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Abstract

The progression of various devastating metabolic syndromes like diabetes, metabolic dysfunction-associated fatty liver
disease (MAFLD), obesity, etc., is due to the inappropriate lifestyle with respect to the consumption of high-fat and high
glycemic index (GI) products. The epidemiological data revealed that the prevalence of metabolic disorders is increasing
gradually and will create a global burden. According to reports, the global prevalence of MAFLD in people with Type 2
diabetes mellitus (T2DM) is between 50% and 75%, with 12.5%—87.5% in India. The culprit dietary components, which have
a high GI (potatoes, rice, high-sugar beverages, candies and pastries, white bread, etc.), and high-fat diet products (trans fatty
acids, sucrose, fructose, high cholesterol, etc.), act significantly in the pathogenesis underlying liver-related complications and
further trigger the other secondary metabolic complications. These inappropriate dietary interventions lead to alteration
of different pathways like fibroblast growth factor 10 (FGFI0), AMP-activated protein kinase (AMPK), c-Jun N-terminal
kinase (JNK) pathways, etc., which directly trigger the other secondary pathways leading to diabetes-associated MAFLD and
liver-related complications. There are numerous dietary interventions (Vitamin D-rich diet, soy isoflavones, ketogenic diet,
unsaturated fatty acid diet, low-carbohydrate diet, green leafy vegetables, etc.), which may improve the various molecular
pathways and help in normalizing the pathological state of liver-compromised subjects. In the present review, the new dietary
interventions are discussed, which help in managing the diabetes-associated metabolic disorders.
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(MAFLD), which has become a prominent risk factor in
the progression of diabetes and related MAFLD.*>7 As per the
epidemiological data of 2016, approximately 13% of the
world’s adult population, out of which 11% of men and 15%
of women, were considered to be obese.! As per the National
Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK), MAFLD is prevalent in up to 75% of overweight
adults and more than 90% of people with serious obesity.
According to reports, the predominance on a global scale of
MAFLD in patients with T2DM lies between 50% and 75%,
and in India, it was found to be 12.5%-87.5%.%° The above
epidemiological evidence demonstrated that there is a close
relationship between obesity and other metabolic complica-
tions like MAFLD, T2DM, etc. Diabetes-related metabolic
abnormalities frequently lead to altered liver metabolism,
culminating in hepatic injury and induction of cell death.'*'?
The major etiological reason for the metabolic complication
is directly associated with the use of bad dietary approaches
that include the consumption of dietary components such as
saturated fatty acids (SFA), steroids, simple sugars, and trans
fats, which produce a dangerous effect on vital organs, lead-
ing to acting as a major culprit in causing obesity and associ-
ated metabolic disorders.'*'s The present scenario inculcating
the various secondary dietary sources like high-fat, high-
fructose (HFHF), and high glycemic index (GI) food products
like potatoes, rice, pastries, candies, high-sugar beverages,
white bread, etc., leads to slow progression of metabolic com-
plications (Table 1).'“!" It is revealed that all the abnormal
dietary products trigger the production of oxidative stress.
hepatic inflammation, IR, etc. via different molecular pathways
like fibroblast growth factor 10 (FGF10), AMP-activated pro-
tein kinase (AMPK), etc., which are associated with the pro-
gression of metabolic-related complications.'®"” The primary
consideration for the management of the above-mentioned
problems should be managed by dietary interventions like the
ketogenic diet, soy isoflavones, low-carbohydrate diets, calorie
restriction, etc.®*' In lieu of the same, the present review
emphasizes the clinical and preclinical studies for highlighting
the beneficial effects of different dietary interventions in ame-
liorating the diabetes-associated MAFLD.

Inappropriate Dietary Habits in the
Progression of Diabetes-associated MAFLD

Increased dietary volume, high-energy-dense meals, imbal-
ance in meal times and bad eating habits, and excessive con-
sumption of carbohydrate-rich food products are directly
linked to the progression of various metabolic disorders, and
these key culprits need to be explored for the build-out of
interventions for the management of metabolic disorders.
These factors serve as significant indicators or checkpoints to
manage diabetes-related liver disorders such as MAFLD,
metabolic dysfunction-associated steatotic liver disease
(MASLD), etc.2%

HFD and Other Fat-rich Food Products

A high-fat diet (HFD), which includes both unsaturated and
saturated fat, accounts for at least 35% of total calories. Many
other foods, in addition to popular processed foods, have a
high-fat content, such as animal fat, cocoa butter, and fatty
fish, of which some are hazardous, and others are macrophage-
full for maintaining body homeostasis within a specified range.
The scientific evidence revealed that sugar-containing diets are
converted to fatty acids in a steady state with the help of differ-
ent enzymes corresponding to the Krebs cycle, malonate path-
way, glycolysis, and gluconeogenesis.?* The above-mentioned
high-carbohydrate diet can also convert to steroids in the body
via the acetate-mevalonate pathway.* In a nutshell, all types of
diets work as a connecting link, allowing all these pathways to
work in synchronization to overcome the condition of IR and
associated MAFLD. Due to the overstimulation of metabolic
pathways, an HFHF diet increases the accumulation of free
fatty acids (FFA), which results in the accumulation of triglyc-
erides (TG), long-chain acyl-coenzyme A, and diacylglycerol
(DAG) in hepatocytes, causing a diabetic-like condition®®?’
and the progression of MAFLD.”® The mechanism by
which HFD and high-fructose diet lead to diabetes-associated
MAFLD via increased de novo lipogenesis, adipose tissue
dysfunction, and lipid droplet accumulation is illustrated
in Figure 1.7? Prolonged consumption of either a high-carbo-
hydrate diet or an HFD causes the same liver injury, increase
in the inflammatory infiltrate, and fibrosis marker. Transforming
growth factor 1 (TGF-1) and its downstream effectors, con-
nective tissue growth factor (CTGF), lead to ballooning
degeneration and severe fibrosis, all of which cause a signifi-
cant progression of MAFLD/MASLD.!® Rats on an HFD
(containing 15% fat) cause diabetes-associated MAFLD by
deregulating FGF10 and AMPK signaling pathway, which
causes increased blood glucose levels and leads to abnormal
de novo synthesis and causes enhanced lipid accumulation
with increased TG levels in the liver."” In lieu of the above
evidence, our lab has recently also evidently proved that in
rodents, the HFD is a major factor in the development of dia-
betes-related liver problems.’® Trans fatty acid (TFA)-rich
diet (margarine diet) induces lipid peroxidation, increases
blood glucose level, and oxidative stress, ultimately demon-
strating the direct effect of TFA in the progression of diabetes
and associated MAFLD.*' The addition of 0.75% cholesterol
to an HFD raises blood glucose and TG levels as well as
hepatocyte ballooning, tumor necrosis factor a (TNF-a)
levels, and the MAFLD activity score (NAS), all of which
contribute to the advancement of diabetes-related MAFLD
in WT C57BL/6J mice.*> A high-cholesterol-containing diet
enhanced the expression of chemotactic and pro-inflammatory
cytokines, which together cause a pro-inflammatory response
and rendered hepatocytes more susceptible to proapoptotic
stimuli in wild-type B6 mice, ultimately causing IR and asso-
ciated metabolic syndromes like MAFLD, MASLD, etc.*
Based on the scientific evidence presented above, high-fat
food products are thought to be the primary cause of a variety
of catastrophic metabolic problems.
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Figure I. lllustration of Sugar-containing Diets Leads to Diabetes-associated MAFLD via Converting to Fatty Acids and Steroids with
the Help of Different Enzymes Corresponding to the Krebs Cycle, Malonate Pathway, Glycolysis, and Gluconeogenesis. This Leads to
Deregulating FGF10 and AMPK Signaling Pathway, Which Causes Increased Blood Glucose Levels and Leads to Abnormal De Novo Synthesis
and Causes Enhanced Lipid Accumulation with Increased TG Levels in Liver; Increase in the Inflammatory Infiltrate and Fibrosis Marker
Transforming Growth Factor | (TGF-1) and Its Downstream Effector Connective Tissue Growth Factor (CTGF), Leading to Ballooning
Degeneration and Severe Fibrosis; Increase in Inflammatory Mediators, that is, Macrophages, T-Cells, etc., Causing Inflammatory Infiltrate;
Increase Accumulation of TG Leading to Increase Long Chain of Acyl-CoA Ultimately Leading to Increase in DAG in Hepatocyte; Other
Mechanisms Like Increase Lipid Accumulation and Adipose Tissue Dysfunction. Acyl-CoA, Acetyl Coenzyme A; AMPK, AMP-Activated
Protein Kinase; DAG, Diacylglycerol; FGF-10, Fibroblast Growth Factor; FGFRz, Fibroblast Growth Factor Receptor; LKBI, Liver Kinase
B1; MAFLD, Metabolic Dysfunction-associated Fatty Liver Disease; TG, Triglycerides; TGF-|3, Transforming Growth Factor-beta.

