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Abstract

Preeclampsia is a hypertensive disorder of pregnancy marked by elevated blood pressure, proteinuria, and
involvement of multiple maternal organs, posing substantial risks to both mother and fetus. Existing therapeutic
approaches mainly focus on symptom control and do not directly address the underlying pathophysiological disturbances.
This study investigated the potential protective effects of pomegranate (Punica granatum L.) extract in an L-NAME—
induced rat model of preeclampsia. Pregnant Sprague-Dawley rats were allocated into 5 experimental groups: Normal
pregnancy control, L-NAME-induced preeclampsia (75 mg/kgBW/day), preeclampsia treated with magnesium sulfate
(MgSO0.), preeclampsia treated with pomegranate extract (500 mg/kgBW/day), and combination therapy. Biomarkers of
oxidative stress (MDA), inflammatory activation (NF-kB), endothelial function (NO), placental vascular remodeling
(spiral artery diameter), renal injury (KIM-1), as well as blood pressure, proteinuria, and fetal weight were evaluated.
Administration of pomegranate extract significantly lowered NF-kB levels and enhanced nitric oxide availability
compared with untreated preeclamptic rats, suggesting reduced inflammatory signaling and improved endothelial
performance. Although MDA values tended to decrease in treated groups, this change did not reach statistical significance.
The intervention was also associated with enlargement of spiral artery diameter, reduction in KIM-1 expression, slower
progression of hypertension and proteinuria, and improved fetal growth. Combined treatment with magnesium sulfate
showed additional benefits in several vascular and renal parameters. Overall, these findings indicate that pomegranate
extract may exert broad protective effects in experimental preeclampsia by influencing interconnected inflammatory and
endothelial pathways, supporting vascular remodeling and renal preservation. The results highlight its potential as an
adjunct therapeutic candidate aimed at improving maternal vascular function and fetal development.
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Introduction

Preeclampsia is one of the most dangerous
conditions during pregnancy, impacting the health of
both mother and fetus. Preeclampsia is characterized by
increased blood pressure, proteinuria, and damage to
vital organs such as the kidneys and placenta that occurs
after 20 weeks of gestation. At the molecular level,
preeclampsia is strongly associated with endothelial
dysfunction driven by excessive oxidative stress and
systemic  inflammation. =~ Preeclampsia  affects
approximately 2% - 8% of all pregnancies and is a major
cause of maternal and perinatal morbidity and mortality
worldwide [1-3]. Although there has been extensive
research examining the causes and management of
preeclampsia, so far existing treatments are still limited
to managing symptoms, and have not been able to
address the underlying causes, namely endothelial
dysfunction and vascular disorders caused by oxidative
stress, and systemic inflammation [4,5].

Oxidative stress is a central mechanism in the
pathogenesis of preeclampsia. Excessive production of
reactive oxygen species promotes endothelial injury,
increases vascular permeability, and aggravates vascular
and renal dysfunction. One consequence of this process
is lipid peroxidation, which can be reflected by
malondialdehyde (MDA) as a marker of oxidative
damage [6-8].

One of the hallmarks of preeclampsia is a failure
of placental vascular remodeling. The spiral arteries,
which should dilate to reduce vascular resistance,
instead constrict, increasing resistance and causing
placental ischemia [9]. This reduces fetal blood supply,
which can lead to impaired fetal growth. Furthermore,
increased levels of reactive oxygen species (ROS)
inhibit the production of nitric oxide (NO), which
functions as a vasodilator and is essential for
maintaining vascular tone [10]. Decreased NO is
associated with impaired vasodilation, which worsens
hypertension and vascular dysfunction in the placenta
and kidneys [11,12].

Despite  advances in  understanding its
pathophysiology, current management of preeclampsia
remains largely symptomatic. Magnesium sulfate is
effective for seizure prophylaxis, but it does not directly
target oxidative stress, endothelial dysfunction, or

placental vascular remodeling. Therefore, identifying

adjunct therapies that address these underlying
mechanisms is of considerable clinical interest. With
limited therapeutic options available, increasing
attention is being paid to plant-based therapies as a
promising alternative. Plant-derived polyphenols have
gained attention for their antioxidant, anti-
inflammatory, and vasculoprotective properties [13-15].
One potential candidate is pomegranate (Punica
granatum L.) extract, which is rich in bioactive
compounds such as polyphenols and flavonoids, known
to have antioxidant, anti-inflammatory, and
antihypertensive effects. Several previous studies have
shown that pomegranate extract can reduce oxidative
stress, lower blood pressure, and improve endothelial
function, suggesting its potential in addressing vascular
dysfunction and inflammation in preeclampsia [13,14].

