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ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) is a pathological condition ranging from simple steatosis to non-alcoholic steatohepatitis,
cirrhosis, and liver cancer. NAFLD is a complex disease mediated by metabolic, environmental, and genetic mechanisms. Many factors
such as insulin resistance, lipotoxicity, inflammation, mitochondrial dysfunction, endoplasmic reticulum stress, circadian rhythm,
genetics, epigenetics, dietary factors, and gut microbiota play a crucial role in the pathogenesis of NAFLD. Lifestyle changes such as
healthy diet, physical activity, avoiding alcohol and smoking are involved in the NAFLD treatment. Dietary bioactive compounds
including curcumin, resveratrol, catechins, quercetin, sulforaphane, epigallocatechin-3-gallate, alkaloids, vitamins, and peptides have
many health promoting effects such as antioxidant, anti-inflammatory, antihypertensive, chemopreventive, and hepatoprotective. In
this review, the pathophysiology of NAFLD and the effects of dietary bioactive compounds on this disease will be discussed in detail

with updated information.
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1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is defined as the
pathological spectrum of the liver that can progress from
simple steatosis to non-alcoholic steatohepatitis (NASH),
cirrhosis, and liver cancer [1]. Histopathologically, the
absence of necroinflammatory activity is accepted as simple
steatosis; however, the presence of a fibrosis caused by portal
inflammation, ballooning and hepatocyte damage together with
fatty liver is called NASH [2].

Non-alcoholic fatty liver disease has been accepted as a global
public health issue, affecting 6 to 45% of the general population,
increasing to 70% in patients with type 2 diabetes mellitus and
up to 90% in morbidly obese patients [3].

Although, there is no licensed pharmacotherapy for NAFLD,
antidiabetic drugs, drugs affecting the bile acid system and
lipid-lowering agents are given for treatment according to
the accompanying diseases. The most important treatment is
mainly based on lifestyle changes such as healthy diet, body
weight control, physical activity, smoking cessation and avoiding

alcohol [4]. Diet is affordable and effective and does not have any
adverse effects. Also, it does not include the metabolic burden
that medications load on the body systems. In this respect,
many different dietary components are being studied for their
possible pharmacological activity in several pathophysiological
conditions [5].

The most widely accepted definition of bioactive compounds is
‘compounds which have the ability to interact with one or more
component(s) of living tissue by presenting a wide range of
probable effects [6]. Bioactive compounds which mainly include
curcumin, resveratrol, catechins, quercetin, sulforaphane,
epigallocatechin-3-gallate, alkaloids, vitamins, and peptides,
are particullary present in small quantities in fruits, vegetables,
whole grains, beverages and milk products. These bioactive
compounds have anti-inflammatory, antioxidant and
hepatoprotective properties [7]. In this review, we discussed the
pathophysiology of NAFLD and the effects of dietary bioactive
compounds on this disease.
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2. PATHOGENESIS

Non-alcoholic fatty liver disease is considered as a multifactorial
disease and mediated by metabolic, environmental, and
genetic mechanisms. Many factors such as insulin resistance,
lipid metabolism, inflammation, mitochondrial dysfunction,
endoplasmic reticulum stress, circadian rhythm, genetics,
epigenetics, dietary factors, and gut microbiota play a crucial
role in the pathogenesis of NAFLD (Figure 1).
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Figure 1. The multi-hit hypothesis of non-alcoholic fatty liver disease
(NAFLD) pathogenesis. The insulin resistance and lipid metabolism
dysregulation lead to the development of simple steatosis and render
hepatocytes susceptible to “multi-hit”, which includes gut-derived bacterial
toxins(lipopolysaccharides), adipocytokine imbalance, mitochondrial
dysfunction, reactive oxygen species, endoplasmic reticulum stress,
apoptosis, activation of pro-fibrogenic factors and pro-inflammatory
mediators ultimately leading to non-alcoholic steatohepatitis (NASH).
IL: Interleukin; TNEF: Tumor necrosis factor; ROS: Reactive oxygen
species; DNL: de novo lipogenesis; UPR: Unfolded protein response; TG:
Triglyceride; FFA: Free fatty acids; LPS: lipopolysaccharides

Insulin resistance

Insulin resistance has critical role in the activation of lipotoxicity,
oxidative stress, and inflammatory processes in NAFLD and its
progression to NASH [8]. Insulin resistance is associated with
lipolysis in adipose tissue, it causes an increase in circulating
free fatty acids (FFAs) and their uptake by the liver [9].