High Gl Food Products

High GI foods are products that are rich in refined carbohy-
drates and are quickly digested and absorbed, causing a rapid
rise in blood sugar and associated complications and disor-
ders.!” When compared to goods with a lower GI, which give

a more stable diurnal blood glucose profile, these products
normalize postprandial blood glucose levels and hyperinsu-
linemia while minimizing late postprandial rebounds in circu-
lating FFAs.? Subjects on a high GI diet show levels along
with elevation in aspartate aminotransferase (AST), TG,
homeostatic model assessment-IR (HOMA-IR) score, total
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cholesterol (TC), and various inflammatory mediators in
the liver, which are cumulatively responsible for diabetes-
associated metabolic disorders.** Mice on a high GI diet led to
a change in substrate oxidation, leading to IR along with an
elevation in AST and inflammatory biomarkers in the liver,
which ultimately leads to metabolic syndrome-like MAFLD,
MASLD, etc.® Consumption of a low GI diet benefited the
diabetes-associated MAFLD patients, as there was a signifi-
cant decrease in glycated hemoglobin (HbAlc) and TG
levels, along with an elevation in high-density lipoprotein
(HDL) levels, hence establishing a strong positive correlation
between a high GI and the prevalence of having diabetes-
associated MAFLD.** Probiotic supplementation may
improve the condition of diabetes-associated MAFLD by
reducing the glycemic condition in patients, hence demon-
strating the importance of diet GI as one of the most signifi-
cant factors in diabetes-associated MAFLD.*’

Mechanistic Approaches for Dietary
Supplementation and Interventions in
the Management of Diabetes-associated
MAFLD

The management of metabolic complications with the help of
dietary intervention and change in diet style via controlling
the intake of high GI index, high-fat, and high-fructose-rich
food products is widely accepted by health professionals.
These scientific approaches target the overall change in
energy consumption or dietary macronutrient composition, as
well as adding dietary supplements to their regular diets.
There will be an utmost need to check the comprehensive
assessments of excess energy intake with adequate nutritional
therapy to produce better results for the management of vari-
ous metabolic disorders.'*!

The dietary interventions discussed in this review are
systematically classified into three broad categories to enhance
clarity and applicability. These include: (a) Single nutrient
components, such as vitamin D, PUFA and isoflavones; (b)
dietary patterns, including ketogenic and low-carbohydrate
diets; and (c) whole or natural food-based approaches, such
as leafy greens and calorie-deficient strategies.

Single Nutrient Components

Vitamin D-rich Diet

Vitamin D is a fat-soluble secosteroid used in the absorption
and retention of calcium (Ca*"), magnesium (Mg), and phos-
phate (PO,*) in the body for building bones. It has long been
known for its association with obesity and the onset of T2DM
and its complications. The linkage between vitamin D defi-
ciency and IR is the key player in the progression of T2DM
into MAFLD. It has been reported that vitamin D controls the

expression of genes, which can control the physiological lev-
els of Ca" and reactive oxygen species (ROS).3® Moreover,
vitamin D has a protective role in mediating inflammation
as well as maintaining the normal mitochondrial control of
cellular bioenergetics. Therefore, its deficiency can lead
to altering the homeostasis of Ca*" levels, production of
ROS, mediation of inflammation, and mitochondrial func-
tioning, which can result in the onset of diabetes and further
progress it to MAFLD.** The mechanistic pathways by which
vitamin D may protect against MAFLD are not clearly under-
stood; however, various putative mechanisms have been
postulated:

Modulation of Insulin Secretion and Resistance

Vitamin D has been proven to increase insulin sensitivity and
improve IR, both of which are important factors in the devel-
opment of MAFLD. By regulating the expression of genes
involved in glucose and fat metabolism, vitamin D may alle-
viate IR. Therefore, it has been postulated that a Vitamin
D-rich diet can reduce glycemia and increase insulin secre-
tion in T2DM patients and associated metabolic disorders
like MAFLD, MASLD, etc., with known hypovitaminosis
related to vitamin D, implying a role of vitamin D in the
pathophysiology of T2DM.* Vitamin D regulates insulin pro-
duction and secretion by acting directly on pancreatic B-cells’
activity and plasma Ca*" levels. The presence of vitamin D
receptors (VDR) and vitamin D-binding proteins (DBP) in
pancreatic tissue, as well as a link between certain allelic var-
iants in the VDR and DBP genes and glucose tolerance and
insulin secretion, all lend support to this notion.*! Numerous
in vitro and in vivo data have revealed that vitamin D can
modulate insulin production and secretion in p-cells through
multiple pathways,* which can help in glucose homeostasis.
Many suggest it may be due to the reduction in JNK activa-
tion,* and restoration of Ca?" homeostasis.** Additionally, in
a recent systematic review and meta-analysis,” Vitamin D
supplementation has revealed that it can improve IR in
MAFLD patients, marked by reduced HOMA-IR, with a
pooled mean difference of —1.06 (p = .0006; 95% CI =—-1.66
to —0.45). Also, the supplementation of vitamin D increases
the serum levels of vitamin D and decreases ALT levels,
but no change has been seen in AST levels. Similarly, there
is a large amount of evidence based on clinical studies, sys-
tematic reviews, and meta-analyses***® suggesting the sup-
plementation of vitamin D might have a beneficial effect
on glucose homeostasis and IR in MAFLD patients. Similarly,
another clinical study was performed where it was demon-
strated that vitamin D supplementation may improve diabetes-
associated MAFLD, and the related evidence is summarized
in Table S1 (Supplementary data).

