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Implication for health policy/practice/research/medical education:
In this experimental animal study, semapimod emerged as a multifunctional therapeutic agent that effectively attenuates renal 
ischemia-reperfusion injury by simultaneously modulating inflammatory responses, necroptotic signaling, and apoptotic 
pathways.
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Introduction: Renal ischemia-reperfusion (I/R) injury is a critical contributor to acute kidney 
injury (AKI) and chronic kidney disease (CKD), driven by oxidative stress, inflammation, and 
regulated cell death pathways such as necroptosis.
Objectives: This study investigates the therapeutic potential of semapimod, a macrophage inhibitor 
and cholinergic anti-inflammatory agent, in mitigating renal I/R injury by targeting necroptosis 
in male rats.
Materials and Methods: In this experimental animal study at the university of Kufa, Iraq, 24 
male Sprague Dawley rats (about 8 weeks old, ~200 g) were housed under controlled conditions 
and randomly assigned to sham, I/R, vehicle+I/R (veh + I/R), and semapimod hydrochloride 
HCl + I/R (SPD + I/R) groups. In this study, I/R, veh+I/R, and SPD + I/R groups underwent a 
model of I/R consisting of 30 minutes of ischemia and 24 hours of reperfusion. The SPD+I/R 
group receives 10 mg/kg of semapimod HCl, and the veh+I/R group receives the solvent of 
semapimod HCl by intraperitoneal route, one hour before the induction of ischemia. The sham 
group underwent laparotomy I/R and received nothing. After anesthesia rates were sacrificed and 
kidneys were collected for histopathology, immunohistochemistry (mixed lineage kinase domain-
like pseudokinase [MLKL]), and molecular analyses for kidney injury molecule-1 (KIM-1), tumor 
necrosis factor-α (TNF-α), caspase-3, and receptor-interacting protein kinase 1 (RIPK1), with all 
assessments were conducted to evaluate renal injury, inflammation, and necroptosis/apoptosis 
markers. Data were collected and compared between four groups.
Results: The results demonstrated that semapimod pretreatment attenuates renal I/R injury 
through multimodal modulation of inflammatory, necroptotic, and apoptotic pathways. 
Inflammatory markers KIM-1 and TNF-α were markedly elevated in I/R and vehicle-treated 
groups, with semapimod significantly reducing both biomarkers. Necroptotic markers RIPK1 
and MLKL exhibited robust upregulation in I/R injury, which persisted in vehicle-treated rats but 
were substantially normalized by semapimod. Similarly, caspase-3 activity and histopathological 
damage scores, reflective of apoptotic and structural injury, peaked in I/R and vehicle groups, 
while semapimod restored caspase-3 to near-sham levels and mitigated tubular necrosis, though 
residual histological damage persisted. 
Conclusion: These results collectively position semapimod as a promising therapeutic agent that 
concurrently dampens necroptosis, apoptosis, and inflammation, with normalization of injury 
biomarkers, emphasizing its efficacy in preserving renal architecture and function post-I/R insult.
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Introduction
Acute kidney injury (AKI) represents a critical clinical 
challenge affecting millions of patients worldwide, with an 
estimated 13 million people impacted annually on a global 
scale (1). This heterogeneous syndrome encompasses a 
broad spectrum of renal function deterioration, ranging 
from subtle changes in serum creatinine levels to severe 
conditions requiring renal replacement therapy (2). In 
critically ill patients, AKI occurs with alarming frequency, 
affecting 30-70% of patients and representing one of the 
most common complications following hospital admission 
(1). The clinical significance of AKI extends far beyond 
immediate morbidity, as patients experiencing AKI 
face substantially elevated mortality rates, with studies 
demonstrating mortality rates of 41.8% in patients with 
AKI compared to 14% in those without this complication 
(3). Furthermore, AKI survivors are at increased risk for 
long-term adverse outcomes, including the development 
or progression of chronic kidney disease (CKD), 
cardiovascular events, and reduced overall survival (4,5). 

