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Therapeutic Efficacy of 11-KetoB-Boswellic Acid and 5-Chloro-
8-Hydroxyquinoline in Ameliorating Spleen Dysfunction in
Streptozotocin-Induced Diabetic Mice

Eficacia Terapéutica del Acido 11-Cet@-Boswélico y 5-Cloro-8-Hidroxiquinolina para
Mejorar la Disfuncién del Bazo en Ratones Diabéticos Inducidos por Estreptozotocina

Al-Amri, I. S.%; Al-Mawali, M. J. 3, Doost Mohammadi, H. S; Farhadi, S'2 AlKindi, A. Y. ; Al-Hashmi, S. A2 Al-Harrasi, A. S.?
Abbas, G1; Kadim, I. T.%; Khalaf, S. K. Ur Rehman, N.2, Shehla, Al; Jamshidi-Adegani, FZ; Vakilian, S.%; Al-Amri, A. I. * & Shaikh, J.3

AL-AMRI, I. S.; AL-MAWALI, M. J.; DOOST MOHAMMADI, H. S.; FARHADI, S.; ALKINDI, A. Y.; AL-HASHMI, S. A.; AL-
HARRASI, A. S.; ABBAS, G.; KADIM, I. T.; KHALAF, S. K.; UR REHMAN, N.; SHEHLA, A.; JAMSHIDI-ADEGANI, F.;
VAKILIAN, S.; AL-AMRI, A .l. & SHAIKH, J . Therapeutic efficacy of 11-kef@boswellic acid and 5-chloro-8-hydroxyquinoline in
ameliorating spleen dysfunction in streptozotocin-induced diabetic mtcd. Morphol., 44(2371-479, 2026.

SUMMARY: Diabetes mellitus (DM) causes immune dysfunction and spleen damage. This study investigated the therapeutic
effects of 11-ket@-boswellic acid (KBA) isolated and semi-synthesized from Boswellia sacra resin and commercially sourced 5-
chloro-8-hydroxyquinoline (CHQ) on spleen injury in streptozotocin-induced diabetic mice. Twenty-four female CD1 mice dexte divi
into control, diabetic, diabetic + CHQ, and diabetic + KBA groups. KBA (25 mg/kg/day) or CHQ (25 mg/kg/day) was administered
intraperitoneally for four weeks. Spleen tissues were examined histologically with hematoxylin—eosin staining and morghalysic
Diabetic mice showed noticeable capsular thickening, disruption of white pulp architecture, lymphocyte depletion, armbregkstigm.

Both treatments significantly improved splenic structure; however, KBA treatment produced near-normal restoration of veldite and
pulp morphology, reduced inflammation, and lowered siderophage accumulation compared with CHQ. Laboratory-isolated KBA
demonstrated superior protection against diabetes-induced splenic dysfunction, highlighting its potential as a novet tygvegpeschi

for immune complications associated with diabetes. Further studies are warranted to define the underlying molecular mechanisms.

KEY WORDS: 11-Keto-B-boswellic acid; 5-Chloro-8-hydroxyquinoline; Spleen; Diabetes mellitus; Histopathology.

INTRODUCTION

Diabetes mellitus (DM) is a persistent metaboliescalating prevalence of diabetes poses a critical public-health
condition characterized by insufficient insulin productionghallenge. Current estimates indicate that ~15.7 % of Omani
reduced insulin sensitivity, or both, resulting in hyperglycemiadults have diabetes and are projected to reach ~23.8 % by
(Georgeet al,, 2010). Globally, DM ranks among the top five2050 (Al-Mawaliet al, 2021). The number of diagnosed cases
causes of mortality. According to the World Healthn Oman increased from ~128,769 in 2015 to 149,195 in 2020
Organization (WHO) and the International Diabetes Federati@md is expected to rise to ~352,000 by 2050 (Yoeisil,
(IDF), the global diabetes burden has continued to ris2021). Uncontrolled diabetes can lead to severe complications,
reaching approximately 589 million adults (aged 20-79 yearsffecting multiple organs, including the nervous and vascular
in 2024, compared to about 200 million cases in 1990, asgistems (Liet al, 2023). It may result in vision loss, renal
accounting for around 3.4 million deaths worldwide (Worldailure, myocardial infarction, and limb amputations
Health Organization, 2024). (Hippisley-Cox & Coupland, 2016). The pathogenesis of DM