Although previous studies have demonstrated the
antioxidant and antihypertensive effects of pomegranate
extract, most investigations have focused on isolated
parameters such as blood pressure or oxidative markers.
Comprehensive evaluation of its effects on endothelial
dysfunction, placental vascular remodeling, renal injury
markers (KIM-1), and fetal growth in a preeclampsia
model remains limited. Thus, a critical gap persists
regarding whether pomegranate extract can exert
integrated multi-target protective effects on oxidative
stress, inflammation, vascular remodeling, renal
damage, and fetal outcomes in preeclampsia. We
hypothesized that pomegranate extract would attenuate
oxidative stress and inflammatory activation, restore
nitric oxide bioavailability, improve spiral artery
remodeling, reduce renal injury, and ultimately enhance
fetal growth in an L-NAME-induced rat model of
preeclampsia. This study was therefore designed to
evaluate the effects of pomegranate extract on MDA,
NF-xkB, NO levels, spiral artery diameter, KIM-1
expression, blood pressure, proteinuria, and fetal weight

in a controlled experimental model of preeclampsia.

Materials and methods

Chemicals

N-omega-Nitro-L-arginine Methyl Ester
Hydrochloride (L-NAME; CAS No. 51298-62-5), and
magnesium sulfate ( MgSO4; Catalog No. NL0020) was
purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). ELISA kits for rat malondialdehyde
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(MDA Cat. No. EO156Ra), nuclear factor-kB (NF-«B;
Cat. No. E0287Ra), and nitric oxide (NO; Cat. No.
E0703Ra) were obtained from Bioassay Technology
Laboratory (Zhejiang, China). Polyclonal anti-kidney
injury molecule-1 (KIM-1; Cat. No. PAA785Ra01)
antibody was purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Collection of plant materials and preparation
of extracts

The fruit samples were sourced from a
pomegranate orchard in Situbondo, East Java,
Indonesia. The specimens were identified and
confirmed by the Functional Implementation Unit of the
Tawangmangu Traditional Health Service at Dr.
Sardjito ~ General = Hospital  (certification  no.
TL.02.04/D.X1.6/24934.1145/2024). The pomegranates
were rinsed with distilled water to eliminate
contaminants and then dried in an oven at 50 °C for 72
h. After drying, the fruit was ground into a fine powder
and sieved using a 60-mesh screen. The extraction
process utilized the maceration method, combining the
pomegranate powder with 70% (v/v) ethanol and
stirring occasionally to ensure uniform mixture. This
mixture was left to macerate for 120 h at room
temperature (24 + 2 °C) within a closed container to
shield it from light. Following this, the mixture was
filtered using vacuum filtration with Whatman No. 1,
and the ethanol solvent was removed using a rotary
evaporator, resulting in a concentrated extract. The
extract was then dried at 40 °C until it reached a constant

weight, producing a thick paste that is ready for use.

Experimental design

The experimental procedure was approved and
conducted under the supervision of the Ethical
Clearance Commission for preclinical research of the
Integrated Research and Testing Laboratory of
Universitas Gadjah Mada (No.:
00006/11/UN1/LPPT/EC/2025). Healthy female
Sprague Dawley rats aged 8 - 10 weeks weighing 180 -
250 g were mated with male rats aged 8 - 12 weeks
weighing 250 - 350 g. Pregnancy was determined from
the results of vaginal smears that found sperm, then
defined as day O of pregnancy . Then the smear was
observed under an XSP 13A microscope at 100x

magnification. Preeclampsia induction was carried out

by intraperitoneal injection of 75 mg/kgBW/day of L-
NAME from the 9" to the 19" day of pregnancy. L-
NAME inhibits NO synthesis, which leads to increased
blood pressure and impaired blood flow, which are the
main characteristics of preeclampsia. Rats were
randomly assigned (n = 7 per group) to 5 groups: 1.
Normal pregnant control NG; 2. Preeclampsia + L-
NAME as negative control group C(-); 3. Preeclampsia
+ MgSO. (120 mg/kg, intraperitoneally on GD 18 - 19)
as positive control group C(+); 4. Preeclampsia +
pomegranate extract (500 mg/kg/day, GD 9 - 19) as
treatment group T1; 5. Preeclampsia + MgSO. +
pomegranate extract as combination treatment group
T2.

All rats were maintained in a controlled
environment with a temperature of 24 + 2 °C, humidity
of 40% - 60%, and a 12-hour day and 12-hour night
lighting cycle. Food and water were freely provided, and
rats were given 1 week to adapt before treatment began.
At the end of the experimental period, all animals were
sacrificed using 90 - 100 mg/kg ketamine and 10 mg/kg
xylazine intramuscularly or intraperitoneally (cervical

dislocation was performed to verify mouse mortality).

