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ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) is a prevailing health challenge that requires urgent innovative inter-
ventions. This review explores the role of nanotechnology as a promising potential in the treatment of NAFLD. It
delineates the limitations of the current management strategies for NAFLD and highlights the new nanotechnol-
ogy-based treatments including nanoemulsions, liposomes, micelles, polymeric nanoparticles, nanogels, inorganic
nanoparticles, and zinc oxide nanoparticles. Despite the optimism surrounding the nanotechnological approach,
the review underscores the need to address the limitations such as technical challenges, potential toxicity, and
ethical considerations that impede the practical application of nanotechnology in NAFLD management. It advo-
cates for collaborative efforts from researchers, clinicians, ethicists, and policymakers to achieve safe, effective,
and equitable nanotechnology-based treatments for NAFLD.

Keywords: Non-alcoholic fatty liver disease, NAFLD, MAFLD, nanotechnology, nanoemulsions, inorganic na-
noparticles, polymeric nanoparticles

946


mailto:hamidrezamahboobi@yahoo.com
mailto:sfatemi19@gmail.com
https://dx.doi.org/10.17179/excli2023-6420
https://dx.doi.org/10.17179/excli2023-6420
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-2806-5389
https://orcid.org/0000-0002-3491-8050
https://orcid.org/0000-0002-5280-0603
https://orcid.org/0000-0003-0088-0565

EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

Nanogels
High loading capacity and
controlled release of incorporated
drugs. High degree of flexibility
and biocompatibility.

Micelles

Improved
solubility and
bioavailability of
drugs. Provide a
controlled

Polymeric
Nanoparticles

period. Large surface area to
volume ratio. Capability

release of drugs
over an extended

for controlled and
sustained release of
therapeutic agents.

Liposomes
Improved solubility,
enhanced bioavailability,
decreased toxicity of drugs.
Efficient in delivering drugs
to hepatic tissues.

Inorganic

Nanoparticles
High stability, tunable
size, shape, and surface
properties. Increased
efficiency of carried
drug.

Zinc Oxide
Nanoparticles

Small size, high surface area to
volume ratio, anti-inflammatory
and antioxidant capacities.

Nanoemulsions
High interfacial area beneficial for
drug encapsulation and release.
Improved bioavailability and
decreased dosage of drugs.

Figure 1: Graphical abstract — This schematic illustration provides a visual summary of the diverse
nanotechnology-based strategies utilized in the treatment of Non-Alcoholic Fatty Liver Disease
(NAFLD). It shows the disease condition represented by a NAFLD-affected liver, and the interaction of
different nanoparticles with the hepatic cells. The nanoparticles include nanoemulsions, liposomes, mi-
celles, polymeric nanoparticles, nanogels, inorganic nanopatrticles, and zinc oxide nanoparticles, each
annotated with their unique features. The illustration also underscores the key advantages of these
treatments, including targeted delivery, improved bioavailability, and decreased toxicity. The graphical
abstract provides a snapshot of the article's content, summarizing the key points in a concise and visu-

ally engaging manner.

INTRODUCTION

Non-alcoholic ~ fatty  liver  disease
(NAFLD) has risen to prominence over recent
decades, now recognized as the predominant
chronic liver ailment affecting close to a bil-
lion individuals worldwide (Pydyn et al.,
2020; Younossi, 2019; Younossi et al., 2016).
Not only does its impact reside in hepatic
complications, but it also pertains to a range
of extrahepatic manifestations (Adams et al.,
2017; Byrne and Targher, 2015). However, it
is worth noting that while our paper employs
the terms NAFLD and non-alcoholic steato-
hepatitis (NASH) for consistency with prior
literature, the official nomenclature has been
subject to change. In 2020, a distinguished in-
ternational panel introduced the term Meta-
bolic dysfunction-associated fatty liver dis-
ease (MAFLD) as a more inclusive descriptor
for liver disease tied to metabolic dysfunction

(Eslam et al., 2020). This term leans on posi-
tive diagnostic criteria, shifting the paradigm
from exclusion-based to inclusion-based def-
initions. Despite this proposed reclassifica-
tion, the transition from NAFLD to MAFLD
has been a topic of contention. Some argue
that a singular term may not suffice for a con-
dition as multifaceted as NAFLD (Fouad et
al., 2021; Younossi et al., 2021). Thus, while
the debate continues, we have chosen to use
NAFLD and NASH for clarity and alignment
with existing literature.

NAFLD is a major health issue, closely
linked to the rising prevalence of obesity and
metabolic syndrome. As a potentially signifi-
cant cause of liver transplantation in the com-
ing years, it is crucial to explore effective
treatment strategies for managing this condi-
tion. This review article aims to provide an
overview of the current understanding of
NAFLD, including its epidemiology, associ-
ated conditions, pathogenesis, signs and
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symptoms, and laboratory tests. Furthermore,
we will discuss the existing management ap-
proaches, such as weight loss, pharmacologic
therapies, and lifestyle modifications. Addi-
tionally, we will delve into the emerging role
of nanotechnology in the treatment of
NAFLD, examining various nanotechnology-
based treatments, their potential benefits, and
limitations in managing this condition. By ex-
ploring these aspects, we hope to offer valua-
ble insights for clinicians and researchers in
the field of gastroenterology, ultimately con-
tributing to the development of more effective
therapeutic strategies for NAFLD patients
(Riazi et al., 2022; Wang et al., 2023).

Definition

NAFLD is a spectrum of liver conditions
characterized by the accumulation of excess
fat in the liver cells (hepatocytes) in individu-
als who consume little or no alcohol. This ex-
cessive fat buildup is not caused by other
known liver diseases, such as viral hepatitis,
autoimmune liver disease, or hereditary disor-
ders. NAFLD encompasses two primary
forms: non-alcoholic fatty liver (NAFL) and
non-alcoholic steatohepatitis (NASH) (Le et
al., 2022). NAFL is the milder form, involv-
ing simple steatosis or fat accumulation in the
liver without significant inflammation or liver
damage. In most cases, NAFL does not pro-
gress to severe liver complications. On the
other hand, NASH is a more aggressive form,
characterized by inflammation and liver cell
damage (hepatocyte injury) in addition to fat
accumulation. NASH can potentially lead to
more severe liver complications, such as fi-
brosis, cirrhosis, liver failure, or hepatocellu-
lar carcinoma (de Vries et al., 2020).

Epidemiology

NAFLD has become increasingly preva-
lent worldwide, primarily due to the rising in-
cidence of obesity, metabolic syndrome, and
type 2 diabetes. As the most common chronic
liver disorder, NAFLD affects a significant
proportion of the global population (Parry and
Hodson, 2020). Epidemiological studies indi-
cate that the prevalence of NAFLD varies

among different regions and ethnic groups. In
Western countries, the estimated prevalence
ranges from 20 % to 30 % in the general adult
population, while in Asian countries, the
prevalence is between 15 % and 20 %. The
prevalence of NAFLD is typically higher in
individuals with obesity, type 2 diabetes, or
metabolic syndrome, reaching up to 75 % in
some studies (Noureddin et al., 2022).

The incidence of NAFLD is also on the
rise, reflecting the growing burden of this
liver disorder. Risk factors associated with the
development of NAFLD include age, gender,
ethnicity, genetic predisposition, and lifestyle
factors, such as poor diet and physical inac-
tivity. Males and individuals of Hispanic de-
scent appear to be at a higher risk of develop-
ing NAFLD (Ciardullo and Perseghin, 2022;
Le et al., 2022). Understanding the epidemi-
ology of NAFLD is crucial for informing pub-
lic health policies, clinical management strat-
egies, and the development of effective treat-
ments. By identifying the populations most at
risk and the contributing factors, targeted in-
terventions can be implemented to mitigate
the impact of NAFLD and improve patient
outcomes.

Associated conditions

NAFLD is often closely associated with
various other medical conditions, making it
essential to understand these connections for
comprehensive patient management. Some of
the most common conditions associated with
NAFLD are presented here.

Obesity is indisputably one of the most
significant risk factors associated with
NAFLD. The connection between obesity and
NAFLD is primarily due to the physiological
processes triggered by excess body fat. When
a person carries an excessive amount of body
fat, it can initiate a series of metabolic
changes, one of which is increased fat accu-
mulation in the liver. This accumulation of fat
can lead to liver inflammation and eventually
result in NAFLD. This link between obesity
and NAFLD is strongly backed by multiple
scientific studies, which have revealed a con-
sistent pattern of a higher Body Mass Index
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(BMI) and an increased waist circumference
being associated with a higher prevalence of
NAFLD. These studies shed light on the crit-
ical role obesity plays in exacerbating the risk
of NAFLD (Machado and Cortez-Pinto,
2023; Rojano et al., 2023).

The relationship between Metabolic Syn-
drome and NAFLD is another critical point to
consider. Metabolic Syndrome is a health is-
sue that comprises a cluster of interrelated
conditions, which include central obesity, hy-
pertension, dyslipidemia, and insulin re-
sistance. These conditions together signifi-
cantly increase the risk of cardiovascular dis-
ease and Type 2 diabetes. NAFLD is often
viewed as the hepatic manifestation of Meta-
bolic Syndrome, which means that it can be
seen as a liver-specific presentation of this
systemic condition. This shared perspective
arises because Metabolic Syndrome and
NAFLD share many underlying pathophysio-
logical mechanisms. Both conditions can be
traced back to a set of similar metabolic irreg-
ularities, thereby establishing the parallel be-
tween them (Martinez-Urbistondo et al.,
2022; Radu et al., 2023).

Type 2 diabetes is another condition that
exhibits a strong correlation with NAFLD.
The connection can be traced to the physio-
logical relationship between insulin re-
sistance—a primary characteristic of Type 2
diabetes—and NAFLD. Patients who have
Type 2 diabetes face a higher risk of develop-
ing NAFLD, as both conditions share the fea-
ture of compromised insulin signaling. This
metabolic disturbance can trigger the onset of
NAFLD in individuals already diagnosed
with Type 2 diabetes. On the other hand, those
with NAFLD have an increased likelihood of
developing Type 2 diabetes, again owing to
the shared mechanism of insulin resistance
(Ajmera et al., 2023; Genua et al., 2022;
Vetrano et al., 2023).

Dyslipidemia, which is characterized by
abnormal blood lipid levels—specifically, el-
evated levels of triglycerides and low levels
of high-density lipoprotein cholesterol (HDL-
C), is another condition commonly observed
in individuals with NAFLD. This correlation

further underscores the elevated risk of cardi-
ovascular disease in these patients. The rea-
son for this association lies in the shared
mechanisms between Dyslipidemia and
NAFLD—both are driven by imbalances in li-
pid metabolism, which result in an overaccu-
mulation of harmful lipids in the body,
thereby causing cardiovascular disease and
NAFLD respectively (Gaggini et al., 2013;
Krishan, 2016; Rodriguez-Pasten et al.,
2023).

High blood pressure or hypertension is an-
other condition that commonly coexists in pa-
tients diagnosed with NAFLD. Hypertension,
by increasing the overall stress on the body's
circulatory system, can potentially exacerbate
liver damage in individuals with NAFLD.
The presence of hypertension in these individ-
uals is worrisome, as it can potentially inten-
sify the risk of cardiovascular complications,
resulting in a significantly worse prognosis
for those affected. The concurrent presence of
these two conditions calls for a more inte-
grated approach to patient care, given their
mutual potential to worsen each other's out-
comes (Kasper et al., 2021, 2022; Li et al.,
2022; Ye et al., 2020).

The association between Polycystic
Ovary Syndrome (PCOS) and NAFLD is
worth mentioning. PCOS is a hormonal disor-
der primarily affecting women and is charac-
terized by insulin resistance and hyperandro-
genism, two metabolic disturbances that also
play a significant role in the pathogenesis of
NAFLD. The prevalence of NAFLD is signif-
icantly higher in women diagnosed with
PCOS compared to the general female popu-
lation. This correlation underscores the im-
portance of screening for NAFLD in women
with PCQOS, as it could facilitate early diagno-
sis and management, thereby mitigating po-
tential complications (Baranova et al., 2013;
Roy et al., 2022; Spremovic Radenovic et al.,
2022).

Understanding these associated condi-
tions is crucial for clinicians to provide com-
prehensive care for patients with NAFLD. By
addressing the underlying risk factors and
comorbidities, healthcare professionals can
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develop more effective and individualized
treatment plans to manage NAFLD and im-
prove patient outcomes.

Pathogenesis

The pathogenesis of NAFLD is complex
and multifactorial, involving various genetic,
metabolic, and environmental factors. The de-
velopment and progression of NAFLD can be
explained through a "multiple-hit" hypothe-
sis, which suggests that several parallel in-
sults act together to cause liver injury. Some
of the key factors and processes involved in
the pathogenesis of NAFLD are mentioned
here.

One of the most crucial factors involved
in the development and progression of
NAFLD is insulin resistance. Insulin re-
sistance implies a state where the body's cells
become less responsive to the hormone insu-
lin, leading to a number of metabolic compli-
cations. A primary consequence of this re-
sistance is impaired glucose uptake, which
means that glucose isn't efficiently absorbed
from the bloodstream. Furthermore, it also
triggers increased lipolysis, a process that
breaks down fats to release free fatty acids
(FFASs). As a result, there's a surge in FFA
levels in the blood. These excess FFAs are
taken up by the liver and stored as triglycer-
ides, which eventually results in hepatic stea-
tosis or fatty liver disease. Hence, insulin re-
sistance plays a central and pivotal role in the
pathogenesis of NAFLD (Ding et al., 2021;
Marusic et al., 2021; Palma et al., 2022).

Another significant process that exacer-
bates NAFLD is lipotoxicity. Lipotoxicity re-
fers to the harmful effects of excess FFAs and
their toxic metabolites in the liver. These sub-
stances inflict cellular stress, induce inflam-
mation, and cause oxidative damage, further
complicating the state of the liver. It's this
lipotoxicity that primarily contributes to the
progression from simple steatosis, where fat
accumulates in the liver, to non-alcoholic ste-
atohepatitis (NASH). NASH represents a
more advanced stage of NAFLD, distin-
guished by liver cell injury and inflammation.

This underlines the detrimental role of lipo-
toxicity in the evolution of NAFLD
(Bugianesi, 2008; Ibrahim et al., 2011; Rada
et al., 2020).

Inflammation is yet another key element
involved in NAFLD's pathogenesis. When a
person experiences obesity or insulin re-
sistance, their adipose tissue, or body fat, re-
acts by releasing pro-inflammatory cytokines
and adipokines. These molecules include tu-
mor necrosis factor-alpha (TNF-a) and inter-
leukin-6 (IL-6), which significantly exacer-
bate liver inflammation and injury. By doing
so, they facilitate the development of NASH
and fibrosis, a condition characterized by ex-
cessive accumulation of scar tissue in the
liver. This shows how inflammation, stimu-
lated by obesity and insulin resistance, can
play a significant role in the progression of
NAFLD (Aasadollahei et al., 2023; Ajmal et
al.,, 2014; Fanaei et al., 2021; Martin-
Rodriguez et al., 2019; Skuratovskaia et al.,
2021).

