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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously
known as nonalcoholic fatty liver disease (NAFLD), involves excessive fat buildup in
liver cells and is closely linked to insulin resistance, type 2 diabetes mellitus (T2DM),
and dyslipidemia. This chapter discusses MASLD pathophysiology, focusing on
disrupted lipid metabolism, inflammation, and the key role of protein tyrosine
phosphatase 1B (PTP1B) in insulin signaling and metabolic balance. The high-fat diet
(HFD) plus low-dose streptozotocin (STZ) mouse model mimics human T2DM and
MASLD, showing hyperglycemia, lipid abnormalities, and liver fat accumulation.
Viscosol, a flavonoid from Dodonaea viscosa, shows strong therapeutic potential as a
PTP1B inhibitor. Given at 33 mg/kg intraperitoneally for 7 days, Viscosol improved
insulin sensitivity by increasing insulin receptor (INSR), IRS1/2, PI3K, and AKT
expression, and regulated lipid metabolism genes (SREBP1c, FAS, PPARY). It lowered
serum low density lipoprotein (LDL), very low-density lipoprotein (VLDL), and total
cholesterol. Histology showed less liver fat, reduced fibrosis markers (a-SMA, TGF-
1), and decreased inflammation. Viscosol also boosted cholesterol efflux via ABCA1
and ApoA1l and lowered inflammatory cytokines (TNF-a, IL-6) and the oxidative
stress marker FOXO1, restoring metabolic health. These results suggest Viscosol as a
promising natural agent targeting PTP1B to treat insulin resistance, dyslipidemia, and
hepatic steatosis in MASLD and T2DM. Further clinical studies are needed to confirm
these effects in humans.

Keywords: PTP1B inhibition, MASLD, Viscosol, insulin resistance, dyslipidemia,
hepatic steatosis
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is characterized by excessive fat
accumulation (5-10%) in hepatic cells after excluding other liver disease causes like
alcohol use and viral infections [1]. In hepatic steatosis, hepatocytes accumulate triac-
ylglycerol (TAG)-rich lipid droplets, either microvesicular or macrovesicular, without
accompanying inflammation or liver damage [2]. Simple steatosis is reversible with
lifestyle changes such as diet and increased physical activity [2]. While initial TAG
accumulation was thought to be hepatoprotective, excessive intrahepatic fat promotes
disease progression [3]. Liver steatosis severity is classified into four grades based on
fat percentage in liver cells: Grade 0 (<5%), Grade 1 (5-33%), Grade 2 (34-66%), and
Grade 3 (>66%) [4].

1.1 Historical evolution of hepatic steatosis

Addison first described fatty liver in 1836 [5]. Later, similarities were found
between liver changes in diabetic and obese patients and those with alcoholic liver
disease [5]. In 1980, Ludwig et al. introduced the term nonalcoholic steatohepatitis
(NASH) to describe a progressive fatty liver condition resembling alcoholic steato-
hepatitis [5]. The term “nonalcoholic fatty liver disease” (NAFLD) was coined by
Schaffner and Thaler in 1986 [5].

1.2 Transition from NAFLD to MASLD

NAFLD has been redefined as metabolic dysfunction-associated liver disease
(MASLD) to better reflect its metabolic basis. There is a bidirectional link between
NAFLD and metabolic syndrome, each contributing to the other’s development [5].
MASLD diagnosis requires hepatic steatosis plus one or more cardiometabolic risk
factors: elevated BMI or waist circumference, impaired glucose metabolism, hyper-
tension, high triglycerides, or low HDL-C [6].

1.3 Role of insulin resistance and dyslipidemia in MASLD

Key contributors to MASLD include obesity, type 2 diabetes mellitus (T2DM),
hypertension, and dyslipidemia, all closely associated with insulin resistance
[7, 8]. Peripheral insulin resistance in MASLD and MASH using hyperinsulin-
emic-euglycemic clamp has been demonstrated [8]. Insulin signaling impair-
ments, especially involving insulin receptor substrate 2 (IRS2), are central to
insulin resistance pathogenesis. MASLD rats exhibited increased fasting glucose
and insulin, epididymal fat, hepatic steatosis, inflammation, and reduced IRS2
expression compared to controls [8]. Insulin resistance disrupts lipid metabolism,
leading to MASLD. Visceral adiposity elevates pro-inflammatory cytokines such
as TNF-a, IL-6, and IL-1f while reducing adiponectin, causing systemic insulin
resistance [9]. Lipoprotein lipase (LPL) and hormone-sensitive lipase (HSL)
regulate triglyceride and fatty acid metabolism; LPL hydrolyzes extracellular
triglycerides, while HSL breaks down intracellular triglycerides in adipocytes.
Insulin resistance increases HSL activity, releasing free fatty acids (FFA). Excess
triglyceride storage in skeletal muscle is linked with insulin resistance due to
reduced fatty acid oxidation and impaired FFA uptake, increasing serum FFAs [9].
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High serum FFAs enter the liver, increasing very low-density lipoprotein (VLDL)
production. Insulin resistance elevates FFA influx, reduces apolipoprotein B100
degradation, and increases apolipoprotein CIII expression. Microsomal triglyceride
transfer protein (MTP) overexpression also raises VLDL production. SREBP-1c
expression is increased, promoting fatty acid synthesis. Hepatic fatty acid metabolism
is regulated by uptake, VLDL export, de novo synthesis (via SREBP-1c), and beta-
oxidation. Fat accumulation in the liver is a hallmark of MASLD [8].

