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Abstract

Rhabdomyolysis-associated acute kidney injury is driven by myoglobin-mediated oxidative
stress, inflammation, mitochondrial impairment, and tubular cell death. This study evalu-
ated the nephroprotective activity of green-synthesized Withania somnifera-functionalized
selenium nanoparticles (Ws-5eNPs) in glycerol-induced renal injury and compared their
efficacy with native W. somnifera extract and sodium selenite. The chemical profile of the
plant extract was characterized by LC-MS/MS, and Ws-SeNPs were evaluated using dy-
namic light scattering, zeta potential analysis, transmission electron microscopy, and FTIR
spectroscopy. Thirty-five male rats were assigned to Control, ARF, ARF & Ws, ARF & sele-
nium, and ARF & Ws-SeNPs. ARF was induced by intramuscular injection of 50% glycerol.
Glycerol administration induced marked skeletal muscle injury, renal dysfunction, tubular
damage, oxidative stress, inflammation, mitochondrial dysregulation, pyroptosis, apopto-
sis, and histopathological alterations. Both Ws and sodium selenite provided partial protec-
tion, whereas Ws-SeNPs produced the greatest improvement in renal function and tissue
architecture. Their protective effect was associated with restoration of Nrf2-dependent an-
W) Check for updates tioxidant defenses, suppression of NF-«kB/NLRP3/GSDMD-associated inflammatory and
pyroptotic signaling, preservation of mitochondrial regulatory pathways, and attenuation
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of apoptosis. These findings indicate that Ws-SeNPs provide multi-target protection against
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glycerol-induced rhabdomyolysis-associated renal injury and may represent a promising
phytochemical-based selenium nanoformulation for further preclinical investigation.
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1. Introduction

Rhabdomyolysis-associated acute kidney injury is a severe clinical complication result-
ing from extensive skeletal muscle breakdown and the subsequent release of intracellular
constituents, particularly myoglobin, creatine kinase, and lactate dehydrogenase, into
the circulation [1,2]. In experimental settings, intramuscular glycerol administration is
widely used to reproduce this condition because it induces myofiber damage followed
by myoglobin-mediated renal injury [3]. Filtered myoglobin accumulates within the re-
nal tubules, where its heme component promotes vasoconstriction, tubular obstruction,
iron-dependent reactive oxygen species generation, lipid peroxidation, mitochondrial in-
jury, and direct tubular epithelial toxicity [4,5]. These events impair renal filtration and
are accompanied by elevations in creatinine, urea, cystatin C, kidney injury molecule-1,
and neutrophil gelatinase-associated lipocalin, together with tubular degeneration, cast
formation, inflammatory infiltration, and acute tubular necrosis [6,7].

At the molecular level, rhabdomyolysis-associated renal injury is sustained by intercon-
nected redox, inflammatory, mitochondrial, and regulated cell death pathways. Excessive
reactive oxygen species overwhelm endogenous antioxidant defenses and disturb the
Keap1/Nrf2 signaling axis, thereby reducing the activity of protective enzymes such as
superoxide dismutase, catalase, glutathione peroxidase, and reduced glutathione [8,9].
Oxidative injury also activates NF-kB-dependent inflammatory signaling and increases pro-
inflammatory cytokine production. In parallel, mitochondrial stress and damage-associated
signals can activate the NLRP3 inflammasome and gasdermin D-mediated pyroptosis,
while disruption of SIRT1/AMPK/PGC-1a-dependent mitochondrial regulation promotes
energetic failure and structural instability. Persistent mitochondrial dysfunction further
shifts the Bax/Bcl-2 balance toward caspase-dependent apoptosis, thereby amplifying
tubular epithelial loss [10].

Because these pathogenic processes are highly interconnected, interventions directed
at only one pathway may provide incomplete protection. A therapeutic strategy capable of
simultaneously restoring antioxidant defenses, suppressing inflammatory and pyroptotic
signaling, preserving mitochondrial homeostasis, and limiting apoptosis may therefore be
more effective in attenuating rhabdomyolysis-associated renal injury. This has encouraged
growing interest in plant-derived bioactive compounds and redox-active trace elements
with complementary cytoprotective properties [11].

Withania somnifera is a medicinal plant rich in withanolides, withanosides, alkaloids,
and phenolic constituents that exhibit antioxidant, anti-inflammatory, mitochondrial-
protective, and anti-apoptotic activities. Experimental evidence indicates that Ws-derived
compounds can enhance Nrf2-dependent cytoprotective responses, reduce NF-«B- and
MAPK-mediated inflammatory signaling, and preserve mitochondrial function under ox-
idative stress [12,13]. These properties make Ws a plausible candidate for attenuating
the multiple molecular disturbances involved in rhabdomyolysis-associated kidney injury.
However, the therapeutic efficacy of native Ws extract may be limited by variability in
phytochemical composition, solubility, stability, and systemic bioavailability [14].

Selenium is an essential trace element incorporated into selenoproteins, including
glutathione peroxidases and thioredoxin reductases, which are central to peroxide detoxi-
fication, redox regulation, and mitochondrial protection [15]. Selenium supplementation
may therefore strengthen antioxidant capacity and reduce oxidative tissue injury. Never-
theless, conventional inorganic selenium salts, particularly sodium selenite, have a narrow
therapeutic window and may produce toxicity at relatively high or prolonged exposures.
These limitations have prompted the development of selenium nanoparticles as alternative
delivery systems with potentially improved biological activity and reduced toxicity [16].
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Plant-mediated selenium nanoparticles offer a dual functional platform in which phy-
tochemicals serve as reducing and stabilizing agents while also contributing their own
biological activity. Compared with sodium selenite, SeNPs may provide improved cellular
delivery, enhanced biological interaction, and lower systemic toxicity [17-19]. Functional-
ization with W. somnifera phytoconstituents may further combine selenium-dependent an-
tioxidant support with the redox-modulating, anti-inflammatory, mitochondrial-protective,
and anti-apoptotic actions of Ws. Accordingly, Ws-functionalized SeNPs may produce
broader protection than either native Ws extract or inorganic selenium alone [20].

Despite the growing interest in plant-mediated selenium nanoparticles, the protec-
tive efficacy of Ws-functionalized SeNPs against rhabdomyolysis-associated renal injury
has not been adequately investigated. It also remains unclear whether this nanofor-
mulation provides greater protection than native Ws extract or sodium selenite and
whether its effects involve coordinated regulation of Nrf2/Keap1l antioxidant signaling,
NEF-kB/NLRP3/GSDMD-associated inflammation and pyroptosis, mitochondrial home-
ostasis, and apoptosis. Therefore, the present study compared the nephroprotective effects
of Ws extract, sodium selenite, and Ws-5eNPs in glycerol-induced acute renal injury in
rats. We hypothesized that Ws-SeNPs would provide superior protection by simultane-
ously improving renal function and histoarchitecture, restoring redox and mitochondrial
homeostasis, and suppressing inflammatory, pyroptotic, and apoptotic pathways.

2. Results
2.1. LC-MS/MS Chemical Profile of the Extract

The Withania somnifera extract was profiled using LC-MS/MS in both positive and
negative ion modes. The total ion chromatograms are shown in Figure 1 (positive mode)
and Figure 2 (negative mode). Seven main peaks were identified, all eluting between 9.95
and 12.78 min (Table 1). Six gave [M+H]" ions in positive mode, while withanoside IV gave
the [M-H]™ ion in negative mode. Six of the seven are withanolides (C28 ergostane-type
steroidal lactones); the seventh, withanoside IV, is a glycosylated withanolide.

Three of the withanolides 12-deoxywithastramonolide, withaferin A, and withanone
are isobaric: they share the formula CygH330g (MW 470.60) and the same [M+H]* precur-
sor at m/z 471. They were distinguished by retention time (12.26, 11.76, and 12.78 min,
respectively) and by their product-ion spectra. Because these three would otherwise be
difficult to tell apart, the gradient was set to resolve them chromatographically.

