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Abstract
NAFLD - Prevalence and Associations: Non-alcoholic fatty liver disease (NAFLD) is a highly prevalent metabolic disorder having as

key feature, the insulin resistance (IR), accompanied with impaired insulin sensitivity (IS) in liver and other organs including muscles
and adipose tissues. Further, the incidence of NAFLD is high in conditions associated with IR such as obesity, type 2 diabetes mellitus

(T2DM), dyslipidemia and metabolic syndrome (MetS). Intrahepatic triglyceride accumulation, or steatosis, is the hallmark of NAFLD

that develops when the rate of fatty acids (FAs) influx (FAs uptake from plasma and de novo lipogenesis) exceeds the rate of FAs efflux

(FA oxidation and secretion of triglycerides as VLDL). A subset of NAFLD patients go on to develop non-alcoholic steatohepatitis
(NASH), which can progress to fibrosis and cirrhosis.

Etiology and Pathological Mechanisms: The pathogenesis of NAFLD has been described by the ‘two hits’ hypothesis. The first ‘hit’

is deposition of FAs and triglyceride in hepatocytes (steatosis), and the second ‘hit’ is the progression of steatosis to NASH. The etiology of NAFLD is complex with factors like overnutrition, dysbiosis, increased fat mass, endocrine disruptors and oxidant injury, proinflammatory cytokines and altered adipokines involved to variable extent. The pro-inflammatory cytokines appear to interfere with

insulin signaling by activating various inflammatory pathways. The pro-inflammatory cytokines, including interleukin-6 (IL-6) and
tumor necrosis factor α (TNF-α), activate intracellular kinases such as JNK and IKKβ and the activation of downstream transcription
factors like AP-1 and NF-κB results in the impairment of insulin receptor signaling.

Metabolic Cross-Talks - Liver and Other Organs: The target organs can have differential responses to insulin and the skeletal

muscle is more sensitive to insulin than the liver and adipose tissue. Thus, IR in skeletal muscle is observed early during development
of NAFLD, T2DM and MetS, occurring long before IR in the liver and adipose tissue. There results a metabolic cross-talk involving

liver, muscles and adipose tissue, which brings about a cascade of metabolic alterations: (a) The skeletal muscle IR impairs insulinstimulated muscle glucose uptake → ↑ glucose delivery to the liver; (b) The hepatic selective IR leads to decreased hepatic glycogen

synthesis, increased hepatic gluconeogenesis and ↑ liver triglyceride levels and hepatic de novo lipogenesis (DNL); (c) The adipose IR
impairs insulin-mediated suppression of lipolysis → ↑ release of glycerol and fatty acid (FAs) → redirected to the liver, driving hepatic

lipid synthesis further; (d) ↑ glycerol delivery to the liver → hepatic gluconeogenesis via substrate push; (e) Diacylglycerol (DAG)mediated activation of protein kinase C epsilon (PKC𝜀)  impairs  hepatic  insulin  signaling  →↓  insulin-stimulated  hepatic  glycogen  synthesis; (f) The ↑ glucose uptake in the liver activating the carbohydrate response element-binding protein (ChREBP), stimulates intra-

cellular glycolysis, providing metabolic precursor materials for DNL; and (g) The increased FAs may activate the intrinsic apoptosis
pathway in hepatocytes via c-Jun N-terminal kinase (JNK), which promotes progression from simple steatosis to NASH and advanced

hepatic fibrosis. The adipocyte secretome, including FFAs and adipokines, is closely linked to the evolution and progression of NAFLD.

Therapeutic Options and Implications: Hepatic steatosis is defined by the presence of ≥ 5% lipid laden hepatocytes on a liver
biopsy or ≥ 10% fatty infiltration of the liver on magnetic resonance imaging (MRI). The presence of hepatic steatosis alone is associated with a low risk for progression to cirrhosis. But, those with NASH or NAFLD and fibrosis are at risk of progressive liver dis-

ease and require therapeutic intervention. The lifestyle modifications include dietary modifications and increasing physical activity.

Pioglitazone increases adiponectin levels and decreases in hepatic fat. Omega-3 fatty acids and pentoxifylline are useful. Vitamin E
supplementation may Improve steatosis and inflammation, whereas metformin, ursodiol and orlistat have no therapeutic benefit.
Bariatric surgery may help and its impact on NAFLD may extend beyond through weight loss alone.

