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ABSTRACT

lonizing radiation causes significant harm to lymphoid organs through oxidative stress, cellular depletion, and disruption
of tissue architecture. The study aimed to establish a sublethal *¥’Cs y-radiation-induced model of thymic and splenic
injury and to evaluate the mitigating effects of rosmarinic Acid (RA). Total 144 BALB/c mice, 6-8 weeks age and 18-22
g weight, were randomly allocated into six groups: normal control, irradiated control, RA50, RA100, RA150, and
levamisole. Mice were exposed to 3’Cs y-radiation to induce thymic and splenic injury and were subsequently treated
with RA at doses of 50, 100, 150 mg/kg for 14 days. The mitigating effects of RA were assessed using hematological
parameters, thymic and splenic indices, organ cellularity, histological architecture, oxidative-stress and antioxidant
markers, and the thymic expression of FoxN1, IL-6, IL-7, and IL-15. At 150 mg/kg dose, thymus and spleen index
increased significantly (p < 0.001) from irradiated group. Histological examination showed reduced radiation-associated
hypocellularity and architectural disruption in the thymus and spleen, improvement observed at 150 mg/kg. RA
significantly reduced malondialdehyde levels in the thymus and spleen (p < 0.001) than irradiated group following
treatment with 150mg/kg and significantly improved SOD (p < 0.001), GPx (p < 0.001), CAT (p < 0.01) activity.
Furthermore, RA significantly modulated the radiation-altered expression of IL-7 (p < 0.001), IL-6, IL-15, and FoxN1 (p
< 0.01) mRNA in the thymus, at 150 mg/kg. Overall, RA, mitigated sublethal radiation-associated thymic and splenic
injury, as demonstrated by improvements in hematological and organ indices, oxidative-stress and antioxidant markers,
lymphoid tissue architecture, and thymic mRNA expression. These findings suggest that RA may have potential as a
natural immunomodulatory agent against radiation-associated lymphoid injury.

Keywords: Thymus, Radiation, Rosmarinic acid, Cytokines, Antioxidant

This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (https://creativecommons.org/licenses/by/4.0

Received: June 23, 2026 Published Online: November 01, 2026 https://doi.org/10.36899/JAPS.2027.1.0013

INTRODUCTION

T cells are essential components of adaptive immunity, and the development of a distinct and self-tolerant T-cell
repertoire in the thymus is important for maintaining immune competence and protection against infection (Kinsella and
Dudakov, 2020). The thymus plays a pivotal function in the immune system by providing the microenvironment required
for T-cell maturation (Thapa and Farber, 2019). Specifically, the thymic stroma provides a distinct microenvironment
that facilitates T cells' survival, proliferation, differentiation, and maturation (Kuo et al., 2024). In addition to the
thymus, the spleen serves as a major secondary lymphoid organ involved in antigen processing, lymphocyte activation,
and immune surveillance (Lewis et al., 2019). The thymus is a distinctive organ that progressively degenerates with age,
more rapidly than other organs (Barbouti et al., 2020). This process is accompanied by decreased thymic epithelial cell
(TEC) function and a drop in TEC populations, resulting in decreased thymopoiesis and impaired immune competence
(Liu et al., 2023). In addition to age-associated thymic involution, the thymus can undergo sudden regression, referred to
as acute thymic injury, in response to several factors, including radiation therapy (Kinsella and Dudakov, 2020;
Granadier et al., 2025). Importantly, radiation exposure can impair both the spleen and thymus, producing reduction of
immune-cell populations, damage of hematopoietic and immune functions, and acute thymic involution (Cassatt et al.,
2023; Horie et al., 2023).
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Reactive oxygen species (ROS), generates as a result of ionizing radiation cause oxidative stress which
ultimately damages cellular DNA, proteins, and lipids (Zhu et al., 2019). The involution of the thymus due to irradiation
can impair TECs and disrupt their function and communication with thymocytes ultimately resulting in reduced
expression of thymopoietic factors, including forkhead box N1 (FoxN1), interleukin-7 (IL-7), interleukin-15 ( IL-15),
and interleukin-6 (IL-6) (Lee et al., 2023). Radiation-induced damage to both primary and secondary lymphoid organs
collectively exacerbate immune dysfunction. Therefore, developing therapeutic strategies capable of restoring thymic
and splenic function after radiation exposure is of considerable importance. Such approaches may not only improve
immune reconstitution following radiation-induced injury but also enhance responses to immunotherapy and reduce
complications associated with cancer treatment (Velardi et al., 2021).