In positive mode, the withanolide aglycones lost water in steps from the hydroxylated
steroid nucleus, giving the m/z 317 — 299 — 281 series. Ixocarpalactone ((M+H]* m/z
506.1) gave m/z 317.06 and 299.07; viscosalactone B (IM+H]* m/z 489.1) gave m/z 435.10,
317.01, 299.05, and 281.00; and withaferin A ([IM+H]* m/z 471.1) gave m/z 299.05 and
280.95. In negative mode, withanoside IV showed [M-H] ™ at m/z 781.2, with a water-loss
fragment at m/z 763.09 and a lower-mass ion at m/z 221.09, consistent with a glycosylated
withanolide. In every case, the measured precursor mass matched the value calculated for
the proposed formula (Figure 1) (Table 1).

2.2. Physicochemical Characterization of Ws-SeNPs
2.2.1. Particle-Size Distribution and Zeta Potential

Dynamic light-scattering analysis showed that Ws-SeNPs exhibited a principal hydro-
dynamic average size of 69.8 nm, together with a minor secondary population at larger
diameters, indicating limited aggregation. Zeta potential analysis revealed a negatively
charged nanoparticle surface, with the principal distribution located between approxi-
mately —15 and —25 mV, indicating moderate colloidal stability (Figure 2).
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Table 1. Constituents of Ashwagandha (Withania somnifera) identified by LC-MS/MS.

No. RT (min) Identified Compound Class l\;:lgi:.;:ﬁ:r (g%nv:)]l) Adduct Ef;;:)rg:; S:/lzc Fﬁ;jrﬁterl:/:ssﬁ\ndlsz) Ref.
1 10.02 Ixocarpalactone A Withanolide C28H4008 504.61 [M+H]* (pos) 506.1 505.2796 317.06, 299.07 [21]
2 12.26 12-Deoxywithastramonolide Withanolide C28H3806 470.60 [M+H]"* (pos) 471.1 471.2741 gé(l)g’/ ggg%;’ [21]
3 9.95 Viscosalactone B Withanolide C28H4007 488.61 [M+H]* (pos) 489.1 489.2847 ?,?17?)? igggg [21]
4 10.97 Dihydrowithaferin A Withanolide C28H4006 472.61 [M+H]* (pos) 4731 473.2898 282.99, 301.05 [21]
5 11.76 Withaferin A Withanolide C28H3806 470.60 [M+H]* (pos) 4711 471.2741 175.10, 280.95, 299.05 [21,22]
6 12.78 Withanone Withanolide C28H3806 470.60 [M+H]* (pos) 4711 471.2741 262.98, 289.00 [21]
7 10.08 Withanoside IV V(‘g{;j:)‘;zge C40H62015 782.91 M—H]~ 781.2 781.4011 763.09, 221.09 [21,23]

Molecular formulas and calculated monoisotopic m/z values ((M+H]* or [M-H] ") are listed for the proposed structures; observed precursor and product-ion values are as measured.
Identities were confirmed against reference standards where available and were otherwise proposed from accurate mass, fragmentation and the literature. RT, retention time.
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Figure 1. LC-MS/MS total ion chromatograms of the Withania somnifera extract. Representative chro-
matograms acquired in (A) positive-ion mode and (B) negative-ion mode. The blue trace represents
the full-scan survey chromatogram obtained by information-dependent acquisition, whereas the
magenta trace represents the summed MS/MS product-ion signal. The x-axis indicates retention
time (min), and the y-axis indicates relative intensity as a percentage of the base peak. Seven major
constituents were detected between 9.95 and 12.78 min. Six withanolide aglycones were identified
as [M+H]" ions in positive mode, while withanoside IV was detected as a [M—H] ™~ ion in negative
mode. Chromatographic separation enabled the discrimination of the three isobaric compounds—12-
deoxywithastramonolide, withaferin A, and withanone—each with a precursor ion at m/z 471. TIC,
total ion chromatogram; IDA, information-dependent acquisition.

2.2.2. Transmission Electron Microscopy

TEM showed that the particles produced were in the nanoscale range. Most of the
nanoparticles in the image were spherical, had relatively smooth edges, and exhibited a
uniform distribution in general. Most particles were well dispersed, with slight aggregation
in particular spots (Figure 2).

2.2.3. FTIR Analysis of Ws-SeNPs

FTIR analysis showed a broad absorption band at 3526-3226 cm™~!, corresponding
mainly to O-H stretching vibrations, and a band near 2931 cm ™! attributed to aliphatic C-H
stretching. The signal at approximately 1640 cm~! was assigned to C=0 and/or aromatic
C=C vibrations, whereas bands between 1373 and 1056 cm ! were associated with C-O
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stretching. These functional groups are consistent with Ws-derived phytoconstituents
involved in selenium-ion reduction, nanoparticle capping, and stabilization (Figure 3).
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Figure 2. (A) Particle size through DLS, (B) zeta potential, and (C) transmission electron microscopy
analyses of Ws-5eNPs (scale 200 nm).
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Figure 3. FTIR spectrum of Ws-5eNPs with characteristic absorption bands of O-H, C-H, C=0O/C=C,
and C-O functional groups for reducing and stabilizing nanoparticles.
2.3. Kidney Weight and Relative Kidney Weight

As illustrated in Figure 4, glycerol-induced ARF produced a marked increase in both
absolute kidney weight (Figure 5A) and relative kidney weight (Figure 5B) compared with
the control group, reflecting renal enlargement, tissue edema, and structural alterations
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associated with acute renal injury. Post-treatment with Withania somnifera (Ws) and sodium
selenite partially attenuated these increases; however, kidney weight parameters remained
elevated compared with the control group, indicating incomplete recovery.
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Figure 4. Impact of Ws, selenium, and Ws-5eNPs on kidney weight indices in glycerol-induced ARF
rats. Absolute kidney weight (A) and relative kidney weight (B). Data are expressed as mean & SEM
(n =7). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test.
#vs. Control; $ vs. ARF; @ vs. ARF & Ws-SeNPs (p < 0.05).
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Figure 5. Impact of Ws, selenium, and Ws-SeNPs on rhabdomyolysis-associated muscle injury
markers in glycerol-induced ARF rats. Serum creatine kinase (CK; (A)) and lactate dehydrogenase
(LDH; (B)). Data are expressed as mean £ SEM (n = 7). Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post hoc test. # vs. Control; $ vs. ARF; @ vs. ARF & Ws-SeNPs
(p < 0.05).

Notably, treatment with Ws-SeNPs produced the most pronounced improvement,
significantly reducing both kidney weight and relative kidney weight compared with the
untreated ARF group (p < 0.05). These findings suggest that Ws-SeNPs exerted superior
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renoprotective effects by limiting glycerol-induced renal swelling and preserving kidney
structural integrity more effectively than Ws extract or sodium selenite alone.

2.4. Rhabdomyolysis-Associated Muscle Injury Markers

As shown in Figure 5, glycerol-induced ARF was associated with a marked elevation
in serum creatine kinase (CK; Figure 6A) and lactate dehydrogenase (LDH; Figure 6B)
activities compared with the control group (p < 0.05), confirming the successful induction
of rhabdomyolysis-associated muscle and tissue injury.
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Figure 6. Impact of Ws, selenium, and Ws-5eNPs on kidney function and tubular injury biomarkers
in glycerol-induced ARF rats. Serum creatinine (A), urea (B), cystatin-C (C), plasma KIM-1 (D), and
renal NGAL (E) levels. Data are expressed as mean = SEM (n = 7). Statistical analysis was performed
using one-way ANOVA followed by Tukey’s post hoc test. # vs. Control; $ vs. ARF; @ vs. ARF &
Ws-SeNPs (p < 0.05).

Treatment with Withania somnifera (Ws) produced a partial reduction in both CK and
LDH activities relative to the untreated ARF group, indicating a modest protective effect
against glycerol-induced myocellular damage. Sodium selenite treatment also attenuated
the rise in these enzymes, with a more evident reduction, particularly in LDH activity.
Notably, Ws-SeNPs exerted the most pronounced protective effect, significantly lowering
both CK and LDH activities compared with the ARF group (p < 0.05).

