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Background: In diabetes mellitus conditions, hyperglycemia leads to oxidative
stress, inflammation, and B-cell dysfunction, and traditional pharmacotherapy
targets only a single pathway, which gives suboptimal outcomes and drug-related
problems. A novel, polyherbal ethanol extract (PHE) formulation from Tinospora
cordifolia, Commiphora wightii, Cinnamomum zeylanicum, and Paeonia
officinalis was evaluated for antidiabetic and organ-protective effects at
different levels for multi-targeting in a streptozotocin (STZ)-induced rat model.
Methods: Male Wistar rats were made diabetic using intraperitoneal
administration of streptozotocin (55 mg/kg) and randomly segregated into five
groups: Normal, STZ-induced diabetic, STZ + PHE (200 mg/kg/day), Normal +
PHE, and STZ + metformin (Met; 300 mg/kg/day). After 8 weeks of treatment,
FBG, HbAlc, insulin, lipid profile, proinflammatory cytokines (TNF-a, IL-1p),
oxidative stress biomarkers, and liver function markers were determined.
Histological examination was performed on liver and pancreatic tissues with
H&E staining, along with assessment of pancreatic insulin immunoreactivity.
GC-MS analysis was conducted to characterize the phytochemical
constituents of PHE.

Results: PHE treatment significantly reduced FBG by 33%, HbAlc by 15%, and
restored serum insulin levels (+34%) versus untreated diabetics (p < 0.05).
Dyslipidemia was corrected, with LDL-C reduced by 30% and HDL-C
increased by 46%. Hepatic ALT and AST levels were also attenuated after PHE
treatment. Oxidative stress was alleviated, and TNF-a and IL-1p levels in the liver
and pancreas were markedly suppressed. Histology showed preserved
hepatocyte integrity and islet morphology, and immunohistochemistry
confirmed improved B-cell integrity and enhanced insulin immunoreactivity.
Conclusion: The polyherbal preparation produced impressive control over
glycemia, strong antioxidant and anti-inflammatory effects, and protection of
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liver and pancreatic architecture. These effects translate into its potential as a
phytotherapeutic candidate for safely managing diabetes and its complications,
warranting further molecular and clinical research.
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1 Introduction

Diabetes mellitus is a common chronic metabolic disorder
associated with persistent hyperglycemia and abnormalities
affecting metabolic processes involving proteins, fats, and
carbohydrates. The prevalence of diabetes is expected to reach
alarming rates by 2030, with projections indicating that over
640 million people globally will have uncontrolled diabetes
(Magliano et al,, 2021). Current pharmacological agents
available for managing diabetes have limited mechanistic
coverage, largely failing to address the oxidative-inflammatory
milieu that drives diabetic complications, and they pose risks
related to long-term polypharmacy (Ansari et al., 2023). Most
conventional drugs target either insulin secretion or glucose
uptake while ignoring the underlying oxidative-inflammatory
diabetic
Additionally, prolonged use of these agents may lead to

environment  responsible  for complications.
undesirable side effects, reduced compliance, and treatment
This has prompted
phytotherapeutic alternatives, especially those with multi-

(Lakshmi 2023; Sheethal

resistance. increasing interest in

targeted potential and Ganta,
et al., 2023).

Polyherbal formulations have been used for the treatment of
chronic diseases such as diabetes in Ayurveda and traditional
Chinese medicine systems. Polyherbalism, defined as the
combination of two or more herbs for therapeutic use,
ensures the synthesis of synergistic therapeutic benefits and
minimization of toxicity (Parasuraman et al., 2014). In this
work, a polyherbal ethanol extract (PHE) was developed from
four medicinal plants: Tinospora cordifolia (stem), Commiphora
wightii (bark), Cinnamomum zeylanicum (bark), and Paeonia
officinalis (root), all of which have individually been reported to
exert antidiabetic effects through distinct yet complementary
therapeutic actions.
cordifolia has
immunomodulatory,

Tinospora gained importance for its

antidiabetic, and  hepatoprotective

activities. Traditionally used to alleviate symptoms of
metabolic dysfunction such as excessive thirst, fatigue, and
frequent urination, it has been experimentally documented to
lower blood glucose, improve glucose tolerance, and promote {3-
cell regeneration (Stanely et al., 2000; Mandar et al., 2021).
Commiphora wightii (Guggul) is a resinous plant used in
Ayurvedic formulations for obesity, hyperlipidemia, and
metabolic syndrome. Its bark extract has been reported to

reduce serum glucose and improve lipid profiles in diabetic

rats (Batiha et al, 2023). Alongside antihyperglycemic
properties, Guggul exhibits cardioprotective and anti-
inflammatory effects relevant to diabetic complication

management (Ramesh et al., 2015). Cinnamomum zeylanicum,
known as true or Ceylon cinnamon, improves insulin sensitivity
and glycemic control and has traditionally been used to aid
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digestion and circulation. Cinnamon has been shown to reduce
fasting blood glucose levels and glycosylated hemoglobin in
clinical and preclinical settings (Khan et al., 2003; Ranasinghe
et al., 2013). It also exhibits antioxidant and hypolipidemic
effects  beneficial for  managing  diabetes-associated
comorbidities (Silva et al.,, 2022). Paeonia officinalis, the
European peony, is traditionally used in European and
Chinese

neurological

medicine for inflammatory, gynecological, and

disorders. Recent studies have reported
antidiabetic effects of its root extract in animal models,
including improved glucose metabolism, reduced oxidative
stress, and organ-protective effects in the liver and pancreas
(Li et al., 2023; Ou et al., 2025).

Based on the complementary therapeutic benefits of these four
botanicals, it was hypothesized that PHE may provide superior
antiglycemic and organ-protective effects in diabetic states.
Therefore, the aim of this study was to evaluate the antidiabetic,
of PHE in

streptozotocin (STZ)-induced diabetic Wistar rats, with a focus

anti-inflammatory, and antioxidant efficacy
on the liver and pancreas. Outcome measures included metabolic
indices, inflammatory cytokines, oxidative stress biomarkers, and

histopathological changes in these organs.

2 Materials and methods

2.1 Plant material collection and extract
preparation

Stems of T. cordifolia, bark of C. wightii and C. zeylanicum, and
roots of P. officinalis were procured from the Herbal Garden, Jamia
Hamdard. Botanical identification was performed by a qualified
taxonomist in the Department of Botany, Jamia Hamdard, New
Delhi. Voucher specimens were not formally deposited in a
recognized herbarium at the time of the study; therefore, voucher
specimen numbers are not available. All plant materials were shade-
dried, pulverized, and sieved through mesh size 40. Equal weights of
each powdered plant part (1:1:1:1) were mixed. The equal-ratio
formulation was chosen in order to support a balanced presence of
all four medicinal plants, and to enable potential synergistic
interactions among their bioactive constituents. While the
individual plant materials may vary in extraction yields and
phytochemical composition, an equal-weight ratio was used, to
provide a standardized and reproducible formulation for the
initial evaluation of the polyherbal extract. Optimization of the
individual component ratios based on extraction yield,
phytochemical profile, and pharmacological activity was beyond
the scope of the present study and will be investigated in future
studies. PHE was prepared by Soxhlet extraction of the combined
powder (about 500 g) with 70% ethanol (v/v) for 72 h under

controlled heating, followed by concentration under reduced

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1870583

Kausar et al.

pressure at 40 °C and storage at 4 °C in amber vials until analysis
(Kausar et al., 2022). Percentage yield was calculated as the ratio of
dried extract obtained to the initial weight of plant material used.

