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INTRODUCTION TO 
HEPATOCRINOLOGY

Definition and Scope of 
Hepatocrinology
Hepato cr inolog y  i s  an 

emerging yet pivotal  f ield 
of study that examines the 
intricate interplay between 
liver function and endocrine 
disorders,  i l lustrat ing the 
pathophysiological mechanisms 
underlying various endocrine 
syndromes associated with 
hepat ic  dysfunct ion.  This 
evolving discipline is critical for 
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Abstract

Hepatocrinology is an emerging interdisciplinary field that examines the bidirectional interactions between 
the liver and the endocrine system, emphasizing how hepatic dysfunction influences hormonal regulation 
and how endocrine disorders, in turn, shape liver metabolism, inflammation, and disease progression. This 
review summarizes current theoretical frameworks, including hepato-endocrine axes, hepatokine signaling, 
and multi-organ communication models, highlighting the liver’s role as a central endocrine hub. Key hepatic 
hormones, transport proteins, and hepatokines such as fetuin-A, fibroblast growth factor 21, and selenoprotein 
P are discussed in relation to metabolic disorders including metabolic dysfunction-associated steatotic liver 
disease, metabolic dysfunction-associated steatohepatitis, polycystic ovary syndrome, diabetes, and advanced 
chronic liver disease. The review further explores hormonal axes involving the thyroid, pancreas, adrenal 
glands, parathyroids, and gonads, illustrating their complex interplay with hepatic physiology. Current 
challenges, such as limited long-term studies and therapeutic controversies, are examined alongside emerging 
directions involving hepatokine-targeted therapies, precision medicine, and microbiome-driven modulation. 
Understanding these interconnected pathways is essential for improving diagnostic accuracy, risk stratification, 
and therapeutic strategies in hepato-endocrine disorders.
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hormone–binding globulin; TBG: thyroid-binding globulin; T2DM: type 2 diabetes.

understanding how liver diseases can exacerbate, provoke, and 
produce endocrine dysfunction, ultimately affecting patient 
management and treatment outcomes.

The scope of hepatocrinology extends beyond the 
observation of liver-related hormonal activity; it integrates 
the roles of hepatic metabolites and proteins, establishing 
a complex framework for understanding the many-sided 
relationships between liver health and endocrine regulation. 

Historical Context and Evolution of the Field
Hepatocrinology, introduced in 2021 by Kalra et al. 

[1], defines a complex bidirectional relationship between 
hepatic physiology and endocrine function, liver disease 
and endocrine dysfunction, hepatotropic medications and 
endocrine function, and endocrine medications and liver 
health. 
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Advances in this field have expended our understanding 
of liver physiology and its hormonal outputs. Theoretical 
frameworks within hepatocrinology provide essential models 
for exploring these relationships, enabling the conception of 
comparative analyses that enhance the underlying biological 
processes. Recent advancements have uncovered novel 
insights into hepatic hormone functions and technological 
innovations that promise to transform our approaches to 
diagnosis and treatment. However, the field has its challenges 
and controversies, as unresolved questions and debates 
regarding therapeutic strategies persist. This literature review 
aims to synthesize the current knowledge in hepatocrinology, 
highlighting key findings and their implications for future 
research endeavors, and to underline the necessity of a 
multidisciplinary approach to address the complexities of 
hepatocrinology and its associated disorders [2]. 

THEORETICAL FRAMEWORKS IN 
HEPATOCRINOLOGY

Hepatocrinological frameworks emphasize inter-organ 
communication mediated by hepatokines, metabolites (bile 
acids, ketone bodies), and neural pathways. Disruption of 
these networks contributes to insulin resistance and metabolic 
syndrome.

Hepato-Endocrine Axis
This classic perspective treats the liver and endocrine system 

as mutually influential; for example, multiple dysfunctions in 
endocrine organs can cause impairment of liver function, while 
chronic liver diseases may trigger endocrine disorders [3]. 

Hepatokine/Secretome-centered Model
The liver is a secretory organ that releases hepatokines, 

liver-derived proteins, metabolites, and non-coding RNAs, 
which act on distant tissues. Key hepatokines play important 
roles in regulating insulin sensitivity, lipid metabolism, and 
inflammation. These factors are dynamically regulated by 
nutritional and hormonal cues, their secretion can occur via 
classical secretory pathways or extracellular vesicles, such as 
exosomes [4]. 

Organ-Communication System
This model emphasizes network-level interactions, wherein 

the liver interacts with other metabolic organs (pancreas, 
adipose tissue, and brain) through hepatokines, metabolites 
(ketone bodies and bile acids), and neural pathways [5]. 

Pathophysiological Framework
In this view, specific liver diseases, like metabolic 

dysfunction-associated steatotic liver disease (MASLD), 
metabolic dysfunction-associated steatohepatitis (MASH), 
cirrhosis are not just pathological endpoints but contexts that 
reshape endocrine signaling. For example, MASLD alters the 
profile of hepatokine secretion, contributing to systemic insulin 
resistance and metabolic syndrome (MS) [6]. 

Regulatory Feedback-Loop
A more recent view identifies feedback loops between the 

liver and the endocrine organs. For instance, the liver regulates 

pancreatic α-cell mass and glucagon secretion via amino acid 
signaling; hormones such as insulin-like growth factor (IGF) 1, 
produced by the liver in response to growth hormones, further 
modulate systemic growth and metabolism [7]. 

HORMONAL REGULATION IN 
HEPATOCRINOLOGY

The liver functions as an endocrine gland through synthesis 
of hormones such as IGF1 and IGF2, angiotensinogen, 
thrombopoietin, hepcidin, and 25(OH)D, secretion of 
hepatokines, and secretes hormone-binding proteins, such 
as thyroid-binding globulin (TBG), sex hormone–binding 
globulin (SHBG), corticosteroid-binding globulin (CBG), 
insulin-like growth factor-binding proteins (IGFBPs) and 
vitamin D-binding proteins. 

Roles and Mechanisms of Liver-Derived Hormone
Insulin-like growth factors 1 and IGF-2 are primarily 

synthesized in the liver and play central roles in cell 
proliferation, differentiation, and growth through endocrine 
and local autocrine/paracrine mechanisms [8]. Insulin-like 
growth factor 1 is produced in response to growth hormone 
and is essential for metabolic homeostasis, cellular turnover, 
and somatic growth, exerting anabolic effects in adults and 
mediating growth and development in children. Insulin-like 
growth factors 2 is predominantly expressed during fetal life 
and, after birth, remains active in the liver and select epithelial 
tissues, where it contributes to growth regulation [9, 10]. 

Various liver diseases can disrupt the secretion of hepatic 
enzymes, hormones, and proteins, which in turn may 
contribute to impairment of brain function (Fig. 1).

Angiotensinogen is an α-globulin produced in multiple 
tissues, particularly in the liver. This protein is a key component 
of the renin–angiotensin–aldosterone system (RAAS). 

 

 

 

Fig. 1. Brain impairment in hepatic disorders 

  

Fig. 1. Brain impairment in hepatic disorders. NAFLD: non-alcoholic 
liver disease; NASH: non-alcoholic steatohepatitis; HE: hepatic 
encephalopathy; AHCD: acquired hepatocerebral degeneration.
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Angiotensinogen is broken down in the juxtaglomerular 
apparatus to produce angiotensin I, which is then transformed 
into angiotensin II by the angiotensin-converting enzyme. 
Angiotensin II serves a crucial role in controlling blood 
pressure and maintaining electrolyte balance [11-13]. 

The liver is the primary producer of thrombopoietin, a 
hematological cytokine that is essential for controlling platelet 
formation. It increases the proliferation and maturation of 
megakaryocyte precursors in the bone marrow, ultimately 
limiting the number of circulating platelets and contributing 
to appropriate hemostasis [14]. 

Hepcidin is a peptide hormone generated by hepatocytes 
and is the major regulator of systemic iron homeostasis. It 
modulates plasma iron levels by decreasing intestinal iron 
absorption and blocking iron release from macrophages and 
from hepatocytes, hepcidin helps maintain the balance of iron 
stores and prevents both iron deficiency and overload [15]. 

Hormone Transport Proteins
The liver secretes hormone transport proteins, through 

which it modulates endocrine function. Several examples of 
these proteins and their respective roles are outlined below.