2.5. Effect of WS, Selenium, and Ws-SeNPs on Kidney Function and Tubular Injury Biomarkers

As presented in Figure 6, glycerol-induced ARF caused a marked impairment in renal
function, as evidenced by significant elevations in serum creatinine and urea levels com-
pared with the control group (p < 0.05). In parallel, ARF markedly increased cystatin-C,
plasma KIM-1, and NGAL, indicating glomerular filtration disturbance, tubular epithelial
injury, and loss of renal structural integrity. Treatment with Withania somnifera (Ws) pro-
duced partial improvement in most renal function indices; however, some tubular injury
markers remained markedly elevated, suggesting incomplete renal recovery.
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Sodium selenite also attenuated glycerol-induced renal dysfunction and reduced tubu-
lar injury biomarkers, with a more evident effect on KIM-1 and NGAL levels. Notably,
Ws-5eNPs exerted the most pronounced renoprotective effect, significantly reducing creati-
nine, urea, cystatin-C, KIM-1, and NGAL levels compared with the untreated ARF group
(p < 0.05). These findings indicate that Ws-SeNPs more effectively preserved renal filtration
capacity and mitigated tubular injury than Ws extract or sodium selenite alone.

2.6. Evaluation of Renal Oxidative Stress and Antioxidant Defense Markers

The ARF induced by glycerol caused a significant increase in the levels of malondi-
aldehyde (MDA), nitric oxide (NO), and 4-hydroxynonenal (4-HNE) in comparison with
the control group (p < 0.05), as seen in Figure 7. The changes suggest increased lipid peroxi-
dation, nitrosative stress, and oxidative membrane damage after glycerol. Concurrently,
AREF significantly elevated the expression of renal Keap-1, but significantly reduced the
expression of renal Nrf2, indicating renal antioxidant signaling axis disruption by ARFE.
Furthermore, the ARF group showed a marked decrease in endogenous antioxidant com-
ponents, such as reduced glutathione (GSH), glutathione peroxidase (GPx), superoxide
dismutase (SOD), and catalase (CAT), indicating a decrease in renal antioxidant capacity
under oxidative stress induced by rhabdomyolysis.

Treatment with Ws or sodium selenite partially reversed these redox disturbances,
which appeared as a reduction in oxidative stress markers and partial restoration of an-
tioxidant enzyme activities compared with the untreated ARF group. In comparison, a
relatively stronger effect of sodium selenite on GPx was observed, which is well correlated
to the selenium-dependent activity of GPx. The antioxidant activity was most evident with
Ws-S5eNPs, which significantly reduced the levels of MDA, NO, 4-HNE, and Keap-1 and
significantly increased the levels of Nrf2, GSH, GPx, SOD, and CAT activities (p < 0.05).

2.7. Evaluation of Renal Inflammatory/Anti-Inflammatory and Pyroptosis Mechanism

The renal inflammatory response was more severe in ARF (induced by glycerol)
than in control groups, with significant increases in the protein level of the inflammatory
mediator TNF-« and in the expression of the mRNA for the protein level of TNF-x (p < 0.05)
(Figure 8A). Concurrently, ARF dramatically elevated the mRNA expression of NF-«B
and also the level of NF-«B protein in the kidney, suggesting activation of the NF-xB-
mediated inflammatory signaling pathway. High levels of inflammasome components such
as IL-13, NLRP3, and GSDMD also confirmed this inflammatory activation, suggesting
inflammasome-mediated pyroptotic tubular injury. In contrast, the anti-inflammatory
cytokine IL-10 was significantly decreased in the ARF group, suggesting the presence of
a defective endogenous anti-inflammatory mechanism. The anti-inflammatory effect of
Ws partially reduced the inflammatory response, as reflected by the reduced amounts of
TNF-«, NF-«B, IL-13, NLRP3, and GSDMD, with a partial restoration of IL-10. Sodium
selenite also positively influenced the inflammatory profile by downregulating NF-«B-
related signaling and partially reducing the levels of markers involved in inflammasomes.
Specifically, the anti-inflammatory and anti-pyroptotic effects of Ws-SeNPs were most
significant, reducing the contents of tumor necrosis factor alpha (TNF-«), nuclear factor
kappa B (NF-«B), interleukin-1 beta (IL-13), Nlrp3, and GSDMD (p < 0.05) and upregulating
the content of interleukin-10 (IL-10) (p < 0.05) compared with the untreated ARF group. The
results showed that Ws-SeNPs were able to alleviate renal inflammation caused by glycerol,
at least in part, by the inhibition of the NF-kB/NLRP3/GSDMD inflammatory—pyroptotic
axis (Figure 8).
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Figure 7. Impact of Ws, selenium, and Ws-SeNPs on renal oxidative stress and antioxidant defense
markers in glycerol-induced ARF rats. Renal levels of MDA (A), NO (B), 4-HNE (C), Keap-1 (D), Nrf2
(E), GSH (F), GPx (G), SOD (H), and CAT (I). Data are expressed as mean + SEM (n = 7). Statistical
analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. # vs. Control;
$ vs. ARF; @ vs. ARF & Ws-SeNPs (p < 0.05).

2.8. Evaluation of Renal Mitochondrial Regulatory Markers

The glycerol-induced ARF strongly impaired renal mitochondrial regulatory signaling,
characterized by a significant drop in SIRT1, AMPK, PGC-1«, and MFN2 activity compared
to the control group (p < 0.05), as seen in Figure 9. These changes suggest that cellular energy
sensing is disturbed, mitochondrial biogenesis is impaired, and mitochondrial fusion is
decreased, all of which suggests that there is prominent mitochondrial dysfunction in the
renal injury associated with rhabdomyolysis.

Partial restoration was observed with Ws, indicating moderate restoration of mitochon-
drial homeostasis. Sodium selenite also increased AMPK, PGC-1¢, and MFN2 expression,
and the increase in some of these markers was more noticeable than the increase for Ws in
the mitochondrial regulatory recovery. In particular, the levels of SIRT1, AMPK, PGC-1«,
and MFN2 were significantly elevated in the Ws-S5eNP group compared to the ARF group
(p < 0.05). These results indicated that Ws-SeNPs showed a stronger protective effect on
mitochondria, possibly by upregulating the SIRT1/AMPK/PGC-1« pathway and restoring
mitochondrial integrity related to MFN2 (Figure 9).
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Figure 8. Impact of Ws, selenium, and Ws-SeNPs on renal inflammatory and pyroptosis-related
markers in glycerol-induced ARF rats. Renal TNF-« protein level (A), TNF-oc mRNA expression
(B), NF-kB mRNA expression (C), NF-«kB protein level (D), IL-13 (E), IL-10 (F), NLRP3 (G), and
GSDMD (H). Data are expressed as mean & SEM (n = 7). Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post hoc test. # vs. Control; $ vs. ARF; @ vs. ARF & Ws-SeNPs
(p <0.05).

2.9. Evaluation of Renal Apoptotic Markers

Glycerol-induced ARF showed a significant activation of apoptotic signals in the
kidneys, associated with a significant increase in pro-apoptotic markers like Bax and
Caspase-3, as shown in Figure 10, compared to the control group (p < 0.05). In contrast, the
AREF group showed a significant decrease in the anti-apoptotic marker Bcl-2, suggesting
a disbalance of pro- and anti-apoptotic regulatory mechanisms involved in tubular cell
damage, thereby confirming the role of apoptotic tubular cell damage in glycerol-induced
renal injury. Partially, Withania somnifera (Ws) inhibited these apoptotic changes, as shown
by reduced levels of Bax and caspase-3 and partial restoration of Bcl-2. Sodium selenite also
had a beneficial effect on the apoptotic profile, indicative of protection against renal cell
death. Importantly, Ws-SeNPs were the most powerful anti-apoptotic agent, significantly
reducing Bax levels and significantly increasing the level of Bcl-2 compared with the
untreated ARF group (p < 0.05).
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Figure 9. Impact of Ws, selenium, and Ws-SeNPs on renal mitochondrial regulatory markers in
glycerol-induced ARF rats. Renal levels of SIRT1 (A), AMPK (B), PGC-1« (C), and MFN2 (D). Data
are expressed as mean + SEM (n = 7). Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc test. # vs. Control; $ vs. ARF; @ vs. ARF & Ws-SeNPs (p < 0.05).
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Figure 10. Impact of Ws, selenium, and Ws-SeNPs on renal apoptotic markers in glycerol-induced
AREF rats. Renal levels of Bax (A), Bcl-2 (B), and caspase-3 (C). Data are expressed as mean + SEM
(n = 7). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test.
#vs. Control; $ vs. ARF; @ vs. ARF & Ws-5eNPs (p < 0.05).