Conclusion – The Prognostic Implications: The accumulation of fat affects physiology of hepatocytes and is accompanied by various homeostatic and metabolic alterations. The presence of hepatic steatosis alone is associated with a low risk for progression to

cirrhosis, but those with NASH or NAFLD and fibrosis are at risk of progressive liver disease and carry adverse prognostic implica-

tions. In addition, there are various associated metabolic disorders like T2DM and CVD resulting from enhanced atherosclerosis afflict health status and complicate the QOL issues. The NAFLD associated liver diseases present a modern-day clinical challenge due
to their meagre response to lifestyle measures and available treatment options. There is observed a poor adherence to the treatment
and follow up due to overnutrition, overweight and obesity often being considered normal health variables.
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NAFLD - Prevalence and associations
Non-alcoholic fatty liver disease (NAFLD) is a highly prevalent metabolic disorder having as key feature, the insulin resistance (IR),

accompanied with impaired insulin sensitivity (IS) in liver and various other organs including muscles and adipose tissues. The IR may

enhance hepatic fat accumulation by increasing free fatty acid delivery, inadequate fatty acid oxidation, and increased de novo lipogenesis,
accentuated by hyperglycemia [1].

Further, the prevalence of NAFLD is high in conditions associated with IR such as obesity, T2DM, dyslipidemia and the metabolic

syndrome (MetS). NAFLD can be considered to be the hepatic component of metabolic syndrome as its features are similar to those of
metabolic disorders such as insulin resistance, inflammation, type 2 diabetes (T2DM) and adiposity [2]. The NAFLD and MetS are com-

monly associated, and presence of the latter often predicting the future development of former. A subset of NAFLD patients develop nonalcoholic steatohepatitis (NASH), which can progress to fibrosis and cirrhosis. Obesity is certainly the most common factor associated
with NAFLD.

NAFLD is strongly associated with both hepatic and adipose tissue insulin resistance as well as reduced whole-body insulin sensitivity.

There occurs 45–50% reductions in glucose disposal and impaired suppression of endogenous glucose production due to IR. In addition,
a defect occurs in insulin suppression of free fatty acids (FFAs), due to IR at the level of the adipocytes. The subjects with NAFLD also have

an impaired inhibition of fatty acid oxidation. There occurs a decreased uptake and use of glucose as a source of fuel. Thus, IR is possibly

an intrinsic defect in NAFLD accompanied by impaired insulin sensitivity at the level of the adipocyte tissue. The NAFLD is a metabolic
disorder where the increased lipolysis causes fat overflow to the liver and impaired hepatic glucose production. Intrahepatic triglyceride

accumulation, or steatosis, is a hallmark of NAFLD that develops when the rate of fatty acids (FAs) input (FAs uptake from plasma and de
novo lipogenesis) exceeds the rate of FAs output (FA oxidation and secretion of triglycerides as VLDL).

The liver plays a pivotal role in regulating glucose and lipid metabolism. An aberrant liver metabolism promotes IR, which is a common

characteristic of metabolic diseases such as NAFLD and T2DM. There is a complex and bidirectional relationship between NAFLD and

T2DM [3]. NAFLD patients with hepatic IR have high risk for impaired fasting glucose associated with early diabetes, whereas patients
with T2DM are likely to suffer with NAFL, NASH, and cirrhosis. The hepatic IR caused by diacylglycerol-mediated activation of protein

kinase C epsilon (PKC𝜀),  may  be  the  critical  pathological  link  between  NAFLD  and  T2DM.  NAFLD  and  IR  contribute  independently  to 
atherosclerosis. There is an increased incidence of cardiovascular events in people with NAFLD. NAFLD is now recognized as a very common condition in people with T2DM and NAFLD is an independent CVD risk factor. The strong associations between NAFLD and multiple
complex metabolic and proinflammatory changes that have an effect on the vasculature.
The pathogenesis of NAFLD