Thyroid hormone-binding proteins include TBG, 
albumin, and prealbumin. TBG transports over 99% of 
circulating thyroid hormones, ensuring the maintenance of 
thyroid hormone concentrations and their accessibility in 
tissues. Thyroid hormone binding proteins uphold endocrine 
homeostasis and regulation of metabolic functions in which 
are involved [16]. 

Adrenal hormone-binding proteins. Corticosteroid-
binding globulin (CBG), synthesized in the liver, is the main 
carrier of glucocorticoids in the circulation, regulating their 
bioavailability. About 80–90% of glucocorticoids bind to CBG, 
15–20% to albumin, and roughly 5% remain free. CBG levels 
are often decreased in liver disease [17]. 

Sex hormone–binding globulin primarily secreted by 
hepatocytes, transports gonadal steroids such as estrogen 
and testosterone, regulating their circulating levels. SHBG 
serves as an early biomarker for PCOS and can guide 
therapeutic strategies. Levels decrease in cardiovascular disease, 
inflammation, type 2 diabetes (T2DM), and liver steatosis, but 
increase with weight loss [18-20]. 

Insulin-like growth factor-binding proteins. There are six 
IGFBPs that regulate cellular processes such as proliferation, 
migration, and angiogenesis through both IGF-dependent 
and IGF-independent mechanisms, including interactions 
with non-IGF proteins and transcriptional modulation [18]. 

Hepatokines 
The liver functions as an active endocrine organ, 

communicating with muscles, adipose tissue, pancreas, and 
brain via hepatokines, bioactive proteins with signaling roles. 
Among the most studied are fetuin A, fetuin B, fibroblast 
growth factor (FGF) 21, selenoproteins, angiopoietins 
(ANGPTs), and follistatin (FST). 

Fetuin A is elevated in obesity, hepatic steatosis, insulin 
resistance, T2DM, inflammation, and cardiovascular disease [19]. 
Fetuin B correlates with hepatic steatosis, glucose intolerance, and 
T2DM by mediating hepatic glucose synthesis [20]. 

Fibroblast growth factor 21 regulates carbohydrate and 
lipid metabolism, with expression increasing in NASH, insulin 
resistance, fasting, and exercise [21]. 

Selenoproteins are linked to insulin resistance and 
hepatic steatosis, supporting redox balance, thyroid hormone 
metabolism, and immune regulation [22]. 

Angiopoietin 2 modulates angiogenesis, vascular 
remodeling, and inflammation, typically promoting vascular 
instability compared with the stabilizing ANGPT1 [23-25].  
Follistatin regulates cell growth, inflammation, reproductive 
function, and muscle development, expressed in multiple 
tissues and modulating growth factor activity to maintain 
physiological balance [26, 27]. 

HEPATIC DISORDERS AND THEIR 
IMPACT ON ENDOCRINE FUNCTIONS

Common Hepatic Disorders
Chronic liver disease (CLD) arises from diverse causes, 

including viral infections, toxins, autoimmunity, metabolic 
disorders, and genetic abnormalities, with endocrine 
dysfunction often exacerbating metabolic, inflammatory, and 
fibrotic processes [28]. 

Metabolic dysfunction-associated steatotic liver disease 
is marked by hepatocellular lipid accumulation without 
significant fibrosis but can progress to MASH, fibrosis, 
cirrhosis, and hepatocellular carcinoma [29, 30]. MASLD is 
frequently asymptomatic and detected incidentally through 
routine testing. The liver is the main source of circulating 
IGF-1, and reduced IGF-1 levels - common in MASLD, hepatic 
steatosis, fibrosis, and growth hormone (GH) deficiency-
reflect impaired hepatic synthesis and contribute to disease 
pathogenesis via the GH-IGF1 axis, modulated by liver-
produced IGFBPs [30-33]. 

Similarly, decreased SHBG increases androgen bioavailability, 
promoting hepatic steatosis, systemic inflammation, and 
progression of liver dysfunction, particularly in PCOS patients 
[34, 35]. 

In MASH, disrupted hepatokine signaling drives progression 
from steatosis to inflammation and fibrosis. This process 
overlaps with metabolic syndrome, involving obesity, insulin 
resistance, hypertension, and glucose dysregulation [36]. 

Fetuin-A, a key hepatokine, rises in response to free fatty 
acids and glucose, promoting insulin resistance by inhibiting 
insulin receptors and activating inflammatory pathways via 
Toll-like receptor 4 (TLR-4). Other hepatokines show similar 
contributions to MASLD pathophysiology. For example, 
ANGPT 3 suppresses lipoprotein lipases, leading to abnormal 
lipid levels and worsening insulin resistance. This contributes 
to hypertriglyceridemia and accelerates hepatic steatosis. 
FGF21, usually increased in this condition, helps regulate 
glucose and lipid metabolism, acting like a stress-response 
hormone; however, its effects become less effective when the 
liver is insulin-resistant [37] (Fig 2.).

In MASLD, interleukin (IL)-1–mediated inflammation 
promotes hepatic steatosis and fibrosis and can transiently 
suppress fetuin-A production by interfering with its 
transcription. However, in chronic metabolic conditions, 
persistent elevated fatty acids override this effect, leading 
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to increased fetuin-A levels. These processes contribute 
to MASLD/MASH progression and may ultimately drive 
advanced chronic liver disease (ACLD) [38]. 

HORMON-METABOLIC CROSSTALK 
BETWEEN LIVER AND ENDOCRINE 
ORGANS

The Role of the Thyroid Gland
The liver plays a central role in thyroid hormone (TH) 

metabolism, which regulates hepatocyte growth, carbohydrate, 
lipid, and protein metabolism. Thyroid dysfunction can 
significantly impact liver function tests by disrupting these 
pathways [38]. 

Hypothyroidism contributes to MASLD by impairing 
lipid clearance, altering adipocytokine levels, and promoting 
hepatic inflammation and fibrosis [39]. Levothyroxine therapy 
improves hepatic lipid metabolism in overt hypothyroidism, 
and THRβ-selective agonists offer targeted treatment for 
metabolic liver disease [40, 41]. Hyperthyroidism can cause 
hepatocellular or cholestatic injury due to increased metabolic 
demand and hypoxic stress, leading to oxidative damage and, 
rarely, acute liver failure [42, 43]. Thyroid dysfunction may 
also impair bile flow, increasing the risk of biliary stones and 
complicating the diagnosis of ACLD [44]. 

Cholestatic injury in thyrotoxicosis may be exacerbated 
by cardiac impairment and can resolve with restoration of 
euthyroid status via antithyroid therapy or radioiodine ablation 
[42, 45, 46]. 

Drug-induced liver injury (DILI), particularly from 
antithyroid medications, is another potential contributor, 
with I-131 considered safer in patients with pre-existing liver 
disease [47-49]. 

Parathyroid Glands, Bone Health, and Liver Problems
While the liver-parathyroid axis is not completely 

understood, it mainly deals with the regulation of calcium 
and phosphate metabolism, which is frequently disrupted 
in CLD. Parathyroid hormone (PTH), may become 
dysregulated in liver dysfunction, leading to secondary 
hyperparathyroidism and hepatic osteodystrophy. In cases 
of cirrhosis, the liver’s reduced production of IGF-1 is linked 
to impaired bone mineralization and a heightened risk of 
developing osteoporosis, primarily due to disrupted bone 
remodeling, which is characterized by decreased osteoblast 
activity and extended osteoclast lifespan. Elevated PTH 
levels have also been linked to MASLD and may serve as 
a biomarker for the disease. Although a direct connection 
with MASH was not statistically significant, the data suggests 
a possible pathogenic role. Additionally, hypercalcemia 
resulting from primary hyperparathyroidism can cause 
hepatic calcifications and gallstones, further impairing the 
liver function. These findings highlight the importance of 
monitoring PTH, calcium, and IGF-1 levels in patients with 
CLD to maintain bone health and prevent liver complications 
(Fig 3.)

The Pancreas-Liver Axis: Hormonal Interactions in 
Glucose and Lipid Metabolism
The pancreas and liver work closely together through 

the pancreas–liver axis to maintain proper glucose and lipid 
metabolism. The pancreas releases insulin from β-cells and 
glucagon from α-cells, these hormones act in opposite ways 
in the liver. Insulin supports glucose uptake, glycogen storage, 
and fat creation, while glucagon triggers the breakdown of 
glycogen, the production of new glucose, and the burning of 
fatty free acids (FFA) [50, 51]. 