Oxidative stress also participates signifi-
cantly in the development and exacerbation of
NAFLD. Oxidative stress refers to a state of
imbalance between the production of harmful
reactive oxygen species (ROS) and the body's
ability to neutralize them. In the context of
NAFLD, lipid peroxidation and mitochon-
drial dysfunction cause an accumulation of
ROS in the liver. This excess ROS induces
oxidative stress, leading to liver cell injury,
inflammation, and fibrosis. Hence, managing
oxidative stress is a key aspect of mitigating
the harmful effects of NAFLD (Hong et al.,
2021; Martin-Fernandez et al., 2022,
Tutunchi et al., 2023).

In recent years, researchers have also
identified a link between gut microbiota, the
population of microorganisms living in the
gut, and NAFLD. Any changes in the compo-
sition of these microorganisms, a condition
known as dysbiosis, can impact the develop-
ment of NAFLD. Specifically, dysbiosis can
lead to an increased production of endotoxins
such as lipopolysaccharides (LPS). These en-
dotoxins can travel to the liver through the
portal vein, where they trigger inflammatory
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and fibrotic responses. Increased gut permea-
bility is another factor implicated in the dis-
ease's pathogenesis, facilitating the transfer of
harmful substances to the liver. Thus, main-
taining a healthy gut microbiota could poten-
tially help prevent the onset of NAFLD
(Kobayashi et al., 2022; Oh et al., 2023; Shi
etal., 2021).

Finally, genetic factors are crucial in de-
termining an individual's susceptibility to
NAFLD. Studies have shown that genetic pre-
disposition and variations in specific genes
can significantly influence the likelihood of
an individual developing NAFLD. Certain
genetic variations, particularly in the
PNPLA3 and TM6SF2 genes, not only influ-
ence susceptibility but can also affect the se-
verity of the disease. This genetic perspective
adds another layer of complexity to the path-
ogenesis of NAFLD, underscoring the multi-
factorial nature of the disease (Boonvisut et
al., 2017; Longo et al., 2022; Recuero et al.,
2022; Sliz et al., 2018; Targher et al., 2019;
Villavicencio et al., 2022).

Understanding the complex pathogenesis
of NAFLD is crucial for the development of
targeted therapeutic interventions to halt or
reverse the progression of this liver disorder.
By addressing the underlying mechanisms
and risk factors, clinicians can better manage
NAFLD and improve patient outcomes.

Sign and symptoms

NAFLD is often a silent condition, with
many individuals remaining asymptomatic,
especially during the early stages of the dis-
ease. As a result, NAFLD is frequently dis-
covered incidentally during routine blood
tests or imaging studies for unrelated reasons.
However, some individuals with NAFLD
may experience various signs and symptoms.
In this part, some of these signs and symp-
toms are presented.

While NAFLD can often be asympto-
matic, some individuals may experience a
range of signs and symptoms. For instance, a
general feeling of tiredness and weakness, or
fatigue, is a common yet nonspecific symp-
tom reported by individuals with NAFLD.

Though fatigue can have many different
causes and can be subjective in nature, it can
significantly impact the individual's quality of
life and daily functioning. It is also worth not-
ing that the presence of persistent, unex-
plained fatigue could be suggestive of under-
lying liver dysfunction and should prompt
further investigation (Newton et al., 2008).

Some patients with NAFLD may also re-
port experiencing abdominal discomfort,
which often manifests as mild to moderate
discomfort or pain in the upper right part of
the abdomen. This region corresponds to the
location of the liver, and discomfort here
could be indicative of liver disease. However,
like fatigue, abdominal discomfort is a non-
specific symptom and could result from vari-
ous conditions, hence the need for careful
evaluation (Julian et al., 2022; Radu et al.,
2023; Vetrani et al., 2022).

Hepatomegaly, or an enlarged liver, is an-
other sign that can be associated with
NAFLD. This condition is typically detected
during a physical examination, often as a re-
sult of fat accumulation within the liver cells.
The detection of hepatomegaly could provide
a valuable clue to the presence of NAFLD,
given its direct connection to liver health
(Abo-Amer et al., 2020; Kruger et al., 2010;
Yap etal., 2011).

In the more advanced stages of NAFLD,
such as Non-Alcoholic Steatohepatitis
(NASH) or cirrhosis, additional signs and
symptoms may become apparent. One of
these signs is jaundice, characterized by a yel-
lowing of the skin and eyes. Jaundice results
from the accumulation of bilirubin, a waste
product that the liver is unable to process ef-
fectively due to advanced liver disease. The
appearance of jaundice can thus suggest sig-
nificant liver dysfunction (Akuta et al., 2018;
Hegarty et al., 2018; Poornima et al., 2022).

Another sign of advanced NAFLD is as-
cites, defined as fluid accumulation in the ab-
dominal cavity. This condition results from
increased pressure in the liver's blood vessels
due to liver scarring and reduced liver func-
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tion. The presence of ascites is typically in-
dicative of a more severe stage of liver disease
(Ahmed et al., 2023; Reinson et al., 2023).

Edema, or swelling in the legs and feet
caused by fluid retention, can also occur in
advanced NAFLD. This condition can de-
velop as a result of decreased liver function
and portal hypertension, a condition charac-
terized by increased blood pressure within the
liver's portal vein system. Edema can cause
discomfort and mobility issues, further lower-
ing the individual's quality of life (Yu et al.,
2023).

Gastrointestinal bleeding may also occur
in advanced stages of NAFLD. The presence
of blood in the vomit or stool may indicate
bleeding from enlarged veins, known as vari-
ces, in the esophagus or stomach. This com-
plication can develop as a result of portal hy-
pertension and is a serious sign that requires
immediate medical attention (Zuberbuhler
and Boursier, 2019).

Given these potential signs and symp-
toms, it is critical for healthcare providers to
maintain a high level of vigilance in monitor-
ing individuals with NAFLD. Early detection
and intervention can significantly help pre-
vent the progression of NAFLD and reduce
the risk of serious liver-related complications.
It underscores the vital role of regular medical
check-ups and open patient-provider commu-
nication in managing NAFLD effectively.

Laboratory tests

Diagnosing NAFLD involves a combina-
tion of clinical assessment, imaging studies,
and laboratory tests. These tests help to iden-
tify the presence of liver injury, assess liver
function, and exclude other potential causes
of liver disease. Some of the most common
laboratory tests used in the evaluation of
NAFLD are discussed in this part.

In the evaluation of NAFLD, several la-
boratory tests serve as crucial tools to ascer-
tain the condition's severity and guide subse-
quent treatment options. One of the most
common among these tests is the Liver Func-
tion Tests (LFTs). LFTs comprise a panel of
blood tests designed to measure the levels of

various liver enzymes and other markers as-
sociated with liver function. These markers
offer valuable insight into the health status of
the liver. Particularly in patients with
NAFLD, levels of specific enzymes such as
alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) are often elevated.
These elevated levels signal potential liver in-
jury, which is characteristic of NAFLD. How-
ever, it is important to remember that normal
LFT results do not necessarily exclude the
presence of NAFLD. Some individuals with
NAFLD may still have normal enzyme levels
(Kalra et al., 2022; Koot and Benninga, 2017;
Teo et al., 2021).

Another commonly conducted test is the
Complete Blood Count (CBC). A CBC pro-
vides an overview of the various types of cells
present in the blood, including red blood cells,
white blood cells, and platelets. This test of-
fers vital information about the patient's over-
all health status and can hint at other potential
health issues. By providing a comprehensive
look at the body's cellular makeup, a CBC
contributes to the broader picture of a patient's
health, including the presence and progres-
sion of NAFLD (Niaz et al., 2011).

Measurement of the lipid profile is an-
other important laboratory test used in
NAFLD evaluation. This test examines the
levels of cholesterol, triglycerides, and lipo-
proteins in the blood. Individuals with
NAFLD often have abnormal lipid levels, re-
flecting disruptions in their lipid metabolism.
Therefore, lipid profile tests can be particu-
larly helpful in identifying patients at risk of
developing NAFLD and in providing insights
into the disease's pathogenesis (Luef et al.,
2009; Nejati et al., 2022; Wang et al., 2022).

Tests for fasting blood glucose and
HbALc (glycated hemoglobin) provide an in-
dication of the patient's glucose metabolism.
These tests measure blood sugar levels over
different time spans, and their results can in-
dicate the presence of insulin resistance or
type 2 diabetes. Given the close association
between insulin resistance, type 2 diabetes,
and NAFLD, assessing blood glucose levels
is critical to identify patients at risk and guide
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appropriate  management strategies. This
makes these tests instrumental in managing
NAFLD effectively (Jun et al., 2011; Nejati et
al., 2022; Shinde and M, 2020).

Viral hepatitis serology is also necessary,
especially blood tests for Hepatitis B and C.
These tests help rule out viral hepatitis as the
cause of liver disease in patients suspected to
have NAFLD. By excluding these potential
causes, the clinician can be more confident in
diagnosing NAFLD and formulating a treat-
ment plan (Golabi et al., 2022; Kumar et al.,
2013).

Autoimmune markers also play an im-
portant role in the evaluation of NAFLD.
These include tests for antinuclear antibodies
(ANA), anti-smooth muscle antibodies
(ASMA), and liver-kidney microsomal anti-
bodies (LKM). Such markers can help rule
out autoimmune liver diseases, such as auto-
immune hepatitis, which could otherwise be
confused with NAFLD. Identifying these
markers ensures that the diagnosis of NAFLD
is as accurate as possible (Mitra and Ray,
2020; Muller et al., 2016; Vuppalanchi et al.,
2012).

Finally, iron studies, including assessing
serum iron, ferritin, and transferrin saturation,
form an essential part of the NAFLD evalua-
tion. These tests help exclude hereditary he-
mochromatosis, a condition characterized by
excessive iron accumulation that can lead to
liver disease, among other complications. By
ruling out this potential cause, physicians can
be more confident in diagnosing NAFLD and
implementing an appropriate treatment strat-
egy.

In some cases, a liver biopsy may be per-
formed to confirm the diagnosis of NAFLD
and assess the severity of liver injury, inflam-
mation, and fibrosis. However, due to the in-
vasive nature of this procedure, it is generally
reserved for cases where the diagnosis is un-
certain or when more advanced stages of the
disease, such as NASH or cirrhosis, are sus-
pected.

CURRENT MANAGEMENT OF NAFLD

Weight loss

One of the most effective management
strategies for NAFLD is weight loss. This ap-
proach has been substantiated by numerous
studies that have shown how shedding excess
weight can considerably ameliorate liver
health and lessen the severity of NAFLD.
This feat can be achieved through a mix of al-
terations in dietary habits and an uptick in
physical activity. It is noteworthy that weight
loss doesn't have to be drastic to be impactful.
Even a modest reduction in weight of about 5-
10 % of body weight can bring about signifi-
cant improvements in liver health and the se-
verity of NAFLD (Garcia-Compean et al.,
2023; Pouwels et al., 2022).

When it comes to dietary modifications,
the adoption of a healthier eating plan is piv-
otal for individuals with NAFLD striving to
lose weight. Consuming a balanced diet abun-
dant in fruits, vegetables, whole grains, and
lean proteins can aid in cutting calorie intake,
which is instrumental for weight loss. The
Mediterranean diet is particularly recom-
mended for patients dealing with NAFLD.
This diet is characterized by high consump-
tion of plant-based foods, healthy fats like ol-
ive oil, and a moderate intake of fish and poul-
try. It has been consistently proven to be ben-
eficial for patients with NAFLD, helping to
improve liver health and manage the disease
effectively (Carroll and Rotman, 2023;
Policarpo et al., 2022; Romero-Gomez et al.,
2022).

Regular physical activity is equally im-
portant in the journey to weight loss and over-
all health improvement. Exercise has multiple
benefits - it can enhance insulin sensitivity,
diminish inflammation, and facilitate fat loss
from the liver. Activities such as walking,
jogging, swimming, and cycling can signifi-
cantly reduce liver fat, thereby improving
NAFLD. In addition to aerobic exercises, re-
sistance training also has an important role as
it boosts muscle mass and optimizes metabo-
lism, all contributing to weight loss and im-
proved liver health (Henry et al., 2023;
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Hosseini et al., 2022; Kosmalski et al., 2023;
Wong et al., 2022).

Alongside dietary alterations and in-
creased physical activity, further lifestyle
modifications, such as quitting smoking and
reducing alcohol consumption, can signifi-
cantly influence liver health and mitigate the
risk of NAFLD progression. Smoking cessa-
tion is particularly impactful as it directly
ameliorates liver health by reducing oxidative
stress and inflammation, two key processes in
NAFLD progression. Moreover, smoking's
adverse effects extend to other NAFLD-asso-
ciated comorbid conditions like cardiovascu-
lar diseases, diabetes, and metabolic syn-
drome, providing another compelling reason
to quit. Alcohol reduction, meanwhile, holds
substantial importance for patients with
NAFLD. Despite NAFLD being defined by
its development in the absence of heavy alco-
hol consumption, even moderate drinking can
exacerbate liver damage, fast-tracking
NAFLD's progression towards severe forms
like NASH or cirrhosis. Consequently, mini-
mizing alcohol intake or abstaining entirely
can drastically lower the risk of NAFLD pro-
gression and contribute significantly to over-
all liver health. This comprehensive ap-
proach, incorporating both dietary and life-
style changes, offers an effective strategy for
managing NAFLD and enhancing the overall
health and well-being of affected individuals
(Blomdahl et al., 2023, Jang et al., 2023).

Healthcare providers have an essential
role in this journey towards weight loss and
better liver health. They can provide guidance
on diet and exercise, help set achievable
goals, and monitor progress on a regular ba-
sis. Involving a multidisciplinary team, in-
cluding dietitians, exercise specialists, and
behavioral therapists, can enhance the success
of weight loss interventions and provide the
patient with comprehensive support to man-
age NAFLD effectively. This holistic ap-
proach to care ensures that all aspects of the
patient's health are taken into consideration,
leading to more successful outcomes in the
management of NAFLD.

Pharmacologic therapies

Apart from weight loss and lifestyle mod-
ifications, pharmacologic therapies play a sig-
nificant role in the management of NAFLD.
While there is currently no FDA-approved
medication specifically for the treatment of
NAFLD, several drugs have shown promising
results in improving liver health and reducing
disease progression. These pharmacologic
therapies target various aspects of NAFLD
pathogenesis, such as insulin resistance, in-
flammation, and lipid metabolism. In the fol-
lowing subsections, we will discuss some of
the most commonly used medications in the
management of NAFLD, including their
mechanism of action, efficacy, and potential
side effects.

Vitamin E

Vitamin E is a fat-soluble antioxidant that
has been studied for its potential benefits in
the management of NAFLD. Its antioxidative
properties help to protect liver cells from
damage caused by oxidative stress, which is a
key contributor to the pathogenesis of
NAFLD. Additionally, vitamin E has been
shown to improve insulin sensitivity and re-
duce inflammation in the liver (Du et al.,
2023; Ekhlasi et al., 2017; Oliveira et al.,
2003; Panera et al., 2022).

