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Pomiferin protects against sepsis-
associated acute liver and kidney
Injury via inhibition of NF-kB
activation, oxidative stress, and
cytochrome-c

Mohammad Alhilal®**?, Huseyin Serkan Erol?, Serkan Yildirim3*, Murat Koc®, Suzan Alhilal®,
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In this study we report the first identification of the therapeutic effects of pomiferin isolated from
Maclura pomifera against acute liver and kidney injury induced by sepsis. These results were obtained
using a rat model of sepsis. We focused on targeting the nuclear factor kappa B (NF-kB) activation
cascade, oxidative stress, and cytochrome-c, three key components involved in the pathophysiology
of sepsis-associated acute liver and kidney injury. This assessment was conducted using biochemical,
histopathological, immunohistochemical, and immunofluorescence analyses to examine parameters in
liver and kidney tissues. The cecal ligation and puncture technique, used to induce sepsis, consistently
caused acute liver and kidney damage. This was evidenced by significant increases (p <0.0001), relative
to untreated control rats, in the abundance of Toll-like receptor 4, NF-kB p65, phospho-NF-kB p65,
8-hydroxydeoxyguanosine, cytochrome-c, and caspase-3, higher degeneration, lipid peroxidation,
and necrosis. This technique also caused significant decreases (p <0.001) in components of the cellular
antioxidant system in the hepatic and renal tissues of septic rats. Pomiferin, particularly at a dose

of 300 mg/kg, showed promising pharmacological effects by reversing these pathological changes.
Overall, pomiferin appears to protect liver and kidney tissues during sepsis by suppressing the NF-

kB activation cascade, reducing oxidative stress, and lowering cytochrome-c activity. These effects
suggest that pomiferin may be useful for managing sepsis patients with acute liver and kidney injury.

Keywords Pomiferin, Sepsis, Acute Liver and Kidney Injury, NF-kB activation, Oxidative stress,
Cytochrome-c

Sepsis is a serious clinical condition! characterized by organ dysfunction resulting from an excessive immune
response to infection®. Sepsis is linked to a high mortality rate across the world® and also places a substantial
financial burden on the global health care sector. The liver and kidney are the organs most affected, as the liver
is the first to receive infection-derived components and products from the intestine via the portal circulation,
and the kidneys filter large volumes of blood daily.
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Acute liver injury and acute kidney injury are concerning pathological events that occur during sepsis.
Sepsis-associated acute liver injury (SA-ALI) and sepsis-associated acute kidney injury (SA-AKI) disrupt many
vital functions and thereby increase mortality rates>®. It has been reported that 34%-46% of patients with sepsis
develop liver dysfunction’. Sepsis is also linked to 25%-75% of acute kidney injury cases worldwide®. Despite
advances in medical care and significant investment from the pharmaceutical industry, SA-ALI and SA-AKI
remain major contributors to sepsis complications and mortality in affected patients.

Although the pathophysiology of SA-ALI and SA-AKI is not fully understood, several studies indicate
that inflammation, oxidative stress, and apoptosis are key factors in their development”-!!. The exaggerated
inflammatory response is a major driver of pathological and biochemical abnormalities in the liver and kidneys
during sepsis'2. In addition to damaging cell components, reactive oxygen species (ROS) promote inflammation
by activating the nuclear factor kappa B (NF-kB) pathway'®. The progression of inflammatory events further
increases oxidative stress, leading to tissue damage!*. This interplay between inflammation and oxidative stress
is a critical feature of sepsis pathophysiology®, ultimately causing apoptosis and, consequently, organ failure.
Targeting both inflammation and oxidative stress with anti-inflammatory and antioxidant agents is therefore an
important therapeutic approach in SA-ALI and SA-AKL

Recently, interest in isolated natural products with defined chemical structures has increased in medical
research. Their popularity is due to the fact that some possess antioxidant and anti-inflammatory properties and
do not appear to exert notable adverse effects. Pomiferin, a major isoflavone isolated from Maclura pomifera
(Rafinesque) Schneider, a tree in the Moraceae family native to the United States and southeastern Canadal®,
has shown promising therapeutic effects against gastric ulcer!®, acute respiratory distress syndrome!”, nickel-
induced hepatic injury'®, and neurodegenerative diseases'® by inhibiting oxidative stress and inflammation
pathways. In addition, osajin, another isoflavone that has been isolated from M. pomifera, has shown protective
effects against sepsis-induced liver?® and kidney?' damage. Based on these findings, we designed this study to
evaluate the ability of pomiferin to reduce SA-ALI and SA-AKI by targeting the NF-«B activation series, oxidative
stress, and cytochrome-c, which are key drivers of inflammation, cell damage, and apoptosis in these conditions.
Experimental polymicrobial sepsis was induced in Sprague-Dawley rats via the cecal ligation and puncture
(CLP) procedure, and biochemical, histopathological, immunohistochemical, and immunofluorescence
techniques were used for evaluation.

