PhyPho

Physiology and
Physiology and Pharmacology 30 (2026) 185-198 P h armacoio g y

Experimental Research Article

Endurance exercise and Urtica Dioica extract
ameliorate TLR-4 levels and myocardial
inflammatory profile in STZ-induced diabetic rats

U Setareh Amiri ', Mohammadreza Zolfaghari ' (12}, Masoud Rahmati 3, Ghafour Ghaffari'

1. Department of Exercise Physiology and Corrective Exercises, Faculty of Sport Sciences, Urmia, Iran
2. Department of Exercise Physiology, Faculty of Literature and Humanities, Lorestan University, Khorramabad, Iran

ABSTRACT

Introduction:In diabetic patients, high blood sugar levels provoke sustained inflammation in Keywords:
cardiac tissue and impair normal cardiac activity. Considering the anti-diabetic characteristics Endurance exercise
of endurance training and Urtica Dioica (UD) extract, this study evaluated their potential in Urtica Dioica
modulating TLR-4 levels and the inflammatory condition of cardiac tissue in diabetic Wistar Inflammation

rats. Cardiac tissue
Methods: In the present study, a total of 50 male Wistar rats were randomly allocated into Diabetes

5 equal groups: Healthy-Control (H-C), Diabetic-Control (D-C), Diabetic-Exercise (D-Ex),
Diabetic-Urtica Dioica (D-UD), and Diabetic-Exercise-Urtica Dioica (D-Ex-UD). Diabetes
was induced by an intraperitoneal injection of streptozotocin (STZ) (45 mg/kg). Two weeks
post-STZ injection, a moderate-intensity treadmill running regimen (five days/week) was
performed, and UD extract (50 mg/kg) was given per day by gavage for 6 weeks.

Results: A six-week regimen of exercise and UD extract improves diabetes-induced weight
loss. They also resulted in a significant decrease in blood glucose of the D-Ex (P = 0.001),
D-UD (P = 0.001), and D-Ex-UD (P = 0.001) groups relative to D-C. Moreover, these
interventions alone and in interaction resulted in a decrease in TLR-4 and TNF-a levels, as well
as an increase in IL-10 levels in cardiac tissue. However, the D-Ex-UD group indicated the
most excellent effectiveness in reducing TLR-4 levels and improving the cardiac inflammatory
profile (IL-10/TNF-a ratio).

Conclusion: Endurance exercise and UD extract reduce myocardial inflammation by
modulating the TLR-4 pathway and restoring the balance of inflammatory cytokines, such that
the combined intervention, through simultaneous targeting of inflammatory pathways, exerts a
stronger effect than either intervention alone.

* Corresponding author: Mohammadreza Zolfaghari, m.didani@urmia.ac.ir
Received 15 September 2025; Revised from 11 February 2026; Accepted 19 April 2026

Citation: Amiri S, Zolfaghari MR, Rahmati M, Ghaffari. Endurance exercise and Urtica Dioica extract ameliorate TLR-4 levels and myocardial inflammatory
profile in STZ-induced diabetic rats. Physiology and Pharmacology 2026; 30: 185-198. http://dx.doi.org/10.22034/phypha.30.2.185

www.phypha.irlppj



http://dx.doi.org/10.22034/phypha.30.2.185
https://orcid.org/0000-0002-8878-9485
https://orcid.org/0000-0002-8878-9485

Exercise and Urtica dioica ameliorate myocardial inflammatory in diabetic rats

Physiology and Pharmacology 30 (2026) 185-198 | 186

Introduction
Diabetes mellitus (DM) is a prevalent metabolic dis-

order globally and poses a significant risk factor for car-
diovascular complications. According to a 2019 study,
the worldwide prevalence of diabetes was estimated at
463 million people (9.3%), a figure expected to rise to
578 million (10.2%) by 2030 (Saeedi et al., 2019). Di-
abetes is a chronic metabolic disorder characterized by
persistent hyperglycemia, which occurs in both type 1
and type 2 diabetes. In type 1 diabetes (T1D), hypergly-
cemia primarily results from the autoimmune destruc-
tion of pancreatic beta cells in the islets of Langerhans,
leading to an absolute deficiency in insulin secretion.
In contrast, type 2 diabetes (T2D) is characterized by
a combination of insulin resistance in peripheral tissues
and a relative deficiency in insulin secretion (Samadian
et al., 2021). Irrespective of its type, diabetes-associated
hyperglycemia broadly impairs the structure and physi-
ological function of multiple organs. One major compli-
cation is diabetic cardiomyopathy (DCM), a frequently
observed cardiovascular condition among diabetic pa-
tients. This condition significantly affects heart function
in individuals with type 1 diabetes mellitus (T1DM) or
type 2 diabetes mellitus (T2DM). DCM is associated
with molecular, structural, and functional changes in
the myocardium that can ultimately lead to heart fail-
ure. Although the precise mechanisms underlying dia-
betic cardiomyopathy (DCM) are not fully understood,
several interrelated factors have been identified as key
contributors. Metabolic abnormalities, inflammatory
responses, increased oxidative stress, and fibrosis serve
as key mediators in the onset and progression of DCM
(Huang et al., 2023).