involves multiple mechanisms, such as autoimmune-mediated

Elevated blood glucose contributes to ~11 % of8-cell destruction and diminished insulin action in target
cardiovascular mortality (Organization, 2024). In Oman, théssues. This dysfunction arises doeither inadequate insulin
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secretion or impaired tissue sensitivity, leading to disruptiomatural compounds as cost-effective alternatives for diabetes
in complex insulin signaling cascades (Lebovitz, 2001). Dvhanagement (Nasrollalet al., 2022). KBA, the principal
is primarily classified into Type 1 (T1DM) and Type 2 (T2DM)bioactive pentacyclic triterpenoid &oswelliaresin, is a
based on etiology. T1DM, constitutes approximately 10 % afitical mediator of frankincense’s pharmacological effects (Ni
all diagnosed diabetes cases (Genathal., 2018). etal, 2012). Numerous studies describe its anti-inflammatory
Environmental triggers such as chemical toxins, virglShehataet al, 2011), anticancer, and immunomodulatory
infections, or autoimmune responses can damage pancreattvities(Prachayasittikuét al, 2013) and its benefits in
b-cells, leading to insulin deficiency and TLDM developmenthronic inflammatory disorders such as osteoarthritis,
(Genuthet al, 2018). Chronic hyperglycemia, a defininginflammatory bowel disease, and respiratory ailments @tim
feature of diabetes, causes structural and functional damade 2025). Importantly, recent work has demonstrated KBA's
to multiple organs, leading to systemic complicationsrotective effects in diabetes models (Khetnal.,, 2022),
Persistent hyperglycemia also compromises lymphocytéghlighting its relevance to the present study. CHQ, a
function and promotes oxidative stress, resulting in immurgainoline derivative, substituted with a hydroxyl group at C-
dysregulation (Boynes, 1991). Consequently, lymphoid orgar&and a chlorine atom at C-5, has emerged as a compound of
especially the spleen, are particularly affected (Albéihdl, significant pharmacological interest due to its broad-spectrum
2023). Moreover, by employing histopathological evidencdyiological activities, including antibacterial, anticancer, and
we aimed to correlate the observed histological recovery withti-inflammatory effects. Furthermore, CHQ is a versatile
the pharmacological actions of the investigated compoundsynthetic intermediate in medicinal chemistry. Developing a
diabetic mouse model is essential for understanding the
Phytochemicals derived from medicinal plants havpathophysiological mechanisms of DM and for evaluating
been reported to show broad-spectrum bioactivity ammbtential therapeutic strategies derived from medicinal plants
favorable safety profiles, offering promising therapeutic(Ebaid, 2014). In this study, 5-chloro-8-hydroxyquinoline
potential against chronic diseases (Hossiml, 2025). (CHQ) was obtained commercially, whereas 11-keto-b-
Among these, pentacyclic triterpene molecules such asswellic acid was extracted and semi-synthesized in our own
boswellic acids fromBoswelliaspecies have demonstratedaboratory fromBoswellia sacraresin at the Natural and
significant antidiabetic effects (Reyal, 2019). Clinical trials Medical Sciences Research Centre of the University of Nizwa.
reported improved blood glucose, HbAlc, and lipid profileShis study is the first to evaluate and compare the histological
in type 2 diabetes patients treated vidtdswellia serrataesin  effects of laboratory-isolated KBA and commercially sourced
(Ammon, 2019). Herbal formulations containiBgswellia CHQ (Fig. 1) on spleen tissue altered by streptozotocin-
resin have likewise shown antidiabetic activity (al-Awatli induced diabetes in mice (Rehmetral,, 2023).
al., 1991). Furthermore, 8-hydroxyquinoline (8HQ) and its
derivatives possess antidiabetic, anticancer, antimicrobial, aMATERIAL AND METHOD
antioxidant properties (Abbasal, 2017). Quinoline analogs
exhibit strong antiglycation and antioxidant effeictsvitro Previous studies by our group involved the systematic
with proven non-toxicity (Prachayasittiket al, 2013). The isolation of secondary metabolites fr@aswellia sacraesin
growing popularity of natural medications, particularly inand the chemical modification of boswellic acid structures,
developing countries, is attributed to their safety and minimalere evaluated for their potential to address a range of
adverse effects (Abugomaa & Elbadawy, 2020). Recent studtidslogical disorders (Al-Harrast al, 2017). To assess the
highlight the therapeutic potential of flavonoids and otheaantidiabetic effects in mice model, KBA was extracted and
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Fig. 1. Chemical structures and synthetic route of the investigated compounds: (A) 5-Chloro-8-hydroxyquinoline (commenaéal)y so
and (B) large-scale production of 11-Kdfidsoswellic acid -KBA). Reagents and conditions: (a) /&Py/DMAP, CHCI,, room
temperature, 6 h; (b) NBS/Ca@8,0/hn, dioxane, room temperature, 10 h; (c) 0.5 N KOH in iPrOH, reflux, 10 h.
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semi-synthesized in our laboratory fr@oswellia sacraesin, RESULTS

