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ABSTRACT 2222 0O

caos=93 X4
Pomegranate (Punica granatum) contains a high level of polyphenols and has anti-inflammatory properties. gﬁ 2 2 o)
However, there is limited available data on the safety and effectiveness of pomegranate use during prolonged 2 & & & X
inflammatory conditions. The present study aimed to evaluate the anti-inflammatory properties and subacute toxicity < = § > jZ>
profile of a 70% ethanolic extract of Punica granatum (P. granatum) rind in carrageenan-induced mice. A total of = & é S —
30 male mice, aged five weeks and weighing 22-23 grams, were randomly assigned to five groups of six mice each. 13 & S >
The study included a negative control group that received normal saline, a positive control group that received 1, ro % ~ 9
meloxicam at 2 mg/kg, and three treatment groups that received P. granatum rind extract at doses of 50, 100, and 2 § s Q
200 mg/kg orally over 28 days. Inflammation was induced once weekly in all experimental groups by 1% < )
carrageenan injection into the right hind paw, after which the edema was measured with a digital vernier caliper. The |-'_|-|

toxicity of the pomegranate extract was assessed using hematological and biochemical profiles of hepatic and renal
parameters. Tissue samples from the heart, spleen, kidney, lungs, and liver were collected on day 29. To assess the
inflammation status, concentrations of tumor necrosis factor-alpha (TNF-o) and IL-10 were quantified using
enzyme-linked immunosorbent assay. The P. granatum rind extract significantly reduced paw edema without
mortality or observable toxicity, compared to the negative control group. Mice maintained their normal feeding
habits, and body weight increased normally across all groups. Hematological parameters, hepatic, and renal markers
were within the normal physiological range across all groups. Histopathological analysis revealed no abnormalities
in extract-treated groups. Extract-treated groups demonstrated a dose-dependent elevation of IL-10, peaking at 200
mg/kg, and a reduction in TNF-a level across all doses, with the highest suppression observed at 100 mg/kg
compared to the negative control. Daily oral administration of P. granatum rind extract for 28 days exhibited dose-
dependent anti-inflammatory effects, as evidenced by reduced paw edema and modulation of cytokines. The absence
of systemic toxicity across all tested doses suggested that P. granatum rind extract can be a safe therapeutic agent
for treating inflammatory conditions.

Keywords: Anti-inflammatory, Biochemical marker, Carrageenan, Cytokine, Hematological parameter,
Inflammation, Punica granatum

INTRODUCTION

Inflammation is a complex biological response that occurs in reaction to infection, chemical irritation, tissue damage, or
immune system dysregulation. While acute inflammation is essential for healing, incomplete healing can lead to
persistent tissue damage, which may contribute to chronic metabolic diseases, including type 2 diabetes and
cardiovascular disease (Medzhitov, 2008; Chen et al., 2018). Chronic inflammation primarily involves the sustained
release of inflammatory mediators, including pro-inflammatory cytokines, reactive oxygen species, and inducible
enzymes such as cyclooxygenase-2 (COX-2; Mittal et al., 2014). Collectively, inflammatory mediators exacerbate tissue
damage, thereby contributing to disease progression. Conventional anti-inflammatory therapies, including nonsteroidal
anti-inflammatory drugs (NSAIDs), are effective in controlling inflammation; however, their long-term use is limited by
adverse effects, necessitating the search for safer alternatives (Bindu et al., 2020; Schjerning et al., 2020; Sohail et al.,
2023).

Natural products are popular as alternatives or complementary options for addressing inflammation. Punica
granatum (pomegranate) has been extensively documented in the literature for its anti-inflammatory and antioxidant
properties. These properties are primarily attributed to its abundant polyphenolic content, which includes ellagitannins,
flavonoids, and the hydrolyzable tannin punicalagin (Lansky and Newman, 2007; Viuda-Martos et al., 2010; Aviram and
Rosenblat, 2012). The rind of the fruit, which is often discarded as a by-product of juice production, is the tissue with the
highest polyphenol content. The rind contains higher concentrations of punicalagins, ellagic acid, and other bioactive
ellagitannins than the seeds (Ismail et al., 2012; Kandylis and Kokkinomagoulos, 2020; Singh et al., 2023). Findings
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from in vitro and in vivo studies have demonstrated that compounds derived from Punica granatum (P. granatum) rind
can effectively regulate the expression and activity of key inflammatory mediators and pathways associated with
oxidative stress (Ismail et al., 2012; Singh et al., 2023). Preclinical studies indicated that polyphenols derived from
pomegranate peel can influence inflammatory and oxidative stress pathways, although the effects may vary depending on
extract preparation, dosage, and study design (Singh et al., 2023).