Via Reduction of Inflammation

Evidence suggests that a lack of vitamin D may lead to inflam-
mation and the development of non-alcoholic fatty liver dis-
ease (NAFLD). Inflammation is a common feature of MAFLD,
and studies have shown that vitamin D has anti-inflammatory
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effects. Vitamin D deficiency has been linked to higher levels
of pro-inflammatory cytokines like interleukin-6 (IL-6), IL-1
and TNF-a, both of which are involved in the pathophysiology
of MAFLD. Furthermore, research has revealed that vitamin D
insufficiency is prevalent in people with MAFLD and that low
vitamin D levels are linked to an increased risk of MAFLD
progression. Vitamin D supplementation has recently been
demonstrated in trials to enhance circulating vitamin D,
and decrease TC, HbAlc, low density lipoproteins (LDL),

HOMA-IR, and TG levels, all of which contribute to signifi-
cantly decreasing the inflammatory mediators (such as mem-
brane cofactor protein [MCP-1], MMP, CXCLS, etc.), and IR
help in the management of liver diseases as depicted in Figure 2.%
Also, in a 12-week randomized controlled trial, the vitamin
D-fortified drink-taking group showed an increase in the serum
levels of vitamin D as well as a reduction in the expressions of
TNF-0, C-reactive protein (CRP), amyloid A (AA), IL-6, and
IL-10 compared to the control group (unfortified drink).>

Vitamin D rich diet

Ty -
'

NG
N

| inflammatory mediators
(MCP-1, MMP, CXCL8)
Improved metabolic pathways

7~ ¥y

Improves NAFLD

" o

Figure 2. Highlighting the Ameliorative Mechanism of Vitamin D Supplementation in Diabetes-associated MAFLD. A Vitamin D-containing
Diet, upon Interaction with Vitamin D Receptors (VDR) and Vitamin D—Binding Proteins (DBP) in Pancreatic Tissue, Leads to Stimulation
of Insulin Release via Exogenous Glucose, Which Is Taken up by GLUT2 and Undergoes Glycolysis Inside the Cell. This Leads to Elevated
ATP Levels, Which Alter the ATP/ADP Ratio, Which in Turn Leads to the Closure of ATP-sensitive K* Channels and Opens Voltage-
dependent Ca?* Channels in Response to Increasing Intracellular Calcium Levels, Which Eventually Trigger Insulin Secretion Following
Vesicle Fusion with Membrane Along with via Decreasing Fat Deposition From Insulin Receptors Leading to Activation of Mitogen-activated
Protein Kinase Which Leads to IRS| Protein Phosphorylation Causing Cell Proliferation. The Phosphorylated IRS| Promotes GLUT4
Translocation to the Plasma Membrane and Further Glucose Uptake. This Together Leads to a Decrease in Inflammatory Mediators
(MCP-1, MMP, CXCL9, etc.), Ultimately Benefiting Subjects with Diabetes-associated MAFLD. ATP, Adenosine Triphosphate; CXCLS,
C-X-C Motif Chemokine Ligand 8; GLUT2, Glucose Transporter 2; GLUT4, Glucose Transporter 4; IRS, Insulin Receptor Substrate; IRS
POA4, Insulin Receptor Substrate Phosphorus; MAPK, Mitogen-activated Protein Kinase; MCP-1, Monocyte Chemoattractant Protein-1;
MMP, Matrix Metalloproteinases; PIP3, Phosphatidylinositol-3,4,5-triphosphate; RAS, Activator of Raf.
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In conclusion, there is evidence to suggest that vitamin D defi-
ciency may contribute to inflammation and the development of
MAFLD. Adequate vitamin D levels may have protective
effects against MAFLD, although further research is needed to
fully understand the mechanisms involved.

Reduction in Oxidative Stress by Antioxidant Enzymes

Oxidative stress is a significant factor in the emergence and
advancement of MAFLD, and the antioxidant properties of
vitamin D have been shown to be advantageous in decreasing
oxidative stress in the liver. MAFLD is marked by a distur-
bance in the equilibrium between the ROS generation and hepatic
cellular antioxidant defense mechanisms. The Overproduction
of ROS can cause oxidative damage to cellular macromole-
cules such as proteins, lipids, and DNA, which will further con-
tribute to hepatocellular injury and inflammation.”!

The neutralization of excessively generated ROS by the
antioxidants can serve as an essential role in maintaining
the redox balance that ultimately helps in reducing oxida-
tive stress. Among various cell types, including hepato-
cytes, vitamin D is expressed in all the cells, which has been
reported to have a significant antioxidant property.>? Vitamin
D has the potential to downregulate the enzymes that are
responsible for ROS production, like NADPH oxidase, and
upregulate the expression of antioxidant enzymes like cata-
lase and superoxide dismutase (SOD), which are very crucial
for the detoxification of ROS and ultimately provide a protec-
tive effect to the liver cells from ROS-induced hepatic cell
injury and inflammation. Vitamin D’s antioxidant property
highlights its therapeutic potential in diseases associated
with oxidative stress, such as MAFLD. More studies indi-
cated that MAFLD patients with low vitamin D experience
high oxidative stress.® In contrast, vitamin D supplementa-
tion aids in alleviating the oxidative stress in animal models
with MAFLD.

Suppression in Nrf2/HO-1 Mediated Oxidative
Stress Pathway

In the hepatic cellular defense system for the mitigation of
oxidative stress, inflammation, and tissue injury, the Nrf2/
HO-1 signaling pathway plays a crucial role. A recent finding
suggests that vitamin D has the capability to stimulate this
pathway and thereby promote the up-modulation of antioxi-
dant enzymes, which further assist in liver protection in
MASLD. In vivo studies on MAFLD have demonstrated that
vitamin D supplementation enhances the expression of Nrf2
and HO-1, which further results in the reduction of oxidative
stress and improvement of hepatic activity.

An investigation done by Zhu et al.** showed that in
mice-fed a HFD-induced model in mice, if vitamin D supple-
mentation is given, it shows promising outcomes by allevi-
ating hepatic injury and oxidative stress through induction of
the Nrf2/HO-1 signaling pathway. Moreover, supplements of

vitamin D, if given to patients with MAFLD, it up regulates
expression of genes which are associated with the Nrf2/HO-1
pathway by inhibiting the redox biomarkers.”> Hence, an
in-depth investigation is necessary for a better understanding
of the underlying mechanism, which can reveal the molecular
crosstalk between the Nrf2/HO-1 pathway and vitamin D in
MAFLD.

