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Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China

Abstract

Advanced glycation end products (AGEs) have been associated with vascular
pathologies including abdominal aortic aneurysms (AAAs), although their causal
role remains unclear. In this study, we observed significant accumulation of
AGEs in human AAAs, particularly in cases associated with intraluminal
thrombus (ILT). In vitro, AGE exposure induced vascular smooth muscle cell
(VSMC) migration and suppressed contractility, accompanied by reduced
expression of contractile markers (a-SMA and MYH11) and elevated MMP-2.
This phenotypic transformation was linked to the activation of the
NLRP3 inflammasome and RAGE/RhoA/ROCK signaling, and was reversible
upon inhibition of RAGE, RhoA, or ROCK. In macrophages, AGE pretreatment
had minimal effects on basal cytokine secretion but attenuated LPS-induced IL-
6 and IL-1p release and NF-kB activation. Co-culture experiments further
revealed that AGE-pretreated macrophages reduced LPS-driven pro-
migratory effects on VSMCs. Spatial transcriptomics demonstrated enriched
AGE-RAGE signaling in aSMA+ VSMCs and CD68+aSMA+ macrophage-like
VSMCs in ILT-containing AAAs. Overall, these associative findings implicate
AGE-RAGE signaling in AAA pathogenesis and warrant further investigation to
establish causality.

KEYWORDS

abdominal aortic aneurysms, AGE-RAGE, VSMC phenotypic switch, NLRP3,
macrophages

Published by Frontiers
Society for Experimental Biology and Medicine


https://crossmark.crossref.org/dialog/?doi=10.3389/ebm.2025.10527&domain=pdf&date_stamp=2025-08-07
mailto:chao.song@vip.163.com
mailto:chao.song@vip.163.com
mailto:cuichoi8432@163.com
mailto:cuichoi8432@163.com
https://doi.org/10.3389/ebm.2025.10527
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/ebm.2025.10527

Ma et al.

Impact statement

This study reports on the association between advanced
glycation end products (AGEs) and vascular smooth muscle
cell (VSMC) dysfunction/macrophage responses in abdominal
aortic aneurysms (AAAs), particularly within the intraluminal
thrombus. Using spatial transcriptomics (GeoMx~ DSP), we
detected the co-localization of AGE-RAGE signaling in VSMC
niches and demonstrated in vitro that AGE exposure correlates
with VSMC phenotypic transformation via the RAGE/RhoA/
ROCK pathways, along with the modification of macrophage
responses. Pharmacological reversal of AGE-induced changes
provides mechanistic hypotheses for AAA pathogenesis and
merits future causal studies of the AGE-RAGE axis in
vascular remodeling.

Introduction

Advanced glycation end products (AGEs) encompass a
diverse array of irreversible adducts formed through the
nonenzymatic glycosylation of proteins, lipids, and nucleic
acids by reducing sugars [1]. Normally, AGE formation occurs
at a low rate, but accelerates significantly in both microvascular
and macrovascular diseases [2]. Vascular smooth muscle cells
(VSMCs) are located in the middle layer of arterial vessels,
playing a crucial role in maintaining arterial structure and
regulating vascular tone. Under normal physiological
conditions, VSMCs exhibit a contractile phenotype. However,
in response to harmful stimuli, VSMCs lose their contractile
properties and transition to a synthetic phenotype. This
transformation is pivotal in the development and progression
of abdominal aortic aneurysms (AAAs) [3].

Studies have confirmed that AGEs can stimulate the
proliferation of VSMCs [4]. The receptor for AGEs (RAGE) is
particularly important as it mediates the proliferation and
migration of VSMCs induced by AGEs [5, 6]. In response to
stress, AGEs accumulate and bind to RAGE with high affinity,
triggering oxidative stress, inflammation, and procoagulant
responses. These processes ultimately contribute to vascular
wall lesions, including remodeling of the aortic vasculature
and dysfunction of the aortic endothelium.

The intraluminal thrombus (ILT) within abdominal aortic
aneurysms is a complex fibrin structure comprised mainly of
canaliculi, platelets, erythrocytes, and other hematopoietic cells
[7]. Clinically, ILT is found in 75% of AAA sacs and is associated
with arterial wall hypoxia, cellular inflammation, and apoptosis
of the extracellular matrix, and can contribute significantly to
aneurysm growth, potentially leading to rupture [8-12]. While
the AGE-RAGE axis has been implicated in vascular pathologies,
its role in ILT-associated AAA remains underexplored.
Characterizing this association could offer insights into the
mechanisms of aneurysm progression.

Experimental Biology and Medicine
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The Rho GTPase protein family, which includes RhoA, Racl,
and Cdc42, plays a critical role in cellular functions such as
contraction, migration, and the organization of the actin
cytoskeleton. (ROCK), a key
downstream effector protein of Rho GTPases, phosphorylates

Rho-associated  kinase

various targets to influence these cellular processes. Studies have
demonstrated that the RhoA/ROCK pathway is involved in
regulating the phenotype of VSMCs induced by platelet-
derived growth factor BB (PDGF-BB) [13]. Activation of the
Rho/ROCK pathway can lead to the phosphorylation of
threonine 696 on the Myosin Phosphatase Target subunit-1
(MYPT1), resulting in abnormal contraction of vascular
smooth muscle [14]. Inhibition of the RAGE/RhoA/ROCK
signaling pathway has been shown to protect the integrity of
the aortic wall [15]. However, whether Rho GTPases and their
downstream signals are implicated in the regulation of VSMC
phenotype mediated by AGEs has not been conclusively
established.

The NOD-like receptor family pyrin domain 3 (NLRP3)
inflammasome is a key cytosolic complex involved in
initiating inflammatory responses. It consists of NLRP3,
speck-like (ASC), and
procaspase-1, which together regulate the maturation and
secretion of pro-inflammatory cytokines such as IL-13 and IL-

apoptosis-associated protein

18. An increasing number of studies have provided conclusive
evidence that the NLRP3 inflammasome can be activated by
AGEs [16]. AGEs upregulate the mRNA or protein expression of
inflammasome-related molecules (such as NLRP3, caspase-1,
and IL-1B) in non-myeloid cells (such as podocytes, nucleus
pulposus cells, and placental cells) [17]. Understanding how
AGEs may influence VSMC inflammatory responses could
elucidate pathways relevant to vascular complications.

This research suggests a potential role for AGEs in the
pathogenesis of abdominal aortic aneurysms, particularly by
modulating the interactions between vascular smooth
muscle cells and macrophages. By characterizing context-
dependent responses to AGEs in VSMCs and macrophages,
this study provides mechanistic insights into AAA
pathophysiology and identifies signaling pathways that
warrant further investigation.

Materials and methods
Cell culture and reagents

THP-1 cells and HA-VSMC were procured from Pricella
Life Science & Technology Co., Ltd. HA-VSMC is a cell line
exhibiting fibroblast-like morphology that was isolated from
the smooth muscle of the aorta of an 11-month-old white
female patient. The cell identification results are shown in
Supplementary Figure S1. HA-VSMCs were cultured in F-12K
medium (Cat. No. 30-2004, ATCC, Manassas, United states)

Published by Frontiers
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TABLE 1 Primer sequences in qRT-PCR.

Primers Sequences

ACTA2 F: AGTTCCGCTCCTCTCTCCAA
R: AACGCTGGAGGACTTGCTTT

MMP-2 F: GAGTGCATGAACCAACCAGC
R: GTCTGGGGCAGTCCAAAGAA

NLRP3 F: CTTGGAGACATCCTGTCAGGG
R: AGTCACAAGACCAGGCATATTCT

TNF F: GACAAGCCTGTAGCCCATGT
R: GGAGGTTGACCTTGGTCTGG

IL-6 F: TTCGGTCCAGTTGCCTTCTC
R: TGTTTTCTGCCAGTGCCTCT

IL1B F: AACCTCTTCGAGGCACAAGG
R: AGATTCGTAGCTGGATGCCG

NOS2 F: GCCATAGAGATGGCCTGTCC
R: GGGGACTCATTCTGCTGCTT

GAPDH F: AATGGGCAGCCGTTAGGAAA

R: GCGCCCAATACGACCAAATC

Abbreviations: F, forward; R, reverse.

supplemented with 0.05 mg/ml L-ascorbic acid, 0.01 mg/mL
insulin, 0.01 mg/mL transferrin, 10 ng/mL sodium selenite,
0.03 mg/mL endothelial cell growth supplement, 10% FBS,
10 mM HEPES, 10 mM TES, and 1% penicillin/streptomycin.
Third- to fourth-generation HA-VSMCs were used in the cell-
based experiments of this study. THP-1 cells were maintained
in RPMI 1640 medium (Cat. No. SH30809.01, HyClone, MA,
United states) supplemented with 10% fetal bovine serum
(FBS) (Cat. No. FBSSR-01021-50, Cyagen, CA, United states).
Prior to experimentation, THP-1 cells were differentiated using
100 ng/mL phorbol 12-myristate 13-acetate (PMA) Cat. No.
P1585, Sigma, MA, United states). Z-VAD-FMK (pyroptosis
inhibitor, Cat. No. HY-16658B), CY-09 (NLRP3 inhibitor, Cat.
No. HY-103666), FPS-ZM1 (RAGE inhibitor, Cat. No. HY-
19370), CCG-1423 (RhoA inhibitor, Cat. No. HY-13991), Y-
27632 (ROCK inhibitor, Cat. No. HY-10071) and
Lipopolysaccharides (Cat. No. HY-D1056) were all purchased
from MedChemExpress LLCNJ, United states. Advanced
glycation end product-BSA (AGE-BSA) was purchased from
Abcam (Cat. No. ab51995, Abcam, Cambridge, United kingdom).

Real-time quantitative reverse
transcription-polymerase chain reaction
(QRT-PCR)

As previously reported [18], total RNA was extracted using the
FastPure Cell/Tissue Total RNA Isolation Kit (Cat. No. RC112-01,
Vazyme, Nanjing, China). Subsequently, cDNA synthesis was
performed using AceQ qPCR SYBR Green Master Mix (Vazyme,
Cat. No. Q121-02). For quantitative real-time PCR (qPCR), the

Experimental Biology and Medicine
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HiScript III SuperMix for qPCR (Vazyme, Cat. No. R323-01) was
employed, and the reactions were analyzed using a
CFX96 Fluorescence quantitative PCR instrument (Bio-Rad, CA,
United states). The primer sequences utilized are detailed in Table 1.
Gene expression data were normalized to GAPDH as an internal
reference and quantified using the 274" method.

Digital space profiling (DSP)

Six biopsies were obtained from AAA patients (3 with ILT
and 3 without ILT) from Shanghai Changhai Hospital following
approval by the Ethics Committee (approval number:
CHEC2022-052). Detailed clinicopathological characteristics
can be found in Table 2. Whole-exome sequencing was
conducted on specific regions of interest (ROIs) using the
GeoMX Digital Spatial Profiling platform, with subsequent
data analysis and processing performed using the R language.
Differentially expressed mRNA was identified using criteria of
adjusted p-value <0.05 and |Log2Fold Change| > 1.

ELISA assay of AGE/CCL2/IL-6/MMP-2

A total of 16 specimens from AAA patients were collected and
stored in liquid nitrogen for future experiments. Non-AAA samples
(N = 5) were obtained during aorta-bifemoral bypass surgery for
aorta-iliac occlusive disease. The clinicopathological characteristics
of the AAA patients are detailed in Table 3. Ethical approval for this
study was obtained from the Ethics Committee of the Shanghai
Changhai Hospital. Aortic tissue lysates were prepared using cell
lysis buffer to determine protein concentrations. The competitive
AGE-ELISA procedure was conducted using an AGE Assay kit
(Abcam, Cat. No. ab238539) to assess advanced glycation end-
products. Inflammatory factors, including MMP2, IL-6, and MCP-1,
were quantified using specific ELISA kits: MMP2 Human ELISA Kit
(Cat. No. KHC3082, Invitrogen, CA, United states), IL-6 Human
ELISA Kit (Invitrogen, Cat. No. EH2IL6), and MCP-1 Human
Instant ELISA™ Kit (Invitrogen, Cat. No. BMS281INST),
respectively. All of these assays were performed according to the
manufacturers’ instructions.

Western blot

As previously reported [19], the total proteins were separated
on a 10% SDS-PAGE gel (Cat. No. PG212, Epizyme, MA, United
states) and subsequently transferred onto PVDF membranes
(Bio-Rad Laboratories Inc., CA, United States). After blocking
with 1x protein-free fast blocking buffer (Epizyme, Cat. No.
PS108P) for 1 h, the membranes were incubated overnight at
4°C with various primary antibodies, including a smooth muscle
actin Polyclonal antibody (Cat. No. 14395-1-AP, Proteintech,

Published by Frontiers
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TABLE 2 Demographic data of AAA patients with and without intraluminal thrombus.

Patient ID Gl1-1 G2-1 G1-2 G2-2 G1-3 G2-3
ILT Y N Y N Y N
Age, years 66 68 73 66 65 71
Sex Female Male Male Female Male Male
AAA diameter, mm 52 54 68 48 65 58
Hypertension Y Y Y N Y N
Diabetes mellitus N N N N N N
Smoking history N N Y N Y Y
CAD Y N N N N N
COPD N Y N N N N
PAD N N N N N N

Abbreviations: AAA, abdominal aortic aneurysm; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; PAD, peripheral arterial disease.

TABLE 3 Demographic data of AAA patients with and without intraluminal thrombus.

Variables AAA with ILT AAA without ILT

No. 8 8

Age, years 68.9 + 5.6 70.6 + 4.4
Male patients 8/8 7/8

AAA diameter, mm 66.4 + 1.0 63.2 + 04
Hypertension 5/8 3/8
Diabetes mellitus 1/8 0/8
Smoking history 5/8 3/8
CAD 1/8 2/8
COPD 0/8 0/8
PAD 0/8 0/8
Antiplatelet therapy 1/8 4/8
Statins 0/8 1/8

Continuous variables are reported as mean + standard deviation.

Abbreviations: AAA, abdominal aortic aneurysm; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; PAD, peripheral arterial disease.

Wuhan, China), NLRP3 Polyclonal antibody (Proteintech, Cat.
No. 27458-1-AP), MMP-2 Antibody (Cat. No. 40225, CST, MA,
United states), Phospho-IkBa (Ser32) (14D4) Rabbit mAb (CST,
Cat. No. 2859T), and GAPDH (14C10) Rabbit mAb (CST, Cat.
No. 2118T). Subsequently, the membranes were incubated with
Peroxidase AffiniPure Goat Anti-Rabbit IgG (H + L) (1:10000,
Cat. No. FZ111-035-003, Jackson ImmunoResearch Inc., PA,
United states) for 1.5 h. Detection of protein bands was
performed using the Omni-ECL™ basic chemiluminescence
detection kit (Epizyme, Cat. No. SQ202), and imaging was
conducted with the ChemiDocTM MP chemiluminescence
image analysis system (BIO-RAD).

Experimental Biology and Medicine

Transwell migration assay

VSMCs were treated with AGE-BSA and/or inhibitors. Then
2 x 10° cells in serum-free medium were seeded onto 6.5-mm
Transwell” inserts with an 8.0-um Pore Polycarbonate
Membrane (Cat. No. 3422, Corning, NY, United states). The
lower chamber contained a culture medium supplemented with
10% FBS to serve as a chemoattractant. After incubation for 24 or
72 h, the cells that had migrated to the underside of the
membrane were fixed using 4% paraformaldehyde, stained
with  0.1% (Cat. No. MS4006-100ML,
Maokangbio, China), and  subsequently

crystal  violet
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FIGURE 1

AGE Effects on Human VSMCs: Promotion of Migration and Inhibition of Contraction. (A) ELISA analysis detected the accumulation of AGEs in
lysates of human aortic tissues. (B—D) RT-qPCR (B,C) and Western blot (D) detected the expression of the contraction marker a-SMA and the
migration marker MMP-2 in human VSMCs after AGE treatment for 24 h; (E) Transwell migration experiment detected the migration of human
VSMCs after AGE treatment for 24 h or 72 h; (F) Immunofluorescence detected the expression of the contraction marker MYH11 in human
VSMCs after AGE treatment for 24 h. Blue fluorescence indicates DAPI staining, and green indicates MYH11 staining. (G) The CTG assay detected the
growth curve of human VSMCs under the treatment with 200 ug/mL AGE. Data are presented as the mean + SD from three independent experiments
and were analyzed with a one-way ANOVA followed by a Dunnett's multiple comparisons test. Asterisks indicate significant differences (*P < 0.05,
**P < 0.01, ***P < 0.001) between the treatment group and the control group.

photographed under a microscope. This Transwell” migration
assay allows for the assessment of cell migration in response to
different treatments, providing insights into the migratory
behavior of VSMCs under experimental conditions.

Immunofluorescence

VSMCs were fixed with 4% paraformaldehyde at room
temperature for 15 min, followed by three washes with PBS.
Subsequently, they were incubated with 0.3% Triton X-100 at
room temperature for 30 min and washed again three times
with PBS. The cells were then treated with a 3% hydrogen
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peroxide solution at room temperature for 25 min in the dark,
followed by another three washes with PBS. After blocking
with 3% BSA at room temperature for 30 min, the cells were
incubated overnight at 4°C with MYHI11 Antibody (1:100,
Proteintech, Cat. No. 21404-1-AP). Following three washes
with PBS, the cells were incubated with an anti-rabbit HRP-
labeled secondary antibody at room temperature for 1 h in the
dark, again followed by three washes with PBS. A freshly
prepared fluorescent chromogenic solution (Cat. No. SD0155,
Simuwubio, Shanghai, China) was applied and allowed to
develop color for several minutes, with the reaction being
stopped with PBS. The cells were then incubated with a DAPI
dye solution at room temperature for 10 min in the dark,
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AGE-Mediated Transformation of VSMCs from Contractile to Migratory Phenotype via NLRP3 Activation. (A) RT-gPCR detected the expression

of NLRP3 in human VSMCs after AGE treatment for 48 h; (B,C) RT-gPCR detected the expression of a-SMA (B) and MMP-2 (C) in human VSMCs. The
cells were pretreated with 10 uM CY-09 (an NLRP3 inhibitor) or Z-VAD-FMK (a pyroptosis inhibitor) for 2 h, then incubated with 200 pg/mL AGE for
48 h; (D) Immunofluorescence demonstrated that the pyroptosis inhibitor Z-VAD-FMK and the NLRP3 inhibitor CY-09 could reverse the effect

of AGE on the phenotypic transformation of VSMCs. The cells were pretreated with 10 uM CY-09 (NLRP3 inhibitor) or Z-VAD-FMK (pyroptosis
inhibitor) for 2 h, then incubated with 200 pg/mL AGE for 48 h; (E) RT-gPCR detected the expression of NLRP3 in human VSMCs. The cells were
pretreated with 10 yM FPS-ZM1 (a RAGE inhibitor) or CCG-1423 (a RhoA inhibitor) or Y-27632 (a ROCK inhibitor) for 2 h, then incubated with 200 pg/
mL AGE for 48 h. (F) A Transwell migration experiment demonstrated that pretreatment with the pyroptosis inhibitor Z-VAD-FMK, the

NLRP3 inhibitor CY-09, the RAGE inhibitor FPS-ZM1, the RhoA inhibitor CCG-1423, and the ROCK inhibitor Y27632 could reverse the pro-migration
effect of 200 pyg/mL AGE on VSMCs. The cells were pretreated with 10 yM CY-09 (NLRP3 inhibitor), Z-VAD-FMK (pyroptosis inhibitor), FPS-ZM1
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(RAGE inhibitor), CCG-1423 (RhoA inhibitor), or Y-27632 (ROCK inhibitor) for 2 h, then incubated with 200 pg/mL AGE for 48 h. Data are
presented as the mean + SD from three independent experiments and were analyzed with a one-way ANOVA followed by a Dunnett's multiple
comparisons test. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) between the treatment group and the
control group. Pound signs indicate a significant difference (#P < 0.05, ##P < 0.01, ###P < 0.001) between the treatment group and the

AGE group

washed three times with PBS, and finally mounted with an

anti-fluorescence  quenching mounting medium for

observation under a microscope.

Lactate dehydrogenase (LDH)
release assay

LDH release was quantified using a lactate dehydrogenase
cytotoxicity assay kit (Cat. No. C0016, Beyotime Biotech,
Shanghai, China) following the manufacturer’s instructions.
VSMCs were cultured in a 96-well plate until they reached
80-90% confluence. The LDH detection working solution was
then added to each well, and the plate was incubated at room
temperature in the dark for 30 min. Absorbance was measured at
a wavelength of 490 nm using a BioTek microplate reader
(HIMFD). This assay provides a quantitative assessment of
LDH
membrane damage.

release,  indicating  cellular  cytotoxicity  or

NF-xB transcription factor assay

Nuclear proteins were extracted using the Nuclear Extract
Kit (Cat. No. 40010, Active Motif, Inc., CA, United states).
Subsequently, cRel, p52, and p62 levels were assessed using
TransAM NF-«xB Transcription Factor Assays (Active Motif,
Inc., Cat. No. 43296). The experimental protocol proceeded as
follows: First, 30 uL of Complete Binding Buffer was added to
each well of the TransAM plate, followed by the addition of
10 pg of nuclear protein (diluted to 20 pL). The plate was then
incubated at room temperature for 1 h with gentle shaking at
100 rpm. After incubation, each well was washed three times
with 200 uL of 1X Wash Buffer. Subsequently, 100 uL of the
primary antibody solution (diluted 1:1000) was added to each
well and the mixtures were incubated at room temperature for
1 h. Following another set of three washes with 1X Wash Buffer,
100 puL of HRP-conjugated secondary antibody solution
(diluted 1:1000) was added to each well and the mixtures
were incubated at room temperature for an additional hour.
After a final round of washing, 100 pL of Developing Solution
was added to each well, which was incubated at room
temperature in the dark for 5 min. The reaction was
terminated by adding 100 pL of Stop Solution to each well,
and the absorbance was measured at a wavelength of 450 nm
using a BioTek microplate reader (HIMFD). This procedure
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enabled the quantification of NF-«B transcription factors (cRel,
p52, and p62) bound to DNA in the nuclear extracts, providing
insight into NF-xB activity in the samples.

ELISA detection of cytokines

After incubating the cells with different concentrations of
advanced glycation end products (AGEs) for 24 h, 1 pg/mL of
lipopolysaccharide (LPS) was added for an additional 4 h. The
cell culture supernatant was then collected and centrifuged at
10,000 rpm for 5 min. Subsequently, the levels of IL-6 and IL-1p
were quantified using the QuantiCyto” Human IL-6 ELISA kit,
(Cat. No. EHC007.96, NeoBioscience, Shenzhen, China) and the
human IL-1p ELISA kit (Abcam, Cat. No. ab214025), following
the respective kit instructions. These assays were employed to
assess the secretion of IL-6 and IL-1P cytokines under these
experimental conditions.

Cell viability assay

VSMCs were seeded in 96-well plates at a density of
5000 cells per well. After 4 h of incubation, 200 pg/mL of
advanced glycation end products (AGEs) was added to each
well. Cell viability was assessed using the Cell Titer-Glo 2.0 Cell
Viability Assay (Cat. No. G9242, Promega, WI, United states)
from days 1-5 following treatment. This assay measures cellular
ATP levels as an indicator of cell viability and metabolic activity
over the specified time course.

NFkB dual luciferase reporter assay

The 293FT cells in the logarithmic growth phase were
adjusted to a density of 4 x 10> cells/mL and seeded into a 6-
well plate. The cells were incubated overnight at 37°C in a 5%
CO2 incubator. To transfect the cells, 2 pg of the NFkB Luciferase
Reporter Plasmid (Cat. No. 11501ES03, Yeasen, Shanghai,
China) was diluted in 125 pL of Opti-MEM medium and
mixed gently. Similarly, 10 pL of Lipofectamine 2000
(Invitrogen, Cat. No. 10668018) was diluted in 125 pL of
Opti-MEM medium, mixed gently, and incubated at room
temperature for 5 min before being combined with the
plasmid DNA. The mixture was allowed to stand for an
additional 20 min. The resulting complex (250 pL) was added
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FIGURE 3

AGEs Activate the NF-kB Pathway and NLRP3 Inflammasome via the RAGE/RhoA/ROCK Pathway. (A) The TransAM NF-kB Transcription Factor
Assay detected the effect of the RAGE/RhoA/ROCK inhibitor on the nuclear translocation of c-Rel, p52, and p65; (B) The NF-xB dual luciferase
reporter gene system assessed the impact of RAGE/RhoA/ROCK inhibitors on AGE-induced NF-«B signaling; (C) Western blot analysis showed that
AGEs regulate the expression of NLRP3 via the RAGE/RhoA/ROCK/NF-xB signaling pathway; (D) The effects of the inhibitors on caspase-1
activation were assessed using a caspase-1 assay kit; (E) An LDH release assay showed that AGE promoted VSMC cell pyroptosis, but it could be
reversed by RAGE, RhoA, and ROCK inhibitors; (F) An ELISA assay demonstrated that AGE promoted the release of the inflammatory factor IL-1f
through RAGE/RhoA/ROCK. Data are presented as the mean + SD from three independent experiments and were analyzed with a one-way ANOVA
followed by a Dunnett’'s multiple comparisons test. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
between the treatment group and the control group. Pound signs indicate a significant difference (#P < 0.05, ##P < 0.01, ###P < 0.001) between
the treatment group and the AGE group.

Published by Frontiers
Experimental Biology and Medicine Society for Experimental Biology and Medicine
14


https://doi.org/10.3389/ebm.2025.10527

Ma et al.

10.3389/ebm.2025.10527

A B change ® DOWN NOT e UP
i (zresi)
i
1
_ Fkk :
2 500- . i
2 E
5 400 i
% u i
@ !
® 3 300- : &
oo i
o H Hi
£ 0] |
g . ] i
i e HLA-DRB1
4 100- e .
< | ‘o. e o e 9
o : » o o * °
£ 0 T T ; 9390 o S o™
« & H ® [ ]
N4 4 ! e o
> & 1 ° P
° 8 L
ng“ K = | _4 e ]
i
i

Toll-like receptor signaling pathwa
mTOR signaling pathwa
Whnt signaling pathwa

Hip

Cytokine-cytokine receptor interactiol

IL-
MAPK signaling pathwa
JAK-STAT signaling pathwa
NF-kappa B signaling pathwa

NOD-like receptor signaling pathwa
Chemokine signaling pathwa
HIF-1 signaling pathwa

T

ECM-receptor interactio
PI3K-Akt signaling pathwa

AGE-RAGE signaling pathway in d

O

AGE-RAGE signaling pathway

G UGE o ey it orcons

I[RR AR

WWHHIH[HHIHI LRI w_ AL
| )

0 2

log2(Fold Change)
KEGG enriched for up regulated genes

SMA+ cells in AAA with ILT versus without ILT

Platelet activatio
po signaling pathwa;

Apoptosi
17 signaling pathwa

Ferroptosi

NF signaling pathwa

iabetic complication

10
-log10(p value)

Cytokine-cytokine receptor interaction

[ —

NF-kappaB signaling pathway

gt ey ity

o gt
siagpes 0 20

p<0.001

Ranked list metric Enrichment Score

FIGURE 4

AGE-RAGE signaling pathway is highly activated in SMA-positive cells within abdominal aortic aneurysm featuring intraluminal thrombus. (A) An
ELISA analysis detected an accumulation of AGEs in lysates of human aortic tissues. (B—D) Digital Spatial Profiling revealed strong enrichment of the
AGE-RAGE signaling pathway in SMA-positive cells from AAAs with ILT compared to those without ILT. (B) The Volcano map of the gene expression

profile; (C,D) the KEGG analysis of DEGs.
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FIGURE 5

Inflammatory and migration phenotypes are featured in an abdominal aortic aneurysm with an intraluminal thrombus. (A) Using an adjusted
p-value <0.05 and a |Log2Fold Change| > 1 as the criteria, we identified significantly differentially expressed mRNA, including elevated levels of critical
genes involved in the AGE-RAGE signaling pathway; (B) ELISA assays confirmed increased expression of CCL-2, IL-6, and MMP-2 in aortas covered
with ILT; (C) RT-gPCR detected the expression of the contraction marker a-SMA and the migration marker MMP-2 in human VSMCs after AGE
treatment for 24 h in the co-culture system. Data are presented as the mean + SD from three independent experiments and were analyzed with a
one-way ANOVA followed by a Dunnett’'s multiple comparisons test. ~ versus VSMC only. Asterisks indicate a significant difference (**P < 0.01,
***%pP < 0.0001); ~ versus VSMC co-culture with macrophages. Pound signs indicate a significant difference (##P < 0.01, ###P < 0.001).
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FIGURE 6
AGE Pretreatment Reverses the Effect of LPS-Stimulated Macrophages on VSMC Phenotypic Transformation. (A,B) gPCR (A) and ELISA (B)
assays showed that in human macrophages THP-1, 200 pg/mL AGEs had little effect on the expression and secretion of cytokines TNF-a, IL-1p, and
iNOS, and had a weak promoting effect on IL-6; (C,D) The ELISA assay demonstrated that pretreatment with AGE could inhibit the secretion of IL-6
and IL-1f induced by 1 ug/mL LPS stimulation; (E) The TransAM NF-kB Transcription Factor Assay showed that in human macrophage THP-1
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cells, pretreatment with AGE could inhibit the NF-kB signaling pathway activated by LPS stimulation; (F,G) Human macrophage THP-1 cells
were cultured in the lower layer. The cells were first pretreated with 200 pg/mL AGE for 18 h, and then stimulated with 1 pg/mL LPS for 4 h. After
replacing the fresh medium, VSMCs were cultured in the upper layer of macrophages for 24 h before collection. RT-gPCR (F) detected the
expression of the contraction marker a-SMA and the migration marker MMP-2 in human VSMCs; Transwell migration experiment (G) detected

the migration of human VSMCs. Data are presented as the mean + SD from three independent experiments and were analyzed with a one-way
ANOVA followed by a Dunnett’'s multiple comparisons test. Asterisks indicate significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) between the
treatment group and the control group. Pound signs indicate a significant difference (#P < 0.05) between the treatment group and the LPS group.
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FIGURE 7

Schematic overview of the AGE-induced phenotypic switch in human VSMCs. Our research demonstrated that, in human VSMCs, AGEs activate
the NLRP3 inflammasome through the RAGE/RhoA/ROCK/NF-«B signaling pathway, inducing an inflammatory and migratory phenotype.

to each well, and the cells were incubated for 24 h. After
transfection, the cells were adjusted to a density of 2 x 10°
cells/100 pL and seeded into a 96-well plate, and incubated
overnight at 37°C in a 5% CO2 incubator. In 293T cells,
AGEs were used to activate the NFkB signaling pathway.
Through concentration screening, the EC50 was determined
52),
concentration of 100 ug/mL was selected to activate the NFxB
signaling pathway. The test compounds (FPS-ZM1/CCG-1423/
Y-27632) were prepared at the following final concentrations: 1,
10, and 10 pM (4-fold serial dilutions, with 9 concentration
points in total). After 2 h of treatment, 100 ug/mL of AGEs was
added, and the cells were co-incubated for 24 h. Dual luciferase

reporter gene assays were performed following the instructions

to be 527 pg/mL (Supplementary Figure and a

provided in the Dual Luciferase Reporter Gene Assay Kit
Cat. No. 11402ES60) and using an Envision
2105 multimode plate reader (PerkinElmer). The results were

(Yeasen,

calculated using the following formula: 1). Experimental Group
Ratio =
Background Firefly Luminescence (F))/(Experimental Group

(Experimental Group Firefly Luminescence (F) -

Renilla Luminescence (R) - Background Renilla Luminescence
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(R)); 2). Control Group Ratio =
Luminescence (F) - Background Firefly Luminescence (F))/

(Control Group Firefly

(Control Group Renilla Luminescence (R) - Background
Renilla Luminescence (R)); 3). Fold Change =
Group Ratio/Control Group Ratio.