Carrageenan-induced paw edema is a well-established model for evaluating anti-inflammatory agents in rodents,
characterized by a biphasic inflammatory response, with the early release of histamine, serotonin, and bradykinin,
followed by sustained production of cytokines and prostaglandins (Posadas et al., 2004; Woode et al., 2022). Repeated
weekly administration of carrageenan extends the acute model to simulate recurrent inflammatory conditions, thereby
offering a clinically relevant model for assessing sustained anti-inflammatory efficacy (Perrot et al., 1999).

There is considerable evidence supporting the anti-inflammatory effects of P. granatum; however, most studies have
focused on short-term or acute outcomes. There was limited evidence concerning the long-term safety profile and
biological efficacy of P. granatum during multiple dosing in chronic inflammation. The lack of data on subacute
conditions limited the use of P. granatum in treating inflammation and antioxidant therapy. A comprehensive evaluation
of inflammatory and toxic markers of P. granatum is required to determine whether ongoing administration of
pomegranate extract is effective and safe. The present study aimed to evaluate the anti-inflammatory effects and the
subacute safety of P. granatum rind ethanolic extract in mice using a recurrent carrageenan-induced inflammation
model.

MATERIALS AND METHODS

Ethical approval

All the procedures used in the present study were reviewed and approved by the Mount Kenya University Institution
Scientific Review Committee (ISER), Kenya (Ref: MKU/ISERC/5682). The present study was conducted in compliance
with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. All possible measures
were taken to minimize animal suffering and distress during experimental procedures.

Punica granatum rind extract preparation

Fresh pomegranate fruits were collected from Karson Farm, Nyeri County, Kenya. Nine fruits were thoroughly
rinsed with distilled water, the rinds were isolated and air-dried in the shade for three days, then freeze-dried for 48
hours. The dried rind powder (100 g) was extracted with 1 liter of 70% (v/v) aqueous ethanol at a 1:10 (w/v) solvent-to-
solid ratio at 22°C + 2 for 48 hours under continuous shaking (Sultana et al., 2009). The extract was filtered through
Whatman filter paper, concentrated by rotary evaporation, and oven-dried, yielding 20 g of dried extract from 100 g of
the initial powder (20% w/w extraction yield).

Animals and study design

A total of 30 male BALB/c mice, five weeks old, weighing from 22 to 23 g, were purchased from the Small Animal
Facility for Research and Innovation (SAFARI), JKUAT, Kenya, and used as inflammatory disease models due to their
well-characterized immune response and extensive use (Malm Tillgren et al., 2023). The mice were acclimatized in their
cages for one week before the study began. The mice were maintained in clean plastic cages with a stainless-steel top
grill that contained proper aeration and a 12-hour light/dark cycle (Larrosa et al., 2010). The cages were cleaned weekly
to maintain a clean environment. The mice were provided with pelleted feed (Unga Feeds Limited, Nairobi, Kenya) and
unrestricted access to water (Karwasra et al., 2019).

Pomegranate rind extract administration

For the subacute toxicity investigation, five groups, each with six mice, were designed. The first treatment group
received 50 mg/kg of P. granatum rind extract, the second treatment group received 100 mg/kg of P. granatum rind
extract, and the third treatment group received 200 mg/kg of P. granatum rind extract, according to the study of Patel et
al. (2008) and Bhandary et al. (2013). Based on the study by Dudhgaonkar et al. (2006), meloxicam at 2 mg/kg was
administered orally as the positive control, while normal saline at 10 mL/kg served as the negative control. Inflammation
was induced once weekly for four weeks (28 days) using 1% carrageenan by injection into the right hind paw (Winter et
al., 1962) to maintain a persistent inflammatory condition (Perrot et al., 1999). Paw swelling was measured hourly after
carrageenan injection, for four hours, and at 4 hours post-treatment using a digital Vernier caliper. The reduction of
edema percentage was calculated using Formula 1.
Edema reduction (%) = [(Negative control edema — Treated group edema) + Negative control edema] x 100 (Formula 1)
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where NC is the negative control group mean edema, T is the treated group mean edema, and edema is the mean
paw thickness at 5:00 PM minus the mean paw thickness at 9:00 AM. Treatment was administered daily by oral gavage.

Clinical observations

The mice were observed throughout the 28-day study for any signs of toxicity, including ataxia, diarrhea,
lacrimation, ptosis, tremors, convulsions, and coma (Parasuraman, 2011). The mice were monitored four hours after
daily oral treatment. The body weights of the mice were measured at the beginning of the study and thereafter weekly to
track the changes in body weight. Food and water intake were measured daily by weighing the remaining feed and
recording the residual water volume per group.