Reduction in Oxidative Stress Via the NADPH
Oxidase Pathway

Numerous studies highlighted that NADPH oxidase plays a
crucial role in the pathogenesis of MAFLD. It is also docu-
mented in the studies that vitamin D can also emerge as an
important molecule that can help in alleviating the NADPH
oxidase pathway. During the in vivo studies done by the
researcher, it was observed that supplementation with vitamin
D can reduce the up-regulation of NADPH oxidase expres-
sion and activity in hepatocytes.’® Likewise, research done by
Dong et al. (2019) investigates that during exposure to high
glucose conditions in hepatic cells, vitamin D supplementa-
tion helps in the suppression of NADPH oxidase activation.
These research findings make it clear that vitamin D has the
potential to attenuate oxidative stress and hepatocellular
injury through diminishing the NADPH oxidase pathway. On
the other hand, during the clinical investigation in patients
with MAFLD, it has been observed that the serum vitamin D
level is low, and they have elevated NADPH oxidase levels in
their bodies that contribute to the ROS accumulation and
hepatic cell injury.’” These research findings collectively sug-
gest that vitamin D deficiency can lead to increased oxidative
stress, which can further lead to enhanced activation of NADPH
oxidase to generate more ROS, which can result in liver cell
injury. Hence, it is evident that vitamin D plays a pivotal mod-
ulatory role in regulating NADPH oxidase activity, and its sup-
plementation can reduce the oxidative pathway of NADPH,
which can ultimately affect the development of MAFLD .3

Reduction in Oxidative Stress Via Mitochondrial
Dysfunction

Recent research suggests that mitochondrial dysfunction can
contribute to MAFLD due to the enhanced oxidative damage,
inflammation, and liver cell death. The mitochondria play a
pivotal role in cellular energy metabolism, a primary site for
ATP production, and any type of impairment in mitochondrial
activity can lead to hepatocellular damage. Evolving studies
suggest that vitamin D can serve a defensive role in protect-
ing mitochondria from oxidative damage in relation to
MAFLD. Manna et al.*® research studies suggest that in an in
vivo model of HFD-induced MAFLD, vitamin D supplemen-
tation shows a promising role in protecting mitochondrial
damage. During the research, it is also demonstrated that vita-
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min D can elevate the performance of mitochondria and
upregulate its electron transport chain-related enzymes activ-
ity and help to reduce oxidative stress. Correspondingly,
recent evidence investigated the correlation between vitamin
D and mitochondrial dysfunction in patients with MAFLD,
and its results reveal that vitamin D deficiency was associated
with elevated oxidative damage and mitochondrial impair-
ment.> In addition to those studies, it has also been examined
in a murine model that vitamin D supplementation can
augment the impaired mitochondrial activity and diminish
oxidative stress markers in hepatic cells.>* Moreover, ex vivo
assays show that vitamin D modulates the regulation of genes
of electron transport chain enzymes and their activity, includ-
ing PGC-1a and SIRT,**¢! which emphasize its role in main-
taining mitochondrial homeostasis in MAFLD patients.

In summary, vitamin D possesses antioxidant proper-
ties that can play a significant role in the mitigation of oxida-
tive stress in hepatocytes and provide a protective effect in
MAFLD progression. Moreover, additional research studies
are required to fully unveil the underlying mechanism of the
antioxidant effect of vitamin D in reference to MAFLD.

Regulation of Fatty Acid Uptake and Beta-oxidation

Emerging research findings suggest that vitamin D can mod-
ulate B-oxidation and fatty acid infiltration and therefore pos-
sesses potential in benefiting the patients who exhibit hepatic
steatosis in MAFLD. Vitamin D down-modulates the gene
expression of enzymes that are involved in lipid influx,
including CD36 and FABP4 in liver cells.®*% This suppres-
sion minimizes the infiltration of fat molecules, which can
result in a decrease in the retention of lipids within hepatic
cells. Second, it has been demonstrated that vitamin D
increases the expression of genes related to beta-oxidation,
including CPT1A and ACOX1.% The method by which fatty
acids are broken down in the liver to create energy is known
as beta-oxidation. Vitamin D supplementation helps decrease
hepatic steatosis by speeding up the rate of fatty acid break-
down in the liver by raising the expression of these genes.
Additionally, in a study by Du et al.,** in vitro by the use of
HepG2 cells in oleic acid and in vivo by HFD-induced
MAFLD, evidence has been given that vitamin D treatment
may improve the hepatic steatosis in MAFLD through the
modulation of uptake of fatty acids and B-oxidation by mod-
ulating the PPAR-a signaling pathway. This has been con-
firmed by the administration of MK886 (PPAR-a antagonist),
which inhibits the steatosis activity of vitamin D both in vitro
and in vivo via the PPAR-a pathway.

Genetic and Epigenetic Mechanisms

Since alteration of gene expression is involved in the patho-
genesis of MAFLD and facilitates its progression, vitamin D
may play a role in modulating gene expression and potentially

preventing or ameliorating the development of MAFLD.
Currently, there is no clear evidence to support the role of
genetic or epigenetic mechanisms in mediating the effects of
vitamin D on MAFLD. However, a study by Barchetta et al.*®
demonstrated altered expression of vitamin D-related genes,
including VDR, CYP2R1, and CYP27A1, in the liver tissues
of patients with MASLD and HCV, compared to healthy con-
trols. The expressions of VDR and CYP2R1 were found to be
decreased in both patients, whereas CYP27A1 expressions
were found to be decreased in MASLD patients only.
Moreover, the genetic regulation of VDR and CYP2R1
has shown a concurrent relationship with serum vitamin D3
concentrations, and conversely, with CYP2R1, it shows an
inverse relationship. Such findings reveal that any dysfunc-
tion in the vitamin D biotransformation can result in the
HCV-related hepatic disorders and MASLD. Such insights
emphasize the need for more in-depth research for the
development of underlying mechanisms that are involved
in hepatic disorders and MASLD in relation to vitamin D.
Hence, vitamin D deficiency within the hepatocytes plays a
pivotal role in the initiation and development of MASLD, and
elevating serum vitamin D3 via supplementation can help in
surging the level of vitamin D in hepatic cells and potentially
attenuate the MASLD-related hepatocellular damage.

Soy Isoflavones

The soy isoflavones are a group of phytoestrogens that are
present in soybeans and soy-based food products and have
shown a beneficial role in mitigating MAFLD. Though the
underlying mechanism of soy isoflavones for influencing
MAFLD is still constrained, various hypotheses have been
proposed for unveiling its activity, which are as follows:

Fatty Acid Metabolism Regulation

The crucial factor in the development and exacerbation of
MASLD is lipid metabolism, and various studies show that
soy isoflavones have therapeutic potential in reducing the
oxidation of fatty acids. Research evidence suggests that this
emerging role is due to the fact that isoflavones reduce the
genetic expression of the enzymes that are involved in the
oxidation of lipids and lipid synthesis, for instance, PPAR-a
(proliferator-activated receptor alpha) and SREBP-1c (sterol
regulatory element-binding protein-1c). PPAR-a serves as a
transcriptional regulator that facilitates the gene expression of
the enzymes that are involved in lipid metabolic pathways; on
the other hand, SREBP-1c modulates the gene regulation of
enzymes in the de novo lipogenesis pathway.

