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Abstract

Although non-alcoholic fatty liver disease (NAFLD) presents as an intricate condition characterized by a growing
prevalence, the often-recommended lifestyle interventions mostly lack high-level evidence of efficacy and there are
currently no effective drugs proposed for this indication. The present review delves into NAFLD pathology, its diverse
underlying physiopathological mechanisms and the available in vitro, in vivo, and clinical evidence regarding the use
of natural compounds for its management, through three pivotal targets (oxidative stress, cellular inflammation,

and insulin resistance). The promising perspectives that natural compounds offer for NAFLD management underscore
the need for additional clinical and lifestyle intervention trials. Encouraging further research will contribute to estab-
lishing more robust evidence and practical recommendations tailored to patients with varying NAFLD grades.
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1 Introduction

Non-alcoholic fatty liver disease (NAFLD), the most
common liver disease in industrialized countries, is
expected to expand with the continuous increase in obe-
sity epidemics [1-3]; moreover, NAFLD has been asso-
ciated with an increased risk of type 2 diabetes (T2DM)
and cardiovascular disease (CVD). Most patients with
NAFLD usually exhibit pathological traits such as obe-
sity, insulin resistance, hypertension, and hyperlipidemia.
Therefore, NAFLD is also referred to as “metabolic dys-
function-associated fatty liver disease” (MAFLD) [4].
Long-term NAFLD may initiate the development of non-
alcoholic steatohepatitis (NASH), which will likely pro-
gress to cirrhosis and hepatocellular carcinoma (HCC)
[5-7]. NAFLD is thus becoming a serious health and
economic burden as well as a major concern for hepa-
tologists since there is currently no effective drug with
a marketing authorization for this indication [1, 6, 8].
Although NAFLD has attracted the attention of pharma-
ceutical companies for the development of new drugs, its

management is currently only based on the implementa-
tion of an appropriate diet, regular physical activity, and
etiological treatment such as e.g. bariatric surgery [2, 6,
9]. In an interesting approach, several research teams
have been investigating the efficacy of natural com-
pounds for the treatment of NAFLD. By focusing on crit-
ical elements within the disease pathophysiology, these
compounds could provide a novel opportunity to posi-
tively influence disease progression, potentially halting
the advancement of NAFLD.

2 Histological spectrum and diagnosis of NAFLD

Primary NAFLD is characterized by an abnormal and
excessive accumulation of triglycerides (TGs) within
hepatocytes [5, 6, 10] that is not related to alcohol abuse
or steatosis factors such as viral infections or hepato-
toxic drugs [5, 10]. The histological features of the disease
(Fig. 1) range from simple steatosis (NAFL) to non-alco-
holic steatohepatitis (NASH). NAFL corresponds to fatty
liver, characterized by lipid droplets in more than 5% of
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Fig. 1 Histological spectrum of NAFLD. HOCC hepatocellular carcinoma, IR insulin resistance, NAFL non-alcoholic fatty liver, NAFLD non-alcoholic
fatty liver disease, NASH non-alcoholic steatohepatitis, ROS reactive oxygen species

hepatocytes, but without lesions. NASH, the advanced
and severe manifestation of NAFLD, is characterized by
the presence of steatosis accompanied by hepatocyte bal-
looning. This hepatocyte ballooning involves an enlarge-
ment of hepatocytes and their clarification. Additionally,
NASH includes lobular inflammation, which consists of
the infiltration of lymphocytes, macrophages, and neu-
trophils, as well as focal hepatocyte necrosis [11, 12].
NASH may evolve into liver cirrhosis and/or progress
to end-stage liver disease and hepatocellular carcinoma
[10].

The gold standard method for NAFLD diagnosis is liver
biopsy [6]. However, this technique cannot be performed
in all patients because of its invasive and painful nature,
some rare complications, and the high prevalence of the
disease [13, 14]. Noninvasive methods based on serum
markers and imaging have therefore been developed.
Table 1 briefly summarizes the different tests that can be
used for diagnosis. Henceforth, MAFLD is considered by
a consortium of international liver specialists as a stan-
dalone disease, which implies setting new diagnosis cri-
teria [4], i.e. (i) a liver steatosis confirmed by one of the
tests mentioned in Table 1 and (ii) overweight or obesity

(BMI>25 kg/m? in Caucasians and 23 kg/m? in Asians),
or T2DM [4]. These metabolic conditions accompany-
ing liver steatosis are sufficient to diagnose NAFLD [4].
Under other metabolic conditions, a NAFL accompa-
nied by at least two metabolic abnormalities, which are
defined in Table 2, are needed to set a NAFLD diagnosis
[4].