The continuum from steatosis to NASH: Working from the assumption that NAFLD is a continuum from simple steatosis to NASH, the

pathogenesis of NAFLD has famously been described by Day and James in 1998 as ‘two hits’ hypothesis [5]. The first ‘hit’ is deposition of
FAs and triglyceride in hepatocytes (steatosis), and the second ‘hit’ is the progression of steatosis to NASH [6]. The etiology of NAFLD is
complex with factors like overnutrition, dysbiosis, increased fat mass, endocrine disruptors and oxidant injury, pro-inflammatory cytokines and altered adipokines involved to variable extent [7]. The pro-inflammatory cytokines appear to interfere with insulin signaling by

activating various inflammatory pathways. Various pro-inflammatory cytokines, including interleukin-6 (IL-6) and tumor necrosis factor
α (TNF-α), activate intracellular kinases such as JNK and IKKβ and the activation of downstream transcription factors like AP-1 and NF-κB
results in the impairment of insulin receptor signaling.
Adiposity, inflammation and hepatic lipotoxicity

The obesity is strongly associated with NAFLD and the excess intraabdominal fat appears to be a key feature in clinical presentation

of NAFLD. Though, the hepatic fat accumulation with IR may occur independent of significant intraabdominal fat. The hepatic fat accumulation occurs along with other features of the metabolic syndrome such as IR, hypertriglyceridemia and hypertension. In general, the
increased intraabdominal fat deposition bears a strong association with IR as well as acts as a source of FFAs. Other common associations
of NAFLD include dyslipidemia, metabolic syndrome and T2DM.The intraabdominal fat correlates with hepatic fat accumulation and
hepatic IR in both sexes.

The subcutaneous fat is also important in NAFLD. Subcutaneous fat makes up the greatest proportion of the total fat mass, and as such

total fat mass is an important predictor of hepatic insulin sensitivity. The subcutaneous fat, because of its greater overall mass, contributes
more than intraabdominal fat to circulating FFAs. Fifty-nine percent of the triacylglycerol that accumulates in the liver in subjects with

NAFLD is derived from circulating FFAs and most of this is from non-splanchnic sources. The pathogenesis of NAFLD is complex with IR,
intraabdominal and hepatic fat and inflammation appearing to be involved to variable extent (Figure 1).
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Figure 1: Etiological triad for NAFLD and NASH.

The mechanism(s) whereby increased visceral adiposity is associated with IR is unclear, but circulating hormones secreted from

adipose tissue have been implicated in modulating insulin sensitivity. Adiponectin is associated positively with insulin sensitivity and
associated negatively with intraabdominal fat. Adiponectin stimulates glucose use and fatty acid oxidation in the liver by activating AMP-

activated protein kinase. Thus, low levels of adiponectin may play a role in the pathogenesis of NAFLD by decreasing fatty acid oxidation
in the liver. Adiponectin levels have been found to be significantly lower in subjects with NAFLD or NASH compared with BMI-matched
controls, and adiponectin levels have also been found to correlate negatively with hepatic fat [8].

The inflammatory cytokines IL-6 and TNFα are secreted from adipocytes and are known to be elevated in obesity. They may be the

mediators of IR as their plasma levels have been correlated inversely with insulin sensitivity. The plasma levels of these two inflammatory

cytokines, TNFα and IL-6, are also increased in subjects with NAFLD and NASH. Further, the overexpression of TNFα mRNA in the liver
and adipose tissue, has been linked to the pathogenesis of NASH [9].
Potential mechanisms for genesis of NAFLD

The proposed key mechanisms link IR and NAFLD, such as changes in rates of adipose tissue lipolysis and de novo lipogenesis, impaired

mitochondrial fatty acid oxidation, changes in fat distribution, alterations in the gut microbiome, and alterations in levels of adipokines
and cytokines [10].

The free fatty acids (FFAs) reach the liver come from various sources - derived from dietary fat, released from adipocytes via lipolysis

and arise from de novo hepatic lipogenesis [11]. The imbalance in triacylglycerol delivery, synthesis, export or oxidation contributes to

its accumulation in the liver. Excess caloric intake accompanied by excess dietary fat intake contributes to IR and indirectly to obesity.

The adiponectin levels are low in obesity, contributing inadequate fatty acid oxidation. IR increases de novo lipogenesis, causes decreased
inhibition of lipolysis and increases FFA flux to the liver. In addition, to excess dietary caloric intake can result in obesity and associated IR

[12]. With the IR, there is an impaired ability of insulin to suppress lipolysis, leading to increased delivery of FFAs to the liver. In addition,
the increased de novo lipogenesis (DNL) also contributes to hepatic fat accumulation. The increased DNL results from IR and resulting
hyperinsulinemia in subjects with NAFLD, as insulin stimulates lipogenic enzymes via sterol receptor binding protein 1-c (SREBP-1c)
even in the insulin-resistant state (Figure 2).