Increased glucose and insulin levels inhibit mitochondrial
B-oxidation, suppress apolipoprotein B100 synthesis, and
increase de novo lipogenesis (DNL) in the liver through
glycolysis [10]. Hepatic DNL could be increased by activation of
transcription factors such as sterol regulatory element binding
protein (SREBP)-1, carbohydrate response element binding
protein (ChREBP), and peroxisome proliferator activated
receptor (PPAR). SREBP-1c which regulates DNL, is stimulated
by insulin [11]. ChREBP is activated by glucose and increases
DNL, it also provides more substrate for triglyceride and FFAs
synthesis [12]. In general, PPARs are involved in glucose and
fat metabolism as well as in immune response, inflammation,
apoptosis, and cell proliferation [13].

Lipid metabolism

Fat accumulates in the liver of NAFLD patients in the form of
triglycerides [11]. FFAs are obtained from diet, adipose tissue by
lipolysis and/or liver by DNL. In hepatocytes, FFAs undergo acyl-
CoA synthesis and form fatty acyl-CoAs that enter esterification
or B-oxidation pathways [14]. Increased levels of FFAs in the
liver lead to lipid peroxidation, which causes the release of
inflammatory cytokines such as tumor necrosis factor (TNF)-a,
interleukin (IL)-1, IL-6, and reactive oxygen species (ROS).
Inflammation and oxidative stress resulting from the release of
these molecules, cause cellular damage and inflammation seen
in NASH [15].

Oxidative stress plays an important role in the beginning of
hepatic and extrahepatic injuries. Increased levels of FFAs cause
oxidative stress by increasing ROS production [16].

Inflammation

Lipotoxicity, insulin resistance, peripheral adipose tissue
dysfunction, and gut-derived endotoxins due to increased levels
of FFAs induce production and secretion of pro-inflammatory
cytokines both systemically and locally in the liver. Also, adipose
tissue produces pro-inflammatory cytokines such as IL-6
and TNF-a, which are responsible for the inflammatory and
fibrogenic profile of the liver [16].

Adipokines (e.g. leptin, adiponectin) are hormones derived from
adipose tissue that contribute to steatosis, NASH, cirrhosis, and
carcinogenesis. Adipokines are in balance in healthy and normal
weight individuals, but this balance is impaired in NAFLD [17].
Leptin appears to show an anti-steatotic effect in early stage
of the NAFLD, but it can trigger hepatic inflammation and
fibrosis when the disease progresses [18]. On the other hand,
adiponectin, which has anti-steatotic, anti-inflammatory and
anti-fibrotic effects, inhibits pro-inflammatory cytokines and
stimulates anti-inflammatory cytokines, thus reduces oxidative
stress and fibrogenesis [19].

Mitochondrial dysfunction

Structural and functional changes in mitochondria contribute
to the pathogenesis of NAFLD. While structural changes occur
with the reduction of mitochondrial DNA, functional changes
include respiratory chain and mitochondrial (-oxidation
[20]. ROS stimulate oxidative stress through the activation of
inflammatory pathways and mitochondrial damage; together
with oxidized LDL particles they activate Kupffer cells and
hepatic stellate cells which lead to inflammation and fibrosis
[21].

Endoplasmic reticulum stress

The accumulation of FFAs leads to endoplasmic reticulum stress
by triggering an unfolded protein response (UPR). The factors
which induce UPR include hyperglycemia, mitochondrial
damage, hypercholesterolemia, and oxidative stress in NAFLD
[22]. UPR activates c-jun terminal kinase, which is an activator
of inflammation and apoptosis [23].
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Circadian rhythm

Animal studies have shown that there is a link between circadian
rhythm genes and NAFLD pathogenesis. Environmental factors
such as circadian disruption (jet lag or night shift work) and high
fat diet (HFD) increase the risk of NAFLD in animal knockout
models of circadian locomotor output cycles kaput (clock)
and PPAR-a [24]. Treatment with PPAR agonists or melatonin
could potentially prevent progression of NAFLD and even cause
regression of the disease [25].

Genetics and epigenetics

Genetic variants affect the development and progression of
NAFLD by playing a central role in different ways such as single
nucleotide polymorphism, lipogenesis, lipoprotein transport,
oxidation of FFAs, oxidative stress, and cytokine production
by endotoxin [26]. Patatin-like phospholipase-3 (PNPLA3)
gene encodes enzymes which are involved in lipid metabolism
[27]. The PNPLA3 protein, which is also known as adiponutrin,
exerts a lipolytic activity on triglycerides [27]. However, the role
of genetics in NAFLD is needed to study more to understand the
pathogenesis of the disease.

