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Abstract

Insulin resistance in the brain contributes to metabolic and neurodegenerative disorders. Existing ones have a limited
efficacy and a long-term safety profile for traditional therapy, mainly represented by metformin. Hence, there is an urgent
necessity for a safe alternative using plant-based medications. One such candidate, Tinospora crispa (T. crispa), has
shown antidiabetic properties, but there is no scientific study focusing on its effectiveness in alleviating brain insulin
resistance. This study aims to evaluate the potential of 7. crispa for brain insulin resistance via modulation of the PI3K/Akt
pathway. Six-week-old Wistar rats were randomly assigned to seven different groups for the study. These included a
normal control group (N), a high-fat high-fructose group (HFHF), a group treated with metformin (MET), groups
receiving T. crispa extract at doses of 200 mg/kgBW (TC200) and 400 mg/kgBW (TC400) combinations of 7. crispa
with metformin (TC200MET, TC400MET). The rats were fed a high-fat, high-fructose (HFHF) diet for 16 weeks, with
treatments beginning at week 8 after confirming insulin resistance. Body weight, glucose and insulin levels were measured
at week 0, 8 and 16. Lipid profiles were assessed using colorimetry, whilebrain PI3K/Akt expressions were measured
using qRT-PCR. Both were conducted at the end of the study. Results shows that A 16-week HFHF diet did not affect
body weight or induce obesity in mice but led to insulin resistance, elevated fasting blood glucose and altered lipid
profiles. Treatment with 7. crispa extract or its combination with metformin improved insulin resistance, glucose
homeostasis and lipid levels. Notably, increased expression of IRS, PI3K and AKT was observed only in the TC400 and
TC400MET groups. These findings suggest that 7. crispa extract exhibits neuroprotective effects as an insulin sensitizer
via the PI3K/Akt pathway, both as a monotherapy and in combination with metformin.
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Introduction

Insulin resistance can arise from various factors, consumption. Diets rich in carbohydrates and fats have
including genetic predisposition, physical inactivity, been linked to several metabolic disturbances,
obesity, chronic inflammation and unhealthy dietary particularly insulin resistance [5]. Moreover, many
habit [1-4]. Currently, poor diet has become a major commercially available packaged drinks contain high
concern due to the increasing public tendency to levels of fructose, used as an artificial sweetener and
consume fast food and processed beverages. The easy flavor enhancer. Excessive fructose intake promotes
accessibility and widespread availability of these triglyceride and cholesterol accumulation due to its

products contribute significantly to their high lipogenic effects, thereby further decreasing insulin
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sensitivity and contributing to insulin resistance and
glucose intolerance [5]. In addition to affecting
peripheral tissues, insulin resistance can also occur in
the brain—a condition referred to as cerebral insulin
resistance. This occurs when insulin receptor (IR)
signaling in neurons is disrupted, preventing insulin
from effectively binding to its receptors on the neuronal
cell membrane. Consequently, impaired IR signaling
fails to activate the phosphatidylinositol 3-kinase
(PI3K)—protein kinase B (Akt) pathway, which is
essential for neuronal survival and function.

Managing insulin resistance primarily involves
lifestyle modifications, including adopting a healthy
diet, increasing physical activity and achieving weight
loss when necessary. In certain cases, pharmacological
intervention is required to improve insulin sensitivity
and maintain blood glucose levels within the normal
range. Metformin, a first-line treatment for type 2
diabetes mellitus (T2DM), remains the most widely
used antidiabetic agent globally [6,7]. Recent studies
have shown that metformin also exerts effects on brain
insulin signaling by modulating insulin receptors,
insulin receptor substrate-1 (IRS-1) and the PI3K/Akt
pathway [8]. Additionally, metformin has been reported
to alleviate oxidative stress and reduce cerebral insulin
resistance, supporting its role as an insulin-sensitizing
agent. However, long-term administration or excessive
dosing of metformin may lead to several adverse effects,
including diarrhea [9], weight loss [10], impaired renal
function [11], hepatic injury [12] and the most
commonly  reported complaint, gastrointestinal
disturbances [13,14]. Therefore, safer and more natural
therapeutic alternatives are needed.

