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Abstract 

Non-Alcoholic Fatty Liver Disease (NAFLD) has been recognized as the most common liver disorder in 
developed countries. NAFLD progresses from fat accumulation in hepatocytes to steatohepatitis to 
further stages of fibrosis and cirrhosis. Simple steatosis, i.e. fat deposition in the liver, is considered benign 
and gives way to non-alcoholic steatohepatitis (NASH) with a higher probability of progressing to 
cirrhosis, and liver-related mortality. Evidence has been found that this progression has been associated 
with marked alterations in hepatocyte histology and a shift in marker expression of healthy hepatocytes 
including increased expression of peroxisome proliferator-activated receptor gamma (PPARγ), adipocyte 
protein (aP2), CD36, interleukin-6 (IL-6), interleukin-18 (IL-18) and adiponectin. This progression shares 
much in common with the obesity phenotype, which involves a transformation of adipocytes from small, 
healthy cells to large, dysfunctional ones that contribute to redox imbalance and the progression of 
metabolic syndrome. Further, activation of Src/ERK signaling via the sodium potassium adenosine 
triphosphatase (Na/K-ATPase) α-1 subunit in impaired hepatocytes may contribute to redox imbalance, 
exacerbating the progression of NAFLD. This review hypothesizes that an adipogenic transformation of 
hepatocytes propagates redox imbalance and that the processes occurring in adipogenesis become 
activated in fat-laden hepatocytes in liver, thereby driving progression to NAFLD. Further, this review 
discusses therapeutic interventions to reverse NAFLD including the thiazolidinediones (TZDs) and a 
variety of antioxidant species. The peptide, pNaKtide, which is an antagonist of Na/K-ATPase signaling, is 
also proposed as a potential pharmacologic option for reducing reactive oxygen species (ROS) and 
reversing NAFLD by inhibiting the Na/K-ATPase-modulated ROS amplification loop. 
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Introduction 
In recent years, NAFLD has become an 

increasingly prevalent health problem internationally 
and has been found to affect approximately 30% of the 
United States population [1]. NAFLD is a broad 
culmination of pathological conditions which 
encompasses simple steatosis, predominantly caused 
by the excessive lipid accumulation in the liver, to a 
more severe and progressive steatohepatitis (NASH), 
involving fibrosis and cirrhosis [2-5]. As NAFLD 
progresses, a variety of histopathological changes 
occur in patients’ livers, such as fibrosis, 
hepatocellular damage/dysfunction, lobular 

inflammation, and hepatocellular ballooning [2]. Since 
there are no pharmacological therapies approved for 
NAFLD, interest has spiked in regard to the molecular 
pathways, which contribute to this condition in order 
to obtain viable treatment options to improve patient 
outcomes. 

The condition of obesity is closely associated 
with hepatic steatosis that subsequently progresses to 
NASH. Obesity is characterized by an excessive 
accumulation of body fat due to impaired fat storage 
and metabolism, specifically having a body mass 
index (BMI) greater than 30 kg/m2 [6]. This condition 
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has become increasingly prevalent worldwide. It is 
estimated that by 2030 around 38% of the world’s 
population will be overweight and another 20% will 
be obese [7]. Common molecular markers present at 
increased levels in adipogenesis leading to obesity 
include PPARγ, CCAAT/enhancer binding proteins 
(C/EBPs), aP2, adiponectin, IL-18, IL-6, and tumor 
necrosis factor alpha (TNF-α) [8-11]. Obesity directly 
contributes to the abundance of hepatic triglyceride 
accumulation associated with the progression 
towards NAFLD. Therefore, it is reasonable to 
conclude that correlations between phenotypic 
changes in adipocytes and hepatocytes may be 
present. Prior research has demonstrated that 
adipogenic changes characteristic of obesity can occur 
in hepatocytes and contribute to the development of 
NAFLD [12]. Notably, PPARγ, a key regulator of 
adipocyte differentiation and lipid storage, as well as 
aP2 have been observed to be upregulated in livers of 
mice fed a high-fat diet suggesting a strong 
association with hepatocyte differentiation. Further, 
steatotic primary hepatocytes were also observed to 
release the pro-inflammatory cytokines IL-6, IL-18, 
monocyte chemoattractant protein-1 (MCP-1) and 
TNF-α in a manner characteristic of adipogenesis. In 
addition, molecular changes contributing to the 
transformation of hepatocytes away from their 
normal physiology have been observed. This includes 
reduction in levels of cell membrane-bound 
E-cadherin and albumin [12, 13].   

