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Objective(s): Sepsis-induced acute lung injury (ALl), driven hy uiicontrolled inflammation and
oxidative stress, remains a major cause of mortality in <. an, @i patients. This study aimed to
investigate the protective and mechanistic effects of syring ic acic (SA), a natural phenolic compound,
against lipopolysaccharide (LPS)-induced ALI in rats.

Materials and Methods: Male Sprague-Daw'cy 1 *s w re allocated into five groups: control, SA80,
LPS, SA40+LPS, and SA80+LPS. SA was orai.  adr iiniste =d (40 or 80 mg/kg/day) for 14 days before
a single intraperitoneal injection of LPS (10 m, «g). Lung tissues were collected 12 hr post-LPS for
histopathological, biochemical, and molecular  ‘2luations. In silico docking using Schrodinger
Maestro (2025/1) assessed SA interactio. with the KEAP1 Kelch domain (PDB: 5FZN).

Results: LPS challenge caused sev:re | :imonary edema, inflammatory infiltration, elevated
proinflammatory cytokines, lipid p. voxication, and reduced antioxidant enzyme activities.
SA pretreatment, particularly ct %0 nigykg, significantly (P<0.05) alleviated these alterations.
Mechanistically, SA down-r>culc’ed tte HMGB1/TLR4/NF-kB signaling cascade and activated the
Keap1/Nrf2/HO-1 antioxidar, pau..ay. Reduced 8-OHdG and caspase-3 expression indicated
mitigation of oxidative D'\, . dan >7e and apoptosis. Docking analysis revealed strong binding affinity
and favorable MM-GBS/ scores for SA within the KEAP1 active pocket, suggesting direct modulation
of Nrf2 activation.

Conclusion: SA cuoriters potent protection against LPS-induced ALl through coordinated anti-
inflammatory ~nd a." .adant mechanisms involving HMGB1/TLR4/NF-xB inhibition and Keap1/
Nrf2/HO-1 ¢ _tiv. tion. These findings highlight SA as a promising therapeutic candidate for sepsis-
associated |, 1lmon .ry injury.
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Introduction lung injury recapitulates many hallmarks of clinical sepsis-

Sepsis remains a critical global health issue characterized
by a dysregulated host response to infection that can lead
to life-threatening organ dysfunction and high mortality
rates (1). Among the organs affected, the lungs are notably
vulnerable, making sepsis-induced lung injury a common
and severe complication. This condition is characterized by
acute inflammation and increased pulmonary microvascular
permeability; however, despite extensive research, the
underlying molecular mechanisms remain incompletely
understood (2, 3).

Lipopolysaccharide (LPS), a major component of the
outer membrane of Gram-negative bacteria, is widely
used to model sepsis in experimental settings because it
can trigger inflammatory responses (4-6). LPS-induced

associated acute lung injury (ALI) and acute respiratory
distress syndrome (ARDS), including massive neutrophil
infiltration, oxidative stress, and an overwhelming release of
proinflammatory cytokines such as TNF-a, IL-1pB, and IL-6
(7, 8). Key pathways implicated in LPS-induced ALI include
the pro-inflammatory TLR4/NF-«B signaling axis and the
anti-oxidant Keap1/Nrf2/HO-1 pathway. Dysregulation of
these pathways contributes to both excessive inflammation
and oxidative injury in the lungs (9-11). High mobility
group box 1 (HMGBI1), a nuclear protein released in
response to stress, acts as a damage-associated molecular
pattern (DAMP) and amplifies inflammation by interacting
with receptors such as TLR2, TLR4, and TLR9 (12-15).
Oxidative stress is a major contributor to LPS-induced
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lung injury, arising from an imbalance between reactive
oxygen species (ROS) production and anti-oxidant defenses
such as superoxide dismutase (SOD) and glutathione
peroxidase (GPx)(16). The Keap1/Nrf2/HO-1 signaling axis
plays a central role in protecting against oxidative damage,
regulating cytoprotective responses, and mitigating
inflammation (17-21).

Syringic acid (SA), a naturally occurring phenolic
compound (4-hydroxy-3,5-dimethoxybenzoic acid) found
in various fruits and edible plants, has demonstrated
anti-oxidant and anti-inflammatory effects (22-24). By
scavenging ROS and modulating pathways such as Nrf2/
Keap1/HO-1 and TLR4/HMGB1/NF-«xB, SA may protect
against oxidative stress and inflammation in LPS-induced
ALI (23, 25). Despite its broad biological activities, including
antimicrobial, antidiabetic, and anticancer effects (25, 26),
the potential of SA in the treatment of sepsis-induced lung
injury has not yet been evaluated.