3 Incidence, prevalence, and risk factors for NAFLD
The incidence and prevalence of NAFLD, although dif-
ficult to accurately estimate due to variations in diag-
nosis methods [5, 12], have significantly increased since
the twentieth century and are expected to rise over the
coming years both in Western and in developing coun-
tries. Although there is a lack of data regarding the
incidence of NAFLD [3, 7, 15], the prevalence of the
disease, estimated from ultrasound imaging diagnosis,
is variable across continents, countries and regions: in
Europe, the average prevalence is 25.1% (range, 20.55
to 30.28%, depending on the country); in the USA, the
prevalence is estimated at 31% with variations accord-
ing to ethnicity, as it is higher in Hispanic Americans
and lower in European and African Americans; in Latin

Table 1 The different diagnostic methods of the NAFLD [6, 13, 14, 30, 137]

Patients with steatosis

FLI: detection and confirmation of steatosis, identification of people at higher risk of developing

NAFLD (sensitivity =83%; specificity = 70%)

"H-MRS: reference method but high cost and time consuming

Ultrasound-based radiography (use a sound wave): recommended first-line method for a rapid
appreciation of the liver structure and lesions

Patients at low risk of advanced fibrosis and cir-
rhosis

NFS and FIB-4 index (simple blood tests): recommended as first-line to discriminate advanced
fibrosis stage F3/F4 (specificity =low)

Fibrotest, fibrometer, hepascore and ELF test (specialized blood tests that gives an indication

on the fibrosis severity): better diagnostic value (sensitivity =high)

Fibroscan (pulse elastography, use a low amplitude wave): measurement of liver “hardening” (liver
stiffness, inflammation and, fat)

MRE (use of an MRI scan): identify whole organ fibrosis

— The combination of a blood test and fibroscan increases the accuracy of diagnosis and thus
limits the need of liver biopsy confirmation

Patients with NASH

Liver biopsy (histological diagnosis): gold standard method for identifying fibrosis and inflammation

ELF test enhanced liver fibrosis test, FIB-4 index fibrosis-4 index, FLI fatty liver index, ’H-MRS magnetic resonance proton spectroscopy, NFS NAFLD fibrosis score, MRE

magnetic resonance elastography, MR/ magnetic resonance imaging
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Table 2 Summary of the metabolic abnormalities that may accompany hepatic steatosis in adults considered to set a diagnosis of

NAFLD [4]

Waist circumference
Blood pressure
Plasma triglycerides

Plasma HDL-cholesterol
treatment

Prediabetes

> 102/88 cm in Caucasians (or >90/80 cm in Asians)

> 130/85 mmHg or specific drug treatment

> 150 mg/dL (= 1.70 mmol/L) or specific drug treatment

<40 mg/dL (< 1.0 mmol/L) for men and <50 mg/dL (< 1.3 mmol/L) for women or specific drug

i.e, fasting glucose levels 100 to 125 mg/dL [5.6 to 6.9 mmol/L], or 2-h postload glucose levels 140

to 199 mg/dL [7.8 to 11.0 mmol] or HbATc 5.7% to 6.4% [39 to 47 mmol/mol]

Homeostasis model assessment of IR score >25

Plasma high-sensitivity C-reactive protein level >2 mg/mL

HDL high-density lipoprotein, HbATc hemoglobin A1c, IR insulin resistance

America, the prevalence of NAFLD is estimated at
44.4% with variations according to countries. The aver-
age prevalence in other parts of the world is approxi-
mately 36.5% in the Middle East, 31% in Asia, and
approximately 20% in Africa [3, 16, 17].

Several factors increase the risk of developing
NAFLD; the prevalence of the disease is notably higher
in obese patients (>95%), diabetic patients (33-66%),
patients with dyslipidemia (50%) and patients with
metabolic syndrome (MetS) and polycystic ovary syn-
drome. Lifestyle is an important parameter to con-
sider as an increase in sedentary lifestyle, and a high
consumption of sugars and saturated fatty acids is
correlated with an increase in NAFLD. Moreover, the
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prevalence of NAFLD increases in people over 50 years
old [3, 6, 10, 18].

4 Pathogenesis of NAFLD

The pathogenesis of NAFLD, complex and still poorly
understood, is thought to be the result of “multiple hits”
along different metabolic pathways (Fig. 2) [2, 19].