2.2 Phytochemical characterization and
quality control

Phytochemical characterization of PHE was performed using a
Shimadzu GC-MS QP2010 Plus equipped with an Rtx-5MS
capillary column (30 m x 0.25 mm, 0.25 pum film thickness).
Analytical conditions included helium as the carrier gas at
1.0 mL/min (constant flow), splitless injection of 1 pL sample at
250 °C, and oven temperature programmed from 60 °C (held for
2 min) to 280 °C at 10 “C/min (held for 10 min). Electron impact
ionization was conducted at 70 eV, with a scan range of m/z 50-600.
PHE (100 mg) was dissolved in 1 mL analytical-grade ethanol,
filtered through a 0.22 um membrane, and injected for analysis.
Compound identification was performed by comparison of mass
spectra with entries in the NIST mass spectral library database.
Aliquots from the same analytically characterized extract batch were
used throughout the study to ensure experimental consistency and
reproducibility. Although GC-MS profiling was performed to
characterize the phytochemical composition of the extract,
quantitative standardization using specific phytochemical marker
compounds was not undertaken and should be considered in
future studies.

2.3 Experimental animals and housing

Male Wistar rats (180-220 g) were housed at 25 °C and 55 +
5 percent relative humidity under standard laboratory conditions
with a 12 h light/dark cycle. Ethical approval was obtained from the
Institutional Animal Ethical Committee, Jamia Hamdard, Delhi
(173/CCSEA), and all experiments were conducted in accordance
with CCSEA guidelines.

2.4 Acute oral toxicity

The safety profile of PHE was assessed according to OECD
guideline 423 (Acute Toxic Class Method). Different doses of PHE
were administered orally to rats and observed for 30 min
immediately after dosing, intermittently for the first 24 h, and
daily for 14 days. Parameters recorded included mortality,
behavior, autonomic responses, and body weight. No mortality
was observed even at the highest dose (2000 mg/kg). Therefore,
200 mg/kg/day (approximately one-tenth of the highest non-toxic
dose) was selected for efficacy evaluation. This approach is
commonly employed in preclinical pharmacological studies for
selecting a safe and pharmacologically active dose (Chopra, 20205
Kausar et al., 2022).

2.5 Induction of diabetes

Experimental rats were fasted for 12 h prior to intraperitoneal
administration of STZ (55 mg/kg), freshly prepared in ice-cold
citrate buffer (pH 4.5). After 72 h, fasting blood glucose (FBG)
was measured using a glucometer. Rats with FBG > 250 mg/dL were
considered diabetic and included in the study.
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2.6 Experimental design

Animals were randomized into the following groups

(n = 7 each).

o Group I: Normal (saline)

o Group II: STZ-diabetic control

 Group III: STZ + PHE (200 mg/kg)

o Group IV: Normal + PHE (200 mg/kg)

o Group V: STZ + metformin (300 mg/kg).
were  administered  orally  for

Treatments eight

consecutive weeks.
2.7 Biochemical assessments

After 8 weeks, rats were anesthetized with ketamine
(80 mg/kg) and xylazine (10 mg/kg) intraperitoneally, and
blood was collected by cardiac puncture. Samples were
centrifuged at 1000 x g for 10 min at 4 °C, and serum was
stored at —20 °C. FBG was measured by the GOD-POD method
(Crest Biosystems, India). Serum insulin was quantified using a
commercially ultra-sensitive rat ELISA kit (Crystal Chem, USA)
according to manufacturer’s instructions. Glycated hemoglobin
(HbAIc) was determined using cation-exchange methods (ELK
Biotech, China). Lipid parameters were analyzed enzymatically
(Agappe Diagnostics, India), with LDL and VLDL calculated
using Friedewald’s equation.

2.8 Hepatic enzyme activity

Aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) activities were assessed following manufacturer protocols
(RayBiotech; AST: MA-AST-01; ALT: MA-ALT-01).

2.9 Inflammatory cytokines

Serum TNF-a and IL-1 levels were measured using rat-specific
ELISA kits (RayBiotech) according to manufacturer instructions.

2.10 Oxidative stress markers

Following blood collection, animals were euthanized using a
CO, inhalation system. The chamber received CO, at a
displacement rate of 30 to 70 percent of chamber volume per
minute through a system that included a gas cylinder with a
regulator and flow meter as recommended by the AVMA
Guidelines for the Euthanasia of Animals (2020). Liver and
pancreatic tissues were homogenized in ice-cold phosphate buffer
(pH 7.4) and centrifuged at 4000 rpm for 15 min at 4 °C.
Supernatants were used to assess malondialdehyde (MDA;
thiobarbituric acid method), reduced glutathione (GSH; DTNB
method), (GST; CDNB
method), superoxide dismutase (SOD; pyrogallol autoxidation
method), and catalase (CAT; H202 decomposition method)
activities (Marklund and Marklund, 1974; Ohkawa et al., 1979;
Habig and Jakoby, 1981; Greenwald, 1985; Gherghel et al., 2005).
Protein content was measured for normalization.

glutathione-S-transferase substrate
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FIGURE 1
GC-MS chromatogram of PHE demonstrating the presence of different compounds at varying retention times.
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FIGURE 2
Effects on liver function test: (A) ALT and (B) AST. There was a significant increase in the ALT and AST levels in diabetic subjects when compared to

normal subjects. PHE brought down the ALT and AST levels slightly in Diabetic+PHE in comparison with Diabetics. Values are expressed as mean + SEM
(n = 7). p values: ©©©<0.001; ©©<0.01; ©<0.05, vs Normal group; p values: *##<0.001; #*#<0.01; #<0.05, vs Diabetic group.

2.11 Histopathology

Formalin-fixed liver and pancreatic tissues were processed for
paraffin embedding, sectioned at 4 pm, and stained with
hematoxylin and eosin. After mounting with DPX and xylene
washing, slides were examined under a bright-field microscope.

2.12 Immunohistochemistry

Pancreatic sections were cryoprotected in 30% sucrose, cut at 30 pm,
and sequentially incubated in 3% H,0,/10% methanol, 10% BSA/PBS-
Triton X-100, and anti-insulin antibody (Cat# AF5109; Affinity
Biosciences, USA). Sections were treated with biotinylated secondary
antibody and avidin-biotin complex, followed by DAB development.
Slides were dehydrated, coverslipped, and examined microscopically for
[-cell immunoreactivity. Preservation of insulin immunoreactivity was
considered indicative of B-cell integrity and functional status.

2.13 Statistical analysis

Data were analyzed using SPSS version 23. For multiple

group comparisons, one-way ANOVA followed by
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Tukey-Kramer post hoc testing was applied. Results are
expressed as mean * SEM, with significance set at p < 0.05.
The use of parametric statistical methods was based on the
experimental design, sample size uniformity across groups,
and the continuous nature of the measured variables.

3 Results
3.1 GC-MS profile of PHE

GC-MS showed the existence
phytochemicals with thirty-nine
including sterols, fatty acid esters, long-chain alcohols,

glycerides, and phenolic derivatives (Supplementary Table

analysis of complex

identifiable constituents,

S1). Among the notable compounds were ergost-25-ene-
3,5,6,12-tetrol  (31.21%), tetracosenoic acid methyl ester
(26.83%), cinnamaldehyde analogues (6.83%), and cholest-5-
en-3-ol (5.55%) (Figure 1, Supplementary Table S1). Many of
these metabolites have antioxidant, anti-inflammatory, or
insulin-sensitizing activity, which may act in concert in the
observed pharmacological effects.
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TABLE 1 The effect of PHE treatment on body weight of normal and experimental groups.