The development and progression to NAFLD is 
contributed by the accumulation of ROS as well as 
inflammation resulting from the upregulated release 
of pro-inflammatory cytokines from hepatocytes, 
including IL-6 and TNF-α [14]. In hepatocytes, an 
imbalance between oxidant and antioxidant agents 
results in ROS accumulation and oxidative stress that 
increases lipid peroxidation and fat accumulation 
[15-17]. One mechanism by which oxidative stress is 
exacerbated is the Na/K-ATPase/Src signaling 
cascade. Recent studies by our group have 
demonstrated the role of Na/K-ATPase/Src signaling 
in the amplification of ROS, whereby excessive 
systemic ROS causes carbonylation of the α-1 subunit 
of the Na/K-ATPase pump. In turn, this activates the 
Src signaling cascade, ultimately leading to further 
activation of downstream signaling pathways and 
ROS generation [18]. Studies have shown that the 
peptide, pNaKtide, specifically inhibits Src activation, 
therefore demonstrating a potential method to 
attenuate Na/K-ATPase-modulated ROS 
amplification in hepatocytes [19].  Although there is 
the potential of pNaKtide for reducing oxidative 
stress and attenuating NAFLD, currently available 
therapeutic options to treat NAFLD are limited. Some 

of the existing therapeutic strategies to treat NAFLD 
include possible treatment with TZDs, a class of drugs 
that reduce insulin resistance and has potential for 
reducing the levels of fatty accumulation in 
hepatocytes [20, 21]. Further, a variety of antioxidants 
have displayed benefits in the treatment of NAFLD, 
such as vitamin D, superoxide dismutase (SOD), 
N-Acetylsysteine (NAC), and heme oxygenase-1 
(HO-1) [22-25]. 

Understanding the molecular mechanisms and 
similarities between hepatocyte transformation 
leading to NAFLD and adipogenesis is essential in 
order to formulate new treatment options for patients 
susceptible to these conditions. This review 
hypothesizes that adipogenic transformation of 
hepatocyte leads to its phenotypic alterations that 
propagates redox imbalance in order to further the 
literature in this area and contribute to the discovery 
of new treatment options, such as pNaKtide, which 
can lead to improved patient outcomes and decreased 
healthcare costs. 

Adipogenic Markers in Adipose Tissue 
Adipocytes are characterized by specific 

morphological and functional characteristics. These 
characteristics are adapted through the process of 
adipogenesis which involves the differentiation of 
fibroblast like pre-adipocytes into mature, lipid laden, 
insulin-responsive adipocytes [26]. The successful 
transformation into mature adipocytes is achieved by 
the marked changes in morphology and gene 
expression of pre-adipocytes. Although many of the 
molecular details of adipogenesis are still unknown, 
numerous factors involved in this process have been 
identified. Some stimulators include PPARγ, C/EBPα, 
signal transducers and activators of transcription 
(STATs), the transcriptional factor, sterol-regulatory- 
element-binding-protein-1 (SREBP1), insulin like 
growth factor-1 (IGF-l), macrophage colony 
stimulating factor, fatty acids, prostaglandins and 
glucocorticoids. Briefly, the C/EBPα upregulate the 
expression of PPARy, which in turn heterodimerizes 
with retinoid X receptor (RXR) and regulates the 
adipogenic processes that are required to promote fat 
cell differentiation [27]. This process further induces a 
positive feedback loop thereby maintaining the 
differentiated cell state [28]. Studies show that PPARγ 
is necessary for the differentiation of white fat 
adipocytes [29]. Overexpressed PPaRγ can rescue 
differentiation in C/EBPα deficient cells. Recent 
studies have also identified multiple inhibitors 
including glycoproteins, transforming growth factor 
(TGF), inflammatory cytokines, and growth 
hormones.  