Sample collection

On day 29, mice were humanely euthanized with carbon dioxide asphyxiation. Blood samples (1.8-1.9 mL) were
collected via cardiac puncture into micro tubes containing ethylenediaminetetraacetic acid (EDTA) for hematological
assessment and into plain tubes for biochemical analyses. Vital organs, including the spleen, lungs, liver, kidneys, and
heart, were subjected to macroscopic evaluation. The organs were subsequently excised and fixed in 10% formalin for
histopathological examination.

Histopathology

The excised organs were fixed in 10% formalin. A sample from each organ was dehydrated through a series of
isopropanol dilutions (up to 100%), then cleared in xylene. The tissues were infiltrated with molten paraffin wax, then
embedded and allowed to solidify on the cooling plate. The embedded blocks were sectioned at a thickness of 2 um
using a microtome. The tissue sections were stained with hematoxylin and eosin (H&E) following standard laboratory
procedures (Fischer et al., 2008). The prepared slides were subsequently examined using a light microscope (Optika,
Italy) fitted with a SwiftCam digital camera (Model SC-2003, Swift Optical Instruments, USA) at magnifications of
100x and 400x.

Hematological investigation

Whole blood samples (0.2-0.4 mL) were collected into micro EDTA tubes to prevent coagulation (Lippi et al., 2005)
and analyzed using a Mindray hematology analyzer (BC-10, China). With 50 uL of blood sample, red blood cell count
(RBC), hemoglobin concentration (HGB), red cell distribution width coefficient of variation, mean corpuscular
hemoglobin (MCH), hematocrit (HCT), mean corpuscular hemoglobin concentration (MCHC), mean corpuscular
volume (MCV), red cell distribution width (coefficient of variation), and red cell distribution width standard deviation
were assessed. The white blood cell (WBC) and platelet (PLT) parameters analyzed included total WBC count,
lymphocyte count (LYMP), granulocyte count (GRAN), mid-sized cell count (MID), the respective percentages of
LYMP%, MID%, and GRAN%, platelet count (PLT), platelet distribution width (PDW), mean platelet volume (MPV),
and PCT. Reference ranges for interpreting hematological parameters were set by the Mindray BC-10 hematology
analyzer (Mindray, China) and established during factory calibration for laboratory mice.

Biochemical and ELISA analyses

The blood (1.5 mL) was collected into plain tubes, left to clot at room temperature for 30 minutes, and thereafter
centrifuged at 3,500 rpm for 10 minutes to obtain serum (Diehl et al., 2001; Parasuraman et al., 2010). The sera were
used for subacute toxicity, biochemical, and immunohistochemical assays and were analyzed using the Architect
biochemistry automated analyzer (model ¢16000, Abbott, USA). The levels of albumin, alanine aminotransferase (ALT),
potassium, bilirubin (total), gamma glutamy! transferase, protein (total, aloumin, and globulin), direct bilirubin, chloride
ion, Alkaline phosphatase, sodium, aspartate aminotransferase (AST), calcium, creatinine (serum, fluid), blood urea
nitrogen, for liver and kidney function were evaluated. The ELISA was used to assess tumor necrosis factor-alpha (TNF-
a) levels using the Mouse TNF-a Sandwich ELISA kit (Proteintech, USA; catalog no: KE10002), and interleukin-10 (IL-
10) levels were assessed using the Mouse IL-10 Sandwich ELISA kit (Proteintech, USA; catalog no: KE10103).
Reference ranges for interpreting serum biochemical parameters were predefined by the Abbott Architect ¢16000
chemistry analyzer (Abbott Laboratories, Abbott Park, USA), established through factory calibration for laboratory mice.

Statistical analysis

Statistical analysis of the collected data was performed using GraphPad Prism software version 8.02. (263). All data
collected, including hematological analysis, biochemistry, ELISA, body weights, and food and water consumption, were
analyzed as mean + standard error (SEM). Analysis of variance (ANOVA) was used, followed by Dunnett's multiple
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comparisons test, to determine statistically significant differences between the control and treatment groups. The
significance level was set at a p-value less than 5% (p < 0.05).

RESULTS

Water and feed intake
There were no significant differences in water and feed consumption between the treated groups and the control
group (p > 0.05; Figure 1).