Recent evidence indicates that activation of Toll-
like receptors (TLRs), particularly Toll-like receptor
4 (TLR-4), plays a central role in myocardial inflam-
mation and the development of diabetic cardiomyop-
athy (DCM). TLR-4 is the most abundantly expressed
TLR in cardiac tissue and is activated by pathogen- and
damage-associated molecular patterns (PAMPs and
DAMPs), which are elevated under diabetic conditions
(Kostrzewa-Nowak et al., 2020). Upon activation, TLR-
4 initiates intracellular signaling primarily through the
Myeloid Differentiation Factor 88 (MyD88)-dependent
pathway, resulting in the activation of stress-related ki-
nases such as JNK, IKK, and p38, and ultimately the
transcription factor NF-kB. NF-kB activation promotes

the expression of pro-inflammatory cytokines, including
TNF-a, IL-1pB, and IL-6, which contribute to myocardial
inflammation, cardiac hypertrophy, fibrosis, and cardio-
myocyte apoptosis (Fuentes-Antras et al., 2014). In this
context, inflammatory biomarkers such as TNF-o and
IL-10 are commonly used to assess inflammatory sta-
tus, disease progression, and therapeutic efficacy in di-
abetic cardiovascular complications (Barry et al., 2016;
Parente et al., 2024). TNF-o exacerbates insulin resis-
tance by impairing insulin signaling and GLUT4-me-
diated glucose uptake, and its levels are typically ele-
vated in diabetes (An et al., 2015; Yaturu et al., 2008).
In contrast, IL-10 exerts anti-inflammatory effects by
suppressing pro-inflammatory cytokine production, im-
proving insulin sensitivity, and supporting pancreatic
B-cell function. Consequently, the IL-10/TNF-a ratio is
considered a reliable indicator of inflammatory balance
in diabetic conditions (dos Santos Haber et al., 2023).
Conventional pharmacological treatments for the pre-
vention and management of DCM have limited efficacy
and can be costly, thus creating a need for novel ther-
apeutic strategies. Recently, research has focused on
combination approaches, including herbal medicines
and exercise interventions, to target diabetes-induced
myocardial inflammation (Rahmati et al., 2021; Rajabi
et al., 2024). Exercise, as a non-pharmacological inter-
vention, extends beyond blood glucose control to pro-
tect the heart against DCM and improve its function by
influencing key pathological pathways (apoptosis, fibro-
sis, and hypertrophy). Regular physical activity contrib-
utes to improved heart function by reducing ROS and
pro-inflammatory factors (TNF-a, IL-1B) and increas-
ing anti-inflammatory factors (IL-10) (Ghaffari et al.,
2023; Rajabi et al., 2024). Moreover, exercise has been
shown to reduce apoptosis and inflammation through
modulation of TLR-4 signaling (Wu et al., 2014). How-
ever, it should be noted that the cardiovascular effects
of exercise depend on its type, intensity, and duration.
Medicinal plants, particularly as extracts, have gained
attention as complementary therapeutic strategies for
diabetes (Ademolu 2019). Among them, Urtica dioica
(Urticaceae), widely distributed in South Asia, exhibits
notable hypoglycemic and anti-inflammatory properties
(Morshed et al., 2011). Experimental evidence indicates
that Urtica dioica leaf extracts can stimulate insulin se-
cretion and exert insulin-mimetic effects in both healthy
and streptozotocin-induced diabetic models (Chehri et
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al., 2022). Recent studies have further confirmed the
anti-inflammatory and glucose-lowering effects of Ur-
tica dioica in diabetic conditions (Keshvari et al., 2020;
Rahmati et al., 2021). These effects are attributed to its
bioactive phytochemicals, including flavonoids, pheno-
lic compounds, and phytosterols (Morshed et al., 2011;
Parente et al., 2024). Among these, quercetin and sco-
poletin have been shown to modulate inflammatory
mediators and key signaling pathways such as TLR-4
and NF-«xB, leading to reduced pro-inflammatory cy-
tokine production (Byun et al., 2013; Choi RaYeong et
al., 2017; Zhao et al., 2021). Collectively, these find-
ings highlight the therapeutic potential of Urtica dioi-
ca in the management of diabetes-related inflammatory
complications. The novelty of the present study lies in
the simultaneous investigation of the combined effects
of endurance exercise and Urtica dioica extract on the
TLR-4 pathway and myocardial inflammatory profile
in an STZ-induced diabetic rat model, as most previous
studies have examined these interventions separately.
We hypothesized that the combined intervention would
more effectively reduce cardiac inflammation through
modulation of TLR-4 compared with either treatment
alone. Therefore, the primary aim of this study was to
evaluate the individual and combined effects of endur-
ance exercise and nettle extract on myocardial TLR-4
levels and inflammatory markers in STZ-induced dia-
betic rats.