In the state of obesity, adipocytes undergo 
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molecular changes that contribute to the 
pathophysiology of the disease and other 
comorbidities. An increase in visceral fat is often 
associated with increased inflammation, 
dyslipidemia, and insulin resistance [30]. A variety of 
cytokines such as TNF-α, IL-6, IL-18, and C-reactive 
protein have been observed to be upregulated in 
adipogenesis and contribute to inflammation [31]. 
Together, these molecular markers contribute to 
adipocyte transformation in the disease state of 
obesity. 

Phenotypic Alterations in Hepatocytes 
Prior research suggests that hepatocytes in the 

diseased state of NAFLD mirror adipogenic markers 
that are observed in the adipocytes [12]. Using the 
high-fat diet mouse model of hepatic steatosis, 
evidence suggests that the pathogenesis of NAFLD 
could likely involve adipogenic changes in 
hepatocytes (Table 1). The development and 
progression of NAFLD is mediated by increased lipid 
accumulation, suggesting increased triglycerides 
levels. Even though, the hepatocytes demonstrate 
typical morphological changes, the acquisition of 
adipocyte markers and adipose-secreted factors by 
hepatocytes, induces phenotypical changes as a part 
of pathophysiology of NAFLD. The phenotypical 
alterations are further assisted by the excessive 
oxidative stress and inflammation [11, 12, 15, 32, 33], 
which in turn exacerbates the diseased condition and 
impairs metabolic parameters. The secretory markers 
from adipose tissues promote adipogenesis, causing 

steatotic hepatocytes to undergo adipogenic 
alterations and predominantly express adipocyte 
markers.       

PPARγ has been found to be upregulated in the 
livers of high-fat diet mice [12, 13]. PPARγ isoforms 1 
and 2 have been expressed principally in mature, 
white and brown adipocytes, and at lower levels in 
other tissues such as the spleen, liver, skeletal muscle, 
and the heart [13]. A high-fat diet can increase mRNA 
expression of both PPARγ-1 and -2 in mouse 
adipocytes and in steatotic liver [13]. Livers of several 
murine models of obesity and diabetes express 
enhanced levels of PPARγ, including ob/ob, A-ZIP, 
aP2/DTA, and KKAy [34]. aP2, the upstream 
activator of PPARγ, was also up-regulated in high-fat 
diet mice. aP2 is involved in terminal adipocyte 
differentiation [35]. aP2, along with the RXR, forms a 
heterodimeric DNA binding complex which mediates 
the effects of the PPAR family including PPARγ [13]. 
Steatotic livers of lipoapotrophic AZIP mice expressed 
elevated levels of aP2 and adipose differentiation- 
related protein (ADRP) [35]. A recent study has 
demonstrated the upregulated expression of PPARγ 
and aP2 in steatotic hepatocytes. This implies 
acquisition of adipocyte like phenotype by the 
hepatocytes, potentially contributing to the 
pathogenesis of NAFLD [12]. Lipoapotrophic mice 
with lack of liver PPARγ (AZIP LKO) manifested 
reduced mRNA expression of both ADRP and aP2, 
indicating that liver PPARγ would contribute to the 
regulation of hepatocyte lipid transport and storage 
[35]. 

 

Table 1: Phenotypical and molecular findings in the high fat diet model of NAFLD. This table summarized findings for various in vivo 
models demonstrating the diet induced molecular alterations of hepatic and adipogenic markers in the pathogenesis of NAFLD. 

Reference  Finding 
[12] Species: Mouse 

Strain: C57BL/6 
Diet: HFD for 24 weeks 

Induced expression of adipogenic genes: aP2 and PPARγ 
Increased cytoplasmic aP2 and albumin protein 
Reduction in membrane bound E-cadherin and albumin expression 
Impaired adiponectin activity: upregulation of CD36, decreased hepatic adiponectin, 
decreased adiponectin receptor-2 

[34] Species: Mouse 
Strain: C57Bl/6Ncrj 
Diet: HFD for 2-12 weeks 

Lipid accumulation at 2 weeks 
Fatty liver phenotype at 12 weeks 
Upregulation of genes of lipid metabolism: PPARγ and CD36 
Suppression of CREBP 

