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ABSTRACT

Objective(s): Acute kidney injury (AKI) is a severe, life-threatening complication of sepsis that often
leads to renal failure. Thymoquinone, the main bioactive componer. of Nigella sativa, exhibits potent
antioxidant and anti-inflammatory effects, protecting heart, liver, aru “idney tissues in experimental
studies. This study aimed to investigate the protective effects of thymoqu. xone on lipopolysaccharide
(LPS)-induced AKI in mice by assessing oxidative stress, inflamnato. © mediators, pyroptosis factors,
and renal function markers via modulation of oxidative stress a. 1 pyroptosis pathways.

Materials and Methods: Thirty-two male C57BL/6 mice (2J-2z_ ) were randomized into four groups:
control, LPS, and two LPS groups treated with thymogqin »ne so ubilized in Cremophor (1 or 10 mg/
kg). AKI was induced by intraperitoneal injection of ' ©'S (Tu . .g/kg). After 24 hr, blood samples were
collected for blood urea nitrogen (BUN), cyst>an C ana =rum creatinine assays. Kidney homogenates
were analyzed for malondialdehyde (MDA), ‘ipe/oxide dismutase (SOD), nitrite, interleukin-6 (IL-
6), nucleotide-binding domain, leucine-rich—co. *aining family, pyrin domain—containing-3 (NLRP3),
and caspase-1 levels.

Results: Thymoquinone (10 mg/kg; PO} _“anificantly decreased BUN (P<0.05), cystatin C (P<0.05),
and serum creatinine (P<0.05) levels It ai.» reduced MDA concentration (P<0.05) and increased
SOD activity (P<0.05), while nitri*~ | ~els remained unchanged. Furthermore, IL-6, NLRP3, and
caspase-1 were significantly lowzr {ror an ractors, P<0.05) in thymoquinone-treated mice compared
to the LPS group.

Conclusion: Thymoquinone €. actively attenuates LPS-induced AKI, likely by reducing oxidative

stress, inhibiting pyroptcsis and 1...lammation, and enhancing antioxidant defenses.
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Introduction
Acute kidney injury (AKI) is a «nmplex, multifactorial
condition that affects a sighificant poruon of hospitalized
patients, especially those 2 intersive care units. It is
characterized by a sudden dec...."in kidney function, which
not only increases short-term risks such as mortality and
complications but also leads to persistent outcomes such as
chronic renal impairment and cardiovascular complications.
AKI is notably more prevalent in low- and middle-income
countries and imposes substantial healthcare burdens.
Treatment primarily focuses on supportive care, managing
underlying causes, preventing further kidney damage,
and addressing complications (1). AKI is characterized
pathologically by damage to renal tubular epithelial cells
and the microvasculature, primarily driven by inflammatory
responses, sepsis, or exposure to nephrotoxic agents (2).
LPS, a key component of Gram-negative bacterial
membranes, initiates septic acute kidney injury by activating
multiple inflammatory signaling pathways and promoting

oxidative stress. LPS stimulation triggers Toll-like receptor
4 (TLR4) on renal tubular cells, resulting in the release of
pro-inflammatory cytokines and the production of reactive
oxygen species (ROS), which together cause renal cell
apoptosis and tubular damage. Despite various therapeutic
approaches, effective treatments targeting these molecular
mechanisms remain limited, stressing the need for further
research to develop novel interventions to mitigate LPS-
induced kidney injury (3). LPS plays a crucial role in the
development of AKI by inducing strong inflammatory
responses that damage renal tissues and impair kidney
function. This has been demonstrated in several studies,
including one highlighting that LPS administration in mice
led to kidney tissue damage and dysfunction, which could
be alleviated by certain treatments (4). Moreover, LPS has
been reported to stimulate tubular cell inflammation and
injury, contributing to AKI pathogenesis through innate
immune signaling pathways such as STING and NLRP3
inflammasome activation (5). One of the key mechanisms
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by which LPS exacerbates kidney damage is pyroptosis, a
programmed inflammatory cell death involving caspase-1
and gasdermin D cleavage, resulting in the release of
inflammatory cytokines and further renal tubular epithelial
cell injury (6, 7).

Natural compounds that suppress inflammatory signaling
and counteract oxidative stress offer promising therapeutic
options for the effective management of AKI (8).