Material and Methods

Experimental animals

In this experimental study, we used an experimen-
tal design with a post-test control group. For this pur-
pose, fifty male Wistar rats (6 weeks old, mean weight
232.74+12.42 g) were acquired from Lorestan Univer-
sity of Medical Sciences for this experiment. Following
their transfer to the laboratory, the animals were accli-
matized for one week under standard conditions, includ-
ing a 12-hour light/dark cycle, controlled temperature
(25 = 1°C), and unrestricted access to water and stan-
dard pellet diet. Two weeks into the study, the rats were
familiarized to treadmill-based endurance training (10-
15 min, 5-10 m/min, and 5 d/w). Acoustic cues were ap-
plied to stimulate movement, and the treadmill’s front
area was lined with thick paper in order to direct the ani-
mals toward the front. The rats were split into five equal
groups at random, which included Diabetic-Control (D-

(), Healthy-Control (H-C), Diabetic-Exercise (D-Ex),
Diabetic-Urtica Dioica (D-UD), and Diabetic-Exer-
cise-Urtica Dioica (D-Ex-UD). All animal handling pro-
cedures in this research were carried out in compliance
with the guidelines of the National Institutes of Health
(NIH) and were approved by the Research Ethics Com-
mittee of Lorestan University (IR: LU.LECRA.2019.17).
Figure 1 presents a schematic representation of the study
protocol conducted over a 10-week period. It is worth
noting that, to avoid confusion, time points in the result
figures (W2, W4, W6) refer to weeks after the initiation
of interventions, not to the total study duration shown in
the experimental timeline.

Induction of diabetes

For two weeks prior to the experiment, all rats were
kept in the animal laboratory to reach the optimal weight
(at least 220 g). After an overnight fast, to establish a
model of experimental diabetes, we administered a sin-
gle intraperitoneal injection of streptozotocin (45 mg/
kg; Sigma, St. Louis, MO) dissolved in 0.5 mol/L citrate
buffer (pH 4.0), whereas control rats were administered
the same volume a solution of citrate buffer (Rahmati et
al., 2015). The rats showed no symptoms of behavioral
abnormalities or physiological disorders such as inflam-
mation or digestive issues following the STZ injection.
To confirm the induction of diabetes, blood samples
were taken 48 hours following the injection by creating
a tiny incision on the tail vein with a lancet, and they
were examined with a glucometer (Emperor, Korea Iso-
tech). Diabetic rats were defined as having fasting blood
glucose levels of 300 mg/dL or above. Following the
STZ injection, for two weeks, the rats were maintained
in the laboratory environment for adaptation without any
intervention (Bostani et al., 2020). Every two weeks, the
blood glucose (BG) and body weight (BW) of every rat
were measured.

Plant gathering, extract preparation, and dosage

The process began with the collection of leaves of UD
from the mountain’s region of Lorestan Province. The
leaves were first verified by an expert at the Lorestan
Farming Authority, who recorded the sample as speci-
men no. 13776. Next, the leaves were dried away from
direct sunlight and pulverized. To create the hydroalco-
holic extract, 500 g of this powder was steeped for 18
hours in a solution of 70% ethanol and 30% water. The
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final extract was then twice filtered through Whatman
filter paper to remove impurities (Keshvari et al., 2020).
In the next step, in order to concentrate the solvent
and remove the ethanol, the extract of UD was placed
at 60 °C. Then, to remove all ethanol and prepare the
dry extract, the hydro-alcoholic solution was incubated
at 60°C for 24 hours (Keshvari et al., 2020). To identi-
fy and quantify the bioactive constituents of the Urtica
dioica extract, gas chromatography-mass spectrometry
(GC/MS) was employed. For this procedure, 0.3 g of the
dry extract was reconstituted in 1 mL of water and cen-
trifuged for 3 minutes at 16,000 rpm and a temperature
of 4 °C. Subsequently, a 2 pL. sample of the solution was
introduced in split mode for GC/MS analysis, which was
conducted using the Agilent 7890A gas chromatograph
connected to a 7000C triple quadrupole mass analyzer
(Keshvari et al., 2020). Two weeks after diabetes induc-
tion, administration of Urtica dioica extract was initiat-
ed. The dried plant extract was administered at a dose of
50 mg/kg of body weight, dissolved in distilled water,
and delivered by oral gavage once daily for six weeks
to the D-UD and D-Ex-UD groups. The gavage volume
for each animal was calculated and adjusted according
to its body weight. To control for the potential effects of
gavage volume, animals in the groups not receiving the
extract were administered the same gavage volume (ex-
pressed as mL/kg of body weight) consisting solely of
distilled water (Keshvari et al., 2020; Patel et al., 2016).