Several clinical trials have demonstrated
the effectiveness of vitamin E in patients with
non-alcoholic steatohepatitis (NASH), a more
advanced stage of NAFLD characterized by
liver inflammation and fibrosis. In these stud-
ies, vitamin E supplementation led to signifi-
cant improvements in liver enzyme levels,
liver histology, and markers of inflammation
(Perumpail et al., 2018; Poonyam et al., 2022;
Yoneda et al., 2015).

The recommended dose of vitamin E for
the treatment of NASH is typically 800 1U per
day. However, it is important to note that
long-term use of high-dose vitamin E may be
associated with some potential risks, such as
increased bleeding tendency and a higher risk
of prostate cancer in men. Therefore, the de-
cision to use vitamin E in the management of
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NAFLD should be based on a thorough eval-
uation of the patient's overall health and po-
tential risks and benefits (Ji, 2015; Podszun et
al., 2020).

In conclusion, vitamin E is a promising
pharmacologic therapy for the management
of NAFLD, particularly in patients with
NASH. However, further research is needed
to better understand its long-term safety and
efficacy, as well as to identify the optimal
dosing regimen and patient population that
may benefit the most from vitamin E supple-
mentation.

Aspirin

The use of aspirin in managing NAFLD
has attracted interest in the medical commu-
nity recently. Aspirin, an over-the-counter
medication known for its anti-inflammatory
and anti-platelet properties, may offer addi-
tional benefits to patients with NAFLD
(Sookoian and Pirola, 2017).

The mechanism of aspirin's benefit in
NAFLD is not completely understood, but it
IS theorized to stem from its ability to inhibit
cyclooxygenase (COX), an enzyme involved
in inflammation. By blocking COX, aspirin
might reduce liver inflammation and fibrosis,
key aspects of NAFLD progression (Vonghia
et al., 2015).

Several observational studies have sug-
gested a protective effect of aspirin in
NAFLD. A study by Lee et al. (2019) indi-
cated that aspirin users showed lower severity
of liver fibrosis compared to non-users. Fur-
ther, a research study by Simon et al. (2020)
demonstrated that long-term aspirin use is
linked with reduced risk of hepatic steatosis
and lower liver fibrosis scores.

Despite these encouraging findings, it is
crucial to note that the beneficial effects of as-
pirin are mostly observed with long-term use,
often greater than 5 years. Moreover, these
studies are observational in nature, hence it is
difficult to establish a direct causal relation-
ship. There are currently no clinical trials
providing strong evidence for the routine use
of aspirin in NAFLD management (Sookoian
and Pirola, 2016).

Another point of consideration is the po-
tential for side effects. Aspirin use is associ-
ated with risks, including gastrointestinal
bleeding and renal insufficiency, which may
outweigh its potential benefits in NAFLD. In
particular, patients with advanced liver dis-
ease are at increased risk of these complica-
tions due to their existing coagulopathy and
renal dysfunction (Lanas et al., 2015).

In conclusion, while aspirin presents a
promising potential therapeutic avenue in the
management of NAFLD, further robust ran-
domized controlled trials are needed to clarify
its role. Furthermore, clinicians must consider
the balance between potential benefits and
risks when prescribing aspirin in this patient
population. The future of aspirin in NAFLD
management, thus, remains a subject of active
investigation.

Atorvastatin

Atorvastatin, a widely used medication in
the statin family, holds great promise in the
management of NAFLD. Statins, primarily
used for controlling hypercholesterolemia,
have also been found to exhibit anti-inflam-
matory and antioxidant properties, potentially
benefiting NAFLD patients (Athyros et al.,
2010). The action of atorvastatin on NAFLD
may be mediated through its capacity to lower
serum low-density lipoprotein (LDL) choles-
terol, a recognized risk factor for NAFLD. By
lessening LDL levels, atorvastatin might aid
in reducing hepatic lipid accumulation, a key
pathophysiological feature of NAFLD
(Nelson et al., 2009).

Several studies have provided initial sup-
port for the use of atorvastatin in NAFLD. For
instance, a randomized controlled trial by
Athyros et al. (2010) found improvements in
liver enzymes and ultrasound findings in
NAFLD patients treated with atorvastatin. A
more recent study by Dongiovanni et al.
(2022) suggests atorvastatin may slow the
progression of NAFLD to more severe stages,
such as non-alcoholic steatohepatitis (NASH)
or cirrhosis. However, the application of
atorvastatin in NAFLD treatment is still a
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topic of ongoing discussion. While some evi-
dence suggests benefits, other studies have
not observed significant improvements in he-
patic steatosis or fibrosis with atorvastatin
use. This discrepancy might be due to differ-
ences in study design, patient population, or
duration of treatment (Kargiotis et al., 2015).

Further, concerns exist regarding the
safety of statins in patients with liver disease,
as these medications are metabolized in the
liver and could theoretically exacerbate liver
injury. Nonetheless, current evidence gener-
ally supports the safety of statins, including
atorvastatin, in patients with chronic liver dis-
ease and NAFLD, provided appropriate mon-
itoring is conducted (Vargas et al., 2017).

In summary, atorvastatin presents as a po-
tential therapy for NAFLD, especially for pa-
tients with co-existing dyslipidemia. How-
ever, further investigation is needed to estab-
lish definitive guidelines for its use in this
context. Clinical trials examining the long-
term efficacy and safety of atorvastatin in
NAFLD patients are eagerly awaited.

Omega-3 fatty acids

Omega-3 fatty acids are a form of polyun-
saturated fats well known for their health ben-
efits, including their role in heart health.
There is growing interest in the potential use
of omega-3 fatty acids in the treatment of
NAFLD (Scorletti and Byrne, 2013). The ef-
fect of omega-3 fatty acids in NAFLD may be
due to their anti-inflammatory and lipid-low-
ering properties. In particular, they may re-
duce triglyceride levels, a type of fat known
to accumulate in the liver in NAFLD (Parker
etal., 2012).

Research data on omega-3 fatty acids' ef-
fect on NAFLD is somewhat mixed. Some
clinical trials show positive outcomes with
supplementation. A study by Nogueira et al.
(2016) reported that supplementation with
omega-3 fatty acids improved liver fat content
and inflammatory markers in patients with
NAFLD. In contrast, other studies such as a
trial by Scorletti et al. (2014) found no signif-
icant changes in liver fat or fibrosis scores
with omega-3 supplementation.

The mixed results might be due to differ-
ences in study design, dosage, duration of
therapy, and the population studied. For ex-
ample, the beneficial effects might be more
pronounced in those with more severe forms
of NAFLD or in those with specific dietary
habits or genetic profiles (Sanyal et al., 2014).
In terms of safety, omega-3 fatty acid supple-
ments are generally well-tolerated. Side ef-
fects are usually mild, including digestive dis-
comfort or unpleasant taste. Unlike some
other treatments for NAFLD, they have no
known risk of severe liver-related adverse ef-
fects (Parker et al., 2012).

In conclusion, while omega-3 fatty acids
offer an interesting potential tool in the treat-
ment of NAFLD, more research is needed.
Future studies should focus on establishing
optimal dosage, duration, and identifying the
patient groups most likely to benefit. Until
then, the application of omega-3 fatty acids in
the treatment of NAFLD remains a promising
but yet to be fully validated strategy.

Thiazolidinediones

In the therapeutic armamentarium against
NAFLD, thiazolidinediones represent a class
of drugs that have demonstrated promising re-
sults. These medications, also known as glita-
zones, are traditionally used in managing type
2 diabetes due to their insulin-sensitizing ef-
fects (Musso et al., 2012). The benefit of thi-
azolidinediones in NAFLD could be ex-
plained by their ability to decrease insulin re-
sistance, a key factor in the development and
progression of NAFLD. Furthermore, these
drugs might modulate lipid metabolism and
reduce liver inflammation, which could lead
to improvements in liver histology (Sanyal et
al., 2010).

There are two commonly used drugs in
this class, pioglitazone and rosiglitazone. A
seminal study by Aithal et al. (2008) showed
pioglitazone improved liver histology in
NAFLD patients with insulin resistance .
However, its use is often limited by side ef-
fects like weight gain and fluid retention,
which could aggravate heart failure in suscep-
tible individuals. Rosiglitazone has also been
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studied, but its use has diminished due to con-
cerns about cardiovascular safety. In a trial by
Ratziu et al. (2008), rosiglitazone did not
demonstrate significant improvements in
liver histology compared to placebo.

Thus, while thiazolidinediones exhibit po-
tential benefits in NAFLD, they are not cur-
rently recommended as first-line therapy due
to their side-effect profile and questions about
their long-term efficacy and safety. Recent
guidelines suggest their use could be consid-
ered in patients with biopsy-proven NASH
who are not at high risk for cardiovascular
disease or heart failure (Chalasani et al.,
2018).

In conclusion, the role of thiazolidinedi-
ones in NAFLD management is yet not well-
defined. More research is needed to determine
the exact benefits, optimal duration of ther-
apy, and which subgroups of patients may
benefit the most. For now, the use of these
agents should be individualized, taking into
account the potential risks and benefits.

Metformin

Metformin, a first-line medication for
type 2 diabetes, has been evaluated for its po-
tential in the management of NAFLD. Its ac-
tion in NAFLD could be linked to its ability
to reduce insulin resistance, a major contribu-
tor to the pathogenesis of NAFLD (Musso et
al., 2010). Clinical trials assessing met-
formin's role in NAFLD have provided mixed
results. An early study by Nair et al. (2004)
found metformin improved liver function
tests in NAFLD patients. However, subse-
guent randomized controlled trials, including
a study by Haukeland et al. (2009), found no
significant difference in liver histology be-
tween metformin and placebo groups.

It is important to note that these conflict-
ing results might be due to variations in study
design, duration of treatment, or patient pop-
ulation. For example, metformin may be more
effective in NAFLD patients with co-existing
diabetes or obesity, but more studies are
needed to confirm this speculation (Musso et
al., 2012). In terms of safety, metformin is
generally well-tolerated. However, it must be

used cautiously in patients with impaired kid-
ney function due to the risk of lactic acidosis,
a rare but potentially serious side effect
(Inzucchi et al., 2014). Given the currently
available evidence, metformin is not recom-
mended as a specific treatment for NAFLD
according to the American Association for the
Study of Liver Diseases. Nonetheless, its po-
tential utility in this context should not be en-
tirely dismissed. Metformin can still be used
to manage associated conditions, such as dia-
betes and obesity, which are prevalent in
NAFLD patients (Chalasani et al., 2018).

In conclusion, while metformin holds
promise, it is not currently advocated for the
routine treatment of NAFLD. More large-
scale, long-term trials are needed to better de-
lineate its role in the management of NAFLD.

Liraglutide

Liraglutide, a glucagon-like peptide-1
(GLP-1) receptor agonist, is currently ap-
proved for the management of type 2 diabetes
and obesity. Its potential utility in treating
NAFLD is now an area of active research
(Armstrong et al., 2016). The potential bene-
fits of liraglutide in NAFLD may come from
its ability to regulate glucose metabolism,
promote weight loss, and possibly reduce
liver fat content. The drug may also exert anti-
inflammatory and anti-fibrotic effects on the
liver (Marso et al., 2016).

The key evidence for liraglutide's use in
NAFLD comes from the LEAN trial (Arm-
strong et al., 2016). In this randomized con-
trolled trial, more patients in the liraglutide
group achieved resolution of non-alcoholic
steatohepatitis (NASH) without worsening fi-
brosis, compared to the placebo group
(Armstrong et al., 2016). While these results
are encouraging, it should be noted that the
trial was relatively small, with only 52 pa-
tients in the liraglutide group. Thus, larger
studies are needed to validate these findings
(Newsome et al., 2021).

In terms of safety, liraglutide is generally
well-tolerated, but side effects, including gas-
trointestinal symptoms such as nausea, vom-
iting, and diarrhea, can occur. Importantly, no

957



EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

major liver-related adverse effects have been
reported (Pi-Sunyer et al., 2015). Given the
current evidence, liraglutide cannot be recom-
mended as a routine treatment for NAFLD.
However, it might be considered in patients
with NAFLD who also have type 2 diabetes
or obesity, conditions where liraglutide has
proven benefits (Chalasani et al., 2018).

In conclusion, liraglutide represents a
promising potential therapeutic avenue in the
management of NAFLD, but further larger-
scale, long-term studies are needed to defini-
tively establish its role. For now, the use of
liraglutide in NAFLD patients should be con-
sidered on an individual basis, with careful
consideration of the potential benefits and
risks.

Obeticholic acid and other FXR agonists

Obeticholic acid (OCA) has emerged as a
significant player in the arena of NAFLD and
NASH treatments due to its role as a farnesoid
X receptor (FXR) agonist. The critical func-
tion of FXR in overseeing bile acid synthesis,
transport, and absorption has been well estab-
lished. As a consequence, when OCA inter-
acts and activates this receptor, it has the po-
tential to steer lipid metabolism in a direction
that curbs inflammation in the liver. This
modulation can act as a brake, potentially de-
celerating or even reversing the menacing
progression witnessed in NAFLD and NASH
affected patients (Liu et al., 2023).

Moreover, clinical trials focusing on OCA
have yielded encouraging results, particularly
in the realm of reducing liver fibrosis without
exacerbating inflammation. However, like all
therapeutic candidates, OCA is not devoid of
challenges. Clinicians and patients need to be
wary of potential side effects. Notably, issues
like pruritus and a spike in LDL cholesterol
levels have been observed. Such side effects
underscore the importance of rigorous moni-
toring when this treatment is administered
(Neuschwander-Tetri et al., 2015).

Nor-UDCA

In the ever-evolving landscape of
NAFLD/NASH treatments, nor-ursodeoxy-
cholic acid (nor-UDCA) has carved a niche
for itself, being a distinct bile acid derivative.
What differentiates nor-UDCA from the
standard UDCA is its behavior in the liver; it
refrains from conjugation, thereby enhancing
its cholehepatic shunting prowess. This
unique mechanism of action encourages duct-
ular reactions and stimulates bicarbonate se-
cretion, acting as a shield against the ravages
of bile acid-induced damage to cholangio-
cytes (Jansen, 2018).

Early-stage clinical trials revolving
around nor-UDCA have painted an optimistic
picture. The compound has demonstrated its
capability to considerably diminish liver en-
zyme levels. Such a decline is often inter-
preted as a signal indicating a reduction in
liver inflammation and the associated dam-
age, hallmarks of NAFLD/NASH conditions
(Fickert et al., 2017).

Anti-inflammatory agents

Given the deeply ingrained inflammatory
profile of NASH, it is logical to earmark anti-
inflammatory agents as potential therapeutic
warriors against this ailment. These agents,
with their diverse mechanisms of action, aim
their sights on different nodes of the expan-
sive inflammatory cascade. Their ultimate
goal is to dampen the inflammatory response,
thereby reducing the chances of hepatocellu-
lar injury and the dreaded specter of subse-
quent fibrosis (Loomba and Sanyal, 2013).

