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Abstract Withania somnifera (Ashwagandha) is a traditional plant with medicinal
properties used in the treatment of various diseases. It possesses potential in the
management of diabetes; however, its efficacy relative to standard therapies and
the advantages of nano-formulation remain inadequately investigated. This study
aims to clarify the relative effects of Withania somnifera extracts (WSE) and
nanoparticles (WNAE) compared to metformin on alloxan-induced diabetic rats.
Focusing on the moderation of metabolic regulatory indices, such as glucose level,
insulin sensitivity, and lipid metabolism, very-low-density lipoprotein (VLDL), low-
density lipoprotein (LDL), and high-density lipoprotein (HDL), the research assesses
the mechanisms underlying how WS preparations influence metabolic pathways,
as well as their effectiveness compared to the existing standard of care. The
experimental groups consisted of 32 Wistar male rats, which were divided into the
following groups: non-diabetic control (G1), diabetic untreated (G2), diabetic AE-
treated (G3), diabetic NAE-treated (G4), and diabetic metformin-treated (G5).
Metabolic parameters were monitored over a 30-day period. The findings revealed
reduced blood glucose levels and normalized insulin levels in rats treated with both
AE and NAE. Markedly improved lipid profiles, with NAE attaining the most
significant reductions in LDL and VLDL and the highest increases in HDL, surpassing
the effects of metformin. Weight loss was minimal in the metformin and NAE
groups compared to the diabetic control group. The Nano-formulation enhances
the bioavailability and efficacy of ashwagandha in regulating glucose, insulin, and
lipid levels, exhibiting effects comparable to or superior to those of metformin.
These results suggest that NAE represents a promising adjunctive therapy for
diabetes management, enhancing the bioavailability and efficacy of ashwagandha
in regulating glucose, insulin, and lipid levels, with effects comparable to or
superior to those of metformin. Thus, NAE represents a promising adjunctive
therapy for diabetes management.

Key words: Withania somnifera, Ashwagandha nanoparticles, antidiabetic,
alloxan, metformin.
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Introduction Diabetes mellitus is a global public with
health crisis that affects many people worldwide with

cardiovascular disease, neuropathy,
nephropathy, and retinopathy [2]. The
pathophysiology of type 2 diabetes (T2D) is complex

type 2 diabetes (T2D), making up most (90-95%) of the
cases [1]. This metabolic disorder is manifested in
chronic and persistent hyperglycemia due to the
functional abnormalities in the production of insulin
and/or vasodilation, and subsequently the
development of serious complications associated

and depends on the interaction between genetic
predisposition and environmental factors. The key
processes are insulin resistance and B-cell dysfunction
of the pancreas[3]. This is because with the current
increase in the prevalence of diabetes throughout the
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world, treatment plans that not only address and
control the diabetes but also prevent the
development and complications of the associated
metabolic derangement are urgently needed.

The current pharmacological treatment, particularly
metformin, has been proven effective in treating
individuals with T2D through various mechanisms,
including the inhibition of hepatic glucose production
and the enhancement of insulin sensitivity [4].
However, the traditional interventions have some
significant drawbacks, including gastrointestinal side
effects, risks of vitamin B12 deficiency as the
treatment progresses, and incomplete recovery of
metabolic homeostasis [5]. Moreover, even with
proper dosing, a substantial proportion of patients
still do not respond well to glycemic control, further
underscoring the need to use alternative or
complementary therapeutic approaches [6]. Thus,
there is a growing search for new drugs that are safer
and more effective, resulting in scholars focusing on
natural products with anti-diabetic properties.

WS, also known as ashwagandha, is a highly popular
medicinal plant that is recommended for purchase
with or without a prescription [7]. Modern scientific
studies have confirmed most of the traditional
indications and have developed a wide
pharmacological profile, of antioxidant, anti-
inflammatory, immunomodulatory, and, in particular,
anti-diabetic effects [8]. Much of the therapeutic
effect of WS is attributed to its phytochemical
homogeneity, primarily the steroidal lactones
(withanolides), which have been observed to have
significant biological effects in various disease models
[9].