Treadmill exercise

The endurance training protocol consisted of 6 weeks,
five sessions per week, performed on an animal tread-
mill (Azarakhsh, Pishro Andisheh Company, Tehran,
Iran) at moderate intensity. A training session comprised
three phases: a 3-minute warm-up, a main exercise pe-
riod lasting 10-30 minutes, and a 3-minute cool-down..
The study period progressively increased exercise in-
tensity and duration. In the initial week, the training
protocol began with a 10-minute session at 10 m/min
and gradually progressed to 18 m/min for 30 minutes
by the sixth week. The training intensity was gradual-
ly increased over a four-week period. The rats ran at a
speed of 10 m/min for 20 minutes during the second
week, followed by 15 m/min for 20 minutes in week 3.
In week 4, the duration was extended to 30 minutes at
the same speed, and in week 5, the speed was increased
to 18 m/min for 30 minutes. To ensure stabilization of

the physiological adaptations, all training parameters
were held steady during the final week of the protocol.
Furthermore, throughout the exercise protocol, animals
in the training groups (D-Ex and D-Ex-UD) did not ex-
hibit any signs of severe fatigue or motor impairments
(Rahmati et al., 2015).

Tissue preparation

Two days following the final endurance training
session and administration of the UD hydro-alcoholic
extract, all experimental rats were subjected to chloro-
form anesthesia. Perfusion was performed using 100
mL of saline solution to clear the blood, followed by a
4% paraformaldehyde solution, in a volume of 250 mL
prepared in 0.1 M a phosphate-based buffer at a pH of
7.4. After anesthesia, the chest area was split, and the
heart was carefully separated from the animal's body un-
der sterile conditions immediately after separation and
washing with saline solution. It was stored in a freezer
at -80 °C for further analysis.

Western blot analysis

TLR-4 protein levels were measured using West-
ern blotting according to previous research (Rahmati
and Kazemi 2019). We used polyclonal antibodies for
TLR-4 (TLR4 (25): 1:1000; sc-293072) and for B-ac-
tin (B-actin (C4): 1:1000; sc-47778). For data analysis
and normalization, the relative levels of each protein on
the same membrane were quantified relative to B-actin,
which functioned as the internal reference protein.

Biochemical assays for TNF-o. and IL-10

To conduct biochemical tests, 100 mg of tissue was
ground and homogenized with a mortar and pestle.
The homogenized tissue was then suspended in phos-
phate-buffered saline (PBS) containing protease inhibi-
tor (PI) and phenylmethylsulfonyl fluoride (PMSF) and
sonicated using an ultrasonic device in three 40-second
cycles (with 10-second intervals). After centrifugation
(20 min at 40006000 rpm), the supernatant was col-
lected for further analysis. TNF-a and IL-10 levels were
measured using Cusabio rat-specific ELISA kits. The
TNF-a kit had a sensitivity of 1.56 pg/ml and a range of
6.25-400 pg/ml (intra-assay CV: 2.7-5.2%; inter-assay
CV: 4.9-9.5%). The IL-10 kit showed a sensitivity of
0.078 pg/mL and a range of 3.12 to 200 pg/mL (intra-as-
say CV: 0.2 to 4.2%; inter-assay CV: 3.3 to 6.4%).
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FIGURE 1. Summary of the experimental design for 10 weeks: Before starting the study, the steps of preparing the Urtica Dioica (UD)
extract were performed. Then the animals were familiar with the laboratory environment and treadmill, and in the next step, diabetes was
induced by injecting STZ (45 mg/kg, IP) in the diabetic groups. After these measures, all the animals were kept in the laboratory for two
weeks without any intervention, and then the treatment with Ex and UD started for 6 weeks. Finally, animals were sacrificed 48 hours after
the last intervention for molecular studies. D-C: Diabetes-Control, H-C: Health-Control, D-Ex: Diabetes-Exercise, D-UD: Diabetes- Urtica

ioica, D-Ex-UD: Diabetes-Exercise- Urtica Dioica.

Statistical analysis

Data analysis was performed using SPSS version 20.
Data normality and variance homogeneity were tested
using the Shapiro—Wilk and Levene’s tests, respectively.
Repeated-measures ANOVA was employed to evaluate
changes in glucose and rat body weight throughout the
exercise period. Additionally, one-way ANOVA was
used for statistical analysis of research variables, and,
following ANOVA, Tukey’s post hoc test was employed
to identify specific group differences. Furthermore, Im-
agelJ software calculated the intensity of the Western
blot bands, and GraphPad Prism software was used to
generate graphs. The results are presented as Mean +
SD, and a P-value of less than 0.05 was considered sta-
tistically significant.