Materials and methods

Plant material samples and isolation of pomiferin

The fruits of Maclura pomifera (Rafinesque) Schneider were collected from Ankara province, 845 m, around
Atatiirk Orman Ciftligi, 36 S 482,533 E—4,420,846 N, grassy levels in Tiirkiye during the flowering season in
2016. Identification and authentication of the plant material were conducted by Dr. Murat KOC, taxonomist,
from Department of Traditional, Complementary and Integrative Medicine, Graduate School of Public Health,
Ankara Yildirim Beyazit University, Tiirkiye. A voucher specimen of M. pomifera (Accession ID: Kog 3275) was
deposited at the Herbarium of the Department of Traditional, Complementary and Integrative Medicine, Ankara
Yildirim Beyazit University, Tiirkiye. Ethyl acetate (5 x 2.5 L) was used to extract the dried fruits of M. pomifera
at room temperature. A rotary evaporator was used to remove the organic solvent, yielding a viscous yellow-
green extract (114 g). Isoflavone pomiferin was then separated and purified using chromatographic methods,
and its chemical structure, shown in Fig. 1, was confirmed by spectroscopic techniques (i.e., IR, ID-NMR, and
2D-NMR). Comprehensive details of the extraction, isolation, and structural determination procedures have
been described previously'.

Animals and experimental model of sepsis

This study was approved by the Ethics Committee of Animal Experiments at Ataturk University, Erzurum,
Turkey (Approval No. 134, Date. 01.09.2015). All experiments were performed in accordance with the relevant
guidelines and regulations by this Committee. Moreover, this study was conducted in accordance with ARRIVE
guidelines. Briefly, thirty adult male Sprague-Dawley rats were obtained from the Medical Experimental
Application and Research Center at Ataturk University. Polymicrobial sepsis was then induced using the CLP
technique, as previously described by Fujimura et al.?2. To induce general anesthesia, fasted rats were injected
intraperitoneally with thiopental sodium (25 mg/kg). After an abdominal incision was made, the following steps
were performed to establish the sepsis model: retraction of the cecum through the peritoneum and muscles,
ligation of the cecum with 4.0 silk suture, puncturing the ventral side of the cecum twice with an 18-gauge
needle to facilitate the spread of feces into the peritoneum, returning the cecum and intestines, and closing the
abdomen with 3.0 silk suture.

Experimental groups and description

Pomiferin doses were selected based on previous reports'®?3. At high doses of pomiferin, death in animals, toxic
effects, or pathological changes in different tissues were not reported!®?%. Administration of pomiferin at doses
(150, 200, or 300 mg/kg) demonstrated pharmacological effects against gastric ulcers, liver toxicity, and ovarian
damage!®1%25, Ceftriaxone (CTX), an antibiotic commonly used to treat severe sepsis in intensive care units, was
used as the standard drug. Figure 2 summarizes the applied procedures and experimental groups.

Twenty-four hours after the CLP procedure and surgery, all rats were euthanized by cervical dislocation
under general anesthesia with thiopental sodium. The livers and kidneys were immediately excised, and biopsies
were taken for biochemical, histopathological, immunohistochemical, and immunofluorescent analyses.
For biochemical tests, liver and kidney tissues were stored at —80 °C, while samples for histopathological,
immunohistochemical, and immunofluorescent analyses were fixed in 10% formalin.
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Fig. 1. The structure of pomiferin.

30 Male Rats

Five groups with
six rats per group

Group name Description Administration method Liver and kidney tissue
(Pomiferin or CTX) /Time collection time
Sham Laparotomy without CLP - 24 hours after the operation
CLP CILLP - 24 hours after the CLP
procedure
CLP+Pom150 150 mg/kg (BW) Oral gavage/15 minutes before 24 hours after the CLP
Pomiferin + CLP the CLP procedure procedure
CLP+Pom300 300 mg/kg (BW) Oral gavage/15 minutes before 24 hours after the CLP
Pomiferin + CLP the CLP procedure procedure
CLP+CTX 50 mg/kg (BW) CTX + Intraperitoneal injection/15 24 hours after the CLP
GLP minutes before the CLP procedure
procedure

Fig. 2. The applied procedures and experimental groups. BW: body weight, Ceftriaxone (CTX), CLP: cecal
ligation and puncture, Pomiferin (Pom).