One such noteworthy agent in this cate-
gory is cenicriviroc, which has been designed
to target the CCR2 and CCR5 receptors.
These receptors play a crucial role in the re-
cruitment and activation of macrophages. The
clinical trials involving cenicriviroc have pro-
duced a spectrum of results. While not univer-
sally positive, there is a growing belief within
the scientific community that by finetuning
aspects like dosing and ensuring targeted de-
livery, the full potential of these anti-inflam-
matory agents can be harnessed. There's also
a line of thought suggesting that the real
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game-changer might be a combination ther-
apy, merging the strengths of anti-inflamma-
tory agents with other therapeutic avenues
(Friedman et al., 2018).

NEW NANOTECHNOLOGY-BASED
TREATMENTS

Nanotechnology, the manipulation of
matter on a molecular and atomic level, is an
exciting frontier in medical research. Its ap-
plication in NAFLD treatment offers hope for
improved therapeutic strategies.

Nanoemulsions

In the field of nanotechnology, nanoemul-
sions show significant potential for the treat-
ment of NAFLD. These are systems consist-
ing of oil and water, mixed into one phase by
means of surfactants, and have the character-
istic of maintaining stability for a long time.
With the size in nanoscale range, these emul-
sions have high interfacial area that is benefi-
cial for drug encapsulation and release
(Ahmad et al., 2017; McClements, 2012).

In the context of NAFLD, nanoemulsions
can be used for targeted delivery of therapeu-
tic agents to the liver. Encapsulating the drug
in the nanoemulsion allows for improved bio-
availability and can decrease the effective
dosage of the drug, reducing potential side ef-
fects (Elbaset et al., 2022; Totterman et al.,
2004). Promisingly, studies have shown that
using nanoemulsions can enhance the effec-
tiveness of therapeutic agents in the manage-
ment of NAFLD. For instance, curcumin, a
natural polyphenolic compound with potent
antioxidant and anti-inflammatory properties,
has poor bioavailability due to its rapid me-
tabolism and systemic elimination. However,
curcumin-loaded nanoemulsions have shown
an enhanced therapeutic effect in NAFLD by
improving its bioavailability (Yallapu et al.,
2015).

In summary, nanoemulsions represent a
promising nanotechnology-based strategy for
enhancing the delivery of therapeutic agents
in the treatment of NAFLD. More research is
necessary to optimize these formulations and

evaluate their long-term safety and efficacy in
patients.

Liposomes

Liposomes are another type of nanostruc-
tured delivery system, displaying valuable po-
tential in the management of NAFLD. A lip-
osome is a spherical vesicle composed of at
least one lipid bilayer. These nanostructures
have the capability to encapsulate both hydro-
philic and hydrophobic drugs, resulting in im-
proved solubility, enhanced bioavailability,
and decreased toxicity of the drugs
(Ghasemzadeh et al., 2018; Sercombe et al.,
2015). Specific to NAFLD, liposomes can de-
liver therapeutic compounds to the liver in a
targeted way. Because of their size and struc-
ture, liposomes can be taken up by the liver's
sinusoidal endothelial cells, making them an
efficient way of delivering drugs to hepatic
tissues (Avachat and Patel, 2015).

Liposomes can serve as effective carriers
for a range of potential therapeutic agents for
NAFLD. For example, the compound silybin,
a component of milk thistle, has shown poten-
tial for NAFLD treatment. However, its poor
solubility and low bioavailability limit its use.
The encapsulation of silybin in liposomes has
been studied and results show an increased bi-
oavailability and liver targeting, improving its
effectiveness in the management of NAFLD
(Kidd and Head, 2005).

However, while the potential of liposomes
in NAFLD treatment is substantial, further re-
search is needed to optimize their properties
for enhanced delivery and to study their long-
term safety and efficacy in patients with
NAFLD. The development of the liposome
technology holds significant promise in ad-
vancing the treatment of NAFLD and should
be further explored.

Micelles

In the arena of nanotechnology, micelles
represent a promising system for drug deliv-
ery, particularly in the context of NAFLD.
Micelles are self-assembling nanosized parti-
cles, typically formed from amphiphilic mol-
ecules. These structures have a unique ability
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to encapsulate hydrophobic drugs in their
core, allowing for improved solubility and bi-
oavailability (Kumari et al., 2014; Lu and
Park, 2013). In terms of NAFLD manage-
ment, micelles offer a strategy for targeted
drug delivery to hepatic tissue. The small size
of micelles, usually around 10-100 nm, per-
mits them to effectively bypass biological
barriers, enhancing their delivery potential to
specific cells or tissues (Torchilin, 2014).

One good example of the application of
micelles is in the delivery of curcumin, a nat-
ural polyphenolic compound that exhibits sig-
nificant anti-inflammatory and antioxidant
properties, making it potentially beneficial in
the treatment of NAFLD. Nevertheless, the
clinical application of curcumin is limited due
to its poor solubility and rapid metabolism.
Curcumin-loaded micelles have been shown
to enhance the solubility and improve the bi-
oavailability of curcumin, thus improving its
therapeutic effectiveness (Yallapu et al.,
2012).

Another advantage of micellar systems is
their capacity to provide a controlled release
of drugs, ensuring the maintained presence of
the therapeutic agent in the body over an ex-
tended period. This feature can significantly
enhance treatment effectiveness and patient
compliance (Bae and Kataoka, 2009).

Despite the encouraging potential of mi-
celles in the treatment of NAFLD, there re-
main challenges and limitations. Stability is a
major issue with micellar systems as they can
be prone to disintegration in biological fluids,
leading to premature drug release. Moreover,
the long-term safety of micelles is yet to be
fully determined. Further studies are required
to address these concerns and to optimize the
properties of micelles for their successful use
in NAFLD treatment.

Polymeric nanoparticles

Polymeric nanoparticles have lately been
showing much promise as drug delivery sys-
tems in the treatment of NAFLD. These nano-
particles, usually ranging from 10 to 1000 nm
in size, are made up of various biodegradable
polymers that encapsulate therapeutic agents,

providing a protective environment to en-
hance their stability and bioavailability
(Amaral et al., 2021; Kumari et al., 2010;
Morales-Becerril et al., 2022). One significant
advantage of polymeric nanoparticles is their
large surface area to volume ratio, which can
be modified to improve drug loading effi-
ciency. The surface of these nanoparticles can
be functionalized with specific ligands or an-
tibodies to target diseased cells or tissues, an
attribute of paramount importance in NAFLD
where hepatic cells are primary targets
(Danhier et al., 2012).

As with other nanoparticle systems, poly-
meric nanoparticles offer the potential for
controlled and sustained release of therapeu-
tic agents, ensuring prolonged drug action.
This is a critical factor in the management of
chronic diseases like NAFLD (Makadia and
Siegel, 2011). Recent studies have demon-
strated the efficiency of polymeric nanoparti-
cles in delivering curcumin to hepatic cells in
a NAFLD model. The encapsulation of curcu-
min in these nanoparticles resulted in in-
creased bioavailability and a more pro-
nounced therapeutic effect compared to free
curcumin (Rozanski et al., 2023; Wang et al.,
2023; Yallapu et al., 2012; Zhang et al.,
2023).

However, potential issues of polymeric
nanoparticles should not be overlooked. Alt-
hough many polymers used are biodegradable
and considered safe, concerns have been
raised about potential toxicity, especially with
long-term usage. Also, their larger size, com-
pared to micelles or liposomes, may present
challenges in terms of cellular uptake and tis-
sue penetration. Finally, the production of
polymeric nanoparticles often involves com-
plex processes that may not be suitable for
scaling up for industrial production (Hua et
al., 2018).

In summary, polymeric nanoparticles,
with their ability to increase drug stability and
enable targeted delivery, are promising candi-
dates for NAFLD treatment. However, more
research is necessary to optimize their proper-
ties, to address potential safety concerns, and
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to refine production processes for commercial
viability.

Nanogels

Nanogels are three-dimensional, hydro-
philic polymeric networks with nanoparticle-
sized structures, which have been emerging as
valuable tools in drug delivery for NAFLD
treatment. Their network structure, composed
by cross-linked polymer chains, provides
unique advantages such as high loading ca-
pacity and controlled release of incorporated
drugs, leading to prolonged therapeutic ef-
fects (Hamidi et al., 2008). Advances in nano-
gel research have allowed for their design to
be tailored for desired characteristics. It is
possible to modify the properties, such as
size, shape, and surface functionality, to in-
crease their stability in the body and to en-
hance their ability to target specific cells or
tissues (Mauri et al., 2021).

Nanogels have a large water content,
which gives them a high degree of flexibility
and biocompatibility. The porous structure of
nanogels is very suitable for encapsulating
hydrophilic and hydrophobic drugs, proteins,
and even genetic material, all of which can be
potentially beneficial in NAFLD treatment
(Vinogradov et al., 2002). A notable applica-
tion of nanogels in NAFLD has been the en-
capsulation of anti-inflammatory agents, aim-
ing to reduce inflammation in the liver. Nano-
gels have shown the potential to deliver these
agents directly to the hepatic cells, increasing
their efficiency and reducing side effects
(Bhattarai et al., 2010).

Moreover, nanogels can also protect the
incorporated drugs from premature degrada-
tion and elimination, thus improving their bi-
oavailability and therapeutic efficiency. Ad-
ditionally, the swelling and shrinking proper-
ties of nanogels in response to changes in en-
vironmental factors such as temperature or pH
can be utilized for targeted and controlled
drug release (Hoare and Kohane, 2008). How-
ever, potential drawbacks of nanogels should
not be ignored. Issues related to possible im-
munogenicity, potential cytotoxicity of the
polymers used, and challenges in scaling up

the production processes need to be ad-
dressed. Long-term studies are necessary to
determine the safety of nanogels for clinical
applications (Kabanov and Vinogradov,
2009).

In conclusion, nanogels with their unique
physicochemical properties provide an excit-
ing platform for drug delivery in NAFLD.
The potential of nanogels in increasing thera-
peutic efficiency and reducing side effects po-
sitions them as promising candidates in the
management of NAFLD. However, more
comprehensive studies are needed to fully ex-
ploit their potential and to address the chal-
lenges.

Inorganic nanoparticles

In the array of nanotechnology-based
treatments for NAFLD, inorganic nanoparti-
cles have also been exhibiting interesting po-
tential. These particles are typically com-
posed of metals, metal oxides, or ceramics,
and provide several benefits for medical ap-
plications due to their unique physical and
chemical properties (Dreaden etal., 2012). In-
organic nanoparticles can exhibit high stabil-
ity, tunable size, shape, and surface proper-
ties, which can be exploited to optimize their
interactions with biological systems. Because
of their small size, these particles can cross
biological barriers and reach targeted cells or
tissues, which can result in an increased effi-
ciency of the carried drug (Singh et al., 2018).

Gold nanoparticles (AuNPs), for instance,
are one of the most studied inorganic nano-
particles. They show good biocompatibility,
and their surface can be easily modified to en-
capsulate therapeutic agents or to attach spe-
cific ligands, allowing for targeted drug deliv-
ery. For NAFLD, AuNPs have been utilized
to deliver anti-inflammatory agents or antiox-
idants, aiming to reduce inflammation and ox-
idative stress in the liver (Dykman and
Khlebtsov, 2011). On the other hand, mag-
netic iron oxide nanoparticles (IONPs) have
shown promise for theranostic applications —
both diagnosis and treatment of NAFLD. The
magnetic properties of IONPs enable them to
be used in magnetic resonance imaging (MRI)
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to diagnose NAFLD. In addition, IONPs can
also be used to deliver therapeutic agents or to
induce hyperthermia in targeted tissues for
therapeutic purposes (Laurent et al., 2008).

Silica nanoparticles (SiNPs) are another
type of inorganic nanoparticles that are com-
monly used due to their good biocompatibil-
ity and the possibility of surface modification.
In the context of NAFLD, SiNPs can be used
to deliver drugs, and their porous structure al-
lows for a high loading capacity and con-
trolled release of the encapsulated drug (Tang
et al., 2012). Despite the mentioned promis-
ing features, the application of inorganic na-
noparticles in NAFLD treatment faces chal-
lenges. These include potential toxicity, the
need for appropriate surface modification to
avoid rapid clearance by the immune system,
and the need for targeted delivery to minimize
side effects. It is also necessary to address is-
sues related to large scale production and the
reproducibility of nanoparticle synthesis
(Fadeel and Garcia-Bennett, 2010).

In conclusion, inorganic nanoparticles
represent a promising approach in the nano-
technology-based treatments for NAFLD.
Further research and optimization are needed
to overcome the challenges and to fully ex-
ploit their potential.

Zinc oxide nanopatrticles

Zinc oxide nanoparticles (ZnO NPs), with
their unique properties, have emerged as a
promising nanotechnology-based strategy in
the management of NAFLD. ZnO NPs have
small size, and high surface area to volume
ratio, which makes them able to penetrate
cells and tissues efficiently. Also, they pos-
sess anti-inflammatory and antioxidant ca-
pacities, which are desirable attributes in the
context of NAFLD, where inflammation and
oxidative stress are implicated in the patho-
genesis (Sharma et al., 2020, 2012a;
Siddiquah et al., 2018).

One interesting application of ZnO NPs in
NAFLD treatment is their antioxidant capa-
bility. As NAFLD is characterized by oxida-
tive stress, the role of ZnO NPs to quench re-

active oxygen species (ROS) has been ex-
plored. Preclinical studies have shown that
ZnO NPs could significantly decrease oxida-
tive stress markers and inflammation in liver
tissue, indicating their potential for NAFLD
treatment (Akhtar et al., 2012).

Moreover, ZnO NPs have been employed
as drug carriers for NAFLD treatment. The
high surface area allows ZnO NPs to load a
large amount of therapeutic molecules. When
conjugated with specific liver targeting lig-
ands, ZnO NPs can efficiently deliver the
loaded drugs to liver cells, thereby enhancing
therapeutic efficacy while reducing systemic
side effects (Sirelkhatim et al., 2015). It is
also worth noting that the safety of ZnO NPs
has been widely investigated. While there is
concern about their potential toxicity, espe-
cially when they are inhaled or applied to the
skin, the oral administration of ZnO NPs has
generally been considered safe, as the parti-
cles are primarily excreted in the feces and lit-
tle is absorbed into the systemic circulation
(Vandebriel and De Jong, 2012).

However, there still exist certain chal-
lenges that need to be addressed before ZnO
NPs can be successfully translated into clini-
cal practice. The main challenges include un-
derstanding their exact mechanism of action,
optimizing the dosage to maximize efficacy
while minimizing potential toxicity, and
standardizing the synthesis procedure for re-
producibility and large-scale production
(Sharma et al., 2012b).

In conclusion, ZnO NPs have shown
promise in the treatment of NAFLD due to
their antioxidant properties and their potential
for targeted drug delivery. However, further
investigations are needed to fully exploit their
potential and to overcome the existing chal-
lenges.

In an effort to synthesize the information
discussed and offer a clear visual comparison,
the key attributes of each nanotechnology-
based treatment have been compiled into Ta-
ble 1. This table summarizes the primary ben-
efits and drawbacks associated with each type
of nanotechnology, including nanoemulsions,
liposomes, micelles, polymeric nanopatrticles,
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nanogels, inorganic nanoparticles, and zinc
oxide nanoparticles. Further, it illustrates the
potential use of each type in the context of
NAFLD treatment. This overview allows for

a simplified, side-by-side comparison to bet-
ter appreciate the potential, as well as the
challenges, of these diverse nanotechnologies
in the management of NAFLD.