 

 

 

 

Fig. 2.  The liver action as an endocrine organ 

  

Fig. 2. The liver action as an endocrine organ. ANGPT4: angiopoietin-like protein 
4; FGF21: fibroblast growth factor 21; DPP4: dipeptidyl peptidase-4; HFREP1: 
hepatocyte-derived fibrinogen-related protein 1; RBP4: retinol-binding protein 4; 
SeP: selenoprotein P; TSK: Tsukushi,a hormone-like protein; LECT2: leukocyte 
cell-derived chemotaxin 2; PEDF2: pigment epithelium-derived factor; SHBG: 
sex hormone-binding globulin.
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Hepatic insulin resistance arises when the liver’s response 
to insulin diminishes, leading to increased gluconeogenesis 
and glycogenolysis. This condition is often caused by obesity, 
chronic inflammation, and the buildup of FFA. When this 
function is compromised, these processes are disrupted, and 
alternative pathways may be engaged, albeit less effectively [52]. 

Peripheral insulin resistance impacts skeletal muscle, 
adipose tissue, and other organs, leading to decreased glucose 
uptake and utilization. Unlike hepatic insulin resistance, 
peripheral insulin resistance hampers systemic glucose 
disposal, contributing to hyperglycemia, especially in patients 
with T2DM. Key contributors to this resistance include obesity, 
sedentary lifestyle, and chronic inflammation driven by 
reactive metabolites, cytokines, and adipokines. These factors 
interfere with insulin receptor signaling and downstream 
effectors across various organs, including muscle, heart, kidney, 
and pancreas [53-55] (Fig 3.).

Lifestyle changes remain the primary treatment. Weight 
loss, diet and exercise enhance insulin sensitivity and liver 
histology in MASLD patients. Among pharmacological 
treatments, pioglitazone has the most substantial evidence for 
improving steatosis, inflammation, and potentially fibrosis; 
however, its use is limited in decompensated cirrhosis. 
Glucagon-like peptide-1 (GLP-1) receptor agonists aid in 
weight loss and MASH resolution, with semaglutide showing 
significant efficacy in improving histology without worsening 
the fibrosis. Sodium-glucose transport protein 2 (SGLT2) 
inhibitors may also reduce liver fat and improve metabolic 
parameters, although the histological benefits remain 
uncertain. Meanwhile, metformin and dipeptidyl peptidase-4 
(DPP4) inhibitors have not shown histological improvements, 
although metformin may offer some protection against 
hepatocellular carcinoma [56]. 

Hyperglucagonemia, often observed in T2DM, 
contributes to l ipid dysregulation and MASLD 
progression. Chronic glucagon elevation promotes ongoing 

gluconeogenesis and amino acid breakdown, increasing 
the levels of substrates such as glycerol, acetyl-CoA, and 
FFA. These excess substrates are redirected towards de 
novo lipogenesis, contributing to the buildup of hepatic 
triglycerides. Glucagon also suppresses FST, impairing 
lipid metabolism regulation and promoting steatosis. 
Additionally, glucagon signaling affects key genes, such as 
PNPLA3, which is linked to impaired triglyceride hydrolysis 
and MASLD susceptibility [57, 58]. Excessive glucagon also 
disrupts mitochondrial function by influencing energy-
regulating factors. This shift encourages fat buildup and 
triggers inflammation, contributing to the progression from 
MASLD to MASH [59]. 

Chronic Low-grade Inflammation
Interleukin-1 promotes insulin resistance and liver 

dysfunction in obesity, metabolic syndrome, T2DM, and 
MASH by driving chronic innate immune activation. In 
hypertrophic adipose tissue, IL-1–mediated inflammation 
recruits proinflammatory macrophages, disrupts insulin 
signaling, and enhances lipolysis, increasing circulating 
FFAs that accumulate in liver and muscle. Interleukin-1 also 
impairs pancreatic β-cell function, reducing insulin secretion. 
Together, IL-1 signaling and altered hepatokines contribute 
to MASLD progression and represent potential therapeutic 
targets [60-62]. 

The Crosstalk Between the Adrenal Glands and Liver
Adrenal hormones, particularly cortisol and aldosterone, 

regulate metabolism and liver function. Cortisol supports 
glucose homeostasis and the oxidative stress response by 
stimulating hepatic gluconeogenesis. Chronically elevated 
cortisol, as in Cushing’s syndrome, induces hyperglycemia, 
insulin resistance, and MASLD, with up to 20% of patients 
developing hepatic steatosis that can progress to cirrhosis 
[63, 64]. 

 

 

 

Fig. 3. Hormon-metabolic implications between liver and key organs 

  

Fig. 3. Hormon-metabolic implications between liver and key organs. AND: autonomic 
nervous system. SCFA: short chain fatty acid; BA: bile acid.



Hepatocrinology� 291

J Gastrointestin Liver Dis, June 2026 Vol. 35 No 2: 286-295

Aldosterone plays a crucial role in regulating  blood 
pressure  and maintaining  electrolyte balance  and the 
progression of cirrhosis. Secondary hyperaldosteronism 
develops in liver dysfunction; the mechanism can be 
summarized as a reduced effective arterial blood volume due to 
splanchnic vasodilation and portal hypertension that activates 
the RAAS, resulting in aldosterone hypersecretion, stimulating 
sodium retention, which leads to water retention, ascites, and 
portal hypertension [65, 66]. 

Furthermore, this hormone increases inflammation 
by promoting oxidative stress and fibrosis through 
mineralocorticoid receptor activation in non-epithelial tissues. 
In cirrhosis, it worsens liver fibrosis by activating hepatic 
stellate cells and increasing extracellular matrix production. 
Elevated aldosterone also impairs insulin signaling, reducing 
glucose uptake and contributing to insulin resistance [67]. 

Consequently, therapeutic interventions, including 
mineralocorticoid receptor antagonists, are useful in treating 
complications associated with cirrhosis. ACLD contributes to 
the development of adrenal insufficiency, while dysfunction of 
the adrenal glands can subsequently aggravate hepatic injury. 
Furthermore, adrenal dysfunction influences hepatic drug 
metabolism, which may lead to [68, 69]. 

In ACLD, the “hepato-adrenal syndrome,” is a common 
complication arising from disrupted hypothalamic-pituitary-
adrenal axis regulation, decreased hepatic clearance of 
hormones, reduced cholesterol synthesis, and increased 
systemic inflammation. Hepatocyte dysfunction lowers 
cholesterol availability essential for cortisol production, 
inhibited by inflammatory cytokines [70]. Additionally, 
decreased CBG and albumin levels limit total serum cortisol, 
making traditional tests unreliable, while salivary cortisol 
serves as a useful non-invasive marker [71]. 

The Impact of Sex Hormones on Liver Function and 
Disease Progression
Sex hormones, such as testosterone and estrogens, have a 

major influence on liver functions and metabolic processes. 
In liver disfunction, this balance can be lopsided, causing 
multiple effects [72]. Estrogens function by upregulating 
HDL and downregulating LDL levels offering cardiovascular 
protection in young women. These effects are managed through 
signaling pathways that involve estrogen receptors (ER) α and 
β. These receptors control the transcription of genes related 
to lipogenesis, fatty acid oxidation and cholesterol transport. 
Specifically, ERα signaling offers protection against  hepatic 
steatosis  and fibrosis by activating pathways that decrease 
oxidative stress and inhibit pro-inflammatory cytokines like 
tumor necrosis factor (TNF)-α and IL-6 [73, 74].

Prolonged exposure to estrogens heightens the likelihood of 
benign hepatic neoplasms (hepatic adenomas, hemangiomas, 
and focal nodular hyperplasia). When estrogen signaling is 
reduced or disrupted, the liver becomes more vulnerable to 
fat accumulation, inflammation, and fibrosis. Animal studies 
lacking ERα reinforce this, showing increased hepatic steatosis, 
insulin resistance, and fibrosis [74, 75]. 

Testosterone supports protein synthesis and mitochondrial 
function; therefore, testosterone deficiency exacerbates 
metabolic dysfunction, including muscle wasting, reduced 

glucose uptake, and dysregulated lipid metabolism and 
accelerates liver disease progression. In these pathologies, low 
levels of testosterone and free testosterone have been associated 
with higher disease severity, including higher rates of hepatic 
encephalopathy, ascites, and overall higher mortality rates 
[76, 77]. 

