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Abstract 

 
Non-alcoholic fatty liver disease (NAFLD) is a significant worldwide health 

issue strongly associated with obesity and metabolic syndrome. It underscores 

the critical role of adiponectin, a significant adipokine, in the disease's 

intricate progression. NAFLD's complexity stems from its interplay with 

factors like obesity, diabetes, and metabolic syndrome, with reduced 

adiponectin levels commonly observed in NAFLD patients, influenced by age, 

gender, lipid profiles, and insulin resistance. Adiponectin's versatility in 

mitigating insulin resistance, inflammation, and liver fibrosis makes it a focal 

point in NAFLD research, while recent studies introduce spexin, a 

neuropeptide, as a potential correlate, adding to the understanding of 

metabolic disorders. To tailor treatment approaches, recognizing the factors 

affecting adiponectin levels, such as genetics, lifestyle, and comorbidities, is 

crucial. Lifestyle changes and specific medications offer promise in improving 

NAFLD outcomes by modulating adiponectin. The article underscores 

adiponectin's central role in the complex NAFLD landscape and the need for 

further research to fully grasp its mechanisms and therapeutic potential in 

managing this prevalent liver disease, emphasizing the importance of 

rebalancing adipokines and enhancing metabolic health. 

Keywords: Non-Alcoholic Fatty Liver Disease; Adiponectin; Metabolic 

Syndrome; Insulin Resistance; Diabetes, Obesity; Inflammation 

1. Introduction 
Non-alcoholic fatty liver disease (NAFLD) is a global health concern, linked to obesity, diabetes, and 

cardiovascular issues, with adiponectin, a fat cell-secreted hormone, playing a key role. Obesity, 

driven by visceral fat, is a well-known NAFLD risk factor, causing increased release of free fatty 

acids and inflammation, contributing to liver fat accumulation. Insulin resistance disrupts liver 

response to insulin, leading to increased glucose production, lipid accumulation, and inflammation. 

Adiponectin, known for its anti-inflammatory and insulin-enhancing properties, typically has lower 

levels in obesity, diabetes, metabolic syndrome (MetS), and NAFLD. Adiponectin activates pathways 

like AMPK and PPAR-α, improving insulin sensitivity, lipid metabolism, and reducing liver 

inflammation, oxidative stress, and fibrosis. Understanding this intricate relationship is crucial for 

therapeutic insights in managing NAFLD amidst various factors. 

NAFLD is increasingly recognized globally as a significant contributor to liver-related health issues 

and a component of metabolic syndrome, highlighting its importance in liver-related ailments and its 
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connection to MetS [1]. McCullough AJ (2006) [2] have identified established predisposing factors 

for NAFLD, including metabolic syndrome, diabetes, obesity, and dyslipidemia. Yoon KH et al. 

(2006) [3] emphasize that the rising global rates of obesity and type II diabetes make NAFLD a 

significant public health challenge. The prevalence of NAFLD varies worldwide, with rates ranging 

from "15% to 40% in Western countries" and "9% to 40% in Asian countries" [4]. In Western nations, 

NAFLD has become a common cause of chronic liver disease and a leading indication for liver 

transplantation, as noted by "Clark JM in 2006." [5] This trend is also evident in Asian countries like 

Japan and China, as documented by Amarapurkar DN et al. [6]. Factors such as diabetes mellitus 

(DM), obesity, and hyperinsulinemia contributing to the increased prevalence of NAFLD have been 

pinpointed by "Mohan V & Deepa R in 2006" [7] and "Misra A & Vikram NK in 2002." [8] Over the 

past two decades, India has seen a notable increase in the incidence of DM, obesity, and insulin 

resistance, suggesting a rise in NAFLD incidence. However, "Singh SP et al. in 2004" [9] note a lack 

of comprehensive data on NAFLD prevalence in India, indicating the need for further research. 

"Amarapurkar et al. in 2007" [6] reveal that NAFLD's prevalence among Indian adults is influenced 

by distinct risk factors, including advancing age, gender variations, and central obesity, collectively 

contributing to a growing burden of chronic liver diseases within the Indian population. 

Ekstedt et al. [10] stressed that NAFLD is a liver condition with potential for progression, and age and 

diabetes are robust predictors of its advancement. Li L et al. [11] found that obesity is associated with 

a 3.5-fold higher risk of NAFLD development, in line with global trends reported by Chang Y et al. 

[12] and Zelber-Sagi S et al. [13], indicating the ongoing obesity rise. Studies by Williams CD et al. 

[14] and Yki-Järvinen H. [15] underline a strong connection between NAFLD and metabolic 

syndrome and type 2 diabetes mellitus (T2DM). Research by Park SK et al. [16] and Björkström K et 

al. [17] suggests a bidirectional relationship between NAFLD and T2DM, with a higher NAFLD 

prevalence among T2DM patients and an increased T2DM incidence among those with NAFLD. As 

emphasized in the study by Pais R et al. [18], the progressive nature of NAFLD is a significant 

concern, with expectations that it will soon become the leading cause of liver transplantation. 

Numerous studies have underscored the strong link between liver fibrosis, fatty liver, and 

cardiovascular disease (CVD). In 2021, Tamaki N. and colleagues identified liver fibrosis and fatty 

liver as independent CVD risk factors, highlighting their role in CVD risk assessment [19]. Research 

by Bhatia LS and others in 2012 demonstrated that Non-Alcoholic Fatty Liver Disease (NAFLD), 

often associated with insulin resistance, type 2 diabetes, and obesity, significantly increases overall 

CVD risk. NAFLD disrupts metabolic processes, induces oxidative stress, alters adipokines, promotes 

inflammation, and contributes to atherosclerosis, potentially leading to premature cardiovascular-

related mortality [20]. In 2012, Cakır E. and colleagues suggested that NAFLD independently 

elevates the risk of CVD, even without metabolic syndrome, particularly in individuals with type 2 

diabetes. This emphasizes the importance of understanding the NAFLD-CVD connection, especially 

in the context of poorly managed type 2 diabetes, which is common in NAFLD and further escalates 

the risk of heart-related diseases [21]. Hagström H. and associates' 2019 research confirmed that 

individuals with NAFLD face a higher risk of CVD. Their study on histological factors as predictors 

of this risk within a large NAFLD cohort reinforced the heightened CVD risk for NAFLD patients 

compared to a control group [22]. Kasper P. et al.'s 2021 study stressed that NAFLD, affecting 

approximately 25% of Western adults, is intricately linked with metabolic conditions and increases 

susceptibility to cardiovascular ailments, including hypertension, coronary disease, and 

cardiomyopathy. Even in its early stages, NAFLD carries a significant cardiovascular risk, 

necessitating comprehensive risk assessments. Lifestyle adjustments and medications like statins and 

insulin-sensitizing agents are recommended for NAFLD management [23]. 

In a 2016 study, Pais and colleagues [24] highlighted the rising prevalence of NAFLD in Europe and 

the US, driven by obesity and type 2 diabetes. In 2006, Angulo [25] emphasized NAFLD as a major 

contributor to liver conditions and a leading cause of liver transplants, posing challenges for donors 

and recipients. In 2018, Estes et al. [26] stressed the increasing importance of NAFLD and NASH in 

cirrhosis and hepatocellular carcinoma due to obesity, diabetes, and metabolic syndrome. Majumdar 

and Tsochatzis [27] in 2020 underscored the potential reversibility of NAFLD and NASH, 

emphasizing early detection and lifestyle interventions. The growing prevalence of NAFLD has 

implications for organ transplantation and post-transplant outcomes, especially in the context of 

obesity and type 2 diabetes. Liver-related mortality remains high due to cardiovascular disease, 

necessitating global awareness and comprehensive disease management strategies. 
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Zhu W et al.  [28] have noted that adiponectin, an adipokine secreted by adipocytes, serves various 

roles, including its anti-diabetic, anti-inflammatory, anti-obesity, and anti-atherosclerotic functions. 

Studies conducted by Bugianesi et al. [29] found that low plasma adiponectin levels in NAFLD 

patients are associated with factors such as age, gender, lipid levels, and insulin resistance. Jung UJ et 

al. (2014) [30] reported that obesity heightens the risk of metabolic diseases, leading to issues like 

inflammation, insulin resistance, and lipid abnormalities. The research by Finelli et al. [31] 

underscores the significance of adiponectin in potentially mitigating insulin resistance, liver 

inflammation, and fibrosis in the context of NAFLD. Chen Z et al. [32] have highlighted how 

lipotoxicity in NAFLD drives inflammation and insulin resistance, thereby accelerating disease 

progression. Understanding the connection between insulin resistance and inflammation is crucial for 

the development of innovative treatments, with the potential to rebalance cytokines in NAFLD 

therapy. 

Exploring the Role of Spexin, Adiponectin, and Adipokines in NAFLD and Metabolic Health 

Discovered in 2007 via human proteome analysis, spexin is a 14-amino-acid neuropeptide [33]. It is 

present in various tissues, including visceral fat, liver, and pancreatic islets [34]. Al-Daghri NM et al. 

[35] and Karaca A et al. (2019) [36] found reduced spexin levels in type 1 and type 2 diabetes and 

metabolic syndrome. Conversely, Akbas M et al. [37] and Al-Daghri NM et al. [38] reported elevated 

spexin levels in gestational diabetes. Gu L et al.  [39], Kołodziejski PA et al. [40], and Lin CY et al. 

[41] linked spexin levels to metabolic markers in obese women and those with type 2 diabetes. Kumar 

S et al. [42] discovered a positive connection between spexin and high molecular weight adiponectin. 

In research by Ge F et al.  [43], spexin improved glucose tolerance and insulin sensitivity in diabetic 

male mice, as well as reduced hepatic fat in mice with nonalcoholic fatty liver disease. A 2021 study 

by Zhang L et al. [45] showed that individuals with non-alcoholic fatty liver disease (NAFLD) had 

significantly lower plasma spexin and adiponectin levels compared to those without NAFLD. 

Notably, spexin exhibited a strong correlation with HOMA-IR (r = -0.368; P = 0.018) and adiponectin 

(r = 0.378; P = 0.043) independently of BMI and gender, highlighting a robust link between spexin, 

insulin resistance, and adiponectin concentrations in this limited NAFLD patient sample. 

Shabalala SC et al. [46] demonstrated that NAFLD, affecting about 30% of Western adults, is linked 

to increased cardiovascular risk due to insulin resistance and inflammation. Adiponectin, inversely 

related to NAFLD, presents a potential target for therapies, including polyphenols like resveratrol and 

berberine. These polyphenols may reduce hepatic lipid accumulation in NAFLD by boosting 

adiponectin and decreasing lipogenesis. Changes in adiponectin during adipose tissue expansion play 

a pivotal role in NAFLD progression, making it a valuable disease marker. Resveratrol, berberine, and 

catechin hold promise in protecting against NAFLD by enhancing adiponectin and its receptors. It's 

worth noting that most studies are based on animal models, with limited research involving human 

subjects. Heydari et al. [47] discussed therapeutic strategies for regulating adiponectin levels, 

covering pharmacological and surgical interventions, including studies with adiponectin knockout 

rodents. They explored adiponectin's potential as a therapeutic target in various liver diseases and 

among patients undergoing hepatic resection or transplantation. The analysis included preclinical and 

clinical data regarding adiponectin's mechanisms in liver diseases. They acknowledged variability in 

clinical outcomes and inconclusive prognostic factors in surgical contexts. The study emphasized the 

need to clarify adiponectin's role, investigate gender-related differences, and consider the effects on 

receptors and signaling pathways. It recognized that elevated adiponectin may lose its effectiveness as 

the disease progresses, guiding future research in liver diseases, with or without surgery. Francisco et 

al. [48] addressed the growing concern of NAFLD and suggested a role for adipokines as diagnostic 

markers and treatment targets. They emphasized the challenge of unraveling the intricate roles of 

adipokines in NAFLD due to the disease's complexity and the intricate network of involved 

adipokines. The study also underlined that the most effective strategies for addressing adipokine 

imbalance and NAFLD continue to revolve around prevention and reducing excessive fat 

accumulation. 

In aummary, the escalating worldwide concern regarding non-alcoholic fatty liver disease (NAFLD) 

is closely associated with factors such as obesity, diabetes, and metabolic syndrome. A pivotal player 

in NAFLD is adiponectin, a significant adipokine. This crucial adipokine frequently exhibits 

diminished levels in NAFLD patients and has correlations with various elements, including age, 

gender, lipid profiles, and insulin resistance. Adiponectin's multifaceted functions encompass 

alleviating insulin resistance, reducing inflammation, and preventing liver fibrosis, making it a focal 

point in NAFLD research. Recent studies have introduced spexin, a neuropeptide, which shows 

connections to metabolic parameters and adiponectin levels, indicating its potential relevance in 
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NAFLD and related metabolic disorders. To effectively address the intricate nature of NAFLD, 

strategies must concentrate on restoring equilibrium among adipokines, enhancing metabolic well-

being, and acknowledging the pivotal role of adiponectin in this complex liver condition. 

Table 1: Summary of key studies on adiponectin and NAFLD 

Main Findings Study Design Participants References 

1. Lower plasma 

adiponectin levels are 

closely associated with 

the presence and severity 

of NAFLD in men with 

T2DM, pointing to a role 

of adiponectin in NAFLD 

development and 

progression. 

Cross- Sectional 79 Men with T2DM, 

no known liver 

diseases. 

Mantovani A et 

al., (2022) [49] 

2. MedDietScore inversely 

linked to liver issues. 

NAFLD predicts diabetes 

and CVD over ten years, 

with adiponectin and the 

adiponectin-to-leptin ratio 

playing important roles in 

this relationship. 

Prospective 

observational 

study (ATTICA 

study)  

Total participants: 

3,042 (men and 

women). 

Kouvari M et al., 

(2021) [50] 

3. Adiponectin levels are 

lower in NAFLD 

compared to HC 

(hepatitis control) in both 

serum and liver tissue. 

LA levels in HS (hepatic 

steatosis) patients are 

lower than in NASH and 

HC groups, suggesting its 

role in NAFLD 

pathogenesis 

Observational 

Study 

Total of 48 

participants. HS, 

NASH, and HC groups 

categorized based on 

histopathological 

diagnosis. 

Mavilia MG & 

Wu GY., (2021) 

[51] 

4. NAFLD patients had 

significantly lower 

plasma concentrations of 

spexin and adiponectin. 

Spexin showed 

significant correlations 

with HOMA-IR and 

adiponectin. Adiponectin 

lowered in NAFLD 

patients. 

Clinical study 41 NAFLD subjects 

and 38 normal controls  

Zhang L et al., 

(2021) [52] 

5. Relationship of 

Adiponectin, HMW 

(high-molecular-

weight) and Leptin with 

NAFLD. Total 

Adiponectin and HMW 

Adiponectin inversely 

associated with NAFL 

prevalence. 

Prospective Study 2735 participants in a 

hospital health check-

up setting. 

Kim YS et al., 

(2020) [53] 

 

2. Materials And Methods 

The research centered on a thorough examination of the thyroid-stimulating hormone receptor 

(TSHR) gene within the context of autoimmune thyroid diseases (AITD). An extensive literature 

review was conducted, sourcing materials from reputable databases like PubMed, Web of Science, 

and relevant medical journals. The goal was to include articles published up to a specified date, 
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establishing a current and robust foundation for the investigation. Out of the 75,700 review articles 

collected, 278 primary articles closely related to the topic "Multifactorial Aspects of Adiponectin in 

Non-Alcoholic Fatty Liver Disease" were selected for further analysis and scrutiny. Literature Search: 

The literature exploration was a vital part of the research strategy, enabling the acquisition of diverse 

scholarly articles essential to the study. Specific keywords such as "thyroid-stimulating hormone," 

"autoimmune thyroid diseases," and "gene mutations" were carefully selected to ensure the retrieved 

articles were directly relevant to the TSHR gene and its role in thyroid health. 

 Review Method and Selection Criteria: The review methodology adhered to strict criteria to maintain 

the quality and relevance of the selected studies. Studies were assessed based on their alignment with 

the research objectives, credibility through publication in peer-reviewed journals, and relevance to 

autoimmune thyroid diseases and the TSHR gene, with a particular focus on studies involving human 

adult subjects. Exclusions were made for studies that did not meet these criteria, resulting in a 

rigorous selection process. Data Extraction: Data retrieval played a crucial role in systematically 

organizing essential findings and insights from the chosen research. This encompassed genetic 

variations, the function of the TSHR gene in thyroid processes, its connections to autoimmune thyroid 

diseases, and underlying molecular mechanisms. The approach covered various aspects, including 

statistics, experimental outcomes, and clinical results. 

Adiponectin and NAFLD: An Overview Molecular structure and different isoforms of adiponectin 

Adiponectin, a hormone produced by fat cells, plays a pivotal role in reducing inflammation and 

enhancing insulin sensitivity in both obese individuals and the general population, as indicated by 

studies [54, 55]. Gender, especially in women, can affect adiponectin levels due to estrogen's 

influence on fat tissue [56]. In addition to its contributions in combating diabetes and atherosclerosis, 

as noted in research [57, 58], adiponectin actively regulates blood sugar levels [59, 60] and promotes 

the breakdown of fatty acids, reducing the accumulation of triglycerides [61, 62]. However, 

adiponectin levels tend to decrease in obesity, often attributed to sedentary lifestyles. Physical activity 

can counter this trend by stimulating adiponectin production and enhancing glucose uptake through 

the activation of AMP kinase [63, 64]. Adiponectin comes in three different molecular forms, each 

with unique functions. For instance, high-molecular-weight (HMW) adiponectin is associated with 

increased glucose uptake and central obesity [65, 66, 67]. The multifaceted roles of adiponectin in 

obesity, diabetes, cardiovascular conditions, and various cancers reveal its intricate molecular and 

cellular mechanisms across different organs and its responses to dietary influences [68]. 