Body weight gain

All experimental groups exhibited a normal, gradual increase in body weight over the 28-day study period, with no
statistically significant differences observed between any treatment group and the negative control group (p > 0.05;
Figure 2). At baseline, the mean body weights were 22.8 g, 22.5 g, 22.7 g, 22.3 g, and 22.2 g for the negative control, 50
mg/kg, 100 mg/kg, 200 mg/kg, and positive control groups, respectively. By day 28, the mean body weights were 25.4 g,
25.9 ¢, 25.5 ¢, 24.9 g, and 25.0 g for the negative control, 50 mg/kg, 100 mg/kg, 200 mg/kg, and positive control groups,
respectively.
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Figure 1. Effects of pomegranate rind extract on feed and water intake during 28 days under a subacute condition. There was no
significant difference between the negative control and all groups (p < 0.05). A: Effects of pomegranate rind extract on the average feed intake. B:
Effects of Pomegranate rind extract on the average water intake. Control: Negative control group, experimental groups: 50 mg/kg, 100 mg/kg, and 200
mg/kg of the pomegranate rind extract, PC: Positive control group.
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Figure 2. Mean body weight changes of mice subjected to different dosages of the pomegranate rind extract during 28 days under a
subacute condition. There was no significant difference between the negative control and all the groups (p < 0.05). NC: Negative control group,
experimental groups: 50 mg/kg, 100 mg/kg, and 200 mg/kg of the pomegranate rind extract, PC: Positive control group.

Hematological parameters

The results regarding the extract's impact on hematological parameters are presented in Table 1. Daily oral intake of
pomegranate rind extract did not result in significant differences in most of the evaluated parameters (p > 0.05).
However, a significant increase in red cell distribution width standard deviation (RDW-SD) was observed in mice treated
with 200 mg/kg of pomegranate rind extract compared with the negative control (0.0384).

Biochemical parameters

Levels of liver and kidney function markers after treatment with 50 mg/kg, 100 mg/kg, and 200 mg/kg of the
pomegranate rind extract are presented in Table 2. There were no significant differences between the treatment groups
and the negative control group (p > 0.05). All hepatic, renal, and electrolyte markers remained within established
physiological reference ranges for laboratory mice.
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Table 1. The hematological results of mice treated with pomegranate rind extract for 28 days

Parameters Control 50 mg/kg 100 mg/kg 200 mg/kg PC P-value
White blood cell count (109/L) 6.56 + 1.22% 6.73 £ 0.52° 7.46 +0.68% 6.63 + 0.42° 8.20 £ 0.74% 0.2392
Lymphocyte count (10%L) 2.96 £0.77° 3.30 + 1.20° 1.43 +0.49? 2.20 £0.41° 2.20 £0.24° 0.1540
Absolute mid-range cell count (10%L) 0.73 £0.24° 0.40 +0.08° 0.56 £ 0.23% 0.40 £ 0.28% 0.43+0.16% 0.5169
Absolute granulocyte count (10%L) 6.00 + 0.35% 3.86 +1.24° 3.36 £0.97% 3.23+0.69° 5.80 £ 0.73% 0.0974
Lymphocyte percentage (%) 36.80 + 1.76 34.33 +1.24° 43.66 + 2.05 43.66 + 2.04° 35.66 + 6.23° 0.1404
Mid-range cells (%) 8.46 +0.94% 7.50 +1.39° 6.80 +1.33% 7.03+1.81% 7.10 £ 0.85% 0.7251
Granulocytes (%) 52.80 + 2.56° 55.30 + 3.85% 52.56 + 3.36° 62.03 + 3.95° 61.96 +2.04% 0.0575
Red blood cell count (10'4/L) 3.83 +0.35% 4.53 +0.73° 4.83 +0.24° 4.53 +0.57° 2.36 +0.16" 0.0023
Hemoglobin (g/dL) 16.83 +0.44% 15.10 £ 0.61° 14.86 +1.12% 16.60 +0.22* 13.26 + 1.15° 0.0007
Hematocrit (%) 46.00 + 4.06° 39.90 £0.71% 41.00 + 2.40° 45.03 +0.87° 41.90 + 1.68° 0.1012
Mean corpuscular volume (fl) 81.26 + 0.89° 83.36 £ 0.79% 84.46 + 3.24° 80.53 £2.12% 68.83 + 1.27° < 0.0001
Mean corpuscular hemoglobin (pg) 26.76 + 0.59* 27.83 £0.41° 28.40 +0.10% 28.43 £ 0.43% 26.36 £2.17% 0.2363
MCHC (g/dL) 35.16 +£0.71° 36.73 +0.85% 36.13 +0.63° 36.26 +0.72° 36.50 + 0.35° 0.2770
RDW-CV (%) 12.46 +0.89% 14.10 £ 0.66° 13.66 +0.41% 12.33 +1.20% 13.73 £0.41% 0.1391
RDW-SD (fl) 40.73 £0.97° 42.96 +0.94° 44.26 +0.82° 4553 + 2.06° 4510 +1.79° 0.0384
Platelet count (10%/L) 400.66 + 1.69° 410.66 + 3.68° 415.00 + 4.08% 396.00 + 3.00% 432.66 +13.91° 0.0035
Mean platelet volume (fl) 8.76 + 0.41% 8.93+0.33° 10.30 +0.45% 9.86 + 0.25° 7.60 +1.77° 0.5427
Platelet distribution width (fl) 16.90 + 1.65% 15.43 +£0.32° 15.30 £0.43% 16.00 £0.77% 15.53 £0.32% 0.3681
Platelet large cell ratio (%) 32.60 £ 2.57° 30.36 +£2.02° 30.96 + 1.56° 3453 +057° 31.43 +1.96° 0.2576