Measurement of blood pressure and urine
protein

The pressure measurement instrument uses the
CODA Non-invasive blood pressure system from Kent
Scientific. This examination involves inserting the rat’s
tail into a special cuff (Cuff Occlusion and VPR Cuff)
sequentially, then connecting the cuff to the CODA
controller, and running software on a computer for
installation and blood pressure measurement (Systolic &
Diastolic), using Volume Pressure Recording (VPR)
technology. This system will measure systolic and
diastolic blood pressure automatically. Rat urine was
collected by placing it in a separate metabolic cage for
24 h. Urine protein concentration was detected using the
biuret method. Urine samples were centrifuged to
remove particles, followed by mixing with Biuret
reagent. The solution was conditioned at room
temperature for 10 - 30 min to develop color.
Absorbance was measured at 540 nm using a
spectrophotometer. The absorbance value was
correlated with a standard calibration curve to determine

protein levels. Blood pressure and urine protein
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Measurements were performed on gestational day (GD)
8,12, 16, and 19.

Measurement of oxidative stress levels,
inflammation and vasodilatory capacity and
vascular function in the placenta

Placental tissues were homogenized and analyzed
for MDA, NF-kB, and NO levels using ELISA kits
according to the  manufacturers’  protocols.
Concentrations were expressed as nmol/mL tissue
(MDA), ng/mL (NF-«xB), and pmol/L (NO). Placental
tissue was fixed in 10% neutral buffered formalin
overnight, washed in PBS, and embedded in paraffin for
5 uM sectioning. Sections were deparaffinized in xylene
and  rehydrated through  decreasing  ethanol
concentrations before hematoxylin and eosin staining.
After dehydration, embedding, and sectioning, H&E

staining was performed for observation.

Histopathological analysis

Placental tissues were fixed in 10% neutral
buffered formalin, embedded in paraffin, and sectioned
at 5 pum thickness. Sections were deparaffinized,
rehydrated, and stained with hematoxylin and eosin
(H&E). Spiral artery diameter was measured under light
microscopy at 200x magnification using calibrated

imaging software.

Immunohistochemical analysis of KIM-1

Kidney tissue from rats as samples was prepared
for the IHC preparation process. It began with cutting
the paraffin block into 4 - 5 micron slices, placed on
poly-L-lysine slides and incubated at 37 °C overnight.
The deparaffinization process was carried out by
successive immersion in xylene and alcohol, ending
with aquadest washing. Antigen retrieval was performed
using a microwave with Tris EDTA pH 9, followed by
washing with PBS. Endogenous peroxidase was
inhibited using 3% methanol H.O.. Next, the slices were
dropped with blocking serum and specific antibodies,
incubated at 4 °C overnight. After washing, biotin and
streptavidin were added. DAB as a peroxidase enzyme
substrate was added before washing with running water
and staining with hematoxylin. The preparations were
then mounted and covered with a coverslip. KIM-1

expression was semi-quantitatively analyzed.

Fetal weight measurement

On GD 20, fetuses were delivered by cesarean
section and individually weighed using a calibrated
digital balance (Mettler Toledo, USA). The number of
fetuses and their respective weights were recorded, then

mean fetal weight per mg was calculated.

Statistical analysis

Data are presented as mean =+ standard deviation
(SD). Normality was assessed using the Shapiro-Wilk
test, and homogeneity of variance was assessed using
Levene’s test. For normally distributed variables with
homogeneous variance, one-way analysis of variance
(ANOVA) followed by Tukey’s honestly significant
difference (HSD) post hoc test was used. When variance
heterogeneity was present, Welch’s ANOVA followed
by Games-Howell post hoc testing was applied. Non-
normally distributed variables were analyzed using the
Kruskal-Wallis test followed by adjusted pairwise
comparisons. Repeated-measures ANOVA was used to
evaluate longitudinal changes in blood pressure and
proteinuria, including time, group, and timexgroup
interaction effects. When sphericity assumptions were
violated, corrected estimates were applied. Logl0
transformation was used when required to improve
distributional assumptions. Statistical significance was
defined as p < 0.05. All analyses were performed using
IBM SPSS Statistics version 25 (IBM Corp., USA).

Ethical considerations

The research involving plant material was
approved by the Ethics Committee of Universitas
Gadjah Mada, Yogyakarta, Indonesia, (certification no.
00006/11/UN1/LPPT/EC/2025).