[89] Species: Mouse 
Strain: C57BL/6 
Diet: HFD for 15 weeks 

Induced expression of following genes: 
hepatic fat accumulation: PPARγ, CD36, FABP4  
macrophage markers: F4/80, CD68  
inflammatory proteins: TNFα, MCP-1 and CCR2 

[90] Species: Mouse 
Strain: Fat aussie foz/foz 
Diet: HFD for 300 days 

Severe steatohepatitis with hepatocyte ballooning, inflammation, and fibrosis 
Increased expression of the lipogenic gene SREBP1c 
Decreased expression of mitochondrial UCP2 
Decreased hepatic lipid disposal gene expression of PPARα 
Increased adipogenic gene expression of aP2 

[91] Species: Rat 
Strain: Sprague—Dawley 
Diet: HFD with 5% cellulose for 7 weeks 

Induction of lipogenic genes PPARγ, SREBP1c, FAS and FABP4 

Abbreviations: aP2 – adipocyte protein 2; PPARγ – peroxisome proliferator activated receptor gamma; CREBP – cAMP response element binding protein; FABP4 – fatty acid 
binding protein 2; TNFα – tumor necrosis factor alpha; MCP-1 – monocyte chemoattractant protein 1; CCR2 – C-C chemokine receptor type 2; SREBP-1c – sterol regulatory 
element binding protein 1c; UCP2 – uncoupling protein 2; PPARα – peroxisome proliferator activated receptor alpha; FAS – fatty acid synthase. 
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A majority of these are genes that participate in 
adipogenic differentiation or lipid metabolism 
suggesting that the observed lipid accumulation in 
hepatocytes reflects transformation of hepatocytes 
toward adipocytes. Recent studies have shown the 
contribution of alpha fetoprotein (AFP) in the liver 
regeneration that is associated with hepatic steatosis, 
NAFLD, and hepatocellular carcinoma [36-38]. While 
the pathogenesis of upregulated AFP expression 
remains largely unknown, a significant correlation 
has been demonstrated in patients with central 
obesity, elevated triglyceride (TG) levels, upregulated 
free fatty acid (FFA), high BMI and abdominal fat, 
with subsequent development of metabolic syndrome 
(MS) [39]. An underlying mechanism may be 
ascertained between the development of hepatic 
steatosis and upregulation of AFP considering that 
obesity-induced IR affects hepatic metabolic 
pathways and causes the release of FFA from adipose 
tissues. This further leads to excessive lipid 
accumulation, oxidative stress and inflammation 
causing metabolic imbalance leading to the release of 
AFP in phenotypically altered hepatocytes. 

The presence of the diseased condition and 
hepatic steatosis also implicates the reduction of 
hepatocyte function. The adipogenic alteration of 
hepatocytes has been evidently confirmed by a recent 
study that demonstrates the reduction in the secretory 
function of hepatocytes. The extended findings 
significantly showed decreased levels of hepatocyte 
markers, albumin, and E-cadherin, in a high fat diet 
mice model [12]. The decreased expression of these 
hepatocyte markers implicitly suggests the 
development of steatotic hepatocytes with impaired 
epithelial phenotype, further assisting in acquiring 
adipocyte markers and function. The fact that 
albumin contributes in the inhibition of adipogenesis 
[40], the decreased levels suggests the restored 
adipogenic processes which will be conducive to the 
pathogenesis of NAFLD.         

Several other studies have noted upregulated 
expression of adipocyte markers, adipsin and 
caveolin-1, that were demonstrated to be elevated in 
the hepatocytes of steatotic livers [41, 42]. Adipocyte 
markers, aP2 and PPARγ, increased in the livers of 
mice at both mRNA and protein levels. Further, it was 
also observed that hepatocytes release 
pro-inflammatory cytokines characteristic of 
adipogenesis including TNF-α, IL-6, and IL-18 [43-45]. 
These conclusions support the claim that hepatocytes 
in the disease state of NAFLD undergo molecular 
changes of adipocytes. Figure 1 summarizes the 
possible pathway of phenotypic alterations in 
hepatocytes suggesting possible pathogenesis 
towards NAFLD.   