Comprehensive scientific research has demonstrated
the anti-diabetic properties of WS through a
multifaceted mode of action of these compounds
which enhance insulin sensitivity and glucose
homeostasis, particularly by protecting pancreatic
beta cells against oxidative stress and inducing
glucose uptake in peripheral tissues [10,11].
Additionally, the antioxidant effects of WS are crucial
in mitigating oxidative stress in pancreatic islets,
which is a key factor in the pathogenesis of
diabetes[12][13].

Overall, promising results were published in the
preclinical studies; however, conventional WS
extracts have their therapeutic power limited by poor
aqueous solubility, low bioavailability, and high
systemic clearance [14]. Recent advances in

nanotechnology offer a promising solution to these
shortcomings: nanoparticle formulations of WS have
demonstrated enhanced dissolution rates, greater
protection of bioactive constituents, and increased
cellular uptake [15]. These formulations can allow for
reducing the doses used in therapy while maintaining
the same or even increasing the pharmacological
effect [16].
Although the actions of both WS and metformin on
type 2 diabetes management have been
independently proven separately, were there is a lack
of comparative analysis of their relative efficacies
[17].
Material and methods
Ethical Considerations
The Committee for Animal Care and Use at the Faculty
of Veterinary Medicine, University of Al Qadisiyah,
reviewed and approved all procedures for this study
(Approval Number: 3726, dated 8/9/2025).
Ashwagandha extraction
Ashwagandha root was extracted with distilled water
using a Soxhlet method over four days, then dried and
reconstituted for testing at a concentration of 2 mL
per animal. Initially, roots were finely ground; later, an
ethanol-water mixture was used for extraction, and
the solution was evaporated to remove solvents [18].
Ashwagandha nanoparticle extraction
The dry residue from the previous extraction step was
re-dissolved in a mixture of ethanol and distilled
water for Nano-formulation. It was homogenized with
a sonicator using 375 mL and 500 mL of distilled water
to optimize dispersion [19]. After homogenization,
the extract was re-evaporated, collected, and stored
in a refrigerator. About 2 grams of the dried extract
were dissolved in 10 mL of distilled water with PBS at
pH 7.2, then 2 mL was administered to each rat daily
[20].
Experimental animals
Thirty-two adult Wister male rats were included in
this experiment; 24 rats received 1 mL of alloxan (0.43
g/kg) via injection (diabetes developed within 48 hr),
while the last eight received distilled water only as a
negative control. Rats were randomly divided into five
groups (8 each).
e  Negative group (G1): Eight rats received
distilled water (not diabetic).
e  Positive group (G2): Eight rats induced
diabetes without treatment [21].
e Ashwagandha group (G3): Eight diabetic rats
were treated with ashwagandha extract [22].
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e Nanoparticle group (G4): Eight diabetic rats
were treated with nanoparticles of
ashwagandha [23].

e Metformin group (G5): Eight diabetic rats
received metformin (200 mg/kg/day) [24].

Body weight

Experimental animals were weighed on day zero and
at the end of the experiment. Rats were gently placed
in an empty container, and their weights were quickly
recorded to minimize errors and detect treatment-
related weight differences.

Blood Collection and Biochemical Analysis

Blood Collection

At the end of the experiment, about 5 mL of blood was
drawn directly from the heart via cardiac puncture
after inhalation anesthesia with chloroform (Cristalco,
France) using a 5 mL disposable syringe. The blood
samples were transferred into plain gel tubes, allowed
to clot at room temperature for 10 to 20 minutes, and
then centrifuged at 3500 rpm for 5 minutes. The
serum was subsequently aliquoted into labeled
Eppendorf tubes (Sigma, England) and stored at -20°C
until analysis of insulin and lipid profiles [25].
Glucose Measurement

Blood samples were collected from tail vein after
disinfected with 70% alcohol and glucose levels were
measured using a portable meter (Glucometer, Hansa
Medical) to enhance accuracy and minimize
invasiveness [26].

Insulin Measurement

Insulin concentrations were quantified in serum
samples according to the established blood collection
protocol. Fasting insulin levels were ascertained
utilizing a radioimmunoassay kit, after an overnight
fast of eight hours [27].