Body weight (g)

Initial
Normal 185.6 + 6.2 234.6 + 6.4
Diabetic 196.6 + 5.4 (+5.93%) 158.5 + 5.2% (~32.44%)
Diabetic+PHE 190.7 + 5.6 (~3.00%) 213.7 + 4.0° (+34.83%)
Diabetic+Met 188.5 + 5.5 (—4.12%) 212.6 + 4.7° (+34.13%)
Normal+PHE 202.4 + 5.7 (9.05%) 228.6 + 5.8 (~2.56%)

The study groups’ body weights at initial and final stage. Diabetic group demonstrated considerable changes in body weight in contrast with the normal group. PHE or Met treatment
significantly ameliorated body weight when tried to compare with the diabetic group. Values in parentheses indicate percentage increase (+) or decrease () as compared with the normal or the
Diabetic group. Data are presented as mean = SEM (n = 7).

p < 0.05 vs. Normal group;

®p < 0.05 vs. Diabetic group.
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FIGURE 3
Effects of PHE on proinflammatory cytokines (A) TNF-a and (B) IL-1p protein expression. The Diabetic group showed a significant increase in TNF-a
and IL-1p levels compared to the Normal group. Administration of PHE significantly attenuated the activity of these markers in the Diabetic + PHE group
compared to the Diabetic group. Values are expressed as mean + SEM (n = 7). p values: ©©©<0.001; ©©<0.01; ©<0.05, vs Normal group; p values: **#<0.001;
##<0.01; #<0.05, vs Diabetic group.

3.2 Body weight changes indicative of B-cell dysfunction. Both the metformin and PHE

groups showed significantly increased insulin levels compared to

There was a marked loss in body weight in diabetic animals  the diabetic group. The PHE group showed an elevation of

throughout the observation period (Table 1). Conversely, insulin levels, indicating a probable protective or stimulatory

administration of PHE to diabetic rats reduced weight loss, effect of PHE on pancreatic p-cell function. The Normal + PHE

approximating values to those of the metformin-treated animals.  group did not display any substantial deviations from the
Thus, their metabolic efficiency and nutrient utilization might  Normal animals.

have improved. Diabetic dyslipidemia was characterized by elevated TG, TC, and
LDL-C and decreased HDL-C. PHE treatment normalized the lipid
3.3 Glycem ic control and li pld pFOﬁ le profile by significantly decreasing TG, TC, and LDL-C and increasing

HDL-C (p < 0.05). These lipid-lowering effects were comparable to
STZ injection was expectedly associated with a marked  those observed in metformin-treated animals (Table 3).

increase in FBG and HbAlc compared with those of the
Normal group (p < 0.05) (Table 2). After 8 weeks of PHE 34 Hepatic enzyme activity
supplementation, a marked decrease in both parameters was
recorded when compared with untreated diabetics (p < 0.05); Serum ALT and AST were elevated in diabetic rats and are
however, no significant difference was observed between the  indicators of hepatic injury. PHE treatment decreased the levels of
Normal and Normal + PHE groups. Induction of diabetes these  enzymes,  thereby  supporting  hepatoprotective
resulted in lower serum insulin levels (p < 0.05 vs Normal), effects (Figure 2).
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FIGURE 4
(A) Effect of PHE supplementation on MDA levels. High MDA levels were noted in the Diabetic group compared with Normal rats. PHE

supplementation significantly reduced MDA levels in the Diabetic + PHE group compared to the Diabetic group. (B) Effect of PHE supplementation on
GSH levels. The Diabetic group showed a significant reduction in GSH content compared to the Normal group, whereas PHE treatment restored GSH
content. Values are expressed as mean + SEM (n = 7). p values: ©©©<0.001; ®©<0.01; ©®<0.05, vs Normal group; p values: #*##<0.001; ##<0.01; ¥<0.05, vs
Diabetic group.
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FIGURE 5
The Diabetic group showed significant alterations in the activities of antioxidant enzymes (GST, SOD, and CAT) compared to the Normal group (A—C)

Administration of PHE significantly attenuated these alterations in the Diabetic + PHE group compared to the Diabetic group. Values are expressed as
mean + SEM (n = 7). p values: ©®©<0.001; ©©<0.01; ©<0.05, vs Normal group; p values: #*##<0.001; *#<0.01; #<0.05, vs Diabetic group.
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TABLE 2 The effect of PHE treatment on blood glucose, insulin and HbAlc level of nhormal and experimental groups.

Blood glucose (mg/dl)

Insulin (ng/ml) HbAlc (%)

Normal 972+ 38 4.1+ 021 50+ 0.15

Diabetic 269.6 + 6.3 (+177.37%) 2.3 + 0.14° (-43.90%) 7.2 + 0.18" (+44%)
Diabetic+PHE 179.8 + 5.4° (-33.31%) 3.1 £ 0.17° (+34.78%) 6.1 +0.21° (~15.28%)
Diabetic+Met 169.6 + 4.6" (~37.09%) 3.4 % 0.16" (+47.83%) 6.0 + 0.19° (-16.67%)
Normal+PHE 89.4 + 3.1 (~8.02%) 3.9 + 0.15 (~4.88%) 5.3 + 0.16 (+6%)

The Diabetic group showed a significant increase in FBG and HbAlc with a significant decrease in insulin compared with the normal group. PHE treatment significantly augmented these
parameters in the Diabetic+PHE group compared with the Diabetic group. Values in parentheses indicate percentage increase (+) or decrease (—) as compared with the Normal or the Diabetic

group. Data are represented as mean+SEM (n = 7).
p < 0.05 vs. Normal group;
p < 0.05 vs. Diabetic group.

TABLE 3 The effect of PH treatment on lipid profile of normal and experimental groups.

Groups/ TC (mg/dl) TG (mg/dl) HDL-C (mg/dl) LDL-C (mg/dl) VLDL-C (mg/dl)
Parameters

Normal 1452 + 2.9 978+ 1.4 484+ 19 772+ 1.3 19.5 1.2

Diabetic 230.9 + 3.8 (+59.02%) 167.3 + 3.3* (+71.06%) 26.5 + 1.2° (~45.25%) 170.9 + 2.6* (+121.38) 33.4 + 1.4° (+71.28%)
Diabetic+PHE 184.6 + 3.3° (-20.05%) 136.8 + 3.2° (-18.23%) 38.7 + 1.6" (+46.04%) 118.5 + 2.2° (-30.66%) 274 + 1.8" (~17.96%)
Diabetic+Met 176.5 + 3.9° (~23.56%) 129.6 + 2.6" (~22.53%) 36.4 + 1.5° (+37.36%) 114.1 + 2.9° (~33.24%) 25.9 + 1.6° (-22.46%)
Normal+PHE 146.4 + 2.8 (+0.83%) 102.5 + 3.0 (+4.80%) 52.0 + 1.8 (+7.44%) 73.9 + 1.7 (~4.27%) 20.5 + 1.5 (+5.13%)

Data are represented as mean+SEM (n = 7). The Diabetic group showed a significant increase in TC, TG, LDL-C and VLDL-C with a significant decrease in HDL-C compared with the Normal
group. PHE treatment significantly augmented these parameters in the Diabetic+PHE group compared with the Diabetic group. Values in parentheses indicate percentage increase (+) or

decrease (—) as compared with the Normal or the Diabetic group.
“p < 0.05 vs. Normal group;
"p < 0.05 vs. Diabetic group.