1.4 Epidemiology and global burden

MASLD prevalence is rapidly increasing, currently affecting approximately 40%
of adults worldwide, projected to reach 55% by 2040. This rise corresponds with a
two- to-three-fold increase in advanced liver diseases such as cirrhosis, hepatocellular
carcinoma, and liver-related mortality. MASLD has surpassed alcoholic liver disease
(ALD) as the leading cause of liver cirrhosis and is expected to become the primary
cause of liver-related deaths globally [10]. MASLD and T2DM frequently coexist
due to shared metabolic and biological pathways. Dyslipidemia, beta-cell dysfunc-
tion, and muscle loss significantly contribute to the development of both conditions.
MASLD prevalence in T2DM patients ranges between 65% and 70%, reaching
over 90% in studies utilizing liver biopsies for diagnosis [10]. NAFLD and NASH
negatively affect patient-reported outcomes, including health-related quality of life
and work productivity, worsening with disease progression. Patients report higher
fatigue, depression, and anxiety compared to healthy populations [11].

1.5 Pathogenesis of hepatic lipid accumulation
1.5.1 Insulin vesistance, oxidative stress, and inflammation

Insulin resistance (IR) is a common feature of NAFLD and metabolic syndrome.
The two-hit hypothesis posits IR and fat accumulation as the first hit, followed by
inflammation, hepatocyte injury, and fibrosis as the second hit, leading to NASH,
cirrhosis, and hepatocellular carcinoma [12]. Obesity, a major cause of NAFLD, leads
to fat deposition in adipose and hepatic tissue. Elevated FFAs cause lipotoxicity and
adipose dysfunction. Dyslipidemia and IR stimulate pro-inflammatory cytokines like
TNF-a, IL-1p, and IL-6, which inhibit insulin receptor signaling and reduce hepatic
insulin sensitivity, promoting fibrosis and steatosis [12].

Redox reactions maintain hepatic physiological balance but are disturbed by
excessive fat accumulation [13].

1.6 Role of de novo lipogenesis, mitochondrial dysfunction, and lipid droplet
accumulation in hepatocytes

1.6.1 Transition from simple steatosis (NAFLD) to steatohepatitis (MASLD to
MASH)

NASH is the progressive form of NAFLD, developing in about 20% of patients.
Hepatic steatosis is the initial pathological event and represents the first hit in the
double-hit theory, but alone it is insufficient to cause inflammation and fibrosis
[14]. Disease progression involves additional factors, including oxidative stress,
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genetic variations, dyslipidemia, immune alterations, and gut microbiota changes.
Dyslipidemia promotes fatty acid accumulation in the liver, causing steatosis.
Oxidative stress, considered the second hit, arises from fatty acid oxidation, generat-
ing reactive oxygen species (ROS), lipid peroxidation, DNA damage, mitochondrial
dysfunction, and increased pro-inflammatory cytokines. This results in hepatocel-
lular injury, inflammation, and fibrosis [14]. The second hit theory is incomplete; a
triple-hit model involving steatosis, lipotoxicity, and inflammation better explains
NASH progression. Multiple inflammatory and immune pathways are activated
during NASH, including TLR4 binding by free fatty acids, triggering NF-xB pathway
and ER stress, and cytokine production such as TNF-« and IL-1f. T-cell activation,
particularly Th17 and natural killer T cells, also increases in NASH livers [15].

1.7 Molecular mechanism of PTP1B in insulin signaling and insulin resistance

Insulin binding activates its receptor (INSR), leading to phosphorylation of
downstream proteins IRS1 and IRS2. This activates the PI3K p85 subunit, which in
turn activates AKT (PKB). Activated AKT facilitates GLUT4 vesicle translocation
to the cell membrane via GTPase RAB10, enhancing insulin action and glucose
uptake. Protein tyrosine phosphatase 1B (PTP1B), encoded by the PTPN1 gene
(~50 kDa), is expressed in liver, adipose tissue, muscle, and brain. Its expression
is upregulated by elevated free fatty acids, ER stress, and inflammatory signals.
PTP1B inhibits insulin signaling by dephosphorylating IRS1 and INSR-beta,
blocking the PI3K-AKT pathway [16].