Bioactive compounds present in foods and plants have received substantial attention because of their diverse
pharmacological attributes, including remarkable biocompatibility, tissue affinity, and beneficial biological activities
such as antioxidant, neuroprotective, antimicrobial, and anti-inflammatory effects (Hwang et al., 2022).

Rosmarinic Acid (RA) is a natural phenolic acid, extracted from the leaves of many Lamiaceae herbs (Guan et
al., 2022). RA has pharmacological properties, including anti-inflammatory, diuretic, antimicrobial, neuroprotective, and
antioxidant activities (Ghaffari et al., 2014; Usha et al., 2014; Adomako-Bonsu et al., 2017; Nadeem et al., 2019; Moser
et al., 2020). Although RA is well recognized for its antioxidant and radioprotective properties, previous studies have
primarily focused on its ability to attenuate oxidative stress and general tissue damage. However, its potential to mitigate
radiation-induced injury in lymphoid organs particularly thymus and spleen, and to modulate the associated immune
response remains comparatively underexplored. Therefore, the present study extends the established immunomodulatory
effects of rosmarinic acid by investigating its ability to alleviate radiation-induced thymic and splenic injury in BALB/c
mice.  This study aimed to establish a sublethal model of thymic and splenic injury induced by 5 Gy of “¥'Cs v-
irradiation and to evaluate the ability of RA to mitigate radiation-associated damage.

MATERIALS AND METHODS

Materials and Reagents: Rosmarinic acid purchased from Macklin (China) was dissolved in normal saline. Mouse
primers (FoxN1, IL-15, IL-7, and IL-6), PCR Master Mix, and cDNA synthesis kit were obtained from Zokeyo, China,
and Wizbiosolutions, Korea, respectively. A hematoxylin and eosin staining kit was purchased from Jiangsu, China.
Levamisole hydrochloride purchased from ICI (Pakistan) was dissolved in normal saline. All other chemicals utilized in
the current research were procured from Sigma-Aldrich (St. Louis, MO, USA).

Animals: BALB/c Mice (either sex, 6-8 weeks, 18-22 g) were housed under standard laboratory condition approved by
the Institutional Animal Ethics Committee. Food and water were provided ad libitum throughout the experimental period
to allow the animals to acclimatize to the laboratory conditions (Wang and Li, 2019).This experiment was performed by
the approval of Institutional Animal Ethics Committee (PHM.Eth/CS-M02-10-2424).

Whole-Body ''Cs y-Irradiation: The 5 Gy ¥’Cs y-irradiation protocol was conducted at the Nuclear Institute for
Agriculture and Biology (NIAB). Except for the normal control group, mice from all other groups were kept in
specifically prepared, ventilated cages and exposed to whole-body sub-lethal irradiation. The mice were exposed to 5 Gy
of 1¥7Cs vy-irradiation at a dose rate of 1 Gy/min for 5 min using a Gamma cell 3000 irradiator (EI-Desouky et al., 2017).

Experimental Design: Total 144 BALB/c mice were randomly divided into 6 groups (twenty-four mice per group).
Group allocation was performed using simple randomization in accordance with the ARRIVE guidelines. RA was
administered at doses of 50, 100, and 150 mg/kg for 14 consecutive days. These doses were selected based on previously
published literature (Boonyarikpunchai et al., 2014) and departmental experimental requirements The intraperitoneal
route was selected in accordance with the experimental protocol of the present study. The experimental groups were as
follows: Group I, normal control group, which received 0.2-0.3 mL/day of normal saline intraperitoneally (i.p.) for 14
days; Group I, irradiated group, which received 0.2-0.3 mL/day of normal saline intraperitoneally for 14 days; Group
I11, irradiated group treated with RA at 50 mg/kg intraperitoneally; Group 1V, irradiated group treated with RA at 100
mg/kg intraperitoneally; Group V, irradiated group treated with RA at 150 mg/kg intraperitoneally; and Group VI,
positive-control group, which received levamisole at 2.5 mg/kg intraperitoneally. RA and levamisole were administered
for 14 consecutive days. All the animals were killed at the end of the experiment by cervical dislocation. The experiment
was performed in February 2022 at COMSATS University Islamabad, Abbottabad Campus.

Hematological Assessment: Blood was collected from the aorta of randomly selected six mice per group in
ethylenediaminetetraacetic acid-coated tubes for determination of red blood cells (RBC), hemoglobin (Hb), white blood
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cells (WBC), lymphocyte, and platelets (PLT). An automated hematology analyzer was used for it (EI-Desouky et al.,
2017).

Thymic and Splenic Indices: Mice were euthanized through cervical dislocation. After that, the collected spleen and
thymus were weighed instantly. This procedure was performed using six mice from each group. Their indices were
determined according to the formula (Gong et al., 2015).