Ischemia-reperfusion (I/R) injury stands as one of the 
predominant mechanisms underlying AKI, accounting for 
approximately 66% of all AKI cases through acute tubular 
necrosis. This pathophysiological process is characterized 
by temporary oxygen deficiency resulting from restricted 
blood flow, followed by the sudden restoration of oxygen 
supply, which paradoxically exacerbates tissue damage 
(6). Renal I/R injury involves a complex cascade of events, 
including robust inflammatory responses, oxidative stress, 
microvascular dysregulation, and cellular injury that 
collectively disturb organ function (7). The injury occurs 
in various clinical scenarios such as shock, major surgery, 
organ transplantation, and other conditions where 
blood flow to the kidney is temporarily compromised 
(2). Despite advances in understanding the molecular 
mechanisms of I/R injury, including the recognition that 
damage primarily affects proximal tubular epithelial cells, 
effective therapeutic interventions remain limited, with 
current management largely consisting of conservative 
measures such as removing causative factors, managing 
fluid and electrolyte imbalances, and providing supportive 
care (2,8).

Semapimod, also known as CNI-1493 (9), represents 
a promising therapeutic compound with demonstrated 
anti-inflammatory properties that may offer novel 
treatment approaches for I/R injury. This tetravalent 
guanylhydrazone molecule has been shown to inhibit 
systemic inflammation and stimulate the cholinergic 
anti-inflammatory pathway, effectively attenuating tumor 
necrosis factor synthesis through interactions with nicotinic 
acetylcholine receptors on macrophages (10). The drug’s 
selective interference with macrophage and microglial 
function has been demonstrated in experimental models, 
where it potently inhibits inflammatory cell-mediated 
tissue damage (11). Given the central role of inflammation 
and immune dysregulation in the pathogenesis of renal 

I/R injury, and the emerging understanding that regulated 
cell death pathways, including necroptosis, contribute 
significantly to I/R injury-induced AKI (8), semapimod’s 
anti-inflammatory mechanisms present a compelling 
therapeutic target for mitigating renal I/R injury through 
modulation of these critical pathophysiological processes.

Objectives
The objective of this study was to investigate the 
protective effects of semapimod against renal I/R injury 
in a rat model, specifically by evaluating its ability to 
modulate inflammatory, necroptotic, and apoptotic 
pathways through the analysis of biomarker profiles and 
histopathological changes.

Materials and Methods
Study design and samples
In this experimental animal study, twenty-four male 
Sprague Dawley rats, each approximately 8 weeks of age 
and weighing around 200 g, were procured from the 
Faculty of Sciences at the University of Kufa, Iraq, in 2024, 
for use in the present study. These animals were selected 
based on their standardized age and weight to ensure 
consistency and minimize variability in experimental 
outcomes. 

Animal preparation and experimental design
Rats were maintained in individual cages, with unrestricted 
access to water and food under regulated conditions at a 
temperature of 25 ± 2 °C. Calculation of the sample size 
was conducted by the resource equation method (12). 
After the end of the one-week acclimatization phase, rats 
were randomly grouped into sham, I/R, vehicle+I/R (veh 
+ I/R), and semapimod hydrochloride HCl + I/R (SPD 
+ I/R) groups. In this study, I/R, veh+I/R, and SPD+I/R 
groups underwent a model of I/R consisting of 30 minutes 
of ischemia and 24 hours of reperfusion. The SPD+I/R 
group receives 10 mg/kg of semapimod HCl (13) (CAS 
No.: 164301-51-3, MedChemExpress, USA), and the 
veh+I/R group receives the solvent of semapimod HCl 
(10% of dimethyl sulfoxide (DMSO) (CAS No.: 67-68-5, 
MW: 78.13, CDH, India)) by intraperitoneal route, one 
hour before the induction of ischemia. The sham group 
underwent laparotomy I/R and received nothing. 

Ischemia/reperfusion injury procedure
The renal I/R injury model was conducted according 
to established protocols (14). Under pathogen-free 
conditions, rats were anesthetized via intraperitoneal 
injection of ketamine (100 mg/kg; Alfasan, Netherlands) 
and xylazine (10 mg/kg; Alfasan, Netherlands) (15). 
Following midline laparotomy, bilateral renal ischemia 
was induced by applying non-traumatic microvascular 
clamps to both renal pedicles. Ischemia was maintained 
for 30 minutes, after which clamps were removed to 
restore blood flow, initiating a 24-hour reperfusion period. 
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All surgical procedures were performed under aseptic 
conditions to minimize infection risk. After completing 
the reperfusion phase, rats were humanely euthanized 
under deep anesthesia following institutional animal care 
guidelines (16). 