Moreover, the enzymatic activity of aromatase within the 
cirrhotic liver and adipose tissue enhances the transformation 
of testosterone into estradiol, thereby exacerbating 
hyperestrogenism [78]. This reduction in testosterone levels 
is attributable to compromised hepatic production of SHBG, 
which consequently elevates the bioavailability of estrogens 
while diminishing circulating testosterone. Diminished 
testosterone concentrations further exacerbate insulin 
resistance by hindering glucose absorption in skeletal muscle 
and lipid accumulation in adipose tissue [79]. 

HEPATIC DYSFUNCTION AND 
HORMONAL IMBALANCE 

Growth hormone is produced by the pituitary gland and 
stimulates hepatic production of IGF-1. Growth hormone 
and IGF-1 levels are reduced to approximative 25% of the 
normal circulating levels in obesity. Growth hormone also 
acts as an anti-inflammatory cytokine, with additional 
immunomodulatory properties that may be beneficial 
to patients with MASLD and MASH. Low-dose GH 
administration with augmentation to the upper normal range 
in otherwise healthy adults with obesity and MASLD improves 
hepatic steatosis, hepatocellular damage and increase muscle 
mass [80, 81]. 

Thyroid hormones have long been known to improve 
metabolic health and substantially lower LDL cholesterol, 
but early liver-targeted THRβ agonists were limited by side 
effects. Growing evidence links reduced thyroid hormones 
activity both systemic and within the MASLD. Hypothyroidism 
and higher TSH levels are associated with increased MASLD 
risk. Liver tissue from MASLD patients shows reduced 
deiodinase 1, indicating impaired T4-to-T3 activation. Gene 
expression studies and animal models further support a state 
of intrahepatic hypothyroidism in MASLD, and thyroid 
hormones or thyroid hormones analog treatment reduces liver 
fat in rodents [82]. 

In cultured HepG2-THRβ cells, thyroid hormones 
treatment increased mitochondrial respiration and fatty 
acid oxidation, as well as decreased lipopolysaccharides, 
inflammation and fibrosis. In mice with MASH, harmful 
lipid species accumulated, autophagy and lysosomal function 
were reduced, and mitochondrial biogenesis was impaired. 
Thyroid hormones treatment reversed these effects by lowering 
lipid levels, restoring autophagic and lysosomal activity, and 
improving mitochondrial biogenesis [83]. 

Steroid Hormone Regulation by the Liver
Glucocorticoids regulate stress responses, metabolism, and 

immunity. Their production depends heavily on liver-derived 
cholesterol. Excess glucocorticoids can worsen MASLD, while 
ACLD often causes adrenal insufficiency due to impaired 
cholesterol availability and inflammatory stress sometimes 
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termed “hepatoadrenal syndrome.” Overall, glucocorticoid 
imbalance and liver dysfunction influence each other 
bidirectionally [84]. 

Androgens influence glucose, lipid, and cholesterol 
metabolism. Low testosterone is associated with MASLD, 
MS, and altered lipid profiles. Androgen signaling also affects 
liver cancer risk; excessive androgen activity can promote 
hepatocellular carcinoma, and androgen receptor pathways 
are considered therapeutic targets [85]. The administration 
of synthetic anabolic steroids, particularly those that are 
17α-alkylated, has been associated with hepatotoxicity, 
primarily through the disruption of bile flow, leading to 
conditions such as cholestasis, peliosis hepatis, and hepatic 
adenomas. These anabolic agents modify hepatocellular 
functionality, resulting in elevated hepatic enzyme levels and 
increased oxidative stress, which can further aggravate hepatic 
injury [86, 87]. 

CHALLENGIES AND CONTROVERSITIES

Therapeutic Approaches
Therapeutic strategies in hepatocrinology remain 

controversial due to the pleiotropic nature of hepatokine 
signaling. While agents such as fibroblast growth factor 21 
(FGF21) analogs and GLP-1 receptor agonists demonstrate 
promising metabolic and hepatoprotective effects, concerns 
persist regarding durability of response, off-target actions, 
and inter-individual [88, 89]. Although Activin E or ANGPTL 
inhibitors show promise in correcting dysregulated lipid 
flux, concerns persist regarding potential disruption of 
inter-organ signaling pathways [90, 91]. Modulation of 
stress-responsive hepatokines, particularly those governed 
by ER-stress pathways, remains uncertain, as it is unclear 
whether cellular stress adaptation should be pharmacologically 
augmented or suppressed [92]. In the last 10 years, many new 
endocrine functions of the liver have been discovered [93, 94]. 
These studies have further insight into cirrhosis-associated 
endocrinopathies, such as hypogonadism, osteoporosis, IGF-
1 deficiency, vitamin D deficiency, alterations in glucose and 
lipid homeostasis, and adrenal insufficiency. Several novel 
endocrine functions of the liver have also been unraveled, 
elucidating the liver’s key negative feedback regulatory role 
in the pancreatic α cell-liver axis, which regulates pancreatic 
α cell mass, glucagon secretion, and circulating amino acid 
levels. Betatrophin and other hepatokines, such as fetuin-A and 
FGF21, have also been discovered to play important endocrine 
roles in modulating insulin sensitivity, lipid metabolism, and 
body weight. It is expected that more endocrine functions of 
the liver will be revealed in the near future [95]. The integration 
of microbiome-based approaches, such as bile acid modulation 
or postbiotic therapy, exemplifies another debated frontier, as 
emerging data support their influence on hepatokine secretion, 
yet questions remain about reproducibility, safety, and patient-
specific microbial signatures [93]. 

Implications for Future Research
Future directions in hepatocrinology:
• Central action of hepatokines: specific hepatokines 

exert direct effects on the central nervous system, influencing 

the regulation of appetite, energy expenditure, and overall 
metabolism [94] (Fig 4.);

• Stress-responsive hepatokine regulation: understanding 
how stress (oxidative, ER, inflammatory) shapes the hepatokine 
secretome could reveal how different liver disease patterns and 
their progression is modulated [95];

 

 

 

 

Fig. 4. Liver-Brain Axis 

Fig. 4. Liver-brain axis. BA: bile acids; SCFAs: short-chain fatty acids; 
LEAP2: liver-expressed antimicrobial peptide 2; LCN2: lipocalin 2; 
IGF1: insulin-like growth factor 1; FGF21: fibroblast growth factor 
21; APOE: apolipoprotein E; GDF15: growth differentiation factor; 
ANS: autonomic nervous system. 

• Inter-organ feedback axis: the Activin E–ALK7 loop 
demonstrates a key protective feedback system; the liver 
perceives metabolic stress signals (FFAs) and uses this loop for 
counter-regulation. Similar feedback mechanisms likely exist 
for other hepatokines, and identifying these pathways could 
be highly valuable [90];

• Hepatokine-based treatments: FGF21 is the major protein 
targeted, however newer hepatokines like Activin E offers 
alternative strategies. Activin E stimulates adipose lipolysis, 
targeting ALK7 receptors, offering a novel metabolic axis for 
therapy [96] 

• Safety and regulation: hepatokine-based therapies will 
need to be under strict evaluation of long-term effects, since 
these proteins can have pleiotropic roles [89]. 

CONCLUSIONS

The liver and endocrine system are closely interconnected, 
with dysfunction in one frequently influencing the other. 
Chronic liver diseases, including ACLD and MASLD, impair 
hormone metabolism, clearance, and feedback regulation, 
leading to endocrine disturbances such as thyroid dysfunction, 
glucose dysregulation, adrenal insufficiency, and reproductive 
disorders. These abnormalities may further aggravate liver 
injury and complicate clinical management. Recognizing this 
bidirectional relationship is essential for accurate diagnosis 
and optimal care. Routine hormonal assessment should 
be considered in patients with chronic liver disease, while 
liver function evaluation remains important in individuals 
with endocrine disorders. Future research should focus on 
integrated, individualized therapeutic strategies targeting both 
hepatic and endocrine dysfunction.

Conflicts of interest: None to declare.



Hepatocrinology� 293

J Gastrointestin Liver Dis, June 2026 Vol. 35 No 2: 286-295

Authors’ contributions: C.C.G.L. and M.G.B. conceived the study. 
M.G.B. designed the methodology; T.G.A., M.D.G. and C.C.G.L. 
collected and analyzed the data.M.G.B. drafted the manuscript. 
All the authors edited and corrected the draft. C.C.G.L. revised the 
manuscript for important intellectual content. All authors have read 
and agreed to the published version of the manuscript.