1.8 Role of PTP1B in metabolic diseases

PTP1B overexpression reduces GLUT4 receptors on cell membranes, promot-
ing hyperglycemia and contributing to type 2 diabetes. It drives insulin resistance,
obesity, and T2DM, which are key factors in MASLD progression. Downregulating
PTP1B reduces ER stress and halts MASLD advancement. Additionally, PTP1B
overexpression causes leptin resistance, leading to obesity [17]. Human studies show
elevated PTP1B protein and gene expression in skeletal muscle, liver, and adipose
tissue of diabetic, obese, and insulin-resistant subjects. The PTP1B gene is located at
chromosome 20q13, linked to insulin resistance, T2DM, and obesity. PTP1B knockout
mice demonstrate resistance to weight gain, improved insulin sensitivity, reduced
adipocyte mass, better glucose tolerance, and prevention of beta-cell destruction and
diabetes onset [18].

1.9 Therapeutic potential of PTP1B inhibition

PTP1B’ critical role in insulin signaling makes it a promising target for T2DM and
MASLD therapy. However, challenges in targeting PTP1B include its positively charged
active site, poor bioavailability, and selectivity issues. Consequently, few inhibi-
tors reached clinical trials, and many were discontinued due to lack of efficacy [19].
Dodonaea viscosa (L.) is a flowering shrub genus with 60 species found in Australia,
North America, South Africa, and South Asia. Traditionally, its extracts have been
used to treat various diseases [20]. Viscosol contains flavonoids, terpenoids, saponins,
phenolics, alkaloids, tannins, and C-alkylated flavonol derivatives. Its main anti-
inflammatory compound is hautriwaic acid [20]. D. viscosa exhibits antidiabetic prop-
erties, confirmed by isolating nine components from Viscosol that inhibit PTP1B [21].
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Figure 1.
Proposed molecular mechanism by which Viscosol inhibits PTP1B to improve insulin signaling, reduce lipogenesis,
and vestore lipid metabolism in MASLD.

As illustrated in Figure 1, Viscosol inhibits PTP1B activity, thereby enhancing insulin
receptor signaling and downstream pathways that collectively reduce hepatic lipogen-
esis and improve lipid transport in MASLD (Figure 1). Studies report that D. viscosa
has cytotoxic, anti-inflammatory, antioxidant, antibacterial, antiviral, hepatoprotec-
tive, and anti-hyperlipidemic activities [20].

1.10 Objective of this chapter

Since insulin resistance, obesity, and T2DM are root causes of MASLD, down-
regulating PTP1B expression can reverse these conditions. Viscosol inhibits PTP1B,
thereby potentially reversing MASLD. It upregulates genes involved in glucose uptake
and lipoprotein clearance, contributing to dyslipidemia reversal and improvement of
hepatic steatosis.

2. Pathophysiology of hepatic steatosis and insulin resistance
2.1Lipid accumulation and progression of hepatic steatosis

NAFLD is marked by lipid droplet (LD) accumulation in over 5% hepatocytes,
known as steatosis. Insulin resistance (IR) drives lipid buildup and disease progres-
sion via multiple pathways. IR suppresses adipose tissue lipolysis, raising circulating
nonesterified fatty acids (NEFAs), which the liver takes up and stores as triglycerides.
Hyperinsulinemia stimulates hepatic de novo lipogenesis (DNL) through SREBP-1c
activation. IR also reduces mitochondrial fatty acid oxidation and VLDL secretion,
worsening intracellular fat accumulation [22]. Reactive lipids, such as diacylglycerols
(DAG) and ceramides, accumulate, activating PKCe and impairing insulin receptor
kinase activity, further disrupting insulin signaling. Lipotoxicity from these interme-
diates induces oxidative stress and inflammation, advancing steatosis [23].
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2.1.1 De novo lipogenesis (DNL) and lipid droplet formation

Hepatic steatosis results from both adipose-derived fatty acids and DNL. DNL
is transcriptionally regulated and driven by increased glucose uptake and insulin
secretion, which upregulate lipogenic genes [24]. Elevated glucose enhances DNL via
insulin-stimulated SREBP1c and glucose-activated ChREBP. Both enzymes, acetyl-
CoA carboxylase 1 (ACC1) and fatty acid synthase (FAS), are essential for fatty acid
synthesis. High insulin also suppresses FoxO1, a repressor of SREBP1c and ChREBP,
promoting triglyceride storage [25].

Fatty acid oxidation also contributes to steatosis. Normally, mitochondria and
peroxisomes perform p-oxidation. Genetic and environmental factors, along with
IR, disrupt this process, leading to fat accumulation, microvesicular steatosis, and
increased reactive oxygen species (ROS) that damage hepatocytes [26]. PPAR-a,
abundant in the liver, regulates genes for fatty acid breakdown. Reduced PPAR-a
activity suppresses enzymes, such as ACS, ACADs, and ACAA?2, impairing fatty acid
oxidation and promoting lipid buildup. This also disrupts carnitine metabolism, vital
for mitochondrial fatty acid transport, and worsens oxidative stress by limiting ROS
removal [27]. Low PPAR-« correlates with increased fat synthesis and reduced VLDL
export, exacerbating NAFLD [28].