4.1 Nutritional factors

The chronic elevation of circulating lipids and/or carbo-
hydrates in obesity or type 2 diabetes leads to an increase
in fat storage in nonadipose tissues, especially in the
liver, an organ particularly affected by excess caloric
intake because of its central role in lipid and glucose
metabolism. This phenomenon is known as “ectopic fat

7
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Fig. 2 Pathogenesis of NAFLD. FFAs free fatty acids, HCC hepatocellular carcinoma, /R insulin resistance, NAFL non-alcoholic fatty liver, NASH
non-alcoholic steatohepatitis, PNPLA-3 patatin-like phospholipase domain-containing protein 3, ROS reactive oxygen species, TGs triglycerides
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accumulation” [20]. Under these conditions, the hepato-
cyte plasma membrane exhibits an increase in fatty acid
transport proteins, such as FA-transport and FA-binding
proteins, and the activation of two transcription factors,
sterol regulatory element binding protein (SREBP-1c)
and carbohydrate responsive element binding protein
(ChREBP), which activate local de novo lipogenesis [21,
22]. This increased hepatic lipogenesis leads to the accu-
mulation of free fatty acids (FFAs), which are stored as
TGs and exported as very low-density lipoprotein parti-
cles (VLDLs). At the onset of the disease, the FFAs from
lipid droplets enter mitochondrial f-oxidation to provide
cellular energy. However, during the progression of the
disease, fatty acid deposition exceeds the liver capacity to
metabolize and export FFAs. Additionally, an inhibition
of B-oxidation is associated with decreased expression of
peroxisome proliferator-activated receptor-a (PPAR-a),
a transcription factor crucial for the expression of pro-
teins involved in FFA transport and p-oxidation [23].
Furthermore, the accumulation of FFAs alters the normal
function of mitochondria, lysosomes, and endoplasmic
reticulum, notably through the activation of intracellu-
lar pathways that promote mitochondrial and lysosomal
membrane permeabilization, oxidative stress, and inflam-
mation, which can lead to hepatocyte apoptosis [24]. The
combination of these 4 elements (increased lipid influx
and de novo lipogenesis; decreased [-oxidation and lipid
efflux) leads to steatosis, induces cell damage, and pro-
motes cellular necrosis, inflammation, fibrosis, and cir-
rhosis [12, 19, 20].

4.2 Gut microbiota

The gut microbiota plays an important role in the devel-
opment of NAFLD. Indeed, in people with NAFLD, the
intestinal microbiota becomes less diverse and gram-
negative bacteria become more abundant [25]. Bacteria
are involved in the metabolization and enterohepatic
cycling of bile acids, important digestive components
that notably allow the solubilization and absorption of
dietary lipids and fat-soluble vitamins [26]. But, as a low
level of plasmatic bile acids disrupts the activity of dif-
ferent receptors (G protein-coupled receptor 5, TGR5,
and Farnesoid X receptor, FXR), alterations of bile acid
metabolism and composition have been shown to pro-
mote the development of NAFLD [26, 27]. Obesity and
diabetes have been associated with dysbiosis, which
might contribute to the development and progression
of NAFLD [28, 29]. Dysbiosis induces the release of
proinflammatory cytokines such as interleukins (IL-6
and IL-12) and TNF-a by macrophages and thus gener-
ates an intrahepatic inflammatory response contributing
to the progression of NAFLD [19, 30]. Also, dysbiosis
alters another metabolic function of bacteria from the
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intestinal flora, namely, their ability to produce short-
chain fatty acids (acetate, propionate, and butyrate) from
dietary fibers, leading to increased blood sugar, IR, and
inflammation but also to a decrease in the production of
glucagon-like peptide 1 (GLP-1) [26, 30].

4.3 Genetic factors

The hereditary component of NAFLD is estimated at
between 35 and 61% [25]. A robust relationship between
genetic factors and the development of NAFLD has been
established in a genome-wide association study (GWAS)
[31]. One of the most important identified genes is
PNPLA-3 and its PNPLA-3 1148M variant [32, 33]. The
PNPLA-3 gene encodes a patatin-like protein, highly
expressed in the liver and retina, with TGs and retinyl
ester esterase activity. The expression of this gene seems
to be regulated by nutritional factors [34, 35]. The lipid
esterase activity (lipase) of the 1148M variant is altered,
which would induce a decrease in TG hydrolysis and thus
a sequestration of fats in hepatocytes and stellate cells
with an increase in droplet size favorable to the devel-
opment of the disease [33, 36, 37]. This mutated enzyme
accumulates in lipid droplets and is frequently found in
Hispanic and less so in African populations [31, 32, 38,
39]. It should also be noted that this variant is not asso-
ciated with changes in insulin sensitivity [38]. Other
genes are involved in the development of NAFLD. The
polymorphism rs641738 reduces expression of mem-
brane-bound O-acetyltransferase domain containing
7-trans-membrane channel-like 4 (MBOAT7-TMC4) and
is associated with increased liver lipid content [25]. Also,
several polymorphisms in ApoC3 can lead to hypertri-
glyceridemia, insulin resistance and NAFLD [25].