using previously validated protocols (Shamtial, 2020).

Additionally, CHQ was obtained from our in-house compountlistopathological Assessment

library (originally purchased from Sigma-Aldrich).

Streptozotocin (STZ) powder, used to induce diabetes, was  Microscopic analysis of H&E-stained spleen sections

purchased from Sigma-Aldrich (St. Louis, MO, USA) revealed that the control group (Fig. 2A) demonstrated normal
capsular thickness and well-preserved tissue architecture. In
Ethical Approval contrast, diabetic mice (Fig. 2B) displayed a significant

increase in capsular thickness compared to controls.
All animal procedures were conducted in accordancgdministration of CHQ (Fig. 2C) resulted in a modest
with the ethical principles and institutional guidelines of theeduction in capsular thickness, whereas treatment with KBA
University of Nizwa for the care and use of laboratory animal§ig. 2D) demastrated noticeable restoration and structural
and were approved by the University Animal Ethics Committeamprovement. Histological examination of control spleens
showed intact microarchitecture, featuring demarcated
Animal Model periarteriolar lymphoid sheaths (PALS), germinal centers
with densely packed lymphocytes, follicular arteries
Twenty-four female CD1 mice (25-30 g, aged 10-12ncircled by concentric lymphocyte layers, and well-defined
weeks) were selected to minimize hormonal variability and tmantle-marginal zone complexes. The white and red pulp
maintain consistency with previous STZ-induced diabeteampartments maintained sharply distinct histological
studies. The animals were divided into two primary groups:t@undaries (Fig. 3A). In contrast, diabetic mice (Fig. 3B)
healthy control group (n = 6) and a streptozotocin-inducetbmonstrated disrupted white pulp architecture, lymphocyte
diabetic group (n = 18). Mice were housed under a 12-hodepletion, and a loss of structural integrity. These animals
light/dark cycle in a controlled environment with regulateclso showed increased arterial wall thickness, necrosis, and
temperature and humidity, and were given free access to fomaignificant reduction in mature lymphocytes within the

and water. germinal center. Treatment with CHQ and KBA (Figs. 3C-
D) resulted in significant improvements (p < 0.05),
Experimental Design characterized by enhaed lymphocyte distribution and

restoration of the normal balance between white and red pulp.

Following a one-week acclimatization period, the mic&tatistical analyses confirmed that diabetes induced severe
were randomly assigned to four experimental groups (n =d&pletion, degeneration, and necrosis of white pulp
each) (n = 6 each) to minimize selection bias. Group 1: healttymphocytes, whereas CHQ and KBA administration
controls receiving standard chow and water, Group 2: diabesignificantly mitigated these pathological alterations, nearly
controls established by intraperitoneal (IP) injection ofestoring normal tissue integrity and leading to a near recovery
streptozotocin (180 mg/kg) dissolved in 10 mM citrate buffeof the normal immunologic function of the spleen p < 0.05
(pH 4.5), Group 3: diabetic mice treated daily with CHQ (2%one-way ANOVA followed by Tukey’s post hoc test).
mg/kg, IP), Group 4: diabetic mice treated daily with KBA
(25 mgl/kg, IP). Glycemia was assessed at 72 h and again The red pulp morphology of the control spleen
between days 3-6 after STZ injection using blood from thdemonstrated well-organized lymphoid cells, plasma cells,
lateral tail vein (On Call Plus glucometer, ACON Laboratorieggeticular fibers, splenic cords, and sinusoids (Fig. 4A). In
Germany). Mice with blood glucose 300 mg/dL and diabetic mice, the red pulp displayed congestions,
symptoms such as polydipsia and polyuria were considerddgenerative changes, hemosiderin accumulation (a marker
diabetic. After 4 weeks of treatment, animals were euthanizedl splenic injury), and a predominance of siderophages
under 5 % isoflurane anesthesia by decapitation, and spleénemosiderin-laden macrophages), along with reduced