Thymus index = thymus weight (mg) / body weight (g)
Spleen index = spleen weight (mg) / body weight ()

Isolation and Counting of Thymocytes and Splenocytes: The thymus and spleen were immediately placed in ice-cold
phosphate-buffered saline (PBS) and mechanically dissociated in 2-3 mL RPMI-1640 to obtain single-cell suspension.
The suspensions were transferred to centrifuge tubes and centrifuged at 400 x g. The resulting pellets were resuspended
in PBS. For splenocyte isolation, RBCs were lysed using RBC lysis buffer for 1-2 minutes at room temperature. The
cells were subsequently washed and resuspended in PBS. Cell number was determined using the trypan blue exclusion
method and a hemocytometer (Gayathri et al., 2011; Li et al., 2024). This procedure was performed using six mice from
each group.

Biochemical Parameters Estimation: The thymus and spleen tissues from six mice in each group were homogenized
and sonicated, followed by centrifugation. The resulting supernatants were used to determine the following biochemical
parameters.

The catalase (CAT) activity was find out by using the reaction mixture of thymus and spleen tissue homogenate
50 ulL, 1.95 mL phosphate buffer (50 mM; pH 7.4), and 1 mL (30 mM) H,0,. At 240nm optical density measurements
were obtained, and catalase activity was subsequently find out according to the following equation.

CAT activity = 60.D. / (E x Vol. of sample(mL) x mg of protein)
where E = 0.071 mmol/cm (extinction coefficient: H20.), where 50.D. represents the rate of change in optical density
per minute (Saleem et al., 2021).

Malondialdehyde (MDA), indirectly indicates the lipid peroxidation. It was determined by its reactivity with
thiobarbituric acid (TBA). 1mL of abovementioned supernatant was transferred to a test tube and added to 3 mL of
0.38% (w/w) TBA reagent, 0.25 M HCI, 8.1% sodium dodecyl sulphate, and 15% trichloroacetic acid (TCA). This
solution was stirred and incubated for 15 min, followed by cooling. Then it was centrifuged at 3500 g for 10 min. The
upper layer was separated, and its absorbance was measured with a spectrophotometer at 532nm. All determinations
were made in triplicate. The concentration of MDA was determined with the formula
Conc. of MDA = Absss; x100xV 7 (1.56 x 10%) x W xV y

In this formula Absss, is absorbance, V r is total volume, W r is weight of organ (thymus/spleen), 1.56x10° is

molar extinction coefficient, and V v is aliquot volume (Bhangale and Acharya, 2016).
Superoxide dismutase (SOD) level was determined by the reaction mixture of sodium phosphate buffer 1.2 mL, tissue
homogenate 100 pL, nitro blue tetrazolium 300 pL, phenazine methosulfate 100 uL, and Triton X 200 uL. The mixture
was kept for 95s at 30°C and mixed with acetic acid to end the reaction. Subsequently, 4 mL of n-butanol was added,
agitated and allowed to settle for 10 min before centrifugation at 1000xg. The absorbance of n-butanol fraction was
recorded at 560 nm using n-butanol as the blank and SOD activity was quantified with reference to a standard SOD
calibration curve (Mughal et al., 2024).

For glutathione peroxidase (GPx), the assay mixture consisted of homogenate 0.1 mL, 0.2 mL of each EDTA,
distilled H.O2, and sodium azide. By adding trichloroacetic acid (TCA) reaction was terminated and centrifuged for 10
min at 2000 rpm. A 0.5 mL aliquot 5,5-dithiobisnitrobenzoic acid (DTNB) and 4 mL of disodium hydrogen phosphate
were added to the supernatant and mixed thoroughly. The absorbance at 420 nm was taken, and glutathione peroxidase
activity was measured (Saleem et al., 2020).

Histopathological Analysis: The thymus and spleen tissues from six mice in each group were collected for
histopathological analysis. The tissues were dehydrated in alcohol, embedded in molten paraffin, and allowed to solidify.
Sections of 5pum were cut using a microtome. Staining was performed using Hematoxylin & Eosin dye. The histological
sections were examined by an investigator blinded to group allocation. Histopathological changes were graded
semi-quantitatively on a scale of 0-3, where 0 = normal; 1 = mild; 2 = moderate; 3 = severe. The following features were
evaluated in the thymus: lymphocyte depletion, cortical changes, medullary changes, alteration in cellular density, and
tissue degeneration. In the spleen, the following features were evaluated: splenic architectural disorganization, red and
white pulp damage, capsule thickening, blood congestion, hemorrhage, and fibrous trabeculae. (Comelekoglu et al.,
2007; Fathy and Abdelkader, 2021).
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RNA Isolation and cDNA Synthesis: Total RNA was extracted from thymic tissue collected from six mice in each
group using the TRIzol method. Samples were homogenized in Trizol, and subsequently RNA was extracted by using
chloroform, precipitated with isopropanol, washed with ethanol, and dissolved in nuclease-free water. RNA was
evaluated by determining absorbance at 260/280 nm (Fan et al., 2020). cDNA was synthesized from 2 pg of RNA using
the cDNA Synthesis Kit (wizbiosolutions, Korea). The reaction was incubated at 42°C for 1 hour and terminated at 70°C.
The synthesized cDNA was used as a template for further analysis.