Results and discussion

The present study demonstrates that pomegranate
extract exerts integrated protective effects in an L-
NAME-induced rat model of preeclampsia. The
intervention modulated inflammatory  signaling,
improved nitric oxide bioavailability, attenuated renal
injury, and enhanced placental vascular remodeling,
collectively contributing to improved maternal and fetal

outcomes.
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Effects of pomegranate extract on oxidative
stress (MDA)

Malondialdehyde (MDA) was measured as an
index of lipid peroxidation and oxidative stress. As
presented in Table 1(A), the untreated preeclampsia
group showed the highest mean MDA level (2.34 +
0.10), whereas the normal pregnancy group showed the
lowest level (1.91 =+ 0.10). Because variance
heterogeneity was observed, group differences were
evaluated using Welch’s ANOVA, which did not
indicate a significant overall group effect F(4, 14.697) =
2.024, p = 0.144. Consistently, Games-Howell post hoc
testing showed no significant pairwise differences (all
adjusted p > 0.05), with the largest mean difference
observed between the normal pregnancy and untreated
preeclampsia groups (adjusted p = 0.069).

All treated groups (MgSOs, pomegranate extract,
and combination therapy) showed lower mean MDA
levels compared with the untreated preeclampsia group
(Table 1(A); Figure 1(A)). However, pairwise
comparisons did not demonstrate statistically significant
differences between the untreated preeclampsia group
and each treated group. Therefore, the reductions
observed in the treated groups should be interpreted as a
downward trend rather than a confirmed statistically
significant decrease.

Oxidative stress plays a central role in the
pathogenesis of preeclampsia. Excessive reactive
oxygen species (ROS) production promotes lipid
peroxidation, endothelial injury, and reduced nitric
oxide bioavailability, ultimately contributing to vascular
dysfunction and hypertension [5]. In this context, the
downward trend in MDA levels in the pomegranate-
treated groups may be biologically plausible.
Experimental studies have demonstrated that
pomegranate extract can attenuate lipid peroxidation
and modulate endothelial oxidative responses in
preeclampsia-related models [15,16]. The antioxidant
properties of pomegranate are largely attributed to its
polyphenolic constituents, including punicalagin and
ellagic acid, which exhibit free radical scavenging
activity [17].

Although the reduction in MDA did not reach
statistical significance in pairwise post hoc testing, the
overall pattern supports a potential antioxidant effect
that may contribute to downstream improvements in

inflammatory activation and endothelial function. The

results of this study are consistent with previous studies
showing that pomegranate extract can reduce oxidative
stress and improve vascular function in preeclampsia, as
reported by Nasifah who found a decrease in MDA and
improved vascular function with pomegranate extract
administration [16]. Pomegranate extract has a
significant antioxidant effect, which contributes to
reducing lipid peroxidation and improving vascular
health in pregnancy-related hypertension conditions
[18]. A study conducted by Hosry also showed that the
phenolic content of pomegranate can reduce cell
damage caused by oxidative stress and inflammation,
which play an important role in the pathogenesis of
preeclampsia [17]. Oxidative stress plays an important
role in the development of preeclampsia, as described in
the literature. The role of Reactive Oxygen Species
(ROS) in damaging cellular structures, including
damage to DNA, lipids, and proteins, can cause
disruption to maternal and fetal organ function. In this
study, the downward trend in MDA levels suggests a
possible modulation of oxidative stress, although this

effect was not statistically significant [19,20].

Effect of pomegranate extract on inflammatory
activation (NF-kB)

NF-kB is a pivotal transcription factor regulating
pro-inflammatory cytokines, adhesion molecules, and
oxidative pathways implicated in endothelial
dysfunction during preeclampsia. Persistent NF-xB
activation amplifies systemic inflammation and
contributes to vascular injury [21,22]. NF-kB levels
were evaluated to assess inflammatory activation in the
L-NAME-induced preeclampsia model. As shown in
Table 1(B), NF-«B levels differed significantly among
groups (one-way ANOVA, p < 0.001). The untreated
preeclampsia group showed the highest NF-«kB level
(3.84 £ 0.30 ng/mL), whereas the normal pregnancy
group showed the lowest level (2.98 + 0.24 ng/mL).
Tukey HSD post hoc analysis demonstrated that the
untreated preeclampsia group had significantly higher
NF-«B levels than the normal pregnancy group (p <
0.001), the pomegranate-treated group (p = 0.040), and
the combination group (p = 0.021). The normal
pregnancy group also differed significantly from the
MgSOs group (p < 0.001), the pomegranate-treated
group (p = 0.019), and the combination group (p =
0.035), whereas no significant difference was observed
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between the pomegranate-treated and combination
groups.

As illustrated in Figure 1(B), administration of
pomegranate extract, either alone or in combination with
MgSOs., shifted NF-«B levels toward the normal range.
These findings suggest that pomegranate extract
attenuated inflammatory activation in experimental
preeclampsia. This interpretation is Dbiologically
plausible because NF-«kB is a key transcription factor
involved in the regulation of inflammatory cytokines,
adhesion molecules, and endothelial injury in
preeclampsia [5,17,21,22]. Previous studies have also
shown that pomegranate-derived polyphenols, including
punicalagin and ellagic acid, can suppress NF-«B
signaling and reduce inflammatory mediator expression
[23-28]. Collectively, these findings support the anti-
inflammatory potential of pomegranate extract in this
model.