Note:

Experimental

a) Background F: Untransfected cells + Firefly luciferase
assay reagent

b) Background R: Transfected cells + Firefly luciferase assay
reagent + Renilla luciferase assay reagent

c) Experimental =~ Group:  Transfected  cells  treated
with compounds

d) Control Group: Transfected cells without treatment, used for

standardization of results

Caspase-1 activity assay

The enzymatic activity of caspase-1 was assayed using a
Caspase-1 Colorimetric Assay Kit (MCE, Cat. No. HY-K2610-
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100T) according to the manufacturer’s protocol. Absorbance was
measured at 405 nm by using a plate reader.

Statistical analysis

The data were analyzed using GraphPad Prism 8.0 software
(GraphPad Software Inc., USA) and are presented as the mean +
standard deviation (SD). Statistical significance was determined
using a One-way ANOVA followed by a Dunnett’s multiple
comparisons test. A p-value <0.05 was considered statistically
significant.

Results

AGE effects on human VSMCs: promotion
of migration and inhibition of contraction

We initiated our research by investigating whether AGE
expression differs between AAA specimens and normal
arteries. ELISA assays revealed a significant increase in AGE
accumulation in human AAA specimens (Figure 1A). RT-qPCR
and Western blot analyses revealed that AGEs, administered at
varying concentrations (50, 100, 200 upg/mL), significantly
suppressed the expression of the contraction marker a-SMA,
while concurrently enhancing the expression of the migration
marker MMP-2 in human VSMCs following a 24-h treatment
period, exhibiting a concentration-dependent response (Figures
1B-D). Results from the Transwell migration assay demonstrated
that compared to VSMCs treated with AGEs for 24 h, a higher
number of cells migrated following a 72-h treatment (Figure 1E).
Immunofluorescence analysis further confirmed that AGEs
(200 pg/mL) markedly attenuated the expression of the
contraction marker MYHI11 (Figure 1F). However, CTG
results demonstrated that higher concentrations of AGEs did
not significantly promote VSMC proliferation, contrary to
previous reports [20, 21] (Figure 1G).

AGE-mediated transformation of VSMCs
from contractile to migratory phenotype
via NLRP3 activation

RT-qPCR and Western blot results demonstrated that AGEs
the expression of NLRP3 2A, 3Q0).
Furthermore, RT-qPCR, Transwell migration assays, and

enhance (Figures
immunofluorescence analyses indicated that pre-incubation
with the pyroptosis inhibitor Z-VAD-FMK and the
NLRP3 inhibitor CY-09 could reverse the AGE-induced
phenotypic transformation of VSMCs (from contractile to a
migratory phenotype). Specifically, this treatment increased
the expression of the contraction markers o-SMA and
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MYHI1 while reducing the expression of the migration
marker MMP-2 (Figures 2B-D). To exclude the possibility of
drug-induced toxicity affecting cell behavior, cell growth was
monitored under a microscope 48 h after treatment with AGEs,
revealing no inhibition of cell growth or induction of apoptosis
due to AGEs or inhibitor treatments (data not shown).

AGE-induced transition of VSMCs to a
migratory phenotype via the RAGE/RhoA/
ROCK/NLRP3 pathway

RT-qPCR and Western blot analyses revealed that AGEs
regulate NLRP3 expression through the RAGE/RhoA/ROCK
pathway (Figures 2E, 3C). Additionally, Transwell migration
assay results demonstrated that pre-incubation with the RAGE
inhibitor FPS-ZM1, the RhoA inhibitor CCG-1423, and the
ROCK inhibitor Y27632 could reverse the pro-migration
effect induced by 200 ug/mL AGEs on VSMCs (Figure 2F).

AGEs Activate the NF-xB Pathway and
NLRP3 Inflammasome via the RAGE/
RhoA/ROCK Pathway

TransAM NF-xB Transcription Factor Assay results
demonstrated that AGEs activate the NF-kB signaling
pathway via the RAGE/RhoA/ROCK pathway. Specifically,
inhibition of RAGE/RhoA/ROCK suppressed the nuclear
translocation of c¢-Rel and p65 without affecting p52
(Figure 3A). We then applied the NF-kB dual luciferase
reporter gene system to assess the impact of RAGE/RhoA/
ROCK inhibitors on AGE-induced NF-kB signaling. After 2 h
of inhibitor treatment, 100 pg/mL AGEs were added, and the cells
were incubated for an additional 48 h. The RAGE/RhoA/ROCK
inhibitors significantly inhibited the NF-«kB pathway, with ICs,
values of 4.8, 14.7, and 10.8 pM, respectively (Figure 3B). A
characteristic feature of inflammasome priming signals involves
the activation of the NF-kB pathway to upregulate NLRP3.
Western blot analysis revealed that AGEs regulate the
expression of phospho-IkB and NLRP3 through the RAGE/
RhoA/ROCK signaling pathway (Figure 3C). Activation of the
NLRP3 inflammasome leads to Caspase-1 cleavage, triggering
Caspase-1-dependent inflammatory cell death known as
pyroptosis. Next, we investigated whether inhibitors of RAGE,
RhoA, and ROCK can suppress the activation of caspase-1
triggered by AGEs. The cells were pretreated with the
inhibitors for 2 h and then treated with AGEs
additional 48 h. The effects of the inhibitors on caspase-1
activation were assessed using a caspase-1 assay kit. We found

for an

that the enhanced caspase-1 activity was significantly suppressed
by inhibitors of RAGE, RhoA, and ROCK (Figure 3D). Levels of
LDH release were used to assess pyroptosis induced by
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NLRP3 inflammasome activation, showing that AGEs promote
VSMC cell pyroptosis, which can be reversed by inhibitors of
RAGE, RhoA, and ROCK (Figure 3E). As caspase-1 activity is
known to generate IL-1(3, we also investigated the effect of
inhibitors of RAGE, RhoA, and ROCK on IL-1P production.
ELISA results indicated that AGEs enhance the release of the
inflammatory factor IL-1B through RAGE/RhoA/ROCK

signaling (Figure 3F).

The AGE-RAGE signaling pathway is highly
activated in aSMA-positive cells within
abdominal aortic aneurysms featuring
intraluminal thrombus (ILT)

Next, we investigated whether AGE expression differs
between AAAs with ILT and AAAs without ILT. ELISA
assays revealed a significant increase in AGE accumulation
in human AAA tissues featuring ILT (Figure 4A). Using
Digital Spatial Profiling, we found that several signaling
pathways are enriched in SMA-positive cells (VSMCs)
within AAAs with ILT compared to those without ILT
4B-D), the AGE-RAGE
pathway, Cytokine-cytokine receptor interaction, and NF-

(Figures including signaling
kappaB signaling pathway, among others. We employed an
adjusted p-value <0.05 and a |Log2Fold Change| > 1 as criteria
to identify differentially expressed mRNAs. Among these,
critical genes involved in the AGE-RAGE signaling pathway
such as COL1A1, IL6, CCL2, MMP-2, and STAT3, among
others, exhibited notably higher expression in SMA-positive
cells of AAAs with ILT, showing statistical significance
(Figure 5A; Supplementary Table S1). Additionally, ELISA
confirmed elevated levels of IL-6 (inflammatory factor) and
MMP2 (migration phenotype marker) in aortas covered with
ILT (Figure 5B). Macrophage-like VSMCs are named for their
similar surface markers and functions to macrophages. These
cells contribute to chronic inflammation and may participate in
the

expectations, the proportion of CD68+SMA+ double-positive

destruction of the aortic wall. Consistent with our
cells (macrophage-like VSMCs) was significantly increased in
AAAs with thrombus (data not shown). In AAAs with
thrombus, we compared the molecular phenotypes of the
CD68+SMA+ and CD68-SMA+ cell subpopulations. Notably,
MMP-9 (logFC = 1.7) and IL- 1P (logFC = 2.3) were significantly
upregulated in AAAs with thrombus (data not shown). Further
functional annotation through Gene Ontology (GO) and KEGG
pathway enrichment analysis (using both ORA and GSEA
methods) revealed significant enrichment in pathways related
to inflammatory response regulation, cytokine-cytokine
receptor interactions, NF-kB signaling, the AGE-RAGE
signaling pathway, etc. (data not shown). In vitro, we co-
cultured human macrophages (THP-1) and VSMCs. The

macrophages were cultured in the lower chamber of a
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Transwell, while the VSMCs were cultured in the upper
chamber. The results indicated that AGEs promoted the
transformation of VSMCs into a migratory phenotype in the
co-culture system, characterized by a decrease in a-SMA

expression and an increase in MMP2 expression (Figure 5C).

AGEs inhibit LPS-stimulated IL-6 and IL-1§
secretion in human macrophage THP-
1 cells

Vascular inflammation plays a crucial role in the
pathogenesis of vascular diseases. Inflammatory mediators
originating from inflammatory cells (such as macrophages)
within vascular lesions promote the development of stenotic
lesions through the proliferation and migration of vascular
smooth muscle cells [22, 23]. Macrophages exhibit both
the
by
participating in inflammation. Results from RT-qPCR and

pathogenic ~ and  protective  functions  in

pathophysiology of abdominal aortic aneurysms
ELISA demonstrated that in human macrophage THP-1 cells,
treatment with 200 pg/mL AGEs had minimal effect on the
expression and secretion of the cytokines TNF-a, IL-1p, and
iNOS, with a modest stimulatory effect observed on IL-6
(Figures 6A,B), which is the opposite of what has been
implicated in VSMCs. Moreover, unexpectedly, ELISA
results indicated that pre-incubation with AGEs could
attenuate the secretion of IL-6 and IL-1p induced by LPS
stimulation (Figures 6C,D). Experimental findings from
TransAM NF-kB Transcription Factor Assays showed that
pre-incubation with AGEs inhibited the NF-kB signaling
pathway activated by LPS in THP-1 cells (Figure 6E).

AGE pretreatment reverses the effect of
LPS-stimulated macrophages on VSMC
phenotypic transformation

THP-1 cells were cultured in the lower layer of a co-
culture system. Initially, the cells were pretreated with 200 pg/
mL AGEs for 18 h, followed by stimulation with 1 pg/mL LPS
for an additional 4 h. After replacing the medium, vascular
smooth muscle cells were cultured in the upper layer of the
co-culture system. RT-qPCR results revealed that AGE
the effect of LPS-
stimulated macrophages on the contraction phenotype of

pretreatment reversed inhibitory
VSMCs. Specifically, the expression of the contraction
marker protein a-SMA increased, while the expression of
the migration marker protein MMP2 decreased (Figure 6F).
Transwell results
that

promotional effect of LPS-stimulated macrophages on

Furthermore, migration  assay

demonstrated AGE pretreatment attenuated the

VSMC migration (Figure 6G). In summary, AGEs exert
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markedly different effects on macrophages compared to
VSMCs,  which  highlights  the
immunomodulatory effects of macrophages in AAAs. This

cell-type-specific

refers to the two opposing or complementary roles that
macrophages may play in different environments or
contexts. For example, they can either promote or inhibit
inflammation and immune responses.

Discussion

Vascular smooth muscle cells (VSMCs) are one of the most
important components of the human aortic wall, and their
normal structure and function are essential to the intact
biomechanical properties of the aortic wall [24]. Many
damaging factors, such as hemodynamic changes and the
inflammatory response, can stimulate VSMCs to undergo
phenotypic transformation [25, 26]. VSMCs play a pivotal
role in the pathogenesis of vascular diseases due to their
ability to transition from a contractile to a synthetic
phenotype. This phenotypic VSMCs to
proliferate, migrate, and produce pro-inflammatory cytokines,

switch enables

contributing significantly to vascular disease processes [27].
Zhang et al. [28] demonstrated significantly higher levels of
advanced glycation end products (AGEs) in the aortas of
abdominal aortic aneurysm (AAA) patients compared to
healthy subjects using immunohistochemistry and ELISA.
They also found elevated expression levels of the receptor for
AGEs (RAGE) in human and mouse AAA tissues compared to
normal aortic tissues. Prasad et al. showed a positive correlation
between serum AGE levels and IL-1p, IL-6, and MMP-2 levels in
patients with thoracic aortic aneurysms (TAA). Additionally,
AGE-RAGE stress in TAA patients was positively correlated with
MMP-2 levels [29]. Our
accumulation of AGEs in human AAA specimens, especially

study revealed a significant
those covered with intraluminal thrombus (ILT). To avoid the
influence of antiplatelet therapy on AGE levels, we analyzed
clinical sample data that did not include antiplatelet therapy, and
our conclusions remained consistent. Furthermore, the AGE-
RAGE signaling pathway was highly enriched in smooth muscle
actin (SMA)-positive cells (VSMCs) in AAAs with ILT compared
to AAAs without ILT. Before this study, the molecular
by which the AGE-RAGE axis

inflammatory responses and migratory phenotypes in AAA,

mechanisms promotes
particularly in AAA with ILT, were not well understood.

The Rho family of small GTPase proteins, particularly RhoA,
plays a critical role in regulating various cellular processes. RhoA
acts through its effector Rho kinase (ROCK) to modulate the
organization of the actin cytoskeleton, thereby influencing
cellular functions such as contraction, motility, proliferation,
and apoptosis. Zhao et al. [30] showed that high glucose
stimulation increases the permeability of human umbilical
vein endothelial cells and upregulates myosin light chain
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(MLC) phosphorylation. Rao et al. [31] reported that the
RhoA/ROCK pathway is crucial for regulating cell migration
and that ROCK inhibitors suppress the release of adhesion
molecules such as intercellular cell adhesion molecule-1
(ICAM-1) and monocyte chemoattractant protein-1 (MCP-1).
Based on these findings, we hypothesized that the RhoA/ROCK
pathway might serve as a key downstream signaling pathway for
AGEs-RAGE
phenotypic transformation. Our study demonstrated that
pretreatment with the RAGE inhibitor FPS-ZM1, the RhoA
inhibitor CCG-1423, and the ROCK inhibitor Y27632 could
reverse the pro-migration effect induced by AGEs on
human VSMCs.

The interaction between advanced glycation end products

in regulating inflammatory responses and

and their receptor RAGE leads to the generation of reactive
oxygen species (ROS) by activating nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase [32], which in turn
activates the transcription factor NF-«xB [33], thereby inducing
an inflammatory response [34]. Canonical activation of the
NLRP3 inflammasome involves an initial signal regulated by
NEF-«B to transcribe NLRP3 and pro-IL-1p, followed by a second
signal to assemble the NLRP3 inflammasome. This assembly
facilitates the cleavage of caspase-l1 and the subsequent
maturation and secretion of IL-1p [35]. Song et al
demonstrated that the RAGE/NF-kB pathway can activate the
NLRP3 inflammasome, leading to the maturation of IL-1f in
nucleus pulposus cells [36]. Our research has demonstrated that
AGEs regulate the expression of NLRP3 through the RAGE/
RhoA/ROCK/NF-kB signaling pathway and pretreatment of
VSMCs with the pyroptosis inhibitor Z-VAD-FMK and the
NLRP3 inhibitor CY-09 for 24 h can reverse the effects of
AGE:s on the phenotypic transformation of VSMCs.

In addition to RAGE, AGEs bind to and signal through
TLR4 [37], which acts as a receptor for multiple pathogen-
(PAMPs),
lipopolysaccharides from Gram-negative bacteria (LPS), which

associated  molecular  patterns including
can induce inflammatory effects [38]. AGEs interacting with
RAGE or TLR4 can stimulate multiple transcription factors;
among these, NF-xB is crucial for M1 polarization and
mediates pro-inflammatory responses in macrophages and
other cell types [39]. In our study using human macrophage
THP-1 cells, we observed that a high concentration of AGEs
had a minimal impact on the expression and secretion of the
cytokines TNF-q, IL-1B, and iNOS, and had a modest promoting
effect on IL-6. Interestingly, AGEs inhibited the secretion of IL-6
and IL-1P induced by LPS stimulation in THP-1 macrophages.
Furthermore, a TransAM NF-kB Transcription Factor Assay
that AGEs inhibited the NF-xB

pathway activated by LPS in THP-1 macrophages.

demonstrated signaling

Multiple studies have indicated the presence of macrophages
in the walls of aneurysmal aortas, as observed in both human aortic
sections and animal models of abdominal aortic aneurysms
[40-42]. The accumulation of macrophages in the aneurysmal
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aortic wall plays a vital role in driving inflammation, extracellular
matrix degradation, and tissue remodeling during the healing
process. Numerous studies have provided in vitro evidence
suggesting potential crosstalk between macrophages and smooth
muscle cells via cytokine secretion, including PDGF, IL-6, TNF-q,
and MCP-1 [43]. Human macrophages strongly induce VSMC
apoptosis through direct cell-to-cell interactions mediated by Fas/
Fas-L, which contributes to plaque rupture [44]. Additionally,
another study demonstrated that macrophages promote VSMC
apoptosis and influence VSMC phenotype switching through a
circRNA-mediated mechanism [45]. In our previous study, we
demonstrated that overexpression of hsa_circ_0087352 in
macrophages induced smooth muscle cell apoptosis in a co-
culture system, likely due to the release of pro-apoptotic
cytokines such as IL-6, TNF-a, and IL-1p [19]. Initially, we
speculated that macrophages pretreated with AGEs might
promote the transition of VSMCs to a migratory phenotype.
Notably, that AGE pretreatment
attenuates LPS-induced proinflammatory cytokine production
NF-«B activation in macrophages. This
immunomodulatory  effect aligns with the established
mechanism reported by Son et al. [46], in which AGEs

our data demonstrate

and
suppress NLRP3 inflammasome assembly and TLR signaling

non-RAGE specifically inhibiting
M1 polarization. Then, in our experimental setup, human

via pathways,
macrophage THP-1 cells were cultured in the lower chamber of
a coculture system. We pretreated these cells with 200 pug/mL
AGE:s for 18 h, followed by stimulation with 1 pg/mL LPS for 4 h.
After replacing the medium with fresh medium, VSMCs were
cultured in the upper chamber above the macrophages.
Unexpectedly, the results showed that pretreatment with AGEs
reversed the pro-migration effect of LPS-stimulated macrophages
on VSMCs. While some previous studies have reported that AGEs
do not significantly promote cytokine production [46-48], other
findings suggest that AGEs can indeed increase cytokine secretion
[49-51]. Further detailed studies are needed to fully understand
the complex role of AGEs in the macrophage-mediated
inflammatory responses in abdominal aortic aneurysms.

In diabetic vascular disease—where AGE accumulation is
of AGE-RAGE (e.g.
Alagebrium) have demonstrated reduced vascular stiffness and
improved endothelial function [52, 53]. While these findings
highlight the pathway’s biological relevance, they do not directly
support the therapeutic efficacy in AAA. Mechanistically, inhibition
of RAGE or downstream RhoA/ROCK signaling may modulate
processes implicated in AAA pathogenesis, such as VSMC

pronounced—clinical trials inhibitors

phenotypic transformation. However, the absence of in vivo
AAA outcome data precludes conclusions about clinical benefits.
Substantial challenges remain, including: a) the complexity of AGE
formation and cross-tissue involvement, raising concerns about
therapeutic specificity; b) the potential for off-target effects when
inhibiting RAGE/RhoA/ROCK in non-vascular tissues; ¢) a lack of
evidence regarding dosing, timing, or patient selection in AAA
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contexts—particularly in cases with comorbidities such as diabetes;
and d) the critical need for long-term safety/efficacy studies in AAA-
specific models before considering clinical translation.

Limitations of this study

First, the current research primarily relies on in vitro models,
which may not fully capture the complexity of AAAs in a living
organism. Thus, future studies are critical for validating the
therapeutic effects of AGE-RAGE signaling pathway inhibitors
in animal models of AAAs, especially those with thrombus.

Second, our study used the HA-VSMC cell line, which was
derived from an 11-month-old female donor, representing a
significant biological mismatch with the predominant elderly
male demographic in AAAs. While this model provides
standardized insights into VSMC behavior, it fails to capture
critical age- and sex-specific pathways that influence AAA
pathogenesis, such as senescence-associated secretory phenotypes
and androgen-mediated signaling. Future studies should prioritize
primary VSMCs from age- and sex-matched AAA patients.

Third, our use of PMA-differentiated THP-1 macrophages
represents a significant limitation in our ability to model human
AAA pathophysiology. While this system revealed that AGE
pretreatment attenuated LPS-induced IL-6/IL-1B release and
reduced macrophage-driven  VSMC migration in co-culture,
PMA differentiation fails to replicate critical aspects of ILT-
associated macrophage heterogeneity in AAAs. Consequently,
our observed anti-inflammatory effect of AGEs on LPS-
challenged macrophages may not translate to the complex AAA
microenvironment, where thrombus hypoxia, erythrocyte lysis,
and matrix remodeling create unique signaling milieus. Future
studies must validate these interactions using the following: a)
macrophages isolated from human AAAs; b) ILT-integrated AAA
animal models with single-cell RNA sequencing; ¢) spatial multi-
omics to resolve AGE-RAGE effects on bona fide disease-
associated macrophage subsets.

Fourth, the small cohort size reduced statistical power for
subgroup analyses and precluded the formal correlation of AGE
levels with clinical severity markers (e.g., aneurysm size/growth
rate). Additionally, while our aorto-iliac occlusive disease
controls provide age- and comorbidity-matched comparisons
for AAA patients, they do not represent true healthy aortic
biology. As explicitly demonstrated in the landmark study by
Zhang et al. [28] comparing AAA to autopsy-derived normal
aortas, the use of truly healthy controls remains the gold standard
for establishing disease-specific biomolecular changes. We

emphasize the need for cautious interpretation until
independent validation in larger cohorts is performed.
Fifth, while this study establishes  cell-type-specific

immunomodulatory effects of AGEs - activating RAGE-dependent
in VSMCs
NLRP3 inflammasome activation in macrophages via non-RAGE

pro-inflammatory  pathways versus — suppressing
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mechanisms (Son et al. [46]) - key mechanistic aspects remain
unresolved. Specifically, the identity of the alternative receptors
(e.g.
scavenger receptors) remains undefined in our experimental

mediating AGE immunosuppression in macrophages
system. Future investigations should: a) employ receptor-knockout
macrophages to validate non-RAGE pathways; b) develop spatial-
omics approaches to map AGE-receptor interactomes across vascular
niches; and ¢) define temporal thresholds for the transition from
AGE-mediated immunosuppression to inflammation.

Collectively, our data reveal cell-type-specific modulation by
AGE-RAGE signaling: promoting inflammatory pathways in
VSMCs (e.g, ROCK/NF-kB/NLRP3;
attenuating inflammatory responses in macrophages. This

Figure 7)  while

observed dichotomy advances our understanding of metabolic

influences in AAAs, but it requires rigorous causal validation in
disease-relevant models before considering clinical applications.
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Abstract

Our objective was to study the effect of vitamin Dz (VD) on hepatocellular
oxidative-nitrosative stress and pro/anti-inflammatory cytokines in relation to
nitric oxide (NO) formation and NO synthase (NOS) levels in type 2 diabetes
mellitus (T2DM). After T2DM induction by high-fat diet and a single
streptozotocin injection (25 mg/kg b. w.), male Wistar rats were treated
with/without VD (1,000 IU/kg b. w., 30 days). Oxidative stress/inflammation
and NOS/NO were assessed by flow cytometry, RT-qPCR, western blotting, and
ELISA. A 3.3-fold decrease in serum 25(0OH)D3 was established in diabetic rats,
suggesting their VD deficient status. T2DM was associated with excess reactive
oxygen species (ROS; 2.4-fold) and NO (2.5-fold) production in hepatocytes
paralleled by elevated levels of myeloperoxidase (1.7-fold), carbonylated (2.8-
fold) and nitrotyrosylated (1.7-fold) proteins in liver tissue vs. control, indicative
of oxidative-nitrosative stress. Low-grade inflammation in diabetic liver was
confirmed by increased NF-xB transcriptional activity (1.24-fold) and mRNA
expression of proinflammatory cytokines TNF-a (3.5-fold) and IL-1p (2.2-fold)
with alleviating mRNAs of anti-inflammatory cytokines IL-4 (1.7-fold) and IL-10
(2.6-fold), while TGF-B1 expression raised 1.4-fold vs. control. Higher iNOS and
eNOS mRNAs (2.7- and 3.3-fold, respectively) and protein (2.1- and 3.2-fold,
respectively) levels, as well as NOS activity (1.6-fold) were found in diabetic liver.
VD supplementation restored 25(OH)Ds, partially normalized NF-xB
transcriptional activity and pro/anti-inflammatory cytokines, lowered
hepatocellular ROS/NO, and oxidative protein modifications. However, VD
had no effect on eNOS, IL-10 and TGF-B1 mRNAs. It also led to a further
increase in myeloperoxidase, eNOS and iNOS proteins and NOS activity
compared to diabetes. In conclusion, abnormal oxidative metabolism in
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T2DM is associated with enhanced NF-kB/NOS/NO response, which can be
partially attenuated by VD treatment via normalization of pro-oxidative/pro-
inflammatory processes. The paradoxical sustained increase in NOS expression
in the presence of VD antioxidant activity likely improves hepatocellular NO
bioavailability, ultimately reducing T2DM-associated liver injury.

KEYWORDS

type 2 diabetes mellitus, liver dysfunction, vitamin Ds, nitric oxide, oxidative-
nitrosative stress, inflammatory cytokines

Impact statement

Progression of liver damage associated with type 2 diabetes
mellitus (T2DM) is a major health concern, but the underlying
mechanisms remain unclear. Several epidemiological studies
have highlighted a significant association between low vitamin
D3 levels and an increased risk of metabolic dysfunction-
associated steatotic liver disease (MASLD). We hypothesized
NO
detrimental effects on hepatocellular function depending on

that excessive synthesis could exert protective or
the intensity of prooxidant and/or proinflammatory processes
in the liver in diabetes. Vitamin D3 may increase NO
bioavailability by modulating oxidative metabolism and pro-/
anti-inflammatory status. Therefore, we investigated for the first
time, to our knowledge, the regulatory effects of vitamin D3 on
T2DM-induced experimental uncoupling of NO synthase

High-fat diet (3 months) +
low-dose injection of
streptozotocin

(25 mg/kg of b.w)

(eNOS, iNOS) expression and NO generation in relation to

state,  oxidative stress and  chronic

inflammation. The
implications for preventive strategies against diabetes-induced
T2DM and its associated liver complications.

hyperglycemic

obtained findings may have novel

Introduction

Type 2 diabetes mellitus (T2DM) is currently recognized as a
The number of adults
worldwide suffering from the disease is estimated to reach

global non-infectious epidemic [1].

650 million by 2045. Hyperglycemia, as a consequence of
T2DM, leads to the development of various comorbidities,
such as glycemic hepatopathy and metabolic dysfunction-
associated steatotic liver disease (MASLD) [2]. According to
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multiple clinical studies, the prevalence of MASLD is up to 60%-
70% of all individuals with type 2 diabetes [3]. It has been shown
that the accumulation of triacylglycerols in the liver is an
important and early sign of metabolic disorder. At the cellular
level, liver damage in T2DM involves glycotoxic and oxidative
stress, impaired autophagy and unfolded protein response in the
endoplasmic reticulum (ER) during ER stress, alongside with
mitochondrial dysfunction [4-6]. In turn, various types of stress
can lead to the development of inflammation, induction of
apoptotic cell death and enhancement, especially against the
background of fibrotic processes, of liver cell proliferation due to
activation of the nuclear factor kappa B (NF-«B) signaling
pathway [7, 8].