Reverse Transcription (RT-PCR) Assay: The target genes are shown in Table 1. They were amplified using an RT-PCR
(Kyratec, Super Cycler) instrument as specified by manufacturer’s suggested parameters. The annealing temperatures for
IL-6, IL-7, and FoxN1 was 56°C, whereas for GAPDH and IL-15 was 60°C and 63°C respectively. Amplification was
performed for 30-35 cycles. The PCR products were separated by agarose gel electrophoresis and visualized under UV
light. ImageJ software was used for the assessment of gel band intensities. The transcript levels of IL-6, IL-7, IL-15, and
FoxN1 were normalized to the corresponding GAPDH expression levels. Data was acquired by repeating the experiment
three times.

Table 1. Primers Sequences for Analysis of Relative Gene Expression

Primers Sense: 5’-3' Antisense: 5'-3'

IL-6 CATTTGTACAGTCCCAGTCA GCTCCTGATGGACATAGATT
IL-7 GCTCCCAGTCTCACAGAGTT CTACTTTGCGCTGGGTCTTC
IL-15 GCAAGCAACCTGTGAACTCA CCCACATGATTCTGCCACTG
FoxN1 CACTCAGAGGAAGCCTTGGG GGATGAGGTTTGGAGGGGTG
GAPDH TGTGACTAACCTCATTCCTC TCAAGGGCTTTTAAGGCTAA

Statistical Analysis: Values are reported as the mean + standard deviation (SD). Statistical parameters were performed
using GraphPad Prism software (GraphPad, San Diego, CA, USA). A p-value (p < 0.05) was deemed statistically
significant. One-way ANOVA was applied to analyze all parameters except body weight. Body weight was measured at
different time points and was therefore analyzed using two-way ANOVA (Treatment x time). Dunnett’s post hoc test was
used for multiple comparisons with the control group used as the reference for comparisons with irradiated animals and
the irradiated group used as the reference for comparisons with treatment groups. Normality was measured by Shapiro—
Wilk test, and no significant deviation from normality was found (p > 0.05). Homogeneity of variance was measured by
the Brown—Forsythe test, which also showed no significant difference in variances (p > 0.05). Therefore, the assumptions

of parametric ANOVA were considered satisfied. In the figures #P < 0.05, ##P <0.01, ###P < 0.001 indicates significant

differences versus normal. P <0.05, “p <0.01, “p < 0.001, indicates significant differences versus the irradiated group.
Ns indicates a non-significant difference.

RESULTS

Effect of RA on Body Weight, Spleen Index, Thymus Index, and Cell Count of Mouse: As illustrated in Fig.1(A), no
significant difference in the mice's body weight was seen across every experimental group at the commencement of the
experimental procedure. Conversely, on 14th day, the body weight of the irradiated group exhibited a marked reduction
(p < 0.001) when compared to that of the normal group. However, treatment with RA significantly increased radiation-
associated reduction in body weight of the mice when it was observed at the end of the experiment (p-value < 0.001).

The thymus index of the irradiated group declined significantly (0.415 + 0.059) as compared to that of the
normal group (0.983 + 0.067) (p < 0.001). However, the treatments of RA (low, medium and high doses) confirmed an
increase in the thymus index. Maximum increase in thymus index was seen with high dose of RA that was 0.822 + 0.017
(Fig. 1B). Similar effects were observed in spleen index (Fig. 1C). Spleen index of irradiated group was 1.340 + 0.060,
which increased by high dose of RA up to 2.843 £+ 0.159.