Epigenetic modifications include DNA methylation, histone
modifications, and the activity of microRNAs (miRNAs) without
altering the primary DNA sequence. These modifications exhibit
a high degree of developmentally and environmentally oriented
plasticity, and contribute to cell homeostasis [28].

Dietary factors

Dietary composition and high energy intake have important
effects on NAFLD pathogenesis. High energy intake and fat
accumulation that are associated with insulin resistance, result
in the increase of inflammatory cytokines and fatty acids in the
circulation [29]. In general, NAFLD is characterized by high
intake of saturated fats, simple carbohydrates, foods containing
fructose, cholesterol, and low intake of antioxidants, fiber, and
omega-3 fatty acids [30].

In NAFLD pathogenesis, fructose has been suggested to increase
DNL, inhibit B-oxidation, increase inflammation, and alter
gut microbiota which potentially causes dysbiosis. It has been
also shown that fructose is an important factor for increasing
intestinal permeability and endotoxins in the portal blood [31].

Mediterranean diet which can reduce liver fat, has been
recommended for the treatment of NAFLD by the EASL-EASD-
EASO Clinical Practice Guideline and the European Society of
Clinical Nutrition and Metabolism (ESPEN) Guidelines [4, 32].

Gut microbiota

Microbiota is thought to play an important role in the
pathogenesis of NAFLD. Several mechanisms have been
suggested for the role of microbiota in NAFLD including gut
permeability, microbiome-induced regulation of gut barrier,
inflammatory factors, and metabolites produced or altered by
the microbiota such as bile acids, short chain fatty acids, and
ethanol [33].

Intestinal bacterial overgrowth leads to a leaky mucosal barrier
which allows bacterial translocation and increases microbial
products such as lipopolysaccharides. These products,
particularly pathogen-associated molecular pattern molecules,
interact with receptors found not only on inflammatory cells
but also on other cell types such as hepatic stellate cells and
endothelial cells [34].

3. THE IMPACT OF DIETARY BIOACTIVE
COMPOUNDS ON NAFLD

Dietary bioactive compounds are being investigated intensively
to complement therapeutic strategies of many diseases including
NAFLD ([35]. They show many health-promoting effects
such as antioxidant, anti-inflammatory, antihypertensive,
chemopreventive, and hepatoprotective [36].

Some dietary bioactive compounds showing antioxidant and/or
anti-inflammatory effects, and their mechanism of actions on
NAFLD are summarized in Table I.

Table I. The impact of dietary bioactive compounds in NAFLD

Nutrient/Bioactive Effects Mechanism of action
compound
Caffeine Antioxidant Weight gain |
Oxidative stress 1
Epigallocatechin Antioxidant Weight gain |
gallate Oxidative stress 1
Lipid accumulation
Probiotic Anti-inflammatory | Lipid accumulation §
Steatosis |
Serum lipids 1
Omega-3 Anti-inflammatory | Steatosis §
Antioxidant Lipid peroxidation i
Prebiotic Anti-inflammatory | f-oxidation §
Antioxidant Lipogenesis §
Serum lipids ¢
Astaxanthin Anti-inflammatory | Pro-inflammatory cytokines &
Antioxidant Inhibition of lipogenesis
Quercetin Anti-inflammatory | Pro-inflammatory cytokines 1
Antioxidant Inhibition of lipogenesis
Curcumin Anti-inflammatory | Intestinal barrier function y
Antioxidant Endotoxin ¢
Toll-like receptor (TLR)4
/ nuclear factor (NF)-kB
inflammation y
Resveratrol Anti-inflammatory | Oxidative stress |
Antioxidant Inflammation 1
Serum lipids y

Yang et al., found that the co-administration of epigallocatechin-
3-gallate and caffeine in low doses improved obesity and NAFLD
in obese rats, suggesting the possible role of epigallocatechin-3-
gallate and caffeine co-administration in reducing body weight,
oxidative stress and inflammatory cytokines and improving
serum lipid profiles [37].
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A study included 20 male and 20 female participants, aged
between 19 and 64 years and diagnosed with NAFLD. Among
them, those who consumed >250 mg/day of caffeine showed
elevated ALT and AST levels, as well as a decrease in high-
density lipoprotein cholesterol (HDL-C) levels [38].