To our knowledge, thisis thefirst study to comprehensively
evaluate the protective effects of SA against LPS-induced
lung injury in rats, integrating biochemical, molecular,
histopathological, immunofluorescence, and in silico
approaches. This study aimed to explore whether SA can
mitigate lung injury by modulating key pro-inflammatory
and anti-oxidant pathways, providing insights into its
therapeutic potential in septic lung injury.

Materials and Methods
Chemicals

Syringic acid (SA; CAS No: 530-57-4) was purchased
from Bostonchem (Boston, MA, USA). Lipopolysaccharid:
(LPS; CAS No: 297-473-0, serotype 0O55:B5) and -l
other analytical-grade chemicals were obtained f-om
Sigma-Aldrich (St. Louis, MO, USA). The enzym< - nn
immunosorbent assay (ELISA) kits used in the study were
supplied by SunRedBio (Shanghai, China).

Animals

Sixty adult male Sprague-Dawley: rats ‘12 weeks old,
270-275 g) were obtained from the M dical Experimental
Application and Research C =nter of Atatiirk University.
Before the experiment, all . e animals were weighed
and randomly assigned to five experimental groups. The
rats were housed under controlled conditions: 25+2 °C,
60£10% relative humidity, and a 12-hour light/dark cycle.
The animals had ad libitum access to standard food and
water. A one-week acclimatization period was allowed
before the experimental procedures began. The Local
Ethics Committee approved all experimental protocols for
Animal Experiments of Atatiirk University (Approval No:
2022/181).

Experimental design

The doses of SA and LPS administered in this study were
based on previously published protocols. The SA dosing
regimen was adapted from Gheena et al. (2022)(27), and the
LPS dose was selected according to Kose et al. (2021)(28).
SA was administered intragastrically (i.g.) at 40 mg/kg and
80 mg/kg, whereas LPS was administered IP at 10 mg/kg.
The experimental groups were as follows:
Group I (control): 1 mL of saline was given i.g. for 14 days.
Group II (SA80): 80 mg/kg SA i.g. for 14 days.
In Group III (LPS), 1 mL of saline was given i.g. for 14 days,
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followed by a single dose of LPS (10 mg/kg, IP) 1 hr after the
final saline administration.
Group IV (SA40+LPS): 40 mg/kg SA ig. for 14 days,
followed by a single dose of LPS (10 mg/kg, IP) 1 hr after
the final SA administration.
Group V (SA80+LPS): 80 mg/kg SA i.g. for 14 days, followed
by a single dose of LPS (10 mg/kg, IP) 1 hr after the final SA
administration.

The rats were euthanized under sevoflurane anesthesia
12 hr after the final LPS administration on the 14th day.

Lung and body weights of the rats

Thebody weights of all the rats were recorded immediately
before the experiment and again just before euthanasia.
After euthanasia, the lungs were excised and weighed. The
data were subsequently analyzed and compared across the
experimental groups.

Homogenization of lung tissues

Lung tissues stored at/-8u ‘C ivere placed in MagNA
lyser tubes, and 1.5 mL of ~H 7/4 PBS and a steel ball were
added. The samples plac2a 1n the MagNA lyser device
were subsequentl’ h mogenized at 6000 rpm for 60 sec.
The recoveic ' su,ernatants were then used to determine
the follo. ing oiock :mical parameters in the rats’ lungs,
according tc ‘he procedures of the commercial ELISA kits,
usir.ran ELIS: plate reader (Bio-Tek, Winooski, VT, USA).

Ani lyses Uf oxidative stress parameters in lung tissue

The oxidative stress markers malondialdehyde (MDA)
(Ca’. No: 201-11-0157), superoxide dismutase (SOD)
(Cat. No: 201-11-0169), and glutathione peroxidase (GPx)
(Cat. No: 201-11-5104) in lung tissue supernatants were
quantified using commercial ELISA kits according to
the manufacturer’s instructions. The plate absorbance
was measured using a BioTek ELISA reader (EPOCH II
program) at 450 nm.

Analyses of inflammation parameters in lung tissue

Inflammatory cytokines, including tumor necrosis factor-
alpha (TNF-a)(Cat. No: 201-11-0765), interleukin-1 beta (IL-
1B)(Cat. No: 201-11-0120), and interleukin-6 (IL-6)(Cat. No:
201-11-0136), in the lung tissue supernatants were quantified
via commercial ELISA kits following the manufacturer’s
protocol. The absorbance was measured using a BioTek
ELISA reader (EPOCH II software) at 450 nm.