2.1.2 Transition from simple steatosis to steatohepatitis

Simple steatosis (NAFLD) initially protects hepatocytes by triglyceride storage.
However, persistent fat leads to harmful lipid byproducts (DAG, ceramides), causing
signaling disruption and oxidative stress. This triggers the release of danger-associ-
ated molecular patterns (DAMPs), initiating sterile inflammation [29]. Immune cells,
such as Kupffer cells, macrophages, and neutrophils, infiltrate the liver, releasing
cytokines (TNF-a, IL-6, MCP-1) that sustain chronic inflammation.

Chronic inflammation activates hepatic stellate cells (HSCs), which differenti-
ate into myofibroblasts, producing excess extracellular matrix proteins. Fibrogenic
signals such as TGF-p and Hedgehog molecules from damaged hepatocytes and liver
sinusoidal endothelial cells (LSECs) drive fibrosis progression [30].

Fibrosis worsens as impaired autophagy in LSECs causes endothelial dysfunction,
elevating NF-kB inflammatory signaling. This cycle of inflammation and hepatocyte
death disrupts liver structure and function. Advanced glycation end products (AGEs)
from chronic hyperglycemia bind to their receptor (RAGE) on the liver and immune
cells, increasing oxidative stress and fibrosis. These processes collectively drive the
shift from simple steatosis to steatohepatitis (NASH) [31].

2.2 Impaired lipoprotein metabolism and dyslipidemia

The liver regulates lipid homeostasis by synthesizing and secreting very low-
density lipoproteins (VLDL) that transport triglycerides to tissues. In hepatic
steatosis, this balance is disturbed by increased fatty acid delivery from adipose
tissue, enhanced de novo lipogenesis (DNL), and reduced lipid processing or export
via B-oxidation and VLDL secretion [32]. As a result, hepatic triglyceride synthe-
sis surpasses VLDL export capacity, causing dyslipidemia characterized by high
triglycerides, low HDL cholesterol, and increased small, dense LDL particles [33].
Though VLDL particle number may remain unchanged, their triglyceride content
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rises, promoting systemic hypertriglyceridemia and cholesterol-rich LDL formation
through intravascular remodeling. Steatosis also impairs HDL metabolism, lowering
HDL levels and altering particle size and composition [34].

2.2.1 Disrupted lipoprotein clearance

In hepatic steatosis, triglyceride-rich lipoproteins (TRLs) and remnants clear
poorly due to altered receptor-mediated uptake and impaired lipid exchange [34].
Fatty liver cells express fewer LDL receptors (LDLR) because of increased PCSKO9,
elevating circulating atherogenic LDL [35]. High triglycerides activate cholesterol
ester transfer protein (CETP), enriching LDL and HDL with triglycerides. Hepatic
lipase then converts these small, dense LDL particles, which more easily penetrate
arteries, and small HDL particles that are rapidly cleared by the kidneys, worsening
dyslipidemia. Fibrosis in advanced steatosis further disrupts clearance by reducing
hepatocyte function to produce VLDL and internalize lipoproteins [34].

2.2.2 Apolipoprotein B100 and microsomal triglyceride transfer protein (MTP)

Apolipoprotein B100 (ApoB100) is the main structural protein of LDL, VLDL,
and IDL, essential for lipid transport from the liver to peripheral tissues [36]. MTP
transfers triglycerides and phospholipids to ApoB100 during lipoprotein assembly,
critical for VLDL formation. Disruption in ApoB100 or MTP leads to hepatic steato-
sis. MTP overexpression reduces hepatic triglycerides and steatosis [37]. Riboflavin
deficiency impairs ApoB100 synthesis, lowering plasma lipoproteins and increasing
hepatic lipid storage [38].

2.3 Inflammation, oxidative stress, and insulin resistance
2.3.1 Cytokine-mediated insulin vesistance

Pro-inflammatory cytokines, such as TNF-a, IL-6, and MCP-1, released during
cell stress, promote insulin resistance. TNF-a induces serine phosphorylation of IRS1,
inhibiting its normal tyrosine phosphorylation, and activates JNK and IKKf path-
ways, increasing oxidative stress and IR [39]. IL-6 upregulates SOCS-3, which blocks
insulin receptor and IRS1 phosphorylation. TNF-a also stimulates IL-6, amplifying
inflammation [40]. MCP-1 recruits macrophages to adipose tissue, reducing insulin-
stimulated glucose uptake and suppressing adipogenic genes GLUT-4 and PPAR-y,
leading to lipotoxicity. It also disrupts hepatic insulin suppression of glucose produc-
tion, raising hepatic triglycerides and steatosis [41].