Effect of pomegranate extract on nitric oxide
(NO)

Nitric oxide (NO) levels were measured to
evaluate endothelial function in the L-NAME-induced
preeclampsia model. As presented in Table 1(C), NO
levels differed significantly among groups (one-way
ANOVA, p <0.001). The untreated preeclampsia group

exhibited the lowest NO level (76.57 = 7.60 pmol/L),
whereas the normal pregnancy group showed a higher
level (93.50 + 5.69 pmol/L). Tukey HSD post hoc
analysis showed that the untreated preeclampsia group
had significantly lower NO levels than the normal
pregnancy group (p = 0.003), the MgSO. group (p =
0.016), the pomegranate-treated group (p < 0.001), and
the combination group (p = 0.011). In addition, the
pomegranate-treated group had significantly higher NO
levels than the MgSOs group (p = 0.018) and the
combination group (p = 0.025).

As shown in Figure 1(C), treatment with
pomegranate extract increased NO levels relative to the
untreated preeclampsia group, indicating improvement
of endothelial function. Reduced NO bioavailability is a
well-recognized feature of preeclampsia and contributes
to vasoconstriction, hypertension, and impaired
uteroplacental perfusion [5,29,30]. The restoration of
NO observed in the treated groups may reflect improved
endothelial nitric oxide balance, potentially mediated by
reduced inflammatory activation and improved
oxidative status. These results are consistent with
previous reports suggesting that pomegranate extract
can support endothelial function and nitric oxide-related
vascular responses [16,29,31,32].

Table 1 Differences in MDA, NF-kB, NO levels, spiral artery diameter, KIM-1 expression in preeclampsia rat models

given pomegranate extract.

Group n Mean = SD D - value

A. MDA level (nmol/mL) (p=0.144)
NG 7 1.91+0.10
C(H) 7 2.34+0.10
C() 7 2.15+0.72
T1 7 2.10 +0.05
T2 7 2.11 £0.05

B. NF-kB level (ng/mL) (» <0.001%)
NG 7 2.98 £0.08
C(H) 7 3.84+£0.11
C() 7 3.74£0.11
T1 7 3.43 +0.07
T2 7 3.40 £0.10
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Group n Mean + SD p - value
C. NO level (nmol/L) (p <0.001%)
NG 7 93.50+2.15
C(H) 7 76.57 £2.87
C(+) 7 90.78 + 4.03
T1 7 104.85 +2.94
T2 7 91.39 £2.56
D. Diameter of spiral arteries (um) (p =0.006%)
NG 7 53.37+1.19
C(H) 7 47.30+£2.13
C(+) 7 5422 +2.13
T1 7 53.47+1.27
T2 7 56.93+1.24
E. KIM-1 expression (%) (» <0.001%)
NG 7 6.43 +2.44
C(-) 7 5429 £2.02
C(+) 7 2571 £2.02
T1 7 3429 £2.02
T2 7 15.71 £2.02
F. Fetal Weight (g) (» <0.001%)
NG 7 3.40+0.33
C(H) 7 3.20 +0.05
C() 7 2.88 +0.07
T1 7 3.41+0.07
T2 7 3.47+0.12

Description: NG = Normal pregnant rats, C(—) = Pregnant rats induced by L-NAME 75 mg/kgBW/day. C(+) = Pregnant
rats induced by L-NAME treated with standard MgSO4 (120 mg/kg), T1 = Pregnant rats induced by L-NAME treated
with pomegranate extract 500 mg/kgBW, T2 = Pregnant rats induced by L-NAME treated with standard MgSQO4 (120
mg/kg) and pomegranate extract 500 mg/kgBW/day.
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Figure 1 Effect of pomegranate extract on placental and renal outcome markers in the rat model of preeclampsia. (A)
MDA level, (B) NF-kB level, (C) NO level, (D) Spiral artery diameter, (E) KIM-1 expression, and (F) Fetal weight. Data
are presented as mean + SD. Statistical significance was set at p < 0.05.