Metastable free radical nitric oxide (NO) production is
associated with MASLD and is essential for adequate glucose
and lipid homeostasis [9, 10]. This gaseous substance is known to
be synthesized by nitric oxide synthases (NOSs). Three isoforms
with distinct functions have been identified for the NOS enzyme,
namely neuronal (NOS-1; nNOS), endothelial (NOS-3; eNOS),
and inducible (NOS-2; iNOS) [11].
endothelial isoforms generate low levels of nitric oxide as a

Both neuronal and

signaling molecule and are Ca’'-dependent. Instead, iNOS
activation occurs at the transcriptional level under the
of
particularly in cells such as macrophages and neutrophils, and

influence endotoxins or inflammatory  cytokines,
is independent of cytoplasmic Ca** levels. Given that iNOS is a
highly yielding enzyme that generates toxic amounts of nitric
oxide, it represents a crucial component of the antiparasitic/
antimicrobial and antitumor activities of the innate immune
system. Nitric oxide is also an important regulator and mediator
of numerous processes in the nervous and cardiovascular system.
In particular, relaxation of vascular smooth muscles, leading to
arterial vasodilation, occurs due to binding to the heme of
cytosolic guanylate cyclase. Activation of the latter promotes
an increase in the intracellular level of cyclic guanosine-3',5'-
monophosphate (¢cGMP). In turn, activated cGMP-dependent
protein kinase phosphorylates the myosin phosphatase-targeting
subunit and the inositol triphosphate receptor-associated cGMP
kinase substrate, ultimately resulting in vascular smooth muscle
relaxation [12]. Nitric oxide can also act in a cGMP-independent
manner, for example, by altering the activity of proteins by
covalent nitrosylation of thiol groups of specific cysteine
residues in their molecules [13].

In addition to mediating normal functions, NO is involved in
a variety of pathophysiological conditions such as hypertension,
stroke, neurodegenerative diseases, septic shock, diabetes
mellitus and its complications, etc. [9, 14]. Nitric oxide has a
significant impact on the liver, playing a pivotal role in regulating
metabolism and the immune response [15]. Liver functions
depend of
subpopulations of its cells. Hepatic nitric oxide is produced

on complex interactions heterogeneous
primarily by eNOS and iNOS and is responsible for most of

the physiological and pathophysiological reactions involving the
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liver. While nitric oxide formed by eNOS exhibits mainly
protective functions in the liver due to the regulation of blood
flow and cell interactions, NO synthesized by iNOS can exhibit
both protective and damaging effects on liver homeostasis [15].
Experimental models have shown that hepatocytes produce
iNOS in cytokines  [16].
Immunohistochemical methods have shown that the eNOS

response to inflammatory
isoform is detected in endothelial cells of arteries and terminal
veins of the liver, sinusoids, and in epithelial cells of the bile
ducts. Distinct iNOS expression can be observed in the periportal
region with decreasing intensity towards the perivenous areas of
the hepatic ducts [17]. Liver cells can be exposed to the action of
NO generated by neighboring Kupffer cells, endothelial cells, as
well as to the influence of autoendogenous NO. It has been shown
that iNOS expression is also observed under physiological
conditions in the liver and, possibly, through this mechanism,
hepatocytes control the degree of apoptosis [18]. Since NO is a
multifunctional signaling molecule that plays a striking role in
health and disease, adverse changes in the NO system caused by
diabetes may be considered as an important link between the
diabetic state and liver pathology.

Although there are currently no pharmacological agents
specifically approved for the treatment of T2DM-associated
liver disease, numerous drug candidates are being studied in
clinical trials to address lipotoxic liver injury and insulin
resistance, inflammation, fibrosis, and metabolism on a case-
by-case basis.

A limited amount of experimental and clinical data is
available on the hepatoprotective effect of vitamin Dj;
(cholecalciferol) in T2DM-associated chronic liver diseases
[19, 20]. Traditional concepts of the regulatory role of vitamin
D5 in bone remodeling and mineralization have currently been
supplemented by new data that expand the understanding of the
pleiotropic effects of this bioactive steroid, which regulates
various pathways of cellular metabolism, exhibits anti-
inflammatory, immunomodulatory effects and has a powerful
impact on cell proliferation, differentiation and death [19-21].
This compound accomplishes its biological effects through the
mechanism of hormonal action of the bioactive cholecalciferol
D, (la25(0H),Ds,
calcitriol), which is mediated by a specific vitamin Dj receptor

derivative,  1a,25-dihydroxyvitamin
(VDR). The latter serves as a transcription factor in regulating the
expression of numerous genes [22]. The molecular mechanisms
of vitamin Dj; action in the diabetic liver remain largely unclear.
However, it can be speculated that its hepatoprotective efficacy is,
at least in part, mediated by the regulation of oxidative-
nitrosative stress, NF-xB-associated inflammation, and cell
proliferation/death [21, 23]. Vitamin D; was shown to be a
promising pharmacological agent for the treatment of
metabolic and cardiovascular disturbances, and nitric oxide
may play an essential role in mediating these effects [24, 25].
As NO signaling pathway is not only affected by vitamin Dj
levels but also closely related to MASLD through a series of
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mechanisms, such as pro/anti-inflammatory imbalance, immune
disorders, and oxidative stress, the effect of cholecalciferol on
T2DM-elicited liver abnormalities may be achieved via
regulation of the NO system. The trial was therefore
the effects
hepatocellular oxidative-nitrosative stress and NF-kB-mediated

performed to explore of vitamin Dj; on
expression of pro/anti-inflammatory cytokines in association
with the levels of NO synthases (eNOS, iNOS) and nitric

oxide generation in experimental T2DM.

Materials and methods
Experimental animals and treatments

We conducted an investigator-blinded, vehicle-controlled
study on 35 male Wistar rats weighing 202.5 + 15.8 g. All rats
underwent a 1-week adaptation period to the animal facility
environment (temperature +22 + 2°C, air humidity 50-60%,
natural day/night cycle). Food and water were available freely.
At the beginning of the experiment, the first random
allocation of the animals to two groups was performed: (1)
the control rats (n = 10) without somatic pathology, kept on a
standard diet for rodents (REZON-1, Ukraine); (2) the T2DM
group (n = 25) — animals with experimental T2DM induced by
keeping them for 60 days on a homemade high-fat diet (HFD)
followed by a single administration of streptozotocin (STZ;
Sigma-Aldrich, USA) at a low dose. The HFD was a mixture of
a standard vivarium diet (REZON-1, Ukraine) with the
addition of vitamins and minerals (based on the daily
requirement for animals) - 54%, pork lard prepared by
rendering visceral fat - 25%, fructose (Golden Pharm,
Ukraine) - 20%, supplemented with bile acids - 1%
(Pharma Cherkas, Ukraine). Baseline 25-hydroxyvitamin D5
(25(OH)D3) levels were measured in all animals in both
On day 61 of high-fat diet,
intraperitoneally injected with freshly prepared STZ

groups. rats  were
solution after 12 h of fasting (25 mg/kg b.w. dissolved in
0.5 mL of 0.1 M citrate buffer, pH 4.5). Group 1 received an
equal (0.5 mL) volume of vehicle (citrate buffer) treatment
intraperitoneally. On the 75th day of experiment, the glucose
levels were measured by OneTouch Select glucometer
(LifeScan Europe GmbH, Switzerland). From the second
part of the experiment, we had to exclude 9 animals
without or with mild features of diabetes (fasting blood
glucose level less than 7.5 mmol/L). At the final stage of
the trial, the following groups of rodents were formed: (1)
control (n = 7), (2) diabetic (T2DM; n = 7) and (3) diabetic,
whose animals were orally (through a gavage) administered
0.1 mL of a solution of vitamin D; (cholecalciferol;
SigmaAldrich, USA) in sunflower oil at a dose of
1,000 I1U/kg of b. w. daily for 30 days (T2DM + VD; n =
7). The baseline fasting blood glucose levels in the
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experimental groups were 4.40 + 0.15, 10.35 + 1.93 and
10.51 + 2.02 mmol/L, respectively. Groups 1 and 2 were
orally given an equal (0.1 mL) volume of the vehicle
(sunflower oil). After the final group formation, all animals
were transferred to a standard diet. On day 105, an
(ipITT)
performed. The rats were then decapitated under deep

intraperitoneal insulin  tolerance test was
ether anesthesia. Blood samples were collected and livers
were excised for further analysis. Serum was obtained by
centrifugation of whole blood at 3,000 g (+4°C) for 10 min.

All animal procedures were performed in accordance with
bioethical principles and international standards concerning
animal welfare, including the European Convention for the
Protection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes (Strasbourg, France; 1986) and the
Guidelines for Bioethical Evaluation of Preclinical and Other

Scientific Research Conducted on Animals (Kyiv, Ukraine; 2006).

Assessment of intraperitoneal insulin
tolerance test

Experimental rats were fasted for 12 h before performing the
intraperitoneal insulin tolerance test. Baseline blood glucose
levels (at 0 min) were measured, after that rats were injected
intraperitoneally with insulin solution (Actrapid HM Penfill,
Novo Nordisk, Denmark) at a dose of 0.7 U/kg b. w. Glucose
was monitored at time intervals of 30, 45, 60, 90, and 120 min
after insulin administration. Microsoft Excel was used to
calculate the total area under the curves in response to

insulin injection.

HOMA-IR determination

HOMA-IR was determined based on the results of fasting

blood glucose and insulin measurements using the

following formula:

HOMA-IR = serum insulin (mmol/L)* (blood glucose (mmol/L)/22.5

Serum insulin content was measured by Rat insulin ELISA
kit (MBS724709, USA) the
manufacturer’s protocol.

MyBioSource, following

Detection of 25-hydroxyvitamin Dx
content in blood serum

Assessment of vitamin Ds status in animals was based on
serum 25(OH)D; levels. Vitamin D ELISA kit (DE1971, Demeditec
Diagnostics GmbH, Germany) was used to determine 25(OH)D3
according to the manufacturer’s instruction.
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Isolation of primary rat hepatocytes and
determination of reactive oxygen species
and nitric oxide

To isolate primary rat hepatocytes, the oxygenated perfusion
solution was slowly infused through the cannulated portal vein
and inferior vena cava. After perfusion, the left lobe of the liver
was excised and treated with liver digestion medium
supplemented with 0.05% collagenase (Sigma, USA) for 1 h
(+37°C). Cells were then harvested, washed, and resuspended
after centrifugation.

Intracellular generation of reactive oxygen species (ROS) and
nitric oxide in isolated hepatocytes was detected using the ROS-
and NO-sensitive probes 2',7'- dichlorodihydrofluorescein
(DCFH-DA; Sigma, USA) 4,5-
diaminofluorescein  diacetate (DAF-2DA) USA),
respectively. Briefly, hepatocytes (0.5 x 10° cells) were

diacetate and

(Sigma,

incubated immediately after their isolation in Hank’s balanced
salt solution with 10 uM DCFH-DA or DAF-2DA for 30 min
(+37°C) in the dark and a humidified atmosphere of 5% CO,.
After washing by centrifugation and resuspension of the cells,
fluorescence was measured using an EPICS XLTM flow
cytometer (Beckman Coulter, USA) at 485/530 nm or 495/
515 nm (excitation/emission wavelengths for DCFH-DA and
DAF-2DA, respectively). Flow cytometric data were then
analyzed with FCS Express V3 software. The results were
expressed in arbitrary units as the relative fluorescence of the
samples compared to the control.

Nitric oxide synthase activity quantitative
assessment

Total nitric oxide synthase activity was determined in liver
tissue samples using the NOS Assay Kit (MAK532-1KT, Sigma-
Aldrich, USA)
instructions. In brief, liver samples were homogenized in 1x
PBS (pH 7.4) and centrifuged at 10,000g (+4°C) to obtain
supernatants for NOS activity assay. The step of nitric oxide

in accordance with the manufacturer’s

formation in the NOS reaction of the samples was followed by
nitrate reduction to nitrite using the Griess method. The OD was
read at 500-570 nm (peak 540 nm).

Quantitative real-time polymerase chain
reaction (RT-qPCR)

Total RNA was isolated from rat liver tissue using the
NucleoZOL® single-phase RNA purification kit (Macherey-
Nagel, Germany). The extracted RNA was then reverse-
transcribed into ¢cDNA with the iScript gDNA Clear cDNA
synthesis kit (Bio-Rad, USA). The following primers for RT-
qPCR: TGF-B1-Forward: 5'-TGCTGAGAAAAAGCAGCAGA’,
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TGF-B1Reverse: 5'-AGTACGTCGTTGCAGATGTC-3; TNF-a-
Forward: 5'TCAGCGAGGACACCAAGG-3', TNF-a-Reverse:
5'-CTCTGCCAGTTCCACATCTC-3'; IL-1B-Forward: 5'-AAT
CTCACAGCAGCATCTCG-3', IL-1p-Reverse: 5’ CATCATCCC
ACGAGTCACAG-3'; IL-4-Forward: 5'-GATGTAACGACA
GCCCTCTG-3', IL-4-Reverse: 5'-TGGTACAAACATCTC
GGTGC-3'; IL-10-Forward: 5'-ATTTTAATAAGCTCCAAG
ACAAAGG-3', IL-10-Reverse: 5'-GGAGAGAGGTACAAA
CGAGG-3'; NOS2 (iNOS)-Forward: 5-TTGGTGAGGGGA
CTGGACTTT-3/, NOS2 (iNOS)-Reverse: 5'-TGAAGAGAA
ACTTCCAGGGGC-3'; NOS3 (eNOS)-Forward:5'-
GTTGACCAAGGCAAACCACC-3’, NOS3 eNOS-Reverse:5'-
GCTGACTCCCTCCCAGTCTA-3"; B-actin-Forward: 5'-CCG
TGAGTTAGGTCGAGC-3’, Bactin-Reverse: 5'-GTACATGCA
GCCTTCGTTG-3'; Mrpl32-Forward: 5'- CAAAAACAGACG
CACCATCG-3', Mrpl32-Reverse: 5'-GCTTCAGGTGACCAC
ATTCA- 3'. PCR was performed using a SsoAdvanced
Universal SYBR Green Supermix kit (Bio-Rad, USA) by CFX
Opus 96 Real-Time PCR System (Bio-Rad, USA). Expression
levels of B-actin and Mrpl32 were used as double internal
standards. Each experiment was performed in triplicate.

Western blot analysis

The relative levels of target proteins (MPO, iNOS, eNOS,
protein carbonyl and 3-nitrotyrosine groups) were determined
by western blot analysis. Protein lysates were prepared from liver
samples in RIPA lysis buffer containing a cocktail of protease and
phosphatase inhibitors (Sigma-Aldrich, USA) according to a
standard protocol with subsequent sonication on ice and final
addition of Laemmli buffer. Depending on the molecular weight
of the target proteins, lysate proteins (60 pg per track) were
separated by 10%-15% SDS-PAGE. After transferring the
proteins to a nitrocellulose membrane, it was blocked with 5%
skim milk or BSA for 1 h and then incubated overnight (+4°C)
with the corresponding primary antibodies: MPO (1:1000;
ab208670, Abcam, UK); 3-nitrotyrosine (1:500; A21285,
Invitrogen, Thermo Fisher Scientific, USA); iNOS (1:500;
ab15323, Abcam, UK), eNOS (1:500; ab76198, Abcam, UK).
Afterwards, the membranes were incubated for 1 h at room
with the appropriate
conjugated with horseradish peroxidase (HRP) and then
developed with HRP
agents, namely p-coumaric acid (Sigma-Aldrich, USA) and

temperature secondary antibodies

substrate-specific chemiluminescent
luminol (AppliChem GmbH, Germany). To measure protein
carbonyl groups generated by protein oxidation, a Protein
Carbonyl Assay Kit (ab178020, Abcam, UK) for western blot
was used according to the manufacturer’s protocol. Quantitation
of immunoreactive signals was performed using Gel-Pro
Analyzer v3.1 software and corrected for the corresponding f-
actin levels, which were determined with anti-B-actin antibody
(1:10000; A3854, Sigma-Aldrich, USA).
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TABLE 1 Body weight, fasting blood glucose and HOMA-IR in rats with T2DM and after vitamin D; administration (1,000 IU/kg body weight, 30 days).

Parameter Control T2DM T2DM + Vitamin D3
Weight, g 369.7 + 12.7 3834 + 122 3723 £ 10.5
Blood glucose, mmol/L 5.32 +0.12 13.10 + 1.44* 11.00 + 0.61%
HOMA-IR 0.70 £ 0.05 293 £0.17* 1.95 + 0.12°

Note. All data are presented as means + SD, n = 7; *p < 0.05, the T2DM group vs. the control group, “p < 0.05, the T2DM + VD group vs. the T2DM group.
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FIGURE 1

The effect of vitamin D3 treatment (1,000 1U/kg body weight, 30 days) on the insulin tolerance test in male Wistar rats after 3-month HFD and a
single injection of streptozotocin (25 mg/kg). (A) The concentration of blood glucose in dynamics after intraperitoneal injection of insulin

(0.7 units/kg) to rats; (B) Bar graphs represent the area under the “time-glucose concentration” curve. The data are presented as means + SD, n = 7;
*p < 0.05, the T2DM group vs. the control group, *p < 0.05, the T2DM + vitamin Dz group vs. the T2DM group.

NF-«kB transcriptional activity Results

NEF-kB p65 transcriptional activity was measured by a Vitamin D3 partially improves
sensitive  ELISA-based ~ method  using the  NF-kB hyperglycemia and insulin resistance in
p65 Transcription Factor Assay Kit (ab133112, Abcam, UK). type 2 diabetes
Briefly, freshly isolated rat liver nuclear extracts were added to

the wells of a 96-well plate, incubated overnight at +4°C and In experimental type 2 diabetes, we observed a significant
washed. To determine the amount of NF-kB p65 bound to the deterioration of carbohydrate homeostasis, which was confirmed
NE-kB response elements of double-stranded DNA adsorbed at by more than twofold increase in blood glucose levels (Table 1) and
the bottom of the wells, samples were incubated for 1 h with NF- the development of insulin resistance (Figures 1A,B). Insulin
kB p65 primary antibody. After washing and subsequent 1 h resistance was assessed using an intraperitoneal exogenous
incubation with HRP-conjugated secondary antibody followed insulin tolerance test. In diabetic animals, basal blood glucose
by the development solution (for 45 min), OD (450 nm) was levels after an overnight fast were shown to increase markedly at all
analyzed using a microplate reader. time points following insulin administration (0.7 U/kg). Blood

glucose in control rats after insulin injection reached a minimum
at 45 min (2.63 mmol/L), while in animals with T2DM it was
Statistical analysis minimal only after 120 min (7.50 mmol/L). Calculations based on
the ipITT revealed a nearly fourfold increase in the area under the

We expressed the obtained data as the mean * standard curve in diabetes compared to the control group (Figure 1B),
deviation (SD). For comparison of two experimental groups, indicating a significant slowdown in glucose uptake by peripheral
Student’s t-test was used, and one-way ANOVA followed by tissues as a result of insulin resistance. Furthermore, we found a
Tukey’s post-hoc test was used to compare more than two 4.2-fold enhancement of HOMA-IR in rats fed a high-fat diet and
groups. Differences were considered significant at p < 0.05. given a single injection of STZ compared to control animals
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FIGURE 2

The serum level of 25-hydroxyvitamin Dz (25(OH)Ds) of

diabetic rats and after supplementation of vitamin Dz (1,000 1U/kg
body weight, 30 days). The data are presented as means + SD, n =
7;*p < 0.05, the T2DM group vs. the control group, #p < 0.05,

the T2DM + vitamin Dz vs. the T2DM group.

(Table 1). This corresponds to increased resistance of cells and
tissues to insulin and the progression of T2DM. Pharmacotherapy
with vitamin D3 (1000 IU/kg b.w., for 30 days), partially recovering
the sensitivity of peripheral tissues to insulin, contributed to
enhanced tissue utilization of glucose, which was manifested by
mild compensation of hyperglycemia in animals with T2DM.
Thus, the basal glucose level decreased by 16% in vitamin Ds-
treated rats (Table 1). The study of glycemic response during the
ipITT showed a 12% decrease in the area under the curve after
cholecalciferol administration compared to the diabetic group of
animals (Figure 1B). Vitamin Dj also partially diminished the
HOMA-IR index (by 33%).

Experimental type 2 diabetes is
accompanied by vitamin Dz deficiency

Maintaining adequate vitamin D; status prevents the
development of numerous diseases, including both types of
diabetes [26]. Therefore, we assessed serum 25(OH)Dj; levels
as a main marker of vitamin D; bioavailability in animals.
25(0OH)D;
assignment of animals to control and diabetic groups before

Measurement of baseline during random
the onset of diabetes revealed no between-group differences. All
animals were characterized by vitamin Dj sufficiency (92.8 +
6.3 nmol/L). Such homogeneity of the initial values of 25(OH)Dj3
indicates the absence of systemic disturbances in the metabolism
of vitamin D; and its bioavailability before experimental
which reliably assess the
of Ds
prooxidation/inflammation, vitamin D; supplementation) to
T2DM-induced changes in the liver. It was found that T2DM

progression is accompanied by a threefold decrease in circulating

interventions, allowed us to

contribution each factor (vitamin deficiency,

25(OH)D; compared to control rats, indicating the development
of a Ds-deficient state in diabetic animals (Figure 2). Therapeutic

Experimental Biology and Medicine

32

10.3389/ebm.2025.10456

intervention with vitamin Dj in animals with type 2 diabetes
almost completely normalized serum 25(OH)D; levels.

Vitamin D3 inhibits reactive oxygen
species formation and oxidative protein
modifications in type 2 diabetic liver

Excessive formation of ROS and reactive nitrogen species
(RNS)
currently considered as universal mechanism of detrimental

and the associated oxidative-nitrosative stress are

changes in diabetes-related complications [27]. In order to
clarify the possible contribution of prooxidative processes to
hepatocellular dysfunction induced by type 2 diabetes, the level of
free radical generation in primary hepatocyte culture, using the
ROS-sensitive probe DCFH-DA, was investigated. We found that
T2DM leads to elevated ROS formation in isolated hepatocytes
(Figures 3A,B). This is evidenced by an increase in the
fluorescence intensity of the oxidized form of the probe, DCF,
by more than twofold compared to control animals.
Pharmacotherapeutic application of vitamin Dj; reduced the
level of hepatocellular ROS generation almost to the control
level, which is consistent with available data on the protective
antioxidant effect of this compound [28].

It is that

significantly increases the rate of formation of oxidatively

known T2DM-associated  hyperglycemia
modified (carbonylated) proteins, which reliably reflects the
degree of oxidative stress. Intensification of carbonylated
protein formation may be an important indicator of damage
to cell structures in liver pathology. In this regard, we studied the
level of covalently modified (carbonylated) proteins in the liver of
diabetic animals that was 2.8-fold elevated compare to intact
controls (Figures 3C,E). Cholecalciferol supplementation caused
a moderate decrease in the level of protein carbonylation
compared to diabetic rats.

An important enzyme that may play a role in oxidative stress
is myeloperoxidase (MPO). Being directly involved in the
antimicrobial activity of neutrophils and the defense of the
body
participation

against various pathogens, primarily
MPO is
leukocytes and catalyzes the formation of several reactive
(HOCQI)

hypothiocyanic acid [29]. These compounds are involved in

through
in phagocytosis, released  from

compounds, including hypochlorous acid and
oxidative stress and post-translational modification of target
proteins. Despite the importance of the antimicrobial function
of innate immunity, unregulated release of MPO leads to tissue
damage. Determination of the amount of MPO protein, one of
the common markers of oxidative stress/inflammation, in the
diabetic liver showed its increase by 1.7 times compared to the
control (Figures 3D,E). An unexpected observation was that the
administration of cholecalciferol further increased the expression
of this prooxidant enzyme. The inconsistency of the obtained

results necessitates the need for further studies to clarify the full
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Reactive oxygen species formation and oxidative protein modifications in type 2 diabetic liver. Quantification of DCFH-DA oxidation in isolated

rat hepatocytes documented by flow cytometry analysis (A) and representative histograms of DCF fluorescence (B) are shown. Relative content of
carbonylated proteins (C) and MPO (D) in the liver of diabetic rats and after supplementation of vitamin D3 (1,000 [U/kg body weight, 30 days) was
determined by western blot analysis. Representative immunoblots (E) are shown. The data are presented as means + SD, n = 7; *p < 0.05, the
T2DM group vs. the control group, *p < 0.05, the T2DM + vitamin Ds vs. the T2DM group.

potential of vitamin D3 in regulating myeloperoxidase activity in
the studied pathology.

Vitamin D3 attenuates nitric oxide and 3-
nitrotyrosine levels while increasing iNOS
and eNOS protein synthesis and NOS
activity in diabetic rat liver

Using  the probe DAF-2DA,
demonstrated that T2DM induces a more than twofold

NO-sensitive we
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elevation of NO synthesis in isolated hepatocytes (Figures
4A,B). Vitamin D; partially suppressed the intensity of nitric
oxide formation. In accordance with the synergistic ability of
NO and ROS to covalently modify protein molecules,
tyrosine residues in the latter are sensitive targets for the
active nitrating agent, peroxynitrite. Thus, the content of
3-nitrotyrosine is considered as a specific marker of
peroxynitrite activity and associated oxidative-nitrosative
stress [30]. Figures 4C,E shows immunoblotograms of the
relative content of nitrated proteins in the liver tissue of
diabetic animals, as well as under the action of vitamin D3. In
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vs. the control group, #p < 0.05, the T2DM + vitamin Dz group vs. the T2DM group.

the liver of diabetic rats, an increased content of protein
macromolecules with 3-nitrotyrosine moieties (1.7 times)
found compared to the
highlighting the development of oxidative-nitrosative
Cholecalciferol the
content of nitrotyrosylated proteins by 20% compared to

was control group, clearly

stress. supplementation reduced

the diabetic group. Remarkably, the findings of other authors
showed a link between vitamin D; deficiency in rats and the
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development of nitrosative stress, associated with increased
formation of 3-nitrotyrosine [31].

In the liver, the inducible and endothelial NO synthase
isoforms are the key enzymes responsible for nitric oxide
synthesis.  Diabetes-associated  liver  disorders  were
characterized by a strong elevation of their expression at
both transcriptional and translational levels. We showed,

respectively, a 2.7- and 3.3-fold upregulation of iNOS and
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FIGURE 5

The enzymatic NOS activity in the liver of diabetic rats and

after supplementation of vitamin Dz (1,000 |U/kg body weight,
30 days). The data are presented as means + SD, n = 7; *p < 0.05,
the T2DM group vs. the control group, #p < 0.05, the T2DM +
vitamin D3z group vs. the T2DM group.

eNOS mRNA expression (Figure 4D) in the liver of diabetic rats
that paralleled by an equally profound increase in their protein
levels (2.1- and 3.2-fold, respectively), Figures 4E,F. The
upregulated NOS levels align with our findings of increased
NO production as well as the formation of 3-nitrotyrosine
residues within oxidatively modified proteins. These changes
were also found to positively correlate with the enhancement of
overall NOS enzymatic activity (1.5-fold) in the liver tissue of
diabetic rats (Figure 5). While partially abrogating T2DM-
associated increase in iNOS mRNA (1.58-fold) and leaving
eNOS mRNA expression unchanged (Figure 4D), vitamin D3
further
enhancement of iNOS and eNOS protein synthesis (1.45-

supplementation contributed to a significant
and 1.92-fold, respectively) in comparison with the diabetic
state (Figures 4E,F). As shown in Figure 5, the discovered
increase in iNOS and eNOS protein synthesis correlated with
the elevated NOS enzymatic activity in diabetes and under the

influence of vitamin Dj.

Vitamin D3z hepatoprotective effects
involve modulation of pro-inflammatory/
anti-inflammatory cytokine and
transforming growth factor expression

Cytokines and growth factors are capable of inducing
different cellular mechanisms leading to NOS induction. In
particular, inflammatory cytokines can act as triggers that
switch NO synthesis from constitutive to inducible [15].
Cytokine involvement and disruption of inflammatory cell
interactions are also among the “kindling mechanisms” of the
concept the of
inflammation and vascular dysfunction [12]. We have shown

of eNOS uncoupling in development
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that diabetes-associated upregulation of the iNOS and eNOS
mRNA and protein expression (Figure 4), described in the
previous section, correlated with significantly higher mRNA
transcript levels of pro-inflammatory cytokines such as TNF-a
(tumor necrosis factor alpha) and IL-1 (interleukin 1 beta) by
3.5- and 2.2-fold, respectively (Figures 6A,B). Another important
pro-inflammatory factor, which belongs to the group of CC-
chemokines  (B-chemokines), is MCP-1  (monocyte
chemoattractant protein), or CCL2 (C-C motif ligand). This
bioregulatory compound is the most potent factor of
monocyte chemotaxis in mammals that controls the egress of
cells from hematopoietic organs and their trafficking to the foci
of inflammation [32]. MCP-1 was established to be involved in
some mechanisms of insulin resistance, as well as liver fibrosis
and a number of other pathologies associated with chronic
inflammation. The results of our study indicate a profound
increase in the protein content of this pro-inflammatory
chemokine in the liver of diabetic rats, while it was not
detected at all in control rats under these experimental
conditions (data not shown).

The
inflammatory factors could be rescued by the formation of

advanced diabetes-evoked  synthesis of pro-
anti-inflammatory cytokines. In light of this, gene expression
of such anti-inflammatory cytokines as IL-4 and IL-10, as well as
TGF-B1 (transforming growth factor beta) in liver tissue was
investigated. Our findings indicate that the diabetic state, against
the background of intensified pro-inflammatory cytokines
formation, is characterized by a significant 1.72- and 2.56-fold
lowering of IL-4 (Figure 6C) and IL-10 (Figure 6D) mRNAs,
respectively, with a 1.40-fold increase in the level of TGF-p1
mRNA (Figure 6F). Vitamin Dj; shifted the pro-inflammatory/
anti-inflammatory balance towards the anti-inflammatory
profile. The increase in the mRNA expression of IL-10
following vitamin D; administration was accompanied by a
decrease in the levels of TNF-a and IL-1p mRNAs and MCP-
1 protein. The expression level of IL-4 and TGF-p did not change
under the influence of cholecalciferol compared to the diabetic
group of animals.