Several natural compounds have been explored to
mitigate the effects of insulin resistance, one of which is
T. crispa. This plant possesses notable antioxidant and
anti-inflammatory properties, which are believed to
contribute to improved insulin sensitivity. 7. crispa
extract has been extensively studied and utilized in
experimental models of diabetes mellitus (DM),
demonstrating significant antidiabetic effects [15,16].
Prior studies have identified borapetoside, a key
bioactive compound in 7. crispa, as effective in
alleviating hyperglycemia, insulin resistance, hepatic
steatosis and hyperlipidemia in type 2 diabetes mellitus
(T2DM) animal models [17]. More recent research has
highlighted the activity of tinocorside A, another active

compound in 7. crispa, which showed strong binding
affinity to the PI3K protein—an essential component of
the insulin receptor signaling pathway—through
molecular docking analysis [18]. These findings support
the role of T. crispa as an insulin sensitizer, capable of
forming stable ligand-protein conformations and
hydrogen bonds.

Previous studies have established the antidiabetic
and lipid-lowering properties of Tinospora crispa, with
a primary focus on peripheral insulin sensitivity.
However, no studies have explored its potential to target
brain insulin resistance or its role in regulating the
PI3K/Akt signaling pathway in the central nervous
system. This study addresses this critical gap by
demonstrating that 7. crispa not only improves
peripheral metabolic parameters but also restores brain
insulin signaling impaired by an HFHF diet. These
findings provide novel evidence for the neuroprotective
potential of T. crispa, a plant-based option for
addressing both metabolic and neurodegenerative
disorders.

Materials and methods

Extraction procedure

The stem simplicia of 7. crispa was obtained from
the Center for Research and Development of Medicinal
Plants and Traditional Medicine, Karanganyar,
Indonesia and identified as Tinospora crispa (L.)
Hook.f. & Thomson by the Tawangmangu Traditional
Health Service Unit, Ministry of Health, Indonesia. The
dried stems (3 kg total) were ground into powder and
extracted by maceration with 70% ethanol (Merck,
107017, Darmstadt, Germany) at a ratio of 1:3 (w/v).
Each 500 g batch was macerated at room temperature
for 24 h and the residue was re-extracted twice with the
same solvent and ratio for 48 and 72 h, respectively. All
filtrates were combined and evaporated at + 50 °C using
a rotary evaporator (Eyela, 281208, Tokyo, Japan) to
obtain a thick extract. The concentrated extract was then
subjected to organoleptic observation, where its sensory
characteristics were assessed. Subsequently, the yield
obtained from the extraction process was calculated and,
followed by determination of the percentage of moisture
content, ash content, acid-insoluble ash content, water-
soluble extractive matter and ethanol soluble extractive
matter. A phytochemical screening to ascertain the

presence of different bioactive compounds as well as
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heavy metal assessment for safety and quality control is
also a pre-condition.

Animal and experimental design

This study used male Wistar rats (Ratfus
norvegicus) aged 6 - 8 weeks, weighing 150 - 200 g, in
healthy condition (active movement). The animals were
obtained from CV. Dunia Kaca, Kemuning, Central
Java. Ethical approval was granted by the Health
Research Ethics Committee of Faculty of Medicine,
University of Indonesia (No. KET-
1752/UN2.F1/ETIK/PPM.00.02/2023). Each group
consisted of 4 rats, with 1 additional rat per group added
to account for a potential 10% dropout, resulting in 5
rats per group. Rats that showed signs of illness during
observation were excluded from the study. The animals
were housed at the Animal Research Facility, IMERI,
University of Indonesia, in polypropylene cages
(50x40%20 cm) with rust-resistant metal lids and wood
shavings as bedding. Each cage housed 2 - 3 rats and
was maintained in a controlled environment: 12-hour
light/dark cycle, 21 - 22 °C temperature and 60 - 70%
humidity. Food and water were provided ad libitum.

Male Wistar rat aged 6 - 8 weeks, weight of 150 -
200 g in active movement healthy state was used as
subject. Following seven-day acclimatization period,
the rats were randomly divided into two groups: A
control group (n = 5), which was fed a standard rodent
diet with water ad libitum for 16 weeks and an HFHF
group (n = 30) that was provided with the high fat and
high fructose diet for 16 weeks. The high-fat diet
consisted of a regular diet supplemented with quail egg
yolk, making up 10% of the total weight. The daily dose
was 10 g of feed. The high-fructose diet involved
administering 825 mg of 55% fructose in 1.5 mL via
intragastric gavage twice daily during feeding, resulting
in a total daily dose of 1,650 mg [19].