Tissue collection
For this study, both kidneys were harvested immediately 
following the experimental protocol. Renal tissues 
intended for immunohistochemistry (IHC) and 
hematoxylin and eosin (H&E) staining were fixed in 10% 
neutral buffered formalin to preserve cellular architecture. 
In contrast, tissues designated for quantitative reverse 
transcription polymerase chain reaction (RT-qPCR) and 
enzyme-linked immunosorbent assay (ELISA) analysis 
were rapidly frozen in liquid nitrogen and stored at ultra-
low temperatures to maintain RNA and protein integrity 
for subsequent measurements and molecular assessments.

ELISA technique 
For the analysis of key renal injury and inflammatory 
markers, the supernatant was collected and used to 
quantify the levels of kidney injury molecule-1 (KIM-1), 
tumor necrosis factor-α (TNF-α), and caspase-3 using 
commercially available rat-specific ELISA kits (KIM-1: 
Cat. No. SL0433Ra; TNF-α: Cat. No. SL0722Ra; caspase-3: 
Cat. No. SL0152Ra; Sunlong, China). Each ELISA was 
performed according to the manufacturer’s instructions, 
enabling sensitive and specific detection of these proteins 
in the renal samples.

RT-qPCR analysis
Total RNA was extracted from renal tissues using the 
Easy-spin™ RNA purification kit (Intron, Cat. No. 17221), 
followed by cDNA synthesis with the AddScript cDNA 
Synthesis Kit (Addbio, Cat. No. 22701). Quantitative 
reverse transcription PCR (RT-qPCR) analysis was 
performed using the GoTaq® RT-qPCR System (Promega, 
Cat. No. A6020) to measure receptor-interacting 
protein kinase 1 (RIPK1) mRNA expression levels, with 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
serving as the endogenous control for data normalization. 
Relative gene expression quantification was calculated 
using the 2–ΔΔCT method, which compares threshold 
cycle values between experimental and control groups to 
determine fold changes in transcriptional activity. 

HE and IHC examination 
Histopathological examination by H&E staining was 
conducted through multiple tissue processing stages 
for the formalin-fixed renal tissue according to Yahiya 
et al study (17). For preparing IHC staining, paraffin-
embedded tissue was deparaffinized using xylene, 
rehydrated with descending ethanol concentration, and 
washed with distilled water. Next, antigen retrieval was 
done by incubating the slides with the retrieval solution, 

cooled, and washed with the buffer solution. To prevent 
nonspecific binding, a blocking agent (peroxidase) 
was used, followed by adding the post-protein block. 
The primary anti mixed lineage kinase domain-like 
pseudokinase (MLKL) (Cat. No. E-AB-67102, dilution 
1:100, Elabscience, China) was added, incubated, and 
then washed. Subsequently, the secondary antibody was 
applied, followed by adding horseradish peroxidase, 
chromogen, and the counterstain (hematoxylin). The 
damage score for the histopathological examination was 
measured as in Hassoon et al study (18), while H-score 
for IHC was assessed as in Charafe-Jauffret et al (19) and 
Parris et al (20) studies. A histopathologist blinded to the 
study examined the slides and evaluated the scores.

Outcomes
The primary outcomes of this study included assessment 
of renal injury severity through histopathological scoring, 
measurement of inflammatory biomarkers such as KIM-
1 and TNF-α, and evaluation of necroptosis pathway 
modulation via RIPK1 and MLKL expression. Secondary 
outcomes focused on apoptotic activity as indicated by 
caspase-3 levels, comparative efficacy of semapimod in 
attenuating necroptotic versus apoptotic signaling, and 
the persistence of residual structural damage despite 
treatment. Together, these outcomes were chosen to 
comprehensively evaluate semapimod’s protective effects 
on renal I/R injury by targeting multiple interconnected 
pathways involved in inflammation, programmed cell 
death, and tissue preservation.

Statistical analysis
Statistical analysis was carried out by GraphPad Prism 
version 10.0 and IBM SPSS Statistics version 27.0 (IBM 
Corp, USA). Data were initially tested for normality using 
the Shapiro–Wilk test and for homogeneity of variances 
using Bartlett’s test. Parametric data were examined 
using one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test. In contrast, nonparametric 
data (histopathological scores) were analyzed using the 
Kruskal–Wallis test, and pairwise comparisons were 
conducted by the Mann–Whitney U test. Results are 
presented as mean ± standard deviation (SD), and a P 
value < 0.05 was considered statistically significant. Bar 
graphs were generated by GraphPad Prism 10.0.