2.10. Immunohistochemistry

Immunohistochemical assessment of renal Nrf2 and Bcl-2 expression further sup-
ported the biochemical findings (Figures 11-13). Regarding Nrf2 immunoexpression, the
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control group showed marked cytoplasmic reactivity, whereas the ARF group exhibited
weak Nrf2 staining, indicating suppression of the renal antioxidant response following
glycerol-induced injury. Similarly, weak Nrf2 immunoreactivity was observed in the ARF
& sodium selenite group, while the ARF & Ws group showed evident improvement. No-
tably, the ARF & Ws-S5eNP group demonstrated strong Nrf2 immunoreactivity, indicating
restoration of Nrf2-mediated cytoprotective signaling. In parallel, Bcl-2 immunostaining
was weak in the ARF and ARF & sodium selenite groups, reflecting impaired anti-apoptotic
defense, whereas moderate cytoplasmic Bcl-2 reactivity was observed in the control and
ARF & Ws-SeNP groups. The ARF & Ws group showed mild Bcl-2 expression. Quanti-
tative immunohistochemical analysis revealed a significant reduction in Nrf2 and Bcl-2
immunoreactivity in the ARF and ARF & sodium selenite groups compared with the con-
trol group (p < 0.01). Conversely, Ws-SeNP treatment significantly enhanced both Nrf2
and Bcl-2 immunoreactivity compared with the untreated ARF group (p < 0.01), suggest-

ing that Ws-SeNPs restored renal antioxidant and anti-apoptotic defense mechanisms in
glycerol-induced ARF.

Figure 11. Impact of Ws, selenium, and Ws-SeNPs on renal Nrf2 immunoexpression in glycerol-
induced ARF rats. Representative photomicrographs of renal sections immunostained for Nrf2
showing marked cytoplasmic immunoreactivity in the Control group (A), ARF & Ws group (D),
and ARF & Ws-SeNP group (E). In contrast, weak Nrf2 immunoreactivity was observed in the ARF
group (B) and the ARF & selenium group (C). Positive Nrf2 staining is indicated by brown DAB
cytoplasmic reactivity (arrow). DAB, x400.
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Figure 12. Impact of Ws, selenium, and Ws-SeNPs on renal Bcl-2 immunoexpression in glycerol-
induced ARF rats. Representative photomicrographs of renal sections immunostained for Bcl-2
showing moderate cytoplasmic immunoreactivity in the Control group (A) and the ARF & Ws-SeNP
group (E), while the ARF & Ws group (D) exhibited mild Bcl-2 expression. In contrast, weak Bcl-2
immunoreactivity was observed in the ARF group (B) and the ARF & selenium group (C). Positive
Bcl-2 staining is indicated by brown DAB cytoplasmic reactivity (arrow). DAB, x400.
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Figure 13. Quantitative analysis of renal Nrf2 and Bcl-2 immunoreactivity in glycerol-induced ARF
rats. Semi-quantitative assessment of Nrf2 immunoexpression (A) and Bcl-2 immunoexpression (B)
in renal tissue sections from the different experimental groups. Data are expressed as mean + SEM
(n = 7). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test.
# vs. Control; $ vs. ARF (p < 0.05).

2.11. Histopathological Analysis
2.11.1. Skeletal Muscle

Histopathological examination of skeletal muscle sections from the control group
revealed normal skeletal muscle architecture, characterized by regularly arranged my-
ofibers with eosinophilic sarcoplasm, peripheral nuclei, compact myofibrillar organization,
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and delicate endomysial connective tissue. In contrast, the ARF group exhibited marked
myopathic alterations, including endomysial edema, inflammatory cellular infiltration,
focal rhabdomyolysis, myofiber hyalinization, and localized necrotic changes. The ARF
& sodium selenite group showed persistent skeletal muscle injury, manifested by de-
generated myocytes with reduced fiber diameter and inflammatory cellular infiltration
within the perimysial connective tissue. Conversely, the ARF & Ws and ARF & Ws-SeNP
groups demonstrated notable improvement in skeletal muscle morphology, with nearly
preserved myofiber organization, peripheral nuclei, acidophilic sarcoplasm, and relatively
normal surrounding connective tissue layers. These findings indicate that Ws and, more
prominently, Ws-SeNPs attenuated glycerol-induced skeletal muscle degeneration and
rhabdomyolysis-associated histopathological damage (Figure 14).

Figure 14. Histopathological examination of gastrocnemius skeletal muscle in glycerol-induced ARF
rats. Representative photomicrographs of H&E-stained gastrocnemius muscle sections from the dif-
ferent experimental groups. The Control group (A) showed normal skeletal muscle architecture with
intact, regularly arranged muscle fibers (black arrow) surrounded by perimysium (*). The ARF group
(B) exhibited marked myopathic alterations, including focal myofiber necrosis, hyalinization (star),
and necrotic myocytes. The ARF & selenium group (C) showed persistent myocyte degeneration
(black arrow) accompanied by inflammatory cell infiltration (red arrow). In contrast, the ARF & Ws
group (D) and ARF & Ws-SeNP group (E) displayed a nearly preserved skeletal muscle pattern with
marked attenuation of glycerol-induced myopathic changes. H&E, x400.

2.11.2. Renal Tissue

Renal cortical sections from the control group showed normal histological architecture,
including intact renal corpuscles, preserved glomerular structure, and regularly arranged
renal tubules. In the ARF group, renal sections revealed prominent pathological alterations
consistent with acute renal injury, including inflammatory cellular infiltration, tubular
vacuolar degeneration, focal necrotic areas, and disruption of renal cortical architecture.
The ARF & sodium selenite group showed partial but incomplete improvement, with
persistent degeneration of tubular epithelial cells, vacuolated renal tubules, and glomerular
alterations. The ARF & Ws group demonstrated an improved renal cortical appearance,
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although some vascular congestion and mild tubular alterations remained evident. Notably,
the ARF & Ws-SeNP group exhibited a nearly normal renal histological pattern, with
marked preservation of tubular and glomerular architecture and minimal inflammatory or
degenerative changes. These observations support the biochemical findings and suggest
that Ws-5eNPs provided superior histological protection against glycerol-induced renal
cortical injury (Figure 15).

Figure 15. Histopathological examination of the renal cortex in glycerol-induced ARF rats. Repre-
sentative photomicrographs of H&E-stained renal cortical sections from the different experimental
groups. The Control group (A) showed normal renal cortical architecture with intact glomeruli
and renal tubules. The ARF group (B) exhibited marked renal pathological alterations, including
inflammatory cellular infiltration (*) and focal necrotic areas (star). The ARF & selenium group (C)
showed persistent renal injury characterized by degeneration of tubular epithelial cells (short arrow)
and glomerular degeneration (arrowhead). The ARF & Ws group (D) demonstrated improved renal
cortical architecture with attenuation of tubular and glomerular damage. The ARF & Ws-SeNP
group (E) showed a nearly normal histological pattern, indicating marked preservation of renal
cortical structure against glycerol-induced injury. H&E, x400.