Nuclear factor kB activation is implicated
in type 2 diabetes-induced liver disorder
and in the mechanism of
hepatoprotection associated with vitamin
Dz treatment

Free radicals are known to activate the transcription factor
NF-kB regardless of the mechanism and source of their
formation [33]. Nuclear factor kB affects the function of many
genes responsible for the immune response, inflammation,
survival and programmed cell death, as well as for their
proliferative activity. In particular, NF-xB has also been
shown to indirectly or directly target induction of NOS
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The relative gene expression of pro/anti-inflammatory cytokines in the liver tissue of rats with T2DM and after vitamin Dz treatment (1,000 1U/kg
body weight, 30 days). Relative mRNA content of Tnf-a (A), /-1 (B), /-4 (C), I-10 (D), and Tgf-p (E) was determined by RT-gPCR. mRNA levels were
adjusted to B-actin and Mrpl32 expression. The data are presented as means + SD, n = 7; *p < 0.05, the T2DM group vs. the control group, *p < 0.05,
the T2DM + vitamin Dz group vs. the T2DM group.
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FIGURE 7

The NF-xB p65 transcription activity in the nuclear fraction of

liver extracts of rats with T2DM and after vitamin Dz treatment
(1,000 IU/kg body weight, 30 days). Data are shown as means + SD,
n =7; *p < 0.05, the T2DM group vs. the control group, *p <
0.05, the T2DM + vitamin Dz group vs. the T2DM group.

promoters and downstream expression of NO synthases [34]. To
confirm the potential involvement of NF-kB in the mechanism of
liver dysfunction associated with T2DM, it was important to
investigate the transcriptional activity of NF-xB and its
correlation with the delineated changes in the expression of
NO synthases and key cytokines involved in inflammation.
The transcriptional activity of NF-kB was determined in
nuclear extracts of liver cells by the ELISA method according
to the level of its binding to the NF-kB-response element of
double-stranded DNA fragments. Our study revealed a 24%
in NF-xB activity
compared to controls (Figure 7). Vitamin Dj effectively

increase transcriptional in diabetes

reduced this activity to near control values.

Discussion

Oxidative stress, which is associated with a shift in the
balance between reactive oxygen/nitrogen species generation
and the efficiency of the antioxidant defense system towards
the predominance of prooxidant processes, attracts the attention
of researchers as one of the cornerstones of undesirable changes
in the development of numerous chronic complications of
T2DM, and MASLD is no exception. In the present study, we
attempted to confirm the hypotheses that unbalanced nitric oxide
metabolism in type 2 diabetes mellitus may facilitate and
exacerbate oxidative damage to hepatocellular structures, and
vitamin D3 could be proposed as a therapeutic agent to manage
diabetes-evoked liver disorders.

The ability of the NO molecule to exhibit cytoprotective or
cytotoxic effects is known to depend on the cell type, its
development phase and biochemical potential, as well as on the
local concentration of NO and the presence of ROS. As recent
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studies highlight, the balance between the protective and cytotoxic
effects of NO may be determined, among other factors, by the
redox status of the cell [35, 36]. The cytotoxicity of the NO seems
to be associated with excessive accumulation of superoxide anions
in the lesion site, which, interacting with the NO molecule, form a
potent mediator of oxidative cellular damage - peroxynitrite [30].
The latter is capable of oxidizing NH- and SH- groups of proteins,
lipoproteins, DNA, leading to the loss of the native properties of
these biomolecules. Reacting with metal ions, as part of SOD
(superoxide dismutase), peroxynitrite causes the production of a
reactive and highly toxic nitrosonium ion (NO,"), which, in turn,
forms nitrophenols [37-39]. As a result, the functions of highly
specialized protein molecules are disrupted. In the presence of
peroxynitrite or its decay product, glutathiyl radical (GS:) is
formed and, as a consequence, the latter is converted from an
antioxidant into a prooxidant, initiating lipid peroxidation [40].
All this determines the cytotoxic effect of peroxynitrite, leading to
cell death through apoptosis or necrosis [30, 38].

The level of 3-nitrotyrosine moieties within protein
macromolecules is considered a specific and reliable marker of
peroxynitrite activity [41]. The significant accumulation of
nitrated proteins in liver tissue that we discovered, associated
with overproduction of ROS and NO, along with an increase in
the content of proteins with carbonylated groups and
myeloperoxidase level, is quite convincing evidence of the
development of oxidative-nitrosative stress in T2DM. In
addition, increased peroxynitrite formation caused by diabetes
most likely reduces the bioavailability of nitrogen oxide and
interferes with the physiological effects of the latter in liver cells.

Nuclear factor kB, as a potent cellular redox sensor, appears
to be highly sensitive to free radical formation. ROS and NO,
regardless of the mechanism and source of their generation,
activate NF-kB [33]. It is known that iNOS expression, which is
mainly regulated at the transcriptional level, can be directly
induced by activated NF-xB through its binding to the iNOS
promoter containing NF-kB-binding sequence [42]. Moreover,
multiple NF-xB enhancer elements have also been found
upstream to the iNOS promoter, conferring inducibility to
several signaling molecules [43]. Among such iNOS inducers,
NF-kB mediates the expression of a number of growth factors,
chemokines, and cytokines [34, 44]. Specifically, iNOS can be
activated either by IFN-y (interferon gamma) signal alone or by
TNEF-a in the presence of other signals [45, 46]. At the same time,
the action of TGF-p is associated with a strong inhibitory effect
on iNOS, whereas IL-4 and IL-10 are weak inhibitory
signals [47, 48].

In contrast to iNOS, whose production is largely affected at
the transcriptional level, constitutively expressed eNOS is subject
to subtle post-transcriptional regulation according to its
physiological role in signal transduction. These eNOS-
mediated mechanisms link NO signaling cascades to its
physiological functions in vascular endothelium, including
vasorelaxation, angiogenesis, pro/anti-inflammatory balance of
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endothelial cells, etc. [49]. In particular, eNOS expression is
increased by TGF-f, estrogens, and, in some experiments, by
exposure of endothelial cells to high glucose concentrations [50,
51]. Several studies have provided evidence that TNF-a and NF-
kB activation can repress eNOS synthesis through post-
transcriptional destruction of its mRNA without affecting
eNOS promoter activity. Mechanistically, this involves NF-kB-
dependent formation of specific microRNA targeting eNOS
mRNA [52]. Whether activation of the NF-kB is a necessary
step for eNOS induction at the transcriptional level is still
debatable.
demonstrated that NF-xB activation is required for eNOS

However, several experimental studies have
gene induction, and corresponding binding sites in the iNOS
promoter have been identified [53].

Our study further develops the hypothesis that activation of
NEF-kB-associated signaling pathways may be one of the key
events resulting in liver dysfunction at the cellular level in T2DM.
In particular, insufficient nitric oxide bioavailability could be
compensated by even greater intensification of its production,
involving NF-kB-mediated expression of NO synthases and
contributing to the formation of a vicious circle of amplified
oxidative damage to biomolecules and inflammation with much
more dangerous consequences for cellular function. In the
enhanced NF-xB

accompanied by upregulated mRNA

present study, we found activity

synthesis of pro-
inflammatory cytokines and downregulated mRNA levels of
cytokines in T2DM. These

correlated with elevated expression of iNOS and eNOS at

anti-inflammatory changes
both transcriptional and translational levels. The findings are
consistent with the data of other researchers on diabetes-evoked
expression of the inducible form of NOS [54]. Regarding the
expression of eNOS, the available literature data are
contradictory and range from upregulated expression of this
enzyme to reduced levels [55, 56]. Our results are not in line with
the aforementioned role of TNF-induced NF-xB activation,
which post-transcriptionally reduces eNOS levels [52]. Rather,
they are consistent with the possibility of eNOS promoter
activation by NF-«B at the transcriptional level of regulation.
Although TGF-f expression increased under our experimental
conditions, the level of its production is probably insufficient to
effectively counteract the increased synthesis of NOSs.
Notably, nitric oxide is able to inhibit the expression of the
iNOS gene by reducing the level of NF-«B in a culture of primary
human and rat hepatocytes [57, 58]. These cells can produce NO
in large quantities, and such physiological response seems to
involve a negative feedback mechanism that serves to prevent
unrestrained tissue damage. A similar mechanism is likely also
relevant to the regulation of NF-kB activity in vascular
endothelium mediated by eNOS. The resulting NO reduces
the expression of the NOS genes, limiting the excessive
formation of this metabolite under pathophysiological
conditions. Apparently, this mechanism of switching off the
stimulating effect of NF-kB on gene expression can be
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of T2DM-associated
pathology. Furthermore, it has been shown that NF-«B

impaired under conditions liver
transcriptional activity largely depends on the intracellular
redox state. In particular, the redox state of intracellular
glutathione is believed to determine hepatocellular iNOS
synthesis both in vivo and in vitro and this correlates with
NF-kB activation [59]. Glutathione depletion prevented iNOS
induction in hepatocytes, although this phenomenon has not
been established in cells involved in the immune response during
inflammation.

Our investigation revealed a significant, but not entirely
unambiguous, modulating effect of vitamin D; on the
functioning of the NO system in the diabetic liver. Vitamin
Dj; appears to be effective in reducing ROS and NO generation in
primary hepatocyte culture, which occurs in parallel with
attenuation of 3-nitrotyrosine in liver tissue of diabetic rats.

However, the impact of cholecalciferol on the synthesis of
eNOS and iNOS at the translational level, as well as on total NOS
activity in liver tissue, was potentiating in relation to the effects of
T2DM on these parameters. Although the increased production
of nitric oxide by hepatocytes in diabetes was reduced by the
action of vitamin Dj, its enhanced formation is possible due to
the contribution of other types of liver cells. However, it remains
unclear by which cells this generation of nitric oxide could occur
and which NOS isoforms are involved in the intensification of its
synthesis. Elevated NO levels are most likely not toxic for cells,
because their formation takes place against the background of
mitigated oxidative stress under the action of vitamin Dj. This is
evidenced by a decrease in the intensity of ROS/NO generation in
hepatocytes, as well as the accumulation of carbonylated and
nitrated proteins in diabetic liver tissue after cholecalciferol
treatment. Simultaneously, available literature highlights the
ability of vitamin Dj; to positively affect the antioxidant
capacity and the redox state of cells, in particular, the
glutathione redox system [60]. The delineated upregulation of
key NO-generating isoforms of liver NO synthase and an
increase in the total activity of NOS are probably aimed at
compensating for the reduced bioavailability of nitrogen oxide
in diabetes and more effectively accomplishing its physiological
functions in hepatocellular signaling.

Indeed, growing line of evidence suggests that NO is an
important physiological regulator of hepatocyte function
[15-17]. As is known, when hepatocytes are stimulated by
inflammatory mediators or glucocorticoids, these cells secrete
proteins characteristic of the acute phase of inflammation. It has
been shown that NO generated by hepatocytes and resident
macrophages (Kupffer cells) reduces the total production of
these proteins [61]. Other studies confirm that in hepatocytes
nitric oxide exerts an inhibitory effect on glucose metabolism that
may have relevance in the context of its antidiabetic action. In
particular, in vitro experiments have shown significant NO-
of  glyceraldehyde-3-phosphate
dehydrogenase in the liver of rats expressing high levels of

dependent  inhibition
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iNOS [62]. The ability of NO to inhibit hepatic gluconeogenesis
in cell culture was also demonstrated [63]. Furthermore,
hepatocyte-specific eNOS knockout was found to impair the
energy-sensing ability of these cells and suppress the activation of
the autophagy initiating factor ULK1, indicative of the novel role
of eNOS in liver cell mitochondrial adaptation [64]. Higher
amounts of NO produced by iNOS or exogenous nitric oxide
are known to prevent apoptosis. Stimulated glutathione
oxidation is thought to be a possible mechanism by which
NO induces Hsp70 protein and provides protection against
apoptosis triggered by TNF-a in cultured rat hepatocytes [65].
The ability of nitric oxide to nitrosylate thiols in the active sites of
caspases and inhibit their activity is another potential mechanism
for the modulation of apoptosis [66]. Finally, some evidence
suggests the existence of a negative feedback mechanism by
which DNA damage elicited by NO activates p53 expression
that, in turn, blocks the iNOS gene promoter and iNOS
expression [67].

The positive hepatoprotective effect of vitamin Dj in the liver is
in line with its inhibitory action on NF-kB transcriptional activity
and the activity-dependent expression of pro-inflammatory
cytokines. This function, on the one hand, can be mediated by
the direct inhibitory effect of cholecalciferol on NF-«kB, and also
indirectly due to the normalization of oxidative metabolism and the
suppression of ROS/RNS formation as strong inducers of this
transcription  factor. In turn, reduced expression and
transcriptional activity of NF-kB attenuates the synthesis of pro-
inflammatory cytokines and slows down cytokine-evoked nitric
oxide formation. Studies by other authors also show that vitamin
D; is a negative regulator of NF-«B transcriptional activity at the
genomic level, the effects of which are mediated by vitamin D;
receptor [68]. They demonstrated that VDR, through direct
interaction with the IKKP (inhibitory kappa B kinase beta),
suppresses the canonical pathway of NF-kB activation. The
uncovered discrepancy between iINOS protein and mRNA levels
after taking vitamin Dj, respectively upregulate and downregulated,
can be explained by probable changes in the stability of iINOS
mRNA and protein at the post-transcriptional and post-
translational levels of regulation [12].

We finally turn to the unexpected observation of a sustainable
increase in myeloperoxidase protein expression after vitamin D;
supplementation, which deserves a more detailed insight.
Although the available scientific data generally describes an
inverse correlation between 25(OH)D; and myeloperoxidase
levels, the detected elevation of MPO expression after vitamin
D; treatment was not accompanied by an intensification of
oxidative stress/inflammation, so we can conclude that MPO-
mediated oxidation may play a minor role in the overall oxidative
stress and low-grade metabolic inflammation in the liver of
diabetic rats. Presumably, increased MPO synthesis under the
influence of cholecalciferol can be associated with the functional
activation of non-resident and resident macrophages, whose
elevated phagocytic activity can help regenerative processes in
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liver tissue and improve insulin sensitivity. In particular, several
lines of evidence implicate MPO and RNS in the oxidative
modification of low-density lipoproteins, leading to their
increased uptake by macrophages [69]. This suggestion aligns
with our previous findings that vitamin D; may prevent the
immunosuppressive effects of glucocorticoids by enhancing the
efficiency of oxygen-dependent phagocytic mechanisms in
peripheral blood neutrophils and monocytes, thereby increasing
the functional activity of phagocytic cells [70]. Thus, the reduction
in the propagation of prooxidative/inflammatory processes, in our
opinion, may partly justify the stimulation of MPO sufficient to
maintain adequate functioning of the innate immune system
without MPO-associated tissue damage.

Notably, all metabolic disorders caused by T2DM were
observed against the background of vitamin D; deficiency in
diabetic rats, which can independently, as an additional
pathogenic factor, contribute to the development of liver
failure associated with diabetes. It should also be emphasized
that, according to the most recent data, a link has been
established between vitamin D3 deficiency in animals and the
propagation of nitrosative stress associated with increased
formation of 3-nitrotyrosine in various tissues [31].

We conclude that experimental T2DM is associated with
increased ROS and NO formation in primary hepatocyte
culture, which is closely related to an increased NF-xB-
dependent expression of inflammation markers and NOSs and
is accompanied by the intensification of oxidative-nitrosative stress
in rat liver. Our findings shed light on the hepatoprotective role of
vitamin Dj intervention, which modulates NF-kappaB activity and
NOS expression/NO production, key hepatocellular responses to
inflammatory mediators and oxidative stress associated with
T2DM. These changes are likely to improve the bioavailability
of NO for liver cells during vitamin D supplementation. Further
studies are required to definitively decipher the true significance of
the aggravated stimulation of MPO, iNOS and eNOS synthesis
following vitamin D; treatment that could help to better
understand its protective effects in diabetes.
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Abstract

Cataract is the leading cause of blindness globally, imposing a significant
socioeconomic burden. While diet is associated with various eye diseases,
the causal relationship between dietary-related characteristics (DRCs) and
cataract remains unclear. This study investigates the causal associations
between DRCs and cataract using Mendelian randomization (MR) to provide
insights into potential dietary interventions for cataract prevention. We
conducted a two-sample MR analysis using data from the open GWAS
database, focusing on individuals of European descent. Instrumental
variables were selected based on stringent criteria, and multiple MR
methods were applied to estimate causal effects. Sensitivity analyses
assessed the robustness of the findings. Significant causal associations
were found between oily fish intake (OR = 0.86) and variation in diet
(OR = 1.26) with cataract. Sensitivity analyses supported the robustness of
these findings. Mediation effect analysis suggested that the intake of oily fish
might indirectly influence cataract risk through metabolites. This study
provides evidence for causal relationships between specific DRCs and
cataract, highlighting the potential role of dietary interventions in cataract
prevention.

KEYWORDS

cataract, dietary-related characteristics, mendelian randomization, causal
relationship, prevention strategy

Impact statement

This study provides the first Mendelian randomization evidence for causal
relationships between oily fish intake, dietary variation, and cataract, enabling
targeted dietary strategies for high-risk populations.
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diet, with cataract.

metabolites highlighting a potential mediating pathway.

* The MR analysis revealed significant causal associations between DRCs, specifically oily fish intake and variation in

* Sensitivity analyses, including heterogeneity and pleiotropy assessments, supported the robustness of these findings.
* The IVW method, underpinned by a strong F-statistic, indicated a reliable causal inference.
* The mediation effect analysis suggested that dietary intake of oily fish might indirectly influence cataract risk through

a role for dietary interventions in cataract prevention.

The study provides evidence for a causal relationship between specific DRCs and cataract, emphasizing

GRAPHICAL ABSTRACT

Introduction

Cataracts are a leading cause of blindness globally, affecting
approximately 17.01 million people and causing severe visual
impairment in 83.48 million individuals by 2020. They impose a
substantial burden on patients and society [1]. Aging is the primary
cause of cataract development, but genetic predisposition,
environmental factors, and lifestyle choices also increase the risk.
Currently, cataracts are mainly treated surgically, which involves
risks and economic burdens. There are no effective medications to
prevent or treat moderate to severe cataracts [2].

Dietary intake is associated with various eye diseases, including
cataracts [3-7]. Studies have shown that a high intake of
carbohydrates and polyunsaturated fatty acids increases the risk
of cortical and nuclear cataracts, while a high intake of protein,
especially animal protein, has a protective effect against posterior
subcapsular cataracts [6]. Compared with those who consume large
amounts of meat, vegetarians have a lower risk of cataracts,
indicating that plant-based diets are protective [8]. The dietary
pattern of “dairy and vegetables” and traditional dietary patterns
are negatively correlated with the occurrence of cataracts. In
contrast, high-carbohydrate and monosaccharide diets increase

Abbreviations: MR, Mendelian randomization; DRCs, dietary-related
characteristics;  SNPs,  single nucleotide  polymorphisms;  IVs,
instrumental variables; MVMR, Multivariable Mendelian Randomization.
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the risk [9]. Dietary factors may influence cataracts by affecting
lens oxidative stress, and higher antioxidant intake may reduce the
incidence and severity of cataracts [10]. However, the causal
relationship between diet and cataracts remains unclear.

In this study, we used data from the GWAS database and
employed a two-sample Mendelian randomization (MR)
approach to investigate the causal relationship between dietary-
related characteristics (DRCs) and cataract risk, focusing on
individuals of European descent. Our analysis included selecting
single nucleotide polymorphisms (SNPs) associated with DRCs as
instrumental variables (IVs), using various MR methods to estimate
causal relationships, and conducting sensitivity analyses to ensure
robustness. This study aims to identify dietary factors that influence
cataract risk and provide strategies for dietary interventions and non-
surgical treatments.

Materials and methods
Data sources
All data in this study were obtained from publicly available

databases. The GWAS data were downloaded from the Open
GWAS database’ [11]. GWAS data for dietary-related

1 https://gwas.mrcieu.ac.uk/

Published by Frontiers
Society for Experimental Biology and Medicine


https://gwas.mrcieu.ac.uk/
https://doi.org/10.3389/ebm.2025.10544

Li et al.

TABLE 1 Data sources and characteristics.

Data type Description

Sample size

10.3389/ebm.2025.10544

Validation
method

Source

DRCs Genetic variants associated with dietary Oily fish intake (N = 460,443); Variation in diet (N = Open GWAS GWAS data analysis
habits (e.g., “Oily fish intake”; “Variation | 460,884) database
in diet”)

Cataracts Case-control data for cataracts derived 39,519 cases and 452,358 controls Open GWAS GWAS data analysis
from GWAS database (GBE ID: ebi-a- database

GCST90018814)

Data sources and validation methods for
covariates including diabetes, age, and
smoking

Covariates (e.g.,
diabetes, age,
smoking)

finn-b-DIABETES_FG (218,792 (36,219 cases and
182,573 controls)); ukb-b-8727 (N = 170,248); finn-b-
SMOKING (138,088 (1321 cases and

136,767 controls))

Literature review and
GWAS data analysis

Literature and
public databases

characteristics were acquired by searching for the keywords “diet” or
“intake” and were derived from European ancestry samples. The
relevant data are in Supplementary Table SI. The cataract GWAS
data  (ebi-a-GCST90018814) included 39,519
452,358 controls, also based on European ancestry populations.

cases and

We identified cataract risk factors through a literature review and
obtained data for diabetes, age, and smoking [12-14], all based on
European samples. Additionally, we
249 metabolites by searching for “met-d,” selecting European
individuals, and presented the data in Supplementary Table S2.
Table 1 provides an overview of the GWAS data characteristics,

acquired data for

including population information, sample size, sources, and
validation approaches. The report follows the STROBE-MR
Statement guidelines. This study uses open-source data, so there
are no ethical issues or conflicts of interest. The study design is
shown in Figure 1.

Instrument selection and strength
assessment

Initially, SNPs from the exposure GWAS with a statistical
significance threshold of P < 5 x 10°® were considered,
those with the
association. Additionally, we identified SNPs in linkage

prioritizing strongest evidence of
disequilibrium. To mitigate the potential bias introduced
by weak IVs, the F-statistic was employed as a quantitative
measure of instrument strength. An F-statistic threshold of
10 was established and the formula for the F-statistic is

as follows:

N-k-1 R?

A
k 1-R?

Where R? is the coefficient of determination from the
regression of the exposure on the IV, k denotes the number
of IV used, and N is the sample size.
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MR causal effect estimation

Multiple two-sample MR methods were employed to
estimate the causal effect of DRCs on cataract, including
IVW, MR-Egger, weighted median, simple mode, and weight
mode. Besides, we use the Steiger directionality test from the
TwoSampleMR package to determine the direction of causality.
The same methods are applied to assess the potential causal effect
of the outcome on the exposure for reverse causality.

Sensitivity analysis

Sensitivity includes
pleiotropy assessment, and leave-one-out analysis. First, we used
the Cochran Q test to evaluate the heterogeneity between SNP
estimates. The statistically significant result of the Cochran Q test
suggests the presence of significant heterogeneity in our analysis
results. We further quantified the proportion of heterogeneity using
the I* statistic. The calculation formula for I* values is as follows:

B= Q_Tdf x 100%

analysis heterogeneity ~ assessment,

Subsequently, we employed the MR-Egger method to test for
pleiotropy in the IVs. In addition, by sequentially removing
individual SNPs and calculating the MR results for the remaining
IVs, we assessed whether the SNP affects the association between
DRCs and cataract.

Multivariable mendelian randomization
(MVMR) analysis and mediation effect
estimation

We conducted individual and overall MVMR analyses on
cataract-related risk factors, such as diabetes, age, and smoking,
along with DRCs obtained post-screening, to determine the direct
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FIGURE 1

(A) Key assumptions of Mendelian randomization analysis. (B) Flowchart of the analytical methodology in this study. IVs, instrumental variables;
SNPs, single nucleotide polymorphisms; DRCs, dietary-related characteristics; IVW, inverse variance weighted; MR, Mendelian randomization;
GWAS, genome wide association study; LD, linkage disequilibrium; MR-Egger, Mendelian randomization-Egger. MVMR, multivariable Mendelian

randomization.

effects of these DRCs on cataract. The mediation effect’s estimates
and standard errors are calculated using the following formula:

Bar = Ba x Bg
SEn = \ (B, x SEx)* + (B, x SE4)* +SE,” x SEy’

B represent the mediated effect size, f4 represent the MR
effect of DRCs on metabolites, 5 represent the direct effect of
metabolites on cataract obtained via MVMR, SE,, represent the
standard error of the mediation effect, SE, represent the standard
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error of the MR analysis for DRCs on metabolites, and SEg
represent the standard error of the MR analysis for metabolites
on cataract.

Statistical analysis

All computations and statistical evaluations were conducted
utilizing R (version 4.2.2) [15]. In the context of MR analysis
examining the effects of exposures on outcomes, OR and 95%
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Exposure Outcome Method Number of SNPs B SE OR(95%ClI) P-value
ukb—-b-2209 ebi-a-GCST90018814 MR Egger teH 148 -0.28 0.24 0.76 (0.47-1.20) 0.24
ukb-b-2209 ebi-a-GCST90018814 Weighted median 148 -0.08 0.08 0.92(0.78-1.08) 0.299
ukb-b-2209 ebi-a-GCST90018814 VW 148 -0.15 0.06 0.86(0.76-0.97) 0.018
ukb-b-2209 ebi-a-GCST90018814 Simple mode L gl 148 -0.01 0.24 0.99(0.61-1.60) 0.966
ukb-b-2209 ebi-a-GCST90018814 Weighted mode ke 148 -0.06 0.21 0.94(0.62-1.43) 0.789
ukb-b-2909 ebi-a-GCST90018814 MR Egger o 99 0.12 0.15 1.12(0.84-1.49) 0.428
ukb-b-2909 ebi-a-GCST90018814 Weighted median 2 929 0.13 0.12 1.13(0.89-1.44) 0.301
ukb-b-2909 ebi-a-GCST90018814 VW jol 99 0.23 0.09 1.26(1.05-1.52) 0.0118
ukb-b-2909 ebi-a-GCST90018814 Simple mode — — 99 069 046 1.99(0.81-4.88) 0.137
ukb-b-2909 ebi-a-GCST90018814 Weighted mode o 99 0.15 0.11 1.16 (0.93-1.45) 0.197

051152253354455
FIGURE 2

Model analysis results of the MR analysis of DRCs and cataract. Forest figure displays MR model related to DRC and the causal relation analysis
result of cataract, effect evaluation value with the OR and 95% CI show, at the same time show the model using IV number and calculating the Beta
values and standard error. SNPs, single nucleotide polymorphisms; SE, standard error; OR, odds ratio; Cl, confidence interval; p, Mendelian
randomization analysis effect coefficient; IVW, Inverse variance weighted

confidence intervals served as the primary metrics for evaluation.
All statistical P-values were obtained from two-tailed tests; SNPs
identified in GWAS were deemed statistically significant at a
threshold of P < 5 x 10, whereas other statistical assessments
were considered significant at P < 0.05.

Results
Tool variable selection

Figure 1 illustrates the technical roadmap of this study. Based
on the selection criteria for IVs in this study, SNPs with linkage
disequilibrium were excluded, and SNPs related to DRC that
matched the GWAS data for cataract were included as IVs.
Supplementary Table S3 presents the outcomes of the IV
selection for each indicator, highlighting only those indicators
that exhibited significant results in the MR analysis. The
F-statistic associated with the IVs for these indicators exceeds
the threshold of 10, suggesting that the majority of SNPs
identified in this study function as robust effect IVs.

Estimation of causal effects

The IVW model results for the relationship between DRCs and
cataract indicate that oily fish intake (OR = 0.86, 95%CI: 0.76-0.97)
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and variation in diet (OR = 1.26, 95%CI:1.05-1.52), two DRCs have
a significant causal association with cataract. These results indicate
that increased intake of oily fish is associated with a reduced risk of
cataracts, suggesting a protective effect. In contrast, greater dietary
diversity is significantly associated with an elevated risk of cataracts,
with statistical significance (Supplementary Table S4; Figure 2).
Funnel plots (Figures 3A,B) and scatter plots (Figures 3C,D) for
the five models of the relationship between DRCs and cataract
illustrate the linear relationship between the effects of two DRCs
with a high number of SNPs and the effects on cataract. It could be
observed that the fit lines of the scatter plots for the five models are
generally in the same direction, with most models having consistent
slopes, and the intercept of the IVW model is close to zero.

Sensitivity analysis

The Cochran Q test and I’ statistic evaluated heterogeneity of
significant results (Supplementary Table S5), showing moderate
heterogeneity in MR findings for oily fish intake and diet variation
related to cataract (both P < 0.05). MR-Egger regression tested
horizontal pleiotropy at the IV level; each indicator’s intercept
P-values exceeded 0.05 and were near zero, indicating study causal
inferences were unaffected by horizontal pleiotropy
(Supplementary Table S6). A leave-one-out sensitivity analysis
revealed no substantial changes in DRC effect estimates,

suggesting result stability (Supplementary Table S7). The
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Steiger directionality test assessed the causal link from DRCs to
cataract (Supplementary Table S8). Results indicated SNPs
explained more variance for exposure than for the outcome,
with a TRUE direction and P < 0.05, signifying significant and

accurate directionality.

Reverse MR analysis

To assess reverse causality, we utilized cataract as the
exposure and DRCs as the outcome, employing a GWAS of
cataract with a SNP selection criterion of P < 5 x 107 SNPs in
linkage disequilibrium were selected. The results of the reverse
MR analysis indicate that cataract does not have a significant
causal effect on DRCs (P > 0.05), as shown in Figure 4;

Supplementary Table S9.