Fig. 1(D) presents the data of thymocyte count (2.752 + 0.078 x108) in the normal group, which decreased to
(1.275 £ 0.100 x108) in the irradiated group, which demonstrates that the thymocyte number in the irradiated group was
significantly less (p<0.001) than that in the normal group, representing that 5 Gy !¥’Cs y-irradiation had effectively
caused thymic involution in mice. However, all three doses of RA and levamisole significantly improved the thymocyte
counts to a maximum of (2.538 x10® + 0.048) (p<0.001), and likewise this effect of RA was also seen in splenocyte
counts (Fig. 1E). In the normal group, splenocyte count was (7.919x108 + 0.129), which reduced to (3.067x102 + 0.326).
RA treatment at a high dose enhanced it to (6.240x108 + 0.08).
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Effect of RA on Hematology: The study primarily evaluated RBC counts, WBC counts, and differential leukocyte
profiles, with particular emphasis on the percentage of lymphocytes, Hb amount, and PLT counts (Fig. 3 2A, B, C, D, &
E). In the untreated irradiated group, the RBC count, WBC count, PLT counts (p < 0.001), percentage of lymphocytes (p
< 0.01), and Hb (p < 0.05) were significantly lower than those in the normal group. Significant changes in RBC, WBC,
lymphocyte percentage, Hb, and PLT levels were observed in the group treated with RA at three different doses, and with
levamisole as compared to those of the untreated irradiated group (Fig. 2A, B, C, D, & E).
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Fig. 1. RA effect on (A) mice weight, (B, C) thymic & splenic index, (D) thymocyte count, (E) splenocyte count.
Normal, Irradiated, RA (50, 100, 150) mg/ kg, and levamisole 2.5 mg/kg (n = 6) Statistical analysis was

performed using GraphPad software Each group presents data as mean + SD. P <0.05, P <0. 01 P <

0.001 versus normal. P < 0.05, P <0.01, o

P < 0.001, ns: not significant, versus the irradiated group.
RA: Rosmarinic acid
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Fig. 2. Effects of RA on (A) RBCs, (B) WBCs, (C) lymphocytes percentage, (D) Hb and (E) PLT. Normal,
irradiated, RA (50, 100, 150) mg/ kg, and levamisole 2.5 mg/kg (n = 6). Statlstlcal anaIyS|s was performed

using GraphPad software Each group presents data as means + SD. P < 0.05, “p < 0.01, "p < 0.001

Kok

versus normal. P <0.05, P <0.01, P <0.001, ns: not significant, versus the irradiated group. RA:
Rosmarinic acid; RBCs: Red blood cells; WBCs: White blood cells; Hb: Hemoglobin; PLT: platelets.

Effect of RA on Oxidant/Antioxidant Status: The effect of three different doses of RA on oxidant/antioxidant status in
thymus and spleen after 5 Gy *¥’Cs y-irradiation is shown in Figures 3 & 4, respectively.

As compared to irradiated groups, administration of RA significantly raised the level of SOD. In the normal
group SOD activity was (0.303 £ 0.0321U/uL); in irradiated group, it decreased to 0.070 + 0.020 1U/uL, while the high
dose of RA increased this level to 0.253 + 0.015 IU/uL (p < 0.001. Fig. 3A).

The CAT activity of the normal group was 1.140 + 0.052 1U/uL, which was lower in irradiated group 0.523 +
0.076 1U/uL. RA increased this level to 0.885 + 0.065 IU/uL (p <0.01) (Fig. 3C).

GPx increase was 74.6% in the higher dose (p < 0.001) than in the irradiated group (Fig. 3D).

The MDA activity in thymus tissue of irradiated groups increased to 4.7050 + 0.2150 pg/mg. In RA-treated groups,
MDA level was reduced to 2.5817 + 0.3325 pg/mg in the high dose (150mg/kg) group (Fig. 3B).
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Fig. 3. Effects of RA on thymic (A) SOD, (B) MDA, (C) CAT, and (D) GPx. Normal, irradiated, RA (50, 100, 150)
mg/ kg, and levamisole 2.5 mg/kg (n = 6) Statistical anaIyS|s was performed using GraphPad software

Each group presents data as means = SD. P <0.05, “p <0.01, "p <0.001 versus normal. P < 0.05, P <

0.01, P <0.001, ns: not significant, versus the irradiated group. RA: Rosmarinic acid; SOD: Superoxide
dismutase; MDA: Malondialdehyde; CAT: Catalase; GPx: Glutathione peroxidase.
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In the spleen, administration of RA significantly raised the levels of SOD p < 0.001, GPx p <0.001, and CAT p
<0.01, as compared to those in the untreated irradiated groups (Fig. 4A, C, & D).

SOD value of the normal group was 0.2067 + 0.00311U/uL, which decreased to 0.0633 + 0.0058 IU/uL in the
irradiated group. Treatment with high dose of RA increased SOD level to 0.1833 + 0.0058 IU/uL, which was close to
that in the levamisole treated group 0.1817 + 0.0126 1U/pL.