References

	 1.	 Kalra S, Bhattacharya S, Rawal P. Hepatocrinology. Med Sci (Basel). 
2021;9(2):39. doi: 10.3390/medsci9020039

	 2.	 Quiroz-Aldave JE, Gamarra-Osorio ER, Durand-Vásquez MC, 
Rafael-Robles LP, Gonzáles-Yovera JG, Quispe-Flores MA, et al. From 
liver to hormones: The endocrine consequences of cirrhosis. World J 
Gastroenterol. 2024;30(9):1073–1095. doi: 10.3748/wjg.v30.i9.1073

	 3	 .Lu Y, Zheng M, Wang H. Are hepatocytes endocrine cells? Metab Target 
Organ Damage. 2023;3:11. doi: 10.20517/mtod.2023.11

	 4.	 Stefan N, Häring HU. The role of hepatokines in metabolism. Nat Rev 
Endocrinol. 2013;9(3):144–152. doi: 10.1038/nrendo.2012.258

	 5.	 Matsubara Y, Kiyohara H, Teratani T, Mikami Y, Kanai T. Organ 
and brain crosstalk: The liver-brain axis in gastrointestinal, liver, 
and pancreatic diseases. Neuropharmacology. 2022;205:108915. doi: 
10.1016/j.neuropharm.2021.108915 

	 6.	 Lebensztejn DM, Flisiak-Jackiewicz M, Białokoz-Kalinowska I, 
Bobrus-Chociej A, Kowalska I. Hepatokines and non-alcoholic fatty 
liver disease. Acta Biochim Pol. 2016;63(3):459-467. http://dx.doi.
org/10.18388/abp.2015_1252

	 7.	 Adamek A, Kasprzak A. Insulin-like growth factor (IGF) system in liver 
diseases. Int J Mol Sci. 2018;19(5):1308. doi: 10.3390/ijms19051308

	 8.	 Allard JB, Duan C. IGF-binding proteins: Why do they exist and why are 
there so many? Front Endocrinol (Lausanne). 2018;9:117. doi: 10.3389/
fendo.2018.00117

	 9.	 Herington AC, Cornell HJ, Kuffer AD. Recent advances in the 
biochemistry and physiology of the insulin-like growth factor/
somatomedin family. Int J Biochem. 1983;15(10):1201–1210. doi: 
10.1016/0020-711X(83)90208-2

	 10.	 Van den Brande JL. A personal view on the early history of the 
insulin-like growth factors. Horm Res. 1999;51 Suppl 3:149–175. doi: 
10.1159/000053178

	 11.	 Mullick AE, Yeh ST, Graham MJ, Engelhardt JA, Prakash TP, 
Crooke RM. Blood pressure lowering and safety improvements 
with liver angiotensinogen inhibition in models of hypertension 
and kidney injury. Hypertension. 2017;70(3):566–576. doi: 10.1161/
HYPERTENSIONAHA.117.09755

	 12.	 Kahlon T, Carlisle S, Otero Mostacero D, Williams N, Trainor P, 
DeFilippis AP. Angiotensinogen: More than its downstream products-
evidence from population studies and novel therapeutics. JACC Heart 
Fail. 2022;10(10):699–713. doi: 10.1016/j.jchf.2022.06.005

	 13.	 Matsusaka T, Niimura F, Shimizu A, Pastan I, Saito A, Kobori H, et 
al. Liver angiotensinogen is the primary source of renal angiotensin 
II. J Am Soc Nephrol. 2012;23(7):1181–1189. doi: 10.1681/
ASN.2011121159

	 14.	 Miyazaki H, Kato T. Thrombopoietin: biology and clinical potentials. 
Int J Hematol. 1999;70(4):216–225.

	 15.	 Chambers K, Ashraf MA, Sharma S. Physiology, hepcidin. In: StatPearls. 
Treasure Island (FL): StatPearls Publishing; 2025.

	 16.	 Nagasue N, Ohmori H, Hashimoto N, Tachibana M, Kubota H, Uchida 
M, et al. Thyroxine-binding globulin and thyroid hormones after 

resection of hepatocellular carcinoma. Am J Gastroenterol. 1997;92(3): 
1187-1189.

	 17.	 Bae YJ, Kratzsch J. Corticosteroid-binding globulin: Modulating 
mechanisms of bioavailability of cortisol and its clinical implications. 
Best Pract Res Clin Endocrinol Metab. 2015;29(4):525–535. doi: 
10.1016/j.beem.2015.09.001

	 18.	 Bae JH, Song DK, Im SS. Regulation of IGFBP-1 in metabolic diseases. 
J Lifestyle Med. 2013;3(2):73–79.

	 19.	 Chekol Abebe E, Tilahun Muche Z, Behaile T/Mariam A, Mengie Ayele 
T, Mekonnen Agidew M, Teshome Azezew M, et al. The structure, 
biosynthesis, and biological roles of fetuin-A: A review. Front Cell Dev 
Biol. 2022;10:945287. doi: 10.3389/fcell.2022.945287

	 20.	 Meex RCR, Hoy AJ, Morris A, Brown RD, Lo J, Burke ML, et al. 
Fetuin B is a secreted hepatocyte factor linking steatosis to impaired 
glucose metabolism. Cell Metab. 2015;22(6):1078–1089. doi: 10.1016/j.
cmet.2015.09.023

	 21.	 Rose JP, Morgan DA, Sullivan AI, Fu X, Inigo-Vollmer M, Burgess 
SC, et al. FGF21 reverses MASH through coordinated actions on the 
CNS and liver. Cell Metab. 2025;37(7):1515–1529.e6. doi: 10.1016/j.
cmet.2025.04.014

	 22.	 Chadani H, Usui S, Inoue O, Kusayama T, Takashima SI, Kato T, et 
al. Endogenous selenoprotein P, a liver-derived secretory protein, 
mediates myocardial ischemia/reperfusion injury in mice. Int J Mol 
Sci. 2018;19(3):878. doi: 10.3390/ijms19030878

	 23.	 Gillen J, Richardson D, Moore K. Angiopoietin-1 and angiopoietin-2 
inhibitors: Clinical development. Curr Oncol Rep. 2019;21(3):22. doi: 
10.1007/s11912-019-0771-9

	 24.	 Li Y, Teng C. Angiopoietin-like proteins 3, 4 and 8: Regulating lipid 
metabolism and providing new hope for metabolic syndrome. J Drug 
Target. 2014;22(8):679–687. doi: 10.3109/1061186X.2014.928715

	 25.	 Su X, Xu Q, Li Z, Ren Y, Jiao Q, Wang L, et al. Role of the 
angiopoietin-like protein family in the progression of NAFLD. Heliyon. 
2024;10(4):e27739. doi: 10.1016/j.heliyon.2024.e27739

	 26.	 Hansen JS, Rutti S, Arous C, Clemmesen JO, Secher NH, Drescher A, et 
al. Circulating follistatin is liver-derived and regulated by the glucagon-
to-insulin ratio. J Clin Endocrinol Metab. 2016;101(2):550–560. doi: 
10.1210/jc.2015-3668

	 27.	 Tao R, Stöhr O, Wang C, Qiu W, Copps KD, White MF. Hepatic 
follistatin increases basal metabolic rate and attenuates diet-induced 
obesity during hepatic insulin resistance. Mol Metab. 2023;71:101703. 
doi: 10.1016/j.molmet.2023.101703

	 28.	 Sharma A, Nagalli S. Chronic liver disease. In: StatPearls. Treasure 
Island (FL): StatPearls Publishing; 2025.

	 29.	 Tilg H, Petta S, Stefan N, Targher G. Metabolic dysfunction-associated 
steatotic liver disease in adults: A review. JAMA. 2025;334(2):163-174. 
doi: 10.1001/jama.2025.19615

	 30.	 Zhang C, Sui Y, Liu S, Yang M. Molecular mechanisms from the 
transition of MASLD-MASH-liver fibrosis to liver cancer. J Precis Med 
Health Dis. 2025;3:100012. doi: 10.1016/j.premed.2025.100012

	 31.	 Stanley TL, Fourman LT, Zheng I, McClure CM, Feldpausch MN, 
Torriani M, et al. Relationship of IGF-1 and IGF-binding proteins 
to disease severity and glycemia in nonalcoholic fatty liver disease. J 
Clin Endocrinol Metab. 2021;106(2):e520–e533. doi: 10.1210/clinem/
dgaa792

	 32.	 Kineman RD, Del Rio-Moreno M, Waxman DJ. Liver-specific actions 
of GH and IGF1 that protect against MASLD. Nat Rev Endocrinol. 
2025;21(2):105–117. doi: 10.1038/s41574-024-01037-0