Results 
This study included twenty-four male Sprague Dawley 
rats, each weighing approximately 200 grams and about 
eight weeks old. The rats were divided into four groups 
of six; sham, I/R, I/R+ vehicle, and I/R+semapimod. The 
comparative analysis of renal damage and inflammatory 
markers across experimental groups revealed distinct 
patterns in both KIM-1 and TNF-α levels. For KIM-1, 
the sham group exhibited the lowest expression, while 
I/R and I/R+vehicle groups demonstrated significantly 
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elevated levels, with no marked difference between these 
two injury groups. In contrast, I/R+semapimod group 
showed a substantial reduction in KIM-1 compared to 
I/R and vehicle-treated groups, though levels remained 
higher than the sham group. Similarly, TNF-α levels 
were lowest in the sham group and elevated in both 
I/R and I/R+vehicle cohorts, which were statistically 
indistinguishable. The semapimod-treated group 
displayed a pronounced decrease in TNF-α relative to the 
I/R and vehicle groups, approaching sham levels without 
full normalization. Notably, the effect of semapimod on 
TNF-α attenuation was less pronounced compared to its 
impact on KIM-1, suggesting differential modulation of 
inflammatory and direct injury pathways. These trends 
highlight semapimod’s partial but significant mitigation 
of renal damage and inflammation, particularly in 
attenuating injury-associated biomarker elevation (Table 
1 and Figure 1).

The comparative analysis of necroptosis pathway 
markers across experimental groups revealed distinct 
modulation patterns in RIPK1 and MLKL expression. 
For RIPK1, the sham group exhibited baseline expression 
levels, which were significantly elevated in the I/R group. 
Pretreatment with semapimod (I/R+SPD) substantially 
attenuated RIPK1 expression compared to both I/R and 
I/R+vehicle groups, though levels remained above sham 
values. Notably, the vehicle-treated group showed no 
meaningful reduction in RIPK1 relative to untreated I/R, 
underscoring semapimod’s targeted inhibitory effect. 

A similar trend was observed for MLKL, a downstream 
effector of necroptosis, with sham animals demonstrating 
minimal staining intensity. The I/R group displayed a 
pronounced increase in MLKL activation, which persisted 
in the vehicle-treated cohort but was markedly reduced 
by semapimod pretreatment, nearly normalizing to sham 
levels (Table 2, Figures 2 & 3).

The analysis of cellular death markers across 
experimental groups revealed distinct patterns in 
caspase-3 activity and histopathological renal damage. 
Caspase-3 levels were lowest in the sham group, with a 
marked elevation observed in both I/R and I/R+vehicle 
cohorts, which were statistically significant. Semapimod 
pretreatment (I/R+SPD) significantly attenuated 
caspase-3 activity compared to untreated and vehicle-
treated I/R groups, restoring levels to near-sham values. 
Histopathological scoring mirrored these trends, with 
sham animals showing no structural abnormalities, 
while I/R and vehicle groups exhibited severe tubular 
injury characterized by increasing histopathological 
scores. Semapimod pretreatment substantially reduced 
histopathological damage, though residual injury persisted 
compared to sham controls (Table 3 and Figure 4).

In the sham group, histopathological staining showed 
that rat renal tubules exhibited normal histology (Figure 
5A). In the I/R group, histopathological staining indicated 
that rat renal tubules exhibited score 4 damage, affecting 
80% of the studied tubules (Figure 5B). In the Veh + I/R 
group, histopathological staining demonstrated that rat 

Table 1. Comparative analysis of renal damage and inflammatory markers among treatment groups

Group Mean SD P value*

KIM-1 (pg/mL)

Sham 1310.67 85.89

<0.001
IR 1988.28 177.94

I/R + Veh 2109.73 169.09

I/R + SPD 1695.06 101.98

Group Mean difference P value**

Sham

I/R 677.61 <0.001

I/R + Veh 799.06 <0.001

I/R + SPD 384.38 <0.001

IR
I/R + Veh 121.45 0.453

I/R + SPD 293.22 0.008

I/R + Veh I/R + SPD 414.67 <0.001

Group Mean SD P value*

TNF-α (ng/L)