After completing the 8-week HFHF diet regimen,
rats were injected intraperitoneally with a single dose of
streptozotocin  (STZ, 22 mg/kg BW [20]) on the
following day (day 58) under fasting conditions.
Following confirmation of insulin resistance, HFHF-
diet rats were randomly allocated to six treatment
groups: HFHF (control), MET (metformin), TC200,
TC400, TC200MET and TC400MET, with each group
containing five rats (n = 5). Subsequently, rats in each

group received their designated oral treatments—

metformin (100 mg/kg/day [21-23]), T. crispa extract at
a doses of 200 or 400 mg/kg/day)[24,25] or a
combination of the extract and metformin—while
continuing on a high-fat diet and receiving a once-daily
oral fructose administration for the next 8 weeks. The
animals were served daily for the status of health and
any dead animals were excluded from the study.

Assessment of fasting blood glucose, fasting
insulin and HOMA-IR Levels

Fasting blood glucose (FBG), fasting insulin (FI)
and HOMA-IR were measured at three time points: Day
0 (baseline, post-acclimatization), day 59 (after HFHF
diet and STZ injection) and day 114 (post-8-week
therapy). FBG was measured using a GlucoDr. Auto A
glucometer (Allmedicus, AGM-4000, Anyang-si, South
Korea). FI was assessed using a Rat Insulin ELISA kit
(Elabscience, E-EL-R3034, Houston, TX, USA) and
read with a Varioskan™ Flash Multimode Reader
(Thermo Fisher Scientific, 5250030, Waltham, USA).
HOMA-IR was calculated using the standard formula
[26,27]:

FBG (%) x FI (%) x 26

405

HOMA-IR =

Lipid profile measurement using enzymatic
colorimetric method

Lipid profile assessment was performed once after
the completion of therapy on serum samples collected
after overnight fasting. Total cholesterol (TC), high-
density  lipoprotein  cholesterol (HDL-C) and
triglyceride (TG) levels were evaluated with enzymatic
colorimetric ~ methods  with  commercial  kits
(Elabscience, E-BC-K221; E-BC-K109-M; E-BC-
K261-M, Wuhan, China) following the manufacturer's
protocols and quantified with a microplate reader
Varioskan™ Flash Multimode Reader (Thermo Fisher
Scientific, 5250030, Waltham, USA). Low-density
lipoprotein cholesterol (LDL-C) was calculated using
the Friedewald equation:

TG
LDL-C =TC — HDL-C — 5
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Quantitative RT-PCR analysis

At the end of the study, the rats were sacrificed and
brain tissues from the cortex and hippocampus were
collected and stored at —80 °C. Approximately 10 mg of
tissue was homogenized in 500 pL Buffer RL (Vazyme,
RC112-01, China) using an electric homogenizer. Total
RNA was extracted using the FastPure Cell/Tissue Total
RNA Isolation Kit (Vazyme, RC112-01, China) and
reverse transcribed into cDNA using the HiScript® III

Table 1 List of primer sequences for target genes.

RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme,
R323, China). RNA and cDNA purity and concentration
were assessed at 260/280 nm using the Varioskan™
Flash Multimode Reader (Thermo Fisher Scientific,
5250030, Waltham, USA). Quantitative PCR was
performed with the SensiFAST™ SYBR® No-ROX Kit
(Bioline, BIO-98005, Meridian Bioscience, UK). The
primer sequences (5'-3') used for qPCR are listed in
Table 1.

No Gen Forward Primer (5'-3’) Reverse Primer (5'-3")
1 IRS1 GAG TTG AGT TGG GCA GAG TAG CAT GTA ATC ACC ACG GCT ATT TG
2 PIK3CA  GAC AAG AAC AAG GGC GAG ATA CGG TCT CCA ATT CCC AAG ATA A
3 AKT?2 GGA GGA TGC CAT GGA TTA CAA CTT GCC GAG GAG TTT GAG ATA A
4 ACTB AGC CAT GTA CGT AGC CAT CC AGC CAT GTA CGT AGC CAT CC

Thermal cycling conditions included initial
polymerase activation at 95 °C for 2 min, followed by
40 cycles of denaturation at 95 °C for 5 s, annealing at
60 °C for 10 s and extension at 72°C for 15 s. A
dissociation (melting curve) stage was conducted at
72 °C for 7 min, 59 °C for 60 s and 95°C for 15 s.
Amplification and data analysis were performed using a
Real-Time Quantitative Thermal Cycler (Vazyme,
Nanjing, China) and relative gene expression levels

were calculated using the AACT method.