	 33.	 Betlejewska J, Hubska J, Roszkowska Z, Maciejczyk A, Bachurska D, 
Domański J, et al. Endocrine disorders and metabolic dysfunction-

https://doi.org/10.3390/medsci9020039
https://doi.org/10.3748/wjg.v30.i9.1073
https://doi.org/10.20517/mtod.2023.11
https://doi.org/10.1038/nrendo.2012.258
https://doi.org/10.1016/j.neuropharm.2021.108915
https://doi.org/10.1016/j.neuropharm.2021.108915
%20http:/dx.doi.org/10.18388/abp.2015_1252
%20http:/dx.doi.org/10.18388/abp.2015_1252
https://doi.org/10.3390/ijms19051308
https://doi.org/10.3389/fendo.2018.00117
https://doi.org/10.3389/fendo.2018.00117
https://doi.org/10.1016/0020-711X(83)90208-2
https://doi.org/10.1016/0020-711X(83)90208-2
https://doi.org/10.1159/000053178
https://doi.org/10.1159/000053178
https://doi.org/10.1161/HYPERTENSIONAHA.117.09755
https://doi.org/10.1161/HYPERTENSIONAHA.117.09755
https://doi.org/10.1016/j.jchf.2022.06.005
https://doi.org/10.1681/ASN.2011121159
https://doi.org/10.1681/ASN.2011121159
https://doi.org/10.1016/j.beem.2015.09.001
https://doi.org/10.1016/j.beem.2015.09.001
https://doi.org/10.3389/fcell.2022.945287
https://doi.org/10.1016/j.cmet.2015.09.023
https://doi.org/10.1016/j.cmet.2015.09.023
https://doi.org/10.1016/j.cmet.2025.04.014
https://doi.org/10.1016/j.cmet.2025.04.014
https://doi.org/10.3390/ijms19030878
https://doi.org/10.1007/s11912-019-0771-9
https://doi.org/10.1007/s11912-019-0771-9
https://doi.org/10.3109/1061186X.2014.928715
https://doi.org/10.1016/j.heliyon.2024.e27739
https://doi.org/10.1210/jc.2015-3668
https://doi.org/10.1210/jc.2015-3668
https://doi.org/10.1016/j.molmet.2023.101703
https://pubmed.ncbi.nlm.nih.gov/41212550/
https://doi.org/10.1016/j.premed.2025.100012
https://doi.org/10.1210/clinem/dgaa792
https://doi.org/10.1210/clinem/dgaa792
https://doi.org/10.1038/s41574-024-01037-0


294� Gherman-Lencu et al.

J Gastrointestin Liver Dis, June 2026 Vol. 35 No 2: 286-295

associated steatotic liver disease: A narrative review. Biomedicines. 
2025;13(10):2500. doi: 10.3390/biomedicines13102500

	 34.	 Qu X, Donnelly R. Sex hormone-binding globulin (SHBG) as an early 
biomarker and therapeutic target in polycystic ovary syndrome. Int J 
Mol Sci. 2020;21(21):8191. doi: 10.3390/ijms21218191

	 35.	 Barber TM, Kabisch S, Pfeiffer AFH, Weickert MO. Metabolic-
associated fatty liver disease and insulin resistance: A review of 
complex interlinks. Metabolites. 2023;13(6):757. doi: 10.3390/
metabo13060757

	 36.	 Steinberg GR, Carpentier AC, Wang D. MASH: The nexus of metabolism, 
inflammation, and fibrosis. J Clin Invest. 2025;135(5):e186420. doi: 
10.1172/JCI186420

	 37.	 Seo DY, Park SH, Marquez J, Kwak HB, Kim TN, Bae JH, et al. 
Hepatokines as a molecular transducer of exercise. J Clin Med. 
2021;10(3):385. doi: 10.3390/jcm10030385

	 38.	 Vargas-Beltran AM, Armendariz-Pineda SM, Martínez-Sánchez FD, 
Martinez-Perez C, Torre A, Cordova-Gallardo J. Interplay between 
endocrine disorders and liver dysfunction: Mechanisms of damage and 
therapeutic approaches. World J Gastroenterol. 2025;31(32):108827. 
doi: 10.3748/wjg.v31.i32.108827

	 39.	 Mantovani A, Csermely A, Bilson J, Borella N, Enrico S, Pecoraro B, 
et al. Association between primary hypothyroidism and metabolic 
dysfunction-associated steatotic liver disease: An updated meta-
analysis. Gut. 2024;73(8):1554–1561. doi: 10.1136/gutjnl-2024-332491

	 40.	 Pu S, Zhao B, Jiang Y, Cui X. Hypothyroidism/subclinical hypothyroidism 
and metabolic dysfunction-associated steatotic liver disease: Advances 
in mechanism and treatment. Lipids Health Dis. 2025;24:75. doi: 
10.1186/s12944-025-02474-0

	 41.	 Kuchay MS, Isaacs S, Misra A. Intrahepatic hypothyroidism in MASLD: 
Role of liver-specific thyromimetics including resmetirom. Diabetes 
Metab Syndr. 2024;18(2):103034. doi: 10.1016/j.dsx.2024.103034

	 42.	 Khongsaengbhak T, Atthakitmongkol T, Tanwandee T. Liver dysfunction 
in hyperthyroidism. Hepat Med. 2024;16:81–89. doi: 10.2147/HMER.
S487794

	 43.	 Vargas-Beltran AM, Armendariz-Pineda SM, Martínez-Sánchez FD, 
Martinez-Perez C, Torre A, Cordova-Gallardo J. Interplay between 
endocrine disorders and liver dysfunction: Mechanisms of damage and 
therapeutic approaches. World J Gastroenterol. 2025;31(32):108827. 
doi: 10.3748/wjg.v31.i32.108827

	 44.	 Laukkarinen J, Sand J, Nordback I. The underlying mechanisms: How 
hypothyroidism affects the formation of common bile duct stones-a 
review. HPB Surg. 2012;2012:102825. doi: 10.1155/2012/102825

	 45.	 Chakor F, Achdami F, Handa A, Nacir O, Lairani F, Errami AA, et al. 
Cholestatic jaundice as a rare manifestation of hyperthyroidism: A case 
report and review. Sch J Med Case Rep. 2025;13(5):1004–1007. doi: 
10.36347/sjmcr.2025.v13i05.057

	 46.	 Lin TY, Shekar AO, Li N, Yeh MW, Saab S, Wilson M, et al. Incidence of 
abnormal liver biochemical tests in hyperthyroidism. Clin Endocrinol 
(Oxf). 2017;86(5):755–759. doi: 10.1111/cen.13312

	 47.	 Antithyroid agents. In: LiverTox: Clinical and Research Information 
on Drug-Induced Liver Injury. Bethesda (MD): National Institute of 
Diabetes and Digestive and Kidney Diseases; 2012.

	 48.	 Khan AA, Ata F, Aziz A, Elamin H, Shahzad A, Yousaf Z, et al. Clinical 
characteristics and outcomes of patients with antithyroid drug-related 
liver injury. J Endocr Soc. 2023;8(1):bvad133. doi: 10.1210/jendso/
bvad133

	 49.	 Zhang Q, Guan Y, Xiang T, Liu S, Chen Q, Zhang Q. Combination 
of molecular adsorbent recirculating system and radioiodine for the 
treatment of concurrent hyperthyroidism and severe liver dysfunction: 

A retrospective cohort study. Endocr Pract. 2017;23(2):141–148. doi: 
10.4158/EP161417.OR

	 50.	 Röder PV, Wu B, Liu Y, Han W. Pancreatic regulation of glucose 
homeostasis. Exp Mol Med. 2016;48:e219. doi: 10.1038/emm.2016.6

	 51.	 Kamel-ElSayed SA, Mukherjee S. Physiology, pancreas. In: StatPearls. 
Treasure Island (FL): StatPearls Publishing; 2025. Available: https://
www.ncbi.nlm.nih.gov/books/NBK430685/

	 52.	 Truong XT, Lee DH. Hepatic insulin resistance and steatosis in 
metabolic dysfunction-associated steatotic liver disease: New 
insights into mechanisms and clinical implications. Diabetes Metab J. 
2025;49(6):964–986. doi: 10.4093/dmj.2025.0644

	 53.	 Merz KE, Thurmond DC. Role of skeletal muscle in insulin resistance 
and glucose uptake. Compr Physiol. 2020;10(2):785–809. doi: 10.1002/
cphy.c190029