2.3.2 JNK-NF-«B activation and lipotoxicity

Inflammation activates JNK in insulin-sensitive tissues, phosphorylating IRS1/2 at
serine/threonine sites, disrupting PI3K-AKT signaling. This reduces GLUT4 transloca-
tion and suppresses gluconeogenesis, causing hyperglycemia and hyperinsulinemia.
JNK also triggers NF-kB and AP-1, increasing inflammation and oxidative stress [42].
Mitochondrial dysfunction due to oxidative stress impairs fatty acid breakdown,
causing lipotoxicity and increased ROS. ROS-JNK crosstalk promotes lipid peroxida-
tion and ER stress, inducing apoptotic genes and cell death [43]. Persistent JNK and
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NF-kB activation leads to hepatocyte death. DAMPs from dying cells activate hepatic
stellate cells (HSCs), increasing collagen and extracellular matrix deposition, promot-
ing fibrosis and, eventually, cirrhosis [44].

2.4 PTP1B: A key regulator in hepatic insulin resistance

Protein tyrosine phosphatase 1B (PTP1B), encoded by PTPN1, is a 50 kDa
non-receptor phosphatase regulating multiple signaling pathways including insu-
lin, leptin, and EGF [45]. Tissue-specific effects of PTP1B inhibition are shown in
models. Skeletal muscle PTP1B deletion enhances insulin sensitivity by increasing
phosphorylation of IR, IRS1, AKT, ERK1/2, and PI3K activity, without affecting
lipid profile or adiposity [46]. Adipose-specific deletion increases adipocyte size,
leptin, and lipogenesis while maintaining body weight [47]. In the liver, PTP1B
deletion improves insulin sensitivity, suppresses gluconeogenesis and lipogenesis,
and reduces ER stress by lowering p38-MAPK, JNK phosphorylation, and ER-stress
markers PERK and elF2a, improving lipid profile without changing body weight or
adiposity [48]. Figure 2 illustrates how overexpression of PTP1B disrupts insulin
receptor signaling and glucose uptake, whereas inhibition of PTP1B by Viscosol
restores the PI3K-AKT pathway and facilitates GLUT4 translocation, improving
insulin sensitivity (Figure 2).

2.4.1 PTP1BS effect on insulin veceptor and IRS pathway

Normally, insulin binds IR, triggering autophosphorylation and phosphorylation of
IRS1/2, activating PI3K. PI3K’s regulatory (p85) and catalytic (p110) subunits phosphory-
late phosphoinositides, converting PIP2 to PIP3. This activates AKT, promoting protein
synthesis, survival, and GLUT4 translocation for glucose uptake. PTP1B negatively
regulates by dephosphorylating IR, IRS1, and IRS2, dampening PI3K/AKT signaling [49].
Table 1 summarizes the contrasting roles of PTP1B activation and inhibition on insulin

PTP1B Overexpressed State i PTPIB Inhibited State

GLUTA Transhocation

I
t 7
GLUTH Vesiche ! ,& GLUT4 Vesicle

Figure 2.
Schematic representation of PTP1B% vole in insulin signaling depicting impaired signaling in PTP1B
overexpression versus restorvation of insulin pathway wpon PTP1B inhibition by Viscosol.
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Aspect

PTP1B activation

PTP1B inhibition

Insulin signaling

Dephosphorylates insulin receptor (IR)
and IRS, leading to insulin resistance.

Enhances insulin sensitivity by maintaining
phosphorylation of IR and IRS.

Glucose Impairs insulin-mediated suppression Improves glucose uptake, reduces hepatic

homeostasis of gluconeogenesis, contributing to gluconeogenesis, and lowers blood glucose
hyperglycemia. levels.

Leptin signaling Dephosphorylates JAK2, leading to leptin Enhances leptin sensitivity, reducing food

resistance and increased food intake.

intake, and increasing energy expenditure.

Lipid metabolism

Promotes hepatic lipid accumulation and
lipogenesis, contributing to MASLD.

Reduces hepatic fat accumulation by
promoting fatty acid oxidation and
inhibiting lipogenesis.

Potential
therapeutic impact

Worsens metabolic disorders like type 2
diabetes and MASLD.

Shows promise as a target for drug
development in insulin resistance, MASLD,
and obesity.

Table 1.

Comparison of the metabolic effects and signaling pathways vegulated by PTP1B activation versus inhibition.

signaling, glucose homeostasis, leptin sensitivity, lipid metabolism, and their implications
for metabolic diseases such as MASLD and type 2 diabetes.