Phospho-Akt ELISA

Brain tissue, harvested at the end of the experiment
and preserved at —80 °C, was used for this analysis.
Phosphorylated Akt (Ser473) levels were measured
using a commercial ELISA kit (BT Lab, E2452Ra,
Beijing, China) following the manufacturer’s protocol.
Briefly, standards were prepared by serial dilution and
40 pL of sample with 10 pL biotinylated antibody and
50 pL streptavidin-HRP were added to the wells. After
incubation for 60 min at 37 °C, wells were washed five
times with wash buffer. Substrate solutions A and B (50
uL each) were added and incubated for 10 min at 37 °C
in the dark. The reaction was stopped with 50 pL stop
solution and absorbance was read at 450 nm using a

microplate reader. Concentrations were determined

from a standard curve.

Statistical analysis

Statistical analyses were performed using
GraphPad Prism version 10.4.0 and data are expressed
as mean =+ SD. Data normality and variance
homogeneity were evaluated with the Shapiro—Wilk and
Levene tests, respectively, to guide the selection of
statistical methods. For parametric data, one-way
ANOVA was applied, followed by Tukey’s or Least
Significant Difference (LSD) post hoc comparisons. For
non-parametric data, the Kruskal-Wallis test was
employed, with subsequent Dunn’s tests. Statistical

significance was set at p-value < 0.05.

Results and discussion

Extraction results and quality evaluation of 7.
crispa extract

T. crispa extract appeared as a thick, greenish-
brown substance with a characteristic odor (Table 2).
Extraction using ethanol as the solvent yielded 17.84%,
with a moisture content of 23.71%. The
physicochemical characterization revealed a total ash
content of 11.89%, acid-insoluble ash of 0.05%, water-

soluble extractive content of 28.01% and ethanol-
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soluble extractive content of 28.89%. Phytochemical
screening indicated the presence of secondary

metabolites, including flavonoids, tannins, saponins,

Table 2 Evaluation results of 7. crispa ethanol extract.

steroids, triterpenoids and glycosides. Heavy metal
analysis confirmed the absence of lead (Pb) and

cadmium (Cd) in the extract.

Parameter Result
Organoleptic
Form Thick
Odor Characteristic
Color Brownish green
Yield 17.84%
Ash Content 11.89%
Moisture Content 23.71%
Acid-insoluble Ash Content 0.05%
Water-soluble Extractive Content 28.01%
Ethanol-soluble Extractive Content 28.89%
Phytochemical Screening
Flavonoids )
Alkaloids -)
Tannins )
Saponins ()
Steroids )
Triterpenoids ()
Glycosides ()
Heavy Metals
Lead (Pb) Not detected
Cadmium (Cd) Not detected
HFHF diet administration induces and 238 + 26.28 g. Correspondingly, body length also

hyperglycemia and insulin resistance without
causing obesity

At baseline, the body weights of the standard diet
(N) and HFHF diet groups were 185.6 =+ 16.30 g and 181
+ 18.86 g, respectively. After 8 weeks, both groups
showed a significant increase, reaching 237 + 22.12 g

increased from 19.23 £ 0.49 cm (N) and 19.01 +0.41 cm
(HFHF) to 21.94 + 0.48 cm and 21.73 + 0.26 cm post
HFHF+STZ induction. Lee index values at baseline
were 281.22 £ 6.29 (N) and 280.4 + 7.24 (HFHF),
which increased to 298.92 + 6.02 and 299.58 + 7.27 after