Preparation of liver and kidney tissues and biochemical tests

Frozen liver and kidney tissues were pulverized with liquid nitrogen using a tissue homogenizer. The following
buffers were used for homogenization: lipid peroxidation (LPO), 10% KCI; glutathione (GSH), 50 mmol Tris—
HCI pH 7.4; superoxide dismutase (SOD), 50 mmol KH,PO,, 10 mmol EDTA pH 7.8; and catalase (CAT), 50
mmol KH,PO, pH 7. All homogenates were centrifuged at 4 °C in a refrigerated centrifuge, and the supernatants
were collected for biochemical measurements using a Spectrophotometer Epoch. Details of the biochemical tests
can be found in previous reports?*2!,

Key points are summarized below:
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LPO determination

Malondialdehyde (MDA) levels were measured to assess LPO concentrations according to the method of
Ohkawa et al.2°. This method is based on the reaction of thiobarbituric acid with MDA to produce a red color,
measured at 532 nm.

GSH determination

GSH concentrations were measured using the method of Sedlak and Lindsay?’, which detects a yellow color
formed by the reaction of DTNB with sulthydryl groups in GSH. This reaction is quantified by measurement at
412 nm.

SOD determination
SOD activity was measured according to the protocol of Sun et al.?8. This method is based on the ability of SOD
to inhibit formazan dye formation from NBT, with absorbance measured at 560 nm.

CAT determination
CAT activity was measured according to the protocol of Aebi?, which is based on quantifying the decrease in
absorbance at 240 nm caused by the conversion of hydrogen peroxide to water by CAT.

Biochemical tests in serum
Sera were collected to detect the levels of urea and creatinine. Detection Kits from ELBA were used to measure
these biochemical parameters with a spectrophotometer and data was evaluated with GEN 5 software.

Histopathological study of liver and kidney tissues

Liver and kidney tissues collected for histopathological evaluation were fixed in 10% formalin solution for 48 h,
then washed with running tap water for 10 h. After passing through an alcohol and xylol series, the samples
were embedded in paraffin blocks. Section 4 pm thick were cut from each block, stained with hematoxylin-eosin
(H&E), examined under a light microscope (Leica DM 1000, Germany), and photographed.

Immunohistochemical study of liver and kidney tissues

Sections mounted on adhesion (poly-L-lysin) slides were processed before antibody incubation by passing
through xylol and alcohol gradients, treating with 3% hydrogen peroxide for 10 min to block endogenous
peroxidase activity, and applying antigen retrieval solution in a microwave oven, followed by cooling. The tissues
were then incubated with primary antibodies, Toll-like receptor 4 (TLR4) and NF-«B p65 (Cat no: ab22048,
Cat no: ab16502, diluted 1/100), at 37 °C for 60 min. Immunohistochemistry was performed according to the
manufacturer’s protocol (Abcam HRP/DAB Detection IHC kit). 3,3'-Diaminobenzidine (DAB) was used as the
chromogen, and hematoxylin was used for background staining. Stained sections were evaluated using a light
microscope (Zeiss AXIO, Germany).

Double immunofluorescent study of liver and kidney tissues

Following the procedures described previously?!, histological sections mounted on adhesion (poly-L-lysin) slides
were incubated with primary antibodies, cytochrome-c (Cat No: ab150422) and 8-hydroxydeoxyguanosine
(8-OHAG) (Cat No: sc66036), diluted 1/100. The secondary antibody (FITC, Cat No: ab6785, diluted 1/1000)
was applied, and samples were incubated in darkness for 45 min. The same procedure was applied to sections
using phospho-NF-kB p65 (p-NF-kB p65) and caspase-3 (Cat No: ab264271, Cat No: sc56053, diluted 1/100) as
second primary antibodies, and Texas Red (Cat No: ab6719, diluted 1/1000) as the secondary antibody. DAPI
with mounting medium (Cat No: D1306, diluted 1/200) was added to the sections and kept in darkness for 5
min. Sections were evaluated under a fluorescence microscope (Zeiss AXIO, Germany).