Figure 2: The mechanisms leading to intrahepatic fat accumulation - ↑ de novo lipogenesis, ↓ hepatic lipolysis and ↓ export as very low
dense lipoproteins (VLDL). Impaired adipose tissue lipolysis leads to ↑ FFAs and fat deposition in ectopic tissues including the muscles
result in systemic IR and ↓ glucose uptake and hyperglycemia. The elevated serum FFAs and hyperglycemia cause and exacerbate
hepatic fat accumulation leading to NAFLD.
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Hyperglycemia also stimulates lipogenesis by activating the carbohydrate response element binding protein leading to transcription of

genes involved in glycolysis and lipogenesis and resulting in the conversion of excess glucose to fatty acids. On the other hand, increased
FFAs lead to induce hepatic IR, mediated by translocation of the PKC-δ isoform from the cytosolic to the membrane compartment result-

ing in impairment of hepatic insulin receptor substrate (IRS)-associated phosphatidylinositol 3-kinase activity. Hyperinsulinemia may
also contribute to triacylglycerol accumulation in the liver by inactivating the fork-head transcription factor, Foxa2 through phosphoryla-

tion by either IRS1 or IRS2 signaling pathways. Foxa2 promotes fatty acid oxidation in the liver. The inactivated Foxa2 decrease FAs oxidation, contributing further to hepatic fat accumulation.

Insulin resistance in NAFLD: Cause or consequence?
NAFL affect one-third of the all adult population and range from increased hepatocellular fat deposition (NAFL, steatosis) and inflam-

mation (non-alcoholic steatohepatitis - NASH) to cirrhosis [13]. NAFLD and NASH have been shown to develop through a multifactorial

etiopathogenesis that includes IR, genetic factors, nutrition and lifestyle determinants, oxidative stress and endoplasmic reticulum stress,

inflammation and inflammosomes and changes in the intestinal microbiota leading to dysbiosis. On considering human studies, whether
IR causes hepatic steatosis (primary NAFLD) or whether the accumulation of fat in the liver is the primary event leading to hepatic and
then later peripheral IR (secondary NFLD) is not finally established.

NAFLD is a hepatic disorder strongly associated with IR. A high dietary fat intake appears to play a major role in the development

of NAFLD, and possibly the hepatic steatosis caused by consumption of excess dietary fat contributes to the hepatic IR. The hyperinsulinemia and the hyperglycemia typically occur with obesity and promote DNL by upregulating lipogenic transcription factors, such as

sterol regulatory element binding protein-1c (SREBP-1c) and carbohydrate response element binding protein (CREBP). Insulin-mediated
activation of SREBP-1c increases malonyl-CoA, a key intermediate of the FA synthesis, which inhibits carnitine palmitoyl-transferase 1

and long chain FAs entry into the mitochondria for β-oxidation and thus favours hepatic triglyceride accumulation [14]. TheGo to:Over

the last decade, the understanding of the association between insulin resistance (IR) and non-alcoholic fatty liver disease (NAFLD) has

dramatically evolved. There is clear understanding that carriers of some common genetic variants, i.e., the patatin-like phospholipase domain-containing 3 (PNPLA3) or the transmembrane 6 superfamily member 2 (TM6SF2) are at risk of developing severe forms of NAFLD

even in the presence of reduced or absent IR. In contrast, there are obese patients with “metabolic” (non-genetically driven) NAFLD who

present severe IR. Owing to the epidemic obesity and the high prevalence of these genetic variants in the general population, the number
of pediatric cases with combination of genetic and metabolic NAFLD is expected to be very high. Gut dysbiosis, excessive dietary intake

of saturated fats/fructose-enriched foods and exposure to some chemicals contribute all to both IR and NAFLD, adding further complexity to the understanding of their relationship. Once NAFLD is established, IR can accelerate the progression to the more severe form of

liver derangement that is the non-alcoholic steatohepatitis.Keywords: insulin resistance, non-alcoholic fatty liver diseases, obesity selective hepatic IR, characterized by disturbed insulin-mediated suppression of hepatic glucose output but intact stimulation of lipogenesis,

contribute to the complex relationships by inducing lipogenic programming and systemic hyperlipidaemia and the elevated hepatic TG
deposition results mainly from intrahepatic de novo lipogenesis and from uptake and esterification of fatty acids from sources such as
adipose tissue lipolysis and dietary intake [15,16].