Adiponectin, a 224-amino acid protein produced by white adipose tissues (WAT) [69], was 

discovered in 1995, with its gene located on chromosome 3q27 [70, 71]. Its structure consists of 

single-chain trimers, featuring N-terminal, collagen, and C-terminal globular domains. These 

domains, spanning Pro104 to Asn244, are connected by a Pro104-Tyr109 hinge and enclosed by a 

bell-shaped structure. Adiponectin, part of the C1q-TNF superfamily, shares structural similarities 

with TNF-alpha (TNF-α) despite different amino acid sequences. It exists in trimers (90 kDa), 

hexamers (180 kDa), or multimers (>400 kDa). While its longitudinal shape is thermodynamically 

unstable, protein breakdown products with a spherical end-spin domain are found in the body. This 

structural complexity, along with post-translational modifications and monomeric instability, suggests 

adiponectin's involvement in various human disorders [72]. 

Circulating adiponectin exists in various isoforms, such as high molecular weight (HMW) and low 

molecular weight (LMW) multimers, which engage with the cell surface receptor T-cadherin, 

necessitating additional co-receptors for intracellular signaling [73]. Additionally, other circulating 

forms include full-length adiponectin, binding to adiponectin receptor 2 primarily found in the liver, 

and the globular domain trimer (lacking the N-terminal domain), which interacts with adiponectin 

receptor 1 mainly located in skeletal muscle. The binding of these ligands to adiponectin receptors 

regulates substrate metabolism by activating critical energy sensors like AMPK and Sirtuins, as well 

as modulating the activity of the nuclear receptor PPARα, while also influencing inflammatory 

responses [74, 75]. Furthermore, adiponectin exhibits additional beneficial effects in the liver, 

including anti-inflammatory and antifibrotic actions. Despite the increasing understanding of 

NAFLD's pathogenesis and progression, several questions remain, particularly regarding the 

mechanisms of progression and the identification of potential molecular therapeutic targets. 

Adiponectin (APN) circulates in high-molecular weight (HMW), medium-molecular weight (MMW), 

and low-molecular weight (LMW) forms. Nonalcoholic fatty liver disease (NAFLD) stands as a 

prevalent cause of chronic liver conditions. Lian K et al., [76] have proposed that HMW and MMW 

APN may play significant roles in both the development and progression of NAFLD. Intriguingly, 
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NAFLD patients exhibited variations in HMW, MMW, and LMW APN levels. Moreover, height and 

the presence of CML (carboxymethyl-lysine) displayed significant correlations with total APN. These 

findings imply a close association between HMW and MMW APN and the pathogenesis and 

advancement of NAFLD. Additionally, HMW APN and MMW APN appear to have specific 

connections with liver function and lipid metabolism, respectively, suggesting their potential as novel 

therapeutic targets for NAFLD. 

Adiponectin receptors and their distribution in the liver 

Adiponectin employs two primary receptors, AdipoR1 and AdipoR2, situated in the liver, muscle, and 

adipose tissue. AdipoR1 acts as the high-affinity receptor for globular adiponectin within muscle, 

while AdipoR2 serves as an intermediate-affinity receptor for various adiponectin forms in the liver 

[77]. These receptors play essential roles in regulating energy, inflammation, insulin sensitivity, and 

fat metabolism, as supported by knockout studies and siRNA experiments [78, 79]. Each receptor has 

its gene, with AdipoR1 on human chromosome 1p36.13-q41 and mouse chromosome 1 E4, and 

AdipoR2 on human chromosome 12p13.31 and mouse chromosome 6 F1. These unique seven-

transmembrane receptors differ from typical GPCRs and connect adiponectin to the receptor's C 

terminus, which then interacts with APPL1. AdipoR1 is predominantly found in muscle, fibroblasts, 

endothelial cells, and atrial cells and prefers spherical adiponectin. In contrast, AdipoR2, with a 

higher affinity for various adiponectin forms, primarily resides in the liver, where it influences insulin 

sensitivity via PPAR-α receptors. It's worth noting that insulin levels also impact AdipoR expression 

[80, 81]. In 2004, Hug C et al. utilized advanced expression cloning techniques to reveal a third 

adiponectin receptor located in vascular endothelial cells and smooth muscle. Adiponectin exerts 

cardioprotective effects through the APPL1-AMPK cascade, enhancing processes like CD36 

translocation for fatty acid uptake, insulin-induced glucose uptake, and Akt phosphorylation in 

cardiomyocytes. Additionally, it facilitates stronger interactions between AdipoR1 and APPL1, 

leading to APPL1 binding with AMPK-α2. This interaction results in the phosphorylation and 

inhibition of acetyl-CoA carboxylase (ACC), ultimately enhancing oxidative phosphorylation in 

cardiac tissue [82]. 

AdipoR1 and AdipoR2 show their highest mRNA expression in human skeletal muscle and moderate 

expression in the liver [83]. Interestingly, AdipoR1 protein is detectable in human hepatocytes, 

suggesting potential liver-related roles [84]. While there's an established connection between low 

adiponectin levels and liver disease, the link between non-alcoholic fatty liver disease (NAFLD) and 

decreased hepatic adiponectin receptor expression is inconclusive, partly due to mRNA-protein 

differences [85, 86]. Animal studies by Neumeier M et al, Inukai K et al. and Tsuchida A et al. have 

produced mixed results concerning hepatic adiponectin receptor mRNA levels in obesity models [87, 

88, and 89]. In contrast, Nannipieri M et al. observed variations in human biopsy samples, depending 

on the presence of non-alcoholic steatohepatitis (NASH), steatotic livers, or normal liver function 

[90]. Additionally, Ma H et al. (2009) and Uribe M et al. noted reduced AdipoR2 protein levels in 

human NASH, suggesting potential resistance to adiponectin's effects [91, 92]. Studies by Shimizu A 

et al. and Kaser S et al. emphasized adiponectin's critical role in reducing hepatic lipid accumulation 

by lowering hepatocyte ApoB and triglyceride levels. This leads to decreased release of very-low-

density lipoprotein (VLDL) from the liver and enhanced VLDL breakdown, resulting in a healthier 

lipid profile and reduced hepatic fat storage [93, 94]. 

Furthermore, Rahman SM et al. showed that adiponectin ameliorates hepatic lipid deposition by 

suppressing the activity of SREBP-1c, a central regulator of fatty acid synthesis, and activating AMP-

activated protein kinase (AMPK), which enhances fatty acid oxidation. Signaling through AdipoR2 

also enhances the activity of peroxisome proliferator-activated receptor alpha (PPARα), promoting 

beta-oxidation, reducing lipid synthesis, and preventing excessive triglyceride storage [95]. In 2010, 

research by Koh IU et al. [96] illuminated the complex functions of adiponectin and its receptors in 

relation to hepatic steatosis and non-alcoholic fatty liver disease (NAFLD). AdipoR1 and AdipoR2 

are central to various signaling pathways that impact liver lipid metabolism and overall liver function.                       

Metabolic effects of adiponectin in the liver 

Adiponectin is a central player in liver metabolism, orchestrating glucose uptake and lipid handling by 

reducing gluconeogenesis and promoting glycolysis and fatty acid oxidation. Its actions hinge on 

AdipoR1 and hepatic AdipoR2 activation, each initiating distinct pathways [97]. AdipoR1 triggers 

AMPK activation, which inhibits gluconeogenic enzymes, reducing gluconeogenesis and curtailing 

lipid synthesis [98]. This encourages lipid oxidation, inhibits triglyceride production, and suppresses 

the master regulator SREBP-1c [99, 73]. Meanwhile, PPAR-α collaborates with AMPK to amplify 
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fatty acid oxidation. In stark contrast, insulin drives lipogenesis, glycolysis, and glycogen synthesis, 

highlighting the opposing metabolic roles of insulin and adiponectin in liver function [97].  

Ebrahimi-Mamaeghani et al. uncovered an inverse link between serum adiponectin levels and 

conditions like obesity, type 2 diabetes, and cardiovascular problems [100]. Simultaneously, both 

Mitsuhashi et al. and Imatoh et al. associated lower adiponectin levels with a heightened risk of 

hypertension and diabetic heart muscle disease [103, 104]. On another note, Leon BM et al.  

demonstrated that adiponectin enhances vascular function by increasing nitric oxide (NO) release and 

reducing adhesive particles [106]. However, Woodward L et al. raised concerns about adiponectin's 

reliability as a heart disease marker, noting significantly elevated levels in heart failure cases [107]. 

Looking from a different angle, Marchal PO et al.  introduced NOV/CCN3, a recently identified 

adipokine involved in inflammation, interstitial fibrosis, and the repair of damaged renal tissue [108]. 

Elevated NOV levels, as pointed out by Pakradouni J et al., correlated with obesity, higher plasma 

triglycerides, and increased C-reactive protein levels [109]. These factors often coincided with 

compromised mitochondrial energy production and increased generation of reactive oxygen species 

(ROS), contributing to oxidative stress, a primary risk factor in diabetic heart muscle disease [110]. 

Twig G et al. (2011) emphasized the relationship between obesity, ROS induction, elevated NOV 

levels, and reduced heme oxygenase-1 (HO-1) levels [111, 112]. Furthermore, Singh et al.  reported 

that obesity and oxidative stress were linked to increased NOV levels and inflammation, characterized 

by higher TNF-α and IL-6 release, alongside decreased HO-1 and peroxisome proliferator-activated 

receptor-gamma coactivator-1 alpha (PGC-1α) [113]. In summary, Rowe GC et al. (2010) highlighted 

how obesity-induced oxidative stress reduces PGC-1α and HO-1, resulting in mitochondrial 

dysfunction, insulin resistance, and ultimately, cardiac muscle disease [114]. 

Mechanisms of Action of Adiponectin in NAFLD 

The intricate mechanisms of action of adiponectin in non-alcoholic fatty liver disease (NAFLD) have 

been elucidated by a group of researchers including Jungtrakoon P et al. in 2011, Xie L et al. in 2006, 

Deepa SS et al. in 2009, Yamauchi T et al. in 2002, Shimano M et al. in 2010, and Kubota N et al. in 

2007 [115, 116, 117, 118, 119, 120]. These mechanisms encompass the enhancement of insulin 

sensitivity, the regulation of lipid metabolism, the mitigation of inflammation, the defense against 

oxidative stress, and the promotion of overall liver health. Adiponectin's pivotal role in activating 

AMPK extends across several crucial tissues, including skeletal muscle, liver, heart, endothelium, 

adipocytes, and the brain. Notably, the loss of many of its biological effects becomes apparent when a 

dominant negative AMPK variant is expressed, underscoring the fundamental role of AMPK in 

mediating adiponectin's actions. While the precise mechanisms behind adiponectin's activation of 

AMPK through its receptors remain subjects of ongoing investigation, as explored by Deepa SS et al. 

in 2009 and Holmes RM et al. in 2011 [117, 121], "APPL1," an adaptor protein equipped with 

functional domains like pleckstrin homology, phosphotyrosine binding, and a leucine zipper motif, 

seems to act as a critical signaling intermediary. Adiponectin augments the interaction between 

"APPL1" and its receptors, adipoR1 and adipoR2, with these interactions assuming pivotal roles in 

subsequent AMPK activation.  

Gu W et al. and Cleasby ME et al. stress the importance of APPL1 in metabolic syndrome [122, 123]. 

When activated, primarily by Kupffer cells, AMPK phosphorylates acetyl Coenzyme A carboxylase 

(ACC), inhibiting it. This reduces lipid production, boosts fatty acid oxidation by blocking malonyl-

CoA, a key inhibitor of carnitine palmitoyl transferase 1, the primary enzyme in fatty acid oxidation. 

Moreover, AMPK activation suppresses sterol regulatory element-binding protein 1c (SREBP1c) 

expression, a transcription factor governing cholesterol and lipid synthesis, as shown by Yamauchi T 

et al., Woods A et al., and Polakof S et al.  [118, 124, 125]. Additionally, adiponectin enhances 

PPARα activity, a transcription factor regulating genes responsible for fatty acid oxidation, possibly 

involving PPARγ coactivator-1α, as suggested by You M et al.  [126]. These interconnected pathways 

initiated by adiponectin result in increased fat oxidation, reduced lipid production, and the prevention 

of hepatic steatosis. 

In the context of liver-related health, the role of inflammatory cytokines is crucial, serving various 

functions in inflammation, cell damage, fibrosis, and the recovery process following liver injury, as 

noted by Tarantino G et al. [127] and Carter-Kent C et al. [128]. Adiponectin, inversely associated 

with pro-inflammatory markers like IL-6 and C-reactive protein, and positively linked with the anti-

inflammatory IL-10, combats inflammation by inhibiting the expression and counteracting the actions 

of TNF-α, as demonstrated by Mandal P et al. [97], Rogers CQ et al. [129], Huang H et al.  [130], and 

Begriche K et al. [131]. These cytokines, including IL-6 and TNF-α, primarily originate from Kupffer 
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cells, hepatic stellate cells (HSC), and, to some extent, inflamed hepatocytes within the liver 

environment, as evidenced by Lemoine M et al., Adler M et al., and Jarrar MH et al. [132, 133 & 

134]. Tarantino G et al.  and Carter-Kent C et al.  highlighted the vital role of adiponectin in 

combatting non-alcoholic steatohepatitis (NASH) and liver fibrosis. They achieve this by inhibiting 

Kupffer cell and hepatic stellate cell (HSC) activation, essential in preventing fibrosis [127 & 128]. 

Wulster-Radcliffe MC et al. demonstrated that adiponectin reduces proinflammatory cytokine 

production in macrophages by blocking NF-κB nuclear translocation [135]. Additionally, Kumada M 

et al.  and Wolf AM et al. found that adiponectin promotes anti-inflammatory cytokines, including 

interleukin-1-receptor antagonist [136, 137]. Adachi M et al., Handy JA et al. , and Caligiuri A et al.  

observed that adiponectin receptors, adipoR1 and adipoR2, help maintain HSC quiescence, inhibit 

their proliferation and migration, and reduce monocyte chemoattractant protein-1 secretion, mainly 

through AMPK-dependent mechanisms [138, 139 & 140]. Furthermore, Yang Z et al. (2011) and 

Tomita K et al. revealed that adiponectin's regulatory influence extends to TGFβ1, a pro-fibrotic 

factor critical in HSC activation and significant in the fibrosis observed in NAFLD. Interestingly, 

suppressing adipoR2 expression can induce TGFβ1 expression, while adipoR2 overexpression 

reduces TGFβ1 mRNA levels, highlighting the intricate role of adiponectin in liver fibrotic processes 

[141 & 142]. 

Ruiz JR et al. in 2012 [143] emphasize the critical connection between mitochondrial dysfunction and 

the metabolic challenges linked to obesity. Ren LP et al. and Hsieh PS et al. in 2012 and 2011 [144, 

145] observed structural irregularities and reduced functionality within hepatic mitochondria's 

respiratory chain complexes in individuals with non-alcoholic steatohepatitis (NASH). This condition 

results in the accumulation of reactive oxygen species (ROS). These ROS, as pointed out by Pessayre 

D et al. in 2007 [146], initiate the oxidation of stored fat, leading to the generation of lipid 

peroxidation products. This, in turn, contributes to the development of steatohepatitis, necrosis, 

inflammation, and fibrosis. It is essential to note that the heightened production of mitochondrial ROS 

in the context of steatohepatitis influences mitochondrial DNA and components of the respiratory 

chain. This process triggers NF-κB activation and the hepatic synthesis of TNFα, as described by 

Pessayre D et al. in 2007 [146]. The significance of the mitochondrial respiratory chain (MRC) 

complexes lies in their role in regulating intracellular ROS levels, preventing the buildup of lipids, 

and curtailing the formation of lipid peroxidation products within the liver. This underscores the 

intricate connection between mitochondrial malfunction, oxidative stress, and the progression of 

metabolic complications associated with obesity. 

Role in insulin sensitivity and glucose homeostasis 

Insulin resistance and inflammation are recognized as pivotal factors in NAFLD's pathophysiology. 

Adiponectin, the most well-known adipokine, is inversely associated with insulin resistance, lipid 

accumulation, inflammation, and NAFLD [46]. Adiponectin, an insulin-sensitizing hormone, acts via 

receptors like AdipoR1, AdipoR2, and T-cadherin, with AdipoR1 mainly found in muscle and 

AdipoR2 predominantly in the liver. It exhibits an inverse relationship with obesity, diabetes, and 

insulin resistance. In the liver and muscle, it enhances AMPK and the PPARα pathway, promoting 

fatty acid oxidation, lowering free fatty acids, and preventing insulin resistance. Additionally, it exerts 

antiatherosclerotic effects by inhibiting macrophage activation, reducing foam cell formation, and 

increasing endothelial nitric oxide production. Adiponectin safeguards vascular health by reducing 

platelet aggregation and promoting vasodilation. Beyond its metabolic roles, its deficiency may 

contribute to conditions such as coronary heart disease, steatohepatitis, nonalcoholic fatty liver 

disease, insulin resistance, and cancer. Adiponectin, with its multifaceted molecular actions, holds 

therapeutic promise for obesity-related diseases, from metabolic syndrome to various malignancies. 