Lipid Profile Measurement

Serum concentrations of VLDL, LDL, and HDL were
measured using radioimmunoassay (RIA) [28].
Histopathological studies

After sacrificing the anesthetized animal with
chloroform, tissues from the liver and kidney were
fixed in 10% formalin for 2-3 days. Then samples were
fixed in a sectioned to of 0.5 um thickness and placed
in plastic cassettes [29]. The Italian tissue processor
Histo-Line Laboratories ATP1000 automatically
dehydrates and clears the tissue. Dehydrated tissues
were embedded in paraffin wax using the Histo-Line
Laboratories HESTION TEC2900 embedding system,
controlled by a TEC2900 Thermal Console (Histo-Line
Laboratories, Italy). Tissue blocks were sectioned at 4-

5 um with a Histo-Line Laboratories MRS3500 rotary
microtome. Sections were floated in a water bath at
37°Cand on a hot plate, both of which were regulated
by the TEC2900 Thermal Console, before being
mounted on slides. Sections were stained with
Hematoxylin and Eosin (H&E, Dakocytomation,
Denmark) and examined under a light microscope
(Olympus, Japan) at 40x and 10x magnifications for
histological assessment [30,31].
Data Analysis

The findings of the present study were analyzed
utilizing the SPSS software, version 27, and are
expressed as mean = SEM. Quantitative variables
were examined using a one-way analysis of variance
(ANOVA), with the Least Significant Difference (LSD)
test employed as a post-hoc analysis to compare the
means across different rat groups. Results with a P-
value less than 0.05 were deemed to be statistically
significant [32].
Result
Effect of treatment on body weight
Table present the mean body weights (+ standard
error) of five groups of rats before and after
treatment, along with the corresponding weight
changes. The G1 group exhibited a slight but non-
significant increase in body weight (248.37 + 7.02 to
251.37 £ 7.05 g), with a mean weight gain of 3 £ 0.46
g. In contrast, the G2 exhibited a significant weight
loss of -6.75 £ 2.12 g (from 258.62 + 9.72 to 246.87 +
9.35 g), indicating the adverse effects of diabetes.
Furthermore, G3 also experienced weight loss
(250.12 +8.70 to 246.62+7.29 g), with a mean
reduction of -3.50+1.47 g, while the group G4
showed a similar trend, with a weight loss of -
2.62 +0.38 g (from 255.50 + 8.60 to 252.87 + 8.74 g).
Meanwhile, the G5 demonstrated a comparatively
lower weight loss of -1.75+0.72 g (from
261.75 +3.57 to 260+3.28 g). Statistical analysis
revealed significant differences in weight change
among groups, with different superscript letters
indicating significance at P < 0.05 according to the LSD
test.
Table 1. The table represents the weights (Mean + SE)
of five groups of rates.

Groups Day zero End the | Weight
experimen | change

t
G1 248.3747. 251.3747. 310.46a
02a 05a
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G2 258.6219. 246.8719. -
72a 35a 6.75%£2.12
C
G3 250.1248. 246.6217. -
70a 29a 3.50£1.47
bc
G4 255.5048. 252.8718. -
60a 74a 2.6210.38
bc
G5 261.7543. 260+3.28a | -
57a 1.75+£0.72
ab
LSD(P<0. | 22.51 21.40 15.07
05)

1- G1 (negative Control): No person with diabetes
treated.

2- G2 (positive control): Treated with alloxan to
induce diabetes.

3- G3 (Ashwagandha extract): Diabetic with alloxan,
and treated with ashwagandha extract to study its
effect on treating diabetes.

4- G4 (Nano Ashwagandha): Diabetic with alloxan,
and treated with banana ashwagandha to study its
impact on treating diabetes.

5- G5 (Metformin): Diabetic with alloxan, and treated
with metformin to study its effect on treating
diabetes.

Different letters between any two means, vertically
denoted, indicate significant differences at P < 0.05.
Effect of Ashwagandha Treatment on the Insulin and
Glucose Levels