3.5 Inflammatory cytokines

Cytokines TNF-a and IL-1p were highly elevated in the serum of
diabetic rats. PHE treatment decreased these cytokines in the
diabetic treated group, demonstrating its anti-inflammatory
activity (Figure 3).

3.6 Oxidative stress parameters

Diabetic liver and pancreatic homogenates showed increased
levels of MDA and decreased activities of GSH, SOD, and CAT
(Figures 4, 5, respectively). Notably, PHE treatment significantly
decreased MDA content and restored the activities of
antioxidant enzymes toward Normal values (p < 0.05). The
Normal and Normal + PHE groups did not show any
significant differences.

3.7 Histopathology

Sections of the liver from diabetic rats revealed degenerative
changes, including hepatocellular necrosis, dilation of the sinusoids,
and infiltration of inflammatory cells. Liver sections from PHE-
treated diabetic rats were characterized by preserved lobular
architecture, reduction in inflammatory infiltrates, and evidence
of hepatocyte regeneration (Figure 6).
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Pancreatic histology in the diabetic control group showed
shrinking of islets and depletion of B-cell tissue. PHE improved
islet morphology by maintaining P-cell density and reducing
degenerative changes, similar to the improvements seen in
metformin-treated animals (Figure 7).

3.8 Immunohistochemical findings

In normal rats, insulin-positive B-cells formed a dense central
core within the islets. Diabetic controls showed a marked reduction
in insulin immunoreactivity and B-cell numbers (Figure 8). PHE
treatment increased both the intensity of insulin staining and the
number of immunoreactive p-cells, indicative of preserved p-cell
morphology and function.

4 Discussion

The present study provides in-depth mechanistic insight into the
therapeutic effects of a PHE of T. cordifolia, C. wightii, C.
zeylanicum, and P. officinalis in the amelioration of diabetic
complications in STZ-induced diabetic rats, with particular
reference to the biochemical, histological, and physiological
benefits about by but  synergistic
pharmacological actions. The following discussion refers to the

brought individual
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FIGURE 6

Histological sections of liver tissues. (A) Section showing the normal histological appearance of liver tissue in the Normal group. No evidence of
cellular disintegration, pyknosis, central vein congestion (CV), or apoptosis was observed. The section also shows normal, trabecular-arranged
hepatocytes that are polygonal in shape (blue arrow), with clear cytoplasm and normal round or oval nuclei. No fatty changes, inflammatory infiltrates, or
central vein congestion were observed. (B) Section from the Diabetic group showing significantly damaged hepatocytes (blue arrow). High cellular
density, dense cytoplasm, and significant fatty changes (yellow arrow) were observed. Pyknosis (black arrow), central vein congestion, and inflammatory
infiltrates were also present, indicating severe hepatic toxicity. (C) Liver section from the PHE-treated group showing mild to moderate histological
damage. Mild congestion was observed. The section shows mildly damaged hepatocytes (blue arrow), no vacuolation, mild pyknosis (black arrow),
moderate fatty changes (yellow arrow), and moderate inflammatory infiltrates. (D) Section from the Met-treated group showing minimal histological
damage to liver tissue. No congestion was observed. The section shows mildly damaged hepatocytes (blue arrow), no vacuolation, and mild fatty changes
(yellow arrow). (E) Section showing the normal histological appearance of liver tissue in the Normal + PHE group. No evidence of cellular disintegration,
pyknosis, central vein congestion (CV), or apoptosis was observed. Normal trabecular-arranged polygonal hepatocytes (blue arrow) with clear cytoplasm
and normal nuclei were seen, with no fatty changes or inflammatory infiltrates (H&E, 400x).
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mechanistic relevance of each herb by relating the pathological
parameters assessed in this study to results obtained in previous
literature.

GC-MS investigation revealed bioactive constituents, including
sterols, fatty acid esters, alcohols, aldehydes, and glycerides. The
ergost-25-ene-3,5,6,12-tetrol  and
tetracosenoic acid methyl ester, have established antioxidant and
insulinotropic activities (Shilpa et al., 2009; Dong et al., 2019).
Cinnamaldehyde  derivatives  promote receptor
phosphorylation and block inflammatory cascades through

predominant components,

insulin

inhibition of JNK and MAPK signaling, aligning with the current
findings of decreased cytokine expression and enhanced islet
morphology (Waraich et al, 2017; Fatima et al, 2024).
Altogether, the phytochemical profile revealed through GC-MS
substantiates the multitargeted therapeutic potential of PHE. This
comprehensive profile provides a rational basis for the formulation’s
effectiveness and scope for future molecular docking and
bioavailability studies.

Body weight loss is common in diabetic rats due to increased
catabolism. Body weight normalization observed in the treatment
group indicates improved nutrient utilization and metabolic
efficiency. This effect was probably due to enhanced insulin
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sensitivity and glucose uptake in peripheral tissues mediated by
T. cordifolia and C. zeylanicum (Mishra et al., 2023; Moridpour et al.,
2024). Anabolic metabolism was further improved by decreased
inflammation and enhanced lipid handling effects of C. wightii
(Gorantla et al., 2021).

Decreased levels of FBG and glycated hemoglobin (HbAlc),
along with increased insulin levels in PHE-fed rats, could
mechanistically be related to activation of pathways such as
AMPK, GLUT4 translocation, inhibition of NF-xB, and
regulation of IRS-1/Akt signaling through the combined
actions of all four herbs (Anand et al., 2010; Mishra et al.,
2011; Ma et al., 2017).

Diabetic rats supplemented with PHE showed remarkable
improvement in dyslipidemia. Additionally, cholesterol and
triglyceride levels were regulated through antagonism of the
farnesoid X receptor (FXR) by C. wightii, thereby inhibiting
hepatic lipogenesis and promoting cholesterol efflux (Urizar and
Moore, 2003). T. cordifolia has been reported to reduce LDL-C
and raise HDL-C (Patil et al., 2011; Shirolkar et al., 2020). C.
zeylanicum improved lipid metabolism by regulating SREBP-1c
expression and reducing triglyceride accumulation (Sheng et al.,
2008). P. officinalis exhibited hypolipidemic activity through
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FIGURE 7

Histopathology of the pancreas. (A) Normal group showing normal histological attributes of pancreatic tissue. The islet of Langerhans appears

normal, with no evidence of cellular disintegration, pyknosis, or atrophic changes in p-cells (green arrow). Normal pyramidal acidophilic pancreatic acini
were observed (yellow arrow). No congestion or hemorrhage was found. (B) Diabetic group showing significantly distorted pancreatic lobules and cellular
disintegration in the islet of Langerhans (red arrow). Marked pyknosis was observed in B-cells (black arrow). Pancreatic acini were atrophic and
significantly disintegrated (yellow arrow). (C) PHE-treated sections showing mildly damaged pancreatic lobules and cellular disintegration in the islet of
Langerhans (red arrow). Healthy p-cells are indicated by green arrows. Mild pyknosis was observed in $-cells (black arrow). No congestion or hemorrhage
was found. (D) Met-treated pancreatic sections showing mild to moderate damage to pancreatic lobules and cellular disintegration in the islet of
Langerhans (red arrow). Healthy B-cells are indicated by green arrows. Moderate pyknosis was observed in p-cells (black arrow). No congestion or
hemorrhage was found. (E) Normal rats administered PHE showing normal histological attributes of pancreatic tissue. The islet of Langerhans appears
normal, with no evidence of cellular disintegration, pyknosis, or atrophic changes in $-cells (green arrow). Normal pyramidal acidophilic pancreatic acini

were observed (yellow arrow). No congestion or hemorrhage was found. Magnification 400x; scale bar 50 ym.