Statistical analyses

All statistical analyses were performed using GraphPad Prism version 8.0.2. A p value <0.05 was considered as
the threshold of statistical significance. For biochemical results, Kolmogorov-Smirnov tests were used to assess
the normality of data distribution. Next, one-way ANOVAs followed by Tukey’s tests were used to determine
the statistical significance of differences between group means. For histopathological results, Duncan’s test was
used for inter-group comparisons. The nonparametric Kruskal-Wallis test and the Mann-Whitney U test were
utilized to detect group interaction and differences between groups, respectively. To determine the intensity
of positive staining from images obtained by immunohistochemical and immunofluorescence staining, 5
randomly selected areas were chosen from each sample and evaluated using ZEISS Zen Imaging Software. Data
were statistically described as mean + SD for the percentage of areas. One-way ANOVA followed by Tukey’s test
was performed to compare immunoreactive cells and immunopositive stained areas with healthy controls.

Results

Biochemical examination of oxidative stress parameters in the liver and kidney tissue

LPO

The results of measured LPO levels in the liver and kidney are shown in Figs. 3 and 4, respectively. Significant
increases (p<0.0001) were observed in the CLP group relative to the Sham group. Pomiferin administration
suppressed these increases, with the strongest therapeutic effects observed at 300 mg/kg in the CLP+Pom300
group for hepatic tissues.
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Fig. 3. Effect of pomiferin and CLP technique on oxidative stress parameters in liver tissues. CLP:

Cecal ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as mean + SE.
**4%(p<0.0001). ** (for SOD p=0.0066; for CAT p=0.0052). ns: Nonsignificant difference (for LPO p=0.3831;
for GSH p=0.9994; for CAT p=0.5211).

GSH

The results of measured GSH levels in the liver and kidney are shown in Figs. 3 and 4, respectively. Significant
decreases in GSH levels in liver (p <0.0001) and kidney (p=0.0006) tissues were observed in the CLP group
compared to the Sham group. In contrast, pomiferin attenuated this decline relative to the CLP group.
Administration of pomiferin at 300 mg/kg produced a higher increase in GSH for the CLP+Pom300 group than
for the CLP+Pom150 or CLP + CTX groups (p <0.0001).

SOD

SOD activity results in the liver and kidney are shown in Figs. 3 and 4, respectively. Significant decreases
(p<0.0001) were found in the CLP group compared to the Sham group. Conversely, pomiferin inhibited this
decline. Administration at 300 mg/kg resulted in a greater increase for the CLP+Pom300 group than for the
CLP+Pom150 (p <0.0001) or CLP+CTX (p=0.0066) groups in liver tissue. This was also true when compared
to CLP+Pom150 (p=0.0014) and CLP + CTX (p=0.0471) in kidney tissue.

CAT

CAT activity results for the liver and kidney are shown in Figs. 3 and 4, respectively. In hepatic tissue, a significant
increase (p<0.0001) was observed in the CLP group compared to the Sham group, whereas in renal tissue, a
significant decrease (p=0.0006) was found. Pomiferin at 300 mg/kg produced the greatest increases in renal
CAT activity for the CLP+Pom300 group, and also caused a significant increase (p<0.0001) in hepatic CAT
activity compared to the CLP + CTX group.

Biochemical examination of urea and creatinine in serum

The results of measured urea and creatinine levels in the serum are shown in Fig. 5. Significant increases
(p<0.001) were observed in the CLP group compared to the Sham group. Pomiferin application inhibited these
increases, indicating the improvement of renal function.

Histopathological study of liver and kidney tissues
We characterized the results per treatment as follows

1. Sham: Normal liver (Fig. 6) and kidney (Fig. 7) structures were observed in this group.
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Fig. 4. Effect of pomiferin and CLP technique on oxidative stress parameters in kidney tissues. CLP:

Cecal ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as mean + SE. ****
(p<0.0001). **(for LPO p=0.0001; for GSH and CAT p=0.0006). ** (for SOD p=0.0014; for CAT p=0.0011).
* (for SOD p=0.0471; for CAT p=0.0293). ns: Nonsignificant difference (for LPO p=0.4164; for CAT

p=0.3657).
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Fig. 5. Effect of pomiferin and CLP technique on urea and creatinine levels in serum. CLP: Cecal ligation
and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as mean + SE. *** (p <0.001). **
(p=0.005). * (p=0.011). ns: Nonsignificant difference (p>0.05).