The insulin concentrations (Mean + SE) measured in
the different experimental groups revealed significant
variations following treatment, Table 2. G1
maintained near-normal insulin levels at 14.43 + 0.20
ulU/mL. In contrast, the diabetic rats in (G2), showed
a substantial and statistically significant reduction in
insulin secretion, with levels dropping to 8.69 + 0.62
pulU/mL,. Notably, rats treated with ashwagandha
extract exhibited the highest insulin levels at 16.33
1.06 plU/mL, indicating a potential stimulatory effect
on insulin secretion. The rats in G4, also showed
improved insulin levels (13.86 + 0.89 pulU/mL), which
were significantly higher than those in G1. Similarly,
metformin treatment presented an increase in insulin
concentrations of 15.17 + 0.92 plU/mL, which closely
aligns with the values observed in the ashwagandha-
treated groups. These results demonstrate the

potential of both ashwagandha and metformin to
restore insulin secretion in diabetic conditions.
Glucose measurements also revealed significant
differences among the treatment groups, Table 2. The
G1 maintained normal blood glucose levels at 99.25 +
2.54 mg/dL. As expected, the G2 showed a dramatic
and statistically significant elevation in glucose
concentration, reaching 459.5 + 30.4 mg/dL,
indicative of severe hyperglycemia. Treatment with
ashwagandha extract showed a significant reduction
in glucose levels to 128.25 + 12.3 mg/dL. Likewise,
Nano-ashwagandha lowered glucose to 117.88 *
12.19 mg/dL, demonstrating slightly greater efficacy
than the conventional extract. Metformin-treated
rats also experienced notable improvement, with
glucose levels at 127 + 15.1 mg/dL, comparable to
those in the ashwagandha groups. All treatment
groups (G3-G5) showed statistically significant
reductions in glucose levels compared to the diabetic
control, supporting their therapeutic value in glycemic
regulation.

Table 2. Insulin and glucose levels in diabetic rats
treated with ashwagandha (Mean  SE)

Groups Insulin Glucose

Gl 14.4310.20ab | 99.25+2.54b
G2 8.69+0.62c 459.5+30.4a

G3 16.33+1.06a 128.25+12.3b
G4 13.86+0.89b 117.875+12.19b
G5 15.17+0.92ab | 127%15.1b
LSD(P<0.05) | 2.32 49.16

1- G1 (negative Control): No person with diabetes
treated.

2- G2 (positive control): Treated with alloxan to
induce diabetes.

3- G3 (Ashwagandha extract): Diabetic with alloxan,
and treated with ashwagandha extract to study its
effect on treating diabetes.

4- G4 (Nano Ashwagandha): Diabetic with alloxan,
and treated with banana ashwagandha to study its
impact on treating diabetes.

5- G5 (Metformin): Diabetic with alloxan, and treated
with metformin to study its effects in treating
diabetes.

Different letters between any two means, vertically
denoted, indicate significant differences at P < 0.05.
Effect of Treatment with Ashwagandha on Lipid
Profile Concentrations

Table (3), illustrated the mean values (+ SE) of lipid
profile parameters (VLDL, HDL, and LDL) in five groups
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of rats following treatment. The G2, exhibited
significant dyslipidemia, as indicated by elevated VLDL
(22.75 £1.27 mg/dL) and LDL (156.94 %+ 3.21 mg/dL)
levels, alongside a marked reduction in HDL
(37.75 £ 0.95 mg/dL). In contrast, the G1 maintained
normal lipid levels, with VLDL at 19.19 + 0.37 mg/dL,
HDL at 48.38 + 1.67 mg/dL, and LDL at 56.25 * 2.34
mg/dL. Treated rats in G3 significantly improved lipid
parameters, resulting in a reduction in LDL
(55.13 +4.74 mg/dL), an increase in  HDL
(58.13 +£1.73 mg/dL), and a slight increase in VLDL
level to 20.25 * 0.49 mg/dL.

Similarly, G4 group demonstrated strong
hypolipidemic  effects, with VLDL levels at
19.23+0.70 mg/dL, an increase in HDL levels at
56.75 £ 1.03 mg/dL, and an increase in LDL levels at
52.61+2.28 mg/dL. Metformin-treated rats also
showed improvement over the diabetic control, with
moderately regulated lipid levels: VLDL at
21.31£0.52 mg/dL, HDL at 51.50 + 1.67 mg/dL, and
LDL at 60.08+3.48 mg/dL. Statistical analysis
revealed significant differences among groups (P <
0.05), indicating the beneficial impact of
ashwagandha and metformin in restoring lipid
balance in diabetic conditions.