The MDA activity in the spleen tissue of rosmarinic acid-treated groups declined to 2.868 + 0.061 pug/mg in
comparison to 4.693 £ 0.231 pg/mg (p < 0.001) in the irradiated group. There was a trend towards improvement with RA
treatment (Fig. 4B).

CAT activity of the normal group in spleen tissue was 1.087+0.132 IU/uL which decreased to (0.477+0.031
IU/uL) in irradiated group. RA dose at 150mg/kg increased this level to (0.882+0.076 1U/uL).

GPx activity was 9.057 £ 0.370(/mg of protein) in the normal group. In the irradiated group, this decreased to 5.167 £
0.252 (W/mg of protein) and with RA high dose, it increased to 6.617+0.246(u/mg of protein).

Histopathology of the Thymus Gland and Spleen: The thymus of the normal group exhibited a distinct cortex with
dark-staining cells adjacent to the medulla, paler-stained (Fig. 5A). The thymus of irradiated mice exhibited remarkable
alterations in cellular density. The demarcation between the cortex and medulla looked less defined (Figure 6 5B). There
were fewer degenerative changes in the thymus tissue of the RA-treated group as compared to that in the irradiated group
(Table 2) (Fig. 5 C, D, E, F). The thymus tissues from the RA-treated group also showed a rise in lymphocytes (Fig. 5D).
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Fig. 4. Effects of RA on splenic (A) SOD, (B) MDA, (C) CAT, and (D) GPx. Normal, irradiated, RA (50,100, 150)
mg/ kg, and levamisole 2.5 mg/kg (n = 6) Statlstlcal anaIyS|s was performed using GraphPad software

Each group presents data as means + SD. P <0.05, “p <0. 01 "p <0.001 versus normal. P <0.05, P <

0.01, P < 0.001, ns: not significant, versus the irradiated group. RA: Rosmarinic acid; SOD:
Superoxide dismutase; MDA: Malondialdehyde; CAT: Catalase; GPx: Glutathione peroxidase.

Table 2. Thymus Histopathological Grading

Histopathological feature Normal | Irradiated | RA50 mg/kg | RA 100 mg/kg Tn'zllksg 0 Levamisole
Lymphocyte depletion 0 3 2 1 1 0
Cortex changes 0 3 2 1 1 0
Medulla changes 0 2 2 1 0 0
Alteration in cellular density 0 3 2 1 1 0
Tissue degeneration 0 3 2 1 0 0

Scoring key: 0 = normal/absent, 1 = mild, 2 = moderate, 3 = severe




Rashid et al., J. Anim. Plant Sci., 37 (1) 2027

o

Fig. 5. Histological alterations in mouse thymus subjected to H&E staining. (A) Normal; (B) irradiated; (C) RA 50
mg/kg; (D) RA 100 mg/kg; (E) RA 150 mg/kg; (F) levamisole 2.5 mg/kg. Hassall's corpuscles (H),
reticular cells (arrowhead), medulla (M), lymphocytes (arrow), cortex (C), and cell depletion (circle).
Scale bar: (10 x). RA: Rosmarinic acid. H&E: Hematoxylin and Eosin stain.

The sections of splenic tissues of the normal group exhibited regular red and white pulp architecture, as well as
thin splenic capsules. Spleen sections of irradiated mice exhibited disorganized splenic structure, marginally thick
capsules, blood congestion, hemorrhage, and additional fibrous trabeculae. Whereas sections of splenic tissue of groups
that were subjected to 5 Gy ¥Cs y-irradiation and various doses of RA ameliorated histological architecture to a
different extent. Table 3. (Fig. 6).

Table 3. Spleen Histopathological Grading

]Ic:;sttlcj)feathologlcal Normal | Irradiated | RA 50 mg/kg RA 100 mg/kg RA 150 mg/kg Levamisole
S_plenlc e}rch_ltectural 0 3 2 1 0 0
disorganization

Red and white pulp 0 3 2 1 1 1
damage

Capsule thickening 0 2 1 1 0 1
Blood congestion 0 3 2 1 1 1
Hemorrhage 0 2 1 1 0 0
Fibrous trabeculae 0 2 1 1 0 1

Scoring key: 0 = normal/absent, 1 = mild, 2 = moderate, 3 = severe
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Fig. 6. Histopathological changes shown in splenic sections via H&E staining. (A) Normal; (B) irradiated; (C) RA
50 mg/kg; (D) RA 100 mg/kg; (E) RA 150 mg/kg; (F) levamisole 2.5 mg/kg. Cell depletion (circle), red
pulps (RP), lymphocytes (arrowhead), white pulps (WP), Blood congestion (arrow), hemorrhage (H). (10
X). RA: Rosmarinic acid. H&E: Hematoxylin and Eosin stain.