Oxidative stress and ROS production in 
NAFLD  

The trigger for the transition of NAFLD from 
steatosis to steatohepatitis, while unknown, is thought 
to be associated with an increase in ROS and 
subsequent oxidative stress. Disruption of metabolic 
balance, insulin resistance, and increased ROS 
production are key to steatohepatitis in lipid-laden 
hepatocytes [46]. Multiple studies have demonstrated 
the occurrence of NAFLD in the setting of high fat 
diet, which promotes redox imbalance, increased 
FFA, hepatic de novo lipogenesis, and increased 
fibrosis due to intrahepatic lipid accumulation [47-53]. 
The transition from steatosis to steatohepatitis 
involves an overall increase in oxidative stress-related 
parameters with proteolysis and diminished 
antioxidant capacity. Oxidative stress in the liver has 
also been associated with a higher peroxidation and 
depletion of n-3 long-chain poly unsaturated fatty 
acids which, in turn, impairs fatty acid oxidation and 
export of triacylglycerol [43]. The modification of 
hepatic lipid metabolism gene transcription by 
dietary fat, achieved via long-chain poly unsaturated 
fatty acids, has been likely the factor into the 
pro-oxidant status that could promote the transition 
of the steatotic to a steatohepatitic liver [43]. A recent 
study further highlights that hepatic steatosis is 
exacerbated by oxidative stress in the liver, which was 
directly related to increased lipotoxicity [54-56].  

In hepatocytes, the consequence of excessive 
ROS production in the setting of excessive FFA is that 
there is ATP/NAD depletion, membrane damage via 
lipid peroxidation and pro-inflammatory cytokines 
release [57]. The primary sources of endogenous 
intracellular ROS production in liver includes, cellular 
mitochondria, ER stress via activation of cytochrome 
P450 enzymes, activation of Ras pathway, excessive 
production of Angiotensin II and upregulated activity 
of NADPH oxidase. Activated AMP kinase (AMPK) is 
also known to aggravate the pathophysiological 
condition by increasing fatty acid oxidation via 
stimulation of carnitine palmitoyltransferase-1 
(CPT-1), which catalyzes the formation of 
acylcarnitine (from Acyl-CoA) [58]. The excessive 
production of ROS is further exacerbated by the 
diseased physiological condition of hepatocytes that 
alters the cellular strategies to maintain a balance of 
oxidant and antioxidant markers. These phenotypic 
changes in hepatocytes leads to structural and 
functional damage causing the pathogenesis of 
NAFLD, by reducing anti-oxidant defenses. The livers 
of the patients with steatohepatitis revealed that 
oxidative stress was amplified with induction of the 
CYP2E1 and by reduction of the protein carbonyl 
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content, hepatic glutathione (GSH) content, SOD, GPx 
catalase, and ferric reducing ability of plasma 
compared to controls levels [54].  

Role of Na/K-ATPase/Src signaling in 
NAFLD  

Since oxidative stress plays a key role in the 
development of steatohepatitis, it is imperative to 
examine potential targets that can restore cellular 
redox balance. In this regard, Na/K-ATPase, a 
member of P-type ATPase, has been recently shown to 
affect cellular signaling and cause oxidative stress, in 
addition to its distinct pumping function [59]. The 
Na/K-ATPase α-1 subunit serves a scaffolding 
function with Src, allowing conformational changes in 
the NA/K-ATPase to activate membrane bound Src 
and initiate a signaling cascade [60]. The 
carbonylation of α-1 subunit is initiated by excessive 
systemic ROS in a diseased condition. This activates 
the Src signaling cascade with downstream 
modulation of extracellular signal regulated kinase 
1/2 (ERK 1/2), ultimately leading to further ROS 