Soy isoflavones aid in reducing the accumulation of lipid
by activating PPAR-o and inhibiting SREBP-1c. In recent
research, it has been demonstrated that soy isoflavones show
a similar effect in rats with MASLD (metabolic-associated
steatosis liver disease) by enhancing the activity of PPAR-a
and mitigating the fat buildup in the liver.®® Moreover,
research studies state that in rats with MASLD, investigations
also down-modulate SREBP-1c, which is a key regulator of
lipid synthesis in the liver.*” Hence, it is clearly indicated that
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isoflavone has the potential to manage MAFLD by reducing
the generation of lipids in the liver.

Anti-inflammatory Effects Via Reduction of
Pro-inflammatory Cytokines

Soy isoflavones are also known for their anti-inflammatory
properties that reduce the inflammation of the liver, which is
the hallmark of MASLD. Soy isoflavone mitigates the pro-
inflammatory mediators such as TNF-a and IL-6. Then rodent
studies also showed that genistein, which is a soy isoflavone,
lowers the retention of lipids in the liver. Also, it helps in the
improvement of insulin sensitivity, lipid profile, and hepatic
activity. It decreases pro-inflammatory cytokines and oxida-
tive stress levels, which helps in the protection of high-
fructose-induced insulin-resistant rats.®

Also, during a double-blind randomized controlled trial,
82 patients with MAFLD were given a daily supplement of
either 250 mg of genistein (n =41) or a placebo (n =41) for
8 weeks. The group that received genistein had significantly
lower levels of serum insulin, MDA, TNF-a, and IL-6, as well
as improved IR. Moreover, they had reduced waist-to-hip
ratios, body fat percentages, and triglycerides as compared to
the placebo group. However, there was no significant differ-
ence in BMI, fasting blood glucose, ALT, and AST between
the two groups.” Hence, this indicates that soy isoflavones
exhibit anti-inflammatory properties that help in beneficial
effects against MASLD.

Anti-inflammatory Effects Through the COX/NF-K
B/MAPK Pathway

Genistein is a very good example of soy isoflavonoids that
contains the ability to modulate the COX/NF-KB/MAPK
pathways, which are directly linked to inflammation and oxi-
dative stress.” In in vivo studies, genistein also demonstrates
that it decreases the levels of inflammatory markers like
TNF-0 and IL-6. It also down-regulates the NF-kB p65
nuclear translocation, JNK activation, and Ikp-a phosphoryl-
ation.”! These findings suggest that genistein has potential
in reducing liver inflammation with special reference to
MASLD.

The research findings emphasize the potential of genis-
tein in COX/NF-KB/MAPK pathways, which further helps in
the reduction of inflammation in HFD-induced MASLD in
rats.”?> Soy isoflavanoids exert anti-inflammatory effects by
altering these pathways. Soy isoflavones suppress inflamma-
tion that is linked with the MAFLD. As a result, it targets
NF-kB/MAPK pathways that show its potential as an anti-
inflammatory agent and help in managing MAFLD and its
progression.

Antioxidant Effects

Soy isoflavonoids exhibit a very strong antioxidant effect,
which helps in mitigating the oxidative stress in the liver,
which is a key factor in the progression of MAFLD. They can
detoxify free oxidative radicals and boost the antioxidant
enzymes like glutathione and SOD, and as a consequence,

they decrease lipid peroxidation. The research findings also
show that genistein has the capacity to lower and reduce the
level of MDA (malondialdehyde), which is a central player
in oxidative damage in an HFD-induced mouse model.”
Correspondingly, in MAFLD-induced rodent models, soy
isoflavones increase the SOD level and minimize lipid perox-
idation.”™ These demonstrations suggest that isoflavones aid
in restoring the antioxidant equilibrium and protecting the
oxidative damage of the liver by MAFLD.

Regulation of IR Via IRS-1 and GLUT

Soy isoflavones may improve insulin sensitivity and reduce
IR (a crucial factor in the progression of MAFLD) by modu-
lating the expression of genes involved in glucose and lipid
metabolism. Insulin receptor substrate-1 (IRS-1) and glucose
transporter (GLUT) are the significant genes which are
involved in glucose and lipid metabolism. IRS-1 has a func-
tion in insulin signaling, whereas GLUT has a function in glu-
cose transport. Biochanin A (soy isoflavone) has been seen to
improve insulin sensitivity and reduce IR by modulating the
PI3K/AKT pathway, which increases the expression of IRS-1
and GLUT4 in HFD-induced insulin-resistant mice.”
Similarly, in STZ and HFD-fed BALB/c mice, administration
of aglycin (a bioactive peptide from soybean) has been
reported to increase the gene expressions of IRS-1, GLUT-4
and AKT, which improves insulin sensitivity as well as
decreases IR.7 Hence, through the regulation of gene expres-
sions related to insulin signaling, such as IRS-1 and GLUT,
soy isoflavones have the potential to alleviate IR and enhance
insulin sensitivity.

Regulation of IR Via AMPK

Another mechanism of improving lipid and glucose metabo-
lism in order to mitigate IR is through the activation of the
AMPK pathway. In CD-1 male mice, administration of a soy-
rich diet increased the expression of AMPK phosphorylation
and acetyl-CoA carboxylase (ACC), along with up-regulation
of genes implicated in peroxisomal fatty acid oxidation and
mitochondrial biogenesis.”” This leads to the improvement of
IR due to increased glucose uptake into skeletal muscles. This
beneficial effect of a soy isoflavonoid-rich diet can have sig-
nificant implications for patients with NAFLD. By improving
insulin sensitivity, soy isoflavones may help restore proper
glucose metabolism and promote better control of blood
sugar levels, which is crucial in managing MAFLD.