Effect of pomegranate extract on diameter
spiral artery

Spiral artery diameter measurements were used to
evaluate the effect of pomegranate extract on the
structural changes of blood vessels in the placenta in a
preeclampsia model. In preeclampsia, there is a
disruption in the formation and remodeling of placental
blood vessels, which causes narrowing of the spiral
arteries and reduced blood flow to the placenta,
increasing the risk of complications for the mother and
fetus [35-37]. In Table 1(D), spiral artery diameter
differed significantly among groups (one-way ANOVA,
p = 0.005). Tukey HSD post hoc analysis showed that

the untreated preeclampsia group had a significantly

smaller spiral artery diameter than the MgSOa group (p
= 0.043) and the combination group (p = 0.002). The
difference between the untreated preeclampsia group
and the pomegranate-treated group approached
significance (p = 0.088), while no significant difference
was observed between the normal pregnancy and
treatment groups. This indicates that standard therapy
can reduce preeclampsia symptoms, but does not
completely improve the vascular disorders that occur. In
the T1 group, the spiral artery diameter increased to
(53.47 £ 1.27 pm). This increase in diameter indicates
that pomegranate extract, which is rich in bioactive
compounds such as flavonoids and ellagic acid, has a

vasoprotective effect that can improve vascular
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endothelial function and help improve the diameter of
narrowed spiral arteries in preeclampsia. The T2 group
showed a greater increase in spiral artery diameter
(56.93 £ 1.24 pm) compared to the C(—) and C(+) groups
(Figures 1(D) and 2(E)). These results indicate that the
combination of these 2 therapies provides a synergistic
effect in enhancing blood vessel remodeling, increasing
blood flow to the placenta, and improving the supply of
oxygen and nutrients needed by the fetus.

Structural evaluation further strengthens the

functional findings. Impaired spiral artery remodeling is

a defining feature of preeclampsia, leading to increased
placental vascular resistance and compromised fetal
perfusion. The significant increase in spiral artery
diameter in pomegranate-treated groups suggests
improved placental vascular adaptation. The more
pronounced effect observed in the combination therapy
group may indicate additive or synergistic mechanisms

between magnesium sulfate and pomegranate extract
[20,27,38,39].

Figure 2 Effect of pomegranate extract administration on the diameter of the placental artery lumen. Histopathological

analysis of placental tissue from: (A) normal pregnancy group, (B) preeclampsia group, (C) preeclampsia group treated

with standard drugs, (D) preeclampsia group treated with pomegranate extract, and (E) the preeclampsia group treated

with standard therapy combined with pomegranate extract. Hematoxylin and eosin (H&E) staining showed a decrease in

diameter in the preeclampsia group (B), and an increase in diameter in the treated group. Images were taken at 200x

magnification (20x objective lens, 10x ocular lens).

Effect of pomegranate extract on KIM-1
expression

Kruskal-Wallis analysis showed a significant
difference in KIM-1 expression among groups (p <
0.001). Post hoc pairwise comparisons with Bonferroni
adjustment revealed that the untreated preeclampsia
group differed significantly from the normal pregnancy
group p < 0.001 and from the T2 group p = 0.001. In
addition, the normal pregnancy group differed
significantly from the T1 group p = 0.003. No other
pairwise comparisons reached statistical significance.

KIM-1 expression measurements were performed

to evaluate kidney damage in the preeclampsia model.

In Table 1(E), the NG group showed low KIM-1
expression (6.43 + 2.44%), reflecting normal kidney
function. In the C(-) group, KIM-1 expression increased
significantly (54.29 + 2.02%), indicating kidney damage
caused by oxidative stress and inflammation, consistent
with previous findings showing increased KIM-1
expression in preeclampsia models [23,24,38]. The C(+)
group showed a decrease in KIM-1 expression, although
not significant compared to the PE group p=0.111. This
indicates that although standard therapy can reduce
hypertension symptoms in preeclampsia, its effect on
kidney damage is still limited. The decrease in KIM-1
expression in the T1 group indicates that pomegranate
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extract has the potential to protect the kidneys by
reducing oxidative stress and inflammation, which is in
line with studies showing that pomegranate extract can
improve kidney function in inflammatory conditions
[26,27]. The T2 group showed a more significant
decrease in KIM-1 expression (15.71 £ 2.02%), which
reflects the synergistic effect of these 2 therapies in
repairing kidney damage that occurs due to
preeclampsia (Figures 1(E) and 3(E)). This decrease is

also in accordance with studies showing that
combination therapy can increase organ protection,
especially the kidneys, in overcoming the negative
effects of preeclampsia [40,41,42]. These results
indicate that pomegranate extract, either alone or in
combination with standard therapy, has a significant
effect in reducing kidney damage in preeclampsia, and

has the potential to be used as an additional therapy to

repair the kidney damage that occurs.

Figure 3 Effect of pomegranate extract on KIM-1 expression in the kidneys. KIM-1 expression was examined by

immunohistochemical staining, showing positive expression in the cytoplasm of renal proximal tubule cells (yellow

arrow). KIM-1 expression was negative in the normal pregnancy group (A) KIM-1 expression was higher in the

preeclampsia group (B) KIM-1 expression was lower in the preeclampsia group treated with standard medication (C) and

the preeclampsia group treated with pomegranate extract (D) The lowest KIM-1 expression was found in the preeclampsia

group treated with standard medication combined with pomegranate extract (E) Immunohistochemical staining with anti-

KIM-1 antibody at 200x magnification.