Thymoquinone, chemically known as 2-methyl-5-
isopropyl-1,4-benzoquinone, is a bioactive compound derived
from Nigella sativa, commonly known as black cumin, which
has been employed in traditional remedies for hundreds of
years. The seeds and extracted oil of this plant possess a broad
range of pharmacological effects, including cancer prevention,
blood sugar regulation, blood pressure reduction, antimicrobial
properties, pain relief, immune system modulation, anti-
inflammatory effects, muscle relaxation, and protective actions
for the liver, kidneys, gastrointestinal tract, lungs, as well as
strong anti-oxidant capabilities (9). Thymoquinone suppresses
the activity of genes controlled by the transcription factor
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB), including cyclooxygenase-2 (COX-2), vascular
endothelial growth factor (VEGF), matrix metalloproteinase-9
(MMP-9), cellular myelocytomatosis oncogene (c-Myc), and
cyclin D1. This targeted down-regulation significantly reduces
NF-kB activation, positioning thymoquinone as a promising
agent for reducing inflammation, cell growth, and tissue
invasion (10).

However, the regulatory role of thymoquinone on AKI
remains largely unknown. The novelty of our study lies
in comprehensively evaluating the protective effects of
thymoquinone against LPS-induced acute kidney injury by
simultaneously assessing pyroptosis-related factors, oxidative
stress, inflammatory mediators, and classical renal funct..n
markers in mice. Unlike previous research, which priu.crily
focused on inflammation and oxidative stress pa hways
(11), this study highlights the involvement of pyroptos.. i
thymoquinone’s renoprotective mechanism, c¢Zei'ng ceeper
insights into its therapeutic potential againg*'s ntic AKL.

Materials and Methods
Animals

The present experimental investig.;jon was conducted
on 32 male C57BL/6 ivice we.ghing 20-25 grams,
obtained from the Pasteur . stitzie of Iran. The animals
were maintained under standard laboratory conditions
with a 12-hour light/dark cycle and allowed to acclimate
to the laboratory environment for one week prior to
the experiment. They were housed under consistent
environmental conditions and randomly assigned to five
groups: Control, LPS, LPS with thymoquinone at 1 mg/kg,
and LPS with thymoquinone at 10 mg/kg (12).

Experimental procedure

Thirty-two male C57BL/6 mice (20-25 g) were
randomized into four groups (n=8 per group): (1) Control,
(2) LPS, (3) LPS + thymoquinone (1 mg/kg), and (4) LPS +
thymoquinone (10 mg/kg). One hour prior to LPS (Cat #
L2630, Sigma-Aldrich, USA) injection (10 mg/kg, IP) (13),
the thymoquinone (Cat # 274666, Sigma-Aldrich, USA)
was administered to the treatment groups by oral gavage.
Twenty-four hours after lipopolysaccharide administration,
the mice were anesthetized with a combination of ketamine
(100 mg/kg) and xylazine (10 mg/kg), after which blood
samples were obtained through cardiac puncture, and the
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kidneys were immediately harvested. Finally, animals were
euthanized in accordance with ethical guidelines.

Tissue homogenate preparation

The kidney tissue was homogenized at a w/v ratio of
2.5 % in cold lysis buffer using a rotary homogenizer (IKA
Co., Germany). Following homogenization, the samples
were centrifuged, and the clear supernatant was carefully
collected and stored at —70 °C for subsequent biochemical
assessments.

Blood biochemistry assay

Serum samples were collected one day after LPS
administration by centrifuging whole blood at 3000 rpm
for 10 min. The obtained serum was used to measure renal
function markers, including BUN and creatinine, utilizing
commercial diagnostic kits from Pars Azmun Co. (Tehran,
Iran). Additionally, serum cystatin C levels were quantified
using an ELISA-based immunoassay. These biomarkers
collectively provide a compichensive evaluation of kidney
function in experimental a1.’raals.

Measurement of oxidative _‘vess narkers and anti-oxidant
enzyme activity, includ 'ng M DA, nitrite, and SOD in renal
samples

MDA concen ratioiis were measured using the
thiobarbiturici acid ~ - active substances (TBARS) method,
with s2mpi 5 incibated in boiling water for 80 min, then
centrifu,_~d, absorpance was measured at 532 nm against a
tetraethox, ~ropane standard curve.

Nitrite ccncentrations in kidney tissue were measured
using the Griess reaction, with absorbance at 540 nm after
is cubauon with reagents; levels were calculated from a
soawum nitrite standard curve.

SOD activity was evaluated based on inhibition of nitro
blue tetrazolium (NBT) reduction mediated by the xanthine-
xanthine oxidase system, recording absorbance at 550 nm
every 30 seconds over 5 min; enzyme activity was derived
from inhibition percentages fitted to a standard curve.

Determination of IL-6 in renal tissue

The concentration of interleukin-6 in kidney tissue
homogenates was quantified using a sandwich enzyme-
linked immunosorbent assay (ELISA) with IL-6-specific
antibodies from Santa Cruz Biotechnology, USA.