anti-inflammatory actions that
homeostasis (Liu et al., 2022).
The assessment of ALT and AST level is one of the most

common and popular measures for evaluating hepatocellular

indirectly impact lipid

necrosis, hepatic injury, membrane disruption, and leakage
(Kaplan, 1993; Alabi and Bakare, 2014). The increased activities
of serum AST and ALT observed in diabetic rats suggest chronic
hepatocellular damage, possibly due to membrane damage or
leakage. PHE effectively attenuated these increased levels of AST
and ALT due to effective hepatoprotective action of the individual
herb present in the extract, corroborated with previous studies
(Ahmad and Tabassum, 2013; Asl et al., 2014; Bajaj et al., 2024).
Chronic  inflammation  exacerbates diabetes, with
pronounced effects on hepatic and pancreatic tissues. The
present study demonstrated attenuation of pro-inflammatory
responses through reductions in TNF-a and IL-1p levels in the
PHE-treated group. C. wightii emerged as a major contributor,
with guggulsterone inhibiting NF-xB translocation and cytokine
2016). The
inflammatory properties of T. cordifolia involve inhibition of

production (Yamada and Sugimoto, anti-
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macrophage activation via downregulation of iNOS and COX-2
(Singh et al., 2003; Nair et al., 2004). C. zeylanicum interrupts
inflammatory cascades through inhibition of MAPK and JNK
pathways mediated by cinnamaldehyde (Rao and Gan, 2014;
Sankaranarayanan et al., 2024). P. officinalis demonstrated
immunomodulatory activity by suppressing cytokine synthesis
through inhibition of TLR4 signaling and reduction of
macrophage infiltration (Shao et al., 2019).

Oxidative stress is the basis for tissue injury in diabetes. PHE
treatment resulted in significant reductions in both hepatic and
pancreatic levels of MDA, accompanied by increased activities of
SOD, CAT, and GSH. T. cordifolia significantly improved
antioxidant enzyme activities due to its high polyphenol and
alkaloid content, which directly scavenges reactive oxygen
species (ROS) (Ilaiyaraja and Khanum, 2011; Shirolkar et al.,
2020). C. wightii contributes through guggulsterone-mediated
upregulation of Nrf2 signaling,
antioxidant defenses (Gupta et al,

enhancing endogenous
2022). C. zeylanicum
that  inhibit
mitochondrial

contains  polyphenolic compounds lipid

peroxidation  and  stabilize function
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FIGURE 8

Immunohistochemistry of the pancreas. (A) Photomicrograph showing immunohistochemical analysis of insulin in the Normal control group. Strong
insulin expression was observed and considered insulin-positive p-cells (green arrow). (B) Photomicrograph showing immunohistochemical analysis of
insulin in the Diabetic group. Significantly reduced or minimal insulin expression was observed and considered insulin-negative p-cells (red arrow). (C)
Photomicrograph showing immunohistochemical analysis of insulin in the Diabetic group treated with PHE. Strong insulin expression was observed

and considered insulin-positive p-cells (green arrow). (D) Photomicrograph showing immunohistochemical analysis of insulin in the Diabetic group
treated with the experimental drug. Moderately increased insulin expression was observed and considered insulin-positive p-cells (green arrow). (E)
Photomicrograph showing immunohistochemical analysis of insulin in the Normal + PHE group. Strong insulin expression was observed and considered
insulin-positive B-cells (green arrow). Magnification 400x; scale bar 50 pm.

(Weerasekera et al., 2021). Rich in paeoniflorin, P. officinalis acts
as an effective free radical scavenger and protects tissues from
oxidative damage by inhibiting ROS-generating enzymes (Lu
et al., 2024).

Histological observations confirmed improved hepatic lobular
architecture and reformed pancreatic islets in PHE-treated rats. T.
cordifolia and P. officinalis exerted their effects through antioxidant,
anti-apoptotic, and anti-inflammatory mechanisms (Liu et al., 2019;
Mansouri et al., 2025). C. wightii reduced lymphocytic infiltration
and hepatocyte ballooning via its anti-inflammatory action (Yamada
and Sugimoto, 2016). C. zeylanicum enhanced insulin secretion
while preventing B-cell death, thereby improving islet density and
structural restoration (Waraich et al., 2017).
assays further that
treatment with PHE preserved the architecture of pancreatic

Immunohistochemical indicated
B-cells and insulin expression in STZ-induced diabetic rats.
Diabetic exhibited markedly reduced insulin
immunoreactivity, consistent with STZ-induced f-cell
cytotoxicity and islet disruption. In contrast, the PHE-treated

controls

group showed strong insulin positivity within islets of
Langerhans, suggesting enhanced P-cell survival and partial
regeneration. Mechanistically, this protective effect may result
from combined actions of the constituent herbs. T. cordifolia
may promote B-cell neogenesis and upregulate insulin gene
expression via modulation of GLUT4 and PDX-1 pathways
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(Sangeetha et al., 2013; Damame et al., 2022). C. wightii,
through guggulsterone, inhibits NF-xB activation and
cytokine-mediated P-cell apoptosis (Shishodia and Aggarwal,
2004). C. zeylanicum enhances B-cell function and glucose-
stimulated insulin secretion through activation of AMPK and
insulin receptor signaling (Beheshti et al., 2025). Preservation of
B-cell integrity may also be mediated by P. officinalis, whose
major  component  paeoniflorin  downregulates  JNK
phosphorylation and inhibits MAPK-mediated pro-apoptotic
signaling (Mishra et al.,, 2023). Collectively, these mechanisms
likely contributed to improved insulin immunoreactivity,
restored islet architecture, reduced hyperglycemia, and
reestablished metabolic homeostasis.

A limitation of the present study is the evaluation of only a single
therapeutic dose of PHE. Although the selected dose was based on
acute toxicity findings and demonstrated significant biological
activity, dose-response studies are required to determine the
minimum effective dose, optimal therapeutic dose, therapeutic
window, and safety margins.

5 Conclusion

In conclusion, the polyherbal formulation exerted

therapeutic benefits on glucose and lipid metabolism,
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oxidative stress, and inflammatory cytokine suppression
through synergistic modulation of multiple pathogenic

mechanisms involved in diabetes. These preliminary findings
strongly support the need for targeted molecular validation and
early-phase clinical trials.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was approved by Institutional Animal Ethical
Committee, Jamia Hamdard, Delhi, India. The study was conducted
in accordance with the local legislation and institutional
requirements.