Table 1: Comparative summary of nanotechnology-based treatments for Non-alcoholic Fatty Liver Dis-

ease (NAFLD).

Nanotechnol-
ogy-based
Treatment
Nano-
emulsions

Liposomes

Polymeric
Nanoparticles

Nanogels

Inorganic
Nanoparticles

ZincOxide
Nanoparticles

Benefits

High interfacial area ben-
eficial for drug encapsula-
tion and release. Im-
proved bioavailability and
decreased dosage of
drugs.

Improved solubility, en-
hanced bioavailability, de-
creased toxicity of drugs.
Efficient in delivering
drugs to hepatic tissues.
Improved solubility and bi-
oavailability of drugs. Pro-
vide a controlled release
of drugs over an extended
period.

Large surface area to vol-
ume ratio. Capability for
controlled and sustained
release of therapeutic
agents.

High loading capacity and
controlled release of in-
corporated drugs. High
degree of flexibility and
biocompatibility.

High stability, tunable
size, shape, and surface
properties. Increased effi-
ciency of carried drug.

Small size, high surface
area to volume ratio, anti-
inflammatory and antioxi-
dant capacities.

Drawbacks

Long-term safety and effi-
cacy in patients need fur-
ther evaluation.

Optimization of properties
for enhanced delivery re-
quired. Long-term safety
and efficacy in patients
need further evaluation.
Stability in biological fluids
can be an issue leading to
premature drug release.
Long-term safety needs
further evaluation.
Concerns about potential
toxicity, especially with
long-term usage. Produc-
tion often involves complex
processes.

Possible immunogenicity,
potential cytotoxicity of the
polymers used, and chal-
lenges in scaling up the
production processes.
Potential toxicity, rapid
clearance by the immune
system, need for targeted
delivery to minimize side
effects.

Need for understanding
exact mechanism of ac-
tion, optimizing the dosage
to maximize efficacy while
minimizing potential tox-

icity.

Potential use in
NAFLD

Enhances the effec-
tiveness of therapeutic
agents in NAFLD man-
agement, e.g., curcu-
min-loaded nanoemul-
sions.

Serves as carriers for
a range of potential
therapeutic agents,
e.g., silybin-loaded
liposomes.

Offers a strategy for
targeted drug delivery
to hepatic tissues, e.g.,
curcumin-loaded mi-
celles.

Increase drug stability
and enable targeted
delivery, e.g., curcu-
min-loaded polymeric
nanoparticles.

Provide an exciting
platform for drug deliv-
ery, e.g., encapsula-
tion of anti-inflamma-
tory agents.

Used to deliver anti-in-
flammatory agents or
antioxidants, used in
diagnostics and
theranostic applica-
tions, e.g., gold nano-
particles, magnetic
iron oxide nanoparti-
cles, and silica nano-
particles.

Reduce inflammation
and oxidative stress in
liver tissue, used as
drug carriers for
NAFLD treatment,
e.g., ZnO NPs loaded
with therapeutic mole-
cules.
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LIMITATIONS OF NANOTECHNOL-
OGY IN MANAGEMENT OF NAFLD

As promising as nanotechnology appears
to be in the realm of NAFLD treatment, it is
essential to take note of the limitations and
challenges it faces. These are encompassing
technical aspects, toxicity, and ethical consid-
erations that may hamper full-scale imple-
mentation.

First, we face the technical challenge. The
large-scale production of nanomaterials,
while maintaining uniformity in size, shape,
and other physicochemical properties, is quite
challenging. Additionally, maintaining the
stability of nanomaterials in biological sys-
tems can be an uphill task due to potential ag-
glomeration and changes in their properties
over time.

Second, there is the issue of potential tox-
icity. Even though nanomaterials have shown
good biocompatibility in most studies, the
concern over their long-term safety still ex-
ists. Potential toxicity to the liver and other
organs cannot be overlooked, as nanomateri-
als can interact with cellular components in
unpredictable ways. The fact that they can
cross biological barriers and accumulate in or-
gans raises concerns about chronic toxicity.
Furthermore, the impact of nanomaterials on
the immune system, both innate and adaptive,
needs to be further explored.

Third, targeted drug delivery, one of the
key advantages of nanotechnology, also pre-
sents a challenge. Targeting nanomaterials
specifically to liver cells affected by NAFLD
IS not an easy task. While ligands can be
added to the surface of nanomaterials to en-
hance liver targeting, ensuring that they reach
only the diseased cells and not the healthy
ones is difficult. Moreover, controlling the re-
lease of drugs from nanocarriers at the target
site for optimal therapeutic effect is another
complex issue.

Moreover, there is a lack of standard
guidelines and protocols for the assessment of
nanomaterials' safety and efficacy in the con-
text of NAFLD. This makes it difficult to
compare the results of different studies and

draw definitive conclusions. The establish-
ment of such guidelines would be a crucial
step towards the clinical translation of nano-
technology-based treatments for NAFLD.

Finally, there are also ethical considera-
tions. The clinical use of nanotechnology
raises ethical questions about patient consent,
especially given the potential long-term
health impacts that are still not fully under-
stood. Additionally, the cost of nanotechnol-
ogy-based treatments might be high, which
could limit their accessibility to patients from
low- and middle-income countries.

In conclusion, while nanotechnology
holds great promise in the management of
NAFLD, several limitations and challenges
need to be addressed. Ongoing research ef-
forts are required to fully realize its potential,
and multidisciplinary collaboration involving
scientists, clinicians, ethicists, and policy-
makers is crucial to ensure the safe and effec-
tive application of nanotechnology in
NAFLD treatment.

CONCLUSION

In the context of increasing prevalence
and complexities of NAFLD worldwide, the
seeking of novel therapeutic strategies has be-
come more pressing. A clear understanding is
required of the fact that nanotechnology, a
promising new horizon in the field of medi-
cine, offers a fresh hope for this daunting task.
Nanotechnology's potential for targeted drug
delivery and reduced systemic toxicity has
made it an attractive tool for managing
NAFLD. Various nanoformulations, includ-
ing nanoemulsions, liposomes, micelles, pol-
ymeric nanoparticles, nanogels, inorganic na-
noparticles, and zinc oxide nanoparticles,
have shown promising results in preclinical
studies for the treatment of NAFLD.

It is the unique properties of nanoparticles
that allows them to interact with biological
systems at a molecular level, potentially lead-
ing to significant advancements in the diagno-
sis and treatment of NAFLD. But alongside
these bright potentials, it is important to not
ignore the challenges that nanotechnology
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faces. The limitations such as technical chal-
lenges, potential toxicity, problems with tar-
geted drug delivery, absence of standard
guidelines, and ethical considerations have to
be overcome before the full potential of nan-
otechnology in NAFLD management can be
realized. Additionally, the high cost of nano-
technology-based treatments might be a hur-
dle in their widespread use, especially in the
resource-poor settings. Therefore, it becomes
vital that while we forge ahead in this direc-
tion, researchers, clinicians, ethicists, and pol-
icymakers need to work together. Such col-
laboration can ensure the development and
implementation of safe, effective, and equita-
ble nanotechnology-based treatments for
NAFLD.

To summarize, while current traditional
management strategies for NAFLD, including
lifestyle modifications and existing pharma-
cologic therapies, continue to play a signifi-
cant role, the future of NAFLD management
may well be influenced by the advent of nan-
otechnology. The journey is far from over, but
the advancements in the field of nanotechnol-
ogy provide a beacon of hope in our fight
against this globally significant disease. It is
through continued research and collaboration
that we can fully utilize the potential of nano-
technology for the benefit of NAFLD patients
worldwide.

Conflict of interest
The authors declare that there are no con-
flicts of interest.

REFERENCES

Aasadollahei N, Rezaei N, Golroo R, Agarwal T,
Vosough M, Piryaei A. Bioengineering liver microtis-
sues for modeling non-alcoholic fatty liver disease.
EXCLI J. 2023;22:367-91. doi: 10.17179/excli2023-
5892.

Abo-Amer YE, Sabal A, Ahmed R, Hasan NFE, Refaie
R, Mostafa SM, et al. Relationship between helicobac-
ter pylori infection and nonalcoholic fatty liver disease
(NAFLD) in a developing country: a cross-sectional
study. Diabetes Metab Syndr Obes. 2020;13:619-25.
doi: 10.2147/DMS0.S237866.

Adams LA, Anstee QM, Tilg H, Targher G. Non-alco-
holic fatty liver disease and its relationship with cardi-
ovascular disease and other extrahepatic diseases. Gut.
2017;66:1138-53. doi: 10.1136/gutjnl-2017-313884.

Ahmad M, Sahabjada, Akhtar J, Hussain A, Badarud-
deen, Arshad M, et al. Development of a new rutin
nanoemulsion and its application on prostate carci-
noma PC3 cell line. EXCLI J. 2017;16:810-23. doi:
10.17179/excli2016-668.

Ahmed HS, Gangasani N, Jayanna MB, Long MT,
Sanchez A, Murali AR. The NAFLD decompensation
risk score: external validation and comparison to exist-
ing models to predict hepatic events in a retrospective
cohort study. J Clin Exp Hepatol. 2023;13:233-40. doi:
10.1016/j.jceh.2022.11.005.

Aithal GP, Thomas JA, Kaye PV, Lawson A, Ryder
SD, Spendlove I, et al. Randomized, placebo-con-
trolled trial of pioglitazone in nondiabetic subjects with
nonalcoholic  steatohepatitis. Gastroenterology.
2008;135:1176-84. doi: 10.1053/j.gastro.2008.06.047.

Ajmal MR, Yaccha M, Malik MA, Rabbani MU, Ah-
mad |, Isalm N, et al. Prevalence of nonalcoholic fatty
liver disease (NAFLD) in patients of cardiovascular
diseases and its association with hs-CRP and TNF-al-
pha. Indian Heart J. 2014;66:574-9. doi:
10.1016/j.ihj.2014.08.006.

Ajmera V, Cepin S, Tesfai K, Hofflich H, Cadman K,
Lopez S, et al. A prospective study on the prevalence
of NAFLD, advanced fibrosis, cirrhosis and hepatocel-
lular carcinoma in people with type 2 diabetes. J Hepa-
tol. 2023;78:471-8. doi: 10.1016/j.jhep.2022.11.010.

Akhtar MJ, Ahamed M, Kumar S, Khan MM, Ahmad
J, Alrokayan SA. Zinc oxide nanoparticles selectively
induce apoptosis in human cancer cells through reac-
tive oxygen species. Int J Nanomedicine. 2012;7:845-
57. doi: 10.2147/ijn.S29129.

Akuta N, Kawamura Y, Arase Y, Saitoh S, Fujiyama
S, Sezaki H, et al. Hepatocellular carcinoma is the most
common liver-related complication in patients with
histopathologically-confirmed NAFLD in Japan. BMC
Gastroenterol. 2018;18(1):165. doi: 10.1186/s12876-
018-0900-1.

Amaral M, Cruz N, Rosa A, Nogueira B, Costa D, San-
tos F, et al. An update of advanced nanoplatforms for
glioblastoma multiforme management. EXCLI J.
2021;20:1544-70. doi: 10.17179/excli2021-4393.

965



EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

Armstrong MJ, Gaunt P, Aithal GP, Barton D, Hull D,
Parker R, et al. Liraglutide safety and efficacy in pa-
tients with non-alcoholic steatohepatitis (LEAN): a
multicentre, double-blind, randomised, placebo-con-
trolled phase 2 study. Lancet. 2016;387(10019):679-
90. doi: 10.1016/s0140-736(15)00803-x.

Athyros VG, Tziomalos K, Gossios TD, Griva T, An-
agnostis P, Kargiotis K, et al. Safety and efficacy of
long-term statin treatment for cardiovascular events in
patients with coronary heart disease and abnormal liver
tests in the Greek Atorvastatin and Coronary Heart
Disease Evaluation (GREACE) Study: a post-hoc anal-
ysis.  Lancet.  2010;376(9756):1916-22.  doi:
10.1016/s0140-6736(10)61272-x.

Avachat AM, Patel VG. Self nanoemulsifying drug de-
livery system of stabilized ellagic acid-phospholipid
complex with improved dissolution and permeability.
Saudi Pharm J. 2015;23:276-89. doi:
10.1016/j.jsps.2014.11.001.

Bae Y, Kataoka K. Intelligent polymeric micelles from
functional poly(ethylene glycol)-poly(amino acid)
block copolymers. Adv Drug Deliv Rev. 2009;61:768-
84. doi: 10.1016/j.addr.2009.04.016.

Baranova A, Tran TP, Afendy A, Wang L, Shamsadd-
ini A, Mehta R, et al. Molecular signature of adipose
tissue in patients with both non-alcoholic fatty liver
disease (NAFLD) and polycystic ovarian syndrome
(PCOS). J Transl Med. 2013;11:133. doi:
10.1186/1479-5876-11-133.

Bhattarai N, Gunn J, Zhang M. Chitosan-based hydro-
gels for controlled, localized drug delivery. Adv Drug
Deliv Rev. 2010;62(1):83-99. doi:
10.1016/j.addr.2009.07.019.

Blomdahl J, Nasr P, Ekstedt M, Kechagias S. Moderate
alcohol consumption is associated with significant fi-
brosis progression in NAFLD. Hepatol Commun.
2023;7(1):e0003. doi:
10.1097/HC9.0000000000000003.

Boonvisut S, Yoshida K, Nakayama K, Watanabe K,
Miyashita H, lwamoto S. Identification of deleterious
rare variants in MTTP, PNPLA3, and TM6SF2 in Jap-
anese males and association studies with NAFLD. Li-
pids Health Dis. 2017;16(1):183. doi: 10.1186/s12944-
017-0570-y.

Bugianesi E. Nonalcoholic fatty liver disease
(NAFLD) and cardiac lipotoxicity: Another piece of
the puzzle. Hepatology. 2008;47(1):2-4. doi:
10.1002/hep.22105.

Byrne CD, Targher G. NAFLD: a multisystem disease.
J  Hepatol. 2015;62(1  Suppl):S47-64.  doi:
10.1016/j.jhep.2014.12.012.

Carroll AM, Rotman Y. Nutrition literacy is not suffi-
cient to induce needed dietary changes in nonalcoholic
fatty liver disease. Am J Gastroenterol. 2023;118:
1381-7. doi: 10.14309/ajg.0000000000002182.

Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi
K, Rinella M, et al. The diagnosis and management of
nonalcoholic fatty liver disease: Practice guidance
from the American Association for the Study of Liver
Diseases.  Hepatology.  2018;67:328-57.  doi:
10.1002/hep.29367.

Ciardullo S, Perseghin G. Comment on "An observa-
tional data meta-analysis on the differences in preva-
lence and risk factors between MAFLD vs NAFLD".
Clin Gastroenterol Hepatol. 2022;20:2926-7. doi:
10.1016/j.cgh.2021.12.028.