MCHC: Mean corpuscular hemoglobin concentration, RDW-CV: Red cell distribution width (coefficient of variation), RDW-SD: Red cell distribution width (standard deviation). PC: Positive control. Values are expressed as mean +

SEM. ® Different superscript letters in a row indicate significant differences (p < 0.05).
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Table 2. Biochemical results of the mice treated with pomegranate rind extract for 28 days

Parameters Control 50mg/kg 100mg/kg 200mg/kg PC P-value
Alkaline phosphatase (U/L) 70.33 £ 1.69° 73.66 + 1.69* 73.66 + 1.69° 65.33 + 2.05° 72.00 + 2.80° 0.0002
Alanine aminotransferase (U/L) 43.33+1.24° 41.66 + 1.69° 41.23 +0.89° 42.33 + 1.69° 40.66 + 5.90" 0.0276
AST (U/L) 35.66 + 0.94° 32.66 +1.24° 33.00+0.81° 33.66 + 1.25° 35.00 + 0.81° 0.0011
GGT (U/L) 48.00 + 0.81° 45.66 + 2.49° 51.00 + 0.81° 49.66 + 1.69° 46.00 + 0.81° 0.0206
Albumin (g/L) 42.40 + 1.42° 4233 +1.24° 43.66 + 1.69° 42.93 + 1.35° 43.23+1.67° 0.8805
Total protein (g/L) 77.56 +1.23° 79.80 + 3.82° 74.56 + 1.03° 76.23 + 0.65° 76.46 +1.13° 0.1757
Urea (mmol/L) 7.10+0.71% 7.70 £ 0.57° 7.40 £ 0.69% 7.26 +0.20° 7.13£0.16° 0.7870
Creatinine (mmol/L) 100.00 + 2.16° 99.66 + 2.49° 101.00 + 2.16° 101.00 + 1.63% 103.00 + 0.81° 0.5024
Sodium (mmol/L) 150.33 + 1.24° 147.33 + 1.69° 147.00 + 0.81° 147.00 + 0.81° 148.33 + 0.94° 0.0723
Potassium (mmol/L) 3.90 + 0.08° 3.90 + 0.08° 3.86 +0.12° 3.83+0.12° 4.06 + 0.26° 0.6001
Chloride (mmol/L) 103.33 + 8.99° 101.33 + 6.18° 98.33 + 2.86° 99.66 + 2.49° 129.66 + 3.29° 0.0009
Total bilirubin (mmol/L) 17.53 + 0.49° 17.30 £ 0.37° 17.73 £ 0.46 18.10 £ 0.16* 17.53 £ 0.44° 0.4146
BILD (mmol/L) <1.80 <1.80 <1.80 <1.80 <1.80

AST: Aspartate aminotransferase, GGT: Gamma-glutamyl transferase, BILD: Direct bilirubin (conjugated bilirubin), PC: Positive control. The values are expressed as mean + SEM (n = 6). ® Different superscript letters in a row indicate
significant differences from the negative control (p < 0.05).
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Paw edema reduction

Carrageenan injection produced a marked increase in paw thickness across all groups at 4 hours post-injection.
Following treatment administration, paw thickness at 4 hours post-treatment was presented as a percentage of edema
reduction relative to the negative control (Table 3).

Tumor necrosis factor alpha levels

Serum TNF-a concentrations differed significantly across the experimental groups (p < 0.0001; Figure 3). The
negative control group recorded the highest concentration of TNF-a at 410 pg/ml. The treatment group administered 50
mg/kg of pomegranate rind extract recorded a TNF-a level of 327.3 pg/mL, whereas the 100 and 200 mg/kg groups
recorded 132.3 and 235.7 pg/mL, respectively. In addition, the level of TNF-a in the positive control group was 139.7
pg/mL. All the treatment groups and the positive control group exhibited significantly lower levels of TNF-a than the
negative control (p < 0.05; Figure 3).