Assessment of renal pyroptosis via NLRP3 and caspase-1
quantification

NLRP3 levels were quantified in kidney tissue homogenates
using a commercial NLRP3 kit (Cat # MBS920134,
MyBiosource, USA) following the manufacturer’s protocol.
Kidney samples were processed to extract proteins, and equal
amounts of lysate were applied to antibody-coated plates.
After incubation and washing, the target protein was detected
via colorimetric measurement using a microplate reader. This
method provides a sensitive and specific quantification of
NLRP3 expression in renal tissues.

The enzymatic activity of caspase-1 was assessed
using a commercial kit (Abcam) following the prescribed
instructions. In brief, a reaction mixture comprising 100 pl
of buffer with 10 mM dithiothreitol was prepared, and 25 pl
of sample supernatant was added under ice-cold conditions.
Subsequently, 10 uL of a 2 mM YVAD-p-NA substrate was
added, and the mixture was incubated in the dark at 37 °C
for 60 min. The resulting product formation was quantified
by measuring absorbance at 405 nm via microplate
spectrophotometry.
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Protein assay

Protein content was estimated by the Bradford assay
using Coomassie Brilliant Blue reagent, with absorbance
measured at 595 nm; assay sensitivity ranged from 5 to 100
ug protein.

Statistical analysis

Statistical analyses were performed using one-way
ANOVA followed by Tukey’s post hoc test. The results
are shown as mean + SEM. Analyses and graphing were
performed using GraphPad Prism version 10.4. Statistical
significance was accepted at P<0.05.

Results
Thymoquinone suppressed the biochemical indicators of
kidney impairment induced by LPS

The administration of LPS caused a marked and
statistically significant increase in BUN, creatinine, and
cystatin C levels one day post-injection in comparison
with the control group (P<0.001 for BUN and creatinine,
P<0.01 for cystatin C) (Figure 1A-C). Administration of
thymoquinone at 10 mg/kg effectively attenuated the LPS-
induced rise in these renal function parameters, resulting
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Figure 1. Mouse serum blood urea nitrogen (BUN) (A), creatinine (B), and
cystatin C (C) levels in control, lipopolysaccharide (LPS)-induced acute
kidney injury (AKI), and thymoquinone-treated groups.

Data are shown as mean + SEM. Significant differences indicated by n, t P<0.05, nn
P<0.01, nnn P<0.001, (n vs control group, t vs LPS group) (n=7 /each group).
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in a significant reduction (P<0.05). However, BUN and
creatinine levels were significantly increased in the LPS-
exposed groups treated with thymoquinone at doses of 1
and 10 mg/kg compared with the control group (P<0.001,
P<0.05, respectively), whereas cystatin C showed a
significant elevation only in the group receiving 1 mg/kg
thymoquinone relative to the control group (P<0.05).

Thymoquinone inhibited LPS-induced oxidative stress

LPS administration significantly increased MDA levels
(P<0.01) and nitrite production (P<0.05) while markedly
reducing SOD activity (P<0.001) relative to the control
group (Figure 2 A-C). Conversely, pretreatment with
thymoquinone at 10 mg/kg effectively diminished MDA
concentration (P<0.05) and restored SOD enzymatic
activity (P<0.05), indicating its protective anti-oxidant role
against LPS-induced oxidative damage. No significant effect
on nitrite levels was observed. In addition, administration
of thymoquinone at a dose of 1 mg/kg to the injured group
resulted in a significant increase in malondialdehyde and
nitrite levels, along with a reductie=in superoxide dismutase
activity compared with the cont ol group. Also, the group
receiving thymoquinone at 10 my, *g showed a significant
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Figure 2. Mouse renal homogenate levels of malondialdehyde (MDA)
(A), nitrite (B) and superoxide dismutase (SOD) activity (C) in control,
lipopolysaccharide (LPS)-induced acute kidney injury (AKI), and

thymoquinone-treated groups
Data are shown as mean + SEM. Significant differences indicated by n, t P<0.05, nn
P<0.01, nnn P<0.001, (n vs control group, t vs LPS group) (n=7 /each group).
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Figure 3. Renal homogenate levels of interleukin-6 (IL-6) in control,
lipopolysaccharides (LPS)-induced acute kidney injury (AKI), and

thymoquinone (TQ)-treated mouse groups
Data are shown as mean + SEM. Significant differences indicated by nnn P<0.001, t
P<0.05, (n vs control group, t vs LPS group) (n=7 /each group).

decrease in anti-oxidant enzyme activity compared with the
injured group (P<0.05).