Danhier F, Ansorena E, Silva JM, Coco R, Le Breton
A, Préat V. PLGA-based nanoparticles: an overview of
biomedical applications. J Control Release. 2012;161:
505-22. doi: 10.1016/j.jconrel.2012.01.043.

de Vries M, Westerink J, Kaasjager K, de Valk HW.
Prevalence of nonalcoholic fatty liver disease
(NAFLD) in patients with type 1 diabetes mellitus: a
systematic review and meta-analysis. J Clin Endocrinol
Metab. 2020;105:3842-53. doi:
10.1210/clinem/dgaa575.

Ding L, De Munck TJI, Oligschlaeger Y, Verbeek J,
Koek GH, Houben T, et al. Insulin resistance is posi-
tively associated with plasma cathepsin D activity in
NAFLD patients. Biomol Concepts. 2021;12(1):110-5.
doi: 10.1515/bmc-2021-0011.

Dongiovanni P, Petta S, Mannisto V, Mancina RM,
Pipitone R, Karja V, et al. Statin use and non-alcoholic
steatohepatitis in at risk individuals. J Hepatol.
2015;63:705-12. doi: 10.1016/j.jhep.2015.05.006.

Dreaden EC, Alkilany AM, Huang X, Murphy CJ, El-
Sayed MA. The golden age: gold nanoparticles for bi-
omedicine. Chem Soc Rev. 2012;41:2740-79. doi:
10.1039/c1cs15237h.

Du T, Xiang L, Zhang J, Yang C, Zhao W, Li J, et al.
Vitamin D improves hepatic steatosis in NAFLD via
regulation of fatty acid uptake and beta-oxidation.
Front Endocrinol (Lausanne). 2023;14:1138078. doi:
10.3389/fend0.2023.1138078.

Dykman LA, Khlebtsov NG. Gold nanoparticles in bi-
ology and medicine: recent advances and prospects.
Acta Naturae. 2011;3(2):34-55.

966



EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

Ekhlasi G, Zarrati M, Agah S, Hosseini AF, Hosseini
S, Shidfar S, et al. Effects of symbiotic and vitamin E
supplementation on blood pressure, nitric oxide and in-
flammatory factors in non-alcoholic fatty liver disease.
EXCLI J. 2017;16:278-90. doi: 10.17179/excli2016-
846.

Elbaset MA, Nasr M, Ibrahim BMM, Ahmed-Farid
OAH, Bakeer RM, Hassan NS, et al. Curcumin
nanoemulsion counteracts hepatic and cardiac compli-
cations associated with high-fat/high-fructose diet in
rats. J Food Biochem. 2022;46(12):e14442. doi:
10.1111/jfbc.14442.

Eslam M, Newsome PN, Sarin SK, Anstee QM, Tar-
gher G, Romero-Gomez M, et al. A new definition for
metabolic dysfunction-associated fatty liver disease:
An international expert consensus statement. J Hepa-
tol. 2020;73:202-9. doi: 10.1016/j.jhep.2020.03.039.

Fadeel B, Garcia-Bennett AE. Better safe than sorry:
Understanding the toxicological properties of inor-
ganic nanoparticles manufactured for biomedical ap-
plications. Adv Drug Deliv Rev. 2010;62:362-74. doi:
10.1016/j.addr.2009.11.008.

Fanaei H, Mard SA, Sarkaki A, Goudarzi G, Khorsandi
L. Gallic acid protects the liver against NAFLD in-
duced by dust exposure and high-fat diet through in-
hibiting oxidative stress and repressing the inflamma-
tory signaling pathways NF-kbeta/TNF-alpha/IL-6 in
Wistar rats. Avicenna J Phytomed. 2021;11:527-40.
doi: 10.22038/AJP.2021.17835.

Fickert P, Hirschfield GM, Denk G, Marschall HU, Al-
torjay I, Féarkkilad M, et al. norUrsodeoxycholic acid im-
proves cholestasis in primary sclerosing cholangitis. J
Hepatol. 2017;67:549-58. doi:
10.1016/j.jhep.2017.05.009.

Fouad Y, Elwakil R, Elsahhar M, Said E, Bazeed S, Ali
Gomaa A, et al. The NAFLD-MAFLD debate: Emi-
nence vs evidence. Liver Int. 2021;41:255-60. doi:
10.1111/liv.14739.

Friedman SL, Ratziu V, Harrison SA, Abdelmalek MF,
Aithal GP, Caballeria J, et al. A randomized, placebo-
controlled trial of cenicriviroc for treatment of nonal-
coholic steatohepatitis with fibrosis. Hepatology.
2018;67:1754-67. doi: 10.1002/hep.29477.

Gaggini M, Morelli M, Buzzigoli E, DeFronzo RA,
Bugianesi E, Gastaldelli A. Non-alcoholic fatty liver
disease (NAFLD) and its connection with insulin re-
sistance, dyslipidemia, atherosclerosis and coronary
heart disease. Nutrients. 2013;5:1544-60. doi:
10.3390/nu5051544.

Garcia-Compean D, Kumar R, Cueto-Aguilera AND,
Maldonado-Garza HJ, Villarreal-Perez JZ. Body
weight loss and glycemic control on the outcomes of
patients with NAFLD. The role of new antidiabetic
agents. Ann Hepatol. 2023;28(4):100751. doi:
10.1016/j.a0hep.2022.100751.

Genua I, Iruzubieta P, Rodriguez-Duque JC, Perez A,
Crespo J. NAFLD and type 2 diabetes: A practical
guide for the joint management. Gastroenterol Hepatol.
2022;epub ahead of print. doi: 10.1016/j.gastro-
hep.2022.12.002.

Ghasemzadeh N, Pourrajab F, Dehghani Firoozabadi
A, Hekmatimoghaddam S, Haghiralsadat F. Ectopic
microRNAs used to preserve human mesenchymal
stem cell potency and epigenetics. EXCLI J. 2018;17:
576-89. doi: 10.17179/excli2018-1274.

Golabi P, Paik JM, Eberly K, de Avila L, Algahtani
SA, Younossi ZM. Causes of death in patients with
Non-alcoholic Fatty Liver Disease (NAFLD), alco-
holic liver disease and chronic viral Hepatitis B and C.
Ann Hepatol. 2022;27(1):100556. doi:
10.1016/j.a0hep.2021.100556

Hamidi M, Azadi A, Rafiei P. Hydrogel nanoparticles
in drug delivery. Adv Drug Deliv Rev. 2008;60:1638-
49. doi: 10.1016/j.addr.2008.08.002.

Haukeland JW, Konopski Z, Eggesbg HB, von
Volkmann HL, Raschpichler G, Bjaro K, et al. Metfor-
min in patients with non-alcoholic fatty liver disease: a
randomized, controlled trial. Scand J Gastroenterol.
2009;44:853-60. doi: 10.1080/00365520902845268.

Hegarty R, Deheragoda M, Fitzpatrick E, Dhawan A.
Paediatric fatty liver disease (PeFLD): All is not
NAFLD - Pathophysiological insights and approach to
management. J Hepatol. 2018;68:1286-99. doi:
10.1016/j.jhep.2018.02.006.

Henry A, Paik JM, Austin P, Eberly KE, Golabi P,
Younossi |, et al. Vigorous physical activity provides
protection against all-cause deaths among adults pa-
tients with nonalcoholic fatty liver disease (NAFLD).
Aliment Pharmacol Ther. 2023;57:709-22. doi:
10.1111/apt.17308.

Hoare TR, Kohane DS. Hydrogels in drug delivery:
Progress and challenges. Polymer. 2008;49:1993-
2007. doi: https://doi.org/10.1016/j.poly-
mer.2008.01.027.

Hong T, Chen Y, Li X, Lu Y. The role and mechanism
of oxidative stress and nuclear receptors in the devel-
opment of NAFLD. Oxid Med Cell Longev. 2021;
2021:6889533. doi: 10.1155/2021/6889533.

967



EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

Hosseini HM, Shirvani H, Aghaei F, Arabzadeh E,
Hofmeister M. Ameliorative effects of high intensity
interval training and Lactobacillus rhamnosus GG
against tetracycline-induced fatty liver in rats: a gene
expression profiling comparative study. EXCLI J.
2022;21:991-1006. doi: 10.17179/excli2022-4791.

Hua S, de Matos MBC, Metselaar JM, Storm G. Cur-
rent trends and challenges in the clinical translation of
nanoparticulate nanomedicines: pathways for transla-
tional development and commercialization. Front
Pharmacol. 2018;9:790. doi:
10.3389/fphar.2018.00790.

Ibrahim SH, Kohli R, Gores GJ. Mechanisms of lipo-
toxicity in NAFLD and clinical implications. J Pediatr
Gastroenterol Nutr. 2011;53:131-40. doi:
10.1097/MPG.0b013e31822578db.

Inzucchi SE, Lipska KJ, Mayo H, Bailey CJ, McGuire
DK. Metformin in patients with type 2 diabetes and
kidney disease: a systematic review. JAMA.
2014;312:2668-75. doi: 10.1001/jama.2014.15298.

Jang YS, Joo HJ, Park YS, Park EC, Jang SI. Associa-
tion between smoking cessation and non-alcoholic
fatty liver disease using NAFLD liver fat score. Front
Public Health. 2023;11:1015919. doi:
10.3389/fpubh.2023.1015919.

Jansen PLM. New therapies target the toxic conse-
quences of cholestatic liver disease. Expert Rev Gas-
troenterol Hepatol. 2018;12:277-85. doi:
10.1080/17474124.2018.1424538.

Ji HF. Vitamin E therapy on aminotransferase levels in
NAFLD/NASH patients. Nutrition. 2015;31(6):899.
doi: 10.1016/j.nut.2015.02.010.

Julian MT, Ballesta S, Pera G, Perez-Montes de Oca A,
Soldevila B, Caballeria L, et al. Abdominal obesity and
dsyglycemia are risk factors for liver fibrosis progres-
sion in NAFLD subjects: A population-based study.
Front Endocrinol (Lausanne). 2022;13:1051958. doi:
10.3389/fendo.2022.1051958.

Jun DW, Kim HJ, Bae JH, Lee OY. The clinical signif-
icance of HbAlc as a predictive factor for abnormal
postprandial glucose metabolism in NAFLD patients
with an elevated liver chemistry. Hepatogastroenterol-
ogy. 2011;58:1274-9. doi: 10.5754/hge10729.

Kabanov AV, Vinogradov SV. Nanogels as pharma-
ceutical carriers: finite networks of infinite capabilities.
Angew Chem Int Ed Engl. 2009;48:5418-29. doi:
10.1002/anie.200900441.

Kalra S, Das AK, Tiwaskar M, Vg MP, Singh M. As-
sessment of prevalence and associated risk factors of
NAFLD in people living with diabetes in india: a ret-
rospective, multicenter, electronic medical records
based study. J Assoc Physicians India. 2022;70(8):11-
2. doi: 10.5005/japi-11001-0065.

Kargiotis K, Athyros VG, Giouleme O, Katsiki N,
Katsiki E, Anagnostis P, et al. Resolution of non-alco-
holic steatohepatitis by rosuvastatin monotherapy in
patients with metabolic syndrome. World J Gastroen-
terol. 2015;21:7860-8. doi: 10.3748/wjg.v21.i25.7860.

Kasper P, Martin A, Lang S, Demir M, Steffen HM.
Hypertension in NAFLD: An uncontrolled burden. J
Hepatol. 2021;74:1258-60. doi:
10.1016/j.jhep.2021.01.019.

Kasper P, Martin A, Meyer Zu Schwabedissen A,
Scherdel J, Lang S, Goeser T, et al. Uncontrolled hy-
pertension: A neglected risk in patients with NAFLD.
J Intern Med. 2022;292:162-4. doi:
10.1111/joim.13476.

Kidd P, Head K. A review of the bioavailability and
clinical efficacy of milk thistle phytosome: a silybin-
phosphatidylcholine complex (Siliphos). Altern Med
Rev. 2005;10:193-203.

Kobayashi T, Iwaki M, Nakajima A, Nogami A,
Yoneda M. Current research on the pathogenesis of
NAFLD/NASH and the gut-liver axis: gut microbiota,
dysbiosis, and leaky-gut syndrome. Int J Mol Sci.
2022;23(19):11689. doi: 10.3390/ijms231911689.

Koot BGP, Benninga MA. Screening for NAFLD in
children: do we know the optimal alt cut-off? J Pediatr
Gastroenterol Nutr. 2017;65(5):e115. doi:
10.1097/MPG.0000000000001667

Kosmalski M, Frankowski R, Ziolkowska S, Rozycka-
Kosmalska M, Pietras T. What's new in the treatment
of non-alcoholic fatty liver disease (NAFLD). J Clin
Med. 2023;12(5):1852. doi: 10.3390/jcm12051852.

Krishan S. Correlation between non-alcoholic fatty
liver disease (NAFLD) and dyslipidemia in type 2 dia-
betes. Diabetes Metab Syndr. 2016;10(2 Suppl 1):S77-
81. doi: 10.1016/j.dsx.2016.01.034.

Kruger FC, Daniels C, Kidd M, Swart G, Brundyn K,
Van Rensburg C, et al. Non-alcoholic fatty liver dis-
ease (NAFLD) in the Western Cape: a descriptive anal-
ysis. S Afr Med J. 2010;100:168-71. doi:
10.7196/samj.1422.

Kumar A, Sharma A, Duseja A, Das A, Dhiman RK,
Chawla YK, et al. Patients with nonalcoholic fatty liver
disease (NAFLD) have higher oxidative stress in com-
parison to chronic viral hepatitis. J Clin Exp Hepatol.
2013;3(1):12-8. doi: 10.1016/j.jceh.2012.10.0009.

968



EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

Kumari A, Yadav SK, Yadav SC. Biodegradable poly-
meric nanoparticles based drug delivery systems. Col-
loids Surf B Biointerfaces. 2010;75(1):1-18. doi:
10.1016/j.colsurfb.2009.09.001.

Kumari A, Singla R, Guliani A, Yadav SK. Nanoen-
capsulation for drug delivery. EXCLI J. 2014;13:265-
86.

Lanas A, Carrera-Lasfuentes P, Arguedas Y, Garcia S,
Bujanda L, Calvet X, et al. Risk of upper and lower
gastrointestinal bleeding in patients taking nonsteroi-
dal anti-inflammatory drugs, antiplatelet agents, or an-
ticoagulants. Clin Gastroenterol Hepatol. 2015;13:906-
12.e2. doi: 10.1016/j.cgh.2014.11.007.

Laurent S, Forge D, Port M, Roch A, Robic C, Vander
Elst L, et al. Magnetic iron oxide nanoparticles: syn-
thesis, stabilization, vectorization, physicochemical
characterizations, and biological applications. Chem
Rev. 2008;108:2064-110. doi: 10.1021/cr068445e.

Le MH, Yeo YH, Li X, LiJ, Zou B, Wu Y, et al. 2019
Global NAFLD prevalence: a systematic review and
meta-analysis. Clin Gastroenterol Hepatol. 2022;20:
2809-17.e28. doi: 10.1016/j.cgh.2021.12.002.

Lee TY, Hsu YC, Tseng HC, Yu SH, Lin JT, Wu MS,
et al. Association of daily aspirin therapy with risk of
hepatocellular carcinoma in patients with chronic hep-
atitis B. JAMA Intern Med. 2019;179:633-40. doi:
10.1001/jamainternmed.2018.8342.