8 weeks (Table 3). However, there were no statistically
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significant differences in body weight, body length, or
Lee index between the N and HFHF groups at week 8.
FBD levels increased significantly in the HFHF
group after 8 weeks of diet induction, while no
significant change was observed in the N group. In the
N group, glucose levels before and after induction were
93,50 + 3.11mg/dL and 91.75 + 6.34mg/dL,
respectively. In contrast, the HFHF group showed a
significant rise from 89.0 + 141mg/dL to
159.04+10.17 mg/dL. The increase in blood glucose
levels in the HFHF group was accompanied by a rise in
fasting insulin levels after 8 weeks. In the N group,

fasting insulin decreased from 0.34 + 0.04 to 0.18 +
0.02 ng/mL, remaining within the normal range (<
0.6 ng/mL) [26,27]. Conversely, the HFHF group
showed a significant increase in insulin levels from 0.32
+0.04 t0 0.70 £ 0.10 ng/mL. This change was consistent
with the HOMA-IR values, which increased from 1.56
+ 0.22 to 6.78 + 1.42 in the HFHF group, while values
in the N group decreased from 1.86 +0.14t00.99+0.11
(Table 3). A HOMA-IR value > 2.6 [28,29] indicates
insulin resistance, confirming successful induction of

the insulin-resistant model.

Table 3 Characteristics of experimental animals at week 0 and week 8.

Week 0 Week 8
Variabel
N HFHF N HFHF
Body weight (gram) 185.6 + 16.30° 181.0 + 18.86° 237+22.12° 238 +£26.28°
Body length (cm) 19.23 £ 0.49° 19.00 = 0.4* 21.94 +£0.48° 21.73 £0.26°
Lee index 281.22 +£ 6.29° 280.41 + 7.24° 298.92 + 6.02° 299.58 £7.27°
FBG (mg/dL) 93.50+3.12 89.00 + 1.41° 91.75 + 6.34% 159.00 +£10.17¢
FI (ng/mL) 0.34+0.042 0.32+0.042 0.18 £0.02° 0.70 +£0.01¢
HOMA-IR (mg/dL x pU/mL) 1.86 +£0.142 1.56 + 0.22* 0.99+0.112 6.78 £ 1.42°

A high-fat high-fructose (HFHF) diet combined
with a single intraperitoneal dose of streptozotocin
(STZ) has been widely recognized as an effective model
for inducing insulin resistance and metabolic
dysfunction in experimental animals. In this study,
although the rats demonstrated normal weight gain and
did not develop obesity, significant disruptions in
glucose homeostasis were observed, as evidenced by
elevated fasting blood glucose, fasting insulin, and
HOMA-IR index. These findings suggest that systemic
insulin resistance can develop independently of obesity,
supporting previous evidence that non-adipose tissues
such as the liver and brain play a critical role in the

pathogenesis of insulin resistance [30,31]

Effect of T. crispa extract on weight gain and lee
index

At the end of the study, the mean body weights (g)
of the rats in groups N, HFHF, MET, TC200, TC400,

TC200MET and TC400MET were 267 + 6.63, 308 +
8.00, 228 + 44.78, 266.5 + 3.78, 252 + 25.03, 267.5 +
18.43 and 271.5 £+ 8.00, respectively. As shown in
Figure 1(A), the HFHF group exhibited increased body
weight following HFHF induction, although the
increase was not statistically significant compared to the
N group. Treatment with 7. crispa extract (TC200,
TC400, TC200MET, TC400MET) led to a reduction in
body weight; however, the differences were not
significant compared to the HFHF group. A significant
decrease in body weight was observed only in the MET
group. Body length did not differ significantly among
groups, with mean values (cm) for the N, HFHF, MET,
TC200, TC400, TC200MET, and TC400MET groups
recorded as 22.75 + 0.20, 22.60 £ 0.11, 21.78 £+ 0.86,
22.40 £ 0.25, 22.40 + 0.27, 22.33 + 0.34, and 22.55 £
0.24, respectively (Figure 1(B)). The Lee index values
for the N, HFHF, MET, TC200, TC400, TC200MET,
and TC400MET groups were 281.6 £6.43,298.8 +2.13,
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285.7+9.59, 289.3 + 4.76, 281.5 £ 10.67, 282.6 = 8.98
and 281.6 = 5.49, respectively. Statistical analysis
indicated no significant differences in Lee index values
among the groups (Figure 1(C)). These data indicate
that all groups showed both body weight and length gain
throughout the study period.