Effect of pomegranate extract on blood
pressure

Pressure and proteinuria are key clinical indicators
in the diagnosis of preeclampsia. Preeclampsia is
characterized by a significant increase in blood pressure
and the presence of protein in the urine (proteinuria),
indicating impaired kidney function [43,44]. Repeated-
measures ANOVA demonstrated significant effects of
time (F = 21.120, p < 0.001), group (F = 19.82, p <
0.001), and timexgroup interaction (F = 5.670, p <
0.001) for systolic blood pressure. The untreated
preeclampsia group showed the greatest increase over

gestation, whereas the pomegranate-treated and
combination groups showed attenuation of this
progression. Repeated-measures ANOVA demonstrated
significant effects of time (F = 13.732, p <0.001), group
(F =13.86, p <0.001), and timexgroup interaction (F =
6.163, p < 0.001) for diastolic blood pressure. The
untreated preeclampsia group exhibited progressive
elevation across gestation, whereas the treated groups
showed a more controlled pattern. Therefore, these 2
parameters are highly relevant for assessing the effect of
pomegranate extract in alleviating preeclampsia

symptoms, particularly in the management of
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hypertension and kidney damage. Tables 2(A) and 2(B)
shows that in the normal control NG group, systolic and
diastolic blood pressure were at normal levels, reflecting
good vascular function. In contrast, in the preeclampsia
C(—) group, blood pressure increased significantly due
to impaired endothelial function and decreased NO
production, leading to  vasoconstriction and
hypertension. Standard therapy C(+) showed a slight
decrease in blood pressure, but still not reaching normal
levels. The group given pomegranate extract T1

experienced a more significant decrease in blood

pressure, indicating the extract’s ability to increase NO
production, improve vasodilation, and reduce vascular
resistance. This decrease is consistent with previous
research showing that pomegranate extract has an
effective vasodilator effect in reducing hypertension in
preeclampsia [14,44,45]. The combination of standard
therapy and pomegranate extract T2 showed a greater
synergistic effect in reducing systolic and diastolic
blood pressure, indicating that pomegranate extract may
enhance the effectiveness of antihypertensive therapy
(Figures 4(A) and 4(B)).

Table 2 Differences in blood pressure (systolic and diastolic) and urine protein in preeclampsia rat models given

pomegranate extract.

Mean = SD
Blood Pressure p - value
NG CH C(H) T1 T2
A. Systole
GD-8 106 +6.18 113 £8.18 106 £ 6.94 100 £ 12.46 113 +14.73 0.490
GD-12 105 +4.79 145 £25.06 137 £13.12 113 £15.04 113 +£13.14 <0.001
GD-16 107 £3.41 153 £14.37 146 £17.86 109 +8.96 120 £9.01 <0.001
GD-19 108 +6.77 149 +9.01 119+9.98 115+ 6.42 109 + 18.43 <0.001
B. Diastole
GD-8 73 +£5.66 66 +£9.71 74 +4.50 64 + 6.64 76 +4.08 0.215
GD-12 72 +6.89 90 + 6.84 83 +6.34 76 + 8.94 74 £ 8.08 <0.001
GD-16 77 £5.64 95+9.72 94 +10.02 76 £10.15 73 +£9.78 <0.001
GD-19 73 £4.58 105+ 11.35 75 £9.05 73+£7.39 75+19.13 <0.001
C. Proteinuria
GD-8 53+11.71 47 £26.35 36 £11.59 40 £20.23 46 +21.86 0.134
GD-12 49 +17.93 63 +31.80 59 +£25.05 38+13.84 38+£27.52 0.187
GD-16 82+31.14 150 £ 47.67 103 £30.19 93 +49.99 80 +34.41 0.015
GD-19 86 +22.61 275 £78.60 204 +59.31 129 £26.54 106 £31.70 <0.001

Description: NG = Normal pregnant rats, C(—) = Pregnant rats induced by L-NAME 75 mg/kgBW/day. C(+) = Pregnant
rats induced by L-NAME treated with standard MgSO4 (120 mg/kg), T1 = Pregnant rats induced by L-NAME treated
with pomegranate extract 500 mg/kgBW, T2 = Pregnant rats induced by L-NAME treated with standard MgSO4 (120

mg/kg) and pomegranate extract 500 mg/kgBW/day.