2. CLP: In the liver, severe degeneration and necrosis of hepatocytes in the acinar region, along with hyperemia
in the sinusoidal and interstitial vessels, were observed (Fig. 6). In the kidney, interstitial nephritis and severe
degeneration and necrosis of the tubular epithelial cells were the main histopathological changes. Hyperemia
was also present in the interstitial vessels (Fig. 7).
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CLP

CLP+CTX CLP+Pom300 CLP+Pom150

Fig. 6. Images of histopathological and immunohistochemical examination of liver sections. H&E:
Degeneration in hepatocytes (arrowheads), Necrosis (arrows). IHC-P: TLR-4 and NF-kB p65 expressions
(arrowheads). CLP: Cecal ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone, TLR4: Toll-like receptor
4, NF-xB p65: Nuclear factor kappa B p65. H&E, Bar: 10 um. IHC-P, Bar: 10 um.

3. CLP+Pom150: In the liver, moderate degeneration and necrosis of hepatocytes were observed in the acinar
region (Fig. 6). In the kidney, moderate degeneration and necrosis occurred in the tubular epithelial cells
(Fig. 7).

4. CLP+Pom300: Administration of pomiferin at 300 mg/kg showed the strongest therapeutic effects, reducing
hepatocyte degeneration from severe to mild (Fig. 6). A similar improvement was observed in kidney tubular
epithelial cells (Fig. 7).

5. CLP+CTX: In the liver, mild degeneration of hepatocytes was observed in the acinar region, with hyperemia
in the sinusoidal and interstitial vessels (Fig. 6). In the kidney, mild degeneration was present in the tubular
epithelial cells (Fig. 7).

Statistical analysis of histopathological findings is presented in Figs. 8 and 9 for the liver and kidney,
respectively.

Immunohistochemical analysis of liver and kidney tissue
We characterized the results per treatment as follows:

1. Sham: TLR4 and NF-kB p65 expression was negative in both liver (Fig. 6) and kidney (Fig. 7) tissues.
CLP: Severe expression of TLR4 and NF-kB p65 was detected in inflammatory cells and some hepatocytes
(Fig. 6). In kidney tissue, severe expression was present in inflammatory cells, around vessels, and in some
tubular epithelial cells (Fig. 7).

3. CLP+Pom150: Moderate expression of TLR4 and NF-kB p65 was observed around vessels, in inflammatory
cells, and in some hepatocytes (Fig. 6). Similar moderate expression was observed in kidney tissue, in inflam-
matory cells, around vessels, and in some tubular epithelial cells (Fig. 7).

4. CLP+Pom300: Pomiferin at 300 mg/kg produced the most pronounced therapeutic effects, reducing TLR4
and NF-«B p65 expression from severe to mild in both liver (Fig. 6) and kidney tissues (Fig. 7).

5. CLP+CTX: In the liver, mild expression of TLR4 and NF-kB p65 was present around vessels, in inflammato-
ry cells, and in some hepatocytes (Fig. 6). In the kidney, mild expression was also detected in inflammatory
cells, around vessels, and in some tubular epithelial cells (Fig. 7).
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CLP

CLP+Pom300 CLP+Pom150

CLP+CTX

H&E TLR-4 NF-kB p65

Fig. 7. Images of histopathological and immunohistochemical examination of kidney sections. H&E:
Degeneration (arrowheads) and necrosis (arrows) in renal tubule epithelium. IHC-P: TLR-4 and NF-«B p65
expressions (arrowheads). CLP: Cecal ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone, TLR4: Toll-

like
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Fig. 8. Effect of pomiferin and CLP technique on degeneration and necrosis in liver tissues. CLP: Cecal
ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as mean + SD. ***
(p<0.0001). **(p=0.0022). * (p=0.0159). ns: Nonsignificant difference (p <0.05).

Figures. 10 and 11 summarize the immunohistochemical results for liver and kidney tissues, respectively.

Double immunofluorescent study of liver and kidney tissue

We

1.

characterized the results per treatment as follows:

Sham: Cytochrome-c and p-NF-kB p65 expression was negative in liver (Fig. 12) and kidney (Fig. 13) tissues.
Negative expression was also observed for 8-OHdG and caspase-3 in liver (Fig. 14) and kidney (Fig. 15) tis-
sues.
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Fig. 9. Effect of pomiferin and CLP technique on degeneration and necrosis in kidney tissues. CLP:
Cecal ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as mean + SD. ***
(p<0.0001). **(p=0.0022). * (p=0.0159). ns: Nonsignificant difference (p <0.05).
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Fig. 10. Effect of pomiferin and CLP technique on TLR4 and NF-kB p65 expressions in liver tissues. CLP:
Cecal ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as mean + SD.
**(p=0.0028). ns: Nonsignificant difference (p>0.05).