The T. crispa extract did not show any significant

impact on body weight, suggesting that it may not have
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a direct effect on weight regulation. On the other hand,
metformin led to a marked decrease in body weight,
which is consistent with its established role in promoting
weight loss in diabetic and insulin-resistant conditions.
These results further emphasize the distinct effects of 7.

crispa and metformin in weight management [32-34].
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Figure 1 Graphs of body weight (A), weight gain (B) and Lee index (C) at the end of the study following T. crispa extract

administration. Data are presented as mean + SD. Data are presented as mean + SD. Different legend letters (a, b) denote

statistical among the groups (p-value < 0.05).

T. crispa extract ameliorates FBG, FI and
HOMA-IR

As shown in Figure 2(A), by the end of study, the
mean FBG level in the HFHF group was 165.8 +
6.23 mg/dL, which was significantly higher than that of
the N group (81.50 *= 5.68mg/dL). Significant
reductions in fasting blood glucose were observed in the
Met, TC400, TC200MET and TC400MET groups, with
mean values of 95.25 + 10.87, 118.5 + 23.36, 113.0 +
7.43 and 96.25 + 10.59 mg/dL, respectively, compared
to the HFHF group.

Consistent with the fasting blood glucose results,
fasting insulin levels (Figure 2(B)) significantly
decreased in all treatment groups compared to the HFHF
group. The mean fasting insulin levels in the Met,

TC200, TC400, TC200MET, and TC400MET groups
were 0.42 + 0.04, 0.46 + 0.02, 0.35 £ 0.07 and 0.34 +
0.04 ng/mL, respectively—values that were comparable
to those of the N group (0.33 + 0.04ng/mL) and
significantly lower than the HFHF group (0.92 +
0.01 ng/mL). These findings indicate a significant
increase in insulin levels following HFHF induction,
which was attenuated by the subsequent treatments.
The HOMA-IR values of the N and HFHF groups
were significantly different, with mean values of 1.42 +
0.16 and 4.27 + 0.35, respectively (Figure 2(C)).
Following 8 weeks of treatment, the HOMA-IR values
in the Met, TC200, TC400, TC200MET and
TC400MET groups significantly decreased compared to
the HFHF group, with average values of 2.44 + 0.43,
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2.95 +0.21, 2.15 £ 0.68, 2.47 £ 0.18 and 2.17 £ 0.45,
respectively. These findings indicate that the
HFHF+STZ diet induced a marked increase in insulin
resistance, as reflected by the elevated HOMA-IR in the
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HFHEF group relative to the N group. Treatment with 7.
crispa extract, either alone or in combination with

metformin, effectively ameliorated insulin resistance.
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Figure 2 Graphs of fasting blood glucose (A), fasting insulin (B) and HOMA-IR (C) at the end of the study after

administration of 7. crispa extract. Data are presented as mean = SD. Data are presented as mean + SD. Different legend

letters (a, b, ¢, d) denote statistical among the groups (p-value < 0.05). The presence of duplicate letters indicates no

significant difference between those groups.

Therapeutic administration of 7. crispa extract at
doses of 200 and 400 mg/kgBW, either as monotherapy
or in combination with metformin, significantly
improved fasting blood glucose and HOMA-IR levels.
These results align with previous in vivo studies
reporting that bioactive constituents of 7. crispa, such as
borapetoside and tinocorside A, enhance insulin
sensitivity via activation of the PI3K/Akt insulin
signaling pathway [15-18]. Moreover, its combination
with metformin demonstrated a potential synergistic
effect, offering a promising and safer alternative for

long-term management of insulin resistance.

Effect of T. crispa extract on lipid profile

The cholesterol profiles across the seven groups
exhibited similar trends and were consistent with the
observed levels of total cholesterol (TC), triglycerides

(TG) and low-density lipoprotein cholesterol (LDL-C).
A marked increase in TC, TG and LDL-C levels was
observed in the HFHF group compared to the normal
(N) group at the end of the study, indicating
dyslipidemia induced by the HFHF diet. In contrast, all
therapy groups showed significantly reduced levels of
these parameters compared to the HFHF group. The
most pronounced reduction was observed in the group
treated with 7. crispa extract at a dose of 400 mg/kgBW
(Figures 3(A) - 3(C)). Consistent with these findings,
high-density lipoprotein cholesterol (HDL-C) levels
were significantly lower in the HFHF group than in the
N group. Treatment with the extract alone or in
combination with metformin significantly increased
HDL-C levels compared to the HFHF group (Figure
3(D)).
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Figure 3 Graphs of lipid profile. Level of TC (A), TG (B), LDL-C (C) and HDL-C (D). Following treatment with 7.

crispa extract. Data are presented as mean + SD. Data are presented as mean £ SD. Different legend letters (a, b, ¢, d)
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between those groups.