Thymoquinone inhibited LPS-induced inflammation

Inflammation was assessed by measuring IL-6 levels in
kidney tissue (Figure 3). In LPS-challenged and injured
mice treated with thymoquinone at 1 mg/kg, IL-6 levels
were significantly increased compared with control mice
(significant in both groups; P<0.01). However, thymoquinone
(10 mg/kg) significantly reduced IL-6 levels (P<0.05).

Thymoquinone inhibited LPS-induced pyroptosis

NLRP3 inflammasome is a multiprotein complex that
servesasa critical sensor of cellular stress and infection. Upon
activation, it initiates caspase-1, which in turn promotes
the processing and release of pro-inflammatory cytokines,
orchestrating the body’s innate immune response (14). The
present study investigated the impact of thymoquinone o1
LPS-induced pyroptosis within renal tissue. As illustrated .a
Figures 4A and 4B, LPS administration significantly elev: ted
the expression levels of NLRP3 and caspase-1 (P<0.0u1 1to:
both). Conversely, pretreatment with thymoqutioe a* 10
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Figure 4. Renal homogenate levels of Nod-like receptor protein 3 (NLRP3)
(A) and caspase-1 (B) in control, lipopolysaccharide (LPS)-induced acute
kidney injury (AKI), and thymoquinone (TQ)-treated mouse groups

Data are shown as mean + SEM. Significant differences indicated by n, t P<0.05, nnn
P<0.001, (n vs control group, t vs LPS group) (n=7 /each group).
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mg/kg reduced these elevations (P<0.05), demonstrating
its modulatory effect on the pyroptotic pathway in the
kidney. In addition, an increase in these two parameters
was evident in the lipopolysaccharide-exposed groups that
received thymoquinone at 1 and 10 mg/kg, compared with
the control group (P<0.001, P<0.05, respectively).

Discussion

AKI represents a significant global health challenge,
affecting over 13 million individuals each year (15).
Oxidative stress, a critical factor in AKI pathogenesis, leads
to excessive ROS production, which amplifies inflammation
and oxidative damage, ultimately causing tissue injury
through lipid peroxidation of cellular membranes (16).
Following filtration into the renal tubules and cellular
uptake, LPS initiates multiple harmful signaling pathways
(17), leading to the up-regulation of pro-inflammatory
mediators and increased oxidative stress (18). LPS
contributes to oxidative discquilibrium by impairing
endogenous anti-oxidant < fense systems, including
glutathione (GSH), SOD, and . tal anti-oxidant capacity
(TAC) (19). Concurrently, . increases oxidative stress
markers, including MD.  protein carbonyl (PC), and
myeloperoxidase (MPU,. Mureover, LPS directly induces
tubulointerstitial ~.e hropathy by promoting neutrophil
infiltration-<= 4 4. acropnage accumulation in renal tissues,
thereby < “leas ng p.>-inflammatory mediators. (20). Our
findings de. onstrate that LPS exacerbates oxidative stress
wh.'» impairn 3 the kidney’s anti-oxidant defenses. This
was-v.‘denced by significant reductions in SOD activity,
alo.gsiaw notable elevations in MDA and nitrite levels.

In.Zamasomes are multiprotein complexes composed
of »attern recognition receptors (PRRs) that detect
aamage-associated molecular patterns (DAMPs). This
detection triggers their assembly and the recruitment of
the adaptor protein ASC (also known as PYCARD), which
possesses both PYD and CARD structural domains, along
with the effector enzyme caspase-1. Activated caspase-1
then processes the inactive pro-interleukin-13 (pro-IL-
1B) into its active form, IL-1p. Among the NOD-like
receptor (NLR) family, the NLRP3 inflammasome is the
most widely characterized (21). Caspase-1 is a proteolytic
enzyme involved in inflammation, which becomes activated
through inflammasome assembly triggered by pathogen-
associated molecular patterns (PAMPs). Upon activation,
caspase-1 enzymatically processes the precursor form of the
proinflammatory cytokine IL-1f into its biologically active
state (22).

As established, inflammation is a primary driver of
AKI. In line with the central focus of this study on the
NLRP3-caspase-1 axis, our results demonstrated that LPS
challenge specifically and significantly up-regulated the key
components of this inflammasome pathway, namely NLRP3
and caspase-1, in renal tissues compared to the control group.
This activation was functionally coupled with a marked
increase in IL-6 expression, a pivotal proinflammatory
cytokine. The critical role of inflammatory mediators,
including IL-1f, IL-6, and TNF-q, in the pathophysiology
of sepsis-induced organ injury is well established (23-25).
Importantly, our findings align with and extend previous
reports indicating that LPS triggers systemic and local
inflammation by elevating TNF-a, IL-6, and IL-1p, a
process mechanistically linked to NLRP3 inflammasome
activation (26). This inflammasome complex is a known
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master regulator of pyroptosis, culminating in the cleavage
of caspase-1 and GSDMD (27).