. CLP: Severe expression of cytochrome-c and p-NF-kB p65 was observed in hepatocytes in the acinar region

of the liver (Fig. 12) and in tubular epithelial cells of the kidney (Fig. 13). Severe expression was also present
for 8-OHAG and caspase-3 in both liver (Fig. 14) and kidney (Fig. 15) tissues.

CLP+Pom150: Moderate expression of cytochrome-c and p-NF-kB p65 was observed in hepatocytes in
the acinar region of the liver (Fig. 12) and in kidney tissue (Fig. 13). Moderate expression of 8-OHdG and
caspase-3 was also seen in both liver (Fig. 14) and kidney (Fig. 15) tissues.

CLP+Pom300: Pomiferin at 300 mg/kg produced the most marked therapeutic effects, significantly reducing
(p=0.0028) cytochrome-c and p-NF-kB p65 expression compared to the CLP+Pom150 group in both liver
(Fig. 12) and kidney (Fig. 13) tissues. Similar improvements were observed for 8-OHdG and caspase-3 in
liver (Fig. 14) and kidney (Fig. 15) tissues.

. CLP+CTX: Mild expressions of cytochrome-c and p-NF-«kB p65 were determined in hepatocytes (Fig. 12)

and in kidney (Fig. 13) tissue. These expressions also were mild for 8-OHdG and caspase-3 expressions in
liver (Fig. 14) and kidney (Fig. 15) tissues.

Discussion
SA-ALI and SA-AKI remain major challenges in medicine despite significant advances in modern therapeutics
and medical technologies. This is the first study to investigate the pharmacological potential of pomiferin against

SA-

ALIand SA-AKI. Our work targeted key cellular contributors to sepsis pathophysiology, including the NF-xB
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Fig. 11. Effect of pomiferin and CLP technique on TLR4 and NF-kB p65 expressions in kidney tissues.
CLP: Cecal ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as mean + SD.
**(p=0.0028). ns: Nonsignificant difference (p>0.05).
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Fig. 12. Effect of pomiferin and CLP technique on cytochrome-c and p-NF-«B p65 expressions in liver tissues.
Cytochrome-c expressions (arrowheads) (FITC); p-NF-kB p65 expressions (arrowheads) (TEXAS RED).

CLP: Cecal ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as mean + SD.
**(p=0.0028). ns: Nonsignificant difference (p>0.05).

activation series, oxidative stress, and cytochrome-c. In the context of global efforts to find effective treatments
for sepsis, we propose that pomiferin may represent a promising candidate and a novel therapeutic approach
for managing sepsis patients. Inflammation is an essential defense against invading agents, but uncontrolled or
systemic inflammation can lead to organ dysfunction, as occurs in sepsis®. In this study, inflammatory cytokines
were not measured directly; instead, we examined the NF-kB activation series, which promotes nuclear NF-
kB accumulation and upregulation of inflammatory cytokine gene transcription’!. This cascade involves TLR4,

Scientific Reports | (2026) 16:9738 | https://doi.org/10.1038/s41598-026-45186-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

CLP+Pom300 CLP+Pom150 CLP Sham

CLP+CTX

Fig. 13. Effect of pomiferin and CLP technique on cytochrome-c and p-NF-«B p65 expressions in kidney
tissues. Cytochrome-c expressions (arrowheads) (FITC); p-NF-kB p65 expressions (arrowheads) (TEXAS
RED). CLP: Cecal ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as
mean + SD. **(p=0.0028). ns: Nonsignificant difference (p>0.05).
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NE-kB p65, and p-NF-kB p65. Specifically, TLR4, a transmembrane protein of the TLR family located on the
cell surface, recognizes trace amounts of lipopolysaccharide (LPS) during sepsis, triggering a chain of protein
reactions®” including activation of the inhibitor of NF-kB kinase (IKK) complex, phosphorylation of the IxB/
NE-«kB p65 complex, and translocation of p-NF-kB p65 from the cytoplasm to the nucleus. This increases
nuclear NF-kB accumulation and cytokine production, initiating the inflammatory response®®3!33, The
increased expression of TLR4, NF-kB p65, and p-NF-kB p65 in liver and kidney tissues observed here indicates
that the CLP technique activated this pathway, promoting phosphorylation of NF-kB p65, enhancing NF-kB
transcription, and thereby aggravating inflammation. Previous studies have also shown that CLP activates the
TLR4/NF-kB pathway in the liver* and kidney®. Thus, the NF-kB activation series represents a therapeutic
target for suppressing inflammation during SA-ALI and SA-AKI. Pomiferin, particularly at 300 mg/kg, exerted
anti-inflammatory effects by inhibiting this cascade (TLR4, NF-«B p65, and p-NF-kB p65) and suppressing NF-
kB p65 phosphorylation in hepatic and renal tissues, suggesting a clear protective effect against sepsis-induced
inflammatory damage. To our knowledge, only one in vitro study has reported anti-inflammatory effects of
pomiferin via NF-xB inhibition; there, the authors showed that it reduced IkBa and p65 phosphorylation in LPS-
treated BV2 cells*. Tang et al.'”. further demonstrated that pomiferin attenuated LPS-induced inflammation in
an in vivo ARDS model by blocking the AKT/Foxol signaling pathway. Osajin also showed anti-inflammatory
effects in SA-ALI and SA-AKI models, but by suppressing IL-33, which triggers the inflammatory process during
sepsis?02,