Western blot analysis

Lung tissues were homogenized in RIPA lysis buffer
supplemented with a protease inhibitor cocktail and
phenylmethylsulfonyl fluoride (PMSF) to ensure protein
stability. The homogenates were centrifuged, and the
supernatants were carefully collected for protein analysis.
Protein concentrations were determined via a BCA protein
assay kit (Rockford, IL, USA), with bovine serum albumin
(BSA) used as the standard.

For SDS-PAGE, 30 pg of total protein from each sample
was mixed with Laemmli sample buffer, denatured by
boiling, and separated on 10% polyacrylamide gels. Proteins
were then transferred to polyvinylidene fluoride (PVDEF)
membranes. To block nonspecific binding, the membranes
were incubated with 5% BSA in TBST (Tris-buffered
saline with Tween-20) for 60 min at room temperature.
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The membranes were then incubated overnight at 4 'C
with primary antibodies against (-actin (Cat. No. E-AB-
40338), HMGBI1 (Cat. No. E-AB-70044), NF-kB (Cat. No.
E-AB-32232), HO-1 (Cat. No. AF5393), Nrf2 (Cat. No. BT-
AP06174), Keap1 (Cat. No. 31801801), and TLR4 (Cat. No.
94401401). After being washed with PBST, the membranes
were incubated with horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG secondaryantibody (1:2000;
sc-2005) for 90 min at room temperature. The protein bands
were visualized via enhanced chemiluminescence (ECL)
substrate and imaged with a Bio-Rad GelDoc XR detection
system (Model: 10000076955, USA). Densitometric analysis
was performed, and relative protein expression levels were
calculated as fold changes relative to those in the control
group (29).

Histopathological examinations

At the end of the experiment, lung tissues were
immediately collected and fixed in 10% formaldehyde
solution for 48 hr. After fixation, the tissues were embedded
in paraffin blocks, and 4 pum-thick sections were prepared.
The tissue sections were stained with hematoxylin and
eosin (H&E) and examined under a light microscope (Leica
DM1000, Germany) at 40x magnification. The severity
of tissue damage was assessed semiquantitatively, with a
score scale ranging from 0 (normal), 1--10 (mild), 11--20
(moderate), to 21--30 (severe).

Immunofluorescence examinations

For immunofluorescence analysis, tissue sectioris
mounted on poly-L-lysine-coated slides were deparaffipiz.od
and rehydrated through a series of graded alcchols.
Endogenous peroxidase activity was blocked by incubatii g
the sections in 3% hydrogen peroxide (H,O,) fo. 10 -nin.
Antigen retrieval was performed by boiling the, sections
in 1% citrate buffer (pH 6.1) for 30 min, thc=boling to
room temperature. To prevent non.pec fic background
staining, the sections were incuba. d wicth a protein-
blocking solution for 5 min. The pi.maiy antibodies used
were as follows: 8-OHdG{Cat. N » sc-6,6036, dilution 1:100,
Santa Cruz Biotechnol( gy, USA) and caspase-3 (Cat. No.
sc-56053, dilution 1:10C Santa Cruz Biotechnology, USA).
After incubation with the .liiary antibodies, the sections
were incubated with the appropriate secondary antibodies:
FITC-conjugated goat anti-mouse IgG (Cat. No. ab6785,
dilution 1:1000, Abcam, UK) for 45 min in the dark for
8-OHdG and Texas Red-conjugated goat anti-mouse IgG
(Cat. No. ab6719, dilution 1:1000, Abcam, UK) for 45 min
in the dark for Caspase-3. Finally, the sections were stained
with DAPI (Cat. No. D1306, 1:200 dilution, Invitrogen,
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UK) for 5 min in the dark to label the nuclei, then mounted
with a coverslip. The stained sections were examined via a
fluorescence microscope (Zeiss AXIO, Germany).

Molecular  docking, =~ MM-GBSA
pharmacophore mapping analysis

In this study, the binding properties of SA to the KEAP1
receptor against lipopolysaccharide-induced septic lung
injury were analyzed in silico via the licensed version of
Schrédinger Maestro 2025/1 (Schrédinger, 2025). The 5SFZN
PDB-encoded crystal structure of the KEAP1 receptor was
chosen as the protein target. With the Protein Preparation
Wizard module, missing hydrogen atoms in the receptor
structure were completed, water molecules were removed,
and the protonation state was adjusted to pH 7.0. The SA
ligands were converted to three-dimensional structures
using the LigPrep module-and low-energy conformers were
generated. A 20x20x20 .. grid box was placed at the agonist
site in the receptor, and 1. nlecular docking was performed
at the standard precisic > (St level with the Glide module.
The binding energes o. the complexes obtained after
docking were caicc'aic ' v1a the Prime MM-GBSA method,
and potential pharm: cophore sites for SA were analyzed.

analysis,  and

Ste istic. I an. lses
Ste istical analyses were performed using GraphPad Prism
8.0.1 for mantitative data and SPSS 13.0 for histopathological
valuations. Immunohistochemical and immunofluorescence
an.'vses were conducted via ZEISS Zen Imaging Software.
“ie-way analysis of variance (ANOVA) followed by Duncan’s
multiple-range test was used to compare group differences.
A P-value of <0.05 was considered to indicate statistical
significance. The data are expressed as the means+standard
errors of the means (SEMs).