Author contributions

MK: Conceptualization, Funding acquisition, Supervision,
Writing and editing. KP: Formal Analysis,
Methodology, Writing - original draft, Writing - review and

review

editing, Data curation. SA: Formal Analysis, Methodology,
Writing - review and editing. YK: Formal Analysis, Validation,
Writing - review and editing. AS: Data curation, Formal Analysis,
Writing - review and editing. MA: Investigation, Methodology,
Writing - review and editing. ER: Investigation, Writing - review
and editing. SP: Project administration, Supervision, Validation,
Writing - review and editing. WS: Project administration,
Validation, Visualization,

Resources, Supervision,

Writing - review and editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This research has been funded by

References

Ahmad, F,, and Tabassum, N. (2013). Preliminary phytochemical, acute oral toxicity and
antihepatotoxic study of roots of Paeonia officinalis linn. Asian Pac J. Trop. Biomed. 3
(1), 64-68. doi:10.1016/s2221-1691(13)60025-8

Alabi, O. A., and Bakare, A. A. (2014). Cytogenotoxic effects and reproductive
abnormalities induced by e-waste contaminated underground water in mice.
Cytologia 79 (3), 331-340. doi:10.1508/cytologia.79.331

Anand, P, Murali, K. Y., Tandon, V., Murthy, P. S., and Chandra, R. (2010). Insulinotropic
effect of cinnamaldehyde on transcriptional regulation of pyruvate kinase,
phosphoenolpyruvate carboxykinase, and GLUT4 translocation in experimental diabetic
rats. Chemico-Biological Interact. 186(1): 72-81. doi:10.1016/j.cbi.2010.03.044

Ansari, M. A,, Chauhan, W, Shoaib, S., Alyahya, S. A., Ali, M., Ashraf, H., et al. (2023).
Emerging therapeutic options in the management of diabetes: recent trends, challenges
and future directions. Int. J. Obes. (Lond) 47 (12), 1179-1199. doi:10.1038/s41366-023-
01369-3

Asl, Z., Malekirad, A., Abdollahi, M., Bakhshipour, A., Dastjerdi, H., Mostafalou, S., et al.
(2014). Effects of the mixture of Cichorium intybus L. and Cinnamomum zeylanicum on

Frontiers in Pharmacology

11

10.3389/fphar.2026.1870583

Scientific Research Deanship at University of Hail - Saudi Arabia
through project number <RG-24 082>.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The handling editor RK declared a past collaboration with the
author MK at the time of review.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2026.1870583/
full#supplementary-material

SUPPLEMENTARY TABLE S1
GC-MS analysis of the polyherbal ethanol extract (PHE) showing the
detected compounds, retention times, peak areas, and relative abundances.

hepatic enzymes activity and biochemical parameters in patients with nonalcoholic fatty
liver disease. Health 6, 1212-1217. doi:10.4236/health.2014.611148

Bajaj, P, Kaur, T., Singh, A. P., and Kaur, G. (2024). Acute sleep deprivation-induced
hepatotoxicity and dyslipidemia in middle-aged female rats and its amelioration by
butanol extract of Tinospora cordifolia. Lab. Anim. Res. 40 (1), 29. doi:10.1186/s42826-
024-00216-4

Batiha, G. E., Wasef, L., Teibo, J. O., Shaheen, H. M., Zakariya, A. M., Akinfe, O. A., et al.
(2023). Commiphora myrrh: a phytochemical and pharmacological update. Naunyn
Schmiedeb. Arch. Pharmacol. 396 (3), 405-420. doi:10.1007/s00210-022-02325-0

Beheshti, A. S., Qazvini, M. M., Abeq, M., Abedi, E., Fadaei, M. S., Fadaei, M. R,, et al.
(2025). Molecular, cellular, and metabolic insights of cinnamon (Cinnamomum
zeylanicum) advantages in diabetes and related complications: condiment or
medication? Naunyn-Schmiedeberg’s Archives Pharmacol. 398 (4), 3513-3526. doi:10.
1007/500210-024-03644-0

Chopra, K. (2020). Fundamentals of experimental pharmacology. Indian J. Pharmacol.
52, 443. doi:10.4103/ijp.ijp_1113_20

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2026.1870583/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2026.1870583/full#supplementary-material
https://doi.org/10.1016/s2221-1691(13)60025-8
https://doi.org/10.1508/cytologia.79.331
https://doi.org/10.1016/j.cbi.2010.03.044
https://doi.org/10.1038/s41366-023-01369-3
https://doi.org/10.1038/s41366-023-01369-3
https://doi.org/10.4236/health.2014.611148
https://doi.org/10.1186/s42826-024-00216-4
https://doi.org/10.1186/s42826-024-00216-4
https://doi.org/10.1007/s00210-022-02325-0
https://doi.org/10.1007/s00210-024-03644-0
https://doi.org/10.1007/s00210-024-03644-0
https://doi.org/10.4103/ijp.ijp_1113_20
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1870583

Kausar et al.

Damame, H., Rooge, S., Patil, R, Garad, C., and Arvindekar, A. (2022). In vitro differentiation
of human pancreatic duct-derived PANC-1 cells into B-cell phenotype using Tinospora
cordifolia. Vitro Cell Dev. Biol. Anim. 58 (5), 376-383. doi:10.1007/s11626-022-00690-x

Dong, Z., Sun, Y., Wei, G,, Li, S,, and Zhao, Z. (2019). Ergosterol ameliorates diabetic
nephropathy by attenuating mesangial cell proliferation and extracellular matrix deposition
via the TGF-B1/Smad2 signaling pathway. Nutrients 11, 483. doi:10.3390/nu11020483

Fatima, N., Khan, M. L, Jawed, H., Qureshi, U., Ul-Hagq, Z., Hafizur, R. M., et al. (2024).
Cinnamaldehyde ameliorates diabetes-induced biochemical impairments and AGEs
macromolecules in a pre-clinical model of diabetic nephropathy. BMC Pharmacol.
Toxicol. 25 (1), 85. doi:10.1186/s40360-024-00811-0

Gherghel, D., Griffiths, H. R,, Hilton, E. J., Cunliffe, I. A., and Hosking, S. L. (2005).
Systemic reduction in glutathione levels occurs in patients with primary open-angle
glaucoma. Invest Ophthalmol. Vis. Sci. 46 (3), 877-883. doi:10.1167/i0vs.04-0777

Gorantla, V. R, Bolla, S. R,, Tuladhar, S., Bishir, M., and Mahalakshmi, A. M. (2021). A novel
herbal combination decreased lipid droplets accumulation and cytokines levels during
adipogenesis by regulating leptin, PPARy and SREBP1c genes expression in 3T3L1 cells. Int.
J. Nutr. Pharmacol. Neurological Dis. 11 (1), 50-56. doi:10.4103/ijnpnd.ijnpnd_88_20

Greenwald, R. A. (1985). CRC Handbook of Methods for Oxygen Radical Research. Boca
Raton, Fla: CRC Press.

Gupta, M., Yadav, V., Sarwat, M., Sarwat, M., and Siddique, H. (2022). “7 - pharmacological
importance of the active molecule “guggulsterone” in overall human health. Herbal
medicines,”. Academic Press, 191-206. doi:10.1016/B978-0-323-90572-5.00016-0

Habig, W. H., and Jakoby, W. B. (1981). Assays for differentiation of glutathione
S-transferases. Methods Enzymol. 77, 398-405. doi:10.1016/s0076-6879(81)77053-8

Tlaiyaraja, N., and Khanum, F. (2011). Antioxidant potential of Tinospora cordifolia
extracts and their protective effect on oxidation of biomolecules. Pharmacogn. J. 3(20):
56-62. doi:10.5530/pj.2011.20.11

Kaplan, M. (1993). Laboratory tests. Dis. Liver 7, 108-144.