	 54.	 Freeman AM, Acevedo LA, Pennings N. Insulin resistance. In: 
StatPearls. Treasure Island (FL): StatPearls Publishing; 2025. Available: 
https://www.ncbi.nlm.nih.gov/books/NBK430685/

	 55.	 Gratas-Delamarche A, Derbré F, Vincent S, Cillard J. Physical inactivity, 
insulin resistance, and the oxidative-inflammatory loop. Free Radic Res. 
2014;48(1):93–108. doi: 10.3109/10715762.2013.847528

	 56.	 Sheikh MY, Younus MF, Shergill A, Hasan MN. Diet and lifestyle 
interventions in metabolic dysfunction-associated fatty liver disease: 
A comprehensive review. Int J Mol Sci. 2025;26(19):9625. doi: 10.3390/
ijms26199625

	 57.	 Kjeldsen SAS, Werge MP, Grandt J, Richter MM, Thing M, Hetland 
LE, et al. Hepatic steatosis and not type 2 diabetes, body mass index, 
or hepatic fibrosis associates with hyperglucagonemia in individuals 
with steatotic liver disease. Am J Physiol Gastrointest Liver Physiol. 
2024;327(5):G558–G570. doi: 10.1152/ajpgi.00147.2024

	 58.	 McGlone ER, Bloom SR, Tan TMM. Glucagon resistance and metabolic-
associated steatotic liver disease: A review of the evidence. J Endocrinol. 
2024;261:e230365. doi: 10.1530/JOE-23-0365

	 59.	 Zhao K, Zhang H, Ding W, Yu X, Hou Y, Liu X, et al. Adipokines regulate 
the development and progression of MASLD through organellar 
oxidative stress. Hepatol Commun. 2025;9(1):e000639. doi: 10.1097/
HC9.0000000000000639

	 60.	 Zhang CY, Liu S, Yang M. Macrophage and inflammation in diabetes 
and metabolic dysfunction-associated steatotic liver disease: 
From mechanisms to therapeutic strategies. World J Diabetes. 
2025;16(9):110515. doi: 10.4239/wjd.v16.i9.110515

	 61.	 Meyer M, Schwärzler J, Jukic A, Tilg H. Innate immunity and MASLD. 
Biomolecules. 2024;14(4):476. doi: 10.3390/biom14040476

	 62.	 Khodabandehloo H, Gorgani-Firuzjaee S, Panahi G, Meshkani R. 
Molecular and cellular mechanisms linking inflammation to insulin 
resistance and β-cell dysfunction. Transl Res. 2016;167(1):228–256. 
doi: 10.1016/j.trsl.2015.08.011

	 63.	 Rockall A, Sohaib S, Evans D, Kaltsas G, Isidori A, Monson J, et al. 
Hepatic steatosis in Cushing’s syndrome: A radiological assessment 
using computed tomography. Eur J Endocrinol. 2003;149(6):543–548. 
doi: 10.1530/eje.0.1490543

	 64.	 Marengo M, Briet C, Munier M, Boursier J, Rodien P, Suteau V. Fatty 
liver disease along Cushing syndrome evolution. J Clin Endocrinol 
Metab. 2025;110(6):e2037–e2044. doi: 10.1210/clinem/dgae568

	 65.	 Baiges A, Hernández-Gea V. Management of liver decompensation 
in advanced chronic liver disease: Ascites, hyponatremia, and 
gastroesophageal variceal bleeding. Clin Drug Investig. 2022;42(1):25–
31. doi: 10.1007/s40261-022-01147-5

	 66.	 Luo W, Meng Y, Ji HL, Pan CQ, Huang S, Yu CH, et al. Spironolactone 
lowers portal hypertension by inhibiting liver fibrosis, ROCK-2 activity 

https://doi.org/10.3390/biomedicines13102500
https://doi.org/10.3390/ijms21218191
https://doi.org/10.3390/metabo13060757
https://doi.org/10.3390/metabo13060757
https://doi.org/10.1172/JCI186420
https://doi.org/10.1172/JCI186420
https://doi.org/10.3390/jcm10030385
https://doi.org/10.3748/wjg.v31.i32.108827
https://doi.org/10.1136/gutjnl-2024-332491
https://doi.org/10.1186/s12944-025-02474-0
https://doi.org/10.1186/s12944-025-02474-0
https://doi.org/10.1016/j.dsx.2024.103034
https://doi.org/10.2147/HMER.S487794
https://doi.org/10.2147/HMER.S487794
https://doi.org/10.3748/wjg.v31.i32.108827
https://doi.org/10.1155/2012/102825
https://doi.org/10.36347/sjmcr.2025.v13i05.057
https://doi.org/10.36347/sjmcr.2025.v13i05.057
https://doi.org/10.1111/cen.13312
https://doi.org/10.1210/jendso/bvad133
https://doi.org/10.1210/jendso/bvad133
https://doi.org/10.4158/EP161417.OR
https://doi.org/10.4158/EP161417.OR
https://doi.org/10.1038/emm.2016.6
https://www.ncbi.nlm.nih.gov/books/NBK430685/
https://www.ncbi.nlm.nih.gov/books/NBK430685/
https://doi.org/10.4093/dmj.2025.0644
https://doi.org/10.1002/cphy.c190029
https://doi.org/10.1002/cphy.c190029
https://www.ncbi.nlm.nih.gov/books/NBK430685/
https://doi.org/10.3109/10715762.2013.847528
https://doi.org/10.3390/ijms26199625
https://doi.org/10.3390/ijms26199625
https://doi.org/10.1152/ajpgi.00147.2024
https://doi.org/10.1530/JOE-23-0365
https://doi.org/10.1097/HC9.0000000000000639
https://doi.org/10.1097/HC9.0000000000000639
https://doi.org/10.4239/wjd.v16.i9.110515
https://doi.org/10.3390/biom14040476
https://doi.org/10.1016/j.trsl.2015.08.011
https://doi.org/10.1530/eje.0.1490543
https://doi.org/10.1210/clinem/dgae568
https://doi.org/10.1007/s40261-022-01147-5


Hepatocrinology� 295

J Gastrointestin Liver Dis, June 2026 Vol. 35 No 2: 286-295

and activating NO/PKG pathway in the bile-duct-ligated rat. PLoS One. 
2012;7(3):e34230. doi: 10.1371/journal.pone.0034230

	 67.	 Li X, Li Y, Chen T, Zhang Y, Xu Q, Zhang Y, et al. Aldosterone induces 
hepatic stellate cell activation and liver fibrosis through a caveolin-1-
dependent pathway. [preprint] 2023. doi: 10.21203/rs.3.rs-3298077/v1

	 68.	 Barigou M, Ramzan I, Chartoumpekis DV. The role of aldosterone and 
the mineralocorticoid receptor in metabolic dysfunction-associated 
steatotic liver disease. Biomedicines. 2025;13(8):1792. doi: 10.3390/
biomedicines13081792

	 69.	 Kalafateli M, Aggeletopoulou I, Triantos C. Adrenal insufficiency in liver 
diseases: Pathophysiology and underlying mechanisms. Rev Endocr 
Metab Disord. 2024;25(4):663–676. doi: 10.1007/s11154-024-09874-0

	 70.	 Marik PE, Gayowski T, Starzl TE; Hepatic Cortisol Research and 
Adrenal Pathophysiology Study Group. The hepatoadrenal syndrome: 
A common yet unrecognized clinical condition. Crit Care Med. 
2005;33(6):1254–1259. doi: 10.1097/01.ccm.0000164541.12106.57

	 71.	 Wentworth BJ, Siragy HM. Adrenal insufficiency in cirrhosis. J Endocr 
Soc. 2022;6(9):bvac115. doi: 10.1210/jendso/bvac115

	 72.	 Kasarinaite A, Sinton M, Saunders PTK, Hay DC. The influence of sex 
hormones in liver function and disease. Cells. 2023;12(12):1604. doi: 
10.3390/cells12121604

	 73.	 Lee C, Kim J, Jung Y. Potential therapeutic application of estrogen 
in gender disparity of nonalcoholic fatty liver disease/nonalcoholic 
steatohepatitis. Cells. 2019;8(10):1259. doi: 10.3390/cells8101259

	 74.	 Palmisano BT, Zhu L, Stafford JM. Role of estrogens in the regulation 
of liver lipid metabolism. In: Adv Exp Med Biol. 2017;1043:227–256. 
doi: 10.1007/978-3-319-70178-3_12