Results

The Effects of Ex and UD Interventions on Body
weight (BW) in Diabetic Rats

Changes in BW of rats in different experimental groups

during the implementation of the research protocol are
illustrated in Fig. 2. At baseline (pre-STZ), no signifi-
cant differences in BW (232.74+12.42 g) were observed
among the groups (one-way ANOVA, F(4,45)=0.284,
P=0.511). Mauchly’s test indicated that the assumption
of sphericity was violated for the time factor (W=0.311,
¥4(9)=50.66, P<0.001); therefore, Greenhouse—Geiss-
er correction was applied. Repeated measures ANO-
VA demonstrated a significant effect of time on BW
(F(2.709, 121.88)=11.210, P=0.001), a significant effect
of group (F(4,45)=34.548, P=0.001), and a significant
timexgroup interaction (F(10.835, 121.88)=26.518,
P=0.001), indicating different BW change patterns
among the groups over time. Post hoc comparisons in-
dicated that two weeks (W2) post-STZ injection, BW
in the diabetic groups significantly decreased compared
to the H-C group (F=0.185, P=0.001), and this decrease
continued until the end of the sixth week (F=19.23,
P=0.001). The mean BW values of the D-C group were
significantly lower compared with the D-Ex, D-UD,
and D-Ex-UD groups during the six-week period after
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FIGURE 2. Changes in body weight during the study. Pre-STZ: represents baseline measurements obtained at the end of the treadmill fa-
miliarization period before diabetes induction. Post-STZ: indicates measurements taken after confirmation of diabetes induction. W2, W4,
and W6 correspond to 2, 4, and 6 weeks after the start of interventions (endurance exercise and/or Urtica dioica extract), respectively. Each

point represents Mean+SD for 10 rats in each group.

# Significant difference between H-C group with other groups (P<0.001), * Significant difference between D-C group with other groups
(P<0.001). Healthy-Control (H-C), Diabetes-Control (D-C), Diabetes-Exercise (D-Ex), Diabetes-Urtica Dioica (D-UD), and Diabetes-Ex-

ercise-Urtica Dioica (D-Ex-UD ).

STZ injection, especially at weeks 4 (W4) and 6 (W6)
(P=0.001). In addition, at the end of the sixth week, no
significant difference in BW was observed between
the diabetic intervention groups, including the Ex, UD,
and Ex-UD combination (P>0.05). Overall, intra-group
trends indicate that endurance exercise and UD treat-
ment attenuated diabetes-induced weight loss (Fig. 2).

The Effects of Ex and UD Interventions on Blood glu-
cose (BG) in Diabetic Rats

The study's findings revealed that at the com-
mencement of the study, the mean BG of the rats was
105£6.58 mg/dL. At 48 hours after the induction of di-
abetes by intraperitoneal injection of STZ, the BG in
the diabetic groups increased significantly and reached
498.07+42.06 mg/dL. This increase was significantly
different from the H-C group, demonstrating the suc-
cessful induction of diabetes (F=140.25, P=0.001).
Mauchly’s test indicated violation of the sphericity as-
sumption for the time factor (W=0.208, ¥*(9)=68.11,
P<0.001); therefore, Greenhouse—Geisser correction
was applied. Repeated measures ANOVA demonstrated
a highly significant main effect of time on BG (F(2.484,
111.758)=2139.543, P=0.001), a significant effect of
group (F(4,45)=1479.821, P=0.001), and a significant

timexgroup interaction (F(9.934, 111.758)=158.591,
P=0.001), indicating different BG change patterns
among the groups over time. However, post hoc com-
parisons indicated that EX and UD, both individually
and in combination, significantly reduced BG levels in
diabetic rats. This reduction began in the second week
(combination treatment group) and continued to the
fourth week (single treatment groups) and continued
until the end of the experiment. By the end of the sixth
week, the intervention groups showed a significant re-
duction in BG (F=720.61, P=0.001) compared with the
D-C group (P=0.001). Furthermore, compared with the
D-UD group, BG levels were significantly lower in the
D-Ex-UD (P =0.001) and D-Ex (P =0.01) groups (Fig.
3). These findings underscore the remarkable effective-
ness of these interventions in modulating diabetes-in-
duced hyperglycemia.

The Effects of Ex and UD Interventions on TLR-4 Lev-
els in Diabetic Rats

As shown in Figure 4, a significant difference was
observed between the protein levels of TLR-4 of the
different groups (one-way ANOVA, F(4,10)=88.21,
P=0.0001). As such, streptozotocin-induced diabetes
significantly elevated TLR-4 protein levels in the heart
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FIGURE 3. Changes in blood glucose during the study. Pre-STZ: represents baseline measurements obtained at the end of the treadmill
familiarization period before diabetes induction. Post-STZ: indicates measurements taken after confirmation of diabetes induction. W2, W4,
and W6 correspond to 2, 4, and 6 weeks after the start of interventions (endurance exercise and/or Urtica dioica extract), respectively. Each

point represents Mean = SD for 10 rats in each group.