Results
Effects of SA and LPS on the live and lung weights of the
rats

The initial and final body weights, as well as the lung
weights, of the rats are presented in Table 1. No significant
differences in initial body weight were observed among the
experimental groups (P>0.05). At the end of the experiment,
rats in the LPS, SA40+LPS, and SA80+LPS groups had
significantly lower final body weights compared with the
control (P<0.01). Lung weights were significantly higher in
the LPS group than in all other groups (P<0.001).

Effects of SA on oxidant and anti-oxidant parameters in
LPS-induced septic lung injury
As shown in Figure 1, MDA levels in lung tissues were

Table 1. Initial and final body weights and lung weights of rats (mean+SEM; n=12)

Groups
Parameters
Control SA80 LPS SA40+LPS SA80+LPS
Initial body weights (g) 273.25£5.89°  269.00£3.63°  275.1247.43°  272.50£1.89°  269.37+5.42°
Final body weights (g) ~ 314.38£7.48°  304.00£3.60° 289.13+7.43¢  291.50+2.11¢  289.38+5.42°
Lung weights (g) 2.40+.0.15%  2.03+0.17° 3.14+0.19° 2.5740.16° 2.03+0.17°

Different letters indicate significant differences (P<0.05)
SA: Syringic acid; LPS: Lipopolysaccharide
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Figure 1. Lung tissue levels of MDA (A), SOD (B), and GPx (C) in control rats, LPS-exposed rats, and LPS-exposed rats treated with SA. All measurements
were performed in lung tissue homogenates. Data are presented as mean+SEM (n=12)

Different letters indicate statistically significant differences between groups (P<0.001)

MDA: Malondialdehyde; SOD: Superoxide dismutase; GPx: Glutathione peroxidase; SA: Syringic acid; LPS: Lipopolysaccharide

significantly elevated in the LPS and SA40+LPS groups
compared with those in the control group (P<0.001).
The administration of SA reduced MDA levels in a dose-
dependent manner. Notably, the MDA levels in the
SA80+LPS and SA80 groups were comparable to those in
the control group. The SA80+LPS levels were comparable to
those of the control (P>0.05). SOD and GPx activities were
significantly decreased in LPS (P<0.001), but were restored
in the SA80+LPS and SA80 groups (P>0.05 vs control).

Effects of SA on LPS-induced lung inflammation

As shown in Figure 2, the IL-1p and IL-6 levels in the lung
tissue were significantly elevated in the LPS and SA40+LPS
groups compared with those in the other groups (P<0.01),
while SA80+LPS levels were lower than LPS (P<0.05) b+
slightly above control (P>0.05). TNF-a was highest jz LES
(P<0.001), intermediate in SA40+LPS (P<0.05 v> LPS,;.ud
lowest in SA80+LPS and SA80 groups (P>0.0% vs ¢ »atrol).

Effect of SA on the HMGBI1/TLR4/NF. B y 1thway in the
lungs of LPS-treated rats

As shown in Figure 3, th: protein expression levels
of HMGBI1, TLR4, and NF-kL were significantly greater

in the LPS group than in tne ¢ ntrol group (P<0.01). SA
administration, mainly at “he higher dose (SA80+LPS),
markedly reduced the expr.ssion of these proinflammatory
signaling proteins (2<007), approaching control levels
(P>0.05). Ties fin'ings suggest that SA attenuates LPS-
induced 1u. ~ juflamriation by modulating the HMGB1/
TLR4/NF-kB ignaling pathway in a dose-dependent
mannc -

Eff>c, ~f S\ on the Keap1/Nrf2/HO-1 pathway in the lungs
2 LP5-treated rats
*_ shown in Figure 4, Keapl protein expression was
:gnificantly elevated in the LPS group compared with the
other groups (P<0.001), whereas the lowest expression was
observed in the SA80+LPS group (P<0.001). In contrast,
Nrf2 and HO-1 protein levels were significantly reduced
in the LPS group (P<0.001) but markedly increased in the
SA80+LPS group (P<0.001 vs LPS). Compared with the
LPS group, the SA group, chiefly the 80 mg/kg SA group,
presented significantly up-regulated Nrf2 and HO-1
expression, indicating activation of anti-oxidant defense
mechanisms in response to SA treatment.