generation [61, 62]. Thus, ROS is not 
only generated from the 
Na/K-ATPase signaling cascade, but 
can also initiate it, creating a 
feed-forward oxidant amplification 
loop, which has been recently 
characterized [63, 64]. In vitro and in 
vivo studies have provided strong 
evidence suggesting a key role of 
Na/K-ATPase signaling in multiple 
clinical disorders, including, but not 
limited to, obesity, atherosclerosis, 
chronic renal failure and experimental 
uremic cardiomyopathy [19, 33, 57]. 
Activation of Na/K-ATPase signaling 
cascade promiscuously leads to the 
feed forward oxidant amplification 
loop, that consequently activates 
Ras-Raf-Nox pathway and 
inflammatory pathways in a diseased 
state. The studies elucidated the 
ability of Na/K-ATPase signaling in 
the amplification of ROS involved in 
adipogenesis, while also worsening 
the insulin sensitivity [19]. Recent 
studies also implicated the role of 
Na/K-ATPase signaling in the aging 
process, which was shown to 
exacerbate cellular senescence, 
apoptosis and oxidant stress [65]. 
These studies in experimental disease 
models established Na/K-ATPase 
signaling cascade as a potential 
therapeutic target to restore redox 

imbalance and metabolic homeostasis. Given the 
pathophysiological condition in obesity, the increased 
FFAs causes induction of excessive ROS generation, 
leading to the activation of Na/K-ATPase/ROS 
amplification loop and initiating downstream 
signaling pathways, contributing to steatosis and 
NASH. Prior studies have demonstrated that Na/K-ATPase 
signaling cascade also activates PKCδ, which in turn, 
phosphorylates Fli-1 leading to the amplification of 
collagen expression [33]. The deposition of collagen 
aggravates rapid advancement of fibrosis, causing disease 
progression from NAFL to NASH.  

Inflammation in NAFLD 
NAFLD is characterized by hepatic fatty changes 

with lobular hepatitis, focal necrosis containing 
inflammatory infiltrates and often Mallory bodies and 
fibrosis [66, 67]. It is well documented that oxidative 
stress and hepatic steatosis in hepatocytes cause the 
release of various inflammatory cytokines. High fat 
diet increases pro-inflammatory cytokines during 

 
Figure 1: Schematic Representation of Molecular Alterations in Hepatocytes in the 
pathogenesis of NAFLD. Diet-induced metabolic complications and systemic ROS causes the 
molecular alterations in hepatocytes, subsequently activating macrophages and releasing 
pro-inflammatory cytokines. This pathogenesis potentially plays a crucial role in the disease progression 
to NAFLD.  
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initial fibrogenic processes that initiate a crosstalk 
between injured hepatocytes and hepatic stellate cells 
(HSCs). The activated HSCs express large amounts of 
extracellular matrix (ECM), which is further enhanced 
by the production of tissue inhibitors of 
metalloproteinases, leading to a gradual disruption of 
normal liver architecture and fibrosis [68]. Recent 
study demonstrated that C57BL/6 mice placed on a 
high-fat diet, for 12 weeks, developed fatty liver 
phenotype, diabetes, triglyceride accumulation in 
hepatocytes and increased serum total cholesterol. 
Interestingly, the livers of more than 70% of these 
mice displayed scattered inflammatory foci of 
mononuclear cells with hepatocyte ballooning, 
hepatocyte necrosis and increased lipid droplets [12]. 
Further in vitro studies have shown elevated mRNA 
expression of pro-inflammatory cytokines, including 
TNF-α, MCP-1, IL-6 and IL-18, in steatotic 
hepatocytes [12]. The release of inflammatory 
cytokines also activates Kupffer cells that, in turn, 
influence hepatocyte lipid metabolism and storage 
[69]. This further leads to the production of fibrogenic 
genes, TGFβ-1, causing exacerbation of hepatic 
fibrosis [32, 70-77].  

The hormone adiponectin is an adipokine 
secreted from adipose tissue that plays an 
anti-lipogenic and anti-inflammatory role, regulating 
glucose and fatty acid metabolism. Adiponectin is a 
factor distinguishing NASH from simple steatosis 
[45]. A study of NAFLD patients found that plasma 
adiponectin levels were decreased with increased 
waist circumference, body mass index, triglycerides, 
insulin resistance, and amino-transferase levels [44]. 
The expression of adiponectin and the adiponectin 
receptor II was reduced in hepatic biopsies from 
patients with NASH compared to simple steatosis 
[45].  

Pharmacological Interventions for 
NAFLD 

The prevalence of NAFLD is associated with its 
poor prognosis, with limited prominent treatment 
options available. The potent understanding of 
pathogenic pathways involved in the development 
and progression of NAFLD may allow for the targeted 
intervention strategies. The current treatment options 
include superficial treatment of metabolic 
derangements associated with NAFLD using 
antioxidant therapy and multiple drugs to improve 
biochemical levels and attenuate inflammation.  