Kausar, M. A., Parveen, K., Siddiqui, W. A., Anwar, S., Zahra, A., Ali, A., et al. (2022).
Nephroprotective effects of polyherbal extract via attenuation of the severity of kidney
dysfunction and oxidative damage in the diabetic experimental model. Cell Mol. Biol.
(Noisy-le-grand) 67 (4), 42-55. doi:10.14715/cmb/2021.67.4.6

Khan, A., Safdar, M., Ali Khan, M. M., Khattak, K. N., and Anderson, R. A. (2003).
Cinnamon improves glucose and lipids of people with type 2 diabetes. Diabetes Care 26
(12), 3215-3218. doi:10.2337/diacare.26.12.3215

Lakshmi, J., and Ganta, S. (2023). Antidiabetic and anti-neuropathic activities of
hydroalcoholic polyherbal extract in wistar rats. Trop. J. Nat. Prod. Res. 7 (9),
3881-3886. doi:10.26538/tjnpr/v7i9.4

Li, X, Sun, C, Zhang, J., Hu, L., Yu, Z,, Zhang, X,, et al. (2023). Protective effects of
paeoniflorin on cardiovascular diseases: a pharmacological and mechanistic overview.
Front. Pharmacol. 14, 1122969. doi:10.3389/fphar.2023.1122969

Liu, Y., Han, J., Zhou, Z., and Li, D. (2019). Paeoniflorin protects pancreatic p cells from
STZ-Induced damage through inhibition of the p38 MAPK and JNK signaling pathways.
Eur. ]. Pharmacol. 853: 18-24. doi:10.1016/j.ejphar.2019.03.025

Liu, T., Zhang, N., Kong, L., Chu, S., Zhang, T., Yan, G,, et al. (2022). Paeoniflorin
alleviates liver injury in hypercholesterolemic rats through the ROCK/AMPK pathway.
Front. Pharmacol. 13, 968717. doi:10.3389/fphar.2022.968717

Lu, Y., Yin, L, Yang, W., Wu, Z., and Niu, J. (2024). Antioxidant effects of paeoniflorin
and relevant molecular mechanisms as related to a variety of diseases: a review. Biomed.
and Pharmacother. 176: 116772. doi:10.1016/j.biopha.2024.116772

Ma, Z., Liu, H., Wang, W., Guan, S., Yi, J., and Chu, L. (2017). Paeoniflorin suppresses
lipid accumulation and alleviates insulin resistance by regulating the rho kinase/IRS-
1 pathway in palmitate-induced HepG2Cells. Biomed. and Pharmacother. 90: 361-367.
doi:10.1016/j.biopha.2017.03.087

Magliano, D. J., and Boyko, E. J. (2021). “IDF diabetes atlas,” in Idf Diabetes Atlas.
Brussels: International Diabetes Federation.

Mandar, B. K., Khanal, P., Patil, B. M., Dey, Y. N., and Pasha, I. (2021). In silico analysis
of phytoconstituents from Tinospora cordifolia with targets related to diabetes and
obesity. in silico pharmacol. Silico Pharmacol. 9 (1), 3. d0i:10.1007/s40203-020-00063-w

Mansouri, M., Imenshahidi, M., Rameshrad, M., and Hosseinzadeh, H. (2025). Effects of
Tinospora cordifolia (Giloy) on metabolic syndrome components: a mechanistic review.
Naunyn-Schmiedeberg’s Archives Pharmacol. 398 (5), 4979-5009. doi:10.1007/s00210-
024-03642-2

Marklund, S., and Marklund, G. (1974). Involvement of the superoxide anion radical in
the autoxidation of pyrogallol and a convenient assay for superoxide dismutase. Eur.
J. Biochem. 47 (3), 469-474. doi:10.1111/j.1432-1033.1974.tb03714.x

Mishra, R., Shuaib, M., Paswan, S., and Mishra, P. S. (2011). A review on herbal
antidiabetic drugs. J. Appl. Pharm. Sci. 1, 235-237.

Mishra, A., Sharma, K., Pandey, J., Dev, K, Kadan, S., Sahai, M., et al. (2023).
Tinosporaside from Tinospora cordifolia encourages skeletal muscle glucose
transport through both PI-3-Kinase- and AMPK-Dependent mechanisms. Molecules
28, 483. doi:10.3390/molecules28020483

Moridpour, A. H., Kavyani, Z., Khosravi, S., Farmani, E., Daneshvar, M., Musazadeh, V.,
etal. (2024). The effect of cinnamon supplementation on glycemic control in patients with

Frontiers in Pharmacology

10.3389/fphar.2026.1870583

type 2 diabetes mellitus: an updated systematic review and dose-response meta-analysis of
randomized controlled trials. Phytother. Res. 38 (1), 117-130. doi:10.1002/ptr.8026

Nair, P. K., Rodriguez, S., Ramachandran, R, Alamo, A., Melnick, S. J., Escalon, E,, et al. (2004).
Immune stimulating properties of a novel polysaccharide from the medicinal plant Tinospora
cordifolia. Int. Immunopharmacol. 4 (13), 1645-1659. doi:10.1016/j.intimp.2004.07.024

Ohkawa, H., Ohishi, N., and Yagi, K. (1979). Assay for lipid peroxides in animal tissues
by thiobarbituric acid reaction. Anal. Biochem. 95 (2), 351-358. doi:10.1016/0003-
2697(79)90738-3

Ou, X, Yu, Z, Pan, C,, Zheng, X,, Li, D., Qiao, Z., et al. (2025). Paeoniflorin: a review of
its pharmacology, pharmacokinetics and toxicity in diabetes. Front. Pharmacol. 16,
1551368. doi:10.3389/fphar.2025.1551368

Parasuraman, S., Thing, G. S., and Dhanaraj, S. A. (2014). Polyherbal formulation:
concept of ayurveda. Pharmacogn. Rev. 8 (16), 73-80. doi:10.4103/0973-7847.134229

Patil, R. N, Patil, R. Y., Ahirwar, B., and Ahirwar, D. (2011). Evaluation of antidiabetic
and related actions of some Indian medicinal plants in diabetic rats. Asian Pac
J. Trop. Med. 4 (1), 20-23. doi:10.1016/s1995-7645(11)60025-4

Ramesh, B, Sainath, S. B,, Karuna, R,, Sreenivasa Reddy, S., Manjunatha, B., Sudhakara, G.,
et al. (2015). Effect of commiphora mukul gum resin on hepatic and renal marker enzymes,
lipid peroxidation and antioxidants status in pancreas and heart in fructose fed insulin
resistant rats. Beni-Suef Univ. J. Basic Appl. Sci. 4(4): 269-278. doi:10.1016/j.bjbas.2015.11.001

Ranasinghe, P., Pigera, S., Premakumara, G. A., Galappaththy, P., Constantine, G. R.,
and Katulanda, P. (2013). Medicinal properties of ’true’ cinnamon (Cinnamomum
zeylanicum): a systematic review. BMC Complement. Altern. Med. 13, 275. doi:10.1186/
1472-6882-13-275

Rao, P. V., and Gan, S. H. (2014). Cinnamon: a multifaceted medicinal plant. Evid. Based
Complement. Altern. Med. 2014, 642942. doi:10.1155/2014/642942

Sangeetha, M. K., Priya, C. D., and Vasanthi, H. R. (2013). Anti-diabetic property of
Tinospora cordifolia and its active compound is mediated through the expression of Glut-
4 in L6 myotubes. Phytomedicine 20 (3-4), 246-248. doi:10.1016/j.phymed.2012.11.006

Sankaranarayanan, J., Lee, S. C., Kim, H. K, Kang, J. Y., Kuppa, S. S., and Seon, J. K.
(2024). Cinnamaldehyde-Mediated suppression of MMP-13, COX-2, and IL-6 through
MAPK and NF-xB signaling inhibition in chondrocytes and synoviocytes under
inflammatory conditions. Int. J. Mol. Sci. 25 (23), 12914. doi:10.3390/ijms252312914