The main point is that adiponectin, a versatile hormone, influences various aspects of health and 

offers potential in treating obesity-related conditions [147].  

In NAFLD with insulin resistance, muscle glucose uptake falters, hepatic insulin control weakens, and 

adipose tissue releases more free fatty acids (FFAs) Visceral fat significantly [99] contributes to 

hepatic insulin resistance and fat accumulation, exemplified in animal models and human studies 

[148]. Enlarged adipose tissue, especially visceral fat, triggers inflammation, altering adipokine 

production, reducing insulin-sensitizing cytokines, and increasing pro-inflammatory [149]. NAFLD 

patients often have low adiponectin levels, inversely associated with hepatic triglycerides. 

Interestingly, despite structural similarities, adiponectin and TNF-α have opposite effects [150]. 

Adiponectin administration improves lipid metabolism by enhancing lipid clearance and muscle fatty 

acid oxidation, while reducing liver gluconeogenesis and de novo lipogenesis through AMP kinase, 

p38 MAP kinase, and PPAR-alpha activation [151]. 
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Insulin resistance, assessed via homeostasis model assessment (HOMA-IR) from fasting insulin and 

glucose levels, was prominent in NAFLD patients, who exhibited significantly lower plasma spexin 

and adiponectin levels compared to normal controls. Notably, spexin's correlation with HOMA-IR 

and adiponectin remained strong, independent of gender and BMI adjustments. Spexin levels were 

notably correlated with fasting insulin, HOMA-IR, and glucose in NAFLD individuals. Furthermore, 

negative correlations emerged between adiponectin and BMI, HOMA-IR, and glucose. In summary, 

this investigation underscores the intricate relationship between insulin resistance and spexin and 

adiponectin concentrations in NAFLD [45]. 

Regulation of lipid metabolism and inflammation 

Combs and Marliss [73], followed by Gamberi et al. [152], suggest that adiponectin safeguards the 

liver by reducing serum lipids and glucose production. Qiao et al., [153] observed a correlation 

between increased adiponectin levels and lower fasting plasma TAGs and FFAs, alongside improved 

VLDL breakdown in skeletal muscle. Recent findings from Coimbra et al., [154] establish a positive 

link between circulating adiponectin levels and large HDL, with negative associations noted with 

BMI and VLDL in end-stage renal disease patients. Furthermore, Mastuura et al., [155] propose that 

adiponectin may raise HDL-cholesterol levels by enhancing ATP-binding cassette transporter A1 

(ABCA1) and apolipoprotein A-I (APO A-I) production in the liver. 

According to Thundyil J et al., "Adiponectin plays a key role in reducing hepatic lipid content by 

inhibiting fatty acid synthesis and promoting fatty acid oxidation (FAO) through its receptors, 

AdipoR1 and AdipoR2, along with APPL1," which activate the AMP-activated protein kinase 

(AMPK) and peroxisome proliferator-activated receptor-alpha (PPAR-α) pathways [156]. "The 

AMPK pathways, as emphasized by Hardie DG et al. and Lamichane S et al. , control various aspects 

of adiponectin's effects in the liver," including inhibiting gluconeogenesis and lipogenesis while 

enhancing FAO [157, 158]. Carlson LJ et al. noted that "AMPK activation by adiponectin, primarily 

through AdipoR1, blocks fatty acid synthesis by inhibiting SREBP-1C and consequently ACC" [159]. 

"Supporting this, Awazawa M et al. provided evidence of adiponectin administration suppressing 

SREBP-1C expression through AMPK activation in the livers of type 2 diabetic (db/db) mice and 

cultured hepatocytes" [160]. "Furthermore, Chen H et al.  found that AMPK activation by adiponectin 

enhances lipid oxidation by reducing SREBP-1C and its downstream enzymes, ACC, and malonyl 

CoA" [161]. In alignment with the AMPK pathway, "Chen et al. demonstrated that treating bovine 

hepatocytes with adiponectin significantly increased the expression of PPAR-α, ACO, CPT1, and 

ACSL-1, all under PPAR-α regulation." "This underscores the pivotal role of PPAR-α in NAFLD, as 

highlighted by Montagner et al., who found that deleting PPAR-α in hepatocytes impaired fatty acid 

catabolism, triggered steatosis, and ultimately led to NAFLD in mice" [162]. 

Impact on hepatic steatosis and fibrosis 

Feldstein AE et al. [163] have extensively documented how excess free fatty acids (FFAs) serve as 

triggers for the expression of pro-inflammatory cytokines like TNF-α and pro-inflammatory 

interleukins (ILs). This process plays a pivotal role in the chronic inflammation observed in non-

alcoholic fatty liver disease (NAFLD), serving as a fundamental mechanism underlying NAFLD's 

pathogenesis. It's worth noting that this inflammation is a shared characteristic among various chronic 

diseases, including cardiovascular disease (CVD). Ipsen DH et al. [164] highlighted that the 

accumulation of excessive lipids in hepatocytes leads to cellular damage, initiating an inflammatory 

response. This response not only drives the progression of liver diseases but may also influence the 

development of CVD. Furthermore, Friedman SL et al. [165] emphasize that a high-fat diet (HFD) 

disrupts the balance of pro- and anti-inflammatory adipokines in the body, coinciding with the 

worsening of hepatic inflammation and the onset of NAFLD. In response to HFD, pro-inflammatory 

adipokines such as TNF-α, IL-6, and certain IL-1 family members notably rise, while anti-

inflammatory adipokines like adiponectin, IL-10, and resistin tend to decline, as demonstrated by 

Polyzos SA et al. Braunersreuther V et al., Seo YY et al. and Mirea AM et al. [166, 167, 168, & 169]. 

Moreover, research, as noted by Chen Y et al. [170] and Asrih M et al. [171], indicates that lipid 

accumulation within the liver can stimulate TNF-α production, activating various inflammatory 

signaling pathways, including nuclear factor-κB (NF-κB) and c-Jun N-terminal kinase (JNK). This 

ultimately contributes to the development of insulin resistance (IR) and, consequently, NAFLD. 

Lesmana CR et al. [172] have provided evidence that circulating levels of TNF-α are positively 

correlated with the extent of liver fibrosis in individuals with non-alcoholic steatohepatitis (NASH). A 

review by Mirea and colleagues [169] underscores the critical role of IL-1 in inducing hepatic 

inflammation and driving the progression of liver fibrosis, with IL-1β implicated in various stages of 
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NAFLD development, as noted by Tan Q et al. [173]. Moreover, NAFLD/NASH can lead to a range 

of metabolic dysregulations triggered by FFAs, worsening liver damage. Enhanced obesity-induced 

hepatic lipid accumulation impairs mitochondrial respiratory oxidation, disrupts fat homeostasis, 

generates toxic lipid-derived metabolites, and increases reactive oxygen species (ROS) production, as 

highlighted by Chen Z et al. [174]. Buzzetti et al. (2016) [175] reported that hepatic fat accumulation, 

especially the elevated availability of triglycerides, cholesterol, and other lipid metabolites, impairs 

mitochondrial function, leading to increased ROS production and endoplasmic reticulum stress. This 

was further supported by Cusi and colleagues [176], who demonstrated that the activation of 

inflammatory pathways contributes to hepatocyte necroinflammation, worsening mitochondrial 

damage, as described by Chen Z et al. [174]. Paradies and associates [177] also emphasized the 

correlation between an elevated inflammatory response, mitochondrial dysfunction, and insulin 

resistance. 

Furthermore, it's been reported that ROS, along with oxidized LDL particles, can activate Kupffer 

cells and hepatic stellate cells, further driving the progression of NASH, as noted by Karadeniz G et 

al. (2008). Conversely, adiponectin, an anti-inflammatory adipokine, has been shown to have an 

inverse relationship with liver enzyme levels associated with NAFLD, as highlighted by Kamada Y et 

al. [179] and López‐Bermejo A et al. Upregulating adiponectin can have beneficial effects in 

mitigating NAFLD by reducing hepatic and systemic insulin resistance, while simultaneously 

suppressing liver inflammation and subsequent fibrosis, as demonstrated by Finelli C et al. [31]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                     

 

 

 

 

 

 

 

                                Flowchart: illustrating the mechanisms of adiponectin action in NAFLD 

 

Factors Influencing Adiponectin Levels in NAFLD 

NAFLD is a multifactorial disease that influenced by genetics, diet, and lifestyle factors, leading to its 

diverse manifestations. The primary treatment for NAFLD involves adopting dietary and lifestyle 

changes to reduce body weight and enhance glycemic control, address dyslipidemia, and mitigate 

cardiovascular risks [181, 182].  Genetic factors, along with environmental factors like diet, exercise, 

obesity, and lifestyle, jointly contribute to NAFLD development. The complex interaction between 

genetics and the environment makes it difficult to pinpoint the exact genetic factors responsible for 

changes in adiponectin levels in NAFLD patients. 
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Genetic factors and polymorphisms 

Genetic and environmental factors jointly influence NAFLD's development and progression, with 

varying genetic risk across populations  [183, 184, 185]. Therefore, it's crucial to replicate known 

genetic associations across diverse populations. Numerous genetic variations, such as those in 

GSTM1, GSTP1 [186], PPARgamma [187], FABP1, MTTP [188], leptin receptor [189], and 

adiponectin genes [186], have been linked to NAFLD. 

Adiponectin, produced by adipocytes, plays pivotal roles in insulin sensitivity, glucose and lipid 

metabolism, and anti-inflammatory responses [190]. The ADIPOQ gene encodes adiponectin and 

resides on chromosome 3q27 [191]. This gene spans 16 kb of genomic sequence, containing three 

exons and two introns. Adiponectin exhibits unique domains and shares similarities with other 

proteins. Within the ADIPOQ gene, single nucleotide polymorphisms (SNPs) like rs266729 and 

rs1501299 are associated with varying circulating adiponectin levels. Variant alleles at rs266729 are 

linked to lower adiponectin levels and have associations with obesity [192], BMI, type 2 diabetes 

[193], diabetic nephropathy, and insulin sensitivity [83]. Meanwhile, rs1501299 correlates with 

reduced adiponectin expression, potentially contributing to increased body weight and insulin 

resistance [194, 195]. Despite some studies exploring adiponectin gene polymorphisms concerning 

NAFLD risk  [196, 197], there remains an unexplored research gap within the Iranian population. 

Authors Triantafyllou GA and Matarese have emphasized the central role of leptin, primarily 

synthesized in adipose tissue, in regulating critical physiological functions, including energy balance, 

neuroendocrine activity, hematopoiesis, and angiogenesis [198, 199]. Leptin also possesses 

proinflammatory properties and helps prevent fat accumulation in non-adipose tissues, as noted by 

Meek TH and Morton GJ [200]. In terms of liver function, Kakuma T et al. [201] describe how leptin, 

through its receptor LEPRb, reduces the expression of sterol regulatory element-binding transcription 

factor 1 (SREBP-1). This reduction in SREBP-1 levels holds significant implications, as it governs 

genes related to glucose and lipid metabolism, as highlighted by Ferre P and Foufelle F. [202]. 

Furthermore, leptin plays a key role in hepatic fibrogenesis by increasing the expression of 

transforming growth factor β1, contributing to liver fibrosis. In human studies, Wong VW et al.  [203] 

have conducted research linking elevated circulating leptin levels with non-alcoholic fatty liver 

disease (NAFLD), especially in cases of non-alcoholic steatohepatitis (NASH) and increased disease 

severity. However, it's crucial to emphasize that body mass index (BMI) remains an independent 

factor associated with disease progression. An BQ et al. [204] have suggested that certain genetic 

factors, like LEPR Q223R polymorphisms, may predispose individuals to both NAFLD and coronary 

atherosclerosis. Despite improvements in liver function, clinical studies with medications like 

spironolactone, vitamin E, or rosiglitazone have not consistently led to significant changes in plasma 

leptin levels [205]. Both leptin and adiponectin appear closely connected to NAFLD development and 

progression. Ongoing research on leptin gene polymorphisms and the role of adiponectin in NAFLD 

may clarify their specific functions and potential as therapies for advanced stages of the disease, 

including NASH with or without fibrosis, as suggested by Boutari C et al. [206]. 

Venteclef N et al. [207] have underscored the impact of genetic variations within the SIRT1 gene on 

Sirtuin 1 (SIRT1) activity, subsequently influencing adiponectin levels. "The disruption of SIRT1 can 

lead to imbalances in glucose and lipid metabolism, potentially contributing to the development of 

non-alcoholic fatty liver disease (NAFLD)." Ballestri S et al. [208] stressed the vital role of 

peroxisome proliferator-activated receptors (PPARs) in governing metabolic processes, particularly 

PPAR-α, predominantly located in the liver, kidney, and muscle. "PPAR-α plays a pivotal role in the 

metabolism of fatty acids and exerts anti-inflammatory effects by regulating NF-κB," as indicated by 

Holden PR et al. [209] and Siersbæk R et al. [210]. As noted by Francque S et al. in 2015 [211], a 

high-fat diet can stimulate increased hepatic expression of PPAR-α as a protective response. 

"Augmented gene expression of PPAR-α in the liver has been associated with milder cases of non-

alcoholic steatohepatitis (NASH) in human subjects. Lifestyle modifications and bariatric surgery 

have shown the capacity to improve liver histology and elevate PPAR-α expression." On the flip side, 

when PPAR-α is lacking in mice subjected to a high-fat diet, "the resulting non-alcoholic fatty liver 

disease (NAFLD) is more severe." In murine models of NASH, PPAR-α agonists have effectively 

reversed fibrosis and NASH. Moreover, "the inhibition of PARP1, a molecule that obstructs PPAR-α 

signaling, presents a promising avenue for NAFLD treatment," as indicated by various research 

studies. 
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In essence, non-alcoholic fatty liver disease (NAFLD) is a multifaceted condition influenced by 

genetic and environmental elements. Genetic variances within genes like ADIPOQ, responsible for 

encoding adiponectin, play a part in NAFLD vulnerability. Adiponectin, produced by adipocytes, acts 

as a pivotal controller of insulin sensitivity, metabolism, and inflammation. Changes within the 

ADIPOQ gene directly affect adiponectin levels and are linked to conditions such as obesity and type 

2 diabetes, potentially contributing to the emergence and advancement of NAFLD. A thorough 

comprehension of adiponectin's role in this intricate interplay is imperative for deepening our insights 

and developing effective approaches to manage NAFLD. 

Lifestyle factors (diet, physical activity) 

Studies investigating the impact of lifestyle adjustments and medications on non-alcoholic fatty liver 

disease (NAFLD) often involve limited patient groups and may lack appropriate control comparisons. 

Currently, Sanyal AJ et al. [212] emphasize the importance of weight loss and physical activity as 

primary strategies for improving non-alcoholic steatohepatitis (NASH). In contrast, Shah K et al. 

[213] found that maintaining dietary changes and regular exercise for six months produced similar 

outcomes in reducing body weight and intrahepatic fat levels. Meanwhile, Johnson NA et al. [214] 

conducted a study with 19 sedentary obese individuals and found that just four weeks of aerobic 

exercise improved hepatic steatosis, even without substantial weight loss. In a separate controlled 

trial, Promrat K et al. [215] compared intensive lifestyle modifications with educational training in 31 

patients with biopsy-confirmed NASH. These studies collectively underscore the importance of 

lifestyle changes in managing NAFLD and NASH, even when weight loss is not the primary outcome. 

The findings revealed a substantial connection between weight loss and enhancements in the NASH 

histological activity score, with the recommended objective being a 7% or greater reduction in body 

weight for these patients. Further investigations have indicated that reducing body mass by 10% in 

NASH patients can result in improvements in histological and laboratory parameters, coupled with an 

elevation in adiponectin concentrations. Regarding clinical trials involving fibrates, Laurin J et al. 

[216] reported mixed outcomes, with some studies failing to demonstrate significant enhancements in 

biochemical or histological parameters, while Athyros VG et al. [217] documented favorable effects, 

particularly with fenofibrate. 

Thiazolidinediones, per Neuschwander-Tetri BA et al., [218], improve liver enzymes and histology. 

They activate PPARγ, inhibiting hepatic stellate cell proliferation and CTGF expression [219]. These 

drugs also boost adiponectin, raising systemic levels [220], linked to histological improvements in 

steatosis, inflammation, and fibrosis. Pentoxifylline, in small clinical trials, shows promise by 

improving biochemical and histological aspects. In contrast, vitamin E therapy reduces AST and ALT 

levels and hepatic steatosis but doesn't significantly enhance necroinflammation [220] or fibrosis 

[221]. It's important to note that antioxidants may potentially counteract the benefits of physical 

exercise on insulin sensitivity and systemic adiponectin levels, potentially more effective in patients 

with low physical activity [222]. In summary, managing NAFLD involves lifestyle changes and 

medications, while recognizing research limitations. To address NASH, losing weight and exercising 

regularly are vital. Diet and exercise effectively reduce body weight and liver fat. Adiponectin, 

associated with improved outcomes, tends to increase with weight loss. However, antioxidants may 

counteract exercise benefits on insulin sensitivity and adiponectin levels, particularly in those with 

lower physical activity levels. 