(A) (B) ©
100- S 3 60 1000 a T
- a I
- 80 i E ab
0 b " i T 750-
o 7 404 ab 2
] = b =
B 50 b E 500
40- c = L
g 5 201 =
= i
=i 2 250
0- T T T 0- T 1 0- T T T
2 D - - (= \\ AN - - - > Y =3 - =
o\\« w,;e I QX\Q \\x\ﬁz \‘\‘@ ~e‘“’? 3 \\X\Q \\x\ﬂ \‘\\\0- R \K\Q \\X\Q
O NCC C o oF < :_b-\ RS

Figure 2. Lung tissue levels of TNF-a (A), IL-6 (B), and IL-1f (C) in control rats, LPS-exposed rats, and LPS-exposed rats treated with SA. All measurements
were performed in lung tissue homogenates. Data are presented as mean+SEM (n=12)
Different letters indicate statistically significant differences between groups (P<0.01)

SA: Syringic acid; LPS: Lipopolysaccharide
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Histopathological findings

The histopathological findings are presented in Figure 5
and Table 2. Examination of lung tissues from the control
and SA80 groups revealed a standard histological structure.
In contrast, lung tissues from the LPS group presented

S
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severe degeneration, desquamation, and necrosis in the
bronchial and bronchiolar epithelium (P<0.001 vs control).
Additionally, there was infiltration of mononuclear cells,
thickening of the interstitial spaces due to inflammation,
and marked hyperemia in the blood vessels. The lung tissues
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Figure 3. Western blot analysis of HMGBI1 (A), TLR4 (B), and NF-«B ,C), p:u«ein expression in lung tissues of control rats, LPS-exposed rats, and LPS-

exposed rats treated with SA. Protein levels were normalized tc 8-aci’11 and re

expressed as relative protein expression (mean+SEM, n=12)
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Figure 4. Western blot analysis of Keap1 (A), Nrf2 (B), and HO-1 (C) protein expression in lung tissues of control rats, LPS-exposed rats, and LPS-exposed
rats treated with SA. Protein levels were normalized to B-actin and are expressed as relative protein expression (mean+SEM, n=12)
Different letters indicate statistically significant differences between groups (P<0.001)

SA: Syringic acid; LPS: Lipopolysaccharide
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Figure 5. Representative rat lung histological sections stained with hematoxylin and eosin (H&E; scale bar = 70 um) show »g inflammation (asterisk),
epithelial degeneration (arrowheads), and interstitial thickening (arrows) in control rats, LPS-exposed rats, and LPS-expaced rat. ‘reated with SA, together
with immunofluorescence images of 8-OHdG (FITC, green) and caspase-3 (Texas Red, red). Nuclei were counterstainec witt: DAP1 (blue); scale bar=50 um

SA: Syringic acid; LPS: Lipopolysaccharide

from the SA40+LPS group exhibited moderate degeneration
of the bronchial and bronchiolar epithelium, thickening
of the interstitial spaces due to inflammation, moderate
hyperemia, and hemorrhaging of the vessels (P<0.05 vs
LPS). In the SA80+LPS group, mild degeneration of the
bronchial and bronchiolar epithelium, mild thickening of
the interalveolar septa, and mild hyperemia of the blood
vessels were observed (P>0.05).

Immunofluorescence findings

Immunofluorescence analysis of 8-OHdG and Caspase-3
expression in lung tissues is presented in Figure 5 and Table
3. No detectable expression of 8-OHdG or Caspase-3/w..s
detected in the control or SA80 groups, indicating ninimal
oxidative DNA damage and apoptotic activity. In'c atrast,
the LPS group showed intense immunofluores.-nt laL liing
of both markers (P<0.001), particularly tl~se 'acalized
to the bronchial and bronchiolar - pith-lium_ reflecting
significant oxidative stress and a>optosis. 22 SA40+LPS
group presented moderate expr ssion levels (P<0.05 vs
LPS), whereas the SA80+LPS gro. » nresented only mild
immunoreactivity for both markers (P>0.05 vs control).
Compared with the LPS group, reductions in 8-OHdG

and caspase-3 expression in the SA-treated groups were

Table 4. Histopathological scoring of rat lung tissues

Table 3. Quantification of 8-O 1dG a. d Caspase-3 expression in rat lung
tissues (mean+SEM, n=12)

Experiment. eroups  8-OHAG Caspase-3

Eon ol y 23.42+1.87 ¢ 19.23+2.2¢
S£20 25.57+2.12¢  20.03+1.03 ¢
LP! 86.54+3.74° 71.57+4.58 *
SA40+LPS 68.12+4.51° 51.39+3.81°
SA80+LPS 42.29+42.39°¢ 38.00+2.98

Different letters indicate significant differences (P<0.05)
SA: Syringic acid; LPS: Lipopolysaccharide

statistically significant (P<0.05), indicating that SA exerted
a dose-dependent protective effect.