Shao, Y. X, Gong, Q., Qi, X. M., Wang, K., and Wu, Y. G. (2019). Paeoniflorin ameliorates
macrophage infiltration and activation by inhibiting the TLR4 signaling pathway in
diabetic nephropathy. Front. Pharmacol. 10, 566. doi:10.3389/fphar.2019.00566

Sheethal, S., Ratheesh, M., Svenia, P. J., and Sandya, S. (2023). Effect of glutathione
enriched polyherbal formulation on streptozotocin induced diabetic model by
regulating oxidative stress and PKC pathway. Pharmacogn. Res. 15 (2), 347-355.
doi:10.5530/pres.15.2.037

Sheng, X., Zhang, Y., Gong, Z., Huang, C., and Zang, Y. Q. (2008). Improved insulin
resistance and lipid metabolism by cinnamon extract through activation of peroxisome
proliferator-activated receptors. PPAR Res. 2008, 581348. doi:10.1155/2008/581348

Shilpa, K., Sangeetha, K. N., Muthusamy, V. S., Sujatha, S., and Lakshmi, B. S. (2009).
Probing key targets in insulin signaling and adipogenesis using a methanolic extract of
Costus pictus and its bioactive molecule, methyl tetracosanoate. Biotechnol. Lett. 31 (12),
1837-1841. doi:10.1007/s10529-009-0105-3

Shirolkar, A., Yadav, A., Mandal, T. K., and Dabur, R. (2020). Intervention of ayurvedic
drug Tinospora cordifolia attenuates the metabolic alterations in hypertriglyceridemia: a
pilot clinical trial. J. Diabetes Metab. Disord. 19 (2), 1367-1379. doi:10.1007/s40200-020-
00657-3

Shishodia, S., and Aggarwal, B. B. (2004). Guggulsterone inhibits NF-«kB and IkBa kinase
activation, suppresses expression of anti-apoptotic gene products, and enhances
apoptosis. J. Biol. Chem. 279(45): 47148-47158. doi:10.1074/jbc.M408093200

Silva, M. L., Bernardo, M. A., Singh, J., and de Mesquita, M. F. (2022). Cinnamon as a
complementary therapeutic approach for dysglycemia and dyslipidemia control in type
2 diabetes mellitus and its molecular mechanism of action: a review. Nutrients 14 (13),
2773. d0i:10.3390/nu14132773

Singh, S. S., Pandey, S. C,, Srivastava, S., Gupta, V. S., Patro, B., and Ghosh, A. C. (2003).
Chemistry and medicinal properties of Tinospora cordifolia (guduchi). Indian
J. Pharmacol. 35, 83-91.

Stanely, P., Prince, M., and Menon, V. P. (2000). Hypoglycaemic and other related
actions of Tinospora cordifolia roots in alloxan-induced diabetic rats.
J. Ethnopharmacol. 70 (1), 9-15. doi:10.1016/s0378-8741(99)00136-1

Urizar, N. L., and Moore, D. D. (2003). GUGULIPID: a natural cholesterol-lowering
agent. Annu. Rev. Nutr. 23, 303-313. doi:10.1146/annurev.nutr.23.011702.073102
Waraich, R., Khaliq, S., Fatima, N., Hafizur, R., Khaleeq, A., and Momin, S. (2017).
Modulation of pancreatic B-Cells and antioxidant status by cinnamon in type 2 diabetic
rats. J. Cytol. and Histology 8, 1-7. doi:10.4172/2157-7099.1000477

Weerasekera, A., Samarasinghe, M. W. A. K. P., Krishantha, H., de Zoysa, H. K. S,,
Bamunuarachchige, T., and Waisundara, V. (2021). Cinnamomum Zeylanicum:
Morphology, Antioxidant Properties and Bioactive Compounds. London, United
Kingdom: IntechOpen. doi:10.5772/intechopen.97492

Yamada, T., and Sugimoto, K. (2016). Guggulsterone and its role in chronic diseases.
Adv. Exp. Med. Biol. 929, 329-361. doi:10.1007/978-3-319-41342-6_15

frontiersin.org


https://doi.org/10.1007/s11626-022-00690-x
https://doi.org/10.3390/nu11020483
https://doi.org/10.1186/s40360-024-00811-0
https://doi.org/10.1167/iovs.04-0777
https://doi.org/10.4103/ijnpnd.ijnpnd_88_20
https://doi.org/10.1016/B978-0-323-90572-5.00016-0
https://doi.org/10.1016/s0076-6879(81)77053-8
https://doi.org/10.5530/pj.2011.20.11
https://doi.org/10.14715/cmb/2021.67.4.6
https://doi.org/10.2337/diacare.26.12.3215
https://doi.org/10.26538/tjnpr/v7i9.4
https://doi.org/10.3389/fphar.2023.1122969
https://doi.org/10.1016/j.ejphar.2019.03.025
https://doi.org/10.3389/fphar.2022.968717
https://doi.org/10.1016/j.biopha.2024.116772
https://doi.org/10.1016/j.biopha.2017.03.087
https://doi.org/10.1007/s40203-020-00063-w
https://doi.org/10.1007/s00210-024-03642-2
https://doi.org/10.1007/s00210-024-03642-2
https://doi.org/10.1111/j.1432-1033.1974.tb03714.x
https://doi.org/10.3390/molecules28020483
https://doi.org/10.1002/ptr.8026
https://doi.org/10.1016/j.intimp.2004.07.024
https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.3389/fphar.2025.1551368
https://doi.org/10.4103/0973-7847.134229
https://doi.org/10.1016/s1995-7645(11)60025-4
https://doi.org/10.1016/j.bjbas.2015.11.001
https://doi.org/10.1186/1472-6882-13-275
https://doi.org/10.1186/1472-6882-13-275
https://doi.org/10.1155/2014/642942
https://doi.org/10.1016/j.phymed.2012.11.006
https://doi.org/10.3390/ijms252312914
https://doi.org/10.3389/fphar.2019.00566
https://doi.org/10.5530/pres.15.2.037
https://doi.org/10.1155/2008/581348
https://doi.org/10.1007/s10529-009-0105-3
https://doi.org/10.1007/s40200-020-00657-3
https://doi.org/10.1007/s40200-020-00657-3
https://doi.org/10.1074/jbc.M408093200
https://doi.org/10.3390/nu14132773
https://doi.org/10.1016/s0378-8741(99)00136-1
https://doi.org/10.1146/annurev.nutr.23.011702.073102
https://doi.org/10.4172/2157-7099.1000477
https://doi.org/10.5772/intechopen.97492
https://doi.org/10.1007/978-3-319-41342-6_15
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1870583

	Multi-target antidiabetic and organ-protective effects of a polyherbal ethanol extract in STZ-induced diabetic rats
	1 Introduction
	2 Materials and methods
	2.1 Plant material collection and extract preparation
	2.2 Phytochemical characterization and quality control
	2.3 Experimental animals and housing
	2.4 Acute oral toxicity
	2.5 Induction of diabetes
	2.6 Experimental design
	2.7 Biochemical assessments
	2.8 Hepatic enzyme activity
	2.9 Inflammatory cytokines
	2.10 Oxidative stress markers
	2.11 Histopathology
	2.12 Immunohistochemistry
	2.13 Statistical analysis

	3 Results
	3.1 GC–MS profile of PHE
	3.2 Body weight changes
	3.3 Glycemic control and lipid profile
	3.4 Hepatic enzyme activity
	3.5 Inflammatory cytokines
	3.6 Oxidative stress parameters
	3.7 Histopathology
	3.8 Immunohistochemical findings

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