T. crispa extract not only improves insulin
resistance but also significantly enhances lipid profiles
by reducing triglycerides, total cholesterol and LDL
levels, while increasing HDL. These findings suggest
that T. crispa possesses important hypolipidemic
the risk of

cardiovascular complications commonly associated

properties, potentially lowering
with metabolic syndrome and insulin resistance. This
effect is attributed to its bioactive constituents—such as
alkaloids, flavonoids and diterpenoids—which are
known to inhibit lipogenesis and promote fatty acid
oxidation. These results are in line with previous studies,
that bioactive compounds present in 7. crispa extract
reduces serum lipid levels and improves metabolic
profiles in diabetic rats [17,35-37]. Considering that
hyperlipidemia plays a pivotal role in the pathogenesis
of insulin resistance by promoting lipotoxicity and
disrupting insulin signaling pathways, the capacity of T.
crispa to lower triglyceride levels and improve overall
lipid profiles may confer dual therapeutic effects—
ameliorating while

dyslipidemia concurrently

alleviating lipid-induced impairments in insulin

signaling mechanisms [38-40].

T. crispa extract modulates PI3K/AKT
signaling pathway in the rat brain

One of the key proteins that works as a mediator
when insulin connects to its receptor on the cell’s
surface is IRS1. Once insulin binds, it triggers the
phosphorylation of IRS1, setting off a cascade of signals
within the cell, including the PI3K/AKT pathway. This
process plays a crucial role in regulating various cellular
the

metabolism. The analysis of IRS1 gene expression

functions, including regulation of glucose
revealed a significant decrease in IRS1 mRNA levels in
the HFHF group compared to the N group. Following
treatment, relative mRNA expression levels in the Met,
TC400, TC200Met and TC400Met groups increased
significantly compared to the HFHF group, as illustrated
in Figure 4(A) The most substantial increase was
observed in the TC400Met group, where the relative
mRNA expression increased by 0.84-fold, approaching
the expression level observed in the N group. The
relative mRNA expression of PIK3CA, a crucial gene
that codes for the catalytic subunit of PI3K, showed a
significant reduction to 0.048-fold compared to the N
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group post-administration of HFHF induction (Figure
4(B)). After treatment, PIK3CA expression significantly
increased in groups receiving metformin alone, 7. crispa
extract at a dose of 400 mg/kgBW, or its combination
with metformin. A similar pattern was observed in the
relative mRNA expression of the AKT2 gene (Figure
4(C)), with elevated expression in groups treated with
metformin, 7. crispa extract (400 mg/kgBW) and both
combination therapy groups. However, only the TC400
and TC400MET groups demonstrated a statistically
significant increase in AKT2 expression compared to
the HFHF group. At the end of the study, the HFHF
group in p-AKT

concentration levels compared to the N group (Figure

showed a marked decrease

4(D)), indicating impaired activation of the insulin
signaling pathway. Notably, only the TC400 treatment
group showed a significant increase in p-AKT levels
relative to the HFHF group. These levels approached
those observed in the N group, suggesting that 7. crispa
extract may enhance AKT phosphorylation and partially
restore insulin.

Notably, the 400 mg/kgBW dose of T. crispa was
more effective in restoring insulin sensitivity than the
200 mg/kgBW dose,

improvements in gene expression across key nodes of

as shown by consistent

H

Relative IRS1 mRNA expression
P
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Relative AKT2 mRNA expression
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the insulin signaling cascade. Therapeutic intervention
significantly improved the mRNA expression of IRS1,
PIK3CA and AKT?2, particularly in the groups treated
with metformin (MET), T. crispa extract at 400
mg/kgBW  (TC400) their
(TC400MET), compared to the HFHF group (p-value <
0.05). These findings suggest that high-dose 7. crispa

and combination

extract effectively reactivates the PI3K/AKT insulin
signaling pathway disrupted by the HFHF diet. This
reactivation is evident not only at the downstream level
(PIK3CA and AKT2), but also through enhanced
upstream regulation via IRS1 expression [8], which
plays a critical role in initiating insulin signal
The PI3K/AKT pathway activation

contributes to reduced oxidative stress and improved

transduction.