3. Discussion

Acute renal failure (ARF) following rhabdomyolysis is a clinically significant form
of acute kidney injury that results from the breakdown of skeletal muscle and sets in
motion a chain of systemic and renal pathological events. The molecular mechanisms
underlying the connection between rhabdomyolysis and oxidative stress, tubular damage,
mitochondrial injury, inflammatory response, pyroptosis, and apoptosis are still not fully
understood, although glycerol-induced ARF is a well-established experimental model
that closely resembles myoglobin-mediated renal damage. Furthermore, the antioxidant
and anti-inflammatory properties of Withania somnifera (Ws), the redox-regulating effect
of selenium, and the comparative efficacy of native Ws extract, inorganic selenium, and
Ws-functionalized selenium nanoparticles (Ws-SeNPs) against rhabdomyolysis-associated
renal injury have not been well clarified. Thus, the present study aimed to fill this gap by
investigating the renoprotective efficacy of green-synthesized Ws-SeNPs in comparison to
Ws extract and sodium selenite alone in glycerol-induced ARF.
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The present findings showed that administration of glycerol was able to induce ARF
associated with rhabdomyolysis, which was confirmed by the increased kidney weight
indices, significant increases in rhabdomyolysis markers, worsening of renal function, in-
creased tubular injury markers, oxidative stress, activation of inflammation, mitochondrial
dysfunction, and apoptotic cell death. Importantly, Ws-SeNPs had the most prominent
protective impact on most of the tested parameters. This superior effect was not exclusive
to a single biochemical pathway; instead, it was found to involve coordinated regulation
of redox homeostasis, Nrf2/Keapl signaling, inflammatory and pyroptotic responses,
mitochondrial regulatory pathways, and apoptosis-related mechanisms.

The absolute and relative kidney weight of the glycerol group in ARF are attributed
to renal swelling, tissue edema, congestion, inflammatory infiltration, and acute tubular
alteration of structure. These changes are frequently seen with acute tubular injury and
diminished renal hemodynamics after rhabdomyolysis [24,25]. Partial improvement seen
after Ws and sodium selenite indicates a partial reduction in renal damage after both
treatments. However, the more obvious decrease in kidney weight indices in the Ws-SeNPs-
treated group suggests greater preservation of renal tissue architecture and less swelling
arising from injury. The anti-inflammatory and antioxidant activity of the phytoconstituents
from Ws, plus the selenium-dependent stimulation of cytoprotective mechanisms, may
explain this effect [11,26].

The high levels of serum CK and LDH activity in the ARF group corroborate the
presence of significant skeletal muscle damage after glycerol administration. CK is more
sensitive in detecting the disruption of muscle fibers, while LDH is a more general indi-
cator of damage to the cell membrane and tissue injury [27]. The histopathology of the
gastrocnemius muscle also confirmed these biochemical results, showing the presence of
focal myofiber necrosis, hyalinization, and necrotic myocytes in the ARF group [28]. W5s
and sodium selenite are able to partially reverse these changes, while Ws-SeNPs showed
the highest efficacy in reducing the activities of CK and LDH and showing a more marked
preservation of the architecture of the skeletal muscle. This indicates that Ws-SeNPs could
decrease the load of rhabdomyolysis itself and, thus, the release of myoglobin and other
muscle-derived nephrotoxic mediators into the systemic circulation. This effect is important
in particular, as the severity of muscle injury affects the amount of myoglobin filtered and,
therefore, the degree of renal tubular toxicity [29].

The ARF group showed a significant increase in serum creatinine and urine urea,
which indicates a worsening of kidney function. These markers are indicative of dysfunc-
tion in glomerular filtration and decreased renal elimination of nitrogenous waste products.
Meanwhile, cystatin-C was significantly elevated, corroborating the presence of an early
filtration defect [1,30]. The increase in KIM-1 and NGAL is more importantly a direct
tubular epithelial injury, specifically in the proximal tubules, which are most sensitive to
myoglobin-induced oxidative damage. These injury markers, all of which are functional
and tubular-based, indicate that glycerol-induced rhabdomyolysis caused filtration distur-
bances and tubular structural damage [31,32]. These parameters were further enhanced by
Ws and sodium selenite but not completely. In contrast to the others, Ws-SeNPs showed
the highest correction of creatinine, urea, cystatin-C, KIM-1, and NGAL, suggesting better
renal filtration capacity and preservation of tubular epithelial integrity. This improvement
was significantly corroborated by renal histopathology, where the animals treated with
Ws-SeNPs had an almost normal pattern of renal cortex and no inflammatory infiltration;
focal necrosis, tubular degeneration and glomerular injury were seen in the untreated
ARF group.

Oxidative stress is a key mechanism in glycerol-induced ARF. Rhabdomyolysis causes
myoglobin to be filtered by the glomeruli and to be deposited in the renal tubules [33]. The
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heme of myoglobin is a pro-oxidant that catalyzes the generation of free radicals, lipid
peroxidation, damage to mitochondria and tubular epithelial toxicity, all of which depend
on the presence of iron [34,35]. Renal MDA, 4-HNE, and NO levels were significantly
elevated in the ARF group in the present study, reflecting increased lipid peroxidation,
oxidative membrane damage, and nitrosative stress. In parallel, there was an obvious
decrease in the amounts of GSH, SOD, CAT, and GPx, which verified the depletion of
the endogenous antioxidant defense system. This redox imbalance may have been a
contributing factor to tubular epithelial injury, inflammatory activation, and mitochondrial
dysfunction [36,37].

The Nrf2 /Keapl pathway is an important cytoprotective mechanism against oxidative
stress [38]. Under physiological conditions, Keapl1 is a negative regulator of Nrf2 activity,
but during oxidative challenges, Nrf2 activation leads to the induction of antioxidant and
detoxifying enzymes [39]. In the present study, ARF induced by glycerol was associated
with an increase in Keapl and a decrease in Nrf2, which resulted in the suppression of this
antioxidant pathway [40]. This was also corroborated by the low immunoexpression of
Nrf2 in renal sections from the ARF group. There was partial improvement in the oxidative
stress profile during treatment with Ws and sodium selenite. The more positive restoration
seen with Ws-SeNPs (decreased MDA, 4-HNE, NO, Keap1, and increased Nrf2, GSH, SOD,
CAT, and GPx) indicated that Ws-SeNPs were able to reactivate antioxidant defenses. The
selenium component might have a direct role in this effect by supporting selenoprotein-
dependent antioxidant enzymes, such as GPx [41,42], and the phytochemicals derived from
Ws might have a greater effect in supporting cytoprotection pathways via Nrf2 due to
their phenolic and withanolide components [11,43,44]. This makes Ws-S5eNPs a potential
dual antioxidant system, combining the enzymatic antioxidant activity of selenium and the
redox-modulating activity of plants.

Another important factor in the development of renal injury in rhabdomyolysis is
inflammation. The increase in oxidative stress and damage to tubular cells results in pro-
inflammatory transcriptional signaling, including activation of the nuclear factor-kappaB
(NF-«kB) pathway, leading to increased production of cytokines, including tumour necrosis
factor (TNF)-alpha, interleukin (IL)-1 beta, and IL-6 [45—47]. In the present study, glycerol-
induced AREF strongly upregulated the protein levels of TNF-&, NF-«B, IL-13, and IL-6, as
well as the mRNA levels of NF-«B and TNF-&, which clearly demonstrated the activation
of inflammatory signaling. Concurrently, the endogenous anti-inflammatory counter-
regulatory mechanism was impaired by a decrease in IL-10. This inflammatory change
may have further exacerbated tubular injury through recruitment of leukocytes, release of
cytokines, propagation of oxidative stress, and signaling of cell death [48].

The upregulation of NLRP3 and GSDMD also supports the notion that pyroptotic
mechanisms via the inflammasome played a role in renal injury. Mitochondrial ROS, ionic
imbalance, and cell danger signals are potent activators of the NLRP3 inflammasome [49,50].
It activates downstream inflammatory cell death pathways, such as GSDMD-dependent
membrane pore formation and IL-1§ release [51]. Thus, the co-upregulation of NF-«B,
NLRP3, IL-1$3, and GSDMD in the ARF group indicates the activation of an inflammatory-
pyroptotic axis [52]. Ws and sodium selenite partially inhibited these inflammatory markers,
but Ws-SeNPs had the greatest anti-inflammatory and anti-pyroptotic effect. This was indi-
cated by lower levels of TNF-«, NF-«B, IL-1 3, IL-6, NLRP3, and GSDMD, and restoration
of IL-10. The results indicate that Ws-SeNPs can suppress renal inflammation by inhibiting
the NF-kB/NLRP3/GSDMD axis, which might be attributed to the reduction of oxidative
stress and enhancement of mitochondrial homeostasis [53].