Interleukin-10 levels

All extract-treated groups demonstrated significantly higher IL-10 levels than the negative control group (p < 0.05),
with the 50 mg/kg group at 134.7 pg/mL, the 100 mg/kg group at 258.0 pg/mL, and the 200 mg/kg group at 367.3
pg/mL. Furthermore, the IL-10 level in the positive control group was measured at 120.0 pg/mL (Figure 4).

Macroscopic evaluation

Macroscopic evaluation revealed that organs from the extract-treated groups and the positive control group exhibited
no structural alteration. No observable differences among organs were detected in mice receiving 50 mg/kg, 100 mg/kg,
or 200 mg/kg of pomegranate rind extract compared with the negative control group.

Histopathological parameters

Histological examination of the spleen, kidneys, heart, lungs, and liver revealed preserved structural organization in
the negative control and extract-treated groups, with no pathological alterations (Figure 5). The positive control group
revealed mild centrilobular hepatocyte vacuolation in the liver and mild tubular epithelial cell vacuolation in the kidneys.

Table 3. Percentage edema reduction at 4 hours post-treatment during four weeks of weekly carrageenan induction in
mice treated with Punica granatum rind extract

Treatment group Week 1 Week 2 Week 3 Week 4
Negative control 0.0% 0.0% 0.0% 0.0%
PRE 50 mg/kg 25.3% 37.8% 40.2% 42.5%
PRE 100 mg/kg 51.9% 58.5% 61.0% 67.5%
PRE 200 mg/kg 73.4% 75.6% 84.1% 86.2%
PC 84.8% 89.0% 90.2% 98.8

PRE: Punica granatum rind extract, PC: Positive control
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Figure 3. Serum TNF-a concentrations in mice following 28
days of oral administration of Punica granatum rind extract.
Values are expressed as mean + SEM (n = 6). ® Different superscript
letters above bars indicate statistically significant differences from the
negative control (p < 0.0001). NC: Negative control, PC: Positive
control.

Treatments

Figure 4. Serum IL-10 concentrations in mice following 28
days of oral administration of Punica granatum rind extract.
Values are expressed as mean * SEM (n = 6). ® Different
superscript letters above bars indicate statistically significant
differences from the negative control (p < 0.0001). NC: Negative
control, PC: Positive control.
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Figure 5. Microscopic evaluation of
vital organs in mice that received
Punica granatum rind extract collected
on day 29. a: Renal sections from the
negative control and extract-treated groups
displayed normal cortical and medullary
architecture with intact glomerular and
tubular structures. The positive control
group exhibited mild tubular epithelial cell
vacuolation, b: Splenic sections across all
groups  showed preserved follicular
architecture with distinct red and white pulp
regions and no observable abnormalities, c:
Cardiac  tissue sections across all
experimental groups demonstrated intact
myocardial fibers with no evidence of
cellular  disruption or inflammatory
infiltration, d: Pulmonary sections revealed
a well maintained alveolar architecture with
no structural compromise observed in any
group, e:  Hepatic sections from the
negative control and all extract-treated
groups showed normal lobular organization
with  well-preserved hepatocytes. Mild
centrilobular hepatocyte vacuolation was
noted in the positive control group (H&E,
magnification 400x).
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DISCUSSION

According to the current findings, exposure to P. granatum extract did not result in any signs of systemic toxicity, and
the extract was well tolerated throughout the study (Widyarini et al., 2023). Posadas et al. (2004) demonstrated that
carrageenan injection into the rodent paw produced a biphasic response, characterized by the early release of mediators
followed by prolonged cellular infiltration. Multiple administrations of carrageenan prolong the inflammatory response,
resulting in a recurrent inflammatory condition that affects physiological functions and tissue integrity in animal models
(Komisarska et al., 2024). Evaluating the safety profile of therapeutic agents during chronic inflammatory conditions
provides a more clinically relevant assessment than studies conducted on healthy subjects without inflammatory stress.
An increase in paw thickness indicated immune cell infiltration along with the buildup of inflammatory exudates at the
injection site. The observed increase in the paw thickness following carrageenan administration in the present study was
consistent with the characteristic inflammatory response of the carrageenan-induced paw edema model in rodents
(Posadas et al., 2004). In the current study, post-carrageenan injection and paw thickness increased progressively across
all the groups, confirming inflammation induction. Paw edema reduction was dose-dependent across all four weeks, with
each week showing more reduction than the previous week. Peak edema was recorded at 4 hours post-induction,
consistent with the cellular phase of the carrageenan inflammatory response, which occurs between the third- and fifth
hours post-injection (Widyarini et al., 2023). The progressive improvement in edema reduction suggested a cumulative
anti-inflammatory effect with repeated P. granatum rind extract administration. The current findings were consistent
with those of Karwasra et al. (2019), who also observed a dose-dependent decrease in carrageenan-induced inflammation
after pomegranate supplementation. Meloxicam (2 mg/kg) produced the greatest edema reduction, reaching up to 98.8%
by week four. Although 200 mg/kg of pomegranate rind extract did not have the efficacy of meloxicam, its dose-
dependent cumulative anti-inflammatory effects, along with its favorable safety profile, indicated that pomegranate rind
extract could be a potential alternative therapy. The mild anti-inflammatory effects observed at lower doses align with
the bioavailability of the polyphenols, indicating that higher concentrations are necessary for greater inflammation
suppression (Singh et al., 2023).