# Significant difference between H-C group with other groups (P<0.001), * Significant difference between D-C group with other groups
(P<0.001), ¥ Significant difference between D-Ex-UD group with D-UD group (P<0.001), é Significant difference between D-Ex group
with D-UD group (P<0.01). Healthy-Control (H-C), Diabetes-Control (D-C), Diabetes-Exercise (D-Ex), Diabetes-Urtica Dioica (D-UD),

and Diabetes-Exercise-Urtica Dioica (D-Ex-UD ).

tissue of rats in the D-C compared to the H-C group
(P=0.0001). However, in diabetic rats, six weeks of Ex
and/or UD treatment significantly lowered TLR-4 levels
in the cardiac tissue of the D-UD, D-Ex, and D-Ex-UD
groups when compared with the D-C group (P=0.0001).
Additionally, UD treatment produced a greater decrease
in TLR-4 levels than exercise alone, as shown by the
comparison between D-UD and D-Ex groups (P=0.02).
However, the most significant effectiveness was in the
D-Ex-UD group, which showed a significant difference
compared to the D-Ex group (P=0.001). On the other
hand, no significant difference was observed between
the D-Ex-UD and H-C groups (P=0.062), as well as be-
tween the D-Ex-UD and D-UD groups (P=0.328) (Fig.
4).

The Effects of Ex and UD Interventions on TNF-o. and
IL-10 Levels in Diabetic Rats

In this section, analysis using one-way ANOVA in-
dicated significant differences in cardiac tissue TNF-a
(F(4,45)=53.01, P=0.0001) and IL-10 (F(4,45)=14.61,
P=0.0001) levels among the rat groups. STZ-induced
diabetes significantly increased TNF-a and decreased
IL-10 in the D-C group. Administration of either EX or

UD independently led to a significant decline in TNF-a
levels and an elevation in IL-10 levels (p<0.05). How-
ever, the most excellent modulation of these cytokines
was observed in the combined group (Ex + UD). In this
group, TNF-a levels were reduced more markedly than
in the Ex-only group (P=0.0001) and UD-only group
(P=0.028) (Fig. 5A). Additionally, the increase in IL-10
in the combination group was significant compared to
the Ex-only group (P=0.012). However, it was not signif-
icant compared to that in the UD-only group (P=0.209)
(Fig. 5B). Notably, no significant difference in TNF-a
and IL-10 levels was observed between the H-C group
and the D-Ex, D-UD, and D-Ex-UD groups in the cardi-
ac tissue of the rats. Moreover, the IL-10 levels did not
differ significantly among the D-Ex and D-UD groups
(P>0.05).

On the other hand, as shown in Figure 6, a signifi-
cant difference was observed in the IL-10/TNF-a ratio
in different groups (one-way ANOVA, F(4,45)=58.34,
P=0.0001). This ratio was significantly reduced in the
D-C group compared to the H-C group (P=0.0001),
indicating a disruption of cytokine balance. However,
the combined Ex and UD group (D-Ex-UD) exhibited
the highest IL-10/TNF-a ratio, which was significantly
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greater than that of the single-therapy groups (Ex or UD
alone) (Fig. 6). This finding indicates that Ex and/or UD
are capable of improving the IL-10/TNF-a inflamma-
tory profile in diabetic cardiac tissue, even restoring or
surpassing the levels of these inflammatory factors to
those seen in the healthy group.

Discussion

Diabetes, characterized by insulin deficiency and im-
paired cellular glucose uptake, adversely affects body
weight, blood glucose regulation, and the inflammatory
status of cardiac tissue (dos Santos Haber et al., 2023;
Keshvari et al., 2020). In the present study, we found
that induction of diabetes in rats significantly reduced
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BW, led to a severe increase in BG, and dysregulated the
inflammatory status of cardiac tissue (increased TLR4
and TNF-a, decreased IL-10). However, endurance ex-
ercise and UD extract, either alone or in combination,
significantly ameliorated these metabolic and inflam-
matory disorders. To the best of our knowledge, this is
the first study to evaluate the combined effects of en-
durance exercise and Urtica dioica extract on metabol-
ic and inflammatory alterations in the cardiac tissue of
STZ-induced diabetic rats, highlighting the potential of
multi-targeted therapeutic strategies. As an initial find-
ing, we observed a significant increase in BG after STZ
injection, confirming the successful induction of diabe-
tes. Next, we aimed to investigate the impact of Ex and
UD on BG levels. The results demonstrated that both
endurance exercise (Ex) and UD extract significantly re-
duced blood glucose levels. This reduction began earlier
in the combination therapy groups (from week two) and
from week four in the single-therapy groups. Addition-
ally, following diabetes induction, a decrease in BW was
observed in rats two weeks after STZ injection, persist-
ing until the sixth week. However, Ex and/or UD signifi-
cantly helped maintain BW in diabetic rats. The treated
groups experienced less weight loss versus the diabetic
control group, particularly at weeks 4 and 6. These re-
sults underscore the beneficial role of Ex and/or UD in
regulating blood glucose and mitigating diabetes-relat-
ed weight reduction, consistent with findings from ear-
lier studies. For instance, Wu et al. (2025) showed that
8 weeks of endurance training improved body weight,
blood sugar, and insulin sensitivity in diabetic rats (Wu
et al., 2025). Also, Ranjbar et al. (2019) reported that
nettle aqueous extract and endurance training (alone or
in combination) helped reduce blood glucose and im-
prove body weight and cause tissue changes in the pan-
creas, liver, and heart of diabetic rats (Ranjbari et al.,
2019). This evidence highlights the therapeutic poten-
tial of these interventions in controlling diabetes and its
complications.