Regulation of IR Via cAMP

Soy isoflavones increase insulin secretion via tyrosine recep-
tor modulating increased cyclic adenosine monophosphate
(cAMP) and Ca*" and downregulating protein phosphoryla-
tion, causing an effect on SREBP-2 and oxysterols, ultimately
decreasing VLDL levels, which contributes to the suppres-
sion of diabetes-associated MAFLD as shown in Figure 3.7
The cAMP pathway is a signaling pathway that plays an
important role in several cellular processes, including lipid
metabolism and inflammation, which are involved in the
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Figure 3. Highlighting the Ameliorative Mechanisms of Various Dietary Interventions in Diabetes-associated MAFLD Where Soy
Isoflavones Enriched Diet Increases Insulin Secretion via Tyrosine Receptor Modulating Increase Cyclic Adenosine Monophosphate (cAMP),
Ca2+ and Down Regulating Protein Phosphorylation, Ultimately Decreasing VLDL, TBARS, Creatinine and Transaminases Content Along
With Decrease in Accumulation of TG, ALT and AST Levels; Ketogenic Diet Significantly Decrease in Glucose Levels via IGI-14, P13K,
AKT and mTOR Along With Increase in Fat Oxidation and Decreased de Novo Lipogenesis via Increase TG Hydrolysis and Decreased
Citrate Substrate Leading to Subsequent Inflammatory and Oxidative Stress Limitation; PUFA Enriched Diet Decrease Hepatic TNF-o.
Expression, Suppresses Fatty Acid Synthesis via Negatively Controlling SREBP-I c, and Increases Fatty Acid Oxidation via Positive Feedback
of PPARO. Expression Resulting in Increased Insulin Secretion and Normal Levels of ALT, AST, GGT and TG Levels; Other Dietary
Interventions—MUFA, Low-carbohydrate Diet, Calorie Restrictions and Green Leafy Vegetables Normalizes Liver Enzymes (ALT, AST,
etc.), Decreasing Accumulation of TG and Increasing Insulin Release via Decrease in Inflammatory Mediators and Oxidative Stress. AKT, Ak
Strain Transforming; ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; cAMP, Cyclic Adenosine Monophosphate; GGT,
Gamma-glutamyl Transferase; IGI-14, Insulin Secretion Capacity-14; MUFA, Monounsaturated Fatty Acids; mTOR, Mammalian Target of
Rapamycin; PI3K, Phosphoinositide 3-kinases; PPARQ., Peroxisome Proliferator-activated Receptor Alpha; PUFA, Polyunsaturated Fatty
Acids; SREBP- I ¢, Sterol Regulatory Element-binding Protein |; TBARS, Thiobarbituric Acid Reactive Substances; TNF-0,, Tumor Necrosis
Factor Alpha; TG, Triglycerides; VLDL, Very-low-density Lipoprotein.

compared to normal-fed mice. The abundance of lumen-
associated bacteria (LAB) and mucosa-associated bacteria
(MAB) was found to be increased in soybean isoflavone-fed
mice.® Also, in HFD-induced MAFLD rats, the fermented
soy paste increased the abundance of Prevotellaceae NK3B31

pathogenesis of MAFLD. Dysregulation of the cAMP path-
way has been implicated in the development and progression
of MAFLD.

Modulation of Gut Microbiota

The gut microbiota has been implicated in the onset and pro-
gression of MAFLD. Studies Chen et al.” suggest that the
administration of soy isoflavones has the potential to alter the
composition of the gut microbiota by promoting the growth
of beneficial bacteria while decreasing the prevalence of
harmful bacteria. Soybean isoflavone-fed old Kunming mice
showed an increase in food intake but lower body weight gain

and Desulfovibrio as well as reduced the levels of serum
triglyceride, alanine aminotransferase (ALT), and lipid
accumulation through activation of the AMPK pathway.®!
Consequently, through its ability to influence the gut microbi-
ota, soy isoflavones have the potential to mitigate the advance-
ment and occurrence of MAFLD, making them a potential
therapeutic option for its treatment.
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Hepatoprotective Effects Via ChREBP & Wnt/GSK3 3 Pathway

MAFLD is associated with multiple pathological conditions
such as hepatic fibrosis, liver tumorigenesis, liver damage,
and so on. Studies (refer to Xin et al.)*? have reported that soy
isoflavones exhibit hepatoprotective properties, which can be
advantageous in mitigating the harmful progression of
MAFLD and promoting liver health. Extensive research has
established the ability of soy isoflavones to effectively modu-
late the expression of genes in the liver, making them a prom-
ising therapeutic approach for the treatment of MAFLD. For
instance, by targeting carbohydrate-responsive element-
binding protein (ChREBP), a transcription factor that initiates
the transcription of lipogenic genes within the liver in
response to an excessive dietary intake of carbohydrates.*®* By
inducing the phosphorylation of AMPK, soy isoflavones
effectively inhibit the signaling pathway of ChREBP. This
inhibition impedes the binding of ChREBP to the promoter
region of lipogenic enzymes.?* As a result, the downstream
effects of ChREBP-mediated lipogenesis are suppressed,
thereby potentially reducing lipid accumulation and promot-
ing a more favorable metabolic profile. Furthermore, isofla-
vones also exhibit an influence on the Wnt signaling pathway,
specifically targeting hepatic genes. In MAFLD, key regula-
tors of canonical Wnt signaling, such as B-catenin, GSK-3,
and so on, are abnormally regulated, which leads to the pro-
gression of MAFLD and MASLD to hepatic fibrosis and
hepatocellular carcinoma.®® Therefore, any abrupt signaling
can be proven to be detrimental to MAFLD. However, soy
isoflavones have some positive modulation on the Wnt path-
way® activated through the estrogen receptor-dependent
pathway, which leads to the inhibition of GSK-3f, which
results in the activation of transactivating T-cell factor/lym-
phoid-enhancer factor (TCF/LEF),* an effector of Wnt sign-
aling which promotes gene transcription. Moreover, soy
isoflavone is also implicated in the degradation of PPAR-y
(adipogenic)®” and enhances the activity of p300/CBP (tran-
scriptional co-activators of TCF/LEF),*® which further regu-
lates the gene expressions and transcriptional activity related to
adipogenesis.®* By targeting this pathway, isoflavones can
exert regulatory effects on the cellular processes and signaling
cascades that are governed by Wnt signaling in hepatic cells.

Hepatoprotective Effects Via Reduction of Liver Enzymes

Diabetic rats, when fed with soy isoflavones, show that it pro-
tects hepatic functions as evidenced by reduction in thiobar-
bituric acid reactive substances, total bilirubin, creatinine,
and transaminase content, which helps in increased insulin
secretion and is ultimately beneficial for liver diseases like
MAFLD, MASLD, etc.® Obese female Zucker rats on a
short-term (8-week) soy isoflavone diet had lower serum
AST and ALT levels than rats on a casein diet, acting benefi-
cially in diabetes and their associated liver diseases like
MAFLD.” Soy isoflavones had favorable effects on ALT by
normalizing their levels and high sensitivity of CRP (hs-CRP)
in overweight and obese patients with MAFLD.”"*? The other

related clinical evidence of isoflavones acting as an interven-
tion in diabetes-associated MAFLD is shown in Table S2
(Supplementary data). In conclusion, soy isoflavones may
protect against MAFLD by regulating lipid metabolism,
reducing inflammation and oxidative stress, improving IR,
modulating the gut microbiota, and exerting hepatoprotective
effects through multiple pathways affecting hepatic gene
expressions. Soy isoflavones have been linked to cellular and
molecular regulatory processes in animals and humans and
have been shown to be useful in metabolic illnesses such
as IR, dyslipidemia, and various metabolic disorders like
MAFLD and MASLD. Soy isoflavone consumption lowers
the risk of lipotoxicity by preventing TG accumulation in the
liver. However, further research is needed to fully understand
the underlying mechanisms involved and to determine the
optimal dose and duration of soy isoflavone supplementation
for MAFLD prevention and treatment.

Unsaturated Fatty Acid Diet

It contains monounsaturated and polyunsaturated fatty acids
(PUFA), which help people manage MAFLD, lose weight,
reduce hepatic TG accumulation and IR, and minimize
steatosis-like devastating problems. which leads to liver
complications.”