4.4 Complications

As mentioned before, NAFLD is a slowly progress-
ing multisystem disease, which means that it can lead
to many hepatic and extrahepatic complications [2, 5].
Hepatic complications include a progression of the dis-
ease to NASH in a certain number of patients, depending
on environment and genetics [2, 12] and HCC. The likeli-
hood of developing HCC is higher in patients affected by
NASH with cirrhosis than in patients with NAFLD [6]; an
increased prevalence of HCC may be related to genetics,
including the I148M variant of the PNPLA-3 gene, which
represents a significant cause of mortality in NAFLD
patients. Regarding extrahepatic complications, NAFLD
often leads to cardiovascular diseases, explaining the
necessity of NAFLD diagnosis in any patient with a cardi-
ovascular history [6]. Indeed, a disturbance of lipoprotein
metabolism in hepatocytes can lead to the ectopic accu-
mulation of fat in the myocardium, which would lead to
the deregulation of heart function. Similarly, via ectopic
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accumulation of fat in the kidneys, chronic kidney dis-
eases are also a major complication of NAFLD. It should
also be noted that extrahepatic cancers are among the
top three causes of death in patients with NAFLD [30, 40,
41]. Furthermore, this disease is associated with a higher
risk of developing T2DM, which is why it is mandatory to
screen a patient with the disease for diabetes. Conversely,
type 2 diabetic patients may more easily develop NAFLD
in association with the presence of IR [6].

5 Current treatment options

The management of NAFLD is based on three pillars that
aim at slowing down the development of the disease and
its progression to NASH: (i) lifestyle intervention, (ii)
pharmacological therapies and (iii) surgical intervention.

The first-line intervention for the clinical management
of NAFLD is based on lifestyle changes. First, the adop-
tion of an appropriate diet to achieve weight loss and thus
reduce hepatic fat accumulation with energy restrictions
(avoidance of high-fat meals and elimination of food rich
in fructose) [2, 6]. Second, the practice of regular physi-
cal activity decreases inflammation and increases the
level of irisin (myokine), a hormone that mediates weight
loss and thermoregulation [42]. It is worth noting that
combining diet modification and the increase in physical
activity would be more effective [2, 6, 12, 43].

The therapies used in the management of NAFLD
aim to improve steatosis and prevent disease evolution
to NASH but do not have a marketing authorization
for this indication [2]. Thiazolidinediones (pioglitazone
and rosiglitazone) improve hepatic insulin sensitiv-
ity and decrease hepatic TG content through activation
of PPAR-y [44]. They significantly decrease steatosis,
hepatocellular ballooning, and inflammatory activity
in NASH [8, 45]. Incretin mimetics (GLP-1 analogues
such as liraglutide) act on the glucose-insulin interaction
and increase meal-related insulin secretion [46]. Statins
induce a reduction in hepatic steatosis and inhibit the
progression of steatosis to NASH, but these drugs have
not been sufficiently evaluated for this indication [47, 48].
Obeticholic acid improves both IR and NASH in terms
of inflammation, ballooning, and fibrosis [8, 49]. Vitamin
E has shown improvement in steatosis, inflammation
and ballooning as well as regression of NASH in nondia-
betic [45, 50] and noncirrhotic patients [51]. There is no
extensive evaluation of the use of vitamin E in diabetic
patients. Polyunsaturated fatty acids (including omega 3)
may induce a decrease in liver steatosis and injury, as in
liver and blood lipid levels, but evidence is conflicting as
to their beneficial effects [52—56].

Stearoyl-CoA desaturase-1 (SCD-1) modulators, such
as icomidocholic acid, both decrease lipogenesis and

Page 6 of 18

hypertriglyceridemia and enhance p-oxidation of fatty
acids and insulin sensitivity in NAFLD patients [57].

Bariatric surgery can be used in patients for whom life-
style modifications and drug treatments are ineffective
but also in patients with BMI > 40 kg/m? (morbid obesity)
or > 35 kg/m? with at least one comorbidity. A systematic
literature review indicated a reduction in necrosis and
inflammation and an improvement in fibrosis following
bariatric surgery [58].

Finally, liver transplantation is the main treatment
option for patients with end-stage NASH as NAFLD with
cirrhosis is among the main conditions requiring liver
transplantation [6].

6 Future direction for the management

of the disease
Within the complex pathophysiology of NAFLD, 3 inter-
related targets appear to play determining roles in the
development of the disease and its progression to NASH,
oxidative stress, cellular inflammation, and insulin resist-
ance (Fig. 3).

