgery to 10%, hepatocellular ballooning was reduced in 84.2% of samples, lobular inflammation was reduced in 67.1% of samples and fibrosis was reduced in 33.8% of the patients, according to the Metavir scores[292]. However, the guidelines indicate that it is premature to consider bariatric surgery as an option to treat NASH[293].

Orlistat, a lipase inhibitor, was tested in a pilot study of 10 obese patients, resulting in weight loss and improved aminotransferase levels, steatosis, and fibrosis[294].

CONCLUSION
It is important to note that NAFLD, the most common chronic liver disease in Western countries, is intimately entangled with various endocrine diseases, sharing the keystone physiopathological mechanism of IR. In the coming years, genetics will allow us to better understand the interrelationships between these different entities in order to better target treatments. Additional studies are needed to reveal the subtle links between common diseases like NAFLD and hypothyroidism, for example, and ensure their inter​dependence. Regarding treatment, we have seen that many drugs are useful not only for preventing the evolution of liver disease, but also against IR found in metabolic diseases. Prevention of metabolic syndrome is still important to prevent progression of NAFLD. Reciprocally, both gastroenterologists and endocrinologists should consider the relationship between NAFLD and endocrine diseases in everyday medical practice.
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Figure 1  Endocrine diseases associated with nonalcoholic fatty liver disease. GH: Growth hormone; RAAS: Renin-angiotensin-aldosterone system; GI: Gastrointestinal.
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Figure 2  Schematic summary of nonalcoholic fatty liver disease pathophysiology according to the “two-hit hypothesis”. VAT: Visceral adipose tissue; FFA: Free fatty acid; TG: Triglycerides; PAI-1: Plasminogen activator inhibitor-1; TNF-: Tumor necrosis factor ; IL-6: Interleukin 6; ROS: Reactive oxygen species; TLR-4: Toll-like receptor 4; DAG: Diacylglycerols; ER: Endoplasmic reticulum; NASH: Non-alcoholic steatohepatitis; HCC: Hepatocellular carcinoma; PNPLA3: Patatin-like phospholipase domain-containing protein 3; NF-B: Nuclear factor-kappa B; JNK: c-Jun N-terminal kinases; HSC: Hepatic stellate cells.
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Figure 3  Pathophysiological mechanisms linking polycystic ovary syndrome and nonalcoholic fatty liver disease. Ser: Serine; VAT: Visceral adipose tissue; glc: Glucose; SHBG: Sex hormone binding globulin; FFA: Free fatty acids; TG: Triglycerides; PAI-1: Plasminogen activator inhibitor 1; TNF-: Tumor necrosis factor ; IL-6: Interleukin 6.
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