Polyunsaturated Fatty Acids

By influencing the transcription of genes involved in lipid
metabolism, omega-3 and omega-6 fatty acids normalize
insulin sensitivity by decreasing hepatic TNF-a expression,
suppressing fatty acid synthesis (FAS) via negatively con-
trolling SREBP-1c, and increasing fatty acid oxidation via
positive feedback of PPARa expression.”*** Omega-3 fatty
acids were found to normalize various biochemical parame-
ters of MAFLD patients, like ALT, AST, gamma-glutamyl
transferase (GGT), TG, and fasting glucose concentrations in
several investigations, as represented in Figure 3.97'% A live
multi-strain probiotic mixture with omega-3 fatty acids once
a day for 8 weeks can reduce liver fat, normalize blood lipids
and metabolic profiles, and reduce chronic systemic inflam-
matory states in patients with insulin sensitivity and other
liver diseases like MAFLD.!"! In lieu of the above evidence,
the other possible research outcome was summarized in
Table S3 (Supplementary data) with reference to various clin-
ical evidence of PUFA-related intervention in diabetes-
related MAFLD subjects.

Monounsaturated Fatty Acids

It is depicted that monounsaturated fatty acids (MUFA) aid
in the reduction of oxidation and blood concentrations of
LDL, TC, and triacylglycerols, as well as the modulation of
insulin-sensitizing gene expression. MUFA aids in the pre-
vention of diabetes and associated metabolic disorders, such
as MAFLD, which is summarized in Figure 3.!%2 Phenol-rich
extra virgin olive oil, which contains MUFA, can repair HFD-
induced diabetes and liver disorders such as MAFLD, possi-
bly through an anti-inflammatory effect in adipose tissue and
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changes in liver lipid composition and signaling pathways in
high-fat “Western-type” fed mice.'” Dietary supplementation
with FLINAX, a novel combination of nutraceuticals (i.e.,
vitamin E, vitamin D3, olive dry extract, cinnamon dry
extract, and fish oil), reprogrammed cellular energy homeo-
stasis by restoring mitochondrial function efficiency, with a
consequent improvement in diabetes and associated fibrosis
in male Wistar rats.'” Co-supplementing Camelina sativa
oil, which contains MUFA and resistant dextrin, with a
low-calorie diet reduces HOMA-IR, hs-CRP, endotoxin, cor-
tisol, general health questionnaire (GHQ), DASS, malondial-
dehyde (MDA), and increases levels of tacrolimus (TAC) and
SOD, which decreased IR and associated metabolic disorders
like MAFLD.' The related clinical evidence of MUFA act-
ing as an intervention in diabetes-associated MAFLD is dis-
cussed in Table S6 (Supplementary data).

Dietary Patterns

Ketogenic Diet

Ketogenic diets are a fresh form of diabetes treatment that has
been associated with a significant decrease in MAFLD and
other metabolic disorders.!" It causes a significant decrease in
glucose levels via insulin secretion capacity-14 (IGI-14),
phosphoinositide 3-kinases (PI3K), Ak strain transforming
(AKT), and mammalian target of rapamycin (mTOR) as well
as an increase in fat oxidation and decreased de novo lipogen-
esis via increased TG hydrolysis and decreased citrate sub-
strate, as well as a microbiome shift with increased folate
production and subsequent inflammatory and oxidative stress
limitation, all of which contribute to liver fat reduction and
aid in the treatment of diabetes-related MAFLD as illustrated
in Figure 3.'%

Males benefit more from the low-carbohydrate ketogenic
diet than females, as evidenced by a clinical trial conducted.
Males lost significantly more excess body weight (EBWL)
and had a bigger drop in glutamyl transferase (GT) than
females.'” When compared to patients on a standard low-
calorie diet, patients on a very low-calorie ketogenic diet plan
achieved superior weight loss, along with significant visceral
adipose tissue and liver fat fraction reductions, benefiting
diabetes and associated metabolic disorders like MAFLD. '
There are not enough scientific papers to fully comprehend
the mechanism, so more research into pharmacological inter-
vention for the treatment of diabetes and associated disor-
ders is needed, and the clinical evidence of the ketogenic diet
acting as an intervention in diabetes-associated MAFLD is
summarized in Table S4 (Supplementary data).

Low-carbohydrate Diet

Long-term hyperglycemia, insulin sensitivity, and liver dam-
age are all caused by a high-carbohydrate diet, which leads to
steatosis, a severe deterioration marked by inflammation,
Kupffer cell (KC) activation, and fibrosis (MASLD). TGF-f,

CTGEF, leptin, and stimulation of hepatic stellate cells (HSC)
all contribute to the fibrotic process.'® A low-carbohydrate
diet normalizes the ALT levels and reduces blood glucose,
LDL cholesterol, and blood pressure levels in patients suffer-
ing from diabetes-associated MAFLD, which is illustrated in
Figure 3.'” A three-fold low-carbohydrate diet leads to the
normalization of the ALT, AST, and HOMA-IR index levels
in patients suffering from metabolic complications related to
MAFLD."® Table S5 (Supplementary data) summarizes
related clinical evidence of a low-carbohydrate diet acting as
an intervention in diabetes-associated MAFLD.

Whole or Natural Food-based Approaches

Green Leafy Vegetables

Green leafy vegetable consumption leads to a decrease in the
severity of diabetes and associated metabolic syndromes like
MAFLD, MASLD, etc., by normalizing the levels of AST,
LDL, IR, and TC levels as compared to the diseased subjects,
also summarized in Figure 3."° Supplementation with
spinach reduced the effects of a high-fat meal by boosting
Lactobacillus counts, lowering fasting glucose and total
and LDL cholesterol, and avoiding the formation of extra
liver cholesterol, ultimately benefiting diabetes-associated
MAFLD."! There is a strong association between the con-
sumption of green leafy vegetables and a decrease in the
severity of diabetes and related liver diseases like MAFLD,
as there is a significant lowering of TG, fasting blood glu-
cose, and LDL levels in patients consuming green leafy veg-
etables.!'? Consumption of spinach and Korean cabbage leads
to a decrease in the severity of diabetes-associated MAFLD
by targeting TC, TG, and IR."? Green tea supplementation
decreases ALT, AST, LDL, TG, etc., ultimately benefiting
patients with diabetes and associated metabolic syndromes
like MAFLD, MASLD, etc.!'* The related clinical evidence
of green leafy vegetables consumption acting as a preventive
as well as protective measure in diabetes-associated MAFLD
is discussed in Table S7 (Supplementary data).

Calorie Restriction (Fasting)

A decrease in the chylomicron remnants leads to a decrease in
acetyl-CoA levels, leading to a decrease in glycogenolysis
and glucose production via downregulating dihydroxyace-
tone phosphate acyltransferase as well as acetyl-CoA and also
upregulating the AMPK pathway, leading to a decrease in
inflammatory mediators via peroxisome proliferator-activated
receptor gamma activator-alpha (PGC-1a), forkhead box
transcription factor (FOXO), and nuclear factor kappa B
(NF-kP) gene stimulation, ultimately benefiting patients with
diabetes-associated MAFLD.!'>!1® A substantial reduction in
anthropometric parameters, fasting glucose, plasma insulin,
and IR, as well as inflammatory mediators (IL-6 and hs-CRP),
all of which are beneficial to diabetes-related MAFLD,
as depicted in Figure 3.!' Within the same context, calorie
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restriction is beneficial in the management of diabetes-
associated MAFLD by reducing LDL levels as compared to
standard care of treatment, that is, via medicines."'® Following
an 8-week intermittent fasting regimen lowers ALT and blood
glucose levels; this is beneficial for diabetes-related
MAFLD.'"” There is still a gap between calorie restriction and
its therapeutic usage in the therapy of diabetes-related
MAFLD that has to be bridged.