Li G, Peng Y, Chen Z, LiH, Liu D, Ye X. Bidirectional
association between hypertension and NAFLD: a sys-
tematic review and meta-analysis of observational
studies. Int J Endocrinol. 2022;2022:8463640. doi:
10.1155/2022/8463640.

Liu J, Sun J, Yu J, Chen H, Zhang D, Zhang T, et al.
Gut microbiome determines therapeutic effects of
OCA on NAFLD by modulating bile acid metabolism.
NPJ Biofilms Microbiomes. 2023;9(1):29. doi:
10.1038/s41522-023-00399-z.

Longo M, Meroni M, Paolini E, Erconi V, Carli F, For-
tunato F, et al. TM6SF2/PNPLA3/MBOAT7 loss-of-
function genetic variants impact on NAFLD develop-
ment and progression both in patients and in in vitro
models. Cell Mol Gastroenterol Hepatol. 2022;13:759-
88. doi: 10.1016/j.jcmgh.2021.11.007.

Loomba R, Sanyal AJ. The global NAFLD epidemic.
Nat Rev Gastroenterol Hepatol. 2013;10:686-90. doi:
10.1038/nrgastro.2013.171.

Lu Y, Park K. Polymeric micelles and alternative nan-
onized delivery vehicles for poorly soluble drugs. Int J
Pharm. 2013;453(1):198-214. doi:
10.1016/j.ijpharm.2012.08.042.

Luef G, Rauchenzauner M, Waldmann M, Sturm W,
Sandhofer A, Seppi K, et al. Non-alcoholic fatty liver
disease (NAFLD), insulin resistance and lipid profile
in antiepileptic drug treatment. Epilepsy Res.
2009;86(1):42-7. doi: 10.1016/j.eplep-
syres.2009.04.004.

Machado MV, Cortez-Pinto H. NAFLD, MAFLD and
obesity: brothers in arms? Nat Rev Gastroenterol
Hepatol. 2023;20(2):67-8. doi: 10.1038/s41575-022-
00717-4.

Makadia HK, Siegel SJ. Poly lactic-co-glycolic acid
(PLGA) as biodegradable controlled drug delivery car-
rier. Polymers (Basel). 2011;3:1377-97. doi:
10.3390/polym3031377.

Marso SP, Daniels GH, Brown-Frandsen K, Kristensen
P, Mann JF, Nauck MA, et al. Liraglutide and cardio-
vascular outcomes in type 2 diabetes. N Engl J Med.
2016;375:311-22. doi: 10.1056/NEJM0al1603827.

Martin-Fernandez M, Arroyo V, Carnicero C,
Siguenza R, Busta R, Mora N, et al. Role of oxidative
stress and lipid peroxidation in the pathophysiology of
NAFLD. Antioxidants (Basel). 2022;11(11):2217. doi:
10.3390/antiox11112217.

Martin-Rodriguez JL, Gonzalez-Cantero J, Gonzalez-
Cantero A, Marti-Bonmati L, Alberich-Bayarri A,
Gonzalez-Cejudo T, et al. Insulin resistance and
NAFLD: Relationship with intrahepatic iron and serum
TNF-alpha using 1H MR spectroscopy and MRI. Dia-
betes Metab. 2019;45:473-9. doi: 10.1016/j.dia-
bet.2019.01.005.

Martinez-Urbistondo D, San Cristobal R, Villares P,
Martinez-Gonzalez MA, Babio N, Corella D, et al.
Role of NAFLD on the health related qol response to
lifestyle in patients with metabolic syndrome: The
PREDIMED Plus Cohort. Front Endocrinol (Lau-
sanne). 2022;13:868795. doi:
10.3389/fend0.2022.868795.

Marusic M, Paic M, Knobloch M, Liberati Prso AM.
NAFLD, insulin resistance, and diabetes mellitus type
2. Can J Gastroenterol Hepatol. 2021;2021:6613827.
doi: 10.1155/2021/6613827.

Mauri E, Giannitelli SM, Trombetta M, Rainer A. Syn-
thesis of nanogels: current trends and future outlook.
Gels. 2021;7(2):36. doi: 10.3390/gels7020036.

McClements D. Nanoemulsions versus microemul-
sions: Terminology, differences, and similarities. Soft
Matter. 2012;8:1719-29. doi: 10.1039/C2SM06903B.

Mitra A, Ray S. High-titre ANA positivity in NAFLD:
an uncommon presentation of a common disease. Eur
J Case Rep Intern Med. 2020;7(9):001714. doi:
10.12890/2020_001714.

969



EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

Morales-Becerril A, Aranda-Lara L, Isaac-Olivé K,
Ocampo-Garcia BE, Morales-Avila E. Nanocarriers
for delivery of siRNA as gene silencing mediator. EX-
CLI J. 2022;21:1028-52. doi: 10.17179/excli2022-
4975.

Muller P, Messmer M, Bayer M, Pfeilschifter JM, Hin-
termann E, Christen U. Non-alcoholic fatty liver dis-
ease (NAFLD) potentiates autoimmune hepatitis in the
CYP2D6 mouse model. J Autoimmun. 2016;69:51-8.
doi: 10.1016/j.jaut.2016.02.007.

Musso G, Gambino R, Cassader M, Pagano G. A meta-
analysis of randomized trials for the treatment of non-
alcoholic fatty liver disease. Hepatology. 2010;52(1):
79-104. doi: 10.1002/hep.23623.

Musso G, Cassader M, Rosina F, Gambino R. Impact
of current treatments on liver disease, glucose metabo-
lism and cardiovascular risk in non-alcoholic fatty liver
disease (NAFLD): a systematic review and meta-anal-
ysis of randomised trials. Diabetologia. 2012;55:885-
904. doi: 10.1007/s00125-011-2446-4.

Nair S, Diehl AM, Wiseman M, Farr GH Jr, Perrillo
RP. Metformin in the treatment of non-alcoholic stea-
tohepatitis: a pilot open label trial. Aliment Pharmacol
Ther.  2004;20(1):23-8.  doi:  10.1111/j.1365-
2036.2004.02025.x.

Nejati L, Movahedi A, Salari G, Moeineddin R, Nejati
P. The effect of berberine on lipid profile, liver en-
zymes, and fasting blood glucose in patients with non-
alcoholic fatty liver disease (NAFLD): a randomized
controlled trial. Med J Islam Repub Iran. 2022;36:39.
doi: 10.47176/mjiri.36.39.

Nelson A, Torres DM, Morgan AE, Fincke C, Harrison
SA. A pilot study using simvastatin in the treatment of
nonalcoholic steatohepatitis: A randomized placebo-
controlled trial. J Clin Gastroenterol. 2009;43:990-4.
doi: 10.1097/MCG.0b013e31819¢392e.

Neuschwander-Tetri BA, Loomba R, Sanyal AJ,
Lavine JE, Van Natta ML, Abdelmalek MF, et al. Far-
nesoid X nuclear receptor ligand obeticholic acid for
non-cirrhotic, non-alcoholic steatohepatitis (FLINT): a
multicentre, randomised, placebo-controlled trial. Lan-
cet. 2015;385:956-65. doi: 10.1016/s0140-
6736(14)61933-4.

Newsome PN, Buchholtz K, Cusi K, Linder M, Oka-
noue T, Ratziu V, et al. A placebo-controlled trial of
subcutaneous semaglutide in nonalcoholic steatohepa-
titis. N Engl J Med. 2021;384:1113-24. doi:
10.1056/NEJM0a2028395.

Newton JL, Jones DE, Henderson E, Kane L, Wilton
K, Burt AD, et al. Fatigue in non-alcoholic fatty liver
disease (NAFLD) is significant and associates with in-
activity and excessive daytime sleepiness but not with
liver disease severity or insulin resistance. Gut.
2008;57:807-13. doi: 10.1136/gut.2007.139303.

Niaz A, Ali Z, Nayyar S, Fatima N. Prevalence of
NAFLD in healthy and young male individuals. ISRN
Gastroenterol. 2011;2011:363546. doi:
10.5402/2011/363546.

Nogueira MA, Oliveira CP, Ferreira Alves VA,
Stefano JT, Rodrigues LS, Torrinhas RS, et al. Omega-
3 polyunsaturated fatty acids in treating non-alcoholic
steatohepatitis: A randomized, double-blind, placebo-
controlled trial. Clin Nutr. 2016;35:578-86. doi:
10.1016/j.cInu.2015.05.001.

Noureddin M, Ntanios F, Malhotra D, Hoover K, Emir
B, McLeod E, et al. Predicting NAFLD prevalence in
the United States using National Health and Nutrition
Examination Survey 2017-2018 transient elastography
data and application of machine learning. Hepatol
Commun. 2022;6:1537-48. doi: 10.1002/hep4.1935.

Oh KK, Gupta H, Min BH, Ganesan R, Sharma SP,
Won SM, et al. The identification of metabolites from
gut microbiota in NAFLD via network pharmacology.
Sci Rep. 2023;13(1):724. doi: 10.1038/s41598-023-
27885-w.

Oliveira CP, Gayotto LC, Tatai C, Della Nina Bl, Lima
ES, Abdalla DS, et al. Vitamin C and vitamin E in pre-
vention of Nonalcoholic Fatty Liver Disease (NAFLD)
in choline deficient diet fed rats. Nutr J. 2003;2:9. doi:
10.1186/1475-2891-2-9.

Palma R, Pronio A, Romeo M, Scognamiglio F, Ven-
triglia L, Ormando VM, et al. The role of insulin re-
sistance in fueling NAFLD pathogenesis: from molec-
ular mechanisms to clinical implications. J Clin Med.
2022;11(13):3649. doi: 10.3390/jcm11133649.

Panera N, Braghini MR, Crudele A, Smeriglio A, Bian-
chi M, Condorelli AG, et al. Combination treatment
with hydroxytyrosol and vitamin E improves NAFLD-
related fibrosis. Nutrients. 2022;14(18):3791. doi:
10.3390/nu14183791.

Parker HM, Johnson NA, Burdon CA, Cohn JS,
O'Connor HT, George J. Omega-3 supplementation
and non-alcoholic fatty liver disease: a systematic re-
view and meta-analysis. J Hepatol. 2012;56:944-51.
doi: 10.1016/j.jhep.2011.08.018.

Parry SA, Hodson L. Managing NAFLD in type 2 dia-
betes: the effect of lifestyle interventions, a narrative
review. Adv  Ther. 2020;37:1381-406. doi:
10.1007/s12325-020-01281-6.

970



EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

Perumpail BJ, Li AA, John N, Sallam S, Shah ND,
Kwong W, et al. The role of vitamin e in the treatment
of NAFLD. Diseases. 2018;6(4):86. doi: 10.3390/dis-
eases6040086.

Pi-Sunyer X, Astrup A, Fujioka K, Greenway F,
Halpern A, Krempf M, et al. A randomized, controlled
trial of 3.0 mg of liraglutide in weight management. N
Engl J Med. 2015;373(1):11-22. doi:
10.1056/NEJMo0al1411892.

Podszun MC, Alawad AS, Lingala S, Morris N, Huang
WA, Yang S, et al. Vitamin E treatment in NAFLD pa-
tients demonstrates that oxidative stress drives steato-
sis through upregulation of de-novo lipogenesis. Redox
Biol. 2020;37:101710. doi: 10.1016/j.re-
dox.2020.101710.

Policarpo SRO, Machado MV, Barreira D, Cortez-
Pinto H. NAFLD nutritional management: results from
a multidisciplinary approach. GE Port J Gastroenterol.
2022;29:401-8. doi: 10.1159/000519932.

Poonyam P, Kritsanaviparkporn C, Chommaitree P,
Soodcharoen A. The effects of combined vitamin E and
¢ for treatment of non-alcoholic fatty liver disease
(NAFLD): a systematic review and meta-analysis of
randomized controlled trials. Asian Pac J Cancer Prev.
2022;23:2891-9. doi:
10.31557/APJCP.2022.23.9.2891.

Poornima MS, Sindhu G, Billu A, Sruthi CR, Nisha P,
Gogoi P, et al. Pretreatment of hydroethanolic extract
of Dillenia indica L. attenuates oleic acid induced
NAFLD in HepG2 cells via modulating SIRT-1/p-
LKB-1/AMPK, HMGCR & PPAR-alpha signaling
pathways. J Ethnopharmacol. 2022;292:115237. doi:
10.1016/j.jep.2022.115237.

Pouwels S, Sakran N, Graham Y, Leal A, Pintar T,
Yang W, et al. Non-alcoholic fatty liver disease
(NAFLD): a review of pathophysiology, clinical man-
agement and effects of weight loss. BMC Endocr Dis-
ord. 2022;22(1):63. doi: 10.1186/s12902-022-00980-
1.

Pydyn N, Mickus K, Jura J, Kotlinowski J. New thera-
peutic strategies in nonalcoholic fatty liver disease: a
focus on promising drugs for nonalcoholic steatohepa-
titis.  Pharmacol Rep. 2020;72(1):1-12. doi:
10.1007/s43440-019-00020-1.

Rada P, Gonzalez-Rodriguez A, Garcia-Monzon C,
Valverde AM. Understanding lipotoxicity in NAFLD
pathogenesis: is CD36 a key driver? Cell Death Dis.
2020;11(9):802. doi: 10.1038/541419-020-03003-w.

Radu F, Potcovaru CG, Salmen T, Filip PV, Pop C,
Fierbinteanu-Braticievici C. The link between NAFLD
and metabolic syndrome. Diagnostics (Basel). 2023;13
(4):614. doi: 10.3390/diagnostics13040614.

Ratziu V, Giral P, Jacqueminet S, Charlotte F, Harte-
mann-Heurtier A, Serfaty L, et al. Rosiglitazone for
nonalcoholic steatohepatitis: one-year results of the
randomized placebo-controlled Fatty Liver Improve-
ment with Rosiglitazone Therapy (FLIRT) Trial. Gas-
troenterology. 2008;135:100-10. doi: 10.1053/j.gas-
tr0.2008.03.078.

Recuero AM, Gomes LG, Maciel GAR, de Mello
Malta F, Salles APM, Vezozzo DCP, et al. NAFLD in
polycystic ovary syndrome: association with PNPLA3
and metabolic features. Biomedicines. 2022;10(11):
2719. doi: 10.3390/biomedicines101127109.

Reinson T, Buchanan RM, Byrne CD. Noninvasive se-
rum biomarkers for liver fibrosis in NAFLD: current
and future. Clin Mol Hepatol. 2023;29(Suppl):S157-
S70. doi: 10.3350/cmh.2022.0348.

Riazi K, Azhari H, Charette JH, Underwood FE, King
JA, Afshar EE, et al. The prevalence and incidence of
NAFLD worldwide: a systematic review and meta-
analysis. Lancet Gastroenterol Hepatol. 2022;7:851-
61. doi: 10.1016/S2468-1253(22)00165-0.

Rodriguez-Pasten A, Fernandez-Martinez E, Perez-
Hernandez N, Soria-Jasso LE, Carino-Cortes R. Prebi-
otics and probiotics: effects on dyslipidemia and
NAFLD/NASH and the associated mechanisms of ac-
tion. Curr Pharm Biotechnol. 2023;24:633-46. doi:
10.2174/1389201023666220818145350.