Oxidative stress, inflammation, apoptosis, and tubular necrosis are important mech-
anistic links of glycerol-induced ARF and can be explained by mitochondrial dysfunc-
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tion [54]. Renal tubular cells have an increased reliance on mitochondrial energy produc-
tion, and dysfunction of the mitochondria will limit ATP production, ion transport, and
cell survival [55,56]. In the current study, ARF was highly effective at decreasing SIRT1,
AMPK, PGC-1«, and MFN2 expression. AMPK regulates metabolic adaptation during
stress, while SIRT1 protects mitochondria, triggers antioxidant responses, and inhibits
inflammation. PGC-1« is a master regulator of mitochondrial biogenesis, and MFN2 is
involved in mitochondrial fusion and structural integrity [57].

Glycerol-induced renal injury was found to be apoptosis-mediated, as evidenced by
increased levels of Bax and caspase-3 and decreased expression of Bcl-2 in the ARF group.
Bax favors the permeabilization of the outer mitochondrial membrane and the activation of
apoptotic signals, while Bcl-2 acts in the opposite direction by preventing these events and
favoring cell survival [58]. Caspase-3 is one of the executioners of apoptosis and is an indi-
cator of the final stage of apoptotic cell death [59,60]. The bax and caspase-3 expression was
observed to rise while bcl-2 was found to decrease, thereby suggesting activation of mito-
chondrial apoptosis in renal tissue. This was also corroborated by immunostaining of Bcl-2
in renal sections of the ARF group, which was not strong [59,61]. The apoptotic changes
were partially inhibited by Ws and sodium selenite; however, Ws-Selenppt showed the
most anti-apoptotic effect, decreasing the expression of Bax and caspase-3, and increasing
the expression of Bcl-2. Furthermore, the immunoreactivity of Bcl-2 in the Ws-SeNP group
indicated its cytoprotective activity at the tissue level. These results indicated that Ws-
SeNPs could improve the Bax/Bcl-2 ratio and inhibit the apoptotic execution by caspase-3,
thereby preventing renal tubular apoptosis.

Histopathological results strongly support the biochemical and molecular results.
Glycerol-induced AREF resulted in severe inflammatory infiltration of cells, focal necro-
sis, tubular degeneration, and glomerular injury in the renal cortex [12,28,49]. These
changes are typical of acute tubular necrosis and inflammatory renal damage resulting
from myoglobin-mediated toxicity [62]. Some pathological parameters were improved by
the use of sodium selenite, but the changes in tubular and glomerular parameters were
not reversed. Ws treatment resulted in an improvement of cortical architecture, while
Ws-SeNPs created an almost normal histological pattern. In a manner similar to this,
severe injury to muscle fibers was observed in the ARF group, as confirmed by skeletal
muscle examination, and Ws-5eNPs were seen to significantly reduce the degeneration of
muscle fibers.

Several complementary mechanisms can account for the superior effect of Ws-SeNPs
compared to Ws extract or sodium selenite alone [63]. First, nanosizing selenium can
overcome the toxicity constraint of inorganic selenium, enhance biological distribution, and
increase interaction with the cells [17,19]. Second, Ws phytoconstituents can also provide
intrinsic antioxidant and anti-inflammatory effects, functioning as capping and stabilizing
agents that promote the surface of nanoparticles. Third, the combined formulation may
exhibit a greater multi-target effect through various mechanisms such as increasing the
activity of antioxidant enzymes dependent on selenium, upregulating nuclear factor E2-
related factor 2 signaling, enhancing mitochondrial control mechanisms, decreasing NF-
kB/NLRP3-mediated inflammation, and decreasing apoptotic cell death [64].

Although the present study was conducted in a glycerol-induced rat model of
rhabdomyolysis-associated acute renal failure, several aspects of the findings are likely to
extend to other experimental models and potentially to human acute kidney injury. The
pathogenic mechanisms investigated in this study—including oxidative stress, Nrf2 /Keapl
dysregulation, NF-kB-mediated inflammation, NLRP3 inflammasome activation, mitochon-
drial dysfunction, pyroptosis, and apoptosis—are highly conserved across mammalian
species and represent common molecular pathways implicated in diverse forms of acute
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kidney injury. Therefore, the observed ability of Ws-SeNPs to simultaneously modulate
these interconnected signaling networks suggests that their renoprotective effects may
not be restricted to glycerol-induced injury alone but could also apply to other experi-
mental conditions characterized by excessive oxidative and inflammatory damage, such
as ischemia-reperfusion injury, nephrotoxic drug-induced nephropathy, contrast-induced
nephropathy, and septic acute kidney injury. Moreover, because rthabdomyolysis-induced
acute kidney injury in humans is likewise driven by myoglobin-mediated oxidative injury,
tubular dysfunction, and inflammatory activation, the present findings provide mechanistic
support for the potential clinical development of Ws-SeNPs as a multi-target therapeutic
strategy. Nevertheless, direct translation to human disease should be approached cautiously
because important interspecies differences exist in renal physiology, immune responses,
selenium metabolism, nanoparticle biodistribution, and pharmacokinetic behavior. Con-
sequently, additional investigations in large-animal models and well-designed preclinical
safety studies are required before clinical trials can be considered.

The present study has several limitations. Only male rats were included, limiting
the assessment of sex-dependent responses. In addition, N-terminal GSDMD and cleaved
caspase-3 were not measured; therefore, pyroptosis and apoptosis were inferred from re-
lated signaling markers rather than directly confirmed. The oral bioavailability, pharmacoki-
netics, renal accumulation, biodistribution, and clearance of Ws-SeNPs were also not evalu-
ated. Future studies should include both sexes and incorporate pathway-specific protein
validation together with ICP-MS-based selenium quantification and labeled-nanoparticle
biodistribution analyses.

4. Materials and Methods
4.1. Extraction and Preparation of Ws

Dried roots of Withania somnifera (Ws) were ground and powdered using a mechanical
grinder and extracted with 80% methanol via a Soxhlet apparatus for 6-8 h until the
solvent became colorless. The resulting extract was filtered employing Whatman No.1
filter paper and condensed under decreased pressure via a rotary evaporator at 4045 °C to
eliminate the solvent. The concentrated residue was further dried in a vacuum desiccator
to yield a semisolid methanolic crude extract of Ws. The dried extract was weighed, and
the extraction yield was determined as a percentage of the initial plant material. The
extract was stored at 4 °C in airtight amber glass bottles until further use in experimental
procedures [65].

4.2. LC-MS/MS

The dried residue was dissolved in LC-MS-grade methanol at 1 mg/mL, vortexed,
and centrifuged at 14,000x g for 10 min at 4 °C. The supernatant was passed through a
0.22 pm PTEFE filter into amber vials. We injected 5 uL of each sample.

Separation was performed using a reversed-phase C18 column (100 x 2.1 mm, 1.8 um)
at 40 °C. Mobile phase A was water with 0.1% formic acid, and mobile phase B was
acetonitrile with 0.1% formic acid. The flow rate was 0.3 mL/min, and the autosampler
was kept at 8 °C. A linear gradient brought the withanolides off the column between about
9.9 and 12.8 min, with a total run time of 20 min, including re-equilibration.

An electrospray ionization (ESI) tandem mass spectrometer was run separately in
positive and negative ion modes. Typical source settings included an ion-spray voltage of
+4.5 kV in positive mode and —3.5 kV in negative mode, a source temperature of 450 °C,
and nitrogen as the nebulizer, drying, and collision gas. Survey scans covered m/z 100-1200,
and the most intense precursors were selected for data-dependent MS/MS with collision
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energy ramped from 20 to 40 eV. The withanolide aglycones gave mainly [M+H]" ions in
positive mode, while the glycoside was seen as [M-H]™ in negative mode.

We annotated each peak using its retention time, measured precursor ion, and MS/MS
product ions, then checked the assignment against authentic standards (when available),
published Withania somnifera data and spectral databases. The withanolide aglycones lose
water in steps (—18 Da each) from the hydroxylated steroid nucleus, which gives the
recurring ions at m/z 317, 299 and 281. Withanosides, on the other hand, lose a hexose
unit (—162 Da), which helped flag the glycosylated compound. Peak picking and spectral
matching were done in the instrument software, together with open-source tools.