were collected in 10 % neutral buffered formalin. lymphocyte counts (Fig. 4B). Notably, in animals treated
with CHQ and KBA (Figs. 4C-D), red pulp restoration was
Histology. evident, with reduced hemosiderin deposits and improved

tissue structure. Morphometric scoring showed
Spleen specimens were fixed in 10 % neutral bufferazbnsiderable reductions in lesion severity in both treatment
formalin for 24 h, dehydrated in graded ethanol, cleared groups (p < 0.05), with KBA demonstrating the greatest
xylene, and embedded in paraffin. Sectiongr®) were cut improvement. KBA effect produced near-normal restoration
using a rotary microtome and stained with hematoxylin anaf white and red pulp morphology, reduced inflammation,
eosin (H&E) for histological examination and semi-and lowered siderophage accumulation compared with
morphometric scoring. CHQ (Figs. 2D-4D).
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Fig. 2. Histopathological analysis o

showing normal capsular structues);((B) untreated DM group exhibiting marked capsular thickerdjg (C) DM + CHQ group
showing a moderate reduction in capsular thickn&xs(D) DM + KBA group showing nearly normal capsule dimensidys (F)
Quantitative analysis of mean capsule thickness in different groups. *P < 0.05 compared with the DM group. Control, neglshy ani
DM, diabetic animals; DM + CHQ, diabetic animals treated with CHQ (5-chloro-8-hydroxyquinoline); DM + KBA, diabetic animals
treated with 11-ket@-boswellic acid. Data are expressed as me8&M. 1x magnification, scale bar = 26n.
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White pulp lesions

CONTROL DM CHQ  KBA

a well-defined central artery), densely packed lymphocytes in the germinal center (GC), and a distinct mantle-)anugrbunded by

the marginal zone (H). (B) Untreated DM group exhibiting central artery thickenifg{ecrotic changes, and marked lymphocytic
reduction in the germinal center (*). (C) DM + CHQ-treated group showing mild central artery thickeniagd moderate lymphocytic
depletion in the germinal center’|. (D) DM + KBA-treated group showing an improved white pulp structure with only mild lymphocytic
reduction in the germinal cente? {. (F) Quantitative analysis of white pulp lesions across groups. *P < 0.05 compared with the DM group.
Control, healthy animals; DM, diabetic animals; DM + CHQ, diabetic animals treated with CHQ (5-chloro-8-hydroxyquinoline); DM +
KBA, diabetic animals treated with 11-kefeboswellic acid. Data are expressed as meSEM. 4x magnification, scale bar = 28n.
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Fig. 4. Hematoxylin and eosin (H&E) staining of spleen tissue sections
(red pulp). (A) Control group showing normal red pulp histology with
preserved lymphoid cellular density (red arrow), intact splenic cords, and
patent sinusoids<). (B) Untreated DM group exhibiting marked sinusoidal
congestion { ), necrotic changes, and lymphoid depletion (blue arrow),
accompanied by numerous sideropha@@s0d megakaryocytes (yellow
arrow). (C) DM + CHQ-treated group and (D) DM + KBA-treated group
showing restored red pulp morphology with repopulated lymphocytes (red
arrow), organized splenic cords, and normalized sinusoidal architecture
(-). (F) Quantitative analysis of red pulp lesions across groups. *P < 0.05
compared with the DM group. Control, healthy animals; DM, diabetic
animals; DM + CHQ, diabetic animals treated with CHQ (5-chloro-8-
hydroxyquinoline); DM + KBA, diabetic animals treated with 11-k@to-
boswellic acid. Data are expressed as ne&EM. 40« magnification,
scale bar = 2him.
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DISCUSSION