In diabetes, especially type 1 diabetes, insulin defi-
ciency is the primary cause of weight loss and hyper-
glycemia. Insulin is an anabolic hormone that increases
protein synthesis and inhibits lipolysis. In the absence of
sufficient insulin, protein and fat catabolism for energy
is increased glucose uptake by cells is impaired. These
processes collectively lead to metabolic disorders, hy-
perglycemia, and unwanted weight loss in patients with

diabetes (Kalhan 2009). In this study, the D-C group
experienced the greatest weight loss and increased BG.
This result is likely due to the lack of insulin compen-
sation and reduced access of cells to glucose and amino
acids, which leads to impaired cellular biosynthesis and
metabolism. Our findings indicate that the co-adminis-
tration of Ex and UD can effectively control BG and
manage BW in diabetic subjects. These effects are like-
ly mediated through activation of the AMPK signaling
pathway, which subsequently increases the expression
and activity of the GLUT4 protein in muscle. This pro-
cess increases glucose uptake by muscles and reduces
BG. Additionally, by inhibiting protein and fat catabo-
lism, this compound helps maintain muscle mass and
stabilize BW (Afzalpoura et al., 2016; Korani et al.,
2017). UD leaves, rich in flavonoids and polyphenols
such as scopoletin, rutin, esculetin, and quercetin, exhib-
it hypoglycemic properties (Rahmati et al., 2021). This
effect is exerted through mechanisms such as stimula-
tion of glucose production and breakdown in the liver
(glycogenesis and glycolysis), increased insulin secre-
tion from the pancreas, and reduced intestinal glucose
absorption (by inhibiting alpha-amylase and alpha-glu-
cosidase enzymes) (Kamaei and Moghadamnia 2019).
It is worth noting that in the present study, dried UD
leaf extract was used, which confirms and extends pre-
vious results on the antidiabetic properties of UD. The
most significant reduction in BG in the combined group
(Ex and UD) indicates a synergistic or additive effect
of these two interventions. It appears that the distinct
mechanisms of Ex (increased glucose absorption) and
UD (stimulation of insulin secretion and reduced intes-
tinal absorption) reinforce each other, contributing to
more optimal BG control.

Another important outcome of this study was the no-
table improvement in cardiac inflammation observed
after Ex and UD extract treatment. During the six-
week intervention period, the applied strategies led to a
downregulation of pro-inflammatory mediators TLR-4
and TNF-a, while concurrently promoting an elevation
in the anti-inflammatory cytokine IL-10. Specifically,
the combined group (Ex and UD) showed the greatest
improvement in the IL-10/TNF-a ratio and inflamma-
tion control. This study revealed that both UD extract
and Ex, whether applied independently or together,
demonstrated therapeutic potential in attenuating the
progression of DCM. These findings agree with previ-
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ous studies that have demonstrated the anti-inflamma-
tory properties of exercise and/or Urtica dioica through
their modulatory effects on the TLR4/NF-kB pathway
and the reduction of systemic inflammation. For in-
stance, Parent et al. (2024) (Parente et al., 2024) and
Rahmati et al. (2021) (Rahmati et al., 2021) have also
reported reductions in inflammatory factors following
UD consumption and Ex training. Similarly, Wu et al.
(2014) showed reductions in TLR4 and NF-«xB levels
after moderate-intensity endurance exercise (Wu et al.,
2014). Taken together, the results indicate that both UD
extract and endurance exercise can effectively mitigate
cardiac inflammation and alleviate DCM progression
via several mechanisms, particularly through suppress-
ing TLR4 and its downstream mediators. The observed
reduction in TLR4 and TNF-a levels, and increase in
IL-10 production induced by endurance exercise train-
ing can be attributed to several mechanisms. This effect
is multifaceted: Firstly, by improving metabolic control
(reducing hyperglycemia and dyslipidemia), exercise
reduces the production of endogenous TLR4 ligands
such as free fatty acids, AGEs, and DAMPs, which act
as inflammatory “danger signals” (D’Haese et al., 2023;
Kostrzewa-Nowak et al., 2020). Second, this reduc-
tion in danger signals inhibits TLR4 activation, which
in turn attenuates pro-inflammatory pathways such as
NF-xB and leads to the suppression of TNF-a (Fuent-
es-Antras et al., 2014). In summary, endurance exercise
both directly modulates TLR4 signaling pathways and
indirectly reduces inflammatory stimuli, all contributing
to the suppression of pro-inflammatory cytokine pro-
duction. On the other hand, moderate-intensity endur-
ance exercise significantly contributes to inflammation
reduction by alleviating oxidative stress and enhancing
antioxidant defenses. This finding has previously been
shown in a study (Ghaffari et al., 2023). This reduction
in oxidative stress inhibits TLR4 activity and TNF-a
production, making the cellular environment less prone
to chronic inflammation. Subsequently, this anti-inflam-
matory environment and the suppression ofNF-«xB acti-
vate the anti-inflammatory PI3K/AKT/mTOR pathway,
leading to increased production of IL-10, which in turn
can modulate TLR4 levels (Rosa et al., 2011; Sayyad et
al., 2022). In addition, exercise contributes to this pro-
cess by shifting the phenotype of macrophages toward
the M2 (anti-inflammatory) type, which are the main
producers of IL-10 (Zhenyu et al., 2023). Consequently,

endurance exercise acts as an important non-pharmaco-
logical and cardioprotective agent in diabetic individ-
uals by reducing inflammatory factors and increasing
anti-inflammatory ones.