glucose transport in the brain, which are critical
components in addressing cerebral insulin resistance.
Impairments in this signaling pathway not only affect
insulin metabolism, but also are closely linked to the
pathogenesis of neurodegenerative and cognitive
decline [30,31]. Overall, these results suggest that 7.
crispa has the same or even better potential in certain
areas compared to metformin as a candidate for plant-
based therapy
improvement through the PI3K/AKT pathway.

in modulating insulin resistance
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2 A é\
& & &
A «d"@ /\ov@

p-AKT level
(ng/mg protein)
=

- ) A, £ A, A
& ¢ _‘d‘db & ‘ﬁg@@ Q@Q’
«0 &G

Figure 4 Graphs of related gene or protein to PI3K/AKT Pathway. Expression of relative IRS1 (A), PIK3CA (B), AKT2
(C) mRNA and protein level of p-AKT (D) post-administration of 7. crispa extract. Data are presented as mean = SD.
Data are presented as mean + SD. Different legend letters (a, b, ¢, d) denote statistical among the groups (p-value < 0.05).

The presence of duplicate letters indicates no significant difference between those groups.
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Interestingly, gene expression results in the group
receiving the combination of extract and metformin
(TC4A00MET) showed no significant differences
compared to the group receiving only the extract at a
dose of 400 mg/kgBW, indicating that 7. crispa at this
dose is quite effective as a monotherapy or adjunct
therapy with metformin. These findings support the
candidacy of T. crispa as an alternative natural insulin
sensitizer with comparable efficacy to conventional
agents and potentially better safety for long-term use.
However, the possibility of synergistic interactions
between 7. crispa and metformin cannot be excluded.
Further research is warranted to explore their potential
interaction and to optimize combination strategies.

Previous studies have established the antidiabetic
and lipid-lowering properties of Tinospora crispa,
primarily focusing on peripheral insulin sensitivity.
However, to date, no research has specifically examined
its effects on brain insulin resistance or the modulation
of the PI3K/Akt signaling pathway within the central
nervous system. This study addresses this critical gap by
demonstrating that 7. crispa not only improves
peripheral metabolic parameters but also restores brain
insulin signaling impaired by a high-fat, high-fructose
diet. These findings provide novel evidence for the
neuroprotective potential of 7. crispa, offering new
insights into plant-based strategies for combating
metabolic and neurodegenerative disorders.

These findings could form the basis for developing
phytopharmaceutical formulations  or  herbal
supplements targeting the PI3K/Akt pathway to prevent
or treat brain metabolic disorders. With further
validation through clinical trials, Tinospora crispa has
the potential to be integrated into environmentally
friendly and affordable programs for the prevention of
degenerative diseases. Furthermore, this approach could
encourage innovation in more efficient and
environmentally friendly active ingredient extraction
technologies, expanding commercialization
opportunities and collaboration between the research
sector, the herbal pharmaceutical industry and the

agricultural community

Conclusions
The  present study demonstrates  that

administration of T. crispa extract, particularly at a dose

of 400 mg/kgBW, significantly improves insulin
sensitivity and glucose homeostasis in HFHF-STZ—
induced insulin-resistant rats. This therapeutic effect is
evidenced by decreased fasting blood glucose, insulin
levels and HOMA-IR index, as well as improved lipid
profiles. Furthermore, the extract effectively restores the
expression of key insulin signaling genes—IRSI,
PIK3CA and AKT2—indicating reactivation of the
PI3K/Akt pathway. Notably, the combination of 7.
crispa with metformin did not show additive effects
beyond the extract alone at high doses, suggesting T.
crispa may serve as an effective monotherapy. These
findings support the potential of 7. crispa as a natural
insulin sensitizer and a promising phytotherapeutic
agent for managing insulin resistance and its associated
metabolic complications. Further studies are warranted
to explore its long-term safety, synergistic mechanisms

with standard drugs and its applicability in clinical

settings.
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