Diabetes mellitus is characterized by persistemqersistent activation of pro-fibrotic signaling cascades,
hyperglycemia, hypoinsulinemia, and progressive weighthich are strongly implicated in diabetes-related tissue
loss. STZ, a well-established diabetogenic agent, selectiveimodeling (Wuet al, 2020). The white pulp, normally
targets pancreatic b-cells, leading to impaired insulicomposed of a central follicular artery surrounded by dense
production and subsequent hyperglycemia. Extensiygmphocytic aggregates, exhibited severe disorganization
research has explored the mechanisms of STZ-induceddnd fragmentation of the periarteriolar lymphoid sheath
cell damage and potential protective strategies @ial, (PALS) (Fig. 3B). Lymphocyte depletion, particularly at
2020). These structural alterations and their clinicahe periphery of the follicles, was accompanied by
implications are summarized in Figure 5. noticeable necrotic changes within the germinal centers,

suggesting impaired immunologic function. The marginal

STZ induces apoptosis in b-cells, reducing insulizone, which serves as the transition between white and red
secretion and causing hyperglycemia (Ak&twal, 2024). pulp, became indistinct.

One primary pathway involves oxidative stress and
inflammation, evidenced by increased reactive oxygen Treatment with CHQ and KBA produced noticeable
species (ROS) and elevated pro-inflammatory cytokindsstological improvement, as evidenced by the restoration
(Liu et al, 2021). Despite extensive research, no definitivef lymphoid follicle architecture and reappearance of distinct
treatment exists for TLDM and adult-onset autoimmungerminal centers (Figs. 3C-D). The splenic capsule also
diabetes (Rehmaat al,, 2023). Recent investigationsdemonstrated partial and near-complete normalization in
highlight the antidiabetic properties of boswellic acidsCHQ- and KBA-treated groups, respectively (Figs. 2C-D).
particularly KBA, bioactive compounds derived from
frankincense (Ammon, 2019). These acids exhibit anti- The red pulp, responsible for blood filtration and
inflammatory effects that influence immune mechanismerythrocyte turnover, showed noticeable congestion,
implicated in both TADM and T2DM (Gomaaal, 2021). degenerative changes, and hemosiderin deposition (Fig.
Recent studies confirm KBA's protective effects iMdB). The presence of siderophages, macrophages laden with
experimental diabetes (Kheet al., 2022), providing hemosiderin granules, indicated excessive erythrocyte
important context for the present work, which is the first tdestruction and tissue injury. In addition, the detection of
examine KBA's effects on diabetic spleen pathology. Amonmegakaryocytes within the red pulp suggests compensatory
boswellic acid derivativesy- and3-boswellic acids and extramedullary hematopoiesis, reflecting the spleen’s
their acetylated forms show limited efficacy, whereas KBAnaladaptive response to diabetic stress. Collectively, these
and 3-O-acetyl-11-ketf-boswellic acid (AKBA) display alterations were statistically significant (p < 0.05, one-way
significant antidiabetic potential (Solarddial,, 2024). ANOVA followed by Tukey’s post hoc test), underscoring
the detrimental effects of chronic hyperglycemia and

Histopathological evaluation revealed significaninflammation on spleen morphology and immune function.
structural alterations in the spleen of STZ-induced
diabetic mice, including thickening of the splenic capsule Administration of KBA and CHQ independently
and disruption of the white pulp architecture (Figs. 2B an@sulted in notable improvements in spleen morphology.
3B). These fibrotic alterations were likely mediated byn the KBA-treated group, the splenic capsule returned to

Fig. 5. Schematic representation of splenic

- % pathological changes in STZ-induced diabetic
STZ-induced diabetic Capsule: Thickening and fibrosis . . . .

oo mod] \ mice. The diagram illustrates diabetes-related

i White Pulp: Lymphocyte depletion Clinical a".:eratlgns n the sp!een, InCIUdlng Capsglar