Sham 367.09 69.06

<0.001
IR 514.74 24.07

I/R + Veh 507.87 25.81

I/R + SPD 411.99 62.86

Group Mean difference P value**

Sham

I/R 147.65 <0.001

I/R + Veh 140.78 <0.001

I/R + SPD 44.90 0.424

IR
I/R + Veh 6.87 0.995

I/R + SPD 102.75 0.010

I/R + Veh I/R + SPD 140.78 0.016

Sham: Healthy control; I/R: Ischemia/reperfusion; Veh: Vehicle; SPD: Semapimod; SD: Standard deviation; KIM-1: Kidney injury molecule-1; TNF-α: Tumor 
necrosis factor alpha. *One-way ANOVA, **Post hoc Tukey test.
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renal tubules exhibited score 4 damage, which affected 
80% of the studied tubules (Figure 5C). In the SPD+I/R 
group, histopathological staining found that rat renal 
tubules exhibited score 1 damage, which affected 25% of 
the studied tubules (Figure 5D).

Discussion
The findings indicated that semapimod pretreatment 
effectively reduces renal I/R injury by targeting multiple 
pathways, including inflammation, necroptosis, and 
apoptosis. Inflammatory markers such as KIM-1 and 

Table 2. Comparative analysis of necroptosis pathway markers among treatment groups

Group Mean SD P value*

RIPK1 (2-ΔΔCT)

Sham 1.00 0.00

<0.001
IR 4.14 0.31

I/R + Veh 3.36 0.91

I/R + SPD 2.34 0.46

Group Mean difference P value**

Sham

I/R 3.14 <0.001

I/R + Veh 2.36 <0.001

I/R + SPD 1.34 0.002

IR
I/R + Veh 0.77 0.088

I/R + SPD 1.80 <0.001

I/R + Veh I/R + SPD 1.02 0.016

Group Mean SD P value*

MLKL (H-score)

Sham 35.50 17.40

<0.001
IR 177.16 45.69

I/R + Veh 160.66 37.45

I/R + SPD 60.50 52.87

Group Mean difference P value**

Sham

I/R 141.66 <0.001

I/R + Veh 125.16 <0.001

I/R + SPD 25.00 0.713

IR
I/R + Veh 16.50 0.894

I/R + SPD 116.66 <0.001

I/R + Veh I/R + SPD 100.16 0.002

Sham: Healthy control; I/R: Ischemia/reperfusion; Veh: Vehicle; SPD: Semapimod; SD: Standard deviation; RIPK1: Receptor-interacting protein kinase 
1; MIKL: Mixed lineage kinase domain-like pseudokinase. *One-way ANOVA, **Post hoc Tukey test

Figure 1. Comparison of the renal damage and inflammatory markers among the treatment groups. Sham: Healthy control; I/R: Ischemia/reperfusion; Veh: 
Vehicle; SPD: Semapimod; KIM-1: Kidney injury molecule-1; TNF-α: Tumor necrosis factor alpha.
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TNF-α were significantly elevated in both the I/R and 
vehicle-treated groups, but semapimod treatment led to a 
notable decrease in these biomarkers. Necroptosis-related 
proteins RIPK1 and MLKL were strongly upregulated 
following I/R injury and remained high in the vehicle 
group; however, semapimod treatment substantially 
normalized their expression. Likewise, caspase-3 activity 
and histopathological damage scores, which reflect 
apoptotic activity and tissue injury, were elevated in the I/R 

Figure 2. Comparison of pathway markers among treatment groups. Sham: Healthy control; I/R: Ischemia/reperfusion; Veh: Vehicle; SPD: Semapimod; RIPK1: 
Receptor-interacting protein kinase 1; MIKL: Mixed lineage kinase domain-like pseudokinase.

Figure 3. MLKL IHC staining of renal tissue. Sham: Healthy control; I/R: 
Ischemia/reperfusion; Veh: Vehicle; SPD: Semapimod.

A. Sham

C. Veh + I/R group D. SPD + I/R group.

B. I/R group

and vehicle groups. However, semapimod administration 
reduced caspase-3 levels to nearly those observed in sham 
controls and lessened tubular necrosis, although some 
residual histological damage was still present.