An alternative hypothesis is that fat accumulation in the liver may be the primary event leading to hepatic IR. This has been potenti-

ated by the early development of hepatic IR, without changes in insulin-stimulated glucose uptake or body weight, in a rodent model on

high-fat diet. In this model, the high-fat diet (59% fat) resulted in a 3-fold elevation in hepatic fatty acyl Co-A. Thus, high dietary fat led

to altered intrahepatic lipid content and altered hepatic insulin sensitivity without significant changes in peripheral insulin sensitivity or
fasting FFA levels.

Whereas, the tissue-specific insulin receptor KO mice having knockout of the insulin receptors in the liver results in both fasting and

postprandial hyperglycemia and development of peripheral IR. These mice also develop hepatic steatosis. Similarly, in obese NAFLD pa-

tients with increased intraabdominal fat, the peripheral IR might contribute to steatosis by decreasing insulin suppression of lipolysis and
thus increasing delivery of FFAs to the liver. The augmented FAs flux to the liver may lead to steatosis and hepatic IR [17,18].
Metabolic cross-talks - liver and other organs
The NAFLD spectrum
NAFLD comprises of a spectrum of diseases from benign steatosis to NASH to liver cirrhosis. The IR, lipotoxicity and inflammation

are the stakeholders in the disease process, and lipotoxicity leading to inflammation and IR, which in turn, increase adipocyte lipolysis
and exacerbate lipotoxicity [19]. Further, IR and inflammation form a vicious circle, with each condition promoting the other and accel-

erating the development of NAFLD in the presence of lipotoxicity [20]. Furthermore, as an integral part of the inflammatory process are

pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) and interleukin 6 (IL-6) and anti-inflammatory cytokines, such
as adiponectin involved in the disease process. The IR is the critical pathophysiological factor complicated by chronic stressors, such as
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enhanced lipid peroxidation, generation of reactive oxygen species (ROS), endoplasmic reticulum stress (ERS) and by-products of exacerbated pro-inflammatory process acting in concert to promote the development of NAFLD in the presence of lipotoxicity (Figure 3).

Figure 3: The evolution and progression of NAFLD/NASH.

Lipotoxicity and IR
Lipotoxicity is the driving force in the mechanism for disease process and promotes inflammation and IR. In turn, IR increases adi-

pocyte lipolysis and exacerbates lipotoxicity. By binding with specific receptors, FFAs activate nuclear factor-kappa B (NF-κB) pathway,

which activates of NF-κB kinase-β (IKK-β) to promotes expression of pro-inflammatory cytokines, such as TNF-α and IL-6, which in turn

promote IR and development of NAFLD. Lipotoxic injury occurs because of excessive levels of FFAs in hepatocytes which are derived from

excess intake of dietary fat, increased de novo lipogenesis, decreased free fatty oxidation and decreased hepatic triglycerides secretion.
The higher circulating FFAs lead to hepatic IR by interacting with insulin signaling, impairing anti-lipolytic function of insulin, generat-

ing lipotoxic intermediate products, such as diacylglycerols, and facilitating hepatic triglyceride synthesis and fat accumulation in the

liver [21]. This impairs insulin signaling, induces oxidative damage, and promotes inflammation and fibrosis. The lipotoxic intermediate

products also cause ERS, accumulation of unfolded or misfolded proteins and formation of ROS which result in apoptosis, a major factor
in the pathogenesis of NASH.

With systemic IR, abnormally high insulin levels are required to metabolize glucose and inhibit hepatic glucose production due to the

reduced insulin sensitivity of the peripheral tissues. The pancreas is stimulated to increase insulin secretion into the portal vein, leading

to higher insulin levels in the liver than in the periphery. Under conditions of IR, the expression of nuclear factor-kappa B (NF-κB) in liver
and adipose tissue is increased. NF-κB is translocated to the nucleus leading to upregulation of the expression of target genes encoding
inflammatory mediators, such as TNF-α and IL-6. There occurs mitochondrial dysfunction which suppresses fatty acid oxidation in brown
adipose tissue and redirects FFAs towards liver.