Effect of RA on the Relative Expression Levels of IL-6, IL-7, IL-15, and FoxNL1 in the Thymus: To further reveal
the recovery effect of RA on thymic injury, we measured the relative mRNA expression of FOxN1 and thymic cytokines.
Fig. 8A shows that relative fold expression of IL-7 decreased in the irradiated group, which was upregulated by all three
doses of RA. Fig. 7B presented the data of IL-6 relative fold increase; high dose showed more increase in expression
level. Fig. 7 C and D showed that levels of 1L-15 and FoxN1 were inhabited in the irradiated group when compared to
their levels in the normal group, RA doses upregulated their level. Fig. 7E is a visual image of gel bands. Relative mRNA
expression of these genes increased with RA in the statistics of the irradiated group. After RA treatment at a (150mg/kg)
dose, the expression level significantly improved (p < 0.05).
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Fig. 7. PCR of (A) IL-7, (B) IL-6, (C) IL-15, (D) FoxN1, and (E) gel images. Normal, Irradiated; RA (50,100, 150)
mg/ kg, and levamisole 2.5 mg/kg (n = 6). Statistical analysis was performed using GraphPad software.

Each group presents data as means + SD (n = 6). P < 0.05, “p <0.01, "p < 0.001 versus normal. P <
P <0.001, ns: not significant, versus the irradiated group. RA: Rosmarinic acid, IL:

005 P <0.01,

Interleukin.
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DISCUSSION

Rosmarinic acid, a phenolic acid isolated from Rosmarinus officinalis, possesses anti-inflammatory,
neuroprotective, antimicrobial, antioxidant, and diuretic properties (Ghaffari et al., 2014; Usha et al., 2014; Adomako-
Bonsu et al., 2017; Nadeem et al., 2019; Moser et al., 2020). Given its documented antioxidant and anti-inflammatory
properties, RA may counteract radiation-induced oxidative and inflammatory injury in lymphoid tissues. In the current
research, we assessed the immunomodulatory effects of RA against radiation-induced injury on the spleen and thymus in
mice. The results achieved in the current study were comparable to those observed in a standard positive-control group
treated with levamisole, indicating the immunomodulatory effects of RA against radiation-induced injury.

In the present study, whole-body 5 Gy '¥’Cs y-irradiation caused a considerable drop in the RBCs, WBCs, Hb,
PLT, and lymphocyte. Similar findings were obtained by Begum et al, (2012), who observed a significant drop in the
counts of RBCs and WBCs in mice exposed to 5 Gy '¥Cs y-irradiation. This phenomenon may be ascribed to the
destruction and depletion of mature circulating blood cells due to hemorrhagic events or leakage via capillary
membranes, coupled with a reduced cellular production (El-Desouky et al., 2017). Conversely, mice treated with RA
displayed significant improvements in RBCs, WBCs, Hb, PLT, and lymphocyte counts.

The damage induced by radiation is principally attributed to the generation of free radicals, which substantially
contribute to the biological effects of radiation and exerts deleterious effects on tissues and living organisms (Buonanno
et al., 2011). During whole-body irradiation, the excessive generation of free radicals may overwhelm the antioxidant
defense system, rendering it unable to neutralize them effectively. Antioxidants are effective scavengers of free radicals
and are therefore considered promising candidates for the development of immunomodulators (Khan et al., 2015). Prior
investigations have shown that RA serves as an efficacious antioxidant, effectively scavenging various free radicals, as
the polyphenols facilitate the transfer of electrons, thereby promoting the antioxidant defense mechanisms (Ghali et al.,
2024). These findings-provided the rationale for investigating the modulatory effect of RA against radiation-induced
damage in the thymus gland and spleen. The ability of RA to mitigate radiation-induced oxidative stress was assessed by
measuring MDA, GPx, CAT, and SOD levels in the splenic and thymic tissue. These findings are consistent with those of
Li et al. (2016), who reported a reduction in antioxidant enzyme activity and increased MDA levels in mice subjected to
radiation. The present findings are also consistent with those of Fathy and Abdelkader (2021), who observed that an
insecticide increased MDA activity and reduced antioxidant enzyme action in the thymic tissue of rats, while resveratrol,
a polyphenolic compound, was able to reverse these alterations.

lonizing radiation has the potential to induce mutations, chromosomal abnormalities, and apoptosis in cells
(Mladenova et al., 2022). Typically, the tissues that exhibit the highest sensitivity to radiation are those characterized by
rapid cellular turnover, such as the hematopoietic, gastrointestinal, and reproductive systems. Notably, immune cells
present an exception to this generalization, as they display marked radiosensitivity despite their comparatively slow
turnover rates (Talapko et al., 2024). Prior investigations have demonstrated that the thymus is particularly vulnerable to
total-body irradiation, with sublethal doses causing both atrophy as well as structural alterations (Park et al., 2023; Duan
et al., 2017). Following a 14 days regimen of sublethal-dose total body 5 Gy ¥’Cs y-irradiation, we observed a
statistically significant reduction in body weight, thymus weight, and thymocyte counts when compared with those in the
control groups, potentially reflecting a decline in immune-cell populations.