Under normal conditions, ROS perform essential cellular functions. In sepsis, however, their levels rise
excessively, depleting the cellular antioxidant system and resulting in oxidative stress. During oxidative stress,
cellular components, particularly the membrane, are highly susceptible to ROS attack, leading to increased
LPO and further damage. ROS injury extends beyond lipids, proteins, and nucleic acids; ROS also worsen
inflammation by stimulating the NF-«B activation series through phosphorylation of the IkB/NF-kB p65
complex by IKK, thereby activating NF-kB and promoting its nuclear translocation®’. Reducing oxidative stress
can therefore also diminish inflammation. The elevated LPO levels and collapse of antioxidant defenses in
the CLP group confirm the development of oxidative stress in liver and kidney tissues. In contrast, pomiferin
suppressed LPO, restored antioxidant capacity, and reestablished cellular homeostasis. This antioxidant activity
is linked to its chemical structure, which contains two adjacent hydroxyl groups in the B ring (catechol group),
conferring strong hydrogen-donating ability. This property is comparable to that of established antioxidants such
as ascorbic acid and trolox?. In BV2 cells treated with LPS, pomiferin reduced ROS and nitric oxide production
via activation of Akt and Nrf2 pathways. Similarly, osajin, another M. pomifera isoflavone, reduced LPO and
enhanced antioxidant defenses in liver and kidney tissues in SA-ALI and SA-AKI models?*2!.

DNA, like other cellular components, is vulnerable to ROS attack. Accordingly, 8-OHdG expression was
measured to assess oxidative DNA damage in liver and kidney tissues. Moreover, mitochondrial DNA is more
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Fig. 14. Effect of pomiferin and CLP technique on 8-OHdG and caspase-3 expressions in liver tissues.
8-OHdG expressions (arrowheads) (FITC); caspase-3 expressions (arrowheads) (TEXAS RED). CLP: Cecal
ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as mean + SD. For 8-OHdG
**(p=0.0028), For caspase-3 **(p=0.0022). ns: Nonsignificant difference (p>0.05).