Daily administration of pomegranate rind extract exhibited no fatalities or morbidity related to toxicity during the
entire study period. To assess the extract's toxicity, changes in physical appearance, feeding behavior, behavioral shifts
such as lethargy or aggression, and gastrointestinal disturbances should be observed (Parasuraman, 2011); none of the
signs were observed in any groups treated with pomegranate extract during the present study. The current findings
indicated that daily administration of the pomegranate ethanol extract did not affect appetite or cause weight loss. The
results of the current study are consistent with previous subacute toxicity studies of P. granatum peel extract in Swiss
albino mice (Bassiri Jahromi et al., 2015) and with the study by Vale et al. (2020) in mice receiving hydroethanolic peel
extract at doses up to 2000 mg/kg. The lack of notable differences in feed and water intake in the group that received
meloxicam at 2 mg/kg aligns with the well-documented minimal dose-dependent gastrointestinal effects of NSAIDs at
the specified dose of meloxicam (Botta et al., 2001; Richardson et al., 2022). Meloxicam is known to be associated with
gastrointestinal disturbances at high doses (Botta et al., 2001; Richardson et al., 2022). Under subacute conditions in the
present study, there were no substantial changes in feeding habits. Gastrointestinal toxicity associated with meloxicam
administration in mice, including intestinal lesions and gastric ulcerations, has been reported at higher doses of 15-20
mg/kg (Botta et al., 2001; Richardson et al., 2022). The meloxicam dose administered in the present study was
insufficient to induce gastrointestinal disturbances under subacute conditions. The treated mice maintained their normal
feeding behaviors, and their body weights increased consistently, comparable to the control group. The findings of the
current study suggested that prolonged exposure to pomegranate rind extract did not adversely affect normal growth,
alter feeding behavior, or induce physiological changes that could compromise the overall health of Balb/c mice.
Furthermore, macroscopic examination of the liver, spleen, heart, lungs, and kidneys from extract-treated mice
demonstrated no visible abnormalities compared to the control group.

Histopathological evaluation supported the safety profile of the pomegranate rind extract, as no structural alterations
were observed in the mice's tissues. Normal tissue structure was preserved across all treated groups, indicating that,
under the subacute experimental conditions of the present study, the extract did not induce toxicity. The findings of the
current study are particularly relevant to sustained inflammatory stress, in which failure to resolve chronic inflammation
is often associated with tissue damage and organ injury (Medzhitov, 2008; Komisarska et al., 2024). Mild centrilobular
hepatocyte vacuolation, indicating intracellular accumulation, was observed in the liver of the positive control group. In
the kidney, mild vacuolation of tubular epithelial cells was observed. The histopathological observations were supported
by liver and kidney biochemical markers in the present study.