/ thickening and fibrosis, lymphocyte depletion

\ Red Pulp: Congestion and necrotic and necrosis in the white pulp, and

congestion/necrosis in the red pulp. These
histopathological changes collectively
S Cimrry il Emeg contribute to the observed clinical
Redwedsoodfiion CONSEQUENCES, namely: (i) immune
st dysfunction (increased susceptibility to
infection and reduced antibody production)
and (ii) hematologic impairment (reduced
blood filtration and hemolytic stress).
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near-normal thickness, and the white pulp regained iits spleen architecture, particularly the restoration of white-
structural integrity (Figs. 2D and 3D). Lymphoid folliclespulp structure and red-pulp function, indicate the potential
were well-organized, with dense lymphocyte populationsf both compounds in preserving immune system integrity
and intact arteriolar sheaths (Fig. 3D). Necrotic changesumder diabetic conditions. This analysis suggests that both
the germinal centers were absent, and the marginal za@elQ and KBA exhibit protective effects on splenic
was clearly defined, indicating functional restoration ofirchitecture, attenuating diabetes-induced damage and
immunological components. The red pulp demonstratgaomoting structural restoration. KBA, however, showed
significant repair, with reduced congestion, fewesuperior efficacy in restoring spleen histology compared
siderophages, and diminished hemosiderin deposition (Ftg. CHQ, suggesting greater therapeutic potential. KBA
4D). These observations suggest not only the resolutiontofatment produced near-normal restoration of white and
inflammation but also the regeneration of splenic tissueed pulp morphology, reduced inflammation, and lowered
highlighting KBA's potential role in modulating immunesiderophage accumulation compared with CHQ (Figs. 2D
function. KBA has also been shown to block lymphocytand 4D). While both compounds demonstrated activity, their
migration to pancreatic islets, thereby mitigatingrecise molecular mechanisms require further elucidation.
autoimmune-mediated diabetic pathology. By limitingro the best of our knowledge, this study represents one of
immune-mediate@-cell destruction, KBA may serve as athe first direct comparative evaluations of laboratory-
protective agent for pancreatic islets, presenting a promisirsplated KBA and commercially sourced CHQ in diabetic
therapeutic strategy for diabetes prevention (Shetata splenic pathology. Investigation of combination therapy
2017). may uncover synergistic effects that could optimize
treatment outcomes. Future studies should prioritize
Although modest therapeutic enhancements westrategy optimization to fully exploit these compounds'
noted with CHQ administration, its effects were lespotential in managing diabetes-associated immune
pronounced than those observed with KBA. The splendysfunction. The noticeable restoration of splenic capsule
capsule demonstrated modest thinning, while the white pudpd lymphoid architecture after KBA treatment aligns with
showed partial recovery with increased lymphocyte densispppression of NkkB-mediated inflammation and
(Figs. 2C and 3C). The germinal centers, although preseattivation of the Nrf2—AMPK antioxidant pathway
were slightly reduced in size (Fig. 3C). The red pulfMoudgil & Venkatesha, 2022). Additionally, reduced
demonstrated decreased congestion and degeneration, withsular fibrosis is consistent with the inhibition of TGF-
fewer siderophages and less hemosiderin accumulatibh signaling (Ali & Mansour, 2011). Collectively, these
(Fig. 4C). These findings suggest that CHQ exerts apnverging mechanisms provide a mechanistic basis for
protective effect on the spleen, likely by modulatinghe histological improvements observed in current diabetic
oxidative stress and immune responses (€hah 2025). mouse model.
CHQ (Clioquinal), a derivative of 8-hydroxyquinoline, is
known for its antimicrobial, antifungal, anticancer, andCONCLUSION
neuroprotective properties. Research indicates that CHQ
influences inflammatory mechanisms, particularly through In conclusion, both KBA and CHQ demonstrated
the calpain-calpastatin signaling pathway (Chastta, therapeutic effects against diabetes-induced spleen
2011). However, alternative studies suggest that 8ysfunction and supported immune homeostasis in diabetic
hydroxyquinoline derivatives do not significantly impactmice. CHQ provided moderate protection, however, KBA
inflammatory cartilage metabolism (Suwanjagigal, extracted and semi-synthesized in our laboratory, showed
2016). Clinically, CHQ has demonstrated efficacy isuperior efficacy in spleen tissue regeneration, likely due to
treating bacterial, fungal, and protozoal infections, andiis robust anti-inflammatory activity. Future investigations
is used topically for dermatomycoses, particularly ishould (1) elucidate the precise molecular mechanisms
supportive infections (Ammon, 2019). The present studynderlying these effects and (2) evaluate potential synergistic
highlighted the distinct therapeutic effects of KBA and CH@enefits of combined KBA and CHQ therapy for diabetes-
in mitigating diabetes-induced splenic dysfunction. KBArelated immune dysregulation.
a natural triterpenoid, demonstrated significant anti-
inflammatory properties by inhibiting pro-inflammatoryACKNOWLEDGMENTS
cytokines and oxidative stress (Moudgil & Venkatesha,
2022), thus promoting immune homeostasis and facilitating We acknowledge the continuous support provided by
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