4.3. Preparation and Characterization of Selenium Nanoparticles Using Withania somnifera

Ws-5eNDPs were synthesized through a green reduction approach adapted from [66].
Briefly, 100 mL of sodium selenite solution (NaySeOs3, 5.78 mM) was mixed with an equal
volume of Ws extract solution at a concentration of approximately 2.02 mg/mL under
continuous magnetic stirring. This corresponded to a Ws extract-to-sodium selenite mass
ratio of approximately 2.02:1 and a Ws extract-to-elemental selenium mass ratio of ap-
proximately 4.43:1. This solution was subsequently added dropwise to an equal volume
of the prepared methanolic Ws extract solution under continuous magnetic stirring. The
reaction mixture was maintained at 30-40 °C and protected from light throughout the
synthesis process to minimize photodegradation of the bioactive phytoconstituents. During
the reaction, the gradual development of a dark brown coloration over approximately 5 h
was considered indicative of the reduction of selenite ions and the formation of Ws-SeNPs.
Following synthesis, the resulting nanoparticle suspension was collected and processed
for subsequent physicochemical characterization, including particle size analysis, zeta
potential measurement, FT-IR, and TEM (Figure 16).
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Figure 16. Schematic workflow for the extraction of Withania somnifera root extract, green synthesis of
Withania somnifera—functionalized selenium nanoparticles (Ws-SeNPs), and their physicochemical
characterization.

The hydrodynamic diameter and particle size distribution of Ws-SeNPs were eval-
uated by dynamic light scattering (DLS), while their surface charge and colloidal sta-
bility were assessed by zeta-potential analysis using a Zetasizer Nano Z590 instrument
(Malvern Panalytical Ltd., Malvern, Worcestershire, UK). These analyses were performed
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to determine the dispersion behavior, size homogeneity, and electrostatic stability of the
biosynthesized nanoparticles.

The morphology, structural appearance, and approximate particle dimensions of Ws-
SeNPs were further investigated using high-resolution transmission electron microscopy
(HR-TEM; JEOL Ltd., Tokyo, Japan). For TEM examination, an aliquot of the Ws-SeNPs
was mounted on a grid and subsequently visualized and photographed under the electron
microscope to assess particle shape, distribution, and aggregation pattern.

FTIR spectroscopy was employed to characterize the surface-associated functional
groups involved in the biosynthesis and stabilization of Ws-SeNPs. Spectral analysis
was performed to identify the characteristic chemical moieties derived from W. somnifera
phytoconstituents that may contribute to selenium-ion reduction, nanoparticle capping,
and colloidal stabilization. The detected absorption bands were interpreted to clarify the
probable phytochemical interactions underlying the successful formation of the green-
synthesized Ws-SeNPs.

4.4. Experimental Animals

The present study was conducted to assess the nephroprotective efficacy of Ws-SeNPs
against GLY-induced AREF in rats. A total of thirty-five healthy adult male albino rats
(100-120 g) were recruited. The animals were obtained from an accredited facility and
maintained under standard laboratory settings, with a relative humidity of 50-60%, a
temperature of 22 &+ 2 °C, and a 12 h light/12 h dark cycle. The rats were acclimatized
for one week before the beginning of the experiment and fed regular laboratory chow
and water ad libitum. To induce renal stress, water was withheld for 24 h before glycerol
administration. The study protocol was reviewed and approved by the relevant institutional
animal ethics committee under ethical approval number 131/A /2026.

Only male rats were included to reduce biological variability associated with estrous-
cycle-related hormonal fluctuations and to maintain consistency with commonly used
glycerol-induced acute kidney injury models.

The rats were divided into the following experimental groups;

Control Group (Control, n = 7): For 21 consecutive days, the animals received normal
saline solution (0.9% NaCl) orally. On day 20, they received a 1 mL i.m. saline injection.

Glycerol Group (ARF, n = 7): For 21 days in a row, the animals in this group were
given normal saline orally. On day 20, they received a single i.m. injection of 50% GLY
(10 mL/kg/day) [11].

Withania somnifera Group (ARF & Ws, n = 7): The animals received Withania somnifera
orally for 21 days (200 mg/kg/day) [61]. On day 20, they received a single dose of i.m.
injection of 50% GLY (10 mL/kg/day).

Sodium selenite Group (ARF & Selenium, n = 7): The animals received NaySeOs orally
for 21 days (0.5 mg/kg/day) [63]. On day 20, the animals received a single dose of GLY
(10 mL/kg/day) [17].

SeNPs biosynthesized via Withania somnifera Group (ARF & Ws-SeNPs, n = 7): The
animals received Ws-5eNPs orally for 21 days (0.5 mg/kg/day) [11,43]. On day 20, the
animals received a single dose of GLY (10 mL/kg/day).

The sample size was determined based on previous experimental studies employing
the glycerol-induced acute renal failure model and evaluating the nephroprotective effects
of natural products and selenium nanoparticles. A total of 35 adult male albino rats were
included and randomly allocated into five experimental groups (n = 7 per group). This
sample size was considered sufficient to detect biologically meaningful differences in
biochemical, molecular, and histopathological outcomes while adhering to the principles
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of the 3Rs (Replacement, Reduction, and Refinement) to minimize animal use without
compromising statistical validity.

4.5. Sample and Tissue Collection

At the end of the experiment, the rats received deep anesthesia induced by intraperi-
toneal ketamine /xylazine (100 and 10 mg/kg body weight, respectively), and then eutha-
nized by decapitation. Blood samples were immediately collected and left to clot at room
temperature for 15 min. The samples were then centrifuged for 10 min at 3000 rpm at 4 °C,
and the separated serum was stored for subsequent analysis of renal function biomarkers.
Kidney tissues were removed, rinsed in ice-saline and subjected to biochemical analysis.
One milliliter of PBS was used to dilute a 10% (w/v) tissue homogenate with the help of
a glass homogenizer under cold conditions. The homogenates were then centrifuged at
10,000 rpm for 10 min at 4 °C, and the supernatants were used to estimate OS indices,
inflammatory cytokines, and other biochemical markers using validated commercial ELISA
assay kits and colorimetric assay kits, as per the manufacturers’ protocols.

To perform histopathological and immunohistochemical (IHC) analyses, represen-
tative samples of the kidney were fixed in formalin, dried, and stored in paraffin blocks.
Slices of 450-500 pm thickness were made, placed on glass slides and stained with regular
hematoxylin and eosin (H&E). Inmunohistochemical analysis was performed to assess
structural and cellular changes using a light microscope.

4.6. Relative Kidney Weight (RKW) Estimation

RKW was assessed using the previously described method by dividing the the kidney
weight with the total body weight of each animal, thereby expressing the organ weight as a
proportion of the animal’s body mass:

Left kidney wt (g)

RKW = Body wieght (g)

% 100

4.7. Kidney Function Test Level

Serum urea, creatinine, KIM-1, and NGAL levels were assessed according to the
manufacturers’ protocols. Urea was determined using the Urea Colorimetric Assay Kit II
(BioVision, USA; Cat. No. K376-100) at 505 nm, while creatinine was measured using the
Creatinine Colorimetric/Fluorometric Assay Kit (BioVision, Milpitas, CA, USA; Cat. No.
K625-100) at 570 nm. Kidney injury molecule-1 (KIM-1) was quantified using the Rat KIM-1
ELISA Assay Kit (Eagle Biosciences, Amherst, NH, USA; Cat. No. RKM29-K01), whereas
neutrophil gelatinase-associated lipocalin (NGAL) was measured using a Rat NGAL ELISA
Kit MyBioSource, CA, USA; Cat. No. MBS260195). Absorbance for ELISA-based assays
was recorded at 450 nm.

4.8. CK and LDH Activities: Determination of Activities

Serum creatine kinase (CK) and lactate dehydrogenase (LDH) activities were deter-
mined using commercially available assay kits according to the manufacturers’ instructions.
CK activity was measured using a CK Activity Assay Kit (MyBioSource, CA, USA, Cat.
No. MBS51600481), and LDH activity was assessed using an LDH Activity Assay Kit (My-
BioSource, USA; Cat. No. MBS52018912). Enzyme activities were calculated according to
the standard procedures provided in the kit protocols.