MVMR analysis

We incorporated relevant risk factors for cataract, including
diabetes, age, and smoking, into multivariate MR analysis along
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with two DRCs to assess the direct effects of these DRCs on
cataract. We constructed models by pairing each of the cataract-
related risk factors with the two DRCs to predict the relationship
with the outcome, resulting in MVMR models. We obtained
three meaningful MVMR models (Supplementary Table S10),
and the results showed that these risk factors have significant
causal effects on cataract in Models 1, 2, and 3 (P < 0.05).

Mediation effect analysis

We first used the Steiger directionality test to determine
the causal direction from two DRCs through metabolites
(Supplementary Table S11). Results showed that for both
DRCs, SNPs explained more variance for exposure than for
outcome risk factors, with a TRUE direction and P < 0.05. We
then assessed the mediation effect in MVMR models where
the significantly  affected the outcome
(Supplementary S12). In Models 1-4, DRCs
significantly impacted cataract (P < 0.05), indicating a
partial mediation effect via metabolites. Using univariate
MR results, we determined the causal effect sizes of DRCs

mediator
Table
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FIGURE 4

Model analysis results of reverse causality MR analysis of DRCs. The forest plots show the results of reverse causality analysis of multiple MR
models for cataract and DRCs. The estimated effect values are presented as OR and 95%CI. The number of IVs used in each model, as well as the
calculated Beta values and standard errors, are also shown. SNPs, single nucleotide polymorphisms; OR, odds ratio; SE, standard error; Cl,
confidence interval; B, Mendelian randomization analysis effect coefficient; IVW, Inverse variance weighted.

on metabolites. From the MVMR analysis, we obtained direct
effect
development. We calculated the mediation effect sizes of
DRCs
(Supplementary Table S13). The results show that oily fish

and indirect sizes of metabolites on cataract

on cataract incidence through metabolites
intake has an indirect effect on cataract through total lipids in
medium high-density lipoprotein with an effect size
of —0.00419. The indirect effect accounts for 2.84% of the

direct effect (]-0.00419/-0.05798|¥100%).

Discussion

Cataract is the leading cause of blindness globally,
significantly impacting individuals’ quality of life and socio-
economic frameworks. However, the influence of dietary factors
on cataract incidence and progression remains unclear. This
study employed MR to investigate the causal relationships
between dietary risk factors and cataract development. Our
findings revealed a significant causal link between oily fish
consumption and cataract formation, suggesting a protective
effect. Oily fish is a rich source of long-chain omega-3
polyunsaturated fatty acids, such as eicosapentaenoic acid
and docosahexaenoic acid [16]. Previous studies have shown
that higher consumption of long-chain omega-3 fats,
particularly in women, reduces the risk of cataract extraction
surgery [17]. In contrast, dietary variation increased cataract
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risk. Monolithic dietary structures, like the Mediterranean diet
and the Korean Balanced Diet, rich in unsaturated fatty acids,
antioxidants, and plant-based products, have been shown to
reduce ARC incidence [18-20]. Additionally, specific vitamin
dosages may slow cataract formation [21]. The MVMR analysis
indicated that diabetes, age, and smoking significantly impact
cataract development. Diabetes approximately doubles cataract
occurrence, while smoking cessation reduces its incidence,
especially among the elderly [22]. Mediation analysis
suggested that oily fish intake indirectly affects cataract risk
through total lipids in medium HDL. Higher HDL cholesterol
levels, influenced by long-chain n-3 PUFAs, are beneficial in
reducing ARC risk [23].

In this two-sample MR study, the IVW method was
primarily used to assess the causal relationship between
dietary risk factors and cataract. The IVW model’s
intercept was close to zero, and fitting curves were
consistent across models, indicating a robust causal
relationship [24]. The Weighted median and MR-Egger
methods were used as supplementary tests. The MR-Egger
regression intercept was close to zero, indicating no horizontal
pleiotropy and good independence of selected SNPs.

To further validate the authenticity and robustness of our
results, we conducted multiple sensitivity analyses, including
Cochran’s Q test to assess heterogeneity, the MR-Egger
method to detect horizontal pleiotropy, and leave-one-out

analysis to confirm result consistency. Additionally, we
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performed Steiger directionality tests, which demonstrated
that the variance explained by our selected IVs aligned with
the expected causal direction, further strengthening the
credibility of our causal inference. Simultaneously, in the
reverse MR analysis, we evaluated the potential effect of
cataracts on dietary-related characteristics. No significant
causal relationship was observed, supporting the reliability
of our findings. Furthermore, in MVMR analyses, we
accounted for confounding factors such as diabetes, age,
and smoking, which further confirmed the direct effects of
dietary-related characteristics on cataract risk.

Heterogeneity testing revealed moderate heterogeneity in
the MR analysis of oily fish intake and dietary variation,
possibly due to gene-environment interactions. Gene-
environment interactions may be an important contributing
factor. For example, genetic variations in the metabolism of
omega-3 fatty acids from fish differ across populations [25,
26], and dietary diversity can also lead to interindividual
differences in nutrient absorption and utilization efficiency
[27]. Additionally, environmental factors such as geographic
location, cultural dietary habits, and lifestyle behaviors (e.g.,
smoking, alcohol consumption) may further exacerbate
heterogeneity. For instance, specific genetic variants
interact with fish intake in influencing metabolic disease
risk-such as the association between fish consumption and
TM6SF2 gene variants in modulating non-alcoholic fatty liver
disease risk. Conversely, in other populations, environmental
exposures may attenuate these effects [28]. Future studies should
incorporate additional environmental covariates and gene-
environment interaction terms to more comprehensively elucidate
the sources of heterogeneity.

Our MVMR identified

independent risk factor for cataracts, an association

analysis smoking as an
potentially mediated through chronic inflammation and
epigenetic mechanisms. Emerging evidence indicates that
smoking significantly upregulates GPR15 (an orphan
receptor involved in immune regulation) and induces its
[29].
analyses further demonstrate elevated GPR15 expression

hypomethylation Genome-wide transcriptomic
in peripheral blood of both male and female smokers,
this  receptor

inflammation by modulating T-cell migration [30]. Given

where promotes  systemic  chronic
that lens oxidative stress and protein denaturation are
GPR15-mediated

sustained inflammatory microenvironments may accelerate

central to cataract pathogenesis,

lens epithelial cell damage. This molecular mechanism

strongly aligns with our observed smoking-cataract

association and concurrently provides a theoretical basis
for the protective effects of dietary factors (e.g., w-3 fatty
acids in oily fish) through anti-inflammatory pathways.
Future studies should explore GPR15’s potential as both a
biomarker and therapeutic for

target smoking-

associated cataracts.
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Notably, although obesity or body weight (e.g., BMI) is
considered a potential confounder in the relationship
between certain dietary factors and cataract risk, our
analysis-based on publicly available GWAS databases-
primarily centered on dietary-related exposures and
outcomes, precluding direct adjustment for BMI or weight.
However, the strength of MR lies in its ability to mitigate
phenotypic confounding bias, including obesity, at the genetic
level. The independence of our selected instrumental
variables helps reduce potential bias arising from
unadjusted weight-related factors. Furthermore, obesity is
closely correlated with other included risk factors like
diabetes, the effects of which are partially accounted for in
the multivariable model. Future studies with larger samples
and more comprehensive multivariable analyses may further
elucidate the joint effects of weight/BMI and dietary factors
on cataract risk, providing deeper insights into the complex
interplay between diet, obesity, and cataract development. It
is noteworthy that other modifiable lifestyle factors, such as
BMI and physical activity, have also been implicated in
cataract risk. However, the analytical framework of this
the

relationship between dietary-related characteristics and

study primarily focused on elucidating causal
cataracts, and thus did not conduct in-depth analyses of
BMI, physical activity, or other related factors. Future
research should further investigate the causal associations
and underlying mechanisms linking BMI, physical activity,
thereby

strengthening the scientific foundation for comprehensive

and other lifestyle factors to cataract risk,
cataract prevention and control strategies.

The study’s limitations include a limited sample size, focus on
European descent, and reliance on MR methods without wet-lab
validation. Future research should include larger, multi-ethnic
cohorts, longitudinal designs, and wet-lab experiments to verify
the molecular pathways through which dietary factors influence
cataract development.

In conclusion, this study provides new insights into the
relationship  between dietary risk factors and cataract,
highlighting the protective role of oily fish and the potential risk
associated with dietary variation. These findings offer a foundation
for future prevention strategies and emphasize the need to explore

the mediating roles of metabolites and their biological mechanisms.
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Abstract

The antiretroviral (ARV) drug combination of abacavir sulfate, dolutegravir, and
lamivudine [ABC/DTG/3TC; Tri combination Anti-retroviral therapy (TC-ART)]
has revolutionized HIV treatment by effectively targeting different stages of viral
replication. Despite its therapeutic efficiency for maintaining low viremia in the
mother during pregnancy, there are concerns for long-term liabilities in
offspring that are indirectly exposed during vulnerable periods of
development. The commensal microbiota plays a crucial role in maintaining
overall gut health, and disruption of the microbiome is often linked to various
extraintestinal effects such as immune dysregulation and inflammation. We
recently reported the effects of this drug combination in altering fecal
microbiome composition of aged rats perinatally exposed to ABC/DTG/3TC-
ART. The fecal microbiome can provide only a snapshot of the composition of
microbial community at the end of the digestive tract, which may not reflect the
microbial population interacting with ileal mucosa. Thus, the current work
reports the effects of this drug combination in the gut mucosa-associated
microbiome of the same animals, which showed significant microbial diversity
and species richness in high dose exposed female adult offspring, along with
dose-dependent changes in Firmicutes/Bacteroidetes ratio. The high dose
exposure also showed an increase in opportunistic bacterial species in male
animals. Overall, we found that, similar to the fecal microbiome, perinatal
exposure to TC-ART led to sex- and dose-dependent alterations in the gut
mucosa-associated microbial population in aged rats, suggesting that early life
exposure to these drugs may influence gut mucosa-associated immune
responses and intestinal permeability.
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Impact statement

This study shows that prenatal and lactational exposure to
the Anti-retroviral therapy (TC-ART) drug combination (ABC/
3TC/DTG) is associated with sex-dependent alterations in the
ileal mucosa-associated microbiome composition when offspring
are evaluated at 12 months of age. These findings emphasize the
importance of including microbiome analyses in studies aiming
at evaluating the long-term health effects of TC-ART exposure
during early development.

Introduction

Human immunodeficiency virus (HIV) is a retrovirus that
primarily targets the immune system, making it difficult for the
body to fight against infections and diseases [1]. Without
HIV AIDS
immunodeficiency syndrome), which can be fatal [2]. Anti-

treatment, can  progress to (acquired
retroviral (ARV) drugs have revolutionized HIV treatment by
suppressing the replication of HIV, preventing it from
progressing to AIDS. They have turned HIV from a fatal
disease into a manageable chronic condition [2]. One such
combination of drugs that has been used is abacavir sulphate,
dolutegravir, and lamivudine [3]. Abacavir and lamivudine
inhibit HIV reverse transcriptase and cause premature
termination of viral DNA synthesis by incorporating non-
functional nucleotide analogs into growing DNA chain [3, 4],
while also having off target effects on the mitochondria [5, 6].
Millions of individuals globally are on Tri combination Anti-
retroviral therapy (TC-ART), including pregnant women, to
reduce the risk of mother to child transmission [7-9].

The gut microbiome is important due to its beneficial functions
and its involvement in maintaining gastrointestinal homeostasis,
health, and disease progression [10]. ARV drugs particularly
nucleoside reverse transcriptase inhibitors (NRTIs) (lamivudine),
are known to affect host mitochondria by inhibiting mitochondrial
DNA polymerase y, leading to mitochondrial DNA depletion and
dysfunction [11, 12]. Considering the evolutionary origin of
mitochondria from symbiotic bacteria and similar biochemical
pathways between mitochondria and prokaryotes, it is plausible
that gut microbiome can be inadvertently affected by ARV drugs.
However, most of the anti-retroviral drugs are not investigated for
changes in gut bacterial community and overall gut health. Recent
studies have shown that exposure to ARV’s can have an impact on the
host’s gastrointestinal health including altered microbiome and
cytokine profiles [13, 14]. Microbial dysbiosis can have several
downstream effects, including changes in immune function,
intestinal mucosal permeability, and imbalance in other functional
organs [15-17]. For instance, dysbiosis in the ratio of Firmicutes and
Bacteroidetes is associated with cardiac diseases [18], while increased
Bacteroides levels are observed in liver ailments, with the degree of
alteration correlating to the severity of the condition [19]. Similarly,
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decreases in butyrate producing bacteria have been associated with
increased immune activation and microbial translocation [20],
suggesting a relationship between microbial dysbiosis, and changes
in cytokine profiles, and intestinal permeability.

The intestinal barrier is a complex multilayer system
with an external physical “mucosal barrier,” epithelial cells,
and an internal immunological functional barrier in the form
of Payer’s patches [21]. The mucus layer on the top of the gut
mucosa hosts several commensal bacteria and serves as a
defense line along with the tight epithelial layer. Disruption
in the barrier can compromise the integrity of the gut
ecosystem, which is associated with several pathological
conditions including lung, cardiac, neuronal, and
autoimmune diseases [22, 23]. It is widely accepted that
newborns are sterile at their birth, and they develop the
microbiota through maternal surrounding
through [22].

Interestingly, the gut microbiome also plays a major role

exposure,

environment, and feeding practices
in infant immune system development, highlighting the
gut health in

offspring health [24, 25]. It is becoming increasingly

importance of maternal shaping the
evident that changes in the gut microbiome influence the
development of various diseases in later life [26]. While most
of the research is primarily focused on the direct effect of the
drug on the host, there is limited information on the effect of
the drug on the gut health of the progeny. We recently
showed that perinatal exposure to this ARV combination
altered the fecal microbiome of aged rats (12 months old) in a
sex- and dose-dependent manner [27]. This study expanded
those findings by exploring the changes in gut mucosal
microbiota of the same animals, providing knowledge on
the effects of drug exposure in the intestinal mucosa
associated microbiome rather than focusing on the fecal
-microbiome at the distal end of the intestinal tract.

Materials and methods

Animal housing, care, treatment,
euthanasia, and sample collection

Time-mated Sprague Dawley rats (Hsd:SD) were obtained
from Envigo (Indianapolis, IN). All animals (pregnant female
rats and their male and female offspring) were housed in the
animal facility at AmplifyBio, West Jefferson, OH, an
independent, scientific contract research organization. Rats
were approximately 11-14 weeks of age upon receipt. The
facility’s Institutional Animal Care and Use Committee
(IACUC) reviewed the protocol and approved it. The
TACUC number for this protocol is T06055. Animals were
housed in polycarbonate cages with irradiated hardwood
bedding chips (Sani Chips”; Envigo, Madison, WI). During
gestation and lactation, rats were provided natural crinkled
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FIGURE 1

This figure illustrates the experimental flow for this study, which includes three treatment groups: control, low dose, and high dose of tricombo
drug treatment. Pregnant rats were treated until the rat pups were weaned on postnatal day 21. DNA, was collected from the ileal tissue of 12-month-

old rat offspring for microbiome analysis.

kraft paper for enrichment (Crink-I'nest™, The Andersons;
Maumee, Ohio). Offspring remained with their respective
dams until postnatal day (PND) 21. After weaning,
F1 offspring were provided polycarbonate rectangular
shelters (Rat Retreats™, Bio-Serve; Flemington, NJ) as
enrichment and were group housed by sex, up to 5 per
cage. During gestation and lactation, animals were fed
irradiated NIH-07 pellets or wafers (Zeigler Bros.,
Gardners, PA). After weaning, animals were fed NTP-2000
(Zeigler Bros., Gardners, PA). Rats were provided municipal
water ad libitum from an automatic watering system; both
water and feed were analyzed for known contaminants that
could interfere with or affect the outcome of the study, and
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none were found. Animals used in this investigation of
the mucosa-associated microbiome were from a larger
that be
(manuscript under preparation). The experimental design is

toxicology  study will reported elsewhere

outlined in Figure 1.
HIV dose selection and exposure
to animals
There were 3 groups in this study (n = 5 per group). Group

1 (control): 0 mg/kg/day dosed with vehicle; Group 2 (low
dose): 150/12.5/75 mg/kg ABC/DTG/3TC; Group 3 (high
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dose): 300/25/150 mg/kg ABC/DTG/3TC. Vehicle was 0.2%
methylcellulose/0.1% Tween 80. The treatment regimen and
administered doses were based on our previously published
study, which used the same animal cohort and provided
detailed justification for dose selection [27]. In summary,
the doses were chosen based on human therapeutic
relevance and previously established toxicological data.

TC-ART was administered via oral gavage to time-
mated female Sprague Dawley rats (Hsd:SD) starting on
gestational day 6 (GD6) and continued through gestation,
and lactation (PND21) (NTP study T06055). F1 offspring
were never directly dosed in this study. Dams were weighed
approximately every 3 days, and dosing volumes (5 mL/kg)
were based on the most recent body weight. One male
and one female offspring from each dam were used for
the study.

Collection of ileal tissue for DNA
extraction

After the pups were weaned from the dams, they were housed
up to five per sex per cage and provided food and water ad
libitum. Once the offspring reached 12 months of age, which is
comparable to approximately 26 years in humans [28], they were
euthanized by exposure to carbon dioxide, strictly adhering to the
guidelines set by the IACUC. In a sterile environment, the ileum
was exposed and flushed with sterile PBS to remove feces. The
samples were immediately placed in pre-labelled tubes, frozen in
liquid nitrogen and transported overnight on dry ice to the
National Center for Toxicological Research (NCTR), Jefferson,
AR, for analysis.

Ileal mucosa-associated microbial DNA
extraction for population analysis

Maintaining the sterile conditions, a small section of the
ileal tissue was placed in CTAB extraction solution and finely
minced using a scalpel. The minced tissue was transferred
into bead-beating tubes (lysing matrix B) and processed using
a Fast prep Machine at 6 m/s for 45 s. Thus, obtained lysate
was incubated with proteinase k (at 65°C for 20 min),
followed by RNase-A (at 37°C for 15 min) as described
[29]. To this
chloroform-isopropanol (PCI) solution was added and

earlier an equal volume of phenol-
centrifuged at 12,000xg. The supernatant aqueous solution
was separated, and the DNA was precipitated using sodium
acetate, isopropanol, and a polyacryl carrier. The DNA pellet
was washed with 70% ethanol and then dissolved in nuclease-
free water. The DNA was quantified with a Qubit fluorometer
(Thermo Fisher Scientific, Waltham, Massachusetts) and

subsequently used for sequencing.
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Rat mucosa-associated microbial
population amplicon sequencing

The samples were processed and standardized using a modified
methodology based on Gohl et al. 2016 [30]. The KAPA HiFi
Polymerase from KAPA Biosystems was used to amplify the variable
region 4 (515f/806r) of the 16S rRNA gene. The libraries were
subjected to sequencing on a MiSeq (Illumina) instrument, with
paired-end 2 x 250 reads, using the MiSeq Reagent Kit V3 (Illumina,
600 cycle kit), aiming to achieve a target depth of 50,000 reads. The
sequencing reads underwent adapter and primer removal using
Cutadapt, and any reads with a Q score below 30 were discarded.
The amplicon sequence variations (ASVs) were generated using
dada2 v1.16.0, using quality-controlled reads. As part of the
dada2 workflow, the paired FASTQ reads underwent trimming
and filtering to eliminate reads that had ambiguous nucleotides
(represented by “N”s) or more than 2 sequencing mistakes per read.
The dada2 learn error rate model was utilized to estimate the error
profile prior to employing the core dada2 algorithm for inferring the
sample composition. The forward and reverse readings were
combined, and any chimeras were eliminated prior to taxonomy
classification. The ASV taxonomy was determined up to the level of
species using the SILVA v.138 database, following the technique
developed earlier [31]. A minimum bootstrapping support of 50%
was required for taxonomic assignment. Species-level taxonomy was
awarded to ASVs based only on 100% identity and unambiguous
reference matching.

Statistical/data analysis

Microbiome data was visualized using either microbiome
analyst [32] or metaboanalyst websites [33]. For the microbiome
analysis, the software used an ANOVA, followed by post hoc
pairwise comparisons using Mann-Whitney and Kruskal-Wallis
statistical tests. For the comparison between two groups either
EdgeR or student T-tests were conducted. The samples for the
microbiome analyst were normalized to remove 19 low
abundance and 11 low variance values based on mean and
standard deviation respectively. While for the metaboanalyst
the the
normalization by sum. Following that the data scaling was

samples normalization was performed using
applied using mean centering and log transformation options

to ensure approximate normal distribution.

Results

Comparative analysis of the treatment groups (n = 5 per
group) was conducted to assess the impact of gestational and
lactational exposure of TC-ART on microbial profiles, focusing
on sex-specific impacts on the offspring. During the analysis one
control female and one high dose female animal showed
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The cladogram represents the phylogenetic relationship between the male and the female animals between different taxa. The blue or
highlighted branches represent significant decreased taxa in females while the red represent the significantly increased taxa. The branches are
colored based on median log?2 ratios and the intensity of color represents the abundance. Significant differences were observed in Bacteroidales

and Bacili.

deviation in the microbial profile compared to the other animals
in respective experimental groups. However, the outlier test
showed the two animals are not statistically classified
outliers. We have excluded the animals for the alpha
diversity but to maintain the integrity, we have included
the animals in our dataset for the rest of the analysis. The
inclusion of these animals for later analysis did not alter our
conclusions, rather it highlights the natural variability within
the controlled experimental groups.

Sex-specific microbiota differences and
differential response to exposure are
observed in male and female animals

Sex-specific differences were observed between the microbiota
of the control animals. A total of 37 significant features were
differentiated  between  the
(Supplementary Table S1). At the phyla and species level

female and male animals

2 significant features were identified, 3 at family level, and
32 features varied at the genus level. The cladogram analysis
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revealed notable differences between the male and the female
animals at the genus level (Figure 2). Notably the Bacteroidota
and Bifidobacteriales were significantly increased in the female
animals compared to the male animals while the Clostridia,
Bacilli, and Eubacterium coprostanoligenes group were decreased
in the female animals. The male and the female animals have
responded differently to TC-ART exposure. While the exposure
in male animals resulted in increase of opportunistic bacteria the
female animals showed decrease in the abundance of opportunistic
bacterial species. To have a more granular view on the differences we
analyzed the changes in the microbiome upon exposure at different
taxonomic levels.

Mucosa associated microbiome diversity
changes with 16s amplicon
sequencing data

The ileal mucosa-associated bacterial population in the adult
offspring perinatally exposed to TC-ART was assessed by 16s
amplicon sequencing.
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FIGURE 3

Alpha diversity (@) Observed OTU abundance over sequence number. The figure shows the observed operational taxonomic unit (OTU)
abundance as a function of sequence number for male and female animals across three experimental groups: control, low dose, and high dose
treatment. Each line represents the mean OTU abundance for each group. The high dose exposed female animals display a higher OTU abundance
compared to the other groups. (b) Shannon Diversity Index. (c) Chaol Index (d) Simpson Diversity Index. lllustrates the diversity of microbial
communities in male and female animals across the groups. The high dose treated female animals show significant differentiation from the other
groups, indicating a notable shift in microbial diversity and richness associated with higher treatment levels. The data represents mean with standard

deviation (n = 5; *p < 0.05).

The changes in bacterial diversity, richness, and evenness
in each group were evaluated by using different alpha
diversity indices including total number of observed
operational taxonomic units (OTUs), Chaol, Shannon,
and Simpson as shown in Figure 3. The female high dose
offspring exhibited significantly higher species richness
compared to all other groups, with an observed OTU of
132 (Figure 3a); results that were further confirmed when
evaluating the Shannon and Chaol diversity indices (Figures
3b, c). Interestingly, female control animals showed higher
species richness compared to male animals, indicating base
line sex differences. The microbial species richness in the high
dose exposed female offspring were significantly higher
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compared to other groups (Figures 3a-c; Supplementary
Table S2), suggesting that maternal administration of the
drugs at the high dose resulted in the enhanced species
richness and rare species (low abundant species) in these
animals. Conversely, no significant differences between
groups were observed using the Simpson Index, which
measures richness and evenness between bacterial
communities. This suggests a similar level of species
dominance within bacterial community among all tested
animals (Figure 3d). The rarefaction curves also suggest
higher species richness at higher sequence depths in both
male and female animals in the high dose-exposed groups

(Supplementary Figure SI).
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Principal Component Analysis (PCA) of microbiome profiles and changes in gut microbiota composition in male and female rat pups exposed to
Tricombo drug. (a) PCA of the microbial profiles. The PCA score plot illustrates the clustering of microbiome profiles from each group. The plot
shows ellipses indicating the 95% confidence intervals with the high dose female (blue) distinctly separated from the other groups. (b) Relative
abundance of gut microbiota at the phyla level: The bar diagram represents the relative abundance of different bacterial phyla in male and
female rat pups exposed to low and high doses of the tricombo drug compared to control animals. The bacterial phyla include Firmicutes,
Proteobacteria, Actinobacteriota, Bacteroidota, Cyanobacteria, Patescibacteria, Verrucomicrobiota, Desulfobacterota, and Deferribacterota. The
High dose exposed female animals has shown significant variations in Firmicutes/Bacteroidota ratio compared to other groups. Data is represented
as the percentage of total bacterial abundance for each group Control Male, Low dose Male, High dose Male, Control Female, Low dose Female, High

dose Female.

Perinatal exposure to TC-ART leads to
taxonomic level changes at phyla, genus,
and species levels

The principal component analysis (PCA) at the phylum level
showed a distinct shift in the clustering of the high dose exposed
female animals (Figure 4a), correlating with significant
alterations in Firmicutes/Bacteroidetes ratio (Figure 4b). The
low dose showed a substantial

relative microbial abundance compared to the control animals,

increase of Bacteroidetes

while the high dose showed an even greater increase. The
Bacteroidetes change was consistent across all the female high
dose exposed animals (Figure 4b). The relative abundance of
Firmicutes was reduced with the treatment. Although the males
also showed a similar trend, the variations were not as prominent
as in female animals (Figure 4b; Supplementary Figure S2).
Treated male animals had increased Proteobacteria phyla
compared to the control animals, while females had a
decrease (Figure 4b). Similarly, an increase in the phyla
Deferribacterota was observed in the high dose exposed
female rats relative to the control animals. Of note, males
from the high dose-only and females from both dosed-groups
have more unidentified phyla, indicating a diversified bacterial
population associated with drug exposure. This, in turn, could
potentially lead to metabolic disturbances.
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The identified changes in bacterial diversity described above
might differentially influence downstream effects. To determine
if this was the case, we next analyzed bacteria composition at the
genus and species level, which can provide information on their
pathogenic or commensal origins. We observed notable sex- and
treatment- dependent variabilities. The major genera showed
comparable differences between the male and female control
animals (Figures 5a, b). Beneficial genera such as Lactobacillus,
Lachnospiraceae, Lactococcus, Romboutsia, and Bifidobacterium,
that promote gut health showed dose-dependent alterations
(Figures 5a, b). Interestingly, Lactobacillus genera has shown a
dose dependent decrease in all groups while Romboutsia from
Firmicutes phyla showed a decrease in male animals (Figure 5a).
Conversely, the genera associated with inflammation or
pathogenicity, including Escherichia (Escherichia schigella),
Pseudomonas,  Angelakisella, and Parabacteroides, were
increased in the groups exposed to TC-ART. Notably,
Pseudomonas, which is linked to gut dysbiosis and immune
activation, showed a dose-dependent increase in both male
and female subjects. Clostridium sensu strictol was decreased
in females in both exposed groups but not changed in male
groups (Figures 5a, b; Supplementary Figure S3a).

Genera such as Cupriavidus, Odoribacter, and Tyzzerella
were uniquely present in both male and female high dose
like

exposed groups. The abundance of some genera
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Bacteroides, Butyricoccus, Turicibacter, and Eubacterium
(Eubacterium  ventriosum, Eubacterium siraeum) showed
transient changes in response to treatment indicating

sensitivity of the bacterial community following prenatal
exposure to the ART (Figure 5b).

When
performed using EdgeR, a total of 19 significant features

single-factor ~ statistical comparisons were
were altered at the genus level between the control female
and high dose female animals using PCA analysis
(Supplementary Figure S3b). Additionally, 15 microbial
features differed, including 9 variations at the genus level,
were identified between the control male and the female
animals, consistent with the notion of base line sex-specific
differences described above. The cladogram (Figure 5c¢)
depicts significant alterations in the relative abundance of
several taxa such as Oscillospiraceae, Intestinimonas,
Acettatifactor, Rikenella, Anaeroplasma, Acholeplasmatales, and
Clostridia VadinBB60 group, are significantly enriched in

high dose female group. The shift in Oscillospiraceae and
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Intestinimonas families in the high dose-exposed animals
was notable. Also, females showed higher abundance of
Bifidobacterium while males showed increased levels of
Clostridia. Changes were observed in genera within the
Bacteroidetes and Bacilli with more opportunistic genera
in the control female animals compared to the male
animals, which were further changed in the exposed
groups (Figure 5d).

To have a more granular view at the taxonomy, we
abundance of bacterial in each
which

dependent changes (Figure 6a). Protective bacteria like

investigated species

experimental group, revealed dose- and sex-
Lactobacillus intestinalis and Akkermansia muciniphila
decreased while other commensal bacteria Bacteroides
uniformis, Bacteroides caccae, and Mucispirillum schaedleri
(Figures 6a, b).