The observed reduction in KIM-1 and TNF-α levels 
following semapimod treatment aligns with previous 
investigations into renal I/R injury pathobiology and 
therapeutic interventions. The significant elevation of 
KIM-1 in untreated I/R models corroborates findings 
from an experimental study by Dase et al, demonstrating 
its rapid upregulation within two hours of reperfusion 
as a sensitive biomarker of proximal tubular damage 
(21). This consistency across models reinforces KIM-1’s 
role as a reliable indicator of renal parenchymal injury 
during ischemic events. The attenuation of TNF-α 
levels with semapimod parallels results observed with 
valproic acid administration, which reduced IL-1β and 
TNF-α (22,23). However, semapimod’s mechanism 
appears distinct from other anti-inflammatory agents 
like mefunidone, which primarily targets extracellular 
signal-regulated kinase (ERK) and signal transducer and 
activator of transcription 3 (STAT3) phosphorylation 
pathways rather than direct cytokine suppression (24,25). 
The drug’s efficacy in mitigating both biomarkers is 
different from dexamethasone, which showed impact 
on TNF-α-mediated c-Jun N-terminal kinase (JNK) 
activation in non-renal models (26,27), and contrasts 
with interventions like dexketoprofen that reduced pain 
without affecting cytokine levels (28). These differential 
effects suggest semapimod’s unique dual action on 
both epithelial injury and inflammatory markers. The 
collective evidence positions semapimod as a promising 
therapeutic candidate comparable to established agents in 
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ameliorating I/R injury-associated inflammation, while its 
specific targeting of regulated cell death mechanisms may 
offer advantages over broad-spectrum anti-inflammatory 
approaches.

The observed upregulation of RIPK1 and MLKL 
following I/R injury aligns with prior investigations 
demonstrating necroptosis pathway activation in 

renal tubular epithelial cells during AKI, where RIPK1 
phosphorylation initiates MLKL oligomerization and 
plasma membrane permeabilization (29-31). These 
findings corroborate studies showing that genetic ablation 
of augmenter of liver regeneration (ALR) exacerbates renal 
I/R injury while increasing RIPK1 and MLKL expression 
(31), and that RIPK1 inhibition via necrostatin-1 attenuates 

Figure 4. Comparison of cellular death markers among treatment groups. Sham: Healthy control; I/R: Ischemia/reperfusion; Veh: Vehicle; SPD: Semapimod.

Table 3. Comparative analysis of cellular death markers among treatment groups

Group Mean SD P value*

Caspase-3 

(ng/mL)

Sham 4.36 0.68

<0.001
IR 5.91 0.49

I/R + Veh 6.38 0.48

I/R + SPD 4.58 0.28

Group Mean difference P value**

Sham

I/R 1.55 <0.001

I/R + Veh 2.02 <0.001

I/R + SPD 0.22 0.870

IR
I/R + Veh 0.47 0.400

I/R + SPD 1.32 0.001

I/R + Veh I/R + SPD 1.79 <0.001

Group Mean SD P value***

Histopathological 
score

Sham 0 0

<0.001
IR 3.83 0.40

I/R + Veh 4.00 0.00

I/R + SPD 2.33 0.51

Group Mean difference P value****

Sham

I/R 3.83 <0.001

I/R + Veh 4.00 <0.001

I/R + SPD 2.33 <0.001

IR
I/R + Veh 0.16 0.817

I/R + SPD 1.50 <0.001

I/R + Veh I/R + SPD 1.66 <0.001

Sham: Healthy control; I/R: Ischemia/reperfusion; Veh: Vehicle; SPD: Semapimod. *One-way ANOVA, **Post hoc Tukey test, *** Kruskal–Wallis test, 
****Mann–Whitney U.
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tubular necrosis and improves renal function in murine 
models (29). However, semapimod’s normalization of 
RIPK1/MLKL expression demonstrates comparable 
efficacy compared to pathway-specific inhibitors like 
ponatinib and pazopanib (32). The compound’s dual 
modulation of both kinases surpasses the effects of 
S100A8/A9 blockade, which reduces inflammation (33), 
and contrasts with ALR overexpression strategies that 
require genetic manipulation (31). These results position 
semapimod as a multifunctional therapeutic agent 
capable of simultaneously targeting multiple nodes in 
the necroptosis cascade, offering advantages over single-
target approaches in managing I/R injury’s complex 
pathophysiology. The findings underscore the clinical 
potential of pharmacological necroptosis inhibition 
while highlighting the need for further investigation into 
semapimod’s precise molecular targets and long-term 
renal outcomes compared to existing anti-necroptotic 
therapies.