Table 3. Lipid profile levels in rats treated with
ashwagandha (Mean * SE)

Groups VLDL HDL LDL

G1 19.1940. | 48.38+1. | 56.25+2.34
37b 67 b b

G2 22.75+1. | 37.75%0. 156.9413.2
27 a 95c la

G3 20.25+0. | 58.13+1. | 55.13+4.74
49 b 73 a b

G4 19.231+0. | 56.75+1. | 52.61+2.28
70b 03a b

G5 21.31+0. ] 51.50+1. | 60.08+3.48
52 ab 67 b b

LSD(P<0.0 | 2.14 4.18 9.59

5)

1- G1 (negative Control): No person with diabetes
treated with any substance.

2- G2 (positive control): Treated with alloxan to
induce diabetes.

3- G3 (Ashwagandha extract): Diabetic with alloxan,
and treated with ashwagandha extract to study its
effect on treating diabetes.

4- G4 (Nano Ashwagandha): Diabetic with alloxan,
and treated with banana ashwagandha to study its
impact on treating diabetes.

5- G5 (Metformin): Diabetic with alloxan, and treated
with metformin to study its effect on treating
diabetes.

Different letters between any two means, vertically
denoted, indicate significant differences at P < 0.05.
Histopathological Findings

Liver

Histological sections of the rat's liver in G1 revealed a
standard structure, characterized by regular hepatic
plates and normal central nuclei, with no signs of fatty
degeneration or inflammatory infiltration, Figure
(1A). The liver appears healthy, without any signs of
degeneration or necrosis. In contrast, clear
pathological changes were observed, including
varying degrees of fatty degeneration, hepatocyte
hyperplasia, and periportal inflammatory infiltration,
as well as marked congestion of the central blood
vessels and blood retention within the liver sinusoids
in G2, Figure (1B).

The liver sections in G3 rats showed a significant
improvement in histological structure compared to
the G2 and control groups, with reduced fatty
degeneration and hypertrophic cells, and only mild
inflammatory infiltration, indicating a relative
protective effect of the plant extract, Figure (1C).
Likewise, diabetic rats treated with nanoparticles
showed improvements that were more pronounced
compared to group 3, with the liver structure
becoming more closely aligned with normal,
exhibiting a relative absence of fatty degeneration
and a significant reduction in inflammatory
infiltration, indicating a greater hepatoprotective
effect of the plant-derived nanoparticles, figure (1D).
On the other hand, the liver sections of G5 rats
showed moderate improvement in liver structure
compared to the untreated diabetic group, with a
reduction in fatty degeneration and congestion;
however, moderate perivascular inflammatory
infiltration remained, figure (1E).
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Figure 1: Histological sections of the rat liver. A:
showed a normal structure, with regular hepatic
plaques and normal central nuclei (black arrow) and
normal central vein (CV). H&E stain; X400. B:
Histopathological image of the liver of mice was
observed, including varying degrees of fatty
degeneration (blue stars), hepatocyte hyperplasia
(black arrow), and periportal inflammatory infiltration
(blue arrow), marked congestion of the blood vessels
(red arrow), and blood retention within the liver
sinusoids (green arrow). H&E stain; X400. C: from
diabetic rats treated with ashwagandha extract was
reduced fatty degeneration and hypertrophic cells
(black arrow), and only mild inflammatory infiltration
(green arrow), and lower degrees of fatty
degeneration (blue stars). H&E stain; X400. D: diabetic
rats treated with ashwagandha nanoparticles showed
improvement more pronounced compared to group
3, with liver structure becoming more closely aligned
with normal, with a reduction of fatty degeneration
(blue star) and a significant reduction in inflammatory
infiltration (green arrow), reduced hypertrophic cells
(black arrow), H&E stain; X400. E: showed a moderate
improvement in liver structure compared to the
untreated diabetic group, with a reduction in fatty
degeneration (Blue star) and congestion (red arrow).
Stil, a moderate perivascular inflammatory
infiltration remained (green arrow), and reduced
hypertrophic cells (black arrow). H&E stain; X400
Kidney