In silico analysis of SA binding to the KEAP1 Kelch domain

To explore the molecular mechanism underlying SAs
anti-oxidant effects, in silico docking was performed with
the KEAP1 Kelch domain, a critical regulator of Nrf2. SA

Experimental groups

Degeneration of bronchial-
bronchiole epithelium

Thickening of the

. Hyperemia in vessels
interalveolar septum

Control group -

SA80 group -
LPS group +++
SA40+LPS group ++
SA80+LPS group +

+++ +++
++ +H+
+ ++

Scores: (-) none, (+) mild, (++) moderate, (+++) severe
SA: Syringic acid; LPS: Lipopolysaccharide
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Figure 6. Molecular docking of syringic acid (SA) with the KEAP1 Kelch domain: (A) 2D interaction map showiny, hydrogen bonds and hydrophobic
contacts, (B) 3D docking pose, (C) pharmacophore mapping highlighting key interactions

showed afavorablebinding score (-6.72) and formed multiple
hydrogen bonds with key residues (SER602, SER363,
ASN414), inDicating stable interactions within the KEAP1
pocket (Figure 6, Tables 4-7). MM-GBSA calculations
further supported a thermodynamically favorable binding
(AG_bind=-22.99 kcal/mol). Pharmacophore mapping
identified two hydrogen bond acceptors (A3, D6) and a
hydrophobic aromatic interaction (R10) as key features
stabilizing the SA-KEAP1 complex.

These findings suggest that SA can effectively occuny
the KEAP1 inhibitory site, potentially preventing Nrt.
ubiquitination and promoting its nuclear translocation. This

molecular interaction . 'igus with our in vivo observations
of enhanced Nrf2/.TO-1 signaling following SA treatment,
providing mc hanisuc basis for its dual anti-oxidant and
anti-in. amn atory >ffects in LPS-induced lung injury.

T ble 4. Dock. = scores and Glide energy for syringic acid (SA) binding
to 1. » KEAP1 Keich domain

Binding Scores ~ SA/KEAP1
Docking Scores -6.71547
Glide Energy 30.8917

Table 5. Hydrogen bond interactions between syringic acid (SA) arid KEAP1 residues, showing atom pairs and distances (A)

Docking complex Arinoacia Atoml1 (receptor) Atom? (ligand)  Distance (angstrom = A)
"ERe 2 0:2155 H:4375 1.89
SFR363 H:2520 0:4362 1.87

SA/KE P1 ASN414 H:2845 0:4363 2.15
ASN414 0:680 H:4382 1.55

Table 6. Molecular Mechanics-Generalized Born Surface Area (MM-GBSA) binding energy components for the syringic acid (SA)-Kelch-like ECH-

associated protein 1 (KEAP1) complex (kcal/mol)

MM-GBSA Results
r_psp_MMGBSA_dG_Bind

r_psp_MMGBSA_dG_Bind_Coulomb
r_psp_MMGBSA_dG_Bind_Covalent
r_psp_MMGBSA_dG_Bind_Hbond
r_psp_MMGBSA_dG_Bind_Lipo
r_psp_MMGBSA_dG_Bind_Packing
r_psp_MMGBSA_dG_Bind_SelfCont
r_psp_MMGBSA_dG_Bind_Solv_GB

SA/KEAP1
-22.99
-25.53

17.30
-2.37
-8.47
-0.61
0.00

18.52

r_psp_MMGBSA_dG_Bind_Solv_SA

r_psp_MMGBSA_dG_Bind_vdW

-21.82
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Table 7. Pharmacophore features of syringic acid (SA) interactions with KEAP1, including hydrogen bond acceptors and hydrophobic aromatic ring

interactions

Rank Feature Label  Score X Y Z Type Num From Chemscore Source

1 A3 -1.60 14.66 70.2127 32.7909 A 2 0 HBond

2 D6 -1.33 12.1336  64.0978 32.1747 D 5 0 HBond

3 R10 -0.72 13.642  66.9653  31.7454 R 9 0 RingChemscoreHphobe
Discussion this pathway, increasing Keapl levels and reducing Nrf2

ALLI particularly when triggered by endotoxins such as
LPS, is a significant cause of morbidity and mortality due
to its multifaceted pathogenesis involving oxidative stress,
inflammation, and apoptosis. LPS, a structural component
of the outer membranes of Gram-negative bacteria, can
enter the bloodstream and elicit a systemic inflammatory
response that leads to septic shock and multiple organ
dysfunction (30). In experimental research, IP LPS injection
is widely used to model ALI in rodents because of its ability
to replicate many hallmarks of human sepsis-induced lung
damage reliably.