Comorbid conditions (obesity, type 2 diabetes) 

Obesity is commonly linked to insulin resistance, a significant risk factor for conditions like type 2 

diabetes, cardiovascular disease, hepatic steatosis, and non-alcoholic steatohepatitis (NASH), as noted 

by Browning JD et al. in 2004 [223] and Gil-Campos M et al. in 2004 [224]. In obesity, larger fat 

cells often struggle to efficiently store excess triglycerides, resulting in the excessive accumulation of 

lipids in muscles and the liver, disrupting insulin signaling, according to Goossens GH et al. in 2008 

[225]. The distribution of body fat, particularly visceral fat, is more crucial than the total amount of 

adipose tissue. Visceral fat strongly associates with insulin resistance and the development of non-

alcoholic fatty liver disease (NAFLD), as emphasized by Calamita G et al. in 2007 [226]. Free fatty 

acids released from visceral fat travel to the liver via the portal vein, contributing to hepatic steatosis, 

the production of triglyceride-rich very low-density lipoproteins (VLDL), and increased β-oxidation, 

as outlined by Jensen MD in 2008 [227]. Within the context of obesity, there are individuals known as 

"metabolically healthy but obese" (MHO) who exhibit insulin sensitivity and notably lower liver fat 

accumulation compared to similarly overweight individuals who develop insulin resistance, as 

described by Messier V et al. in 2010 [228] and Stefan N et al. in 2008 [229]. 
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Adiponectin's role in metabolic and hepatic disorders, often linked to obesity-induced changes in 

adipose tissue, is crucial and can lead to non-alcoholic fatty liver disease (NAFLD). The interaction 

between adiponectin and its receptor, mediated by hepatic peroxisome proliferator-activated receptors 

(PPARs), helps reduce obesity-related NAFLD, as noted by Ishtiaq SM et al. in 2019 [230]. In 2022, 

Mantovani et al. [231] highlighted a strong link between lower plasma adiponectin levels and the 

presence and severity of NAFLD in men with type 2 diabetes, emphasizing adiponectin's pivotal role 

in NAFLD development and progression. Furthermore, Lee CH et al.'s 2022 study [232] revealed an 

increasing prevalence of NAFLD, especially among individuals with type 2 diabetes, impacting over 

70% of this group. These findings underscore the importance of considering the role of adiponectin in 

these complex relationships, particularly in the context of growing NAFLD cases among individuals 

with type 2 diabetes. 

In summary, there's a complex interplay between obesity, insulin resistance, type 2 diabetes, and non-

alcoholic fatty liver disease (NAFLD). Obesity is the common link that heightens the risk of various 

health issues, including type 2 diabetes, cardiovascular problems, fatty liver, and NASH. Adiponectin, 

a key player, is at the center of these conditions' mechanisms. The strong association between low 

levels of adiponectin in the blood and the presence and severity of NAFLD in individuals with type 2 

diabetes underscores adiponectin's substantial role in the development and progression of NAFLD. 

This highlights the intricate connections among these health issues, revealing how they are 

intertwined. 

Table 2: Factors influencing adiponectin levels 

Factors 
Influence on 

Adiponectin Levels 

Potential Impact on 

NAFLD 
References 

Obesity Associated with lower 

adiponectin levels 

Increases risk due to 

reduced protective effects 

Calcaterra V et al., 

(2020) [232] 

Insulin Resistance Associated with decreased 

adiponectin 

Promotes NAFLD 

development and 

progression 

Kitade H et al., 

(2017) [233] 

Inflammation Suppresses adiponectin 

production 

May exacerbate liver 

inflammation and damage 

Zhu Q et al., (2020) 

[234] 

Genetics Genetic factors can 

influence levels 

Predisposition to higher or 

lower adiponectin levels 

Severson TJ et al., 

(2016) [235] 

Diet Poor dietary choices 

impact levels 

High-sugar or high-fat 

diets may worsen NAFLD 

Romero-Gómez M 

et al., (2017) [236] 

Physical Activity Regular exercise increases 

levels 

Exercise can have a 

protective effect 

Liou CJ et al., 

(2019) [237] 

Hormonal Factors Imbalances can affect 

adiponectin 

Hormonal conditions may 

worsen NAFLD 

symptoms 

Song MJ & Choi 

JY., (2022) [238] 

Smoking Linked to lower 

adiponectin levels 

Smoking may worsen 

NAFLD progression 

Mallat A & 

Lotersztajn S., 

(2009) [239] 

 

Future Directions 

Emerging research areas in adiponectin and NAFLD 

"Adiponectin-Based Therapies in NAFLD patients" hold significant potential in the management of 

liver fibrosis. Emerging evidence suggests that adiponectin assumes a critical role in limiting liver 

fibrosis by inhibiting pro-fibrotic pathways. Clinical investigations have established a correlation 

between elevated adiponectin levels and less severe fibrosis in various liver conditions. Conversely, 

diminished adiponectin levels are linked to metabolic disorders contributing to NAFLD and NASH. 

Consequently, adiponectin shows promise as a non-invasive biomarker for evaluating the extent of 

liver fibrosis in individuals with chronic liver diseases, as noted by Udomsinprasert W et al. in 2018 

[240]. Furthermore, "Adiponectin-Based Therapies in NAFLD patients," particularly in the context of 

"NLRP3 inflammasome regulation," offer a promising avenue for intervention. A growing body of 

evidence suggests that adiponectin plays a pivotal role in suppressing the activation of the NLRP3 

inflammasome in hepatocytes, potentially through the "AMPK-JNK/Erk1/2-NFκB/ROS signaling 

pathways." Adiponectin deficiency exacerbates liver injury, steatosis, and NLRP3 inflammasome 

activation in high-fat diet-induced liver damage, highlighting its protective function, as elucidated by 

Dong Z et al. in 2020 [241].                
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To fully harness the potential of Adiponectin-Based Therapies in NAFLD patients, future directions 

should focus on refining and optimizing these treatments for clinical application. This involves 

conducting rigorous clinical trials to assess their safety and efficacy in human subjects, with the 

ultimate goal of obtaining regulatory approval. Additionally, further research is needed to elucidate 

the precise mechanisms underlying the therapeutic effects of adiponectin, especially in the context of 

hepatic stellate cell (HSC) activation and ER-mitochondrial axis function. Collaborative efforts 

between researchers, clinicians, and pharmaceutical companies will be crucial for bringing these 

promising therapies to patients with NAFLD in the near future [242]. In parallel, future directions for 

Adiponectin-based therapies in NAFLD patients should address the altered leptin/adiponectin balance 

and early liver functional alterations identified in obese and uNAFLD patients. Therapies should aim 

to restore a more balanced adipokine profile to mitigate fat accumulation and liver dysfunction 

effectively. Research should concentrate on developing interventions that specifically target and 

modulate adiponectin and leptin levels to improve liver health in NAFLD patients. Moreover, 

noninvasive methods, such as the (13C)-methacetin breath test, could be further explored and refined 

for monitoring treatment outcomes in clinical trials [243]. 

Promising therapies under investigation 

"Lipodystrophy" refers to disorders with a lack of subcutaneous fat and ectopic fat accumulation, 

especially in the liver. Polyzos SA et al., in 2019 [244], outlined its strong connection to insulin 

resistance and related metabolic issues, including hyperglycemia, hyperlipidemia, and nonalcoholic 

fatty liver disease (NAFLD). In contrast, "NAFLD" is a common, chronic liver disorder marked by 

excessive liver fat. NAFLD has subtypes, including "simple fatty liver (NAFL)" and the more severe 

"nonalcoholic steatohepatitis (NASH)," with inflammation and liver cell damage due to fat 

accumulation. These two conditions share intricate connections, relating to metabolic and liver health.         

Insulin Resistance and Metabolic Abnormalities: Adipose tissue functions as an "endocrine organ," 

releasing various signaling molecules called "adipokines," which include adiponectin and leptin, as 

noted by Boutari C & Mantzoros CS in 2020 [245]. Adiponectin, in particular, assumes a central role 

in processes such as adipogenesis, the enhancement of insulin sensitivity, the regulation of 

inflammation, and the prevention of atherosclerosis. In individuals grappling with obesity and 

metabolic syndrome, there is a frequent observation of "low levels of adiponectin." Importantly, 

patients dealing with "lipodystrophy," a condition characterized by significant fat loss, exhibit 

profound systemic and hepatic insulin resistance. This is evident in their diminished capacity to 

suppress glucose production in response to insulin during the "hyperinsulinemic clamp test," setting 

them apart from individuals without lipodystrophy. The severity of insulin resistance and associated 

metabolic issues in these patients is closely related to the extent of fat loss. Severe lipodystrophy is 

robustly connected with profound insulin resistance, hyperlipidemia, and advanced liver disease, as 

indicated by Akinci B et al. in 2017 and Moon HS et al. in 2013 [246, 247]. 

Metreleptin as a Treatment: Metreleptin is currently a rational choice for treating lipodystrophy, 

particularly when endogenous leptin levels are below normal. This therapy serves to partially replace 

the missing leptin. However, it's crucial to understand that metreleptin does not replace all the missing 

adipokines in lipodystrophy [248, 249 and 250]. In conditions characterized by low leptin levels, such 

as hypothalamic amenorrhea (HA) and lipodystrophy, metreleptin therapy has demonstrated 

advantages, including improved glycemia, insulin sensitivity, and adiponectin levels. Combination 

Therapies: In lipodystrophy, where various adipose-derived factors are deficient, a more logical 

approach involves replacing multiple missing adipokines. Clinical trials are investigating combining 

metreleptin with recombinant adiponectin or drugs that boost adiponectin levels to address a broader 

range of missing adipokines in lipodystrophy. Future treatments might include adiponectin 

replacement therapy or methods to increase endogenous adiponectin. Additionally, research is 

underway on adiponectin analogues like osmotin and selective peroxisome proliferator-activated 

receptor (PPAR) γ modulators such as INT131 [250]. 

 

NAFLD, despite its prevalence and associated health issues, lacks approved pharmacological 

treatments. While lifestyle changes offer benefits, they often face compliance challenges, 

underscoring the need for drug-based options. Recognizing NAFLD's complex nature, combination 

therapies are gaining traction, encompassing various drug categories, including lipid-lowering, anti-

hypertensive, glucose-lowering, anti-obesity, anti-oxidant, anti-inflammatory, and anti-fibrotic 

medications [251]. The pressing need for NAFLD treatments, no approved medications currently exist 

for this widespread condition. Monotherapies have often fallen short in clinical trials, suggesting that 

a single "magic bullet" solution may not suffice due to the disease's heterogeneity. Consequently, the 
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focus is shifting toward simultaneously targeting multiple underlying factors. Rather than addressing 

insulin resistance or oxidative stress in isolation, simultaneous targeting may yield more substantial 

benefits. Numerous clinical trials have explored combination therapy for NAFLD. The absence of 

approved medications for NAFLD has prompted exploration of combination therapies due to the 

disease's multifaceted nature. This approach offers potential for enhanced effectiveness and 

personalized treatment for NAFLD patients. 

In conclusion, adipokines like adiponectin and leptin play a vital role in addressing obesity-related 

conditions and are crucial for diagnosing, monitoring, and treating diseases such as NAFLD. To fully 

harness the potential of these adipokines in managing metabolic and liver disorders, more research 

and clinical trials are required. Adiponectin replacement therapy, often combined with leptin 

replacement, shows promise in alleviating the metabolic abnormalities and hepatic issues linked to 

lipodystrophy. The ongoing clinical trials investigating these therapies offer hope for improved 

outcomes and better management of this complex condition. 

Table 3: Potential therapeutic interventions 

Therapeutic 

Intervention 

Mechanism of 

Action 

Effects on 

Adiponectin 

Potential Effects 

on NAFLD 
References 

Weight Reduction Reduces adipose 

tissue mass and 

hepatic steatosis 

Increases 

adiponectin levels 

Has potential to 

improve NAFLD 

by reducing 

hepatic steatosis 

and inflammation 

Ali Khan R et al., 

(2017) [252] 

Pioglitazone Activates PPAR-γ 

receptors, 

enhancing insulin 

sensitivity 

Increases 

adiponectin levels 

Improves NAFLD 

by reducing 

insulin resistance 

and hepatic fat 

content 

Gastaldelli A et 

al., (2021) [253] 

Omega-3 Fatty 

Acid Supplements 

Modulate 

inflammatory 

pathways, 

reducing 

inflammation 

Increases 

adiponectin levels 

May improve 

NAFLD by 

reducing hepatic 

inflammation 

Kwon Y., (2020) 

[254] 

Resveratrol 

Supplements 

Exhibits 

antioxidant 

properties, 

reducing oxidative 

stress 

Increases 

adiponectin levels 

Holds potential to 

improve NAFLD 

by reducing 

oxidative stress 

and inflammation 

Chachay VS et 

al., (2014) [255] 

Mediterranean 

Diet 

Provides anti-

inflammatory 

nutrients and 

promotes weight 

loss 

Increases 

adiponectin levels 

May improve 

NAFLD by 

reducing 

inflammation and 

aiding in weight 

loss 

Zelber‐Sagi S et 

al., (2017) [256] 

 

3.  Conclusion 

Adiponectin plays a pivotal and multifaceted role in non-alcoholic fatty liver disease (NAFLD), a 

global health concern closely linked to obesity and metabolic syndrome. Understanding the factors 

influencing adiponectin levels, such as genetics, lifestyle, and comorbidities, is crucial for 

personalized treatment approaches. Lifestyle modifications and certain medications offer promise in 

improving NAFLD outcomes through the modulation of adiponectin. Additionally, the discovery of 

spexin as a potential correlate opens new avenues for research. In essence, adiponectin emerges as a 

central player in the complex landscape of NAFLD, offering both diagnostic insights and therapeutic 

potential. Further research is essential to fully unravel the precise mechanisms and harness the 

therapeutic benefits of adiponectin and related adipokines in managing NAFLD, addressing this 

prevalent liver disease comprehensively. 

Conflict Of Interest 

The Authors declare that there is no conflict of interest. 

https://jazindia.com/


Multifactorial Aspects of Adiponectin in Non- Alcoholic Fatty Liver Disease 

 ://jazindia.comhttpse online at: ilablAva - 918 - 

Author’s Contributions 

All of the authors were involved in data analysis, manuscript drafting, and revisions, with shared 

responsibility for all aspects of this research. 

References: 
1. Chalasani, N., Younossi, Z., Lavine, J. E., Diehl, A. M., Brunt, E. M., Cusi, K., & Sanyal, A. J. (2012). 

The diagnosis and management of non‐alcoholic fatty liver disease: Practice Guideline by the 

American Association for the Study of Liver Diseases, American College of Gastroenterology, and 

the American Gastroenterological Association. Hepatology, 55(6), 2005-2023. 

2. McCullough, A. J. (2006). Thiazolidinediones for nonalcoholic steatohepatitis—promising but not ready 

for prime time. New England Journal of Medicine, 355(22), 2361-2363. 

3. Yoon, K. H., Lee, J. H., Kim, J. W., Cho, J. H., Choi, Y. H., Ko, S. H., ... & Son, H. Y. (2006). Epidemic 

obesity and type 2 diabetes in Asia. The Lancet, 368(9548), 1681-1688. 

4. Farrell, G. C., & Larter, C. Z. (2006). Nonalcoholic fatty liver disease: from steatosis to cirrhosis. 

Hepatology, 43(S1), S99-S112. 

5. Clark, J. M. (2006). The epidemiology of nonalcoholic fatty liver disease in adults. Journal of clinical 

gastroenterology, 40, S5-S10. 

6. Amarapurkar, D. N., Hashimoto, E., Lesmana, L. A., Sollano, J. D., Chen, P. J., Goh, K. L., & Asia–

Pacific Working Party on NAFLD1. (2007). How common is non‐alcoholic fatty liver disease in the 

Asia–Pacific region and are there local differences?. Journal of gastroenterology and hepatology, 

22(6), 788-793. 

7. Mohan, V., & Deepa, R. (2006). Adipocytokines and the expanding'Asian Indian Phenotype'. The Journal 

of the Association of Physicians of India, 54, 685-6. 

8. Misra, A., & Vikram, N. K. (2002). Insulin resistance syndrome (metabolic syndrome) and Asian Indians. 

Current Science, 1483-1496. 

9. Singh, S. P., Nayak, S., Swain, M., Rout, N., Mallik, R. N., Agrawal, O., ... & Rao, M. V. K. (2004). 

Prevalence of nonalcoholic fatty liver disease in coastal eastern India: a preliminary ultrasonographic 

survey. Tropical gastroenterology: official journal of the Digestive Diseases Foundation, 25(2), 76-

79. 

10. Ekstedt, M., Hagström, H., Nasr, P., Fredrikson, M., Stål, P., Kechagias, S., & Hultcrantz, R. (2015). 

Fibrosis stage is the strongest predictor for disease‐specific mortality in NAFLD after up to 33 years 

of follow‐up. Hepatology, 61(5), 1547-1554. 

11. Li, L., Liu, D. W., Yan, H. Y., Wang, Z. Y., Zhao, S. H., & Wang, B. (2016). Obesity is an independent 

risk factor for non‐alcoholic fatty liver disease: evidence from a meta‐analysis of 21 cohort studies. 

Obesity reviews, 17(6), 510-519. 

12. Chang, Y., Jung, H. S., Cho, J., Zhang, Y., Yun, K. E., Lazo, M., ... & Ryu, S. (2016). Metabolically 

healthy obesity and the development of nonalcoholic fatty liver disease. Official journal of the 

American College of Gastroenterology| ACG, 111(8), 1133-1140. 

13. Zelber-Sagi, S., Lotan, R., Shlomai, A., Webb, M., Harrari, G., Buch, A., ... & Oren, R. (2012). Predictors 

for incidence and remission of NAFLD in the general population during a seven-year prospective 

follow-up. Journal of hepatology, 56(5), 1145-1151. 