Oxidative stress represents a crucial process in the
development of NAFLD [20], notably through induc-
tion of liver mitochondria dysfunction, which promotes
lipid peroxidation and inhibits fatty acid p-oxidation [20]
thereby participating in liver TGs accumulation and IR
development. In addition, excessive amounts of reac-
tive oxygen species (ROS) produced by mitochondria in
NAFLD will reduce antioxidant defense through deple-
tion of serum reduced glutathione (GSH) and mobiliza-
tion of catalase (CAT) and superoxide dismutase (SOD)
[40]. Mitochondrial dysfunction, depletion of antioxi-
dants and inflammation therefore induce ROS homeosta-
sis imbalance, which promotes worsening of hepatocyte
injury, progression from NAFL to NASH, cell death and
fibrosis [59].

Another key event in the progression of NAFLD is cel-
lular inflammation. The development of adipocytes leads
to increased infiltration of hepatocytes by M1-polarized
macrophages secreting proteins such as IL-6, IL-12 or
TNE-a in the liver, which leads to a local chronic inflam-
matory phase [30, 40]. This inflammation also promotes
the development of IR in adipose tissue, which leads to
a reduction in the serum levels of adiponectin, an adi-
pokine that increases insulin sensitivity and decreases
inflammation [40]. Inflammation can be induced by ROS
via the release of proinflammatory cytokines, and con-
versely, inflammation is conducive to the development of
oxidative stress [30]. Inflammation is mainly reduced by
inhibiting the classical nuclear factor kB (NF-kB) path-
way [20], which is activated by pro-inflammatory mol-
ecules such as cytokines and by oxidative stress.



Merenda et al. Natural Products and Bioprospecting (2024) 14:24

7ROS |- 8y,
{ I \ antioxidants

Mitochondrial
dysfunction

v

Page 7 of 18

NF-kB pathway

| 7 16, 1L-12, TNF-a ||V 1L-10 |

I OXIDATIVE STRESS I 'I Pro-inflammatory cytokines ’

CELLULAR
INFLAMMATION

Lipid peroxidation
[-oxidation inhibition

’ N\ Adiponectine

INSULIN

7 FFAs

RESISTANCE

PPAR-y, ChREBP/SREBP-1c inhibition
GLP-1 secretion inhibition

Fig. 3 Key targets in the development and progression of NAFLD. ChREBP carbohydrate responsive element binding protein, FFAs free fatty acids,
GLP-1 glucagon-like peptide 1, IL interleukin, NF-kB nuclear factor kB, PPAR-y peroxisome proliferator-activated receptor y, ROS reactive oxygen
species, SREBP-1c sterol regulatory element binding protein, TNF-a tumor necrosis factor

A further major target would be insulin resistance,
which manifests itself in adipose tissue, liver, and skele-
tal muscle. The ectopic accumulation of fat disturbs the
insulin signal by reducing its signaling impact, and a
downward circle is established since steatosis can itself
promote IR within these various organs. In addition,
IR can also be induced by excessive ROS production in
the liver [60]. IR of adipose tissue induces the release
of FFAs taken up by the pancreas into the bloodstream,
resulting in a B-cell dysfunction that stimulates insu-
lin secretion. A paradox can then be put forward; even
if sensitivity to insulin decreases, its role on carbohy-
drates is not compromised. Insulin remains there-
fore able to initiate de novo synthesis of fatty acids,
particularly from fructose, and promote their storage
as TGs in the liver. But (i) liver IR stimulates the bio-
chemical pathways of glycogenolysis and gluconeogen-
esis to increase blood glucose levels; and (ii) muscle IR
reduces resorption of blood glucose, which promotes
glucotoxicity, hyperglycemia being associated with
diabetes development [60]. A reduction of IR can be
achieved through 3 different main mechanisms: (i) via
an action on the PPAR-y receptors; (ii) via an action on
SREBP-1c and on ChREBP; and/or (iii) by stimulating
the release of the GLP-1 hormone via an action on the
TGR5 receptors.

6.1 Natural compounds interacting with one or more

targets and evidence supporting their use

in the management of NAFLD
In this section, we will present the clinical, in vivo, and
in vitro evidence for various natural compounds influ-
encing NAFLD. Table 3 provides a concise summary of
the key effects of the compounds presented in this study,
including the supporting evidence levels and the phar-
macological targets they impact. The studies highlighted
elucidate the advantageous impacts of several natural
compounds on the three previously discussed targets:
oxidative stress, cellular inflammation, and insulin resist-
ance (IR). The molecular structures of these compounds
are depicted in Fig. 4.