In our study, rats exposed to LPS presented significantly
increased lung weights, indicating pulmonary edema, a
hallmark of vascular leakage and inflammatory infiltration
(31). This increase was notably attenuated in SA-treated
groups, suggesting that SA mitigated LPS-induced lung
injury at the gross anatomical level.

The observed protective effects of SA appear to stem
from its ability to counteract oxidative stress, a central
feature of LPS-induced ALI The overproduction of ROS
leads to lipid peroxidation and disruption of cellular
homeostasis, as evidenced by elevated levels of MDA, a key
biomarker of oxidative membrane damage (32). Similar
increases in MDA have been reported in models of LP5:
induced lung injury, with compounds such as pterostilbe e,
SA, and trillin showing efficacy in reducing these levels
(32-34). Meng et al. (2018) reported a reductior. i. MI"A
with dexmedetomidine treatment in ALI (35). Jonsistent
with these findings, our data demonstratcd a sig.ificant
LPS-induced increase in MDA, whick . s .>versed by
SA in a dose-dependent manprci, un lersccring its anti-
oxidant capacity. These finding's are consiscent with studies
on aminoguanidine, an iNO.  inhibitor, which reduced
oxidative stress markers, inclua. z-21DA, and enhanced
anti-oxidant defenses in LPS-challenged lungs (36).

In addition to elevated lipid peroxidation, LPS exposure
also suppressed endogenous anti-oxidant defenses,
including SO and GPx. These enzymes are essential for
neutralizing ROS and protecting tissue integrity. The
restoration of SOD and GPx levels by SA aligns with
previous reports demonstrating the protective anti-oxidant
roles of natural compounds in ALI (33-35). These findings
reinforce SAs role as a potent free radical scavenger and
redox balance regulator.

A major mechanistic contributor to SAs anti-oxidant
action appears to be its regulation of the Nrf2/Keap1/HO-1
signaling axis. Under oxidative conditions, Nrf2 dissociates
from its repressor Keapl and translocates to the nucleus,
where it binds to anti-oxidant response elements (AREs)
to promote the expression of detoxifying enzymes such
as HO-1. Previous studies have shown that LPS disrupts

and HO-1 expression (37, 38). In our study, SA treatment
effectively restored this pathway, reducing Keapl and
enhancing Nrf2 activation and HO-1 expression. These
results are further supported by those of Somade et al.
(2023), who reported similar regulatory effects of SA in
testicular tissue (39). This restoration of the Nrf2 axis likely
underlies SA’s protective anti-oxidant effect in lung tissue.

In addition to oxidative stress, inflammation is a key
pathological driver of LPS-irduced lung injury. Central
to this inflammatory cascade is he activation of TLR4 by
LPS, which in turn activates NF-k.> signaling and induces
the release of HMGBI1, TNF-q, 1".-1P, and IL-6—cytokines
that amplify tissue dam=g= a. 4 irimune cell infiltration (40-
45). In agreement witl' stua es by Liu et al. (2019), Huang et
al. (2020), and Alsaari. »* 4l. (2021), we observed marked
increases 4n  esc. inflammatory mediators following
LPS expos. e (17, 46, 47). Significantly, SA treatment
substantially a *enuated this cytokine surge, confirming its
anti-i. Tammatory efficacy. Similarly, a previous study by
Boskabac et al. (2018) reported that captopril modulated
poo- nd anti-inflammatory cytokines and restored Thl/
Th2 balance in LPS-induced lung injury, paralleling the
a.“.nflammatory effects observed with SA in our study
(/8). Moreover, thymoquinone reduced pro-inflammatory
cytokines, restored anti-inflammatory IL-4, and improved
lung histopathology in LPS-exposed rats, further supporting
the relevance of natural compounds with dual anti-oxidant
and anti-inflammatory actions in mitigating ALI (49).
Additionally, aerobic exercise has been shown to attenuate
LPS-induced lung injury in rodent models by reducing
oxidative stress, decreasing pro-inflammatory cytokines,
increasing anti-inflammatory mediators such as IL-10, and
improving lung histopathology, highlighting that multi-
target strategies beyond pharmacological interventions can
confer protection in ALI (50). Furthermore, our current
study demonstrated that SA inhibits the HMGB1/TLR4/
NF-«B axis, consistent with the findings of Demir et al.
(2023) and He et al. (2025), who reported that modulation
of this pathway is critical for reducing inflammation in ALI
models (51, 52). To our knowledge, this study is the first to
report that SA alleviates lung inflammation by suppressing
this pathway in the context of LPS-induced injury.