The observed reduction in caspase-3 activity and 
histopathological damage following semapimod 
administration aligns with previous investigations 
into renal I/R injury mechanisms and therapeutic 
interventions, while revealing distinct advantages over 
existing approaches. The elevation of caspase-3 in 
untreated I/R models corroborates studies demonstrating 
its central role in executing apoptosis through cleavage of 
cellular substrates and promotion of secondary necrosis via 
gasdermin E activation, processes implicated in both acute 
and chronic kidney injury (34, 35). Semapimod’s efficacy 
in normalizing caspase-3 activity parallels findings with 

C. Veh + I/R group D. SPD + I/R group.

B. I/R groupA. Sham

Figure 5. Histopathological staining of renal tissue. Sham: Healthy 
control; I/R: Ischemia/reperfusion; Veh: Vehicle; SPD: Semapimod. Note: 
Yellow arrow: normal tubule. Black arrow: cytoplasmic eosinophilia. Red 
arrow: hemorrhage. Orange arrow: cytoplasmic vacuoles. Purple arrow: 
inflammation. Green arrow: eosinophilic cast. Blue arrow: damaged tubule.

fibroblast growth factor 10 (FGF10), which attenuated 
renal I/R injury by suppressing caspase-3 activation and 
Bax expression (36), and exceeds the limited protective 
effects observed with pan-caspase inhibitors like zVAD-
fmk that failed to mitigate kidney damage despite caspase 
inhibition (29). The compound’s dual attenuation of both 
apoptotic markers and tubular necrosis contrasts with 
necrostatin-1’s selective inhibition of receptor-interacting 
protein kinase 1 (RIPK1)-mediated necroptosis without 
affecting caspase-3 activity (37), suggesting semapimod’s 
broader modulation of cell death pathways. Similar 
caspase-3 inhibiting effects were seen in a combination 
of erythropoietin-derived therapies and caspase-3 siRNA 
(38). The results also resolve contradictory observations 
from studies where caspase-3 knockout unexpectedly 
exacerbated DNA damage-induced necrosis in non-
renal models (39), demonstrating that pharmacological 
caspase-3 modulation rather than complete inhibition 
preserves cellular homeostasis in I/R contexts. This 
therapeutic profile suggests semapimod may circumvent 
limitations of direct caspase inhibitors like Ac-DNLD-
CHO, which showed strict target specificity for caspase-3 
(40), while offering advantages over neuroprotective 
agents that reduce caspase-3 activity indirectly through 
endoplasmic reticulum stress modulation (41). 
The collective evidence establishes semapimod as a 
multifaceted therapeutic agent capable of concurrently 
addressing apoptotic and inflammatory components of 
renal I/R injury, representing a significant advancement 
over previous mono-mechanistic approaches.

Conclusion
The findings underscore semapimod as a multifaceted 
therapeutic agent capable of mitigating renal I/R injury 
through concurrent modulation of inflammatory, 
necroptotic, and apoptotic pathways. Pretreatment with 
semapimod significantly reduced elevated levels of KIM-
1 and TNF-α, markers of renal inflammation. Similarly, 
semapimod normalized the overexpression of RIPK1 
and MLKL, key mediators of necroptosis, in I/R-injured 
kidneys, effectively disrupting this cell death cascade. 
Concurrently, semapimod attenuated caspase-3 activation 
and histopathological damage, indicating suppression of 
apoptosis and structural degeneration, albeit with residual 
tubular injury persisting relative to sham control. These 
results collectively position semapimod as a promising 
candidate for limiting acute renal I/R injury, though its 
incomplete restoration of histological integrity highlights 
the need for adjunct therapies to address residual damage. 
Future studies should explore combinatorial approaches 
targeting complementary pathways to enhance renal 
recovery.

Limitations of the study 
This study has several important limitations: First, 
achieving optimal effectiveness may require increasing 
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the dosing frequency, which could impact the practicality 
and feasibility of using this treatment. Second, semapimod 
needed to be administered both before and after ischemia 
to evaluate its preventive and therapeutic effects fully. 
Lastly, the study was conducted exclusively on male rats; 
therefore, future research should include both male and 
female subjects to address possible sex-related differences 
in drug response and treatment outcomes.
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