	 75.	 Della Torre S, Mitro N, Fontana R, Gomaraschi M, Favari E, Recordati 
C, et al. An essential role for liver ERα in coupling hepatic metabolism 
to the reproductive cycle. Cell Rep. 2016;15(2):360–371. doi: 10.1016/j.
celrep.2016.03.019

	 76.	 Chrysavgis L, Adamantou M, Angelousi A, Cholongitas E. The 
association of testosterone with sarcopenia and frailty in chronic liver 
disease. Eur J Clin Invest. 2024;54(4):e14108. doi: 10.1111/eci.14108

	 77.	 Sinclair M, Grossmann M, Gow P, Angus P. Testosterone in men with 
advanced liver disease: Abnormalities and implications. J Gastroenterol 
Hepatol. 2015;30(2):244–251. doi: 10.1111/jgh.12695

	 78.	 Hata S, Miki Y, Saito R, Ishida K, Watanabe M, Sasano H. Aromatase 
in human liver and its diseases. Cancer Med. 2013;2(3):305–315. doi: 
10.1002/cam4.85

	 79.	 Kim HY, Jang JW. Sarcopenia in the prognosis of cirrhosis: Going 
beyond the MELD score. World J Gastroenterol. 2015;21(25):7637–
7647. doi: 10.3748/wjg.v21.i25.7637

	 80.	 Dichtel LE, Corey KE, Haines MS, Chicote ML, Lee H, Kimball A, et 
al. Growth hormone administration improves nonalcoholic fatty liver 
disease in overweight/obesity: A randomized trial. J Clin Endocrinol 
Metab. 2023;108(6):e1542–e1550. doi: 10.1210/clinem/dgad375

	 81.	 Dichtel LE, Corey KE, Haines MS, Chicote ML, Kimball A, Colling C, 
et al. The GH/IGF-1 axis is associated with intrahepatic lipid content 
and hepatocellular damage in overweight/obesity. J Clin Endocrinol 
Metab. 2022;107(9):e3624–e3632. doi: 10.1210/clinem/dgac405

	 82.	 Hatziagelaki E, Paschou SA, Schön M, Psaltopoulou T, Roden M. 
NAFLD and thyroid function: Pathophysiological and therapeutic 
considerations. Trends Endocrinol Metab. 2022;33(10):755–768. doi: 
10.1016/j.tem.2022.08.001

	 83.	 Zhou J, Tripathi M, Ho JP, Widjaja AA, Shekeran SG, Camat MD, et al. 
Thyroid hormone decreases hepatic steatosis, inflammation, and fibrosis 
in a dietary mouse model of nonalcoholic steatohepatitis. Thyroid. 
2022;32(7):725–738. doi: 10.1089/thy.2021.0621

	 84.	 Polyzos SA, Targher G. Role of glucocorticoids in metabolic dysfunction-
associated steatotic liver disease. Curr Obes Rep. 2024;13(3):242–255. 
doi: 10.1007/s13679-024-00556-1

	 85.	 Ma WL, Lai HC, Yeh S, Cai X, Chang C. Androgen receptor roles in 
hepatocellular carcinoma, fatty liver, cirrhosis and hepatitis. Endocr 
Relat Cancer. 2014;21(3):R165–R182. doi: 10.1530/ERC-13-0283

	 86.	 Petrovic A, Vukadin S, Sikora R, Bojanic K, Smolic R, Plavec D, et 
al. Anabolic androgenic steroid-induced liver injury: An update. 
World J Gastroenterol. 2022;28(26):3071–3080. doi: 10.3748/wjg.
v28.i26.3071

	 87.	 Hartgens F, Kuipers H. Effects of androgenic-anabolic steroids in 
athletes. Sports Med. 2004;34(8):513–554. doi: 10.2165/00007256-
200434080-00003

	 88.	 Milani I, Codini M, Guarisco G, Chinucci M, Gaita C, Leonetti F, et al. 
Hepatokines and MASLD: The GLP1-Ras-FGF21-Fetuin-A crosstalk 
as a therapeutic target. Int J Mol Sci. 2024;25(19):10795. doi: 10.3390/
ijms251910795

	 89.	 Iglesias P. The endocrine role of hepatokines: Implications for human 
health and disease. Front Endocrinol (Lausanne). 2025;16:1663353. 
doi: 10.3389/fendo.2025.1663353

	 90.	 Griffin JD, Buxton JM, Culver JA, Barnes R, Jordan EA, White AR, et al. 
Hepatic activin E mediates liver-adipose inter-organ communication, 
suppressing adipose lipolysis in response to elevated serum fatty acids. 
Mol Metab. 2023;78:101830. doi: 10.1016/j.molmet.2023.101830

	 91.	 Park SY, Cho Y, Son SM, Hur JH, Kim Y, Oh H, et al. Activin E is a new 
guardian protecting against hepatic steatosis via inhibiting lipolysis in 
white adipose tissue. Exp Mol Med. 2025;57(4):466–477. doi: 10.1038/
s12276-025-01403-6

	 92.	 Rhyu J, Yu R. Newly discovered endocrine functions of the liver. World 
J Hepatol. 2021;13(11):1611–1628. doi: 10.4254/wjh.v13.i11.1611

	 93.	 Li Z, Yuan H, Chu H, Yang L. The crosstalk between gut microbiota 
and bile acids promotes the development of non-alcoholic fatty 
liver disease. Microorganisms. 2023;11(8):2059. doi: 10.3390/
microorganisms11082059

	 94.	 Giovanini L, Wanionok N, Perello M, Cornejo MP. Brain-acting 
hepatokines: Its impact on energy balance and metabolism. Front 
Neurosci. 2025;19:1589110. doi: 10.3389/fnins.2025.1589110

	 95.	 Kim TH, Hong DG, Yang YM. Hepatokines and non-alcoholic fatty liver 
disease: Linking liver pathophysiology to metabolism. Biomedicines. 
2021;9(12):1903. doi: 10.3390/biomedicines9121903

	 96.	 Raptis DD, Mantzoros CS, Polyzos SA. Fibroblast growth factor-21 as 
a potential therapeutic target of nonalcoholic fatty liver disease. Ther 
Clin Risk Manag. 2023;19:77–96. doi: 10.2147/TCRM.S352008

https://doi.org/10.1371/journal.pone.0034230
https://doi.org/10.21203/rs.3.rs-3298077/v1
https://doi.org/10.3390/biomedicines13081792
https://doi.org/10.3390/biomedicines13081792
https://doi.org/10.1007/s11154-024-09874-0
https://doi.org/10.1097/01.ccm.0000164541.12106.57
https://doi.org/10.1210/jendso/bvac115
https://doi.org/10.3390/cells12121604
https://doi.org/10.3390/cells12121604
https://doi.org/10.3390/cells8101259
https://doi.org/10.1007/978-3-319-70178-3_12
https://doi.org/10.1016/j.celrep.2016.03.019
https://doi.org/10.1016/j.celrep.2016.03.019
https://doi.org/10.1111/eci.14108
https://doi.org/10.1111/jgh.12695
https://doi.org/10.1002/cam4.85
https://doi.org/10.1002/cam4.85
https://doi.org/10.3748/wjg.v21.i25.7637
https://doi.org/10.1210/clinem/dgad375
https://doi.org/10.1210/clinem/dgac405
https://doi.org/10.1016/j.tem.2022.08.001
https://doi.org/10.1016/j.tem.2022.08.001
https://doi.org/10.1089/thy.2021.0621
https://doi.org/10.1007/s13679-024-00556-1
https://doi.org/10.1530/ERC-13-0283
https://doi.org/10.3748/wjg.v28.i26.3071
https://doi.org/10.3748/wjg.v28.i26.3071
https://doi.org/10.2165/00007256-200434080-00003
https://doi.org/10.2165/00007256-200434080-00003
https://doi.org/10.3390/ijms251910795
https://doi.org/10.3390/ijms251910795
https://doi.org/10.3389/fendo.2025.1663353
https://doi.org/10.1016/j.molmet.2023.101830
https://doi.org/10.1038/s12276-025-01403-6
https://doi.org/10.1038/s12276-025-01403-6
https://doi.org/10.4254/wjh.v13.i11.1611
https://doi.org/10.3390/microorganisms11082059
https://doi.org/10.3390/microorganisms11082059
https://doi.org/10.3389/fnins.2025.1589110
https://doi.org/10.3390/biomedicines9121903
https://doi.org/10.2147/TCRM.S352008

	_GoBack