Moreover, the present findings demonstrated that UD
extract significantly reduced the levels of TLR4 and
TNF-a in cardiac tissue, while conversely increasing
IL-10 levels. These findings are biologically plausible,
as UD has proven anti-inflammatory and antioxidant
properties (Rahmati et al., 2021). In this context, a pre-
vious study demonstrated that UD extract can inhibit
NF-kB activation, a crucial downstream pathway of
TLR4 that plays a significant role in TNF-a gene tran-
scription (Parente et al., 2024). Urtica dioica has broad
antioxidant and anti-inflammatory properties due to its
diverse compounds, including flavonoids (quercetin,
kaempferol, scopoletin, apigenin, rutin, catechin, and
myristicin) and other phenolic and sterol compounds
(such as B-sitosterol, carvacrol, chlorogenic acid, gal-
lic acid, and scopaltin) (El Haouari and Rosado 2019;
Rahmati et al., 2021). Among these, quercetin, rutin,
myristicin, kaempferol, and scopoletin play promi-
nent roles in diabetes prevention and cardioprotection
against inflammation. Specifically, quercetin, the most
abundant flavonoid in UD (Rahmati et al., 2021), exhib-
its potent anti-inflammatory effects by downregulating
the TLR4/NF-«kB/TNF-a signaling pathway. However,
the precise cellular mechanisms of these compounds in
protecting the heart against cardiomyopathy still require
further investigation (Zhao et al., 2021). The observed
cardioprotective and anti-inflammatory effects of Urtica
dioica in diabetic rats are most likely attributable to its
bioactive compounds. These compounds probably min-
imize inflammation by interfering with TLR4 signaling
pathways (either by modulating upstream activators or
by directly affecting downstream proteins) and by re-
ducing the overexpression of TLR4. Although a direct
reduction in TLR4 levels by UD has not been defini-
tively demonstrated, its potent anti-inflammatory and
antioxidant properties support this effect. UD helps re-
duce inflammation by inhibiting NF-xB (a primary out-
come of TLR4 activation) and reducing oxidative stress
(a major stimulator of TLR4 and NF-xB) (El Haouari
and Rosado 2019; Fuentes-Antras et al., 2014). The
hydro-alcoholic extract of Urtica dioica and endurance
exercise, with its anti-inflammatory, antioxidant, and
immune-modulating properties, contributes to a favor-
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able cytokine profile in the body. This results in an el-
evated IL-10/TNF-a ratio, thereby modulating immune
responses and attenuating chronic inflammation. This
study also demonstrated a significant increase in this ra-
tio within the combined Ex and UD group, indicating
favorable modulation of the immune cell phenotype.
The findings suggest that the combined intervention
promotes the macrophage polarization toward the M2
anti-inflammatory phenotype within the cardiac tissue
of diabetic rats (dos Santos Haber et al., 2023; Zhenyu
et al., 2023). One limitation of the present study is its
relatively short duration. While a six-week period was
sufficient to investigate changes in inflammatory mark-
ers, longer-term studies are needed to assess sustained
effects on cardiac remodeling and chronic function in
DCM. Although TLR-4, TNF-0, and IL-10 are consid-
ered key indicators of myocardial inflammation, other
molecular factors also contribute to the pathogenesis of
diabetes-induced cardiac inflammation. These factors
include downstream signaling molecules of the TLR-4
pathway such as MyD88 and NF-kB; additional inflam-
matory cytokines including IL-1f and IL-6; and markers
of oxidative stress, as well as activation of the NLRP3
inflammasome. Evaluation of these pathways in future
studies may provide a more comprehensive understand-
ing of the protective mechanisms of endurance exercise
and extract of Urtica dioica in diabetic cardiomyopathy.

Conclusion

This study demonstrated that the co-administration of
endurance exercise and hydro-alcoholic extract of Ur-
tica dioica consumption exerts more favorable effects
on metabolic control and myocardial inflammation in
STZ-induced diabetic rats compared with either inter-
vention alone. This combined intervention enhanced
the anti-inflammatory response through modulation of
TLR-4 levels and improvement of the inflammatory
profile, particularly by increasing the IL-10/TNF-a ra-
tio. These findings suggest a potential additive or co-ad-
ministration effect, likely resulting from the interaction
of complementary mechanisms of endurance exercise
and the direct anti-inflammatory compounds present in
extract of Urtica dioica that effectively target TLR-4-re-
lated inflammatory pathways.
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