In addition to preventing inflammation and oxidative
stress, SA also confers protection against DNA damage
and apoptosis, two additional consequences of ROS
accumulation. Elevated levels of 8-OHdG, a sensitive
marker of oxidative DNA damage, and caspase-3, a central
executioner of apoptosis, were observed in the LPS-treated
rats. These findings are consistent with earlier studies by
Yan et al. (2017), Fu et al. (2017), and Okkay et al. (2022),
which reported similar biomarker elevations following LPS
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administration (53-55). SA treatment significantly reduced
both 8-OHAG and caspase-3 expression levels, suggesting
that it not only mitigates oxidative insult but also prevents
downstream cellular apoptosis.

Collectively, our findings illustrate that SA exerts
multifaceted protective effects against LPS-induced ALI by
modulating key molecular pathways. Its phenolic structure
enables direct ROS scavenging, while its biological activity
promotes Nrf2-mediated transcription of anti-oxidant
defenses and suppresses HMGB1/TLR4/NF-kB-mediated
inflammation. This dual action not only stabilizes cellular
membranes but also reduces inflammatory cytokine
production, DNA damage, and apoptosis. The observed
preservation of lung architecture in the SA-treated groups,
coupled with the significant biochemical and molecular
changes, strongly supports its therapeutic potential.

Consistent with the in vivo data, our in silico molecular
docking analysis further supported the mechanistic role of
SA in modulating oxidative stress pathways. Computational
modeling revealed a strong binding affinity of SA to the
Kelch domain of KEAPI, a critical negative regulator of
Nrf2. This interaction was stabilized through hydrogen
bonds and hydrophobic contacts, indicating that SA may
prevent the proteasomal degradation of Nrf2 by sterically
hindering KEAP1-Nrf2 binding. This mode of action is
analogous to that of synthetic inhibitors and cyclic peptides
shown to reduce oxidative damage in experimental ALI
models (56).

The in silico findings therefore reinforce the hypothesis
that SA’s anti-oxidant efficacy arises not only from direct
ROS scavenging but also from upstream stabilization of
Nrf2, offering a plausible molecular explanation for the
biochemical and histological improvements observed in our
animal model.

In summary, this study provides the first comprehzzsive
evidence that SA effectively attenuates LPS-i1 duced
ALI through dual modulation of oxidative /stess —.d
inflammation. SA enhances anti-oxidant d:rens's by
activating the Keapl/Nrf2/HO-1 pathwav'c~d suppresses
inflammatory signaling by inhibiting t* > HM 5B1/TLR4/
NF-«B axis. In silico docking further.zcreai 1 a mechanistic
interaction between SA and- the KEAr1 Kelch domain,
suggesting a direct role in' stabilizit,, - Mrf2 activity. These
findings underscore the t. erapeuti: potential of SA as a
multitarget agent for managi. - sersis-associated lung injury
and other inflammation-related pulmonary conditions.

Limitations

This study has several limitations that warrant
consideration. First, although SA demonstrated protective
effects against LPS-induced ALI in rats, the precise
pharmacokinetic profile of SA, including its bioavailability
and in vivo metabolic fate, was not evaluated. Second,
the study relied on a single acute time point (12 hr post-
LPS challenge), which may not fully capture the dynamic
progression or resolution of lung injury. Lastly, extrapolation
of these findings to human physiology should be made
cautiously, as species-specific differences may affect the
translational relevance of the results. Future studies
integrating chronic models, broader time-course analyses,
and genetic or pharmacologic intervention strategies are
necessary to further substantiate the therapeutic potential
of SA.
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Conclusion

This study provides strong evidence that SA protects
against LPS-induced ALI through dual regulation of
oxidative stress and inflammation. SA enhanced anti-
oxidant defenses by activating the Keapl/Nrf2/HO-1
pathway and suppressed pro-inflammatory signaling via
inhibition of the HMGB1/TLR4/NF-kB axis. In addition, SA
reduced lipid peroxidation, DNA damage, and apoptosis,
thereby preserving lung tissue integrity. Molecular docking
further supported these findings by revealing a direct
interaction between SA and the KEAPI Kelch domain,
suggesting stabilization of Nrf2 activity. Collectively,
these results highlight the therapeutic potential of SA as a
multitarget agent for sepsis-associated and inflammation-
related pulmonary disorders.
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