Differential insulin sensitivity and its fallouts
The target organs have differential responses to insulin and the skeletal muscle is more sensitive to insulin than the liver and adipose

tissue. Thus, IR in skeletal muscle is observed early during development of NAFLD, T2DM and MetS, occurring long before IR in the liver

and adipose tissue [22]. The high carbohydrate consumption in setting of IR leads to reduced uptake of glucose and muscle glycogen synthesis in skeletal muscles. The IR in skeletal muscle contributes to ↑ post-prandial blood glucose and leads to ↑ glucose uptake in the liver
activating the carbohydrate response element-binding protein (ChREBP), which stimulates intracellular glycolysis, providing metabolic

precursor materials for de novo lipogenesis. The differential IR in skeletal muscle, thus, indirectly promotes de novo lipogenesis and shifts
post-prandial energy storage from muscle glycogen to hepatic lipid storage.
Hepatic IR: Key nexus for NAFLD and T2DM

In context to the increasing global trend for obesity, the incidence of NAFLD in obesity has rapidly risen to almost 70% and is recog-

nized as the hepatic component of metabolic syndrome. In addition, NAFLD occurs in more than 70% of patients with T2DM [23]. NAFLD,
thus, can be regarded as a risk factor for T2DM independent of age and other factors such as obesity. NAFLD often precedes T2DM and

NAFLD patients often exhibit hepatic IR. Further, taken together, the relationship between NAFLD and T2DM is complex and bidirectional,
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with NAFLD providing homeostatic milieu for development of T2DM [24]. On the other hand, the presence of T2DM increases the risk

of liver diseases, with the potential to progress to NASH and cirrhosis [25,26]. A regular assessment for NAFLD in patients with T2DM is
required [27]. There is required a routine surveillance for atherosclerosis and CVD in NFALD patients [28].

The selective insulin resistance is present in liver and other organs in NAFLD livers and occurs in its early phases. The preferential

downregulation of IRS-2 may contribute to selective resistance to the suppressive effects of insulin on gluconeogenesis [29]. The hepatic

IR is characterized by insufficient suppression of hepatic gluconeogenesis, ↓ glycogen synthesis, and ↑ lipid accumulation, whereas the
peripheral IR leads to reduced glucose uptake from the circulation and being presented to the liver. The expression of FA synthase is in-

creased and phosphoenolpyruvate carboxy-kinase (PEPCK) and glucose-6-phosphatase (G6Pase) are increased in patients with NAFLD.
Whereas, the expression of IRS-1 is unaltered.
Endoplasmic reticulum oxidative stress

With adiposity, adipose tissue is a major source of circulating inflammatory cytokines. Concentrations of specific cytokines, such as

IL-1β or IL-6, may be 10- to 100-fold higher in adipose tissue than in the liver. Therefore, high concentrations of circulating inflammatory
signals induce hepatic IR via inflammatory pathways, that amplify liver inflammation. Further, there are other factors that can activate
intrahepatic inflammatory pathways resulting in IR and include microbiota-derived lipopolysaccharide (LPS), FFAs and advanced glyca-

tion end products. In addition, the Kupffer cells switch from anti-inflammatory ‘M2’ state to a proinflammatory ‘M1’ state and contribute
to hepatic inflammation with the progression of NASH, the effect mediated through TNFα secretion.

The ER stress, which refers to activation of the unfolded protein response has been proposed to play a crucial role in hepatic steatosis.

During over-nutrition phase, there result hyperlipidaemia and hyperglycemia and hepatocytes are confronted with high rates of protein

synthesis, resulting in activation of the ER stress response. The ER stress contributes to hepatic IR by inducing inflammatory responses
involving NF-κB and JNK signaling, which further affect insulin signaling [30]. There occurs a compensatory upregulation of hepatic mitochondrial respiration in obese individuals with fatty liver. During hepatic lipid accumulation, hepatic mitochondria transiently adapt to

increased lipid availability by upregulating their oxidative capacity, which can lead to excess production of ROS and resultant oxidative
stress.