Interestingly, most of the commensal bacteria showed

were increased in treatment groups

lower abundance in the low dose exposed animals

compared to the high dose exposed animals.
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Discussion

The ability of TC-ART to cross the placental barrier and its
presence in milk invite a better understanding of the risks
associated with their use in pregnancy and lactation [34].
Numerous studies have explored the effects of TC-ART on
the mother and the offspring, focusing on aspects like
cardiovascular diseases, neuronal development, immune health
[35]. These studies focus on the effects of the drugs on these
tissues, but often neglect to include analysis on the effects on the
gut health of the offspring. Given the importance of gut health
and the microbiome in maintaining individual homeostasis, and
their association with several pathological conditions when
disrupted, it is important to consider how they may be
affected by early drug exposure. Perinatal TC-ART exposure
may alter the gut microbiome that could impact metabolism,
intestinal permeability, and immune system contributing to
long-term health outcomes. In this study, by investigating
mucosa-associated microbial changes in rats that were
exposed to TC-ART solely through placental and lactational
transfer, we found significant changes in the composition of
intestinal microbiome in adulthood.

Our data aligns with the understanding that the fecal
microbiome is more abundant and diverse than the mucosa-
associated microbiome. Although both fecal and mucosal
microbiomes showed differences, the changes were more
pronounced in the mucosal microbiome. This may suggest
that the mucosal environment is more sensitive to high-dose
exposure and exhibits differential responses, possibly due to
the drug being primarily absorbed in the small intestine [27,
36]. Furthermore, several studies have shown that the
mucosal environment is crucial for microbiome-immune
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interactions due to its proximity with the intestinal
epithelium and pattern recognition receptors (PRRs) [37,
38]. The combined effect of mucosal environment along
with the presence of TC-ART could have significantly
shifts in mucosal microbiome.
data
bacteria

contributed to observed
the
of opportunistic

Interestingly, mucosal showing a higher

proportion and decreased
commensal bacteria, along with the differences in the fecal
and mucosal microbiome of the control animals, highlights
the importance of studying both to understand the dynamics
of drug exposure.

Overall, our data showed sex-dependent and dose-
dependent drug-induced changes in the gut microbiome,
which were more pronounced in females than males.
Notably, sex-dependent microbial variations between male
and female control animals were identified, which may
provide insights for understanding the sex-specific microbial
functions or outcomes. Although female animals exhibited
lower microbial abundance, their higher observed OTU
counts compared to male samples suggests greater microbial
diversity in females. Additionally, treatment in both male and
females led to reduced microbial abundance indicating a non-
favorable effect of the exposure on the gut microbiome. The
opportunistic genera in the male animals increased with the
exposure while it decreased in the female animals, suggesting
sex-based differences in the effects of the drugs. Sex hormones
such as estrogen and testosterone are known to influence gut
microbial composition, diversity, and functions [39]. In healthy
women, higher estrogen levels are associated with increased
Bacteroidetes and microbial diversity, while in healthy men,
elevated testosterone levels correlate with higher levels of
Ruminococcus and  Acinetobacter.

However, in women,
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higher testosterone levels are associated with Escherichia and
Shigella species, while Ruminococcus species; is negatively
[40]. The
increased Bacteroidetes and reduced Firmicutes ratio in high

associated with elevated testosterone levels
dose females observed in our study is often associated with
several pathologies including IBS and immune profile
alterations [41]. Generally, decreases in Firmicutes and
increases in Bacteriodata are considered ideal but high
changes in the composition might also disrupt the digestive
function and other metabolic pathways. Some studies have
revealed that similar microbial changes observed in female
animals are associated with disease outcomes in patients
with Alzheimer’s, refractory epilepsy, and some neurological
[42-44].
Proteobacteria in the treated groups suggest microbial

diseases Alterations in  Actinobacteria and
dysbiosis, which has been linked to inflammatory diseases
[41], coronary heart failure, and other cardiac abnormalities
[45-47]. For example, Romboutsia ilealis species is often linked
with better gut health, including improved metabolism,
lowering dietary inflammation, and controlling blood sugar
and fat [48, 49]. The enrichment of Romboutsia in the female
animals could contribute to decreased proinflammatory
cytokines production. Similarly, the changes in abundance of
the Clostridium sensu strictol, Escherichia, shigella, and
Enterococcus observed in the treated groups have been
associated with metabolic dysfunction and fatty acid liver
disease [50, 51], as well as heart failure and coronary artery
diseases [47]. [52]. Notably, these animals do show cardiac
dysfunction later in life (Taube et al., in preparation), but
whether the changes in the microbiome reported here play a
role in that phenotype remain unclear.

The reduced abundance of Akkermansia mucinophila is often
associated with vascular inflammation, endotoxemia, and barrier
dysfunction [45, 53]. Akkermansia mucinophila is a mucin
degrading bacterial community that modulates expression of
tight junction genes like occludins [53]; thus can influence the
intestinal permeability and induce translocation of pathogenic
bacteria into the systemic circulation that could contribute the
metabolic diseases. Another species, Faecalibaculum rodentium,
known for its cholesterol degrading activity and protective effects
against intestinal tumor growth, was slightly increased with the
treatment in both male and female animals. This species is also
known to induce oxidative stress and inflammation [54, 55]. The
differential abundance of Aslercreutzia eqyolifaciens species is
related to several disease conditions such as metabolic liver
diseases [56]. Given that most of the bacteria are initially
acquired from the mother and the surrounding environment,
the coprophagy during the co-housing of dam and pups during
early development could be another possibility of the transfer of
altered microbial population (due to impact of drug on the
intestinal microbiota) from dams to pups [57, 58]. These
microbial changes may persist into adulthood influencing the
microbiome composition of the offspring.
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In conclusion, our study shows the effects of TC-ART on
the mucosal microbiome of the adult offspring of animals
exposed through gestation and lactation. The differences
observed highlight the potential sensitivity of the mucosal
environment to the drug exposure. The extent to which these
changes might affect other phenotypes on the animals,
including impacts on their cardiovascular health, is
unclear but deserves further investigation. Since our data
also suggest sex-specific differences, further studies on the
influence of sex hormones to the phenotypes here described
are also warranted.
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Abstract

Natural Killer (NK) cells are integral components of the innate immune system,
recognizing and eliminating virus-infected cells. They may play a crucial role in
the immune response and contribute to the complications associated with
Single Ventricle/Hypoplastic Left Heart Syndrome (SV/HLHS). Utilizing single-
cell RNA sequencing (scRNA-seq), NK cells from peripheral blood mononuclear
cells (PBMCs) were analyzed in three de-identified SV/HLHS cases and three
healthy controls. This study identified two novel NK cell subpopulations that
could not be detected by conventional scRNA-seq pipelines or traditional flow
cytometry. These subpopulations exhibit distinct gene expression profiles
linked to the heterogeneity of immune responsiveness and stress adaptation
in NK cells. In SV/HLHS patients, one cluster showed a significant upregulation
of androgen response and downregulation of heme metabolism compared to
healthy controls. Our study offers new insights into the fine-tuning of immune
modulation that could help mitigate complications in SV/HLHS. It suggests that
while NK cells in SV/HLHS adapt to support survival in a challenging
physiological environment, these adaptations may compromise their ability
to effectively respond to additional stresses, such as infections and
inflammation.

KEYWORDS

NK cells, peripheral blood mononuclear cells, single-cell RNA sequencing, single
ventricle/hypoplastic left heart syndrome, transcriptome
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Impact statement

This study identifies two previously unrecognized natural killer
(NK) cell subpopulations that were undetectable using conventional
methods. By applying single-cell RNA sequencing with sophisticated
analytical approaches, we provide definitive molecular evidence of
their existence and functional relevance. These subpopulations
display distinct gene expression patterns, offering new insights
into immune system variability and stress adaptation in NK cells.
In patients with single ventricle/Hypoplastic Left Heart Syndrome
(SV/HLHS), we identify an NK cell subset with increased androgen
signaling and decreased heme metabolism, a shift that is significantly
more pronounced compared to healthy controls. These findings
advance our understanding of immune adaptation in congenital
heart disease and suggest that while NK cells compensate for
physiological stress, their altered state may reduce their ability to
respond to secondary challenges such as infections and
inflammation. This work provides a foundation for future
research on immune modulation in SV/HLHS and potential
therapeutic interventions.

Introduction

Natural Killer (NK) cells are integral components of the innate
immune system, renowned for their ability to identify and
eliminate viral-infected cells and tumor cells without prior
sensitization [1]. They serve as a first line of defense by
that
modulate adaptive immune responses [2]. The functionality and

exerting cytotoxic effects and producing cytokines
population of NK cells are critical for maintaining immune
homeostasis and effective immunosurveillance.

physiology
congenital heart defects and is estimated to occur in

Single-ventricle encompasses several rare
approximately 4-8 per 10,000 live births, representing roughly
7.7% of all congenital heart defects [3]. Hypoplastic Left Heart
Syndrome (HLHS) is the most common form of functional single-
ventricle disease. SV/HLHS results in reliance on the right
ventricle to support systemic circulation [4]. Patients with SV/
HLHS undergo a series of palliative surgeries to reconstruct the
heart’s anatomy and improve hemodynamics [4]. Despite surgical
advancements, these patients often experience complications such
susceptibility  to
enteropathy, thrombosis, and chronic inflammation [5]. NK

as increased infections,  protein-losing
cell number and function may be compromised in individuals
with SV/HLHS due to factors such as chronic hypoxia, repeated
lymphatic and nutritional
[6, 7]. These NK cell

development, reduce cytotoxic capacity, and weaken the

surgical trauma, dysfunction,

deficiencies issues may impair

immune response, which may explain why SV/HLHS patients

are more vulnerable to infections and postoperative

complications, and may also contribute to systemic

inflammation, worsening heart failure and overall morbidity.
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In our study of single-cell RNA sequencing (scRNA-seq) from
peripheral blood mononuclear cells (PBMCs) of patients with SV/
HLHS, we found that gene expression in NK cells is more closely
correlated with SV/HLHS than in other cell types by weighted gene
co-expression network analysis (WGCNA). In congenital heart
diseases (CHD) including SV/HLHS, NK cells play a crucial role
in managing infections and mediating complications related to CHD
[8]. In our previous study, we identified 1,600 genes that showed
differential expression (DE) in NK cells of SV/HLHS patients [9]. Our
current investigation suggests that NK cells in SV/HLHS patients are
heterogeneous and potentially receptive of different types of immune
modulation. We hypothesized that the SV/HLHS-related DE genes
might be affected differently across specific NK cell subpopulations,
instead of uniformly across all NK cells. To test this hypothesis, we
delved into the single cell transcriptome of NK cells in greater detail.

Materials and methods

scRNA-seq of PBMCs

This study received approval from the Institutional Review
Board at the Children’s Hospital of Philadelphia (CHOP).
PBMCs from three de-identified children (2 males and 1 female)
with SV/HLHS were compared to those from three healthy controls
(2 males and 1 female). The study design included three biologically
independent SV/HLHS cases and three matched healthy controls,
providing three replicates per group. This level of replication is
commonly accepted in exploratory studies, where the primary goal
is to identify robust and biologically meaningful patterns. Blood
samples were collected in EDTA-coated tubes and promptly
processed at the Center for Applied Genomics (CAG) at CHOP.
PBMCs were isolated using Ficoll density gradient centrifugation.
scRNA-seq for each sample was conducted using the 10X
Chromium Single Cell Gene Expression assay (10x Genomics,
Single Cell 3’ v3) [10]. Sequencing was performed on the
Nlumina HiSeq2500 SBS v4 platform. The resulting data from
the Chromium scRNA-seq were processed with the Cell Ranger
7.1.0 software suite (10x Genomics), with sequencing reads aligned
to the GRCh38 reference genome. The number of cells sequenced
and analyzed for each sample ranged from 4,598 to 14,298.

Data analysis tools

The scRNA-seq data were analyzed using the Seurat R package
(v5.1.0) [11, 12]. Cells were retained if they had more than 200 and
fewer than 5,000 detected genes and <15% mitochondrial-gene
reads. Gene expression was normalized with the LogNormalize
10,000). We identified the top
2,000 variable genes with the variance-stabilizing transformation

method (scale factor =

(vst) method, scaled all genes, and performed principal-component
analysis (PCA). The first 10 PCs were used to construct a shared-
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FIGURE 1
NK cell cluster versus other cell types visualized by t-SNE. NK
cells are highlighted in red.

nearest-neighbor (SNN) graph, and clusters were called with the
0.5).
approximation and projection (UMAP) based on the same PCs

Louvain algorithm (resolution = Uniform manifold
provided two-dimensional visualization. Marker genes were defined
using min.pct = 0.25 and [log,FC| > 0.25.

Natural-killer (NK) cells were identified with SingleR in
combination with celldex:DatabaselmmuneCellExpressionData ()
[13], yielding 548 - 939 NK cells per sample after filtering. To
resolve NK-cell heterogeneity, we extracted the normalized NK-cell
expression matrices, transposed them (rows = cells, columns = genes),
and performed unsupervised K-means clustering with scikit-learn (v
1.4.0) [14]. Candidate cluster numbers k = 2 — 10 were evaluated, and
the solution with the highest average silhouette score was chosen;
clustering was run with random_state = 0 for full reproducibility.
Outliers were defined as cells lying more than 2 SD beyond the mean
Euclidean distance to their cluster centroid. Cluster structure was
visualized with t-distributed stochastic neighbor embedding (t-SNE)
[15], and plots were generated in matplotlib [16]. Cluster assignments
and outlier flags are provided as Supplementary Data.

Gene-set enrichment analysis (GSEA v 4.3.2) [17] was carried
out against the Hallmark collection [18] of the Molecular Signatures
Database (MSigDB) [19]. Differential-expression testing between
NK-cell clusters (excluding genes used for K-means clustering) was
performed on log-transformed counts with a two-sample, two-tailed
Student’s t-test. We used the CellChat R package (version 1.6.1) [17]
to infer intercellular communication networks from our normalized
NK cell expression data.

Results
The three cases have been followed at CHOP since birth. The first

case is a 13-year-old male with HLHS who has undergone multiple
staged cardiac surgeries, including the Fontan and Sano procedures.
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His clinical course is complicated by feeding difficulties necessitating
(G-tube)  feeding,
developmental delays, and recurrent respiratory infections. He has

gastrostomy  tube vocal cord paralysis,
also experienced atrial flutter, thrombosis, and multiple allergies,
requiring ongoing medical management. The second case is a 15-
year-old male with HLHS and additional congenital heart defects,
including atrioventricular canal and coarctation of the aorta. He has
undergone the Fontan and hemi-Fontan operations and presents with
feeding difficulties, gastroesophageal reflux, and a hypercoagulable
state. Frequent embolic events necessitate chronic anticoagulation
therapy. His family history includes congenital anomalies and asthma.
The third case, a female who died at age 11, had a single ventricle
physiology with an unbalanced atrioventricular canal, Tetralogy of
Fallot, congenital heart block, and heterotaxy syndrome. She
underwent a bidirectional Glenn shunt and pacemaker placement.
Her clinical course was further complicated by developmental delay,
feeding difficulties, chronic lung disease, pulmonary hypertension,
and recurrent wound complications, requiring nasogastric tube
feeding and long-term cardiovascular support.

Heterogeneous NK cell clusters with
amplified changes of transcriptomic
profiles in SV/HLHS

In our study, we observed that NK cell clusters tend to be
heterogeneous (Figure 1). With their function still unknown, there
are no definitive gene markers available to classify these NK
subpopulations with conventional scRNA-seq pipelines or
traditional flow cytometry. To test whether these heterogeneous
NK cells are responsible for the DE genes, we examined the 1600 DE
genes identified in NK cells from our previous study [9]. K-means
clustering with these DE genes yielded high Silhouette scores with
2 clusters in all the 6 samples (Figure 2). As shown in Figure 3, the
NK cells within the same sample can be divided into two distinct
clusters. Despite clinical heterogeneity among the cases, including
differences in anatomical diagnoses, surgical histories, and comorbid
conditions, we observed consistent NK cell clustering patterns and
transcriptomic signatures across all three samples, suggesting a
potentially conserved NK cell transcriptomic signature in SV/
HLHS. We then performed GSEA using the averaged difference
between the two clusters across the three cases (Table 1;
Supplementary Table S1). In one cluster, the gene sets
HALLMARK_ANDROGEN_RESPONSE and HALLMARK_
HYPOXIA are significantly upregulated, and HALLMARK_
HEME_METABOLISM is significantly downregulated.

Compared to the controls, the upregulated androgen response and
downregulated heme metabolism are more significant in the cases, as
shown by Cluster expression in Cases vs. Controls in Table 1. In
addition, upregulation of the gene sets HALLMARK_OXIDATIVE_
PHOSPHORYLATION, HALLMARK INTERFERON_ALPHA
RESPONSE, and HALLMARK_INTERFERON_GAMMA _
RESPONSE are more significant in Cluster 1.
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Silhouette scores for various numbers of clusters in K-means analysis of NK cells. All subjects show high Silhouette scores with two clusters.

Other gene expression in the two clusters
of NK cells

To further characterize the two NK cell clusters, we examined
the expression of the two NK cell clusters for genes not used for
the clustering. We identified 789 genes with DE between the two
clusters in all three cases (Supplementary Table 52). GSEA
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analysis showed upregulated HALLMARK_ALLOGRAFT_
REJECTION  and HALLMARK_UV_
RESPONSE_DN in Cluster 1 in cases. The downregulated
HALLMARK_UV_RESPONSE_DN in Cluster 1 in cases is
more significant than that in controls (Table 1). CellChat-
inferred ligand-receptor interactions between Cluster 0 and

downregulated

Cluster 1 are listed in Supplementary Table S3.
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NK cell clusters visualized by t-SNE. Red dots indicate identified outliers.

Discussion

In this study, we identified heterogeneous NK cell clusters
with amplified transcriptomic changes in SV/HLHS. These gene-
expression differences may not only arise as consequences of the
cardiac condition but may also shape distinct clinical trajectories,
offering potential transcriptomic features and intervention
points for infection control, thrombosis, and protein-losing
enteropathy.

Distinct functional NK cell populations

In our analysis of NK cell populations, Cluster 1 exhibits distinct
transcriptional profiles compared to Cluster 0 in term of the DE
genes associated with SV/HLHS, marked by significant upregulation
of gene sets including HALLMARK_ANDROGEN_RESPONSE
HALLMARK_HYPOXIA, alongside a notable
HALLMARK_HEME_METABOLISM.
Androgen signaling may modulate NK cell immune functions,

and
downregulation ~ of

potentially tempering their cytotoxic activity while promoting
adaptation, particularly under [20].
Concurrently, the increased expression of hypoxia-responsive

survival and stress

genes likely enhances NK cells’ capability to operate in oxygen-

deprived environments [21]. The reduced heme metabolism
complements the other observed changes by potentially reducing
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oxidative stress and regulating metabolic responses, including

oxidative ~phosphorylation, amino acid, and xenobiotic

metabolism [22], likely shifting towards more energy-conserving
processes and potentially linking Cluster 1 to the elevated
thrombotic these
transcriptional changes suggest that NK cells in Cluster 1 are

risk  observed  clinically.  Collectively,
likely geared towards adaptation and survival in hypoxic or
stress-related conditions. In contrast, Cluster 0 with different
gene expression patterns might retain a higher cytotoxic
capability and responsiveness, better suited for environments
requiring rapid and robust immune reactions without the
adaptive pressures of chronic stress.

The distinct overexpression of cytotoxic effector genes
NKG7, GNLY, GZMB, and FGFBP2 in Cluster 1 versus key
transcription factors ZEB1, BACH2, and BCL11B in the other
reflects divergent, subtype-specific regulatory networks and
stable epigenetic landscapes. Studies show BACH2 loss drives
a discrete cytotoxic program with increased granzymes rather
than a gradual shift [23], ZEBI expression is associated with
maintenance/less-cytotoxic states by repressing effector loci
[24], and BCLIIB drives a

differentiation incompatible with the cytotoxic program [25].

distinct  adaptive-like
In addition, epigenetic analyses reveal fixed chromatin states for
each subtype [26], and single-cell clustering consistently
uncovers separate NK endpoints with no intermediate
transcriptional profiles [27]. These marker genes show
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TABLE 1 Gene sets with statistical significance identified by GSEA analysis.

HALLMARK gene set

10.3389/ebm.2025.10524

NOM p-val

FDR q-val

1,600 genes for cell clustering with differential expression in NK cells associated with SV/HLHS

‘ Cluster 1 vs. cluster 0: upregulated

ANDROGEN_RESPONSE 16 ‘ 0.81 ’ 1.97 0 0
HYPOXIA 20 ‘ 0.66 ‘ 1.64 0.009 0.041

‘ Cluster 1 vs. Cluster 0: downregulated ‘
HEME_METABOLISM 23 ‘ -0.74 ‘ -1.74 0 0.004

‘ Cluster expression in Cases vs. Controls: upregulated ‘
ANDROGEN_RESPONSE 16 ‘ 0.81 ‘ 1.94 0 0.004
OXIDATIVE_PHOSPHORYLATION 52 ‘ 0.63 ‘ 1.8 0.001 0.021
INTERFERON_ALPHA_RESPONSE 23 ‘ 0.68 ‘ 1.73 0.006 0.031
INTERFERON_GAMMA_RESPONSE 38 ‘ 0.63 ‘ 1.71 0.004 0.027

‘ Cluster expression in Cases vs. Controls: downregulated
HEME_METABOLISM 23 ‘ —-0.65 ‘ -1.9 0.005 0.03

‘ 789 genes with differential expression between two clusters in NK cells®

‘ Cluster 1 vs. Cluster 0: upregulated
ALLOGRAFT_REJECTION 25 ‘ 0.68 ‘ 1.54 0 0.022

‘ Cluster 1 vs. Cluster 0: downregulated
UV_RESPONSE_DN 15 ‘ -0.43 ‘ -1.58 0 0

‘ Cluster expression in Cases vs. Controls: upregulated ‘
Nonsignficant ‘ ‘

‘ Cluster expression in Cases vs. Controls: downregulated ‘
UV_RESPONSE_DN 15 —-0.85 ‘ -3.06 0 0

“These genes have not been identified as differentially expressed in NK, cells associated with SV/HLHS, and were not used for cell clustering.
ES: enrichment score; NES: normalized enrichment score; NOM p-val: nominal p-value; FDR: false discovery rate.

differential expression in opposite directions between clusters,
emphasizing their divergent functional programs without
evidence of a gradual transition pattern. Together, these
support the that the subtypes
represent two functionally opposite, terminal NK cell states

patterns interpretation
rather than stages along a developmental or activation
trajectory.

In addition, our cell-cell communication analysis
that the (Cluster 1)
preferentially engages inhibitory checkpoints such as
HLA-E binding to the CD94/NKG2A heterodimer [28,
29] and TGFB1 signaling through TGFPR1/2 [30],
suggesting built-in mechanisms to restrain potent effector

revealed cytotoxic  cluster

activity, whereas the transcription factor-high cluster
(Cluster  0)
interactions (e.g., CLEC2-KLRB1) [31], consistent with
These

shows  alternative  contact-mediated

niche or maintenance signals. divergent
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with  the distinct
described

Together, they reinforce that each subtype represents a

communication patterns align

overexpression of the DE genes above.
terminal NK cell state with its own regulatory network

and signaling milieu.

Distinct adaptations in cluster 1 NK cells in
SV/HLHS patients

The two clusters of NK cells observed in our study, present in
both healthy controls and cases, likely represent distinct
functional states tailored to specific immunological needs.
Notably, marked differences in the expression profiles of these
clusters between cases and controls were observed, as shown by
Cluster expression in Cases vs. Controls in Table 1. Cluster 1 in
the cases shows significantly heightened androgen response and
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more pronounced downregulation of heme metabolism
compared to controls. These changes may serve a dual role.
This modulation could be protective, reducing potential tissue
damage in chronic disease contexts such as seen in SV/HLHS. On
the other hand, this reduced cytotoxicity might compromise the
NK cells’ ability to clear pathogens effectively, potentially
increasing the risk of infections. In addition, upregulation of
the gene sets related to oxidative phosphorylation, and interferon
responses, both alpha and gamma, are more significant in Cluster
1 in cases. Enhanced oxidative phosphorylation indicates that
these NK cells have elevated energy production capabilities [32].
Upregulated Interferon responses imply this cluster of NK cells is
primed for responding to viral infections and potentially other
pathogens [33].  Altogether, upregulated HALLMARK_
ANDROGEN_RESPONSE and downregulated HALLMARK_
HEME_METABOLISM, plus these additional adaptations,
suggest strategic modifications of NK cells to meet the
demands of specific pathological states in prolonged exposure
to pathogens or inflammatory conditions in SV/HLHS. These
findings raise the possibility that pharmacologic modulation of
these pathways could help restore a more balanced NK-cell
phenotype, enhancing cytotoxicity while preserving protective
adaptation in SV/HLHS.

Further characterization of the two NK
cell clusters

In our extended analysis, we examined additional gene
expressions within the two NK cell clusters beyond those
initially used for clustering. This examination revealed
789 genes with DE between the two clusters across all cases.
Specifically, Cluster 1 in cases exhibited upregulated
HALLMARK_ALLOGRAFT_REJECTION and downregulated
HALLMARK_UV_RESPONSE_DN. The upregulation of the
allograft rejection gene set in Cluster 1 underscores a
heightened immunological readiness to recognize and attack
non-self cells, a crucial feature for defending against foreign
[34]. The
downregulation of genes associated with the UV response,
including key regulators like DYRKIA, ATXNI, ATP2BI,
NIPBL, RUNXI, and SIPAILI, presents a complex scenario.

These genes are crucial for various NK cell functions such as

tissues and potentially harmful pathogens

signaling, development, and effector responses [35, 36]. Their
reduced expression might impair the NK cells’ capacity for
regular immune surveillance and cellular migration.
Furthermore, the downregulation of genes associated with the
UV response in cases is significantly higher than controls. When
considered together, these opposing trends in gene expression
paint a picture of a dual nature in NK cells in Cluster 1, which
could render these NK cells less effective in handling routine
immune tasks, posing risks for viral infections and complicate the

management of SV/HLHS.
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A focused transcriptomic signature derived from these
findings could be developed for longitudinal monitoring, with
potential to correlate expression dynamics with postoperative
infection rates and lymphatic complications. Functional assays
will also be critical to determine whether restoring regulators like
RUNX1 can reverse migratory defects without exacerbating
This
heightened inflammatory tone and reduced immune resilience
seen in SV/HLHS patients.

inflammation. complexity may underlie both the

Conclusion

Overall, these findings provide an initial gene expression
profile of NK cells in SV/HLHS, suggesting potential adaptations
that may support survival in a challenging physiological
these
compromise the cells’ ability to manage additional stresses,

environment. However, adaptations could also
such as infections and inflammation. Given that this analysis
is based solely on gene expression data without proteomic or
functional validation, the conclusions should be interpreted with
Further

functional assays, are necessary to fully understand the

caution. studies, incorporating proteomics and
immune implications and to develop targeted strategies that
support immune function without exacerbating the underlying
condition. A longitudinal profiling of NK cells over time, rather
than a single timepoint, would provide valuable insights into
their role in disease progression and adaptation.

One limitation of this study is the small sample size. However,
the consistent identification of two distinct NK cell clusters in all
three healthy controls, along with statistically significant findings,
supports the robustness of our results. Another limitation is the
current lack of knowledge regarding the subpopulations of NK
cells in peripheral blood. We hope this study brings attention to the
heterogeneity of NK cells in peripheral blood and encourages
further research into these subpopulations. An additional
important limitation is the clinical heterogeneity among the
cases, including differences in sex, associated cardiac anomalies,
surgical interventions, and comorbidities such as developmental
delays and hypercoagulable states. This heterogeneity reflects the
complexity of SV/HLHS patients and poses a challenge to isolating
the
reproducibility of NK cell clustering and the consistent

disease-specific transcriptomic = signatures. Nonetheless,
enrichment of specific gene expression pathways across all cases
support the presence of a shared transcriptomic program. Future
studies with larger, stratified cohorts will be essential to investigate

how specific clinical variables may shape immune cell behavior.
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Abstract

Open burn/open detonation (OB/OD) disposes of explosive waste via
uncontrolled combustion, releasing harmful pollutants like toxic gases and
particulate matter. Colfax, Louisiana, houses the nation’'s only commercially
OB/OD thermal treatment (TT) facility, raising concerns about environmental
and public health impacts due to its emissions. In this exploratory pilot study, we
investigated metabolic alterations indicative of potential health impacts from
exposure to emissions from a TT facility through an untargeted metabolomics
analysis of urine samples obtained from local residents. Urine samples were
collected from 51 residents living within a 30-km radius of the facility, with
proximity, race, and sex as key variables. Samples were analyzed using ultra-
high-performance liquid chromatography coupled with high-resolution mass
spectrometry (UHPLC-HRMS) to identify metabolic alterations and potential
biomarkers of exposure. A total of 217 metabolites were identified, with
significant differences in abundance based on proximity to the facility. Key
metabolic pathways affected included energy metabolism, amino acid
metabolism, and oxidative stress-related pathways. Metabolites associated
with oxidative stress, such as glutathione sulfonamide (GSA), were elevated
in individuals residing closer to the facility, indicating increased oxidative stress.
Alterations in the glutathione/glutathione disulfide (GSH/GSSG) ratio further
highlighted redox imbalances. Pathway enrichment analyses revealed
perturbations in glycolysis, citric acid cycle, sulfur metabolism, and
nucleotide metabolism, which are linked to critical biological functions like
energy production and DNA repair. Notable differences in metabolite profiles
were also observed between sexes and racial groups, pointing to the interplay of
intrinsic biological and environmental factors. These findings demonstrate that
exposure to emissions from the TT facility may have significant impacts on
human health, including disruptions in cellular metabolism and increased
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oxidative stress. Further research is crucial to understand the long-term health
implications of these metabolic alterations and to develop strategies to mitigate
the environmental and health risks associated with this facility.