In murine enteroendocrine cells, oleanolic acid (C1),
a pentacyclic triterpenoid widely distributed in plants,
significantly stimulates GLP-1 secretion via activation
of the TGR5 receptor [61]. Suppression of TGR5 expres-
sion by small interfering ribonucleic acids (sRNAi) inhib-
ited GLP-1 secretion, providing evidence that oleanolic
acid-induced GLP-1 secretion is mediated by the TGR5
receptor [61]. On rats with diet-induced metabolic syn-
drome and NAFLD, oleanolic acid (i) enhances insulin
sensitivity; (ii) improves glucose tolerance; (iii) triggers
a reduction in NF-kB activation, by limiting p65 phos-
phorylation, which attenuates the NF-«xB inflammatory
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pathway and prevents the development of NASH; (iv)
acts as a regulator of liver lipid metabolism protein
expression; (v) suppresses the expression of SREBP-1c,
FAS, ACCa and LXRa, which are involved in hepatic
lipid metabolism; (vi) suppresses the transcription of
lipid transport proteins such as FABP1, FABP4 and
CD36; and (vii) improves the gut microbiota by reducing
endotoxemia and protecting the intestinal barrier, lead-
ing to an enrichment of the pool of butyrate-producing
bacteria [62].

Biochanin A (C2), an O-methylated isoflavone belong-
ing to the phytochemical class of flavonoids, has several
pharmacological effects, including anti-inflammatory,
lipid-lowering, and cholesterol-lowering effects as well
as cancer chemoprevention-related effects [63, 64]. In
diabetic rats, biochanin A, as a potent activator of both
PPAR-y and PPAR-a receptors, has shown promising
and interesting effects in lowering glycemia and improv-
ing insulin sensitivity [65, 66]. Biochanin A binds to the
PPAR-y receptor and induces transcription of target
genes via selective interactions between cofactors and the
receptor [67, 68]. As a partial agonist, biochanin A may
have fewer side effects than the full agonists thiazolidin-
ediones [68-71].

Curcumin (C3) is a polyphenol that possesses several
biological activities of interest in the context of NASH,
notably by reducing inflammation, modifying lipid pro-
files, and increasing insulin sensitivity. These properties
are notably due to interactions between curcumin and
transcription factors (NF-«B), enzymes (COX2), recep-
tors (PPAR-y) and cytokines (IL-6, TNF-a) [72]. An
in vivo study on NASH models demonstrated the anti-
oxidant properties of curcumin through upregulation
of the Nrf2 gene [73]. Clinical trials on NAFLD patients
confirmed the anti-inflammatory [74] and antidiabetic
[75] effects of curcumin via NF-«xB inhibition, a signifi-
cant decrease in serum TNF-a, ASAT and glucose levels
as well as an increase in insulin levels. By contrast how-
ever, recent clinical studies indicate that curcumin com-
bined with lifestyle modification would have no superior
effect compared to lifestyle modification alone. The very
low bioavailability of curcumin may explain this [76]. Its
bioavailability can however be enhanced through galen-
ics, e.g. in micronized micelles [77], or by association
with the alkaloid piperine [78] and it may be appropriate
to evaluate these high-availability dosage forms. How-
ever, special care should be taken with these modified
forms of curcumin, as several cases of hepatitis have been
reported [79].

6-Gingerol (C4), an alkylated phenol from ginger, has
various pharmacological effects, including a reduction of
inflammatory factors and oxidative stress, an improve-
ment of lipid profile and a reduction of glycemia [80, 81].
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Several recent studies have shown that the lipid-lowering
and antidiabetic effects of 6-gingerol are mediated by
PPAR receptors [82, 83], notably the PPAR-y receptor,
allowing it to induce hypoglycemic and anti-hypergly-
cemic effects via a decrease in the expression of SREBP-
1c and ChREBP [84, 85]. An in vivo study on rats with
high-fat, high-carbohydrate diet-induced IR showed a
significant reduction in blood glucose levels as well as
an increase in insulin sensitivity after administration of a
high dose of total ginger extract (200 mg/kg; [15.6 + 0.5]%
of 6-gingerol) [86]. Furthermore, anti-inflammatory
effects of 6-gingerol are mediated by inhibition of the
classical NF-xB pathway [87]. In an in vitro study on
hepatoma HepG2 cells, 6-gingerol dose-dependently
induced a significant reduction in TNF-a and IL-6 levels
and, in high-fat diet hamsters, it reduced the degrada-
tion of IkB, the repressor of NF-kB [83]. In streptozo-
tocin-induced diabetic rats, the administration of ginger
powder decreased glycemia, improved TG profile in a
dose-dependent manner and significantly increased CAT,
GPX and SOD activities [88]. All these effects have been
confirmed by a randomized, double-blind clinical study
in patients with NAFLD. Indeed, this study showed that
a ginger powder supplement decreased serum ASAT,
cytokine levels, insulin sensitivity index and NAFLD
grade compared to control group [89]. In addition, two
in vivo assays suggested that miR-107-3p regulation by
6-gingerol reduces inflammation and lipid accumulation
and enhances mitochondrial function, but further studies
are needed to clarify its role [90, 91].