Consumption of 50 mg green tea tablets containing 500 mg
of standardized total polyphenols three times daily for three
months was effective in reducing liver fat accumulation,
attenuating fatty liver grading and improving liver function in
52 patients diagnosed with NAFLD aged 10 to 16 years [39].

Administration of both probiotic and omega-3 supplements to
obese mice caused a significant reduction in hepatic steatosis
and hepatic lipid accumulation [40]. Similarly, another study
showed the beneficial effects of omega-3 fatty acids treatment
in a mouse model of NAFLD by decreasing plasma cholesterol,
plasma triglycerides, fasting plasma glucose and liver lipid
peroxidation levels [41]. Patients diagnosed with NAFLD were
given omega-3 fatty acids supplementation, improvements in
hepatic steatosis were seen in contrast to those who received
placebo. Omega-3 fatty acid supplementation resulted in a
reduction in triglyceride and total cholesterol levels as well as
a decrease in body mass index (BMI), while also increasing
HDL-C concentrations among individuals with NAFLD [42].

It has been shown that prebiotic and synbiotic (prebiotic and
probiotic) supplementation improved hepatic changes due to
hypercholesterolemia in adult rats [43]. These changes appear to
be mediated by altered gene expressions such as SREBP-1c and
PPAR-a which are associated with B-oxidation and lipogenesis.
Thus, prebiotic supplementation can modulate and decrease
SREBP-1c expression in lipogenesis [43].

Behrouz et al, conducted a study investigating the effects
of probiotics and prebiotics on individuals NAFLD. The
results showed reductions in AST, ALT, triglycerides, and
total cholesterol; however, there were no changes observed
in inflammation biomarkers such as C-reactive protein. It is
important to note that the trial had a relatively short duration,
making it challenging to guarantee the sustained reduction
of metabolic parameters. Moreover, the study did not include
assessments for liver fibrosis to examine the severity and
progression of liver disease [44].

Hernandez-Ortega et al. and Shen et al, found that hepatic
marker levels such as alanine aminotransferase and aspartate
aminotransferase were reduced by adding astaxanthin and
quercetin to the diets of mice with liver fibrosis [45,46]. Also,
decrease in pro-inflammatory cytokines (TNF-a, IL-6 and
IL-1p) in serum and liver tissue and antifibrotic effects have been
associated with their anti-inflammatory capacities. In addition,
quercetin and astaxanthin contribute to the improvement of
lipid metabolism by inhibiting lipogenesis and stimulating fatty
acid oxidation by affecting PPAR-a and adiponectin [45,46].

Administration of curcumin protects against HFD-induced
hepatic steatosis in ApoE—/— mice by modulating intestinal
barrier function and reducing endotoxin and toll-like receptor
(TLR)4/nuclear factor (NF)-kB inflammation [47]. In a
study involving 55 NAFLD individual, it was observed that

administering a daily dose of 500 mg of curcumin resulted
in a reduction in the serum concentrations of inflammatory
cytokines such as TNF-a and interleukins [48].

In a 12-week clinical trial that randomized 90 participants aged
20 to 60 years with NAFLD, the subjects were divided into three
distinct groups: the calorie-restricted (CR) diet group (n = 30),
the resveratrol group (n = 30) receiving a daily dose of 600 mg
pure trans-resveratrol, and the placebo group (n = 30) receiving
placebo capsules. Findings from the trial demonstrated that the
CR diet induced significant reductions in weight (4.5%), BMI,
waist circumference, waist-to-hip ratio, as well as ALT, AST,
and lipid profiles, surpassing the outcomes observed in both the
resveratrol and placebo groups [49].

Conclusion

Non-alcoholic fattyliver disease has high morbidity and mortality
rates worldwide as it has become the major cause of end-
stage liver disease and liver transplantation. The pathogenesis
of NAFLD is a complex process with multiple factors such as
gut microbiota, insulin resistance, hormones secreted from
adipose tissue, increased levels of FFAs, endoplasmic reticulum
stress, mitochondrial dysfunction, inflammation, circadian
rhythm, genetic and epigenetic factors. Dietary bioactive
compounds, which modulate lipogenesis, lipid oxidation and
lipid peroxidation, reduce endotoxin and inflammation and
improve intestinal barrier function, represent a new attractive
therapeutic approach for NAFLD. Further studies could provide
insights into the role of dietary bioactive compounds in NAFLD
treatment.
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