KEYWORDS

metabolomics, open burn, hazard waste remediation, environmental exposure,

oxidative stress
Impact statement

This study provides critical insights into how environmental
exposure to emissions from thermal treatment (TT) facilities can
disrupt human metabolism at a cellular level, using urinary
metabolomics as a non-invasive monitoring approach. By
linking metabolite alterations, particularly in energy, amino
acid, and nucleotide pathways, with proximity to the TT
facility, this work highlights a potential biochemical signature
of exposure. Notably, elevated levels of glutathione sulfonamide
(GSA) and disrupted antioxidant balance underscore oxidative
stress as a key biological response. The integration of
demographic factors such as sex and race adds an important
dimension to understanding individual susceptibility. This
research advances the field by establishing metabolomics as a
sensitive biomonitoring approach for environmental health
assessment and by identifying novel metabolite markers of
exposure. These findings offer a foundation for future public
health strategies, regulatory frameworks, and longitudinal
of
environmental toxicology and personalized exposure risk

studies, ultimately enhancing our understanding

evaluation.

Introduction

Colfax, a small rural town in central Louisiana,

United States, has a population of 1,442 as of 2023, with
61.1% identifying as Black or African American and 33.1%

as White [1] compared with the Parish as a whole, with a
population of 22,123 (14.8% identify as Black or African
White [2]).
economic challenges, with a median individual income of

American, 78.2% as The community faces
$20,192 and about 35% of residents living below the poverty
line. Colfax is notable for housing the country’s only
commercially operated open burn/open detonation (OB/OD)
thermal treatment (T'T) facility. In the latest permit application,
the Louisiana Department of Environmental Quality (LDEQ)
ordered the TT facility to cease OB/OD operations in December
2023 until a closed-burn facility could be constructed; however,
the facility is currently appealing this decision in court and
remains in operation. The TT facility, in operation since 1985,
was previously permitted to treat a wide variety of waste
streams, including military ordnances, cylinders, explosives,
and propellants, as well as hazardous materials from
Superfund sites, fireworks, and ammonium perchlorate [3].
These materials contain toxic components such as metals,
explosives, and organohalogens. Without containment or
emission control measures, OB/OD operations at the facility
released particulate matter (PM) directly into the atmosphere,
raising concerns about toxic exposure risks for the Colfax
community. Community members living in close proximity
to the TT have reported a range of health issues, including
thyroid disease, respiratory and cardiovascular disease, skin
damage, and cancer [4]. Exposure to certain toxic materials or
emitted pollutants has been shown in studies to cause similar
health effects [5-16], further amplifying concerns about the
impact of the facility’s operations on community health.

Environmental
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Metabolomic analysis [17, 18] offers a method for
understanding connections between Colfax community
members’ exposures to PM generated by OB/OD and
health outcomes [4, 19] The metabolome is a highly
dynamic and individualized biochemical fingerprint that
responds rapidly to internal and external influences. It
provides a comprehensive snapshot of physiological states
of individuals at a particular time, making it a diagnostic
tool for changes observed in response to environmental
exposure [20]. Metabolites present in tissues or body fluids
can serve as intermediate or final products of cellular
metabolism, as well as byproducts of energy-producing
nutrients, intermediates in the synthesis of biological
macromolecules, and waste products that influence normal
cellular functions [21]. Since several biomarkers are produced
through cellular metabolism and various protein activities,
they can indicate the effects of functional changes triggered by
external exposures, such as those from OB/OD operation,
delineating the potential pathways through which hazardous
exposures affect health [22, 23]. Urine is also emerging as a
preferred biofluid for the noninvasive monitoring of human
health because changes in secreted biomarkers may be easier
to detect as there is little to no evolutionary pressure to
maintain homeostasis within this waste product [24]. In
fact, study conducted China,
demonstrated that short-term exposure to PM, s can cause

a recent in Shanghai,
significant alterations in urinary metabolomic profiles,
potentially leading to disruptions in energy metabolism,
oxidative stress, and inflammation [25]. Another study
evaluated metabolic response to short-term exposure to
airborne PM, s and bioaerosols using gas chromatography/
liquid chromatography-mass spectrometry (GC/LC-MS) with
urinary samples [26]. Key findings revealed that 33 out of
155 differential metabolites were associated with PM, 5 and
bioaerosol exposure. It also revealed potential biomarkers like
16-dehydroprogesterone  and  4-hydroxyphenylethanol
identified for predicting PM,s - or bioaerosol-related
diseases, highlighting dynamic changes in urinary metabolic
profiles in response to air pollution.

Our previous field studies conducted in the same community
have included reviews of corporate reports indicating that
weapons having metal casings and ammonium perchlorate
accelerant and other explosive materials are often burned by
ignition with diesel [4], producing PM with complex
composition. Measurements have detected environmentally
persistent free radicals (EPFRs), metals, and polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) in ambient
PM,s and soil samples [27], with the radical electron
localized on carbon with an adjacent oxygen. Residents living
near the TT facility have reported several health issues, including
thyroid disease, respiratory and cardiovascular conditions, skin
damage, and cancer [4]. This study applied an untargeted
metabolomics investigation using urine from community
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members residing near and potentially exposed to emissions
from the TT facility in order to identify potential biomarkers of
exposure and reflecting a systemic health effect that may help
substantiate community members’ stated concerns about health
effects. Since no established biomarkers exist for exposure to
EPFRs and real-world exposures typically involve complex
mixtures rather than single agents, this work represents the
first attempt to identify biomarkers specific to EPFR exposure.

Materials and methods
Subject recruitment and sample collection

The study population consisted of residents living within a
30-km radius of the facility. Initially, 53 community members
(21 male and 32 female) were recruited. However, two
participants were unable to provide urine samples, resulting in
a final validated sample size of 51 (21 male and 30 female)
(Table 1). Participant ages ranged from 24 to 89 years, with a
mean age of 65.18 +/-15.26 (SD). Among the 51 individuals
providing urine samples, 20 lived within 5 km of the TT facility,
and 31 lived further away. A 5 km radius was selected based on
our previous work in the community, which identified this
distance as encompassing the greatest concentration of
reported thyroid, respiratory, and skin conditions members
[4]. This boundary is also supported by empirical evidence
from prior epidemiological studies demonstrating elevated
health risks within similar proximities to environmental
pollution sources [28, 29].

This study was reviewed and received approval from the
North Carolina State University Institutional Review Board
(Protocol #25124) with a reliance agreement to Louisiana
State University. All participants signed a consent form
agreeing to urine collection. The consent form stipulated
that the participants’ names were kept on a crosswalk
document that is separate from the samples, which were
assigned random ID numbers. Address, gender, and race
were also recorded on the crosswalk table, and home address
was used to obtain distance from the TT facility’s burn pads. To
ensure confidentiality, the table was de-identified before being
sent to the laboratory.

Participants were provided with a urine sample collection kit,
including a sterile collection bottle, alcohol wipes, and detailed
instructions that followed standard hospital practices. Study
participants were furnished with instructions requesting that
the urine be collected mid-stream; no special instructions for
time of collection were provided. Following collection, samples
were kept on ice during the collection period and were stored
at —80°C immediately upon transfer to the laboratory. A chain-
of-custody form was created for the urine sample collection, and
a label containing the sample ID was applied to the sample and
entered on the crosswalk table.
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TABLE 1 Participant demographics.

Black 17 8 25
White ‘ 13 13 26 ‘
Total ‘ 30 21 51 ‘

Sample analyses

Metabolomics method
Sample preparation and extraction

Stored urine samples were thawed in a cold room at 4°C for
1 h before 100 pL aliquots were prepared for metabolite
extraction following established protocols [30, 31]. Briefly,
1.5 mL of extraction solvent (20:40:40 water/methanol/
acetonitrile with 0.1 M formic acid) was added to the urine
samples in 2-mL microcentrifuge tubes. The tubes were vortexed
thoroughly to ensure proper mixing with the extraction solvent.
After mixing, the samples were chilled at —20°C for 20 min to
enhance metabolite release. The samples were then centrifuged at
15,000 rpm for 5 min at 4°C to separate the supernatant, which
contained the extracted metabolites, from the residue. The
supernatants ~ were  carefully  transferred into  new
microcentrifuge tubes and dried under a stream of nitrogen
gas to completely remove the solvent. Once dried, the samples
were reconstituted in 300 pL of LC-MS grade water, vortexed,
and centrifuged again at 15,000 rpm for 5 min at 4°C to ensure
homogeneity. The final extracts were aliquoted into autosampler
vials for analysis wusing ultra-high-performance
chromatography  coupled  with  high-resolution = mass
spectrometry (UHPLC-HRMS). Metabolites were extracted

without the addition of internal standards, as the study design

liquid

focused on relative quantification rather than absolute
Metabolite

achieved by matching retention times and mass-to-charge

concentration measurements. identification was
ratios (m/z) to an in-house standard library. Quantification
was based on the relative abundances of detected features
across sample groups. Given the absence of spiked internal
standards, the data is considered semi-quantitative, suitable
for comparative analyses. To evaluate extraction efficiency,
blank extractions were processed in parallel using identical
protocols. Non-specific signals were assessed by comparing
metabolite profiles from the blank extractions with those from
biological samples, allowing for blank subtraction and recovery
estimation to identify background artifacts and assess extraction
performance.

UHPLC-HRMS analysis

Metabolite separation and mass analysis were conducted at
the University of Tennessee Biological and Small Molecule Mass
Spectrometry Core (RRID: SCR_021368) using an UltiMate
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3000 RS CA,
United States) coupled to an Exactive™ Plus Orbitrap mass
(Thermo Fisher Waltham, MA,
United States). A reversed-phase ion-pairing chromatographic

chromatograph ~ (Dionex,  Sunnyvale,

spectrometer Scientific,
method was employed for separation, utilizing a Synergi Hydro
RP column (2.5 pm, 100 x 2.0 mm; Phenomenex, Torrance, CA,
United States). The mobile phase consisted of LC-MS grade
solvents composed of 97% water, 3% methanol, 11 mM
tributylamine as the ion-pairing reagent, and 15 mM acetic
acid, with gradient elution performed as previously described
by Bazurto et al. [32]. The separation was carried out at a flow
rate of 0.2 mL/min for 25 min, with the column temperature
maintained at 25°C. The eluted metabolites were ionized using
electrospray ionization in negative polarity mode. Mass analysis
was performed using the Orbitrap mass analyzer at a resolution
of 140,000, with a scan range of 721,000 m/z, an injection time
of 100 milliseconds, and an automatic gain control (AGC) target
of 3 x 10°, as detailed in the protocol by Bazurto et al. [32].

Data analysis

The Xcalibur (RAW) files generated from the UHPLC-
HRMS analysis were converted to mzML format using the
msconvert software, a tool from the ProteoWizard package.
This conversion transformed the profile data into centroided
data, improving their suitability for downstream analysis. The
centroided data were then uploaded to the Metabolomic Analysis
and Visualization Engine (MAVEN) [33, 34], an open-source
software tool developed at Princeton University. MAVEN was
utilized for visualization of extracted ion chromatograms (EICs),
peak feature selection, peak area integration, and metabolite
identification using an in-house standards library. MAVEN
automatically corrected for retention time nonlinearity and
aligned peak areas across all samples. Metabolites were
identified by
times +2 min, peak shapes, signal-to-noise ratios, and exact

comparing  chromatographic  retention
masses within a +5 ppm mass tolerance to an in-house
standard library. Identification was further validated by
comparing the natural isotopic abundance patterns of the
compounds. Peak intensity data tables were generated from
MAVEN for statistical analysis. Metabolite intensities were
normalized by the sum to account for differences in the initial
concentrations of urine samples and by volume to express
metabolite ion counts per mL of urine. Due to the known
biological variability of creatinine levels—which can be
influenced by factors such as age, sex, muscle mass, diet, and
hydration status—samples were normalized using the sum (or
Total Useful Signal) approach. This data-driven method assumes
that most metabolite intensities remain relatively constant across
samples and has been shown in multiple studies to outperform
creatinine normalization in untargeted metabolomic analyses
[35, 36]. A heatmap was generated using a custom script in R
Studio (version 4.2.1, RStudio Team, 2022, Boston, MA,

United States). Further downstream data analysis was
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performed using Metaboanalyst 6.0. Variance filtering was
applied using the interquartile range (IQR), and the data were
log-transformed for better visualization and Pareto-scaled.
Partial Least Squares-Discriminant Analysis (PLS-DA) was
conducted to visualize metabolic profile differences across
sample groups. Metabolites showing significant differences
and a Variable Importance in Projection (VIP) score greater
than 1 were selected for Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses. All statistical
analyses were considered significant at P < 0.05, and pathway
significance was determined at a False Discovery Rate (FDR)
cutoff of <0.05.

Results

Metabolomic analysis was conducted to assess if proximity to
the TT facility and exposure to emissions altered the
metabolome, as the metabolome is directly related to
phenotype. A total of 217 metabolites were identified from
51 urine samples. Among these, 10 metabolites belonged to
the vitamin superclass, 2% were neurotransmitters, 9% were
related to amino acid metabolism, and 8% were involved in
glycolysis, gluconeogenesis, and pentose phosphate pathways.
Additionally, 22% were nucleosides, nucleotides, and analogs, 6%
were lipid metabolites, 6% were carbohydrates and conjugates,
3% were citric acid cycle metabolites, and 6 metabolites were
categorized under bile acids and bile salts. Most of the identified
compounds were amino acid precursors and derivatives, which
accounted for approximately 25% of the total metabolites, along
with carbohydrates involved in nutrient metabolism.

Significant differences in metabolite abundance were
observed across urine samples collected from community
(positive  fold >2, fold
change <0.5 and P-value cut-offs <0.1). To determine if
the TT facility
alterations, fold changes were calculated for metabolites

members change negative

proximity to resulted in metabolome
between individuals residing less than 5 km vs. those greater
than 5 km from the TT facility’s burn pads, sex (male vs. female),
and race (Black vs. White). Based on our previous discussions
with residents [4], a cut-off of 5 km was chosen to differentiate
residents living in the Rock community or those in similar
proximity to the east, west, and north, from those in the
surrounding area living further away. The relative abundance
of metabolites varied significantly across these categories, with
the greatest differences observed between the less than 5 km and
greater than 5 km groups. Most metabolites were found to be
higher in abundance in individuals residing closer to the facility
(less than 5 km) compared to those farther away (Figure 1).

A p-value threshold of <0.1 was adopted to allow for broader
detection of metabolite-level differences in this exploratory
study, where the primary aim was to identify potential trends
and biologically relevant patterns across sample groups. This
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approach has been used in similar untargeted metabolomics
studies where a balance between sensitivity and specificity is
critical in the initial discovery phase [37]. To address the
increased risk of false positives associated with this more
lenient threshold, false discovery rate (FDR) correction was
applied to pathway enrichment analyses, where the biological
interpretation of grouped metabolites is most meaningful and
informative. The combination of a relaxed p-value threshold and
FDR correction at the pathway level provides a balanced strategy
for exploratory data interpretation while minimizing the
likelihood of spurious associations. In future studies with
larger sample sizes, we intend to apply stricter significance
thresholds and uniform correction strategies.

Partial least squares discriminant analysis (PLS-DA), a
supervised multivariate chemometric tool, was employed to
cluster sample groups based on similarities in their metabolic
profiles. A 2D PLS-DA score plot was generated to illustrate
differences in metabolic profiles between groups by sex
(Figure 2A), race (Figure 2B), and proximity to the facility
(Figure 2C). The evident separation in the plots indicates
distinct differences in metabolic profiles among the groups,
suggesting variations in metabolite abundance and distinct
metabolic activities, as reflected by clustering along the
Additionally, the
projection (VIP) scores are assigned to each metabolite to

components. variable importance in
indicate the extent to which each metabolite contributes to the
observed separation in the PLS-DA model. Metabolites with a
VIP score greater than 1 are key drivers of global metabolome
profile differences between groups. VIP score plots for sex
(Figure 3A), race (Figure 3B), and proximity to the facility
30)
influence the separation in the PLS-DA plots, underscoring

(Figure illustrate the metabolites that significantly
their pivotal role in delineating group differences. To further
explore metabolic differences, volcano plots were used to
visualize fold changes and statistical significance across the
groups. The volcano plot for the female vs. male comparison
(Figure 4A) highlights metabolites with fold changes greater than
or equal to 2 in red, alongside metabolites with statistical
significance (p < 0.1). Similarly, the volcano plot for the race
comparison (Figure 4B) shows metabolites with statistically
significant upregulation or downregulation. Proximity to the
facility revealed the most pronounced differences, with the
volcano plot (Figure 4C) showing several metabolites with
fold changes that were substantially elevated in the <5 km
group compared to the >5 km group.

A Venn diagram (Figure 5A) was used to analyze the unique
and shared metabolites among the sample groups categorized by
sex, race, and proximity to the thermal treatment facility. A total
of 27 metabolites were common across all three groups. The
number of unique metabolites varied, with the proximity-based
comparison exhibiting the highest number (33 unique
followed by the
(26 unique metabolites), and the sex-based comparison

metabolites), race-based comparison
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3240123

A heatmap illustrating fold changes in metabolite abundance, organized by compound class, across sample groups stratified by sex, race, and
proximity to the facility. The fold changes include Female/Male, Black/White, and Less than 5 km/Greater than 5 km (n = 51). Statistically significant
differences are indicated by asterisks (*P < 0.1, **P < 0.05, ***P < 0.01). Metabolite abundance is represented using a color gradient, with red
indicating a higher abundance and blue indicating lower abundance in female for sex-based comparison, Black individuals for race-based
comparison, or individuals residing less than 5 km from the facility for proximity-based comparison.

(16 unique metabolites). 10.5% of the metabolites were unique to
the sex-based comparison, and they include glutathione
sulfonamide, phosphoenolpyruvate, and glutamate. The race-
based comparison revealed 17.1% unique metabolites, such as 2-
isopropylmalate, phenyl lactic acid, NADH, N-acetyl glutamine,
The
proximity-based comparison, which focused on individuals

trehalose/sucrose, aspartate, taurine, and glycolate.
residing less than 5 km versus greater than 5 km from the
facility, identified 21.7% unique metabolites. These included
uridine, cholate, myo-inositol, indole, uracil, gluconolactone,
phenylalanine, N-carbamoyl-L-aspartate, oxaloacetate, purine,
nicotinamide, nicotinamide, S-ribosyl-L-homocysteine,
tyrosine, homoserine/threonine, and glutamine (Table 2).
Additionally, 3.9% of metabolites were shared between the sex
and race groups, 17.8% between the sex and proximity groups,
and 11.2% between the race and proximity groups. A total of
17.8% of metabolites were shared across all three groups. These
included UDP-glucose, creatine, UMP, alpha-ketoglutarate,
glutathione, CMP, malate, cystine, cysteine, glucose phosphate,

lysine, cytosine, lactate, taurodeoxycholate, and cystathionine.
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Enrichment analysis for metabolic pathways across the sample
groups was visualized in a clustered bar graph (Figure 5B), with
the pathways’ significance evaluated based on their false
discovery rate (FDR) plotted on a logarithmic scale. The bar
graph revealed that the most significant pathways in the

proximity-based groups were pyrimidine and purine
metabolism, as well as phenylalanine, tyrosine, and
tryptophan biosynthesis. In the race-based comparison,

arginine biosynthesis and pyrimidine metabolism were

prominent, while glycolysis and arginine biosynthesis
pathways showed significant enrichment in the sex-based
groups. These findings highlight the distinct metabolic
activities and pathway perturbations across the groups,
potentially linked to demographic and environmental factors.
Metabolic pathway enrichment analysis was performed using
metabolites with a VIP score greater than 1. Pathways with an
FDR <0.05 and high impact factors were selected for detailed
enrichment analysis (Figures 6A-D). Metabolites associated with
amino acid metabolism pathways demonstrated significant sex-

based differences. Enrichment analysis revealed that metabolites
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Partial Least Squares-Discriminant Analysis (PLS-DA) plots illustrating metabolic profile separations with 95% confidence intervals, grouped by:
(A) Sex (Female vs. Male), (B) Race (Black vs. White), and (C) Distance from the facility (Less than 5 km vs. Greater than 5 km) (n = 51).

such as glutathione sulfonamide, UDP glucose, geranyl
diphosphate, guanidinoacetate, alpha-
ketoglutarate, and creatine were significantly more abundant
in females (P < 0.1), whereas metabolites such as lactate,
glycodeoxycholate, 5-methyl

alanine/sarcosine,

taurodeoxycholate,
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tetrahydrofolate, acid were less
abundant. All significantly altered metabolites in arginine,
phenylalanine, tyrosine, tryptophan, alanine, aspartate, and
had a

When

and  hydroxyisocaproic

glutamate metabolism and biosynthesis

6A).

higher

abundance in females (Figure comparing
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individuals residing less than 5 km from the TT facility to those
living farther than 5 km, notable differences in energy and sulfur
compound metabolism were observed (Figure 6B). Metabolites
such as pyruvate, serine, alanine/sarcosine, guanidinoacetate,
valine/betaine, glutathione, glutathione disulfide, glutathione
sulfonamide, homoserine/threonine, cystine, cystathionine,
cysteine, and tryptophan were significantly upregulated in the
than 5 km group (highlighted red), while

phosphothreonine and abscisate were downregulated. These

Less in

differences suggest potential metabolic adaptations or

disruptions linked to proximity to the TT facility. Energy and
carbohydrate metabolism pathways were also significantly
impacted by proximity to the TT facility (Figure 6C).
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Metabolites upregulated in the Less than 5 km group included

lactate, pyruvate, glycerate, oxaloacetate, malate, alpha-
ketoglutarate, aconitate, glyceraldehyde phosphate,
phosphoenolpyruvate, glycerone phosphate, and glucose

phosphate (P < 0.1). Conversely, metabolites such as phenyl
lactic acid and 2-isopropyl malate were downregulated. These
findings highlight shifts in energy metabolism are likely driven by
exposure to emissions from the TT facility. Additionally,
metabolites involved in nucleotide and amino acid metabolism
exhibited significant differences between the Less than 5 km and
Greater than 5 km groups (Figure 6D). Red-highlighted
metabolites, such as phenylalanine,

tyrosine, pyruvate,

cytosine, histamine, taurine, thymine, glutamine, guanine,
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(Continued). Volcano plots illustrating the differentially abundant metabolites across groups: (A) Sex (Female vs. Male), (B) Race (Black vs. White),
and (C) Distance from the facility (<5 kmvs. >5 km). Metabolites with a fold change >2 and P-value <0.1 are highlighted with red spot, while those with

a fold change <0.5 and P-value <0.1 are highlighted with blue spot.

DHPS, dihydroorotate, carnitine, cysteate, carbamoyl aspartate,
hydroxyphenyl pyruvate, uridine, adenosine, guanosine, inosine,
CMP, UMP, and ADP, were significantly more abundant in the
Less than 5 km group (P < 0.1). In contrast, metabolites such as
dTMP and 5-methyltetrahydrofolate, highlighted in blue, were
less abundant. These findings indicate potential disruptions in
fundamental metabolic processes in individuals residing closer to
the TT facility. There were significant metabolic pathway
perturbations influenced by both sex and proximity to the TT
facility. Amino acid metabolism pathways showed prominent
sex-based differences, while energy and carbohydrate
metabolism pathways, as well as nucleotide and amino acid
metabolism pathways, were most affected by proximity to the
TT facility.

Biomarkers for systemic inflammation and oxidative
stress were evaluated across all sample groups (Figures
7A-F).  The of

sulfonamide (GSA) displayed significant variations based

relative  abundances glutathione
on sex, race, and proximity to the thermal treatment
facility. A study demonstrated that urinary GSA levels
correlate with GSA levels in BAL and other markers of
neutrophilic inflammation, suggesting that GSA could
serve as a biomarker for tracking disease activity in the
population [38]. Female samples exhibited higher levels of

GSA compared to male samples (33,500 + 8,337.38 vs.
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+

14,600 1,570.03)
individuals showed significantly

7A). Similarly, white
elevated levels of GSA
compared to black individuals (18,000 + 1812.71 ws.
33,200 + 8,953.52) (Figure 7B). Additionally, individuals
residing within 5 km of the facility exhibited higher

(Figure

abundances of GSA than those living farther away,
indicating a potential relationship between proximity to
the facility and increased metabolite levels (18,000 =*
3,161.67 vs. 37,600 + 9,546.69) (Figure 7C). To examine
antioxidant status in the groups, the glutathione/
glutathione disulfide (GSH/GSSG) ratio, a critical marker
of oxidative stress, was calculated across all groups. A GSH/
GSSG ratio of less than 1 reflects an imbalance between
reduced glutathione (GSH) and oxidized glutathione
(GSSG). The relative abundances of GSH and GSSG, as
well as their calculated ratio, revealed significant group-
specific differences. Females demonstrated a higher GSH/
GSSG ratio compared to males (18.82 + 3.17 vs. 4.78 + 0.79)
(Figure 7D). In contrast, Black individuals exhibited elevated
GSH levels and a higher GSH/GSSG ratio compared to White
individuals (12.68 + 2.57 vs. 8.96 + 1.17) (Figure 7E).
Furthermore, individuals residing closer to the thermal
treatment facility (less than 5 km) displayed a slightly
higher GSH/GSSG ratio compared to those living farther
away (10.57 £ 1.35 vs. 11.54 + 2.58) (Figure 7F).
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FIGURE 5

(A) Venn diagram depicting the distribution of differentially abundant metabolites uniquely identified in each group—Sex (n = 16), Race (n = 26),

and Distance (n = 33)—as well as the metabolites shared across all groups (n = 27). (B) Clustered bar graph illustrating the enriched metabolic
pathways across the sample groups, with logarithmically transformed FDR values. Pathway significance was determined using P-values, with a false
discovery rate (FDR) threshold of <0.05.
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TABLE 2 Differential abundance of metabolites across sample groups.
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List of metabolites that are uniquely present in sample groups categorized by sex, race, and proximity to the thermal treatment
facility

Sex-based unique

Race-based unique

Distance-based unique

Metabolites common across race, sex,

metabolites metabolites metabolites and distance
Trehalose 6-phosphate 2-Isopropylmalate Homocitrulline UDP-glucose
D-Glyceraldehyde 3-phosphate Trans-trans-farnesyl diphosphate = n-Carbamoyl-l-aspartate Hydroxyphenylpyruvate
Pikatropin Phosphothreonine Vanillin UMP
Guanidoacetic acid Phenyl lactic acid Hypoxanthine Alpha-ketoglutarate
3-Phosphoglycerate NADH Deoxyinosine Glutathione
Asparagine Sulfolactate Uridine CMP
Homocarnosine Biotin Cholate Malate

dTDP dTMP Myo-inositol Hydroxylysine
n-Acetylornithine n-Acetyl glutamine Indole Histidinol
Pyroglutamic acid Folate Uracil Cystine

GMP Carnitine Gluconolactone Cysteine

Succinate/Methylmalonate

Sedoheptulose 1/7-phosphate

S-Ribosyl-L-homocysteine

Adenosine 5'-phosphosulfate

Orotate Adenine Kynurenine Ornithine
Phosphoenolpyruvate Abscisate Phenylalanine Glucose phosphate
Glutathione sulfonamide Ophthalmate Nicotinate Lysine
Glutamate Trehalose/Sucrose Xylose N-Acetylglutamate
L-Arginosuccinate Dipicolinate Cytosine
Hydroxyproline Hydroxybenzoate AICA-riboside
Riboflavin Oxaloacetate Creatine
Aspartate 3-Phosphoserine 2-Oxoisovalerate
Taurine 2-Aminoadipate Lactate
AMP/dGMP Purine Acetyl lysine
Glycolate Nicotinamide Citrulline
7-Methylguanosine Histidine Tauro deoxycholate
Norepinephrine Tyrosine Inosine
Pyridoxine dAMP Cystathionine
Homoserine/threonine Dihydroorotate
Glutamine

Kynurenic acid

Pantothenate

2-dehydro-d-gluconate
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FIGURE 6
(Continued).
Discussion valuable insights into the metabolic disruptions potentially

The TT facility in Colfax, LA experienced a substantial
increase in energetic waste processing volume in 2014, raising
concerns about potential environmental and public health
impacts from exposure to hazardous air pollutants. Residents
described experiencing adverse health conditions or symptoms
potentially linked to exposure to air pollutants, including thyroid
disease, respiratory distress, skin lesions, hair loss and cancers [4,
39]. The metabolomics analysis of urine samples provided
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associated with environmental exposure to emissions from the
hazardous waste thermal treatment facility. The identification of
217 metabolites spanning various biochemical pathways
underscores the diversity of metabolic responses influenced by
proximity, sex, and race. From the two-way Anova analysis,
94 metabolites out of the 217 were significantly altered by
distance when compared to sex Supplementary Figure S1).
Notably, the results highlight
metabolite abundance among individuals residing closest to

significant ~ differences in
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(Continued). (A) Schematic representation of amino acid metabolism pathways enriched with metabolites that exhibit differential abundance
between females and males. Metabolites highlighted in red are significantly more abundant in females, while those in blue are significantly less
abundant (P < 0.1). (B=D) lllustrating the most impacted pathways for differentially abundant metabolites in the Less than 5 km vs. Greater than 5 km
groups. Metabolites highlighted in red are significantly upregulated, while those in blue are significantly downregulated in the Less than 5 km
group (P < 0.1) (B) Schematic representation of energy and sulfur compound metabolism pathways. (C) Schematic representation of energy and
carbohydrate metabolism pathways. (D) Schematic representation of nucleotide and amino acid metabolism pathways.

(less than 5 km from) the facility compared to those living farther
away, suggesting an environmental impact on metabolic activity.