susceptible to damage than nuclear DNA because it lacks histones and resides in a ROS-rich environment
generated by the electron transport chain®. 8-OHdG is formed when hydroxyl radicals attack the guanine
nucleobase at the C8 position’’. We believe that persistent ROS overproduction and the observed antioxidant
system deficiency in the CLP group caused mitochondrial and DNA damage, explaining the elevated 8-OHdG
expression in hepatic and renal tissues. In addition to its use as a marker of DNA damage, serum 8-OHdG has
been proposed as a biomarker for predicting mortality in sepsis patients?!. Elevated DNA damage has been
reported in critically ill septic patients*?. Furthermore, 8-OHdG contributes to apoptosis by stimulating caspases
and p53*>#, In severe sepsis, relationships have been observed between ROS levels, DNA damage, apoptosis,
and necrosis®®. Therefore, targeting 8-OHdG is a potential strategy to inhibit apoptosis signaling pathways.
In this study, pomiferin’s potent antioxidant activity suppressed DNA damage and reduced 8-OHdG levels in
liver and kidney tissues, suggesting a protective role for this isoflavone in preserving genetic material in sepsis
and disrupting the apoptosis cascade. In this context, osajin also demonstrated a clear ability to protect genetic
material from damage during sepsis by reducing the level of 8-OHdG in kidney and brain tissues®!4°.
Cytochrome-c, a small hemeprotein located in the mitochondrial inner membrane, contributes to cellular
energy production through electron transport?’. Oxidative stress damages the mitochondrial membrane,
causing cytochrome-c release into the cytoplasm. This initiates apoptosis by binding apoptosis-activating
factor-1 (Apaf-1) and procaspase-9 to form the apoptosome, which activates a cascade of caspases including
caspase-9, caspase-7, and caspase-3347. Caspase-3 then translocates to the nucleus, where it executes apoptosis
via DNA fragmentation and chromatin condensation®s. Thus, cytochrome-c expression serves as an indicator of
mitochondrial membrane integrity and cellular shifts favoring apoptosis, which can also be tracked by caspase-3
expression. Elevated cytochrome-c and caspase-3 expression in the CLP group indicate severe mitochondrial
damage and apoptosis in hepatic and renal tissues. Pomiferin, especially at 300 mg/kg, preserved mitochondrial
integrity and exerted anti-apoptotic effects. In a recent study, pomiferin at this dose protected against nickel-
induced hepatic injury by attenuating LPO, NF-«B, 8-OHdG, and caspase-3, while enhancing the antioxidant
defense system in liver tissue!®. Anti-apoptotic effects have also been reported for osajin in a rat model of sepsis
by suppressing the expression of caspase-32*21:46 and Bcl-2-associatedxprotein (Bax)?® in different rat tissues.
The necrosis observed in kidney and liver tissues in the CLP group could be attributed to exposure of
these tissues to hypoxia due to the inflammation and overproduction of ROS attacking cell membranes®!. Cell
membrane damage is the first stage in the occurrence of necrosis*. The interstitial nephritis observed in CLP
group could be attributed to the migration of leukocytes into the interstitial spaces®’. Additionally, the influx of
certain types of leukocytes to the injury site, with the aim of clearance of apoptotic and necrotic cells, exacerbates
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Fig. 15. Effect of pomiferin and CLP technique on 8-OHdG and caspase-3 expressions in kidney tissues.
8-OHdG expressions (arrowheads) (FITC); caspase-3 expressions (arrowheads) (TEXAS RED). CLP: Cecal
ligation and puncture, Pom: Pomiferin, CTX: Ceftriaxone. Findings are expressed as mean + SD. For 8-OHdG
**(p=0.0028), For caspase-3 **(p=0.0022). ns: Nonsignificant difference (p>0.05).

the inflammation?!. Pomiferin at a dose of 300 mg/kg reversed these histopathological changes via its efficacy
as a ROS scavenger and natural inhibitor of the inflammatory process. Likewise, osajin, another M. pomifera
isoflavone, alleviated changes in hepatic and renal histopathology in SA-ALI and SA-AKI models?*?!. Another
study by Deniz et al.. demonstrated that administration of pomiferin, at a dose of 300 mg/kg, diminished
histopathologic evidence in rat model of hepatotoxicity induced by nickel'8.

Overall, in this study the observed improvements in biochemical, immunohistochemical, and
immunofluorescent parameters were mirrored by better histological integrity in the liver and kidney. Figure 16
illustrates the proposed pathophysiology of SA-ALI and SA-AKI and the pathways targeted by pomiferin.

The assessment of IKK, IkB, inflammatory cytokines, Bax, apoptosome, and caspase-9 expressions in hepatic
and renal tissues would have expanded the results. Despite these limitations, we inferred the therapeutic effects
of pomiferin against SA-ALI and SA-AKI. However, these parameters will be measured in future investigation.

Conclusion

This study confirms the role of the NF-kB activation series, oxidative stress, and cytochrome-c in the
pathophysiology of SA-ALI and SA-AKI. Moreover, it provides evidence that pomiferin’s therapeutic effects are
linked to its ability to scavenge ROS, preserve the cellular antioxidant system, and suppress the progression of
inflammatory processes. Specifically, pomiferin was found to exert protective effects against SA-ALI and SA-
AKI by suppressing the NF-«B activation series, oxidative stress, and cytochrome-c in hepatic and renal tissues,
supporting its potential as a proposed therapeutic candidate in the clinical management of sepsis patients with
these complications after conducting further investigations in this regard.
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16. The proposed pathophysiology of SA-ALI and SA-AKI, and the cellular pathways targeted by

pomiferin. TLR4, located on the cell surface, recognizes LPS during sepsis, triggering a chain of NF-«xB

and

ROS production. ROS promote inflammation by activating the NF-kB pathway. ROS overproduction

also stimulates oxidative stress. This interplay between inflammation and oxidative stress in sepsis, causing
cytochrome-c activation and ultimately apoptosis. Pomiferin exerts protective effects against SA-ALI and SA-
AKI by suppressing the NF-kB activation series, oxidative stress, and cytochrome-c. CLP: Cecal ligation and

puncture, SA-ALI Sepsis-associated acute liver injury, SA-AKI: Sepsis-associated acute kidney injury.
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