The kidneys of rats in G1 exhibited normal glomerular
and tubular structures, with no significant
pathological changes, figure (2A). However, the
kidney section of G2 rats exhibited degenerative
changes in the renal tubules, including narrowing of
the tubular lumen, dilation of the interglomerular

spaces, and increased thickness of the basement
membrane, accompanied by inflammatory cell
infiltration, figure (2B). In contrast, kidney sections of
diabetic rats treated with ashwagandha extract
exhibited an improved histological structure,
characterized by a reduced degree of tubular damage
and a marked improvement in glomerular structure.
However, mild infiltration persisted, figure (2C). The
rat in group 4 exhibited the best preservation of
kidney structure in the kidney section, closely
approximating the normal shape, with a relative
absence of infiltration and damage, indicating the
high efficacy of nanoparticles in mitigating diabetes-
induced damage, figure (2D). Similarly, the results
presented moderate improvement, with a relative
decrease in degenerative changes. However, some
samples showed slight tubular dilatation and
moderate inflammatory infiltration in rats G5, figure

S

Figure 2. Histopathological image of the rat kidney. A:
The negative control group showed normal glomeruli
and tubule structure (black arrow), with no significant
pathological changes. H&E stain; X400. B: positive
control group showed degenerative changes were
observed in the renal tubules (black arrow),
narrowing of the tubular lumen (blue arrow), dilation
of the interglomerular spaces (black arrow), and
increased basement membrane thickness (E), with
inflammatory cell infiltration (green arrow), H&E
stain; X400. C: G3 showed reduced degenerative
changes in the renal tubules (black arrow), less
narrowing of the tubular lumen (blue arrow), less
dilation of the interglomerular spaces (black arrow),
and decreased basement membrane thickness (E),
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along with mild inflammatory cell infiltration (green
arrow), H&E stain; X400. D: Rats treated with
ashwagandha nanoparticles exhibited the best
preservation of kidney structure (black arrow), closely
resembling normal shape, with minimal infiltration
and damage, indicating the high efficacy of
nanoparticles in reducing diabetes-induced damage.
H&E stain; X4000. E: revealed a moderate
improvement, characterized by a relative decrease in
degenerative changes. However, some samples
showed slight tubular dilatation (blue arrow) and
moderate inflammatory infiltration (green arrow).
H&E stain; X400.

Discussion

Effect of Ashwagandha treatment on body weight
The study investigated the impact of ashwagandha
treatments on body weight in rats with alloxan-
induced diabetes. The body weights of rats in G1
showed a slight but statistically insignificant increase
over time. This suggests that, under normal
physiological conditions, the rats managed to
maintain a healthy body weight without noticeable
fluctuations. In contrast, the body weight of rats in G2
decreased significantly, which can be attributed to
diabetes-related pathophysiology resulting from
inadequate blood sugar control. Excess sugar in the
blood causes an increased urination, leading to fluid
loss and, consequently, weight loss. This weight
change is typical of the classic catabolic state,
characterized by the destruction of B-cells, insulin
deficiency, hyperglycemia, glucose insensitivity, and
increased breakdown of proteins and fats [33,34].
The research also showed that the Nano-particles of
ashwagandha experienced a similar weight reduction
compared to the non-treated ashwagandha extract
group. This suggests that Nano-particles can also be
effective in addressing weight loss associated with
diabetes. Nanoscale delivery systems are well known
for enhancing the bioavailability and effectiveness of
herbal extracts, thereby improving the success of
clinical management [35][36]. Although the extensive
cellular protection and antioxidant effects of WS
formulations are well-established, the group treated
with metformin highlights the drug's unique ability to
reduce catabolic processes associated with diabetes.
In the current study, the group of respondents treated
with metformin experienced a statistically significant
reduction in body weight compared to other
treatment groups. This finding supports previous data
showing metformin's effectiveness in managing

diabetes by increasing insulin sensitivity and
decreasing hepatic glucose production [37]. A key
feature of metformin is the activation of the highly
effective  AMPK-driven metabolic pathway, which
limits gluconeogenesis in the liver, enhances glucose
uptake and utilization in the periphery, and directly
improves insulin sensitivity by addressing main
metabolic imbalances [38]. Although the extensive
cellular protection and antioxidant effects of WS
formulations are well-established, the group treated
with metformin highlights the drug's unique ability to
reduce catabolic processes associated with diabetes.
Effect of Ashwagandha Treatment on the Insulin and
Glucose Levels

The findings of the present study indicate notable
improvements in insulin and glucose levels in all
treatment cohorts relative to diabetic controls lacking
intervention, thereby demonstrating the therapeutic
potential of these modalities for experimental
diabetes.