Rojano A, Sena E, Manzano-Nunez R, Pericas JM,
Ciudin A. NAFLD as the metabolic hallmark of obe-
sity. Intern Emerg Med. 2023;18:31-41. doi:
10.1007/s11739-022-03139-x.

Romero-Gomez M, Aller R, Martin-Bermudo F. Die-
tary recommendations for the management of non-al-
coholic fatty liver disease (NAFLD): a nutritional ge-
ometry perspective. Semin Liver Dis. 2022;42:434-45.
doi: 10.1055/s-0042-1757711.

Roy S, Abudu A, Salinas I, Sinha N, Cline-Fedewa H,
Yaw AM, et al. Androgen-mediated perturbation of the
hepatic circadian system through epigenetic modula-
tion promotes NAFLD in PCOS mice. Endocrinology.
2022;163(10):bgac127. doi: 10.1210/endocr/bgac127.

971



EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

Rozanski G, Tabisz H, Zalewska M, Niemiro W,
Kujawski S, Newton J, et al. Meta-analysis of explor-
ing the effect of curcumin supplementation with or
without other advice on biochemical and anthropomet-
ric parameters in patients with metabolic-associated
fatty liver disease (MAFLD). Int J Environ Res Public
Health. 2023;20(5):4266. doi:
10.3390/ijerph20054266.

Sanyal AJ, Chalasani N, Kowdley KV, McCullough A,
Diehl AM, Bass NM, et al. Pioglitazone, vitamin E, or
placebo for nonalcoholic steatohepatitis. N Engl J Med.
2010;362:1675-85. doi: 10.1056/NEJM0a0907929.

Sanyal AJ, Abdelmalek MF, Suzuki A, Cummings
OW, Chojkier M. No significant effects of ethyl-
eicosapentanoic acid on histologic features of nonalco-
holic steatohepatitis in a phase 2 trial. Gastroenterol-
ogy. 2014;147:377-84.el. doi:  10.1053/j.gas-
tr0.2014.04.046.

Scorletti E, Byrne CD. Omega-3 fatty acids, hepatic li-
pid metabolism, and nonalcoholic fatty liver disease.
Annu Rev Nutr. 2013;33:231-48. doi: 10.1146/an-
nurev-nutr-071812-161230.

Scorletti E, Bhatia L, McCormick KG, Clough GF,
Nash K, Hodson L, et al. Effects of purified eicosapen-
taenoic and docosahexaenoic acids in nonalcoholic
fatty liver disease: results from the Welcome* study.
Hepatology. 2014;60:1211-21. doi:
10.1002/hep.27289.

Sercombe L, Veerati T, Moheimani F, Wu SY, Sood
AK, Hua S. Advances and challenges of liposome as-
sisted drug delivery. Front Pharmacol. 2015;6:286. doi:
10.3389/fphar.2015.00286.

Sharma R, Garg R, Kumari A. A review on biogenic
synthesis, applications and toxicity aspects of zinc ox-
ide nanoparticles. EXCLI J. 2020;19:1325-40. doi:
10.17179/excli2020-2842.

Sharma V, Anderson D, Dhawan A. Zinc oxide nano-
particles induce oxidative DNA damage and ROS-trig-
gered mitochondria mediated apoptosis in human liver
cells (HepG2). Apoptosis. 2012a;17:852-70. doi:
10.1007/s10495-012-0705-6.

Sharma V, Singh P, Pandey AK, Dhawan A. Induction
of oxidative stress, DNA damage and apoptosis in
mouse liver after sub-acute oral exposure to zinc oxide
nanoparticles. Mutat Res. 2012b;745:84-91. doi:
10.1016/j.mrgentox.2011.12.009.

Shi A, Li T, Zheng Y, Song Y, Wang H, Wang N, et
al. Chlorogenic acid improves NAFLD by regulating
gut microbiota and GLP-1. Front Pharmacol.
2021;12:693048. doi: 10.3389/fphar.2021.693048.

Shinde N, M M. Correlative study of HbAlc in non di-
abetic NAFLD with carotid intimal medial thickness
and abdominal fat indices. J Assoc Physicians India.
2020;68(1):83.

Siddiquah A, Hashmi SS, Mushtaq S, Renouard S,
Blondeau JP, Abbasi R, et al. Exploiting in vitro poten-
tial and characterization of surface modified Zinc oxide
nanoparticles of Isodon rugosus extract: Their clinical
potential towards HepG2 cell line and human patho-
genic bacteria. EXCLI J. 2018;17:671-87. doi:
10.17179/excli2018-1327.

Simon TG, Henson J, Osganian S, Masia R, Chan AT,
Chung RT, et al. Daily aspirin use associated with re-
duced risk for fibrosis progression in patients with non-
alcoholic fatty liver disease. Clin Gastroenterol Hepa-
tol. 2019;17:2776-84.¢4. doi:
10.1016/j.cgh.2019.04.061.

Singh P, Pandit S, Mokkapati V, Garg A, Ravikumar
V, Mijakovic I. Gold nanoparticles in diagnostics and
therapeutics for human cancer. Int J Mol Sci. 2018;19
(7):1979. doi: 10.3390/ijms19071979.

Sirelkhatim A, Mahmud S, Seeni A, Kaus NHM, Ann
LC, Bakhori SKM, et al. Review on zinc oxide nano-
particles: antibacterial activity and toxicity mecha-
nism.  Nanomicro Lett. 2015;7:219-42. doi:
10.1007/s40820-015-0040-x.

Skuratovskaia D, Komar A, Vulf M, Quang HV,
Shunkin E, Volkova L, et al. IL-6 reduces mitochon-
drial replication, and IL-6 receptors reduce chronic in-
flammation in NAFLD and type 2 diabetes. Int J Mol
Sci. 2021;22(4):1774. doi: 10.3390/ijms22041774.

Sliz E, Sebert S, Wurtz P, Kangas AJ, Soininen P,
Lehtimaki T, et al. NAFLD risk alleles in PNPLA3,
TM6SF2, GCKR and LYPLALL1 show divergent met-
abolic effects. Hum Mol Genet. 2018;27:2214-23. doi:
10.1093/hmg/ddy124.

Sookoian S, Pirola CJ. Nonalcoholic fatty liver disease
and metabolic syndrome: Shared genetic basis of path-
ogenesis.  Hepatology. 2016;64:1417-20.  doi:
10.1002/hep.28746.

Sookoian S, Pirola CJ. Systematic review with meta-
analysis: risk factors for non-alcoholic fatty liver dis-
ease suggest a shared altered metabolic and cardiovas-
cular profile between lean and obese patients. Aliment
Pharmacol Ther. 2017;46:85-95. doi:
10.1111/apt.14112.

972



EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

Spremovic Radenovic S, Pupovac M, Andjic M, Bila
J, Sreckovic S, Gudovic A, et al. Prevalence, risk fac-
tors, and pathophysiology of nonalcoholic fatty liver
disease (NAFLD) in women with polycystic ovary syn-
drome (PCOS). Biomedicines. 2022;10(1):131. doi:
10.3390/biomedicines10010131.

Tang F, Li L, Chen D. Mesoporous silica nanoparti-
cles: synthesis, biocompatibility and drug delivery.
Adv Mater. 2012;24:1504-34. doi:
10.1002/adma.201104763.

Targher G, Mantovani A, Alisi A, Mosca A, Panera N,
Byrne CD, et al. Relationship between PNPLA3
rs738409 polymorphism and decreased kidney func-
tion in children with NAFLD. Hepatology. 2019;70
(1):142-53. doi: 10.1002/hep.30625.

Teo K, Abeysekera KWM, Adams L, Aigner E, Anstee
QM, Banales JM, et al. rs641738C>T near MBOAT7
is associated with liver fat, ALT and fibrosis in
NAFLD: A meta-analysis. J Hepatol. 2021;74:20-30.
doi: 10.1016/j.jhep.2020.08.027.

Totterman A, Boyd B, Charman W, Porter C. Drug sol-
ubilization behavior during in vitro digestion of sus-
pension formulations of poorly water-soluble drugs in
triglyceride lipids. Pharm Res. 2004;21:254-60. doi:
10.1023/B:PHAM.0000016283.87709.a9.

Torchilin VP. Multifunctional, stimuli-sensitive nano-
particulate systems for drug delivery. Nat Rev Drug
Discov. 2014;13:813-27. doi: 10.1038/nrd4333.

Tutunchi H, Zolrahim F, Nikbaf-Shandiz M, Naeini F,
Ostadrahimi A, Naghshi S, et al. Effects of oleoyleth-
anolamide supplementation on inflammatory bi-
omarkers, oxidative stress and antioxidant parameters
of obese patients with NAFLD on a calorie-restricted
diet: A randomized controlled trial. Front Pharmacol.
2023;14:1144550. doi: 10.3389/fphar.2023.1144550.

Vandebriel RJ, De Jong WH. A review of mammalian
toxicity of ZnO nanoparticles. Nanotechnol Sci Appl.
2012;5:61-71. doi: 10.2147/nsa.S23932.

Vargas JI, Arrese M, Shah VH, Arab JP. Use of statins
in patients with chronic liver disease and cirrhosis: cur-
rent views and prospects. Curr Gastroenterol Rep.
2017;19(9):43. doi: 10.1007/s11894-017-0584-7.

Vetrani C, Barrea L, Verde L, Sarno G, Docimo A, de
Alteriis G, et al. Evening chronotype is associated with
severe NAFLD in obesity. Int J Obes (Lond). 2022;46:
1638-43. doi: 10.1038/s41366-022-01159-3.

Vetrano E, Rinaldi L, Mormone A, Giorgione C,
Galiero R, Caturano A, et al. Non-alcoholic fatty liver
disease (NAFLD), type 2 diabetes, and non-viral hepa-
tocarcinoma: pathophysiological mechanisms and new
therapeutic strategies. Biomedicines. 2023;11(2):468.
doi: 10.3390/biomedicines11020468.

Villavicencio EA, Maldonado A, Crocker RM, Guan
Y, Stallman C, Garcia DO. Communicating PNPLA3
genetic risk status for NAFLD among Mexican-origin
men. Front Public Health. 2022;10:1090101. doi:
10.3389/fpubh.2022.1090101.

Vinogradov SV, Bronich TK, Kabanov AV. Nanosized
cationic hydrogels for drug delivery: preparation, prop-
erties and interactions with cells. Adv Drug Deliv Rev.
2002;54(1):135-47. doi: 10.1016/s0169-
409x(01)00245-9.

Vonghia L, Magrone T, Verrijken A, Michielsen P,
Van Gaal L, Jirillo E, et al. Peripheral and hepatic vein
cytokine levels in correlation with non-alcoholic fatty
liver disease (NAFLD)-related metabolic, histological,
and haemodynamic features. PLoS One. 2015;10(11):
€0143380. doi: 10.1371/journal.pone.0143380.

Vuppalanchi R, Gould RJ, Wilson LA, Unalp-Arida A,
Cummings OW, Chalasani N, et al. Clinical signifi-
cance of serum autoantibodies in patients with
NAFLD: results from the nonalcoholic steatohepatitis
clinical research network. Hepatol Int. 2012;6(1):379-
85. doi: 10.1007/s12072-011-9277-8.

Wang X, Jin X, Li H, Zhang X, Chen X, Lu K, et al.
Effects of various interventions on non-alcoholic fatty
liver disease (NAFLD): A systematic review and net-
work meta-analysis. Front Pharmacol. 2023;14:
1180016. doi: 10.3389/fphar.2023.1180016.

Wang Z, Ye M, Zhang XJ, Zhang P, Cai J, Li H, et al.
Impact of NAFLD and its pharmacotherapy on lipid
profile and CVD. Atherosclerosis. 2022;355:30-44.
doi: 10.1016/j.atherosclerosis.2022.07.010.

Wong VWS, Zelber-Sagi S, Cusi K, Carrieri P, Wright
E, Crespo J, et al. Management of NAFLD in primary
care settings. Liver Int. 2022;42:2377-89. doi:
10.1111/1iv.15404.

Yallapu MM, Jaggi M, Chauhan SC. Curcumin
nanoformulations: a future nanomedicine for cancer.
Drug Discov  Today. 2012;17:71-80.  doi:
10.1016/j.drudis.2011.09.009.

Yallapu MM, Nagesh PK, Jaggi M, Chauhan SC. Ther-
apeutic applications of curcumin nanoformulations.
AAPS J. 2015;17:1341-56. doi: 10.1208/s12248-015-
9811-z.

973



EXCLI Journal 2023;22:946-974 — ISSN 1611-2156

Received: August 01, 2023, accepted: August 29, 2023, published: September 04, 2023

Yap JY, O'Connor C, Mager DR, Taylor G, Raoberts
EA. Diagnostic challenges of nonalcoholic fatty liver
disease (NAFLD) in children of normal weight. Clin
Res Hepatol Gastroenterol. 2011;35:500-5. doi:
10.1016/j.clinre.2011.04.001.

Ye X, Kong W, Zafar Ml, Zeng J, Yang R, Chen L-L.
Plasma vascular endothelial growth factor B is elevated
in non-alcoholic fatty liver disease patients and associ-
ated with blood pressure and renal dysfunction. EXCLI
J. 2020;19:1186-95. doi: 10.17179/excli2020-2647.

Yoneda M, Hasegawa T, Sato K. Vitamin E therapy for
NAFLD/NASH. Nutrition. 2015;31:898-9. doi:
10.1016/j.nut.2014.08.007.

Younossi ZM. Non-alcoholic fatty liver disease - A
global public health perspective. J Hepatol. 2019;70:
531-44. doi: 10.1016/j.jhep.2018.10.033.

Younossi ZM, Koenig AB, Abdelatif D, Fazel Y,
Henry L, Wymer M. Global epidemiology of nonalco-
holic fatty liver disease-Meta-analytic assessment of
prevalence, incidence, and outcomes. Hepatology.
2016;64:73-84. doi: 10.1002/hep.28431.

Younossi ZM, Rinella ME, Sanyal AJ, Harrison SA,
Brunt EM, Goodman Z, et al. From NAFLD to
MAFLD: Implications of a premature change in termi-
nology. Hepatology. 2021;73:1194-8. doi:
10.1002/hep.31420.

Yu H, Yan S, Jin M, Wei Y, Zhao L, Cheng J, et al.
Aescin can alleviate NAFLD through Keapl-Nrf2 by
activating antioxidant and autophagy. Phytomedicine.
2023;113:154746. doi:
10.1016/j.phymed.2023.154746.

Zhang CY, Liu S, Yang M. Antioxidant and anti-in-
flammatory agents in chronic liver diseases: Molecular
mechanisms and therapy. World J Hepatol. 2023;15:
180-200. doi: 10.4254/wjh.v15.i2.180.

Zuberbuhler F, Boursier J. Noninvasive diagnosis of
liver fibrosis in NAFLD: Tips tricks. Clin Res Hepatol
Gastroenterol. 2019;43:658-62. doi:
10.1016/j.clinre.2019.03.0009.

974