Our results indicated that LPS administration led to
elevated levels of BUN, cystatin C and creatinine compared
to the control group. These observations are partially
consistent with findings from previous studies (28-30).

Thymoquinone has been studied for its therapeutic
potential in kidney diseases (31, 32) owing to its strong
capacity to counteract oxidative stress and suppress
inflammatory responses. Evidence indicates its protective
effects against kidney damage induced by oxidative stress,
inflammation-mediated renal impairment, and dysfunction
associated with various pathological conditions (33). The
kidney-protective properties of thymoquinone have been
validated across multiple experimental animal models of
renal disorders, which have recognized thymoquinone as a
multitarget agent with kidney-protective effects, attributed
to its anti-oxidant, anti-inflammatory, and anti-apoptotic
properties (34, 35). Like our study, previous research
reported that thymoquinone treatment improved renal
function by reducing BUN, cystatin C, and creatinine levels
(36, 37).

In this study, thymoquinone treatment in the LPS-
induced AKI group reduced the lipid peroxidation index
(MDA) and increased anti-oxidant activity (SOD).
Therefore, our findings are consistent with previous studies
demonstrating that thymoquinone alleviates gentamicin-
induced kidney dysfunction in rats by reducing MDA
levels and enhancing the activities of anti-oxidant enzymes,
including glutathione peroxidase-1 and SOD (38). Evidence
has been presented demonstrating thymoquinone’s
protective role in kidney function against prolonged sodium
nitrite-induced toxicity in mouse models (34). Another
study reported that thymoquinone protected mouse
kidneys from arsenic-induced oxidative stress by decrecrin,
MDA levels and enhancing SOD, catalase, and glut:thion=
peroxidase activities in renal tissue (39). The “adin, of
this study showed that treatment of the lipopoiysac haride-
induced acute kidney injury group with thvmc ruinone had
no significant effect on the nitrite paramzter, ‘hi.e previous
studies reported that thymoquinone riduced this factor
(40, 41). In our research, we o/ :served that thymoquinone
lowered IL-6 levels. This result ~ligns svith findings from
another study that examined how .ymoquinone protects
against methotrexate-induced testicular damage. That study
found thymoquinone decreased MDA, which is important
for preventing lipid damage, as well as reduced levels of
biochemical markers like TNF-a, IL-1f, and IL-6 (42). In
addition, a study examining the cardioprotective effects of
thymoquinone in septic BALB/c mice revealed a significant
reduction in plasma c¢TnT concentration and an increase in
ATP levels. Moreover, thymoquinone markedly decreased
the expression of inflammatory and pyroptosis-related
markers, including p62, NLRP3, caspase-1, IL-1f, IL-18,
IL-6, TNF-a, and MCP-1, while boosting the production
of beclin 1 and the anti-inflammatory cytokine IL-10 (43).
Thymoquinone was found in another study to markedly
suppress the expression of CALR, NLRP3 subunits, and
IL-1P, as well as to decrease the extracellular levels of IL-1p
and soluble PD-L1 proteins associated with pro-tumorigenic
breast cancer markers (44). These findings further confirm
that thymoquinone attenuates lipopolysaccharide-induced
pyroptosis by inhibiting caspase-1 and NLRP3 activation. In
recent years, several studies have explored the suppressive
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role of thymoquinone on the NLRP3 signaling pathway (31,
45). Our findings extend those of previous studies (11) by
demonstrating that thymoquinone significantly inhibits
pyroptosis pathways through down-regulation of NLRP3
inflammasome and caspase-1 activity, thereby providing
comprehensive renal protection in LPS-induced acute
kidney injury. This study offers a novel understanding of
thymoquinone’s role in combating acute kidney injury. Our
findings indicate that thymoquinone mitigates oxidative
damage and inflammatory responses, thereby providing
significant renal protection. Nevertheless, additional
research is required to clarify its impact on molecular
pathways, including apoptotic processes.

Conclusion

This study demonstrated that oral administration of
a compound specifically targeting oxidative stress and
inflammasome pathways exe‘ted protective effects in
mice with LPS-induced AKI. This was evidenced by
marked improvement in elevatea BUN and creatinine
levels, restoration of oxidative v)lance, and inhibition of
proinflammatory cytokine [ ~lease alongside suppression
of pyroptosis-related (facto.s. These findings underscore
thymogquinone’s the apc :ticpotential in managing AKI.
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