Effect of pomegranate extract on proteinuria

Proteinuria in the untreated preeclampsia group
increased progressively, reflecting ongoing renal injury.
Repeated-measures ANOVA demonstrated significant
effects of time (F = 104.650, p < 0.001), group (F =
11.62, p < 0.001), and timexgroup interaction (F =
9.254, p < 0.001) for proteinuria. The increase was

attenuated in the pomegranate-treated and combination

groups, supporting a renoprotective effect of the
intervention. Progressive proteinuria reflects renal
impairment; the moderated increase in treated groups
KIM-1  and
vascular/endothelial markers. The group given standard

aligns with  reduced improved
therapy C(+) showed a decrease in proteinuria levels,
but this was not significant compared to the PE group.

The group given pomegranate extract T1 showed a
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significant decrease in proteinuria, indicating that
pomegranate extract has the potential to protect the
kidneys by reducing oxidative stress and inflammation.
These findings support previous research showing that
pomegranate extract can protect the kidneys from
damage caused by oxidative stress [27,31]. The
combination of pomegranate extract with standard
therapy T2 showed a greater decrease in proteinuria,
indicating a synergistic effect in improving kidney
function and reducing further kidney damage (Figure
4(0)).

Renal protection was evidenced by the significant
reduction in KIM-1 expression and attenuation of
proteinuria progression. KIM-1 is a sensitive marker of
tubular injury and reflects ongoing renal damage in
hypertensive pregnancy models. The reduction of KIM-
1 in treated groups suggests that pomegranate extract
mitigates renal inflammatory and oxidative injury.
These findings align with prior studies demonstrating
the nephroprotective effects of polyphenol-rich plant
extracts in experimental hypertension and inflammatory

kidney injury.
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Figure 4 Longitudinal changes in clinical parameters of the experimental groups: (A) systolic blood pressure, (B) diastolic

blood pressure, and (C) proteinuria, measured on gestational days 8, 12, 16, and 19.

Effect of Pomegranate Extract on Weight Fetus
Fetal weight is one of the important parameters in
this study to assess the effect of pomegranate extract on
fetal growth in the preeclampsia model. Table 1(F)
shows that in the NG group, fetal weight was within the
normal range (3.40 = 0.33 g), indicating healthy fetal

development without vascular disorders. In contrast, in

the C(-) group induced with L-NAME, fetal weight
decreased to (3.20 + 0.05 g), indicating a disturbance in
placental blood flow and oxygen supply leading to
Intrauterine Growth Restriction (IUGR). The C(+)
group showed a decrease in fetal weight compared to the
C(-) group. This that
antihypertensive therapy can lower blood pressure, it is

indicates although
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not effective enough to restore vascular conditions and
support optimal fetal growth. The (T1) group showed an
increase in fetal weight to (3.41 + 0.07 g), almost
approaching the NG level. This improvement indicates
that pomegranate extract, containing bioactive
compounds such as flavonoids and ellagic acid, can
repair vascular disorders in the placenta, increase blood
flow, and improve oxygen and nutrient supply to the
fetus. These results are consistent with research by
Wang, which showed that pomegranate extract can
increase blood flow to the placenta and support fetal
development in pregnancy-related hypertension [19,46].
Meanwhile, in the group given combination therapy T2,
the increase in fetal weight was more significant (3.47 +
0.12 g) compared to the C(-) and C(+) groups,
indicating a synergistic effect of these 2 therapies. The
combination of standard therapy and pomegranate
extract provided greater improvements in increasing
placental blood flow, restoring oxygen and nutrient
balance, and supporting healthy fetal growth. The
results of fetal weight measurements showed that
pomegranate extract can improve fetal growth in
preeclampsia. Administration of pomegranate extract,
either alone or in combination with standard therapy,
successfully increased fetal weight, indicating improved
vascular conditions in the placenta and the restoration of
optimal fetal growth. Combination therapy showed
better results, improving pregnancy outcomes and

supporting maternal and fetal health.

Conclusions

Pomegranate extract improved several key
pathophysiological features of L-NAME—induced
preeclampsia in rats. The intervention was associated
with lower NF-kB levels, increased NO bioavailability,
improved spiral artery diameter, reduced KIM-I1
expression, moderated progression of blood pressure
and proteinuria, and improved fetal weight. Although
MDA levels showed a downward trend, the reduction
was not statistically significant. These findings support
the potential role of pomegranate extract as an adjunct
therapeutic candidate in experimental preeclampsia.

Importantly, this study provides integrated
experimental evidence that pomegranate extract exerts
multi-target protective effects across vascular, renal, and
fetal outcomes in a preeclampsia model, supporting its

potential role as an adjunct therapy. Combination

treatment with MgSOa4 showed enhanced protection on
several endpoints, suggesting a synergistic benefit.
Further studies are warranted to evaluate dose—response
relationships, longer treatment windows, and underlying
molecular mechanisms, as well as to support translation

toward clinical investigation.
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