14. Williams, C. D., Stengel, J., Asike, M. I., Torres, D. M., Shaw, J., Contreras, M., ... & Harrison, S. A. 

(2011). Prevalence of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis among a 

largely middle-aged population utilizing ultrasound and liver biopsy: a prospective study. 

Gastroenterology, 140(1), 124-131. 

15. Yki-Järvinen, H. (2014). Non-alcoholic fatty liver disease as a cause and a consequence of metabolic 

syndrome. The lancet Diabetes & endocrinology, 2(11), 901-910. 

16. Park, S. K., Seo, M. H., Shin, H. C., & Ryoo, J. H. (2013). Clinical availability of nonalcoholic fatty liver 

disease as an early predictor of type 2 diabetes mellitus in Korean men: 5‐year prospective cohort 

study. Hepatology, 57(4), 1378-1383. 

17. Björkström, K., Stål, P., Hultcrantz, R., & Hagström, H. (2017). Histologic scores for fat and fibrosis 

associate with development of type 2 diabetes in patients with nonalcoholic fatty liver disease. 

Clinical Gastroenterology and Hepatology, 15(9), 1461-1468. 

18. Pais, R., Barritt 4th, A. S., Calmus, Y., Scatton, O., Runge, T., Lebray, P., ... & Conti, F. (2016). NAFLD 

and liver transplantation: current burden and expected challenges. Journal of hepatology, 65(6), 1245-

1257. 

https://jazindia.com/


 

 https://jazindia.comnline at: le obilaAva - 919 - 

19. Tamaki, N., Kurosaki, M., Takahashi, Y., Itakura, Y., Inada, K., Kirino, S., ... & Izumi, N. (2021). Liver 

fibrosis and fatty liver as independent risk factors for cardiovascular disease. Journal of 

gastroenterology and hepatology, 36(10), 2960-2966. 

20. Bhatia, L. S., Curzen, N. P., Calder, P. C., & Byrne, C. D. (2012). Non-alcoholic fatty liver disease: a new 

and important cardiovascular risk factor?. European heart journal, 33(10), 1190-1200. 

21. Cakır, E., Ozbek, M., Colak, N., Cakal, E., & Delıbaşi, T. (2012). Is NAFLD an independent risk factor for 

increased IMT in T2DM?. Minerva Endocrinologica, 37(2), 187-193. 

22. Hagström, H., Nasr, P., Ekstedt, M., Hammar, U., Stål, P., Askling, J., ... & Kechagias, S. (2019). 

Cardiovascular risk factors in non‐alcoholic fatty liver disease. Liver International, 39(1), 197-204. 

23. Kasper, P., Martin, A., Lang, S., Kuetting, F., Goeser, T., Demir, M., & Steffen, H. M. (2021). NAFLD 

and cardiovascular diseases: a clinical review. Clinical research in cardiology, 110, 921-937. 

24. Pais, R., Barritt 4th, A. S., Calmus, Y., Scatton, O., Runge, T., Lebray, P., ... & Conti, F. (2016). NAFLD 

and liver transplantation: current burden and expected challenges. Journal of hepatology, 65(6), 1245-

1257. 

25. Angulo, P. (2002). Nonalcoholic fatty liver disease. New England Journal of Medicine, 346(16), 1221-

1231. 

26. Estes, C., Anstee, Q. M., Arias-Loste, M. T., Bantel, H., Bellentani, S., Caballeria, J., ... & Razavi, H. 

(2018). Modeling nafld disease burden in china, france, germany, italy, japan, spain, united kingdom, 

and united states for the period 2016–2030. Journal of hepatology, 69(4), 896-904. 

27. Majumdar, A., & Tsochatzis, E. A. (2020). Changing trends of liver transplantation and mortality from 

non-alcoholic fatty liver disease. Metabolism, 111, 154291. 

28. Zhu, W., Cheng, K. K., Vanhoutte, P. M., Lam, K. S., & Xu, A. (2008). Vascular effects of adiponectin: 

molecular mechanisms and potential therapeutic intervention. Clinical Science, 114(5), 361-374. 

29. Bugianesi, E., Pagotto, U., Manini, R., Vanni, E., Gastaldelli, A., de Iasio, R., ... & Marchesini, G. (2005). 

Plasma adiponectin in nonalcoholic fatty liver is related to hepatic insulin resistance and hepatic fat 

content, not to liver disease severity. The journal of clinical endocrinology & metabolism, 90(6), 

3498-3504. 

30. Jung, U. J., & Choi, M. S. (2014). Obesity and its metabolic complications: the role of adipokines and the 

relationship between obesity, inflammation, insulin resistance, dyslipidemia and nonalcoholic fatty 

liver disease. International journal of molecular sciences, 15(4), 6184-6223. 

31. Finelli, C., & Tarantino, G. (2013). What is the role of adiponectin in obesity related non-alcoholic fatty 

liver disease?. World journal of gastroenterology: WJG, 19(6), 802. 

32. Chen, Z., Yu, R., Xiong, Y., Du, F., & Zhu, S. (2017). A vicious circle between insulin resistance and 

inflammation in nonalcoholic fatty liver disease. Lipids in health and disease, 16, 1-9. 

33. Mirabeau, O., Perlas, E., Severini, C., Audero, E., Gascuel, O., Possenti, R., ... & Gross, C. (2007). 

Identification of novel peptide hormones in the human proteome by hidden Markov model screening. 

Genome research, 17(3), 320-327. 

34. Fang, P., Yu, M., Shi, M., Bo, P., & Zhang, Z. (2020). Galanin peptide family regulation of glucose 

metabolism. Frontiers in Neuroendocrinology, 56, 100801. 

35. Al-Daghri, N. M., Alenad, A., Al-Hazmi, H., Amer, O. E., Hussain, S. D., & Alokail, M. S. (2018). Spexin 

levels are associated with metabolic syndrome components. Disease markers, 2018. 

36. Karaca, A., Bakar-Ates, F., & Ersoz-Gulcelik, N. (2019). Decreased spexin levels in patients with type 1 

and type 2 diabetes. Medical Principles and Practice, 27(6), 549-554. 

37. Akbas, M., Koyuncu, F. M., Oludag Mete, T., Taneli, F., Ozdemir, H., & Yilmaz, O. (2019). Serum levels 

of spexin are increased in the third trimester pregnancy with gestational diabetes mellitus. 

Gynecological Endocrinology, 35(12), 1050-1053. 

38. Al-Daghri, N. M., Sabico, S., Al-Hazmi, H., Alenad, A. M., Al-Amro, A., Al-Ghamdi, A., ... & Alokail, 

M. S. (2019). Circulating spexin levels are influenced by the presence or absence of gestational 

diabetes. Cytokine, 113, 291-295. 

39. Gu, L., Ma, Y., Gu, M., Zhang, Y., Yan, S., Li, N., ... & Peng, Y. (2015). Spexin peptide is expressed in 

human endocrine and epithelial tissues and reduced after glucose load in type 2 diabetes. Peptides, 

71, 232-239. 

40. Kołodziejski PA, Pruszyńska-Oszmałek E, Korek E, Sassek M, Szczepankiewicz D, Kaczmarek P, 

Nogowski L, Maćkowiak P, Nowak KW, Krauss H, Strowski MZ. Serum levels of spexin and 

kisspeptin negatively correlate with obesity and insulin resistance in women. Physiological research. 

2018;67(1):45-56. 

https://jazindia.com/


Multifactorial Aspects of Adiponectin in Non- Alcoholic Fatty Liver Disease 

 ://jazindia.comhttpse online at: ilablAva - 920 - 

41. Lin, C. Y., Huang, T., Zhao, L., Zhong, L. L., Lam, W. C., Fan, B. M., & Bian, Z. X. (2018). Circulating 

spexin levels negatively correlate with age, BMI, fasting glucose, and triglycerides in healthy adult 

women. Journal of the Endocrine Society, 2(5), 409-419. 

42. Kumar, S., Hossain, M. J., Inge, T., & Balagopal, P. B. (2018). Roux-en-Y gastric bypass surgery in youth 

with severe obesity: 1-year longitudinal changes in spexin. Surgery for Obesity and Related Diseases, 

14(10), 1537-1543. 

43. Jasmine, F. G., Walewski, J. L., Anglade, D., & Berk, P. D. (2016, September). Regulation of 

hepatocellular fatty acid uptake in mouse models of fatty liver disease with and without functional 

leptin signaling: roles of NfKB and SREBP-1C and the effects of spexin. In Seminars in liver disease 

(Vol. 36, No. 04, pp. 360-372). Thieme Medical Publishers. 

44. Kolodziejski, P. A., Pruszynska-Oszmalek, E., Micker, M., Skrzypski, M., Wojciechowicz, T., 

Szwarckopf, P., ... & Strowski, M. Z. (2018). Spexin: A novel regulator of adipogenesis and fat tissue 

metabolism. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids, 1863(10), 

1228-1236. 

45. Zhang, L., Li, G., She, Y., & Zhang, Z. (2021). Low levels of spexin and adiponectin may predict insulin 

resistance in patients with non-alcoholic fatty liver. Practical Laboratory Medicine, 24, e00207. 

46. Shabalala, S. C., Dludla, P. V., Mabasa, L., Kappo, A. P., Basson, A. K., Pheiffer, C., & Johnson, R. 

(2020). The effect of adiponectin in the pathogenesis of non-alcoholic fatty liver disease (NAFLD) 

and the potential role of polyphenols in the modulation of adiponectin signaling. Biomedicine & 

pharmacotherapy, 131, 110785. 

47. Heydari, M., Cornide-Petronio, M. E., Jiménez-Castro, M. B., & Peralta, C. (2020). Data on adiponectin 

from 2010 to 2020: therapeutic target and prognostic factor for liver diseases?. International Journal 

of Molecular Sciences, 21(15), 5242. 

48. Francisco, V., Sanz, M. J., Real, J. T., Marques, P., Capuozzo, M., Ait Eldjoudi, D., & Gualillo, O. (2022). 

Adipokines in non-alcoholic fatty liver disease: are we on the road toward new biomarkers and 

therapeutic targets?. Biology, 11(8), 1237. 

49. Mantovani, A., Zusi, C., Csermely, A., Salvagno, G. L., Colecchia, A., Lippi, G., ... & Targher, G. (2022). 

Association between lower plasma adiponectin levels and higher liver stiffness in type 2 diabetic 

individuals with nonalcoholic fatty liver disease: an observational cross-sectional study. Hormones, 

21(3), 477-486. 

50. Kouvari, M., Boutari, C., Chrysohoou, C., Fragkopoulou, E., Antonopoulou, S., Tousoulis, D., ... & 

ATTICA study Investigators. (2021). Mediterranean diet is inversely associated with steatosis and 

fibrosis and decreases ten-year diabetes and cardiovascular risk in NAFLD subjects: Results from the 

ATTICA prospective cohort study. Clinical Nutrition, 40(5), 3314-3324. 

51. Mavilia, M. G., & Wu, G. Y. (2021). Liver and serum adiponectin levels in non‐alcoholic fatty liver 

disease. Journal of Digestive Diseases, 22(4), 214-221. 

52. Zhang, L., Li, G., She, Y., & Zhang, Z. (2021). Low levels of spexin and adiponectin may predict insulin 

resistance in patients with non-alcoholic fatty liver. Practical Laboratory Medicine, 24, e00207. 

53. Kim, Y. S., Lee, S. H., Park, S. G., Won, B. Y., Chun, H., Cho, D. Y., ... & Han, K. (2020). Low levels of 

total and high-molecular-weight adiponectin may predict non-alcoholic fatty liver in Korean adults. 

Metabolism, 103, 154026. 

54. Kim, D. H., Vanella, L., Inoue, K., Burgess, A., Gotlinger, K., Manthati, V. L., ... & Abraham, N. G. 

(2010). Epoxyeicosatrienoic acid agonist regulates human mesenchymal stem cell–derived adipocytes 

through activation of HO-1-pAKT signaling and a decrease in PPARγ. Stem cells and development, 

19(12), 1863-1873. 

55. Zhao, L., Fu, Z., & Liu, Z. (2014). Adiponectin and insulin cross talk: the microvascular connection. 

Trends in cardiovascular medicine, 24(8), 319-324. 

56. Takenouchi, Y., Kobayashi, T., Matsumoto, T., & Kamata, K. (2009). Gender differences in age-related 

endothelial function in the murine aorta. Atherosclerosis, 206(2), 397-404. 

57. Schöndorf, T., Maiworm, A., Emmison, N., Forst, T., & Pfützner, A. (2005). Biological background and 

role of adiponectin as marker for insulin resistance and cardiovascular risk. Clinical laboratory, 51(9-

10), 489-494. 

58. Achari, A. E., & Jain, S. K. (2017). Adiponectin, a therapeutic target for obesity, diabetes, and endothelial 

dysfunction. International journal of molecular sciences, 18(6), 1321. 

59. Lau, W. B., Tao, L., Wang, Y., Li, R., & Ma, X. L. (2011). Systemic adiponectin malfunction as a risk 

factor for cardiovascular disease. Antioxidants & Redox Signaling, 15(7), 1863-1873. 

https://jazindia.com/


 

 https://jazindia.comnline at: le obilaAva - 921 - 

60. Takeda, Y., Nakanishi, K., Tachibana, I., & Kumanogoh, A. (2012). Adiponectin: a novel link between 

adipocytes and COPD. Vitamins & Hormones, 90, 419-435. 

61. Fruebis, J., Tsao, T. S., Javorschi, S., Ebbets-Reed, D., Erickson, M. R. S., Yen, F. T., ... & Lodish, H. F. 

(2001). Proteolytic cleavage product of 30-kDa adipocyte complement-related protein increases fatty 

acid oxidation in muscle and causes weight loss in mice. Proceedings of the National Academy of 

Sciences, 98(4), 2005-2010. 

62. Hara, K., Horikoshi, M., Yamauchi, T., Yago, H., Miyazaki, O., Ebinuma, H., ... & Kadowaki, T. (2006). 

Measurement of the high–molecular weight form of adiponectin in plasma is useful for the prediction 

of insulin resistance and metabolic syndrome. Diabetes care, 29(6), 1357-1362. 

63. Martin, L. J., Woo, J. G., Daniels, S. R., Goodman, E., & Dolan, L. M. (2005). The relationships of 

adiponectin with insulin and lipids are strengthened with increasing adiposity. The Journal of Clinical 

Endocrinology & Metabolism, 90(7), 4255-4259. 

64. Kelly, M., Ruderman, N. B., & Tomas, E. (2006). AMP-activated protein kinase and its regulation by 

adiponectin and interleukin-6. Scandinavian Journal of Food and Nutrition, 50(sup2), 85-91. 

65. Satoh, H., Nguyen, M. A., Trujillo, M., Imamura, T., Usui, I., Scherer, P. E., & Olefsky, J. M. (2005). 

Adenovirus-mediated adiponectin expression augments skeletal muscle insulin sensitivity in male 

Wistar rats. Diabetes, 54(5), 1304-1313. 

66. Fisher, F. F. M., Trujillo, M. E., Hanif, W., Barnett, A. H., McTernan, P. G., Scherer, P. E., & Kumar, S. 

(2005). Serum high molecular weight complex of adiponectin correlates better with glucose tolerance 

than total serum adiponectin in Indo-Asian males. Diabetologia, 48, 1084-1087. 

67. Zhou, H., Song, X., Briggs, M., Violand, B., Salsgiver, W., Gulve, E. A., & Luo, Y. (2005). Adiponectin 

represses gluconeogenesis independent of insulin in hepatocytes. Biochemical and biophysical 

research communications, 338(2), 793-799. 

68. Bobbert, T., Rochlitz, H., Wegewitz, U., Akpulat, S., Mai, K., Weickert, M. O., Möhlig, M., Pfeiffer, A. 

F., & Spranger, J. (2005). Changes of adiponectin oligomer composition by moderate weight 

reduction. Diabetes, 54(9), 2712–2719. 

69. Watson, R. R., Zibadi, S., & Preedy, V. R. (Eds.). (2010). Dietary components and immune function. 

Springer Science & Business Media. 

70. Vionnet, N., Dupont, S., Gallina, S., Francke, S., Dotte, S., De Matos, F., ... & Froguel, P. (2000). 

Genomewide search for type 2 diabetes–susceptibility genes in French Whites: evidence for a novel 

susceptibility locus for early-onset diabetes on chromosome 3q27-qter and independent replication of 

a type 2–diabetes locus on chromosome 1q21–q24. The American Journal of Human Genetics, 67(6), 

1470-1480. 

71. Shapiro, L., & Scherer, P. E. (1998). The crystal structure of a complement-1q family protein suggests an 

evolutionary link to tumor necrosis factor. Current Biology, 8(6), 335-340. 

72. de Luis, D. A., Izaola, O., Primo, D., Gómez-Hoyos, E., Ortola, A., López-Gómez, J. J., & Aller, R. 

(2019). Role of rs1501299 variant in the adiponectin gene on total adiponectin levels, insulin 

resistance and weight loss after a Mediterranean hypocaloric diet. Diabetes research and clinical 

practice, 148, 262-267. 

73. Combs, T. P., & Marliss, E. B. (2014). Adiponectin signaling in the liver. Reviews in endocrine & 

metabolic disorders, 15(2), 137–147. 

74. Kadowaki, T., Yamauchi, T., Kubota, N., Hara, K., Ueki, K., & Tobe, K. (2006). Adiponectin and 

adiponectin receptors in insulin resistance, diabetes, and the metabolic syndrome. The Journal of 

clinical investigation, 116(7), 1784-1792. 