When ingested orally, ginsenosides, ginseng sapono-
sides, are transformed into ginsenoside K (C5) by the gut
microflora, the main active metabolite absorbed into the
bloodstream. In rats, both in vitro and in vivo, hepato-
protective, anti-inflammatory and antifibrotic effects
of ginsenoside k were ascribed to both an activation of
AMPK and a repression of mTOR [92-96]. Additionally,
ginsenoside K exhibits antidiabetic effects by inhibiting
apoptosis of pancreatic islet B-cells and by stimulating
insulin secretion [97, 98]. In human enteroendocrine cell
lines, ginsenoside K led to a significant increase in GLP-1
secretion through activation of the TGR5 receptor, with
a highest effect at 100 uM [98]. In addition, a rand-
omized clinical trial showed that treatment of prediabetic
patients with fermented ginseng (i.e. ex vivo metaboliza-
tion of part of the natural ginsenosides mix to ginseno-
side K) induced a reduction in fasting blood glucose and
an increase in postprandial insulin concentration [97]. It
seems that fermented ginseng allows faster and higher
absorption of ginsenoside K and is well tolerated, except
for some cases of mild diarrhea [97].

The flavanones hesperidin (C6) and naringenin (C7)
from Citrus aurantium L. are among the most potent
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hepatoprotective flavonoids that certainly contribute to
the pharmacological effects of Citrus aurantium in the
treatment of liver disease [99]. Their antioxidant prop-
erties are mediated by an increase in GSH levels and in
CAT, GPX, SOD, and GST activities [100]; Naringenin
also exerts its antioxidant effects via an increase in the
expression of nrf2 [101]. Hesperidin could also exert
its anti-inflammatory properties through a decrease in
cytokine levels, inhibition of the NF-xB pathway and
inhibition of the endoplasmic reticulum stress (ERS)-
induced inflammatory pathway [102]. Several studies
have hypothesized that hesperidin improves steatosis
in vitro and in vivo through AMPK activation [103, 104].
Interestingly, short-term randomized clinical trials on
NAFLD patients demonstrated a significant decrease in
inflammatory factors and glycemia in the hesperidin-
treated groups [105, 106]. These advantages should how-
ever be balanced with reports associating this compound
with adverse cardiovascular disorders [99, 107].

The anti-inflammatory effects of naringenin are mani-
fested via a decrease in the production of pro-inflam-
matory cytokines (TNF-a and IL-6 in particular), an
inhibition of the classical NF-kB pathway and a decrease
in COX2 expression [108]. A randomized clinical trial
investigated the effects of daily 200 mg naringenin treat-
ment on obese NAFLD patients and demonstrated an
improvement in their lipid profiles [109].

The methanolic extract of Milk Thistle (Sylibum mar-
ianum L. Gaertner), called silymarin, is a mixture of at
least 8 flavolignans [110], from which Silybins A and B
are among the major compounds (C8) [111]. The oral
bioavailability of silymarin flavolignans is relatively low,
mainly due to their poor intestinal resorption, low aque-
ous solubility, high hepatic first-pass effect and rapid
excretion in bile and urine [112]. Fortunately, several for-
mulation strategies have been studied to increase the bio-
availability of sylimarin [113], including phytosome based
on the formation of a complex with phosphatidylcholine
[114].

Silybins exert metabolic, antioxidant and anti-inflam-
matory effects, the 3 major targets considered important
in NAFLD. Indeed, in vivo studies on NAFLD models lead
to a significant improvement in inflammation and NAFL
through (i) a decrease in serum lipid levels, due to stim-
ulation of FFAs B-oxidation and action on the PPAR-a
receptor; (ii) an improvement in insulin sensitivity fol-
lowing activation of the PPAR-y receptor; (iii) an increase
in oxidative stress via stimulation of endogenous antioxi-
dants (GSH, CAT, GPX and, SOD); and (iv) a decrease in
inflammation through inhibition of NF-kB and reduction
in TNF-« levels [115-122]. Another study conducted in
rats with arsenic-induced liver damage demonstrated
the effect of silymarin on antioxidant enzymes and its
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antihepatotoxic activity [101]. A meta-analysis of 8 rand-
omized control trials in NAFLD patients [123] indicates a
decrease in serum aspartate transaminase (ASAT) levels,
considered as a restoration of liver function. The dosage
regimen showing the most significant effect was 280 mg/
day of silymarin for 24 weeks [123]. This meta-analysis
also showed that silymarin is well tolerated and could
therefore be of great interest in the treatment of NAFLD,
especially NASH. Several recent clinical trials have also
supported these findings [124, 125].