3. Experimental model and methodology

3.1 High-fat diet (HFD)-streptozotocin (STZ) induced diabetic mice model

3.1.1 Model justification

The high-fat diet (HFD) combined with low-dose STZ is a well-established mouse
model that closely mimics human T2DM and MASLD. It replicates key features such
as persistent hyperglycemia, insulin resistance, dyslipidemia, and hepatic steatosis.
Unlike genetic models, this model includes environmental factors such as diet-
induced obesity and f-cell damage, allowing better study of metabolic dysfunction
and therapeutic testing [50].

3.1.2 Control vs. diabetic groups

Two groups were used: control mice on a standard diet with saline, and dia-
betic mice fed HFD plus low-dose STZ (40 mg/kg i.p. for 5 days) to impair B-cells.
Diabetic mice showed hyperglycemia (>250 mg/dL fasting glucose), raised serum
triglycerides, cholesterol, VLDL, LDL, and altered HDL. Histology revealed enlarged
adipocytes with bigger lipid droplets, macrophage infiltration, and hepatic steatosis
with lipid buildup and hepatocyte dilation [50]. This confirms the model’s validity for
T2DM and lipid metabolism studies.

3.2 Viscosol compound: Extraction and administration

3.2.1 Chemical properties and bioavailability

Viscosol (5,7-dihydroxy-3,6-dimethoxy-2- (4-methoxy-3- (3-methylbut-2-enyl)
phenyl)-4H-chromen-4-one) is a flavonoid from Dodonaea viscosa, traditionally used
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for hyperglycemia and lipid disorders [50]. It potently inhibits PTP1B, a negative
insulin signaling regulator involved in T2DM. Extraction follows standard phyto-
chemical protocols, ensuring purity. Like many flavonoids, Viscosol has poor water
solubility and faces metabolic degradation, requiring careful formulation for effective
dosing.

3.2.2 Dosage and treatment

Viscosol was given at 33 mg/kg (~1 mg/mouse) via intraperitoneal injection dis-
solved in 1% DMSO. The treatment started after diabetes induction and lasted 7 days,
monitoring fasting glucose and lipid profiles. This does align with prior studies show-
ing insulin signaling and lipid metabolism improvements without toxicity [50].

3.3 Key biomarker analysis
3.3.1 Serum lipid profiling

Serum lipids were measured by enzymatic assays: triglycerides, total cholesterol
(TC), LDL, VLDL, and HDL. Diabetic mice had high triglycerides, TC, LDL-C, and
VLDL-C, with paradoxically raised HDL-C, typical of T2DM dyslipidemia. Viscosol
treatment significantly lowered atherogenic lipoproteins and normalized HDL, show-
ing its hypolipidemic effect [50].

3.3.2 Gene expression (RT-qPCR)

RT-qPCR quantified key insulin signaling and lipid metabolism genes in adipose
and liver tissues. Targets included INSR, IRS1, IRS2, PI3K, SREBP1c, FAS, and PPARy.
Viscosol increased INSR, IRS1/2, and PI3K expression, indicating better insulin
sensitivity. Lipogenic genes SREBP1c and FAS were up in adipocytes but down in
hepatocytes, showing tissue-specific effects that reduce liver fat. PPARy was upregu-
lated in adipose, promoting healthy fat cell differentiation [50].

3.3.3 Histology (He¥E and Oil Red O)

H&E and Oil Red O staining assessed adipose and liver morphology and lipid
accumulation. Controls showed normal cell structure with minimal lipid. Diabetic
mice had enlarged adipocytes, increased lipid droplets, macrophage infiltration,
and clear hepatic steatosis with disrupted hepatocytes. Viscosol treatment restored
normal cell morphology, reduced fat accumulation, confirming its hepatoprotective
and anti-steatotic roles [50].

3.4 High-fat diet (HFD)-streptozotocin (STZ) diabetic mice model
3.4.1 Model justification

The HFD combined with the low-dose STZ mouse model replicates T2DM and
MASLD well. HFD induces obesity and insulin resistance by fat buildup in the liver
and adipose tissue, while STZ selectively damages pancreatic p-cells, reducing insulin
secretion. This dual mechanism mimics human T2DM and MASLD effectively, mak-
ing it ideal for testing treatments [50].

10
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3.4.2 Control vs. diabetic groups

Control mice had a normal diet and saline injections. Diabetic mice on HFD plus
STZ showed increased body weight, high fasting glucose, dyslipidemia (high triglyc-
erides, cholesterol, LDL), and hepatic steatosis with enlarged adipocytes and inflam-
mation. These changes mirror human diabetic and liver disease features [50].

3.5 Viscosol compound: Extraction and administration
3.5.1 Chemical properties and bioavailability

Viscosol, a flavonoid from Dodonaea viscosa, has strong anti-inflammatory,
antidiabetic, and liver-protective effects. It inhibits PTP1B, which negatively affects
insulin signaling. Like many flavonoids, it has low solubility and is prone to metabolic
breakdown, requiring careful formulation for effective dosing [50].