IR generated metabolic crosstalk network
Intrahepatic fat accumulation, or steatosis, is a hallmark of NAFLD that develops when the rate of fatty acid input (fatty acid uptake

from plasma and de novo lipogenesis) exceeds the rate of fatty acid output (fatty acid oxidation and secretion of triglycerides in the form of

very-low-density lipoproteins). Adipose tissue serves as the energy stores and actively takes in superfluous blood glucose to store excess
energy in the form of triglycerides during conditions of nutritional excess. But IR weakens insulin-mediated suppression of lipolysis in
adipose tissue, resulting in the release of a large amount of FFAs and glycerol into the circulation. Increased circulating FFAs provide the

primary source of non-esterified fatty acids for liver triglycerides synthesized by hepatocyte in NAFLD patients. The hepatic fatty acid
oxidation activates hepatic gluconeogenesis and the diacylglycerol (DAG)-mediated activation of protein kinase C epsilon (PKC𝜀)  impairs 

hepatic insulin signaling to suppress the insulin-stimulated hepatic glycogen synthesis.

Further, FFAs can activate the intrinsic apoptosis pathway in hepatocytes via c-Jun N-terminal kinase (JNK). The JNK integrates with

other signaling pathways and regulates the diverse cellular events and responses to mitogenic stimuli, environmental stresses and apop-

totic agents, and promotes progression from simple steatosis to NASH and even advanced hepatic fibrosis. Moreover, adipocyte-specific
adipokines secreted by visceral adipose tissue, such as adiponectin and leptin, seem to have a close correlation with the development

of NAFLD. The adipocyte secretome, including FFAs and adipokines, is closely linked to the pathogenesis development of NAFLD. There
results a network of metabolic crosstalk involving liver, muscles and adipose tissue, which brings about a cascade of metabolic alterations
(Figure 4).

Figure 4: The network of metabolic cross-talks involving Liver, muscles, adipose tissue and peripheral organs.
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Hepatic steatosis is defined by the presence of ≥ 5% lipid laden hepatocytes on a liver biopsy or ≥10% fatty infiltration of the liver

on magnetic resonance imaging (MRI). The presence of hepatic steatosis alone is associated with a low risk for progression to cirrhosis,

but those with NASH or NAFLD and fibrosis are at risk of progressive liver disease and require therapeutic intervention. The therapeutic
aims are: (a) Reduce IR and improve insulin sensitivity; (b) Reduce hepatic and somatic fat deposition; and finally, (c) Reduce pathological
weight gain which will achieve (a) and (b).
Lifestyle measures

The lifestyle modifications are the cornerstone of treatment of NAFLD, aim to reduce unhealthy weight and hepatic and somatic fat

contents and include dietary modifications and increasing physical activity (Figure 5). Most patients with NAFLD benefit from weight loss,
healthy dietary changes and routine exercise.

Figure 5: Treatment aims and options for NAFLD and NASH.

Weight loss
The weight loss of 7% or more is important and can reduce steatosis, lobular inflammation, hepatocyte ballooning and NAFLD activ-

ity score [31]. However, no change in fibrosis was observed by this amount of weight reduction [32]. Whereas, a ≥10% total body weight
reduction led to regression of fibrosis and reduction in NASH [33].
Dietary modifications

The diets low in calories and carbohydrate are able to reduce IR, improve insulin sensitivity, decrease intrahepatic fat accumulation

and improve histological features of NAFLD [34,35]. The Mediterranean diet have demonstrated a radiographic reduction in hepatic
steatosis by in biopsy proven NAFLD patients, as compared to a low fat, high carbohydrate diet, with no difference in total weight loss

between groups. Thus, the dietary macronutrient contents offer additional benefit beyond weight loss [36]. Other dietary nutrients, such
as fructose, have a negative effect on patients with NAFLD by leading to ATP depletion, ATP enhanced endoplasmic reticulum stress, mi-

tochondrial dysfunction and hepatic inflammation [37]. The fructose consumption does not stimulate satiety as other sugars do, because
fructose does not stimulate leptin secretion leading to decreased satiety [38]. In fact, there is data to suggest that fructose consumption
may be associated with the development of NAFLD and worsening of fibrosis [39].
Exercise

A regular exercise can improve NAFLD. The effect has been shown even in the absence of weight loss [40]. Further, several studies

have documented the benefit of aerobic exercise by decreasing aminotransferase levels in subjects with NAFLD and radiographic NAFLD
[41,42]. Whereas, resistance training has been shown to reduce steatosis as well as lipid oxidation and improves glucose control [43].
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Vitamin E supplementation may Improve steatosis and inflammation. A high-dosage vitamin E supplementation may increase all-

cause mortality. However, as risks may exist, vitamin E use is recommended only for biopsy-proven NASH where benefit may outweigh
adverse events. Pioglitazone is a thiazolidinedione developed for the treatment of insulin resistance. Pioglitazone increases adiponectin

levels and decreases in hepatic fat and has shown to improve overall inflammation and fibrosis, although steatosis was unchanged [44].
Pentoxifylline has been shown to improve histologic steatosis and ballooning, possibly via a reduction in lipid oxidation [45,46].