The kidneys and liver are key organs for detoxifying the body, as they metabolize harmful substances and facilitate
their removal (Wurihan et al., 2022). Consequently, assessing serum-based, organ-specific biochemical markers
associated with the kidneys is essential for determining potential toxicity (Wurihan et al., 2022). Elevated serum levels of
hepatic enzymes, particularly AST and ALT, along with renal waste products such as urea and creatinine, may indicate
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hepatic or renal tissue damage or necrosis, resulting in their release into the circulatory system. Therefore, increased
levels of hepatic and renal markers are commonly used as indicators of hepatotoxicity or nephrotoxicity (Jegnie et al.,
2023; Adeyele et al., 2024). In the present study, serum concentrations of ALP, AST, ALT, GGT, urea, creatinine, and
electrolytes remained within established physiological reference ranges across all extract-treated groups, indicating that
oral administration of P. granatum rind extract did not adversely affect hepatic or renal function in BALB/c mice. The
findings of the present study are consistent with previous subacute toxicity investigations of pomegranate peel extract, in
which renal biochemical markers remained within physiological reference ranges following oral administration, thereby
supporting the safety of the pomegranate-derived extract for hepatic and renal health (Bassiri Jahromi et al., 2015; Vale
et al., 2020). The TNF-a is a strong pro-inflammatory cytokine, involved in the recruitment of leucocytes and tissue
injury (Mittal et al., 2014). In the present study, TNF-a was notably reduced in all extract-treated groups compared with
the negative control group. The strongest suppression in TNF-a level was observed at a dosage of 100 mg/kg of
pomegranate rind extract (132.3 pg/mL), which was similar to that of the meloxicam group (139.7 pg/mL). The IL-10, a
cytokine involved in anti-inflammatory responses and tissue repair, increased in a dose-dependent manner across all
extract-treated groups, surpassing the level observed in the meloxicam group. The contrasting regulation of TNF-a and
IL-10 indicated a coordinated immunomodulatory effect of the pomegranate rind extract. Similar cytokine modulation
patterns have been reported in mice administered pomegranate peel extract. Manickam et al. (2022) demonstrated that
daily oral administration of pomegranate peel extract at 200 mg/kg for 12 weeks in Apoe~/~ mice reduced TNF-o and
increased 1L-10, accompanied by decreased atherosclerotic plaque necrosis and improved collagen content in lesions.
Similarly, Karwasra et al. (2019) found that pomegranate supplementation at 50, 100, and 200 mg/kg in experimental
rheumatoid arthritis decreased inflammation and improved joint function by inhibiting NF-kB signaling. However, the
observed nonlinear dose response in the present study, in which 100 mg/kg of pomegranate rind extract resulted in
greater TNF-o suppression than 200 mg/kg, which was contrasted with the dose-dependent reduction reported in
previous studies. The variations observed in these studies could be due to differences in the animal model, extract
preparation, or the impact of recurrent inflammation on cytokine dynamics. Balanced cytokine regulation is essential for
resolving inflammation. In chronic inflammatory models, such as sustained carrageenan exposure, cytokine imbalance
can cause progressive tissue damage (Posadas et al., 2004).

Hematological parameters were assessed as part of the subacute toxicity evaluation, as changes in blood indices
provide measurable evidence of potential systemic toxicity following repeated compound exposure (Jegnie et al., 2023).
In the present study, hematological results demonstrated a notable difference in RDW-SD between the control and 200
mg/kg group. All values remained within established physiological reference ranges with no signs of systemic toxicity,
indicating that these differences were not biologically adverse. The positive control group similarly exhibited significant
differences in erythrocyte parameters, including RBC and hemoglobin. Carrageenan initiates a strong inflammatory
response, resulting in increased pro-inflammatory cytokines and alterations in hematopoiesis (Posadas et al., 2004).
Inflammatory stress alone was sufficient to alter blood parameters, including white blood cell counts, platelet counts, and
red blood cell indices, without any direct toxic effects of the administered extract. Therefore, the notable differences
could suggest an ongoing inflammatory condition rather than a direct toxic effect of the extract.

Toxicological interpretation should consider both the biological context and the observed change, rather than
relying solely on statistical significance, when determining adverse effects (Organisation for Economic Co-operation and
Development, 2002; EFSA Scientific Committee et al., 2017). Parameters within normal physiological limits are
generally regarded as non-adverse, especially when no histopathological or biochemical abnormalities are present
(Organization for Economic Co-operation and Development, 2002). As demonstrated in the present study, the absence of
tissue damage and maintenance of normal body weight in all extract-treated groups supported that the extract was well
tolerated under the subacute conditions.

CONCLUSION

The current findings demonstrated that repeated oral administration of pomegranate rind extract over 28 days produced
dose-dependent anti-inflammatory effects. A progressive decrease in paw edema, along with suppression of TNF-a and
an increase in IL-10, occurred in a dose-dependent manner. There were no mortalities, clinical signs of toxicity,
treatment-associated histopathological changes, or adverse effects on hepatic and renal function, which suggested that
the extract was well tolerated throughout the study period. The current findings supported the potential of P. granatum
rind extract as a safe and effective therapeutic candidate for inflammatory conditions. Although the present study was
conducted in male mice over a 28-day period, long-term toxicity studies including both sexes, as well as investigations of
the underlying molecular mechanisms, are necessary to establish a comprehensive safety and efficacy profile for broader
therapeutic application.
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