A popular treatment option comprises the use of 
TZDs, a class of heterocyclic compounds. Treatment 
with TZDs allows for the histologic improvement of 
NASH by acting as a PPAR-γ agonist and improving 
the efficiency of glucose metabolism [78]. 

Representatives of TZDs, rosiglitazone and 
pioglitazone, are often used in combination with other 
treatment options. In a controlled trial, rosiglitazone 
treatment of adult patients with biopsy-proven NASH 
resulted in improvement of hepatic enzymes to near 
pretreatment levels by 6 months, with 45% no longer 
meeting NASH criteria by 48 weeks, along with 
improved insulin sensitivity and mean ALT levels 
[79]. Patients with daily pioglitazone treatment for 48 
weeks resulted in normal serum ALT in 72% of 
patients, reductions in hepatic fat content and size, 
improved glucose and free fatty acid sensitivity to 
insulin and improvement in histological appearance 
of cellular injury, parenchymal inflammation, mallory 
bodies and fibrosis [80]. However, there have been 
several concerns over the safe administration and side 
effects of TZDs, including rosiglitazone and 
pioglitazone. While the use of rosiglitazone has been 
completely eliminated in some countries and highly 
limited in others, the viability of TZD class of drugs 
have been questioned due to its potential risks in 
causing heart failure, macular edema and bladder 
cancer [81].  

Since oxidative stress underlies the 
etiopathogenesis of diseases including obesity, 
diabetes, and NAFLD, it is imperative to evaluate the 
potential application of antioxidant therapy. Multiple 
randomized controlled trials have demonstrated the 
effectiveness of Vitamin E in attenuating the extent of 
NASH pathology. Studies demonstrated that 
administration of Vitamin E at various doses in 
pediatric and adult population improved levels of 
aminotransferase, ALT, hepatocellular ballooning, 
lobular inflammation and hepatic steatosis [82-85]. 
However, prolonged intake of Vitamin E has been 
reported to cause prostate cancer in healthy adults 
and may increase all-cause mortality [86, 87], 
therefore, treatment of NAFLD cannot be completely 
relied on such antioxidants.       

Each class of drug has its own benefit and safety 
profile, however, the systemic complications 
associated with the administration of these agents 
may present challenges for clinicians in the 
intervention strategies for clinical disorder. Based on 
these observations, it is important to adapt a targeted 
intervention strategy to ameliorate the consequences 
associated with NAFLD and avoid contraindications.  

Effectiveness of pNaKtide in attenuating 
NAFLD 

A cell permeable peptide, pNaKtide, has 
emerged to play a paramount role in attenuating 
multiple pathophysiological diseased conditions. The 
development of pNaKtide was detailed in 2009 [88]. 
Briefly, pNaKtide acts as an antagonist of the 
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scaffolding function of Na/K-ATPase/Src signaling 
that blocks the formation of the receptor 
Na/K-ATPase-Src complex. The CTS induced 
activation of Na/K-ATPase signaling cascade is 
negated by the pNaKtide. Our group has extensively 
demonstrated the effectiveness of pNaKtide, in 
C57BL/6 mice fed a western diet for 2 months. The 
study demonstrated that pNaKtide effectively 
improved the fatty acid oxidation genes in adipose 
tissues (CPT-1, PGC-1α and UCP 1/2), hepatic 
lipogenesis and attenuated expression for markers of 
macrophage infiltration and inflammation (F40/80, 
MCP-1, IL-6) [33]. Additionally, treatment with 
pNaKtide in our murine model of high fat diet 
established robust evidence exhibiting reduction in 
oxidative stress and hepatic fibrosis (assessed by 
collagen synthesis in liver and mRNA expression of 
hepatic fibrogenic genes, fibronectin, MMP9 and 
MMP13. The potency of pNaKtide has been 
previously compared with similar Src inhibitors, like 
PP2 [18, 88]. However, unlike other Src inhibitors, 
pNaKtide has demonstrated exclusivity to 
Na/K-ATPase by evidently impeding the formation 
of Na/K-ATPase/Src receptor complex, further 
inhibiting the activation of downstream pathways, 
including ERK 1/2 [88]. pNaKtide specifically 
localizes to the membrane component of the cell that 
inhibits the association with membrane bound Src. 
The pNaKtide superficially seems to mimic 
antioxidants, as it has been effective in ameliorating 
oxidative stress, however the specific mode of action 
of pNaKtide is what makes it novel for further 
implications. Collectively, pNaKtide has been shown 
to ameliorate obesity, insulin resistance, dyslipidemia, 
metabolic syndrome, hepatic steatosis and NASH 