Individuals in the diabetic control group, exposed only
to alloxan, failed to produce insulin in significant
guantities and exhibited increased blood glucose
concentrations, unequivocally demonstrating that
alloxan has cytotoxic effects on pancreatic B-cells
[39]. Such results are summaries of other works, as
reported, which indicate that alloxan selectively
targets B-cells by producing reactive oxygen species
(ROS), leading to insulinopenia and hyperglycemia
[33].

Based on this study, these results are in agreement
with other publications, which support the theory
that ashwagandha is a compound that increases
insulin secretion by shielding beta-cells against
oxidative damage and stimulating cell regeneration
[40,41]. The insulin-sensitizing effect of withanolides
may be another factor contributing to the anti-
hyperglycemic effect of WS [42].

Nano-particles exhibited a slightly better glucose-
lowering effect, confirming the idea that the Nano-
formulation can be more bioavailable and penetrate
cells to increase cellular compound activity [43]. This
observation aligns with an increasing number of
studies suggesting that delivery systems incorporating
nanotechnologies can improve the pharmacokinetic
profile of herbal extractions, thereby enhancing their
therapeutic value [44]. The nanoparticles from WS
exhibit anti-inflammatory, anticancer, antimicrobial,
antioxidant, and anti-aging properties, facilitating
targeted drug delivery. The plant-based nanoparticles
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exhibit superior characteristics, including enhanced
bioavailability, improved solubility, and extended
shelf life. The nanoparticles of WS play a crucial role
in mitigating damage caused by oxidative stress and
neutralizing free radicals, and reducing oxidative
damage, while increasing the enzyme antioxidant
activity [45] [46][47]

Similarly, metformin yields a significant increase in
insulin and glucose levels; these results contribute to
the previously established ability of metformin to
enhance insulin sensitivity and suppress
gluconeogenesis in the liver [48]. It is also interesting
that ashwagandha can be used as a suitable
supplement or alternative to traditional antidiabetic
medications [17].

Collectively, these data highlight the strong
therapeutic potential of WS as a multi-targeted agent
in managing diabetes, particularly in restoring B-cell
function, enhancing insulin secretion, and improving
glycemic control.

Effect of Ashwagandha Treatment on Lipid Profile
Concentrations

The findings of this investigation demonstrated that
alloxan-induced diabetes profoundly disrupts lipid
homeostasis, as evidenced by significantly elevated
levels of VLDL and LDL, accompanied by a marked
reduction in HDL in diabetic rats. These observations
are consistent with prior research indicating that
hyperglycemia promotes lipolysis within adipose
tissue, resulting in augmented hepatic synthesis of
VLDL and LDL, while concurrently diminishing reverse
cholesterol transport owing to decreased HDL
concentrations [49].

Treatment with ashwagandha extract effectively
reversed the diabetic-related lipid imbalance,
resulting in a significant decrease in LDL levels and a
slight decrease in VLDL levels, while increasing HDL
levels. These results support previous research that
links the lipid-lowering effects of WS to its bioactive
compounds, including withanolides and flavonoids,
which influence liver lipid metabolism and enhance
antioxidant defenses[22][50]. Additionally, the rise in
HDL levels may indicate improved reverse cholesterol
transport, a key process in protecting against
atherosclerosis.

On the other hand, the Nano-Ashwagandha
formulation demonstrated even greater efficacy, with
(VLDL) levels comparable to those observed in the
control group. This formulation resulted in the
recording of LDL. This enhanced activity is likely

attributable to improved bioavailability and targeted
delivery facilitated by nanotechnology, which
enhances the absorption and cellular uptake of active
phytochemicals [51]. Furthermore, HDL levels were
significantly elevated, underscoring its potential as a
superior therapeutic option for managing diabetic
dyslipidemia.