3.5.2 Dosage and treatment

Viscosol was given intraperitoneally at 33 mg/kg (~1 mg/mouse) for 7 days after
diabetes induction. Blood glucose and lipid levels were monitored to evaluate their
effect on insulin sensitivity and lipid metabolism [50].

3.6 Key biomarker analysis

Serum lipids were measured enzymatically. Diabetic mice had high triglyc-
erides, total cholesterol, LDL, and VLDL, with altered HDL. Viscosol treatment
lowered these atherogenic lipids and normalized HDL, showing improved lipid
metabolism [50].

3.6.1 Gene expression (RT-qPCR)

RT-qPCR assessed insulin signaling and lipid metabolism genes in adipose and
liver tissues. Viscosol increased INSR, IRS1/2, PI3K, and AKT expression, improving
insulin sensitivity. Lipogenic genes (SREBP1c, FAS, ACC) decreased in the liver but
increased in adipose tissue, suggesting better lipid balance. PPARy was upregulated in
adipose, supporting healthy fat cell function [50]. Histology showed normal adipo-
cytes and liver controls. Diabetic mice had enlarged fat cells, lipid droplets, macro-
phage infiltration, and liver steatosis with disrupted hepatocytes. Viscosol treatment
reduced fat buildup and inflammation, restoring normal tissue structure, confirming
its protective role [50].

4. Results and findings
4.1 Improvement in lipid profile and reduction in hepatic steatosis

4.1.1 Lipid biomarker changes

Treatment with Viscosol significantly improved serum lipid profiles in HFD-STZ dia-
betic mice. Levels of LDL, VLDL, and total cholesterol were notably reduced compared
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to untreated diabetic controls [50]. This lipid-lowering effect supports better insulin
signaling and lipid metabolism, as shown by gene expression and histology data [50, 51].
These changes help reduce cardiovascular risks commonly seen in diabetes.

4.1.2 Cholesterol efflux enhancement

Viscosol also enhanced cholesterol efflux by increasing the expression of ABCA1
and ApoAl, key proteins involved in transporting cholesterol to HDL particles [51].
This improves reverse cholesterol transport, protecting cells from lipid toxicity and
reducing atherosclerosis risk.

4.2 Histological changes in liver and adipose tissue

Histological analysis (H&E and Oil Red O staining) showed that Viscosol lowered
lipid droplet accumulation in liver tissues. Diabetic mice had severe steatosis and
disrupted liver cell structure, but treatment reduced fat buildup and improved liver
morphology [50]. This aligns with its effect on genes regulating lipid metabolism.

Viscosol treatment also decreased fibrosis and inflammation markers like a-SMA
and TGF-p1, leading to improved liver function tests (ALT, AST) [50, 51]. This con-
firms its protective effect against liver damage related to steatohepatitis and diabetes.

4.3 PTP1B inhibition restores insulin sensitivity

At the molecular level, Viscosol inhibited PTP1B, a negative regulator of insu-
lin signaling. Expression of insulin receptor (INSR), IRS1, IRS2, PI3K, and AKT
increased, improving glucose uptake and lowering blood glucose [50, 51]. This
highlights the therapeutic potential of targeting PTP1B in insulin resistance. Chronic
inflammation and oxidative stress contribute to insulin resistance. Viscosol signifi-
cantly reduced pro-inflammatory cytokines TNF-a, IL-6, and oxidative stress marker
FOXO1 in liver and adipose tissue [51]. This reduces inflammation, improves insulin
sensitivity, and prevents tissue damage and fibrosis.

5. Synergy between Viscosol and GLP-1

The synergy between Viscosol (endoscopic gastric remodeling, EGR) and GLP-1
receptor agonists (GLP-1RA) comes from their combined effects on weight loss and
liver health in MASLD patients with advanced fibrosis. EGR reduces stomach size,
limits food intake, and slows digestion, while GLP-1RAs lower appetite, improve
insulin sensitivity, and delay gastric emptying [52]. Together, they provide better
weight reduction, improved liver fibrosis markers, and reduced insulin resistance
than either alone. This combination offers an effective, less invasive treatment for
complex metabolic liver disease cases.

5.1 Role of metformin in treating MASLD

Metformin improves insulin sensitivity, reduces liver glucose production, and
modulates lipid metabolism. It activates AMPK, which lowers liver fat by blocking
lipogenesis and increasing fatty acid oxidation. Metformin also reduces liver enzymes
(ALT, AST), signaling less inflammation, and increases gut hormones like GLP-1 and
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GDF15 that control appetite and metabolism [52]. It benefits gut microbiota, promot-
ing metabolic health. Though histological improvements such as fibrosis reversal
remain inconsistent, metformin is a cost-effective MASLD treatment, especially
combined with drugs like GLP-1RAs.