75. Iwabu, M., Yamauchi, T., Okada-Iwabu, M., Sato, K., Nakagawa, T., Funata, M., ... & Kadowaki, T. 

(2010). Adiponectin and AdipoR1 regulate PGC-1α and mitochondria by Ca2+ and AMPK/SIRT1. 

Nature, 464(7293), 1313-1319. 

76. Lian, K., Feng, Y. N., Li, R., Liu, H. L., Han, P., Zhou, L., Li, C. X., & Wang, Q. (2020). Middle- and 

high-molecular weight adiponectin levels in relation to nonalcoholic fatty liver disease. Journal of 

clinical laboratory analysis, 34(4), e23148 

77. Yamauchi, T., Iwabu, M., Okada-Iwabu, M., & Kadowaki, T. (2014). Adiponectin receptors: a review of 

their structure, function and how they work. Best practice & research Clinical endocrinology & 

metabolism, 28(1), 15-23. 

78. Yu, D., Yu, Z., Sun, Q., Sun, L., Li, H., Song, J., ... & Lin, X. (2011). Effects of body fat on the 

associations of high-molecular-weight adiponectin, leptin and soluble leptin receptor with metabolic 

syndrome in Chinese. PloS one, 6(2), e16818. 

https://jazindia.com/


Multifactorial Aspects of Adiponectin in Non- Alcoholic Fatty Liver Disease 

 ://jazindia.comhttpse online at: ilablAva - 922 - 

79. Peng, Y. J., Shen, T. L., Chen, Y. S., Mersmann, H. J., Liu, B. H., & Ding, S. T. (2018). Adiponectin and 

adiponectin receptor 1 overexpression enhance inflammatory bowel disease. Journal of biomedical 

science, 25(1), 1-13. 

80. Wang, Y., Ma, X. L., & Lau, W. B. (2017). Cardiovascular adiponectin resistance: the critical role of 

adiponectin receptor modification. Trends in Endocrinology & Metabolism, 28(7), 519-530. 

81. Yang, Q., Fu, C., Xiao, J., & Ye, Z. (2018). Uric acid upregulates the adiponectin‑adiponectin receptor 1 

pathway in renal proximal tubule epithelial cells. Molecular Medicine Reports, 17(3), 3545-3554. 

82. Fang, X., Palanivel, R., Cresser, J., Schram, K., Ganguly, R., Thong, F. S., ... & Sweeney, G. (2010). An 

APPL1-AMPK signaling axis mediates beneficial metabolic effects of adiponectin in the heart. 

American Journal of Physiology-Endocrinology and Metabolism, 299(5), E721-E729. 

83. Yamauchi, T., Kamon, J., Ito, Y., Tsuchida, A., Yokomizo, T., Kita, S., ... & Kadowaki, T. (2003). 

Cloning of adiponectin receptors that mediate antidiabetic metabolic effects. Nature, 423(6941), 762-

769. 

84. Neumeier, M., Weigert, J., Schäffler, A., Weiss, T., Kirchner, S., Laberer, S., ... & Buechler, C. (2005). 

Regulation of adiponectin receptor 1 in human hepatocytes by agonists of nuclear receptors. 

Biochemical and Biophysical Research Communications, 334(3), 924-929. 

85. Bauer, S., Weigert, J., Neumeier, M., Wanninger, J., Schäffler, A., Luchner, A., ... & Buechler, C. (2010). 

Low-abundant adiponectin receptors in visceral adipose tissue of humans and rats are further reduced 

in diabetic animals. Archives of medical research, 41(2), 75-82. 

86. Weigert, J., Neumeier, M., Wanninger, J., Wurm, S., Kopp, A., Schober, F., ... & Buechler, C. (2008). 

Reduced response to adiponectin and lower abundance of adiponectin receptor proteins in type 2 

diabetic monocytes. Febs Letters, 582(12), 1777-1782. 

87. Neumeier, M., Hellerbrand, C., Gäbele, E., Buettner, R., Bollheimer, C., Weigert, J., ... & Buechler, C. 

(2006). Adiponectin and its receptors in rodent models of fatty liver disease and liver cirrhosis. World 

Journal of Gastroenterology: WJG, 12(34), 5490. 

88. Inukai, K., Nakashima, Y., Watanabe, M., Takata, N., Sawa, T., Kurihara, S., ... & Katayama, S. (2005). 

Regulation of adiponectin receptor gene expression in diabetic mice. American Journal of 

Physiology-Endocrinology and Metabolism, 288(5), E876-E882. 

89. Tsuchida, A., Yamauchi, T., Ito, Y., Hada, Y., Maki, T., Takekawa, S., ... & Kadowaki, T. (2004). 

Insulin/Foxo1 pathway regulates expression levels of adiponectin receptors and adiponectin 

sensitivity. Journal of Biological Chemistry, 279(29), 30817-30822. 

90. Nannipieri, M., Cecchetti, F., Anselmino, M., Mancini, E., Marchetti, G., Bonotti, A., ... & Ferrannini, E. 

(2009). Pattern of expression of adiponectin receptors in human liver and its relation to nonalcoholic 

steatohepatitis. Obesity Surgery, 19, 467-474. 

91. Ma, H., Gomez, V., Lu, L., Yang, X., Wu, X., & Xiao, S. Y. (2009). Expression of adiponectin and its 

receptors in livers of morbidly obese patients with non‐alcoholic fatty liver disease. Journal of 

Gastroenterology and Hepatology, 24(2), 233-237. 

92. Uribe, M., Zamora-Valdés, D., Moreno-Portillo, M., Bermejo-Martínez, L., Pichardo-Bahena, R., Baptista-

González, H. A., ... & Méndez-Sánchez, N. (2008). Hepatic expression of ghrelin and adiponectin 

and their receptors in patients with nonalcoholic fatty liver disease. Annals of Hepatology, 7(1), 67-

71. 

93. Shimizu A, Takamura T, Matsuzawa N, Nakamura S, Nabemoto S, Takeshita Y, Misu H, Kurita S, Sakurai 

M, Yokoyama M, Zen Y. Regulation of adiponectin receptor expression in human liver and a 

hepatocyte cell line. Metabolism. 2007 Nov 1;56(11):1478-85. 

94. Kaser, S., Moschen, A., Cayon, A., Kaser, A., Crespo, J., Pons-Romero, F., ... & Tilg, H. (2005). 

Adiponectin and its receptors in non-alcoholic steatohepatitis. Gut, 54(1), 117-121. 

95. Rahman, S. M., Qadri, I., Janssen, R. C., & Friedman, J. E. (2009). Fenofibrate and PBA prevent fatty 

acid-induced loss of adiponectin receptor and pAMPK in human hepatoma cells and in hepatitis C 

virus-induced steatosis. Journal of lipid research, 50(11), 2193-2202. 

96. Koh, I. U., Lim, J. H., Joe, M. K., Kim, W. H., Jung, M. H., Yoon, J. B., & Song, J. (2010). AdipoR2 is 

transcriptionally regulated by ER stress‐inducible ATF3 in HepG2 human hepatocyte cells. The 

FEBS journal, 277(10), 2304-2317. 

97. Mandal, P., Pritchard, M. T., & Nagy, L. E. (2010). Anti-inflammatory pathways and alcoholic liver 

disease: role of an adiponectin/interleukin-10/heme oxygenase-1 pathway. World journal of 

gastroenterology: WJG, 16(11), 1330. 

98. Zhou, L., Deepa, S. S., Etzler, J. C., Ryu, J., Mao, X., Fang, Q., ... & Dong, L. Q. (2009). Adiponectin 

activates AMP-activated protein kinase in muscle cells via APPL1/LKB1-dependent and 

https://jazindia.com/


 

 https://jazindia.comnline at: le obilaAva - 923 - 

phospholipase C/Ca2+/Ca2+/calmodulin-dependent protein kinase kinase-dependent pathways. 

Journal of Biological Chemistry, 284(33), 22426-22435. 

99. Tilg, H., & Moschen, A. R. (2010). Evolution of inflammation in nonalcoholic fatty liver disease: the 

multiple parallel hits hypothesis. Hepatology, 52(5), 1836-1846. 

100. Ebrahimi-Mamaeghani, M., Mohammadi, S., Arefhosseini, S. R., Fallah, P., & Bazi, Z. (2015). 

Adiponectin as a potential biomarker of vascular disease. Vascular health and risk management, 55-

70. 

101. Kumada, M., Kihara, S., Sumitsuji, S., Kawamoto, T., Matsumoto, S., Ouchi, N., ... & Matsuzawa, Y. 

(2003). Association of hypoadiponectinemia with coronary artery disease in men. Arteriosclerosis, 

thrombosis, and vascular biology, 23(1), 85-89. 

102. Hashimoto, N., Kanda, J., Nakamura, T., Horie, A., Kurosawa, H., Hashimoto, T., ... & Yoshida, S. (2006). 

Association of hypoadiponectinemia in men with early onset of coronary heart disease and multiple 

coronary artery stenoses. Metabolism, 55(12), 1653-1657. 

103. Mitsuhashi, H., Yatsuya, H., Tamakoshi, K., Matsushita, K., Otsuka, R., Wada, K., ... & Toyoshima, H. 

(2007). Adiponectin level and left ventricular hypertrophy in Japanese men. Hypertension, 49(6), 

1448-1454. 

104. Imatoh, T., Miyazaki, M., Momose, Y., Tanihara, S., & Une, H. (2008). Adiponectin levels associated with 

the development of hypertension: a prospective study. Hypertension Research, 31(2), 229-233. 

105. Kozakova, M., Muscelli, E., Flyvbjerg, A., Frystyk, J., Morizzo, C., Palombo, C., & Ferrannini, E. (2008). 

Adiponectin and left ventricular structure and function in healthy adults. The Journal of clinical 

endocrinology and metabolism, 93(7), 2811–2818. 

106. Leon, B. M., & Maddox, T. M. (2015). Diabetes and cardiovascular disease: epidemiology, biological 

mechanisms, treatment recommendations and future research. World journal of diabetes, 6(13), 1246. 

107. Woodward, L., Akoumianakis, I., & Antoniades, C. (2017). Unravelling the adiponectin paradox: novel 

roles of adiponectin in the regulation of cardiovascular disease. British journal of pharmacology, 

174(22), 4007-4020. 

108. Marchal, P. O., Kavvadas, P., Abed, A., Kazazian, C., Authier, F., Koseki, H., ... & Chadjichristos, C. E. 

(2015). Reduced NOV/CCN3 expression limits inflammation and interstitial renal fibrosis after 

obstructive nephropathy in mice. PLoS One, 10(9), e0137876. 

109. Pakradouni, J., Le Goff, W., Calmel, C., Antoine, B., Villard, E., Frisdal, E., ... & Guerin, M. (2013). 

Plasma NOV/CCN3 levels are closely associated with obesity in patients with metabolic disorders. 

PloS one, 8(6), e66788. 

110. Twig, G., & Shirihai, O. S. (2011). The interplay between mitochondrial dynamics and mitophagy. 

Antioxidants & redox signaling, 14(10), 1939-1951. 

111. Hull, T. D., Boddu, R., Guo, L., Tisher, C. C., Traylor, A. M., Patel, B., ... & George, J. F. (2016). Heme 

oxygenase-1 regulates mitochondrial quality control in the heart. JCI insight, 1(2). 

112. Singh, S. P., Schragenheim, J., Cao, J., Falck, J. R., Abraham, N. G., & Bellner, L. (2016). PGC-1 alpha 

regulates HO-1 expression, mitochondrial dynamics and biogenesis: Role of epoxyeicosatrienoic 

acid. Prostaglandins & other lipid mediators, 125, 8-18. 

113. Singh, S. P., McClung, J. A., Bellner, L., Cao, J., Waldman, M., Schragenheim, J., ... & Abraham, N. G. 

(2018). CYP-450 epoxygenase derived epoxyeicosatrienoic acid contribute to reversal of heart failure 

in obesity-induced diabetic cardiomyopathy via PGC-1 α activation. Cardiovascular pharmacology: 

open access, 7(1). 

114. Rowe, G. C., Jiang, A., & Arany, Z. (2010). PGC-1 coactivators in cardiac development and disease. 

Circulation research, 107(7), 825-838. 

115. Jungtrakoon, P., Plengvidhya, N., Tangjittipokin, W., Chimnaronk, S., Salaemae, W., Chongjaroen, N., ... 

& Yenchitsomanus, P. T. (2011). Novel adiponectin variants identified in type 2 diabetic patients 

reveal multimerization and secretion defects. PloS one, 6(10), e26792. 

116. Xie, L., Boyle, D., Sanford, D., Scherer, P. E., Pessin, J. E., & Mora, S. (2006). Intracellular trafficking 

and secretion of adiponectin is dependent on GGA-coated vesicles. Journal of Biological Chemistry, 

281(11), 7253-7259. 

117. Deepa, S. S., & Dong, L. Q. (2009). APPL1: role in adiponectin signaling and beyond. American Journal 

of Physiology-Endocrinology and Metabolism, 296(1), E22-E36. 

118. Yamauchi T, Kamon J, Minokoshi YA, Ito Y, Waki H, Uchida S, Yamashita S, Noda M, Kita S, Ueki K, 

Eto K. Adiponectin stimulates glucose utilization and fatty-acid oxidation by activating AMP-

activated protein kinase. Nature medicine. 2002 Nov 1;8(11):1288-95. 

https://jazindia.com/


Multifactorial Aspects of Adiponectin in Non- Alcoholic Fatty Liver Disease 

 ://jazindia.comhttpse online at: ilablAva - 924 - 

119. Shimano, M., Ouchi, N., Shibata, R., Ohashi, K., Pimentel, D. R., Murohara, T., & Walsh, K. (2010). 

Adiponectin deficiency exacerbates cardiac dysfunction following pressure overload through 

disruption of an AMPK-dependent angiogenic response. Journal of molecular and cellular cardiology, 

49(2), 210-220. 

120. Kubota, N., Yano, W., Kubota, T., Yamauchi, T., Itoh, S., Kumagai, H., ... & Kadowaki, T. (2007). 

Adiponectin stimulates AMP-activated protein kinase in the hypothalamus and increases food intake. 

Cell metabolism, 6(1), 55-68. 

121. Holmes, R. M., Yi, Z., De Filippis, E., Berria, R., Shahani, S., Sathyanarayana, P., ... & Bajaj, M. (2011). 

Increased abundance of the adaptor protein containing pleckstrin homology domain, phosphotyrosine 

binding domain and leucine zipper motif (APPL1) in patients with obesity and type 2 diabetes: 

evidence for altered adiponectin signalling. Diabetologia, 54, 2122-2131. 

122. Gu, W., & Li, Y. (2012). The therapeutic potential of the adiponectin pathway. BioDrugs, 26, 1-8. 

123. Cleasby, M. E., Lau, Q., Polkinghorne, E., Patel, S. A., Leslie, S. J., Turner, N., ... & Kraegen, E. W. 

(2011). The adaptor protein APPL1 increases glycogen accumulation in rat skeletal muscle through 

activation of the PI3-kinase signalling pathway. The Journal of endocrinology, 210(1), 81. 

124. Woods, A., Azzout-Marniche, D., Foretz, M., Stein, S. C., Lemarchand, P., Ferré, P., ... & Carling, D. 

(2000). Characterization of the role of AMP-activated protein kinase in the regulation of glucose-

activated gene expression using constitutively active and dominant negative forms of the kinase. 

Molecular and cellular biology, 20(18), 6704-6711. 

125. Polakof, S., Panserat, S., Craig, P. M., Martyres, D. J., Plagnes-Juan, E., Savari, S., ... & Moon, T. W. 

(2011). The metabolic consequences of hepatic AMP-kinase phosphorylation in rainbow trout. PloS 

one, 6(5), e20228. 

126. You, M., & Rogers, C. Q. (2009). Adiponectin: a key adipokine in alcoholic fatty liver. Experimental 

Biology and Medicine, 234(8), 850-859. 

127. Tarantino, G., Savastano, S., & Colao, A. (2010). Hepatic steatosis, low-grade chronic inflammation and 

hormone/growth factor/adipokine imbalance. World journal of gastroenterology: WJG, 16(38), 4773. 

128. Carter-Kent, C., Zein, N. N., & Feldstein, A. E. (2008). Cytokines in the pathogenesis of fatty liver and 

disease progression to steatohepatitis: implications for treatment. Official journal of the American 

College of Gastroenterology| ACG, 103(4), 1036-1042. 

129. Rogers, C. Q., Ajmo, J. M., & You, M. (2008). Adiponectin and alcoholic fatty liver disease. IUBMB life, 

60(12), 790-797. 

130. Huang, H., Park, P. H., McMullen, M. R., & Nagy, L. E. (2008). Mechanisms for the anti-inflammatory 

effects of adiponectin in macrophages. Journal of gastroenterology and hepatology, 23 Suppl 1, S50–

S53. 

131. Begriche, K., Massart, J., Robin, M. A., Borgne-Sanchez, A., & Fromenty, B. (2011). Drug-induced 

toxicity on mitochondria and lipid metabolism: mechanistic diversity and deleterious consequences 

for the liver. Journal of hepatology, 54(4), 773-794. 

132. Lemoine, M., Ratziu, V., Kim, M., Maachi, M., Wendum, D., Paye, F., ... & Serfaty, L. (2009). Serum 

adipokine levels predictive of liver injury in non‐alcoholic fatty liver disease. Liver International, 

29(9), 1431-1438. 