4.9. Oxidant/Antioxidant Biomarkers: Assessment

Oxidative and antioxidant stress markers were assessed in renal tissue homogenates
using commercially available assay kits supplied by MyBioSource (San Diego, CA, USA),
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according to the manufacturer’s instructions. Lipid peroxidation was evaluated by mea-
suring malondialdehyde (MDA; Cat. No. MBS738685), whereas nitrosative stress was
assessed by determining nitric oxide (NO; Cat. No. MBS2604161). Endogenous antioxidant
defense was evaluated through the measurement of reduced glutathione (GSH; Cat. No.
MBS265966), catalase (CAT; Cat. No. MBS2600683), superoxide dismutase (SOD; Cat. No.
MBS036924), and glutathione peroxidase (GPx; Cat. No. MBS032696).

In addition, the Nrf2/Keap1 antioxidant signaling axis was investigated by quantify-
ing Kelch-like ECH-associated protein 1 (Keapl; Cat. No. MB57218529) and nuclear factor
erythroid 2-related factor 2 (Nrf2; Cat. No. MBS752046). All assays were performed in
accordance with the respective kit protocols, and the obtained values were normalized to
total tissue protein content where applicable.

4.10. Determination of Inflammatory/Anti-Inflammatory Markers

Inflammatory and anti-inflammatory biomarkers were quantified using commercially
available ELISA kits according to the manufacturers’ protocols. Interleukin-1 (IL-1) levels
were measured using an ELISA kit (Elabscience; Wuhan, China, Cat. No. E-EL-R0012).
Tumor necrosis factor-alpha (TNF-«) was determined using a Rat TNF-« ELISA Kit (Cloud-
Clone Corp., Katy, TX, USA; Cat. No. SEA133Ra), while nuclear factor kappa B (NF-«B)
was assessed using a Rat NF-«B ELISA Kit (FineTest, Wuhan, China; Cat. No. ER1186).
Interleukin-10 (IL-10) was quantified using a Rat IL-10 ELISA Kit (MyBioSource, CA, USA;
Cat. No. MBS9135769). Gasdermin D (GSDMD) was quantified using a Rat ELISA Kit
(MyBioSource, CA, USA; Cat. No. MBS2032003).

4.11. gRT-PCR Analysis

RT-qPCR was used to assess the expression values of TNF-oc and NF-«B genes in renal
tissue samples. Total RNA was extracted following a standard protocol and then converted
into complementary DNA (cDNA) via a reverse transcription kit. Gene amplification was
performed using specific primers (Table 2), and GAPDH was utilized for normalization.

27AACt

Relative gene expression was measured via the approach and presented as fold

changes compared with the control group.

Table 2. Primer sequences of genes analyzed by qRT-PCR.

Gene Name Forward Sequence Reverse Sequence
TNF-u ACTGAACTTCGGGGT GATCG GCTTGGTGGTTTGCTACGAC
NF-xB GTCTCAAACCAAACAGCCTCAC CAGTGTCTTCCTCGACATGGAT
GAPDH ATGGTGAAGGTCGGTGTGAACG TGGTGAAGACGCCAGTAGACTC

4.12. Immunohistochemical Analysis of Bcl-2 and Nrf-2

Nrf-2 and Bcl-2 protein immunohistochemical detection of paraffin-embedded renal
sections (4-5 um) was done. The sections were subjected to deparaffinization, followed
by rehydration using a series of ethanol, followed by antigen retrieval under optimum
conditions. Endogenous peroxidase activity was blocked, and non-specific binding of
tissues was followed by the incubation of tissues with the primary antibodies against Nrf2
and Bcl-2 (CAT # NBP3-13682 and MAB8272 respectively; Novus Biologicals, Littleton, CO,
USA), and the biotinylated secondary antibodies and streptavidin—peroxidase complex,
depending on the species. The immunoreactive sites and nuclei were stained with DAB as
the chromogenic substrate, and the nuclei were stained with hematoxylin, respectively. The
stained slides were observed using a light microscope to determine the concentration, local-
ization, and distribution of target protein expression in renal tissue [67,68]. Negative control
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sections were processed in parallel by omitting the primary antibody (or replacing it with
species-matched non-immune IgG), while maintaining identical staining conditions. The ab-
sence of specific staining confirmed the specificity of the immunohistochemical procedure.
Representative negative control images are provided in Supplementary Figures S1 and S2.

4.13. Quantitative Assessment of IHC Staining

This procedure is useful for examining protein localization within the tissue. Image]J
Fiji software version 1.54n is utilized for semi-qualitative IHC. Downstream processing
and deconvolution were performed. The percentage of NF-Nrf-2 and Bcl2 immunoreaction
area was quantified at x400 magnification in all groups [69,70].

4.14. Histopathological Examination

To measure the general histoarchitecture, such as renal cortical arrangement and
skeletal muscle cellular integrity, renal tissue and skeletal muscle were fixed, processed,
and stained with H&E [71].

4.15. Statistical Analysis

Data normality was assessed using the Shapiro-Wilk test. Normally distributed data
were expressed as mean =+ standard error (SE). Statistical comparisons among groups were
performed using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test
for multiple comparisons when a significant overall difference was detected. All statistical
analyses and graphical presentations were performed using GraphPad Prism software
version 9.0 (GraphPad Software, San Diego, CA, USA). A p-value < 0.05 was considered
statistically significant.

5. Conclusions

Finally, the present study highlights the multi-faceted effect of rhabdomyolysis in-
duced by glycerol, which led to severe ARF, involving muscle injury, renal dysfunction,
tubular damage, oxidative stress, suppression of the Nrf2-mediated antioxidant defense,
inflammatory and pyroptotic activation, mitochondrial dysfunction, and apoptotic cell
death. Ws and sodium selenite were found to be partially protective, while Ws-SeNPs
provided the most complete renoprotection. The protective action of Ws-S5eNPs is thought
to be achieved by supporting antioxidant capacity, activating the Nrf2 signaling pathway,
inhibiting inflammatory pyroptosis through the NF-«xB/NLRP3/GSDMD signaling path-
way, improving mitochondrial homeostasis through the SIRT1/AMPK/PGC-1«/MFN2
signaling pathway, and inhibiting Bax/caspase-3-dependent apoptosis.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Definition

AMPK AMP-activated protein kinase

ARF Acute renal failure

Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma 2

BUN Blood urea nitrogen

CAT Catalase

CK Creatine kinase

DAB 3,3'-Diaminobenzidine

DLS Dynamic light scattering

FTIR Fourier-transform infrared spectroscopy
GPx Glutathione peroxidase

GSDMD Gasdermin D

GSH Reduced glutathione

H&E Hematoxylin and eosin

HO-1 Heme oxygenase-1

HR-TEM High-resolution transmission electron microscopy
IL Interleukin

IL-13 Interleukin-1 beta

IL-6 Interleukin-6

IL-10 Interleukin-10

Keapl Kelch-like ECH-associated protein 1
KIM-1 Kidney injury molecule-1

LC-MS/MS  Liquid chromatography-tandem mass spectrometry
LDH Lactate dehydrogenase

MAPK Mitogen-activated protein kinase

MDA Malondialdehyde

MFEN2 Mitofusin-2

mRNA Messenger ribonucleic acid

NF-«B Nuclear factor kappa B

NGAL Neutrophil gelatinase-associated lipocalin
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NLRP3 NOD:-like receptor family pyrin domain-containing 3

NO Nitric oxide

Nrf2 Nuclear factor erythroid 2-related factor 2

PGC-1a Peroxisome proliferator-activated receptor gamma coactivator-1 alpha
ROS Reactive oxygen species

RT Retention time

RT-qPCR Reverse transcription quantitative polymerase chain reaction
Se Selenium

SeNPs Selenium nanoparticles

SEM Standard error of the mean

SIRT1 Sirtuin 1

SOD Superoxide dismutase

TEM Transmission electron microscopy

TIC Total ion chromatogram

TNF-a Tumor necrosis factor-alpha

Ws Withania somnifera

Ws-SeNPs Withania somnifera-functionalized selenium nanoparticles

7P Zeta potential
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