5.2 SGLT?2 inhibitor role in MASLD treatment

Originally for T2DM, SGLT2 inhibitors show promise in MASLD by enhancing insulin
sensitivity and lowering blood glucose, thus preventing liver fat buildup. They also reduce
liver inflammation and may slow fibrosis progression that leads to cirrhosis [52]. Their
cardiovascular benefits are critical since MASLD increases heart disease risk. Although
not yet officially approved for MASLD, early data suggest SGLT2 inhibitors could be valu-
able alongside standard liver therapies. Table 2 highlights the clinical, pathological, and
therapeutic differences between MASLD and MASH, emphasizing their progression from
simple steatosis to inflammatory and fibrotic liver disease.

6. Advanced drug delivery systems using nanotechnology
6.1 Lipid-based nanoparticles

Micelles, liposomes, and lipid nanoparticles (LNPs) are favored for drug delivery
due to biocompatibility and flexibility. Micelles effectively deliver hydrophobic drugs,
liposomes carry both hydrophilic and hydrophobic agents, and LNPs protect nucleic
acids with controlled release, critical for mRNA vaccines [53-55].

6.2 Polymeric drug delivery systems

Made from biodegradable polymers (PLGA, PLA, PEG), these nanoparticles
allow controlled drug release. They can respond to stimuli like pH or reactive oxygen

Feature MASLD (NASLD) MASH (NASH)

Definition Excess liver fat (5% of hepatocytes) Liver fat accumulated with inflammation and
without significant alcohol consumption. hepatocyte injury (ballooning), with or without

fibrosis.

Pathogenesis Insulin resistance, dyslipidemia, and Chronic inflammation leads to hepatocyte
metabolic dysfunction drive hepatic damage, fibrosis, and potential progression to
steatosis. cirrhosis.

Histological Macro vesicular steatosis without Steatosis with hepatocyte ballooning, lobular

features significant inflammation or fibrosis. inflammation, and fibrosis.

Metabolic Strongly linked to obesity, type 2 diabetes ~ More severe metabolic dysfunction with

associations (T2DM), and metabolic syndrome. increased risk of cardiovascular and liver-related

mortality.

Treatment Lifestyle modifications (diet, exercise), Same as MASLD, but with added focus on anti-
weight loss, metabolic control (e.g., inflammatory and antifibrotic strategies (e.g.,
GLP-1 RAs, SGLT? inhibitors). obeticholic acid, FXR agonists).

Table 2.

Key distinctions between metabolic dysfunction-associated steatosis liver disease (MASLD) and metabolic
dysfunction-associated steatohepatitis (MASH).
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species (ROS) for targeted delivery. Examples include pH-sensitive polymers for
tumors and dextran-based nanoparticles activated by ROS to enhance immune
response [56, 57].

6.3 Peptide-based drug delivery systems

Short amino acid sequences target specific receptors, improving drug localization.
EGFR-targeting peptides in liposomes treat lung cancer, and somatostatin-derived
peptides target breast and prostate cancers. Recent peptides like RIPL increase selec-
tive uptake in cancer cells [17, 58, 59].

6.4 Inorganic nanoparticle-based systems

Dendrimers, mesoporous silica, magnetic, and gold nanoparticles offer high drug
loading and targeting. Dendrimers encapsulate DNA and chemo drugs; magnetic
nanoparticles are directed by external fields; gold nanoparticles are used in cancer
photothermal therapy [18, 60, 61].

7. Targeted nanocarrier strategies to enhance Viscosol efficacy in MASLD

Modern delivery systems can boost Viscosol’s bioavailability, liver targeting, and
controlled release, enhancing its MASLD therapy potential. Lipid nanoparticles improve
solubility and hepatic distribution, reducing side effects [62]. PEG-PLGA polymeric
nanoparticles offer sustained release and protect Viscosol from degradation [56]. pH- or
ROS-responsive carriers selectively release Viscosol in inflamed liver regions, increas-
ing local drug levels while lowering toxicity [57]. Exosome-based delivery uses natural
vesicles for precise liver targeting [63]. Peptide-functionalized nanoparticles bind
overexpressed liver receptors, improving targeting and drug accumulation [59]. These
strategies maximize Viscosol’s therapeutic effect and minimize off-target impacts.

8. Conclusion

MASLD is a progressive metabolic liver disease closely associated with insulin
resistance and T2DM. Dysregulated lipid metabolism and chronic inflammation drive
its progression. The HFD-STZ diabetic mouse model reliably replicates these human
features, making it suitable to test new treatments. Viscosol from Dodonaea viscosa
effectively inhibited PTP1B, restoring insulin receptor activity and downstream signal-
ing, improving lipid profiles, and enhancing cholesterol transport. It reversed liver fat
accumulation, reduced fibrosis markers, and suppressed inflammation. Viscosol’s ability
to target insulin resistance, lipid disorders, and inflammation makes it a promising
multi-target therapy for MASLD and T2DM. These preclinical findings support further
clinical research to address the growing burden of metabolic liver disease and diabetes.
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