133. Adler, M., Taylor, S., Okebugwu, K., Yee, H., Fielding, C., Fielding, G., & Poles, M. (2011). Intrahepatic 

natural killer T cell populations are increased in human hepatic steatosis. World journal of 

gastroenterology: WJG, 17(13), 1725. 

134. Jarrar, M. H., Baranova, A., Collantes, R., Ranard, B., Stepanova, M., Bennett, C., ... & Younossi, Z. M. 

(2008). Adipokines and cytokines in non‐alcoholic fatty liver disease. Alimentary pharmacology & 

therapeutics, 27(5), 412-421. 

135. Wulster-Radcliffe, M. C., Ajuwon, K. M., Wang, J., Christian, J. A., & Spurlock, M. E. (2004). 

Adiponectin differentially regulates cytokines in porcine macrophages. Biochemical and biophysical 

research communications, 316(3), 924-929. 

136. Kumada, M., Kihara, S., Ouchi, N., Kobayashi, H., Okamoto, Y., Ohashi, K., ... & Matsuzawa, Y. (2004). 

Adiponectin specifically increased tissue inhibitor of metalloproteinase-1 through interleukin-10 

expression in human macrophages. Circulation, 109(17), 2046-2049. 

137. Wolf, A. M., Wolf, D., Rumpold, H., Enrich, B., & Tilg, H. (2004). Adiponectin induces the anti-

inflammatory cytokines IL-10 and IL-1RA in human leukocytes. Biochemical and biophysical 

research communications, 323(2), 630-635. 

https://jazindia.com/


 

 https://jazindia.comnline at: le obilaAva - 925 - 

138. Adachi, M., & Brenner, D. A. (2008). High molecular weight adiponectin inhibits proliferation of hepatic 

stellate cells via activation of adenosine monophosphate–activated protein kinase. Hepatology, 47(2), 

677-685. 

139. Handy, J. A., Fu, P. P., Kumar, P., Mells, J. E., Sharma, S., Saxena, N. K., & Anania, F. A. (2011). 

Adiponectin inhibits leptin signalling via multiple mechanisms to exert protective effects against 

hepatic fibrosis. Biochemical Journal, 440(3), 385-395. 

140. Caligiuri, A., Bertolani, C., Guerra, C. T., Aleffi, S., Galastri, S., Trappoliere, M., ... & Marra, F. (2008). 

Adenosine monophosphate–activated protein kinase modulates the activated phenotype of hepatic 

stellate cells. Hepatology, 47(2), 668-676. 

141. Yang, Z., Wang, X., Wen, J., Ye, Z., Li, Q., He, M., ... & Hu, R. (2011). Prevalence of non-alcoholic fatty 

liver disease and its relation to hypoadiponectinaemia in the middle-aged and elderly Chinese 

population. Archives of Medical Science, 7(4), 665-672. 

142. Tomita, K., Tanimoto, A., Irie, R., Kikuchi, M., Yokoyama, H., Teratani, T., ... & Hibi, T. (2008). 

Evaluating the severity of nonalcoholic steatohepatitis with superparamagnetic iron oxide‐enhanced 

magnetic resonance imaging. Journal of Magnetic Resonance Imaging: An Official Journal of the 

International Society for Magnetic Resonance in Medicine, 28(6), 1444-1450. 

143. Ruiz, J. R., Lasa, A., Simon, E., Larrarte, E., & Labayen, I. (2012). Lower plasma NAMPT/visfatin levels 

are associated with impaired hepatic mitochondrial function in non-diabetic obese women: a potential 

link between obesity and non-alcoholic fatty liver disease. Nutrition, Metabolism and Cardiovascular 

Diseases, 22(2), e1-e2. 

144. Ren, L. P., Chan, S. M., Zeng, X. Y., Laybutt, D. R., Iseli, T. J., Sun, R. Q., ... & Ye, J. M. (2012). 

Differing endoplasmic reticulum stress response to excess lipogenesis versus lipid oversupply in 

relation to hepatic steatosis and insulin resistance. PloS one, 7(2), e30816. 

145. Hsieh, P. S., & Hsieh, Y. J. (2011). Impact of liver diseases on the development of type 2 diabetes mellitus. 

World journal of gastroenterology: WJG, 17(48), 5240. 

146. Pessayre, D. (2007). Role of mitochondria in non‐alcoholic fatty liver disease. Journal of gastroenterology 

and hepatology, 22, S20-S27. 

147. Shehzad, A., Iqbal, W., Shehzad, O., & Lee, Y. S. (2012). Adiponectin: regulation of its production and its 

role in human diseases. Hormones, 11, 8-20. 

148. Gabriely, I., & Barzilai, N. (2003). Surgical removal of visceral adipose tissue: effects on insulin action. 

Current Diabetes Reports, 3(3), 201-206. 

149. Marra, F., & Bertolani, C. (2009). Adipokines in liver diseases. Hepatology, 50(3), 957-969. 

150. Shapiro, L., & Scherer, P. E. (1998). The crystal structure of a complement-1q family protein suggests an 

evolutionary link to tumor necrosis factor. Current Biology, 8(6), 335-340. 

151. Yamauchi, T., Kamon, J., Waki, H., Terauchi, Y., Kubota, N., Hara, K., ... & Kadowaki, T. (2001). The 

fat-derived hormone adiponectin reverses insulin resistance associated with both lipoatrophy and 

obesity. Nature medicine, 7(8), 941-946. 

152. Gamberi, T., Magherini, F., Modesti, A., & Fiaschi, T. (2018). Adiponectin signaling pathways in liver 

diseases. Biomedicines, 6(2), 52. 

153. Qiao, L., Zou, C., van der Westhuyzen, D. R., & Shao, J. (2008). Adiponectin reduces plasma triglyceride 

by increasing VLDL triglyceride catabolism. Diabetes, 57(7), 1824-1833. 

154. Coimbra, S., Reis, F., Nunes, S., Viana, S., Valente, M. J., Rocha, S., ... & Santos-Silva, A. (2019). The 

protective role of adiponectin for lipoproteins in end-stage renal disease patients: relationship with 

diabetes and body mass index. Oxidative Medicine and Cellular Longevity, 2019. 

155. Matsuura, F., Oku, H., Koseki, M., Sandoval, J. C., Yuasa-Kawase, M., Tsubakio-Yamamoto, K., ... & 

Yamashita, S. (2007). Adiponectin accelerates reverse cholesterol transport by increasing high 

density lipoprotein assembly in the liver. Biochemical and biophysical research communications, 

358(4), 1091-1095. 

156. Thundyil, J., Pavlovski, D., Sobey, C. G., & Arumugam, T. V. (2012). Adiponectin receptor signalling in 

the brain. British journal of pharmacology, 165(2), 313-327. 

157. Hardie, D. G., Ross, F. A., & Hawley, S. A. (2012). AMPK: a nutrient and energy sensor that maintains 

energy homeostasis. Nature reviews Molecular cell biology, 13(4), 251-262. 

158. Lamichane, S., Dahal Lamichane, B., & Kwon, S. M. (2018). Pivotal roles of peroxisome proliferator-

activated receptors (PPARs) and their signal cascade for cellular and whole-body energy homeostasis. 

International journal of molecular sciences, 19(4), 949. 

https://jazindia.com/


Multifactorial Aspects of Adiponectin in Non- Alcoholic Fatty Liver Disease 

 ://jazindia.comhttpse online at: ilablAva - 926 - 

159. Carlson, L. J., Cote, B., Alani, A. W., & Rao, D. A. (2014). Polymeric micellar co-delivery of resveratrol 

and curcumin to mitigate in vitro doxorubicin-induced cardiotoxicity. Journal of pharmaceutical 

sciences, 103(8), 2315-2322. 

160. Awazawa, M., Ueki, K., Inabe, K., Yamauchi, T., Kaneko, K., Okazaki, Y., ... & Kadowaki, T. (2009). 

Adiponectin suppresses hepatic SREBP1c expression in an AdipoR1/LKB1/AMPK dependent 

pathway. Biochemical and biophysical research communications, 382(1), 51-56. 

161. Chen, H., Zhang, L., Li, X., Li, X., Sun, G., Yuan, X., ... & Liu, G. (2013). Adiponectin activates the 

AMPK signaling pathway to regulate lipid metabolism in bovine hepatocytes. The Journal of steroid 

biochemistry and molecular biology, 138, 445-454. 

162. Montagner, A., Polizzi, A., Fouché, E., Ducheix, S., Lippi, Y., Lasserre, F., ... & Guillou, H. (2016). Liver 

PPARα is crucial for whole-body fatty acid homeostasis and is protective against NAFLD. Gut, 

65(7), 1202-1214. 

163. Feldstein, A. E., Werneburg, N. W., Canbay, A., Guicciardi, M. E., Bronk, S. F., Rydzewski, R., ... & 

Gores, G. J. (2004). Free fatty acids promote hepatic lipotoxicity by stimulating TNF‐α expression 

via a lysosomal pathway. Hepatology, 40(1), 185-194. 

164. Ipsen, D. H., Lykkesfeldt, J., & Tveden-Nyborg, P. (2018). Molecular mechanisms of hepatic lipid 

accumulation in non-alcoholic fatty liver disease. Cellular and molecular life sciences, 75, 3313-

3327. 

165. Friedman, S. L., Neuschwander-Tetri, B. A., Rinella, M., & Sanyal, A. J. (2018). Mechanisms of NAFLD 

development and therapeutic strategies. Nature medicine, 24(7), 908-922. 

166. Polyzos, S. A., Toulis, K. A., Goulis, D. G., Zavos, C., & Kountouras, J. (2011). Serum total adiponectin in 

nonalcoholic fatty liver disease: a systematic review and meta-analysis. Metabolism, 60(3), 313-326. 

167. Braunersreuther, V., Viviani, G. L., Mach, F., & Montecucco, F. (2012). Role of cytokines and 

chemokines in non-alcoholic fatty liver disease. World journal of gastroenterology: WJG, 18(8), 727. 

168. Seo, Y. Y., Cho, Y. K., Bae, J. C., Seo, M. H., Park, S. E., Rhee, E. J., ... & Lee, W. Y. (2013). Tumor 

necrosis factor-α as a predictor for the development of nonalcoholic fatty liver disease: a 4-year 

follow-up study. Endocrinology and metabolism, 28(1), 41-45. 

169. Mirea, A. M., Tack, C. J., Chavakis, T., Joosten, L. A., & Toonen, E. J. (2018). IL-1 family cytokine 

pathways underlying NAFLD: towards new treatment strategies. Trends in molecular medicine, 

24(5), 458-471. 

170. Chen, Y., Zheng, Y., Liu, L., Lin, C., Liao, C., Xin, L., ... & Zhang, L. (2017). Adiponectin inhibits TNF-

α-activated PAI-1 expression via the cAMP-PKA-AMPK-NF-κB axis in human umbilical vein 

endothelial cells. Cellular Physiology and Biochemistry, 42(6), 2342-2352. 

171. Asrih, M., & Jornayvaz, F. R. (2013). Inflammation as a potential link between nonalcoholic fatty liver 

disease and insulin resistance. J Endocrinol, 218(3), R25-36. 

172. Lesmana, C. R. A., Hasan, I., Budihusodo, U., Gani, R. A., Krisnuhoni, E., Akbar, N., & Lesmana, L. A. 

(2009). Diagnostic value of a group of biochemical markers of liver fibrosis in patients with 

non‐alcoholic steatohepatitis. Journal of digestive diseases, 10(3), 201-206. 

173. Tan, Q., Hu, J., Yu, X., Guan, W., Lu, H., Yu, Y., ... & Tang, Z. (2016). The role of IL-1 family members 

and Kupffer cells in liver regeneration. BioMed research international, 2016. 

174. Chen, Z., Tian, R., She, Z., Cai, J., & Li, H. (2020). Role of oxidative stress in the pathogenesis of 

nonalcoholic fatty liver disease. Free Radical Biology and Medicine, 152, 116-141. 

175. Buzzetti, E., Pinzani, M., & Tsochatzis, E. A. (2016). The multiple-hit pathogenesis of non-alcoholic fatty 

liver disease (NAFLD). Metabolism, 65(8), 1038-1048. 

176. Cusi, K. (2009). Role of insulin resistance and lipotoxicity in non-alcoholic steatohepatitis. Clinics in liver 

disease, 13(4), 545-563. 

177. Paradies, G., Paradies, V., Ruggiero, F. M., & Petrosillo, G. (2014). Oxidative stress, cardiolipin and 

mitochondrial dysfunction in nonalcoholic fatty liver disease. World journal of gastroenterology: 

WJG, 20(39), 14205. 

178. Karadeniz, G., Acikgoz, S., Tekin, I. O., Tascýlar, O., Gun, B. D., & Cömert, M. (2008). Oxidized low-

density-lipoprotein accumulation is associated with liver fibrosis in experimental cholestasis. Clinics, 

63(4), 531-540. 

179. Kamada, Y., Takehara, T., & Hayashi, N. (2008). Adipocytokines and liver disease. Journal of 

gastroenterology, 43, 811-822. 

180. López-Bermejo, A., Botas, P., Funahashi, T., Delgado, E., Kihara, S., Ricart, W., & Fernández-Real, J. M. 

(2004). Adiponectin, hepatocellular dysfunction and insulin sensitivity. Clinical endocrinology, 

60(2), 256–263. 

https://jazindia.com/


 

 https://jazindia.comnline at: le obilaAva - 927 - 

181. Musso, G., Gambino, R., De Michieli, F., Cassader, M., Rizzetto, M., Durazzo, M., ... & Pagano, G. 

(2003). Dietary habits and their relations to insulin resistance and postprandial lipemia in 

nonalcoholic steatohepatitis. Hepatology, 37(4), 909-916. 

182. Hollingsworth, K. G., Abubacker, M. Z., Joubert, I., Allison, M. E. D., & Lomas, D. J. (2006). Low-

carbohydrate diet induced reduction of hepatic lipid content observed with a rapid non-invasive MRI 

technique. The British journal of radiology, 79(945), 712-715. 

183. Gupta, A. C., Misra, R., Sakhuja, P., Singh, Y., Basir, S. F., & Sarin, S. K. (2012). Association of 

adiponectin gene functional polymorphisms (− 11377C/G and+ 45T/G) with nonalcoholic fatty liver 

disease. Gene, 496(1), 63-67. 

184. Musso, G., Gambino, R., De Michieli, F., Durazzo, M., Pagano, G., & Cassader, M. (2008). Adiponectin 

gene polymorphisms modulate acute adiponectin response to dietary fat: Possible pathogenetic role in 

NASH. Hepatology, 47(4), 1167-1177. 

185. Zhou, Y. J., Li, Y. Y., Nie, Y. Q., Yang, H., Zhan, Q., Huang, J., Shi, S. L., Lai, X. B., & Huang, H. L. 

(2010). Influence of polygenetic polymorphisms on the susceptibility to non-alcoholic fatty liver 

disease of Chinese people. Journal of gastroenterology and hepatology, 25(4), 772–777. 

186. Hashemi, M., Eskandari-Nasab, E., Fazaeli, A., Bahari, A., Hashemzehi, N. A., Shafieipour, S., ... & 

Ghavami, S. (2012). Association of genetic polymorphisms of glutathione-S-transferase genes 

(GSTT1, GSTM1, and GSTP1) and susceptibility to nonalcoholic fatty liver disease in Zahedan, 

Southeast Iran. DNA and cell biology, 31(5), 672-677. 

187. Bhatt, S. P., Nigam, P., Misra, A., Guleria, R., Luthra, K., Pandey, R. M., & Pasha, M. Q. (2013). 

Association of peroxisome proliferator activated receptor-γ gene with non-alcoholic fatty liver 

disease in Asian Indians residing in north India. Gene, 512(1), 143-147. 

188. Peng, X. E., Wu, Y. L., Lu, Q. Q., Hu, Z. J., & Lin, X. (2012). Two genetic variants in FABP1 and 

susceptibility to non-alcohol fatty liver disease in a Chinese population. Gene, 500(1), 54-58. 

189. Swellam, M., & Hamdy, N. M. (2012). Association of nonalcoholic fatty liver disease with a single 

nucleotide polymorphism on the gene encoding leptin receptor. IUBMB life, 64(2), 180-186. 

190. Hegener, H. H., Lee, I. M., Cook, N. R., Ridker, P. M., & Zee, R. Y. (2006). Association of adiponectin 

gene variations with risk of incident myocardial infarction and ischemic stroke: a nested case-control 

study. Clinical chemistry, 52(11), 2021-2027. 

191. Hotta, K., Funahashi, T., Arita, Y., Takahashi, M., Matsuda, M., Okamoto, Y., ... & Matsuzawa, Y. (2000). 

Plasma concentrations of a novel, adipose-specific protein, adiponectin, in type 2 diabetic patients. 

Arteriosclerosis, thrombosis, and vascular biology, 20(6), 1595-1599. 

192. Medina-Bravo, P., Meza-Santibáñez, R., Rosas-Fernández, P., Galván-Duarte, R., Saucedo-García, R., 

Velázquez-López, L., & Torres-Tamayo, M. (2011). Decrease in serum adiponectin levels associated 

with visceral fat accumulation independent of pubertal stage in children and adolescents. Archives of 

medical research, 42(2), 115-121. 

193. Woo, Y. C., Tso, A. W., Xu, A., Law, L. S., Fong, C. H., Lam, T. H., ... & Lam, K. S. (2012). Combined 

use of serum adiponectin and tumor necrosis factor-alpha receptor 2 levels was comparable to 2-hour 

post-load glucose in diabetes prediction. PLoS One, 7(5), e36868. 