phenotype by mediating the blockage of 
Na/K-ATPase/ROS amplification loop [33].  

Conclusion 
This review hypothesizes that an adipogenic 

transformation of hepatocytes propagates redox 
imbalance, inflammation, and fibrosis in the disease 
state of NAFLD, ultimately leading to the 
development of NASH. The transformation of 
hepatocytes during NAFLD progression (summarized 
in Figure 1), parallels the progression of adipocytes in 
obesity in which small, healthy adipocytes transform 
to large, dysfunctional cells. The literature has 
reported a shift in expression from markers of healthy 
hepatocytes to an expression of adipogenic markers in 
conjunction with their NASH phenotypic alterations 
of ballooning, redox imbalance, and liver damage. 
These findings are summarized in Table 2. These 
changes are concurrent with other molecular changes 
in hepatocytes away from their normal physiology. 

Although limited pharmacologic treatment for 
NAFLD currently exists, potential treatment options 
to reverse the progression of NAFLD include TZDs as 
well as various antioxidant agents. Notably, the 
specific Na/K-ATPase antagonist, pNaKtide, has 
been implicated in the reduction of ROS in 
hepatocytes thereby reversing fat accumulation and 
the obesity phenotype. Further research is necessary 
in order to examine the effects of pNaKtide treatment 
on reducing expression of adipogenic markers in 
hepatocytes, hepatocyte transformation, and liver 
injury. This would implicate both the EFGR/Src 
pathway in NAFLD progression and establish 
pNaKtide as a potential pharmacological treatment 
for NAFLD.  

 

Table 2: Summarized biomarker expression and function in the pathogenesis of NAFLD. This table summarizes the 
expression of each biomarker and their expression in either hepatocytes or adipocytes during the adipogenic processes and alteration of 
hepatocyte in NAFLD. The cellular function of each biomarker is summarized and is correlated with their regulation in the cell in the 
diseased state.   

Biomarkers Hepatocytes/Adipocytes Regulation Function 
PPARϒ Adipocyte ↑↑ Adipocyte Differentiation and Lipid Storage 
aP2 Adipocyte ↑↑ Involvement in terminal adipocyte differentiation 
AFP Hepatocyte ↑↑ Plays a role in the liver regeneration associated with hepatic steatosis   
Albumin Hepatocyte ↓↓ Contributes in the inhibition of adipogenesis 
E-Cadherin Hepatocyte ↓↓ A calcium dependent cell adhesion molecule in the formation and maintenance of 

hepatocyte. Protects hepatocyte from cell death  
SREBP-1c Hepatocyte ↑↑ Mediates the activation of lipogenesis: Increases the de novo synthesis of fatty acids  
Adiponectin Adipocyte ↓↓ Regulates glucose and fatty acid metabolism. Secreted from adipose tissue and 

plays important role as anti-lipogenic and anti-inflammatory marker. 
C/EBPα Adipocyte ↑↑ Induces adipogenesis by the mediating the upregulation of PPARϒ 
PPARα Hepatocyte ↑↑ 

 
Central mediator for signaling molecules to maintain lipid homeostasis and regulate 
genes in cell growth and differentiation.  

Abbreviations: aP2 – adipocyte protein 2; PPARγ – peroxisome proliferator activated receptor gamma; SREBP-1c – sterol regulatory element binding protein 1c; PPARα – 
peroxisome proliferator activated receptor alpha; FAS – fatty acid synthase; AFP – alpha fetoprotein; C/EBPα - CCAAT enhancer-binding protein alpha. 
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