Chenopodium quinoa Willd. is a pseudocereal recog-
nized for its high nutritional value. The plant methanolic
extract contains a significant content of bioactive phy-
tochemicals such as terpenoids, betanins, carotenoids,
polyphenols, saponins, and phytoecdysteroids [126]. Sev-
eral studies have recently described quinoa as a highly
promising functional food component to treat obesity
and metabolic diseases such as metabolic syndrome,
T2DM and NAFLD [125-127]. A study investigating the
effects of quinoa intake on high-fed rats suggests that
quinoa phytochemicals are the causes of lipid metabolism
dysfunction regulation, leading to a resolution of IR, liver
steatosis decrease, and anti-inflammation and antioxida-
tive quinoa properties [128]. An in vitro study reported
that quinoa saponins inhibit inflammatory properties by
preventing the release of TNF-a, IL-6 and NO in lipopol-
ysaccharide-induced RAW?264.7 cells [129]. An in vivo
study on diet-induced obese female mice suggested that
quinoa increases GSH levels and lowers transcription
factors regulating lipogenesis (PPAR-y, SREBP-1c, AP2,
cEBP-a, -p et-y) [130]. Flavonoids and phenolic acids,
belonging to the polyphenol family, present antioxidant,
anti-inflammatory and anti-obesity properties [131,
132]. Moreover, findings from two double-blind clini-
cal trials with overweight individuals demonstrated that
quinoa intake decreased levels of triglycerides (TG) and
cholesterol, suggesting a protective effect against oxida-
tive stress [133, 134]. 20-Hydroxyecdysone (20-E) (C9)
is the most abundant phytoecdysteroid found in Cheno-
podium quinoa and has demonstrated some antidiabetic
properties in high-fed rats [135]. A study demonstrated
that ethanol quinoa leachate, containing 60% of the total
amount of 20-E of untreated quinoa seeds, lessens blood
glucose levels in diet-induced obese, hyperglycemic mice
[136]. 20-E could also be the major factor responsible for
weight lowering and lipid profile improvement effects of
quinoa [137, 138]. 20-Hydroxyecdysone is found in edi-
ble crops such as spinach (Spinacia oleracea L.) and in
the highest concentration in the seeds of Chenopodium
quinoa Willd. [136]. To elaborate a treatment of NAFLD
based on this highly interesting plant, more studies are
needed to deepen the understanding of quinoa effect
mechanisms.
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Most of the current clinical studies presented in
this paper have been carried out on a small number of
patients. Additionally, whether these molecules will
indeed reach the desired target in vivo and whether
the active plasmatic and tissular concentration will be
reached after resorption remain major questions. The
clinical relevance of some effects then remains quite
uncertain, especially when the dose/concentration-effect
relationships have not really been studied. Thus, the aim
of this review is not to recommend the use of these natu-
ral compounds, as more evidence is still needed, but to
give readers an overview of the clinical studies that have
already been carried out. The use of these plants in the
treatment of NAFLD could be suggested after conducting
clinical trials that robustly affirm their efficacy and safety.

7 Conclusion

Given the high prevalence of NAFLD and the serious
complications that this disease can cause, it is important
to encourage patients to be diagnosed but also to assist
them in managing the disease, notably through hygieno-
dietetic measures. For both prevention and treat-
ment, lifestyle modifications involving diet and exercise
undoubtedly constitute the first line treatment. None-
theless, patients’ adherence to these recommendations
is generally poor. As there are no drugs with a market-
ing authorization for this indication yet, naturally occur-
ring compounds, given their safety and activity profiles,
appear as an attractive alternative for treating NAFLD.
The present review therefore focused on the identifica-
tion of natural compounds and extracts that may play
a role in this disease. The common use in traditional
medicine of the plants from which these molecules are
derived, the absence of serious adverse effects of most of
them and the available in vitro, in vivo, and clinical data
reported so far make those compounds interesting pros-
pects for the management of NAFLD.

But, even if most of these herbal compounds are
already marketed in pharmacies, they are available in
many different forms and presentations (plant powder,
various extracts) for which the phytochemical profiles
can markedly differ, making their effects uncertain. Fur-
ther studies are needed to investigate their likely benefits
in patients with NAFLD in order to develop an effective
herbal armamentarium.

Abbreviations

AFLD Alcoholic fatty liver disease
BMI Body mass index

HCC Hepatocellular carcinoma
ELF test Enhanced liver fibrosis test
FIB-4 index Fibrosis-4 index

FLI Fatty liver index

"H-MRS Magnetic resonance proton spectroscopy
MAFLD Metabolic disfunction-associated fatty liver disease
MBOAT7-TMC4  Membrane-bound O-acetyltransferase domain containing
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7-trans-membrane channel-like 4

MRE Magnetic resonance elastography
MRI Magnetic resonance imaging
NAFL Non-alcoholic fatty liver

NAFLD Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis

NFS NAFLD fibrosis score
PNPLA-3 Patatin-like phospholipase domain-containing protein 3
TLR4 Toll like receptor 4
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