Thymic atrophy was further characterized through histological examination of thymic tissue, which revealed a
decrease in lymphocyte populations, the infiltration of macrophages. RA administration not only enhanced total body
weight, thymic weight, and the thymic index but also facilitated the restoration of thymic tissue architecture with greater
improvement generally observed at higher dose. Similarly, 5 Gy ¥’Cs y-irradiation significantly reduced the spleen
index, splenocyte count, and disrupted splenic histoarchitecture, while RA treatment markedly attenuated these
alterations. These findings are consistent with the findings of prior reports. (Mahmoud et al., 2021).

Radiation-induced thymic damage resulted in acute involution, which was ameliorated by RA in the present
work (Fig. 8). Under pathological conditions, the regeneration and functional restoration of TECs are essential for the re-
establishment of an immunocompetent and self-tolerant T-cell repertoire (Hubscher et al., 2024). In our present research,
we elucidated the-effects of RA on the expression of immunoregulatory genes that are pivotal in T-cell differentiation,
proliferation, and survival through their interaction with thymocytes. FoxN1 serves as a principal regulator of TECs (Li
et al., 2023). IL-6 is implicated in the facilitation of an immunological response by enhancing the synthesis of antibodies
(Tanaka et al., 2014; Saini et al., 2020). Given the pleiotropic role of IL-6 in inflammatory and immunoregulatory
processes, its altered expression may reflect context-dependent changes in the immune response following irradiation.
The finding are consistent with our previously published study (Mughal et al., 2024). IL-7 is a cytokine predominantly
produced by TECs and fundamental component for the proliferation and survival of thymocytes (Bhalla et al., 2022).
Furthermore, IL-7 shows a substantial role in stimulating the proliferation of double-negative thymocytes and in overall
T-cell development (Gao et al., 2015). I1L-15 is a potent immunostimulatory cytokine that facilitates the development of
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T cells. Previous investigations have demonstrated its pronounced effects on NK cell replies and in the activation of
CD8" T cells (Pilipow et al., 2015). The results from our current study revealed a reduction in the expression of the
above-mentioned genes in the irradiated group, whereas RA treatment at various doses significantly improved their
expression.

Altogether, the findings of the present study suggest that rosmarinic acid promotes the recovery of radiation-
damaged thymic and splenic architecture and cellularity, thereby potentially ameliorating the deleterious effects of
ionizing radiation.

Pro T-cells IL-15 CD8+
IL-7 =

\ \] CD4+
TE Stem.cells 4

- FoxN1

Th17

Fig. 8. Hypothetical model illustrates the proposed protective effect of rosmarinic acid against 5 Gy *¥Cs y-
irradiation -induced AT in mice.

Conclusions: The findings obtained in the present study suggested that RA attenuate *3’Cs y-radiation-induced injury in
the thymus and spleen. RA ameliorated radiation-associated alterations in hematological parameters, body weight,
thymocyte count, splenocyte counts, and thymic and splenic indices, and improved the radiation-induced
histopathological changes in both lymphoid organs. Moreover, RA decreased radiation-induced oxidative stress, as
indicated by reduced malondialdehyde levels and enhanced antioxidant enzyme activities in thymus and spleen. RA also
modulated the radiation-induced expression of thymic IL-6, IL-7, IL-15, and FoxN1. Taken together, these findings
proposed that RA may attenuate the harmful effects of radiation by decreasing oxidative stress, preserving lymphoid
tissue architecture and cellularity, and modulating thymic gene expression. So, RA may have potential as a natural
immunomodulatory agent against radiation-induced lymphoid injury.

Study Limitations: Numerous limitations of the present study should be acknowledged. First, the study was performed
in one type of animal species and over 14 days of observation, which limits the long-term and chronic effect of RA.
Second, survival and functional immune responses for long duration were not evaluated. Third, gene expression was
analyzed without protein-level validation, and the findings were based primarily on mRNA analysis. Future studies can
be performed with longer follow-up periods, functional immune assessments, survival analysis, and protein-level
validation.
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