Similarly, metformin also enhanced lipid profiles,
demonstrating moderate reductions in LDL and
increases in HDL, consistent with its established
effects on lipid metabolism, which include the
inhibition of hepatic gluconeogenesis and reduction
of lipotoxicity, according to [52]. Nonetheless, the
superior capacity of ashwagandha formulations to
optimize the HDL/LDL ratio indicates potential
complementary or synergistic mechanisms beyond
the primary glucose-lowering effect of metformin.
Histopathological Findings

Liver

The results of G1 indicate that the liver retained its
normal structure; this reflects the liver's ability to
maintain metabolic balance and regulate the
metabolism of carbohydrates, lipids, and proteins.
These results confirm what [53] reported about the
microarchitecture of the healthy liver, as well as their
findings. Another study demonstrated that normal
livers in rodents are free of pathological changes
unless exposed to stress [54]. The absence of
degeneration and inflammatory infiltration indicates
that the experimental conditions did not affect the
liver. Therefore, this group serves as a primary
reference for comparing changes in other groups.
Histological findings from the second group showed
pathological changes in the liver. These changes
reflect metabolic and functional disturbances caused
by metabolic or inflammatory stress. Hepatic
steatosis is an early sign of lipid metabolism disorders
and may predispose to nonalcoholic steatohepatitis
(NAS) [55], while hyperplasia represents a
compensatory mechanism to maintain functional
mass [56]. Inflammatory infiltration also suggests an
immune response to lipid accumulation or toxic
agents [57], and congestion reflects impaired hepatic
flow and increased vascular resistance [58]. These
features combine to form a pathological picture
indicating the onset of complex fatty liver disease,
consistent with previous studies in rodent models.
The results of the third group showed a significant
improvement in liver histological structure compared
to the second and control groups. This improvement
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reflects the protective effect of ashwagandha extract,
which has been demonstrated in previous studies to
reduce oxidative stress and hepatic inflammation
associated with hyperlipidemia, as well as to stimulate
tissue regeneration mechanisms [59]. These results
support the potential role of active plant compounds
in protecting the liver against metabolic and
inflammatory damage caused by excess sugars or fats.
Similarly, the results of the fourth group showed a
greater improvement in liver histological structure
compared to the third group, with the liver tissue
approaching its normal shape. This improvement
reflects the potent protective effect of the plant
nanoparticles, which enhance the absorption of
ashwagandha's active compounds and increase their
biological efficacy in reducing oxidative stress and
hepatic inflammation [60]. These results support the
promising role of nanotechnology in improving the
pharmacological efficacy of plant extracts to protect
the liver from metabolic and inflammatory damage.
Results from the fifth group showed moderate
improvement in liver histological structure compared
to the untreated diabetic group, with reduced
steatosis and congestion. This improvement reflects
metformin's ability to enhance glucose and lipid
metabolism, as well as mitigate hepatic oxidative
stress; however, it may not eliminate the
inflammatory response induced by high glucose levels
[61]. These results confirm the partial protective role
of metformin in protecting the liver from metabolic
damage associated with hyperglycemia, underscoring
the need for an integrated treatment approach that
incorporates other strategies to reduce chronic
inflammation.

Kidney Samples

The results of G1 showed that the kidneys maintained
a normal structure of the glomeruli and tubules
without any pathological changes, reflecting the
integrity of renal tissue under normal experimental
conditions [53]. In contrast, the second group
exhibited marked degenerative changes in the renal
tubules. These changes are consistent with the effects
of chronic hyperglycemia on renal tissue, which leads
to early diabetic nephropathy through inflammatory
stimulation, increased oxidative stress, and
hypertrophy of the tubular and glomerular basement
membranes [62,63].

While the third group exhibited a significant
improvement in kidney histological structure,
characterized by reduced tubular damage and

enhanced glomeruli, indicating a partial protective
effect of ashwagandha extract against diabetes-
associated kidney damage [59]. Similarly, the fourth
group exhibited the best preservation of kidney
structure, approaching normal, with a relative
absence of infiltration and damage, demonstrating
the effectiveness of nanoparticles in enhancing the
bioavailability of active compounds and reducing
oxidative stress and renal inflammation [60]. While
the fifth group showed moderate improvement in
histological structure, with a decrease in some
degenerative changes, some samples exhibited slight
dilatation of the renal tubules and moderate
inflammatory infiltration, reflecting the partial
protective effect of metformin against diabetic
damage [61].

Conclusion

This study showed that Nano-formulated Withania
somnifera extract (NAE) exhibits superior antidiabetic
effects compared to conventional extract (AE) and
metformin in alloxan-induced diabetic rats. NAE
significantly reduces glucose levels, restores insulin,
and normalizes lipids (LDL and HDL), making
ashwagandha, especially in Nano form, a promising
supportive therapy for diabetes. These results suggest
that nanotechnology can optimize herbal medicine
delivery and need further clinical study.
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