Genetic Modification with Respect to
Appropriate and Inappropriate Food Products
in Diabetes-associated MAFLD Patients

Inappropriate Food Products and Genetic Modification

A sucrose-rich diet had higher Cd36 mRNA expression,
which was linked with diabetes and metabolic diseases such
as MAFLD, MASLD, etc., in Wistar rats. According to the
physiological evidence, rats with higher Cd36 mRNA expres-
sion had higher belly fat, TG, FFAs, AST (Alanine transami-
nase), ALT, uric acid, and HOMA index, as well as IR, which
are proven to be key parameters in the management of
liver-related complications.'”® An HFHF diet fed Wistar rats
leads to a decrease in the expression of miR-122, leading to
altered expression of FAS and ACC, ultimately leading to IR
and liver-related complications.'?' Participants with the minor
allele of the haplotype at the 22q13 locus had a higher risk of
diabetes and associated metabolic disorders like MAFLD, as
serum AST and ALT activities were elevated, along with high
serum glucose levels, which was exacerbated by high-carbohydrate
intake and a dietary pattern that included a lot of junk food
like noodles and pork.'”* Consumption of lard with coconut
oil leads to increased expression of fatty acid binding pro-
teins and acyl-CoA synthetase (ACS), ultimately worsening
diabetes-associated MAFLD in HFHF Iberian pigs.'* Within
the same context, it was also stated that long-term SFA-rich
diet consumption promoted activation of lipogenesis, NF-k
light chain enhancer of activated B cells (NFB), and c-Jun
N-terminal kinase (JNK)/activator protein-1 (AP-1) signaling
and ensured overexpression of cyclin D1 and p62, leading to
IR and associated metabolic disorders like MAFLD, MASLD,
and others in rodents.”” C57BL/6]J male mice on a HFD
showed increased peroxisome proliferator-activated receptor
alpha (PPARa) and SREBP-1 expression and decreased
PPARa expression were found in gelatinized wheat starch
and high salt diet rats, resulting in accelerated adipogenesis
and inducing toll like receptor 4 (TLR-4) activation via
the gut-liver axis, resulting in a pro-inflammatory response
by TNF-a and IL in the absence of improper dietary habits,
dysregulation of FAS, FABPs, ACC, SREBP-1c, and ACS
gene expression leads to the development of diabetes and
associated metabolic disorders such as diabetes, MAFLD,
and MASLD, according to the above-mentioned scientific
publication.'®

Appropriate Food Products and Genetic Modification

In an HFD male C57B1/6 mouse model, green tea prevents
diabetes-associated MAFLD through modulating miR-34a
and miR-194 expression.'”® In male Sprague Dawley rats,
up-regulation of nuclear factor erythroid 2-related factor 2
(Nrf2), glutamate cysteine ligase catalytic subunit (Gclc),
NAD(P)H, quinone dehydrogenase 1 (Nqol), SOD2, and cat-
alase (Cat) genes protects against HFD-induced diabetes-
associated MAFLD.* Mulberry fruit treatment decreased
cholesterol homeostasis-related genes, including FAS cell
surface death receptor (FAS), SCD-1, and carnitine palmitoyl
transferase I (CPT-1), SREBPI1c, ameliorating diabetes and
associated metabolic syndromes like MAFLD, MASLD, etc.,
in HFD-fed male Sprague Dawley rats.'”’ Ginger extract
reduces the carbohydrate response element-binding protein
(ChREBP) lipogenic gene expression and endoplasmic retic-
ulum (ER) stress genes like C/EBP homologous protein
(CHOP), X-box binding protein (XBP1), and GRP78 levels
in HFD-induced diabetes-associated MAFLD in Wistar male
rats.'”® A high-protein diet decreased the FGF21 levels in
subjects suffering from diabetes and associated metabolic
syndrome-like MAFLD, MASLD, etc.'” Further studies are
warranted to systematically elucidate the epigenetic regula-
tory mechanisms underlying dietary interventions such as
folate- mediated DNA methylation and soy isoflavones-
induced modulation of microRNAs (e.g., MiR-34a) while
also clarifying the influence of genetic background on thera-
peutic efficacy to enable more precise and personalized nutri-
tional strategies. The above scientific evidence depicts that
food interventions play a pivotal role in the management of
diabetes-associated liver complications. There are still certain
gaps that should be explored with reference to various gene
expression which directly involved in the pathogenesis of
diabetic liver injury.

Conclusions and Future Perspective

The dietary interventions exhibit dual roles encompassing
both harmful and beneficial aspects, which are directly
and indirectly associated with metabolic homeostasis. The
above-discussed preclinical and clinical evidence, along with
genetic and epigenetic insights, demonstrate that consump-
tion of food products enriched with high-fat and high GI
foods (e.g., refined carbohydrates and sugar-sweetened prod-
ucts) contributes significantly to the progression of diabe-
tes-associated MAFLD. In contrast, targeted dietary strategies
have been proven to be a better option during the early pro-
gressive phases of diabetes and liver-related problems.
The interventions like soy isoflavones, ketogenic and low-
carbohydrate diets have shown promising therapeutic poten-
tial by modulating key inflammatory, oxidative stress and
metabolic pathways like AMPK activation, SREBP-1c/FAS
inhibition and Nrf2 signaling.
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Furthermore, emerging evidence highlights the involve-
ment of genetic and epigenetic regulators, including microRNA
(miR)-34a, miR-194, Nrf2, Gclc, Nqol, Sod2, Cat, ChREBP,
CHOP, XBP1, and GRP78, ultimately improving the condi-
tion of diabetes-associated MAFLD. Despite these advances,
several critical gaps remain. Notably, long-term adherence to
dietary interventions, variability in response across special
populations (such as elderly, pediatric and comorbid patients)
and limited personalization based on genetic background
pose significant challenges.

The dietary changes for the patients set new trends for
shifting the dietary interventions from bench to bedside of
the patient. Moreover, the fewer side effects of this approach
attract gastroenterological experts to think twice for the benefit
of their patients while shifting them toward the pharmaco-
logical approaches. In addition, further exploration should
elucidate the dietary intervention-gut microbiota-metabolic
products-liver-gut-axis to better understand the underlying
mechanistic pathways through which nutritional strategies
modulate MAFLD progression and therapeutic outcomes.
Addressing these challenges through well-designed clin-
ical trials and integrative, multidisciplinary approaches will
facilitate the effective translation of dietary strategies from
bench to bedside, ultimately improving the management of
diabetes-associated MAFLD.
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