194. Yang, Y., Zhang, F., Ding, R., Wang, Y., Lei, H., & Hu, D. (2012). Association of ADIPOQ gene 

polymorphisms and coronary artery disease risk: a meta-analysis based on 12 465 subjects. 

Thrombosis research, 130(1), 58-64. 

195. Tsuzaki, K., Kotani, K., Sano, Y., Fujiwara, S., Gazi, I. F., Elisaf, M., & Sakane, N. (2012). The 

relationship between adiponectin, an adiponectin gene polymorphism, and high-density lipoprotein 

particle size: from the Mima study. Metabolism, 61(1), 17-21. 

196. Wong, V. W. S., Wong, G. L. H., Tsang, S. W. C., Hui, A. Y., Chan, A. W. H., Choi, P. C. L., ... & Chan, 

H. L. Y. (2008). Genetic polymorphisms of adiponectin and tumor necrosis factor‐alpha and 

nonalcoholic fatty liver disease in Chinese people. Journal of gastroenterology and hepatology, 23(6), 

914-921. 

197. Tokushige, K., Hashimoto, E., Noto, H., Yatsuji, S., Taniai, M., Torii, N., & Shiratori, K. (2009). Influence 

of adiponectin gene polymorphisms in Japanese patients with non-alcoholic fatty liver disease. 

Journal of gastroenterology, 44, 976-982. 

198. Triantafyllou, G. A., Paschou, S. A., & Mantzoros, C. S. (2016). Leptin and hormones: energy 

homeostasis. Endocrinology and Metabolism Clinics, 45(3), 633-645. 

199. Matarese, G., Procaccini, C., De Rosa, V., Horvath, T. L., & La Cava, A. (2010). Regulatory T cells in 

obesity: the leptin connection. Trends in molecular medicine, 16(6), 247-256. 

https://jazindia.com/


Multifactorial Aspects of Adiponectin in Non- Alcoholic Fatty Liver Disease 

 ://jazindia.comhttpse online at: ilablAva - 928 - 

200. Meek, T. H., & Morton, G. J. (2016). The role of leptin in diabetes: metabolic effects. Diabetologia, 59(5), 

928-932. 

201. Kakuma, T., Lee, Y., Higa, M., Wang, Z. W., Pan, W., Shimomura, I., & Unger, R. H. (2000). Leptin, 

troglitazone, and the expression of sterol regulatory element binding proteins in liver and pancreatic 

islets. Proceedings of the National Academy of Sciences, 97(15), 8536-8541. 

202. Ferre, P., & Foufelle, F. (2010). Hepatic steatosis: a role for de novo lipogenesis and the transcription 

factor SREBP‐1c. Diabetes, obesity and metabolism, 12, 83-92. 

203. Wong, V. W. S., Wong, G. L. H., Choi, P. C. L., Chan, A. W. H., Li, M. K. P., Chan, H. Y., ... & Chan, H. 

L. Y. (2010). Disease progression of non-alcoholic fatty liver disease: a prospective study with paired 

liver biopsies at 3 years. Gut, 59(7), 969-974. 

204. An, B. Q., Lu, L. L., Yuan, C., Xin, Y. N., & Xuan, S. Y. (2016). Leptin receptor gene polymorphisms and 

the risk of non-alcoholic fatty liver disease and coronary atherosclerosis in the Chinese Han 

population. Hepatitis Monthly, 16(4). 

205. Saryusz-Wolska, M., Szymanska-Garbacz, E., Jablkowski, M., Bialkowska, J., Pawlowski, M., 

Kwiecinska, E., ... & Czupryniak, L. (2011). Rosiglitazone treatment in nondiabetic subjects with 

nonalcoholic fatty liver disease. Pol Arch Med Wewn, 121(3), 61-6. 

206. Boutari, C., Perakakis, N., & Mantzoros, C. S. (2018). Association of adipokines with development and 

progression of nonalcoholic fatty liver disease. Endocrinology and Metabolism, 33(1), 33-43. 

207. Venteclef, N., Jakobsson, T., Steffensen, K. R., & Treuter, E. (2011). Metabolic nuclear receptor signaling 

and the inflammatory acute phase response. Trends in Endocrinology & Metabolism, 22(8), 333-343. 

208. Ballestri, S., Nascimbeni, F., Romagnoli, D., Baldelli, E., & Lonardo, A. (2016). The role of nuclear 

receptors in the pathophysiology, natural course, and drug treatment of NAFLD in humans. Advances 

in therapy, 33(3), 291-319. 

209. Holden, P. R., & Tugwood, J. D. (1999). Peroxisome proliferator-activated receptor alpha: role in rodent 

liver cancer and species differences. Journal of molecular endocrinology, 22(1), 1-8. 

210. Siersbæk, R., Rabiee, A., Nielsen, R., Sidoli, S., Traynor, S., Loft, A., ... & Mandrup, S. (2014). 

Transcription factor cooperativity in early adipogenic hotspots and super-enhancers. Cell reports, 

7(5), 1443-1455. 

211. Francque, S., Verrijken, A., Caron, S., Prawitt, J., Paumelle, R., Derudas, B., ... & Staels, B. (2015). 

PPARα gene expression correlates with severity and histological treatment response in patients with 

non-alcoholic steatohepatitis. Journal of hepatology, 63(1), 164-173. 

212. Sanyal, A. J. (2002). AGA technical review on nonalcoholic fatty liver disease. Gastroenterology, 123(5), 

1705-1725. 

213. Shah, K., Stufflebam, A., Hilton, T. N., Sinacore, D. R., Klein, S., & Villareal, D. T. (2009). Diet and 

exercise interventions reduce intrahepatic fat content and improve insulin sensitivity in obese older 

adults. Obesity, 17(12), 2162-2168. 

214. Johnson, N. A., Sachinwalla, T., Walton, D. W., Smith, K., Armstrong, A., Thompson, M. W., & George, 

J. (2009). Aerobic exercise training reduces hepatic and visceral lipids in obese individuals without 

weight loss. Hepatology, 50(4), 1105-1112. 

215. Promrat, K., Kleiner, D. E., Niemeier, H. M., Jackvony, E., Kearns, M., Wands, J. R., ... & Wing, R. R. 

(2010). Randomized controlled trial testing the effects of weight loss on nonalcoholic steatohepatitis. 

Hepatology, 51(1), 121-129. 

216. Laurin, J., Lindor, K. D., Crippin, J. S., Gossard, A., Gores, G. J., Ludwig, J., ... & McGill, D. B. (1996). 

Ursodeoxycholic acid or clofibrate in the treatment of non‐alcohol‐induced steatohepatitis: a pilot 

study. Hepatology, 23(6), 1464-1467. 

217. Athyros, V. G., Mikhailidis, D. P., Didangelos, T. P., Giouleme, O. I., Liberopoulos, E. N., Karagiannis, 

A., ... & Elisaf, M. S. (2006). Effect of multifactorial treatment on non-alcoholic fatty liver disease in 

metabolic syndrome: a randomised study. Current medical research and opinion, 22(5), 873-883. 

218. Neuschwander-Tetri, B. A., Brunt, E. M., Wehmeier, K. R., Oliver, D., & Bacon, B. R. (2003). Improved 

nonalcoholic steatohepatitis after 48 weeks of treatment with the PPAR-γ ligand rosiglitazone. 

Hepatology, 38(4), 1008-1017. 

219. Sun, K., Wang, Q., & HUANG, X. H. (2006). PPAR gamma inhibits growth of rat hepatic stellate cells 

and TGF beta‐induced connective tissue growth factor expression 1. Acta Pharmacologica Sinica, 

27(6), 715-723. 

220. Maeda, N., Takahashi, M., Funahashi, T., Kihara, S., Nishizawa, H., Kishida, K., ... & Matsuzawa, Y. 

(2001). PPARγ ligands increase expression and plasma concentrations of adiponectin, an adipose-

derived protein. Diabetes, 50(9), 2094-2099. 

https://jazindia.com/


 

 https://jazindia.comnline at: le obilaAva - 929 - 

221. Lee, Y. M., Sutedja, D. S., Wai, C. T., Dan, Y. Y., Aung, M. O., Zhou, L., ... & Lim, S. G. (2008). A 

randomized controlled pilot study of Pentoxifylline in patients with non-alcoholic steatohepatitis 

(NASH). Hepatology international, 2, 196-201. 

222. Ristow, M., Zarse, K., Oberbach, A., Klöting, N., Birringer, M., Kiehntopf, M., ... & Blüher, M. (2009). 

Antioxidants prevent health-promoting effects of physical exercise in humans. Proceedings of the 

National Academy of Sciences, 106(21), 8665-8670. 

223. Browning, J. D., & Horton, J. D. (2004). Molecular mediators of hepatic steatosis and liver injury. The 

Journal of clinical investigation, 114(2), 147-152. 

224. Gil-Campos, M., Cañete, R., & Gil, A. (2004). Adiponectin, the missing link in insulin resistance and 

obesity. Clinical nutrition, 23(5), 963-974. 

225. Goossens, G. H. (2008). The role of adipose tissue dysfunction in the pathogenesis of obesity-related 

insulin resistance. Physiology & behavior, 94(2), 206-218. 

226. Calamita, G., & Portincasa, P. (2007). Present and future therapeutic strategies in non-alcoholic fatty liver 

disease. Expert opinion on therapeutic targets, 11(9), 1231-1249. 

227. Jensen M. D. (2008). Role of body fat distribution and the metabolic complications of obesity. The Journal 

of clinical endocrinology and metabolism, 93(11 Suppl 1), S57–S63. 

228. Messier, V., Karelis, A. D., Robillard, M. È., Bellefeuille, P., Brochu, M., Lavoie, J. M., & Rabasa-Lhoret, 

R. (2010). Metabolically healthy but obese individuals: relationship with hepatic enzymes. 

Metabolism, 59(1), 20-24. 

229. Stefan, N., Kantartzis, K., Machann, J., Schick, F., Thamer, C., Rittig, K., ... & Häring, H. U. (2008). 

Identification and characterization of metabolically benign obesity in humans. Archives of internal 

medicine, 168(15), 1609-1616. 

230. Ishtiaq, S. M., Rashid, H., Hussain, Z., Arshad, M. I., & Khan, J. A. (2019). Adiponectin and PPAR: a 

setup for intricate crosstalk between obesity and non-alcoholic fatty liver disease. Reviews in 

Endocrine and Metabolic Disorders, 20, 253-261. 

231. Liu, T., Li, R., Sun, L., Xu, Z., Wang, S., Zhou, J., ... & Shi, K. (2023). Menin orchestrates hepatic glucose 

and fatty acid uptake via deploying the cellular translocation of SIRT1 and PPARγ. Cell & 

Bioscience, 13(1), 175. 

232. Calcaterra, V., Regalbuto, C., Porri, D., Pelizzo, G., Mazzon, E., Vinci, F., ... & Cena, H. (2020). 

Inflammation in obesity-related complications in children: the protective effect of diet and its 

potential role as a therapeutic agent. Biomolecules, 10(9), 1324. 

233. Kitade, H., Chen, G., Ni, Y., & Ota, T. (2017). Nonalcoholic fatty liver disease and insulin resistance: new 

insights and potential new treatments. Nutrients, 9(4), 387. 

234. Zhu, Q., An, Y. A., Kim, M., Zhang, Z., Zhao, S., Zhu, Y., ... & Scherer, P. E. (2020). Suppressing 

adipocyte inflammation promotes insulin resistance in mice. Molecular metabolism, 39, 101010. 

235. Severson, T. J., Besur, S., & Bonkovsky, H. L. (2016). Genetic factors that affect nonalcoholic fatty liver 

disease: A systematic clinical review. World journal of gastroenterology, 22(29), 6742. 

236. Romero-Gómez, M., Zelber-Sagi, S., & Trenell, M. (2017). Treatment of NAFLD with diet, physical 

activity and exercise. Journal of hepatology, 67(4), 829-846. 

237. Liou, C. J., Lee, Y. K., Ting, N. C., Chen, Y. L., Shen, S. C., Wu, S. J., & Huang, W. C. (2019). Protective 

effects of licochalcone A ameliorates obesity and non-alcoholic fatty liver disease via promotion of 

the Sirt-1/AMPK pathway in mice fed a high-fat diet. Cells, 8(5), 447. 

238. Song, M. J., & Choi, J. Y. (2022). Androgen dysfunction in non-alcoholic fatty liver disease: Role of sex 

hormone binding globulin. Frontiers in Endocrinology, 13, 1053709. 

239. Mallat, A., & Lotersztajn, S. (2009). Cigarette smoke exposure: a novel cofactor of NAFLD progression?. 

Journal of hepatology, 51(3), 430-432. 

240. Udomsinprasert, W., Honsawek, S., & Poovorawan, Y. (2018). Adiponectin as a novel biomarker for liver 

fibrosis. World journal of hepatology, 10(10), 708. 

241. Dong, Z., Zhuang, Q., Ye, X., Ning, M., Wu, S., Lu, L., & Wan, X. (2020). Adiponectin inhibits NLRP3 

inflammasome activation in nonalcoholic steatohepatitis via AMPK-JNK/ErK1/2-NFκB/ROS 

signaling pathways. Frontiers in medicine, 7, 546445. 

242. Xu, H., Zhao, Q., Song, N., Yan, Z., Lin, R., Wu, S., ... & Jiang, X. (2020). AdipoR1/AdipoR2 dual 

agonist recovers nonalcoholic steatohepatitis and related fibrosis via endoplasmic reticulum-

mitochondria axis. Nature communications, 11(1), 5807. 

243. Di Ciaula, A., Carbone, F., Shanmugham, H., Molina-Molina, E., Bonfrate, L., Ministrini, S., ... & 

Portincasa, P. (2021). Adiponectin involved in portal flow hepatic extraction of 13C-methacetin in 

obesity and non-alcoholic fatty liver. European journal of internal medicine, 89, 56-64. 

https://jazindia.com/


Multifactorial Aspects of Adiponectin in Non- Alcoholic Fatty Liver Disease 

 ://jazindia.comhttpse online at: ilablAva - 930 - 

244. Polyzos, S. A., Perakakis, N., & Mantzoros, C. S. (2019). Fatty liver in lipodystrophy: a review with a 

focus on therapeutic perspectives of adiponectin and/or leptin replacement. Metabolism, 96, 66-82. 

245. Boutari, C., & Mantzoros, C. S. (2020). Adiponectin and leptin in the diagnosis and therapy of NAFLD. 

Metabolism-Clinical and Experimental, 103. 

246. Akinci, B., Onay, H., Demir, T., Savas-Erdeve, Ş., Gen, R., Simsir, I. Y., ... & Oral, E. A. (2017). Clinical 

presentations, metabolic abnormalities and end-organ complications in patients with familial partial 

lipodystrophy. Metabolism, 72, 109-119. 

247. Moon, H. S., Dalamaga, M., Kim, S. Y., Polyzos, S. A., Hamnvik, O. P., Magkos, F., ... & Mantzoros, C. 

S. (2013). Leptin's role in lipodystrophic and nonlipodystrophic insulin-resistant and diabetic 

individuals. Endocrine reviews, 34(3), 377-412. 

248. Akinci, B., Koseoglu, F. D., Onay, H., Yavuz, S., Altay, C., Simsir, I. Y., ... & Demir, T. (2015). Acquired 

partial lipodystrophy is associated with increased risk for developing metabolic abnormalities. 

Metabolism, 64(9), 1086-1095. 

249. Zadeh, E. S., Lungu, A. O., Cochran, E. K., Brown, R. J., Ghany, M. G., Heller, T., ... & Gorden, P. 

(2013). The liver diseases of lipodystrophy: the long-term effect of leptin treatment. Journal of 

hepatology, 59(1), 131-137. 

250. Polyzos, S. A., & Mantzoros, C. S. (2016). Nonalcoholic fatty future disease. Metabolism, 65(8), 1007-

1016. 

251. Makri, E. S., Makri, E., & Polyzos, S. A. (2022). Combination therapies for nonalcoholic fatty liver 

disease. Journal of Personalized Medicine, 12(7), 1166. 

252. Ali Khan, R., Kapur, P., Jain, A., Farah, F., & Bhandari, U. (2017). Effect of orlistat on periostin, 

adiponectin, inflammatory markers and ultrasound grades of fatty liver in obese NAFLD patients. 

Therapeutics and clinical risk management, 139-149. 

253. Gastaldelli, A., Sabatini, S., Carli, F., Gaggini, M., Bril, F., Belfort‐DeAguiar, R., ... & Cusi, K. (2021). 

PPAR‐γ‐induced changes in visceral fat and adiponectin levels are associated with improvement of 

steatohepatitis in patients with NASH. Liver International, 41(11), 2659-2670. 

254. Kwon, Y. (2020). Immuno‐resolving ability of resolvins, protectins, and maresins derived from omega‐3 

fatty acids in metabolic syndrome. Molecular nutrition & food research, 64(4), 1900824. 

255. Chachay, V. S., Macdonald, G. A., Martin, J. H., Whitehead, J. P., O'Moore–Sullivan, T. M., Lee, P., ... & 

Hickman, I. J. (2014). Resveratrol does not benefit patients with nonalcoholic fatty liver disease. 

Clinical Gastroenterology and Hepatology, 12(12), 2092-2103. 

256. Zelber‐Sagi, S., Salomone, F., & Mlynarsky, L. (2017). The Mediterranean dietary pattern as the diet of 

choice for non‐alcoholic fatty liver disease: evidence and plausible mechanisms. Liver International, 

37(7), 936-949. 

 

 

https://jazindia.com/