HMG-CoA reductase inhibitors or statins are safe to use for dyslipidemia in setting of NAFLD [47]. The patients with indications for

statin use should remain on statins even in the setting of NAFLD, as their use reduces the risk of CVD-related mortality [48]. Statin use
was associated with a reduction in histologic steatosis but did not impact inflammation [49]. Whereas, the omega-3-fatty acids may im-

prove radiographic steatosis at doses of 2-6 grams daily [50,51]. Another study, the Wessex Evaluation of Fatty Liver and Cardiovascular
markers in NAFLD with Omega-3 acid ethyl esters (WELCOME) study evaluated the impact of 15 - 18 months of treatment with docosa-

hexanoic acid (DHA) and eicosa-pentaenpoic acid (EPA) on liver fat as assessed by MRS and biomarkers of hepatic fibrosis. On regression
analysis, DHA treatment was associated with decreased liver fat percentage without improvement in markers of fibrosis [52].

Treatment with prebiotics and probiotics may be useful in NAFLD patients as the gut dysbiosis is causative factor for the disease [53].

Further, understanding the interactions among dysbiosis, environmental factors and diet and their impacts on the gut-liver axis can im-

prove the treatment of NAFLD and its related disorders [54]. The use of ursodiol in NAFLD patients has not documented any therapeutic
benefit [55]. Similarly, the use of metformin does not seem to be effective NAFLD and NASH, and it does not improve anatomic outcomes

(histologic or ultrasound features of the liver) or biochemical outcomes (alanine transaminase and aspartate transaminase levels) in
these patients [56]. The use of orlistat in NAFLD and NASH patients does not consistently reverse liver fibrosis, though it appears to improve certain biochemical and metabolic parameters to some extent and may contribute to prognosis [57].
Surgical treatment

The impact of weight loss surgery on NAFLD is far beyond the weight loss [58]. The changes in circulating hormones that occur im-

mediately after surgery improve parameters related to NAFLD. The improved glucagon-like peptide-1 (GLP-1) secretion by L cells in the

distal small intestine following bariatric procedures, promotes insulin secretion and suppresses glucagon secretion, and improves glucose
metabolism. The weight loss surgery also impacts the intestinal microbiota and improves dysbiosis [59]. Furthermore, the increases in

bile acids seen after bariatric surgery, may decrease gluconeogenesis, increase glycogen synthesis and energy expenditure and insulin

sensitivity [60]. The impact of altered bile acid levels on enterohepatic circulation is also associated with changes in gut microflora, which
may further contribute to the beneficial effects [61].

Conclusion: Prognostic Implications for NAFLD
With the ongoing epidemic of obesity, metabolic syndrome and T2DM, NAFLD has become the most common cause of chronic liver

disease worldwide. Cirrhosis is an important factor for liver-related morbidity and mortality in patients with NAFLD. Patients with NAFLD
show a markedly higher risk of developing liver-related morbidity compared to the general population [62].

NAFLD is not a simple fatty liver or accumulation of fat affecting physiology of hepatocytes. It is accompanied by various homeostatic

and metabolic alterations. In addition, there are various associated metabolic disorders like T2DM and CVD resulting from enhanced
atherosclerosis that afflict the health status and complicate the quality of life (QOL) issues. The presence of hepatic steatosis alone is as-

sociated with a low risk for progression to cirrhosis, but those with NASH or NAFLD and fibrosis are at risk of progressive liver disease
and carry adverse prognostic implications. In general, the patients with more severe fibrosis at baseline showed a worse survival than
patients with none or mild fibrosis at baseline.

Further, the treatment modalities for NAFLD and related disorders are not satisfactory and carry various prognostic limitations. The

NAFLD associated liver diseases present a modern-day clinical challenge due to their meagre response to lifestyle measures and available
treatment options. There is frequently a poor adherence to the treatment and follow up due to overnutrition, overweight and obesity often
being considered normal health variables.
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