The impact of living near thermal treatment facilities has
been a subject of concern, with several studies investigating
potential health effects [40-45]. These effects include cancer,
respiratory diseases, cardio-cerebrovascular disease, and adverse
pregnancy outcomes [40]. In this study as well, we observed that
individuals residing closer to the TT facility exhibited
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perturbation in the pathways involved in energy and
nucleotide metabolism. We observed alterations in pathways
related to glycolysis, the citric acid cycle, and oxidative
phosphorylation in individuals residing closer to the facility
(Figure 1). These shifts may indicate altered cellular energy
production and utilization, potentially impacting cellular
function and overall health [46, 47]. These pathways are
important in evaluating potential health risks [48]. Studies
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FIGURE 7

(A) Relative abundances of glutathione sulfonamide (GSA) in Female vs. Male sample groups. (B) Relative abundances of GSA in Black vs. White
sample groups. (C) Absolute abundances of GSA in Less than 5 km vs. Greater than 5 km sample groups (D) Relative abundances of glutathione (GSH)
and glutathione disulfide (GSSG), along with their ratio, in Female vs. Male sample groups. (E) GSH/GSSG abundance ratio in Black vs. White sample
groups. (F) GSH/GSSG abundance ratio in Less than 5 km vs. Greater than 5 km sample groups.

have suggested that exposure to ambient air pollution and traffic- Similarly, we observed significant alterations in carbohydrate

related air pollutants is associated with dysregulated metabolism metabolism pathways, suggesting potential disruptions in

of fatty acids, amino acids, leukotrienes and glucose [49, 50]. glucose utilization and energy production. Disruptions in
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(A) Relative abundance of vanillin in Less than 5 km vs. Greater than 5 km sample group. (B) Relative abundance of leucine/isoleucine in Less
than 5 km vs. Greater than 5 km sample group. (C) Relative abundance of tryptophan in Less than 5 km vs. Greater than 5 km sample group (D)
Relative abundance of kynurenic acid in Less than 5 km vs. Greater than 5 km sample group (E) Relative abundance of methionine in Less than 5 km
vs. Greater than 5 km sample group (F) Relative abundance of homocysteic acid in Less than 5 km vs. Greater than 5 km sample group. *p < 0.05,
***p < 0.001.
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sulfur metabolism, particularly alterations in glutathione
metabolism, as observed in our study (Figure 7) suggest
increased oxidative stress in individuals closer to the facility.
Glutathione plays a crucial role in cellular antioxidant defense,
and its dysregulation can lead to oxidative damage to cellular
components [51]. We also found that nucleoside and nucleotide
metabolism pathways were impacted (Figures 5, 6). Altered
DNA
replication and repair [52]. Altered nucleotide metabolism can

nucleotide metabolism could potentially impact
also contribute to cancer development and progression. Cancer
cells have an increased need for nucleotides, which are used in the
synthesis of DNA and RNA. This altered metabolism can help
cancer cells grow quickly, resist chemotherapy, and spread to
other parts of the body [53].

Several amino acid metabolism pathways were enriched due
to the differences in distance, race and sex. Few amino acid
metabolism pathways such as glycine, serine and threonine
metabolism, cysteine and methionine metabolism, pyrimidine
metabolism and arginine metabolism were enriched in all the
three groups. Valine, leucine and isoleucine biosynthesis and
phenylalanine, tyrosine and tryptophan metabolism were
changed in two groups due to distance and sex. Perturbations
in different amino acid metabolism pathways can have
implications for cellular growth, repair, and protein synthesis.
Methionine, an essential amino acid, in excess also acts as
precursor for homocysteine. We observed a significant
increase in methionine and homocysteic acid in individuals
residing closer to the TT facility (Figure 8). Increased
homocysteine or hyperhomocysteinemia is a known risk
factor for cardiovascular disease, Parkinson’s disease,
Alzheimer’s disease and stroke [54]. Glycine and serine are
biosynthetically linked together and are essential metabolite
for the survival of cancer cells [55]. Chronic dysregulation of
glycine and serine metabolism can lead to cancer as these amino
acids also play an important role in cellular antioxidant capacity,
one-carbon metabolism and help in protein, lipid and nucleic
acid synthesis. Branched-chain amino acid (BCAA) leucine,
isoleucine and valine were also increased significantly in the
residents due to proximity to the TT facility (Figures 1, 8).
Elevated levels BCAAs observed in our study may reflect
increased protein catabolism and muscle wasting, which are
This has
consistently reported in both animal models and patients with
Type 1 Diabetes Mellitus (T1DM), where plasma BCAAs are

significantly elevated compared to healthy controls [56-58].

indicators of chronic metabolic stress. been

These results suggest that the elevated BCAAs in our exposed
group may represent not only a consequence of environmental
stress but also an early metabolic indicator of disrupted energy
homeostasis. Our findings align with a previous mouse study
showing that exposure to PM, s-induced asthma, was associated
with elevated levels of BCAAs [59]. We also found vanillin was
significantly high in the residents residing closer to the TT facility
(Figure 8). In a study using high-resolution metabolomics
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analysis of human bronchial epithelial cells exposed to

vanillin, revealed disruptions in energy, amino acid,

antioxidant, and sphingolipid pathways linked to lung
diseases [60].

Another important amino acid pathway that was enriched
due to distance and sex is tyrosine and tryptophan metabolism.
We observed a significant increase in tryptophan and its
metabolite kynurenic acid in the group which was close to
facility (Figure 8). Tryptophan metabolism is involved in
many physiological functions, including inflammation,
metabolism, and immune response. Dysregulation of these
metabolic pathways can contribute to the development of a
number of diseases such as respiratory, nervous, digestive
disorders and cancers [61]. Tryptophan and its metabolites,
particularly kynurenine, can act as reactive oxygen species
(ROS) scavengers by directly neutralizing ROS such as
hydrogen peroxide and superoxide, converting them into less
reactive or more stable compounds [62, 63]. Thus, the observed
increase in tryptophan and kynurenic acid near the facility may
also indicate elevated oxidative burden, given the known
susceptibility of the indole ring of tryptophan to oxidation.
Tyrosine is a non-essential amino acid that serves as the
precursor for several crucial neurotransmitters, including
epinephrine, norepinephrine, and dopamine, as well as
hormone thyroxine. Dysregulation in tyrosine metabolism has
been implicated in the development of several diseases, including
cancers and chronic disorders [64]. Increased tyrosine in urine or
dysregulated tyrosine metabolism is associated with altered
thyroid function [65]. This can partially explain the increased
thyroid diseases reported by the several Colfax residents [4].

We further evaluated the changes in urinary metabolites
based on sex and race. Sex-specific differences revealed
distinct patterns of amino acid metabolism, with females
exhibiting higher levels of metabolites like glutathione
sulfonamide and UDP glucose, while males displayed elevated
levels of lactate and bile acids. These findings may reflect
physiological differences in metabolic processing and stress
response mechanisms. race-based comparisons
highlighted with  Black
individuals showing elevated levels of glutathione and a higher
GSH/GSSG ratio compared to White individuals. While some of

these differences may be due to inherent biological variation, they

Similarly,

unique metabolic  signatures,

may also reflect socio-environmental disparities. Factors such as
unequal exposure to environmental pollutants, differences in
healthcare access, diet, and chronic stress, can influence
metabolic profiles and oxidative stress responses. These
the of
metabolomic data within a broader social and environmental

observations emphasize importance interpreting
context, accounting for both biological and non-biological
determinants of health.

The observed shifts in the GSH/GSSG ratio suggest potential
oxidative stress and it requires detailed investigation. Under

normal conditions, the GSH:GSSG ratio in mammalian cells
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exceeds 100:1, but this ratio decreases to 10:1 or even 1:1 under
oxidative. This imbalance reflects an increase in oxidized glutathione
(GSSG) relative to reduced glutathione (GSH), signifying a shift in
the cellular redox state. The relative abundances glutathione
sulfonamide (GSA) displayed significant variations based on
proximity to the thermal treatment facility, with individuals
residing within 5 km exhibiting higher abundances than those
living farther away, indicating increased oxidative stress
(Figure 7). Oxidative stress arises when the production
(ROS)

antioxidant defense systems, either due to insufficiency

reactive oxygen species surpasses the capacity
dysfunction. This imbalance leads to significant damage to
several biological macromolecules such as cellular membranes,
lipids, proteins, and nucleic acids. An increase in oxidative stress
is associated with onset and pathogenesis of several diseases such as
thyroid disorders [66], diabetes [67], Parkinson’s disease [68],
Alzheimer’s disease [69] and cancer [70]. While GSA levels and
GSH/GSSG ratios are reliable biomarkers of redox status, it is
important to consider potential confounding factors such as
diet, medication use, renal function, and smoking, which
may independently affect glutathione metabolism and
should

detailed individual exposure histories and lifestyle data to

oxidative balance. Future studies incorporate
better delineate the sources and implications of oxidative
stress in environmentally exposed populations.

The study’s findings are indicative of the potential health
risks associated with exposure to emissions from the TT
facility. Emissions from the TT facility contain a variety of
pollutants, including PM, volatile organic compounds, heavy
metals and EPFRs. These pollutants can directly or indirectly
interfere with cellular metabolism, leading to the observed
metabolic changes. The disruption of key metabolic pathways
and the association with oxidative stress biomarkers suggest
that long-term exposure could lead to adverse health
outcomes. Identifying unique metabolites and pathway
perturbations linked to proximity highlights the need for
further epidemiological studies and regulatory measures to

mitigate environmental health risks.

Limitations of the study

While the study provides compelling evidence of metabolic
alterations, several limitations should be noted. First, this is an
exploratory study with a relatively small sample size. However,
this is a rural community, and 51 participants actually
represents 3.5% of the population. Statistical analyses were
To
quality control

performed using appropriate multivariate methods.

enhance reliability, data normalization,
filtering, and multiple testing corrections such as false
discovery rate were also applied. For PLS-DA and VIP score
analyses, model quality was assessed using Q2 values, calculated

via cross-validation (CV) with thresholds above 0.5 indicating
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good predictive performance and model validity. Future studies
involving larger cohorts and longitudinal sampling are
obviously necessary to confirm these results and support
their
exploratory study shows that significance of a = 0.10 could
be achieved with a power of p = 0.72 for a 1.75-fold difference,
which was observed for 16 compounds among those living

broader applicability. Power analysis for our

within 5 km of the facility and 2 compounds for those living at
least 5 km away. Second, due to challenges of conducting the
research in a rural community (older population, low
educational attainment), first-void urine samples were not
collected. It is not expected that bias in the sample collection
method was systematic [71]. Third, self-selection bias may have
resulted in a less healthy population, especially near the TT
facility, because sick participants may have been more willing to
tell their stories. This error could have the potential to introduce
systematic bias [72] into the results if the health of those living
closer to the facility was different from those living farther away
and associated with their exposure. Additionally, integrating

other omics approaches, such as transcriptomics and
proteomics, could provide a more comprehensive
understanding of  the biological impacts of

environmental exposure.

Conclusion

The metabolomic analysis of urine samples from the
Colfax community members near the thermal treatment
facility =~ provides  critical insights into  potential
environmental exposures and their impact on human
health. With metabolomic profiling we found strong
evidence of significant metabolic alterations in individuals
residing closer to the thermal treatment facility compared to
those living further away. The observed shifts in metabolite
abundances and pathway perturbations, particularly in
energy metabolism, oxidative stress pathways, and
nucleotide and amino acid metabolism, suggest potential
health

emissions from the facility. These findings highlight the

adverse impacts associated with exposure to
importance of further investigation into the long-term
health implications of these metabolic changes and the
need for continued monitoring of the environmental and

health impacts of the TT facility.
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Abstract

The potential of mesenchymal stromal cells (MSCs) in the treatment of
hemorrhagic stroke has been demonstrated; however, their clinical efficacy
remains inconsistent and further comprehensive studies on their mechanism of
action are warranted. In this study, the intracerebral hemorrhage (ICH) rat
model was used for intravenous infusion of adipose-derived mesenchymal
stromal cells (AD-MSCs) 24 h after modeling. Histopathological techniques and
single cell transcriptome sequencing techniques were used to study the
mechanism of AD-MSCs promoting the repair of damaged brain tissue. The
results indicated that AD-MSCs markedly promote the repair of damaged brain
tissues and restored neural function. Single-cell transcriptome sequencing
further revealed that this therapeutic effect is specifically through the
inhibition of monocyte infiltration in injured brain tissue, promotion of
resident microglia proliferation and signaling pathways linked to immune
response and neuroprotection. These processes are closely tied to the Csfl*
subgroup of AD-MSCs. For acute hemorrhagic stroke, Csf1* AD-MSCs promote
the repair of damaged brain tissue by activating resident microglia and inhibiting
monocyte infiltration. This study offers novel insights into the mechanisms
underlying MSC-based stroke treatment and supports the potential for stable
and efficacious MSC therapies.
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Impact statement

This study uncovers a critical mechanism by which adipose-derived mesenchymal
stromal cells (AD-MSCs) promote brain repair in hemorrhagic stroke, revealing that
the Csfl1* AD-MSCs subgroup enhances neuroprotection by activating resident
microglia while suppressing monocyte infiltration. By integrating single-cell
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transcriptomics with functional validation, we resolve
longstanding inconsistencies in MSC therapeutic efficacy
and identify cellular heterogeneity as a key determinant of
treatment outcomes. These findings provide a roadmap for
MSC-based

enrichment of functional subpopulations, paving the way

optimizing therapies  through targeted
for standardized, high-efficacy treatments in stroke and
potentially other neuroinflammatory disorders. This work
with

offering a transformative strategy to improve regenerative

bridges mechanistic insights clinical translation,

medicine for neurological injuries.

Introduction

Hemorrhagic stroke is a common subtype of stroke,
characterized by high rates of disability and mortality [1, 2].
With the development of cell therapy technology, MSCs have
shown potential to promote the repair of injured nerve tissue.
Animal studies haves shown that MSCs promote nerve
regeneration, restore motor function, and hold promise for
stroke treatment [3, 4]. However, clinical trials have identified
a significant challenge-the inconsistent therapeutic effects of
MSCs, limiting their widespread use [5-7]. More efforts are
needed to elucidate the therapeutic mechanisms of MSCs.

Numerous studies have reported that MSCs exert therapeutic
effects by participating in immune regulation at the site of injury
[8, 9]. Microglia, as resident immune cells in brain tissue, play a
crucial role in the repair of neural tissue damage. Under normal
physiological conditions, microglia remain in a quiescent state,
contributing  significantly to maintaining brain tissue
homeostasis [10, 11]. Following injury, resident microglia
become activated and recruit bone marrow-derived
inflammatory cells to infiltrate the area, resulting in the
production of substantial inflammatory factors that cause
severe damage to neural cells [12]. A pile of evidence
demonstrated the immunomodulatory effects of MSCs on
microglia in stroke model [13-15]. Results based on a model
of traumatic brain injury in rats showed that intraventricular
injection of MSCs 24 h after injury significantly inhibited the
activity of microglia and promoted injury repair [16]. However,
other studies have found that intravenous MSCs infusion 2 days
after middle cerebral artery occlusion (MCAQO) modeling does
not suppress immune response, but aggravate inflammation and
brain tissue damage, manifested by the increase of microglia and
increased secretion of inflammatory factors such as TNF-a and
IL-1pB [17, 18]. These paradoxical phenomena suggest that the
24 h after injury may be the key time window for MSCs to play
the role of immune regulation and promote the repair of
damaged tissues.

Additionally, a considerable amount of research has
shown that MSCs promote the transformation of microglia

from the M1 type to the M2 type, promoting the repair of
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damaged brain tissue [19, 20]. Although the activation of
M1 microglia is generally considered to be associated with the
occurrence of inflammation and neurological injury, however,
studies suggest that M1 microglia is necessary for clearing
necrotic tissue debris and promoting tissue repair in the early
stages of injury. Research by David et al. demonstrated that
depleting microglia cell in brain tissue before inducing injury
exacerbates the damage [21]. Studies based on single-cell RNA
sequencing technology have revealed that during the repair of
neural tissue injury, microglia cells exhibit dynamically
changing and diverse cell phenotypes that cannot be simply
categorized as M1 or M2 [22, 23]. Consequently, the
mechanism of MSCs in promoting the repair of injured
neural tissue cannot be simply defined as immune
suppression; rather, it involves a complex interplay of
immune modulation and tissue repair processes.

In this study, we constructed ICH experimental animal models
utilizing Sprague-Dawley (SD) rats. To more accurately analyze
the role of MSCs in damaged brain tissue, allogeneic AD-MSCs
were administered via intravenous injection 24 h post-model
establishment. By integrating histopathological techniques with
single-cell transcriptome sequencing, we systematically analyzed
the impact of AD-MSCs on brain microglial and the repair
mechanisms of injured brain tissue. Furthermore, we elucidated
the underlying molecular mechanisms. The findings from this
research will offer a significant foundation for future clinical
treatments.

Materials and methods
Animals

All animal procedures described here were approved by the
Institutional Animal Care and Use Committee at Sichuan
University West China Hospital.

The work has been reported in line with the ARRIVE
guidelines 2.0.

Hemorrhagic stroke model in rats

Experimental animals

Male rats were exclusively used in this study to preclude the
neuroprotective effects of estrogen on brain injury and to
circumvent operational variability associated with the estrous
cycle in females. This approach eliminates confounding
(e.g.
accelerated recovery) and ensures model reproducibility by

hormonal protection reduced hematoma volume,
avoiding fluctuations in blood-brain barrier permeability and
coagulation function inherent to the female estrous cycle
[24-26]. The experimental animals were healthy male SD rats,

8-10 weeks old, weighing 220-280 g.
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TABLE 1 Modified Neurological Severity Score (mNSS) tests and
scoring values.

Motor test score values and descriptions

(Normal score = 0; maximum possible summary score = 6)
0or 1* | Flexion of forelimb after raising rat by the tail

Oor1* | Flexion of hindlimb after raising rat by the tail

Oor1* | Head moved >10° to vertical axis within 30 seconds after raising rat by

the tail
0 Normal walk after placing rat on the floor
1 Inability to walk straight after placing rat on the floor
2 Circling toward paretic side after placing rat on the floor
3 Falls down to paretic side after placing rat on the floor

Sensory test score values and descriptions
(Normal score = 0; maximum possible summary score = 2)
0 or1* | Placing test (visual and tactile test)

0or1* | Procioceptive test (deep sensation, pushing paw against table to
stimulate limb muscles)

Beam and balance test score values and descriptions

(Normal score = 0; maximum possible summary score = 6)

0 Balances with steady posture

1 Grasps side of beam

2 Hugs beam and 1 limb falls down from beam

3 Hugs beam and 2 limbs fall down from beam, or spins on beam

(60 seconds)

4 Attempts to balance on beam, but falls off (>40 seconds)
5 Attempts to balance on beam, but falls off (>20 seconds)
6 Falls off; no attempt to balance or hang on to beam (<20 seconds)

Reflex absence and abnormal movements test score values and
descriptions

(Normal score = 0; maximum possible summary score = 4)

0 or1* | Pinna reflex (head shakes when auditory meatus is touched with
cotton)

0or1* | Corneal reflex (eye blink when cornea is lightly touched with cotton)

Oor1* | Startle reflex (motor response to a brief noise from snapping a
clipboard paper)

0or1* | Seizure, myoclonus, myodystony

*Score value of 1 was given for the inability to perform a test, or for the lack of a tested
reflex, or for abnormal movement as described by Chen et al [26].

Modeling methods

The ICH model of the right striatum of rats was established
by using the collagenase-induced ICH model reported by
Rosenberg et al.
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Anesthesia of animals

The rats were first induced with isoflurane at 4%
concentration, the head surgical site was shaved and the
surgical area was disinfected with iodophor, then the rats
were fixed on a stereoscope, and the anesthesia was
maintained with isoflurane at 2% + 1% concentration for
modeling surgery.

Modeling operation procedure

The skin was cut 1.0 cm at the median sagittal position of the
head, and the periosteum was cut to the skin to reveal. Then a
sterile cotton swab dipped in 3% hydrogen peroxide was used to
corrode the outer mold of the skull, exposing the coronal suture
and the fontanel. According to the brain atlas, the position of the
right striatum was 3 mm beside the bregma, 0.2 mm behind it,
and 5.6 mm deep. At the location, drill a small round hole with a
dental drill to reach the surface of the hard membrane. Type VII
collagenase was extracted with a microsyringe of 0.5 U/pL, and
the microsyringe was fixed on the stereoscope, the needle was
vertically inserted into the subdural 5.6 mm along the drilling
hole, and the collagenase was slowly pushed into the brain for
about 2 min, and the needle was slowly withdrawn to the
extracranial for about 2 min after the needle was stopped.
Finally, the bone holes were closed with bone wax, and the
scalp was sutured and disinfected with iodophor.

Model identification and enrollment criteria

Neurological score (NS) was performed at different time points
after rats were awake, as shown in Table 1. In this study, the 18-point
Neurological score (NS) system was used 24 h after modeling, and
animals with moderate and severe neurological impairment ranging
from 7 to 14 points were selected into the group.

The successful establishment of a
hemorrhagic stroke model in SD rats was
evaluated using MRI

SD rats underwent cranial scanning using a 3.0T S magnetic
resonance imaging (MRI) device to assess the hemorrhage status
in a model of hemorrhagic stroke. Prior to MRI scanning, the rats
were anesthetized via intraperitoneal injection of Sufentanil
citrate (Sufentanil) at a dosage of 0.1 mL per 100 g of body
weight, ensuring the animals remained sedated and pain-free
during the scanning process. The scanning sequence employed
was T2-weighted imaging, with a slice thickness of 1 mm. This
sequence is particularly sensitive to changes in water content
within brain tissue, and acute cerebral hemorrhage areas will
appear as hypointense regions. This feature facilitates clear
identification of brain edema and hemorrhage areas caused by
hemorrhagic stroke, thereby confirming the successful
establishment of the cerebral hemorrhage model.
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Amplified culture of AD-MSCs

AD-MSCs were isolated from rats as follows: Approximately
2 g adipose tissue was harvested from the lateral hypogastric
region of rat by aseptic surgery. AD-MSCs were isolated
following a procedure described previously [27, 28]. Briefly,
the adipose tissue was treated with collagenase type I (Life
Technologies, Grand Island, NY, United States), and then
cultured in a-MEM (Gibco, United States, 41061-029) with
10% FBS (Gibco, United States, 12664025) for 1 day in a T-25
flask (Thermo Fisher, Carlsbad, CA, United States). Floating cells
were removed the next day by replacing the medium. Verification
of isolated AD-MSCs was performed using antibodies against
CD90-BV786, CD105-PE, CD44-PE-CF5%94, CD29-APC, CD73-
BV421, CD14-FITC, CD34-FITC, CD45-FITC, CD31-FITC and
HLA-FITC. The isolated AD-MSCs did not express CD14, CD31,
CD34, CD45 and HLA. Surface type analysis of the AD-MSCs
was performed using a FACSelesta flow cytometer (BD,
Germany). The isolated AD-MSCs were propagated for
3 generations within 14 days, and the propagated AD-MSCs
were cryopreserved until the use.

Cell differentiation

The induced differentiation of AD-MSCs was performed by
culturing the AD-MSCs in conditioned induction medium
(Cyagen, US). The osteogenic differentiation of AD-MSCs was
observed by alizarin red staining. Adipogenic differentiation of
AD-MSCs was observed by oil Red O staining. The chondrogenic

differentiation of AD-MSCs was observed by Alcian
blue staining.
Fluorescent labeling of AD-MSCs
by PKH26
AD-MSCs  were fluorescently labeled using the

PKH26 reagent according to the provided instructions.
Reagents were prepared, including 1% human albumin
normal saline, complete medium, and PKH26 working liquid
(prepared to avoid light and used immediately). AD-MSCs were
centrifuged, cleaned, and resuspended in normal saline for
sampling and counting. The PKH26 working fluid was
prepared according to cell count results, and cells were
labeled, stained at room temperature for 5 min with gentle
mixing, and then centrifuged. After staining cessation with
FBS, AD-MSCs were cleaned, resuspended, passed through a
70 pm cell screen, and centrifuged again. The AD-MSCs
concentration was adjusted to 5 x 10° cells/mL using human
blood albumin and normal saline, and the cell preparation was
stored at 2-8°C for later use. AD-MSCs from 1-month-old and
12-month-old SD rats were prepared similarly for treatment.
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Cell viability assay

LIVE/DEADTM cell imaging kit (Cat No. R37601, Thermo
Fisher Scientific, United States) and NucBlueTM live cell stain
(Cat No. R37605, Thermo Fisher Scientific, United States) were
prepared and added into the medium of AD-MSCs as per
manufacturer reference. The cells were then incubated at
room temperature for 20 min in darkness. After incubation,
the cells were imaged by Nikon Al laser confocal microscope
(Nikon, Japan).

Caudal venous transfusion of AD-MSCs

The SD rats in the treatment group were treated with AD-
MSCs 24 h after intracranial hemorrhage modeling. After the
SD rats were fixed with a rat fixation device, the tail vein was
disinfected with alcohol, and 5 x 10° cells/mL of AD-MSCs
were slowly injected into the rats through the tail vein at a
dose of 1 x 107 cells/kg. The injection time is controlled at
1-2 min. During the treatment of ICH rats, AD-MSCs derived
from young rats and aged rats were administered at
identical doses.

Neural function score

Neurological function scores were performed 24 h after
modeling before treatment, 7, 14, 21 and 28 days after
treatment. The neural function scores were mainly from
the following four aspects listed in Table 1 [29]: 1. Motor
function (6 points): lifting the rat tail and observing the flexion
of the contralateral forelimb; The rats were placed on the floor
and observed to walk. 2. Sensation test (2 points): mainly deep
sense. 3. Balance beam test (6 points): mainly observe the
balance of rats after cerebral ischemia, so as to judge the
degree of neurological dysfunction. 4. Reflex (4 points):
including auricle, cornea, fright, convulsive reflex, etc. 0 is
normal, 18 is the most serious. A score of 1-6 indicates mild
damage; 7-12 points indicate moderate damage; A score of
13-18 indicates serious damage.

Euthanasia of rats using carbon dioxide

Rats were euthanized using carbon dioxide. The rats are
placed in a transparent, airtight anesthetic chamber, and the
valve of the carbon dioxide tank is slowly opened to fill the
chamber with carbon dioxide at a flow rate of 10%-30% of the
container’s volume per minute for 3-5 min. The rats will
initially exhibit agitation, followed by gradual anesthesia,
collapse, and cessation of breathing. After stopping the gas
supply, the rats are observed for an additional 2-3 min to

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2025.10611

Hou et al.

confirm death by palpating the chest for a heartbeat and
observing for the absence of respiration. Immediately after
confirming the animals’ death, they are dissected for tissue
collection.

Immunohistochemistry/
immunofluorescence staining

HE and immunohistochemical tests were performed 28 days
after treatment to evaluate the therapeutic effect of allogeneic
young and old AD-MSCs. The collected rat brain tissue was fixed
with 4% paraformaldehyde, embedded in paraffin by the usual
method, sliced to a thickness of 4 pm, stained with HE and
Masson according to the manufacturer’s instructions. All
sections were histologically analyzed and photographed with
an optical microscope.

The homing of AD-MSCs at brain injury sites was observed
by immunofluorescence (PKH26) detection at 24 h,48 hand 72 h
after AD-MSCs treatment.

Rat derived AD-MSCs and brain tissue
single cell RNA-seq library generation and
sequencing

The brain tissue of the infarct margin area was collected
from rat with a scalpel (or surgical scissors). Under sterile
conditions, wash twice with pre-cooled RPMI 1640 + 0.04%
BSA medium. The tissue was fully cut into small pieces of
about 0.5 mm® with surgical scissors and put into freshly
prepared solution

composition,

enzymatic  solution  (enzymatic
brand), and digested by

enzymatic digestion in a constant temperature incubator at

concentration,

37°C for 30-60 min (references), and mixed inversely every
5-10 min. The digested cell suspension was filtered by BD
40 um cell screen for 1-2 times, centrifuged at 4°C and 300 g
for 5 min. After the precipitation was suspended with
appropriate medium, the same volume of red blood cell
lysate (MACS, No. 130-094-183) was added, mixed, left for
10 min at 4°C, cell suspension 300 g centrifuged for 5 min, and
the supernatant was discarded. The precipitation was washed
in the medium once, centrifuged at 300 g for 5 min, and the
supernatant was discarded. The cell precipitation was
suspended in the medium of 100 pL, and the cell
concentration and viability were calculated by Luna
cell counter.

The freshly prepared single-cell suspension was adjusted to
700-1,200 cell/uL according to the 10 x Genomics Chromium
Next GEM Single Cell 3" Reagent Kits v3.1 (No. 1000268)
Operation manual for computer and library construction. The
constructed library was sequenced using Illumina Nova
6000 PE150 platform.
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Single cell RNA-seq data pre-processing
and quality control

Single-cell RNA sequencing data generated using the 10x
Genomics platform was processed with Cell Ranger version 8.0.0
(10x Genomics). Raw sequencing reads were aligned to the rat
reference genome and assigned to individual cells of origin
according to the cell-specific barcodes using the Cell Ranger
pipeline (10x Genomics). The rat genome used in this analysis
was obtained from the NCBI database, specifically version GCF_
015227675.2. The output gene expression matrix was then
imported into the Seurat (v4.3.0) R package for downstream
analysis. SoupX R package (v1.6.2) was employed to removes
ambient RNA contamination from droplet-based single-cell
RNA sequencing data. DoubletFinder R package (v2.0.4) was
employed to identify the poorly dissociated doublets in the
single-cell suspension preparation process. Low-quality cells
(<200 genes/cell and >10%
excluded. Low-quality genes detected in less three cells were

mitochondrial genes) were
excluded. Gene expression levels for each cell were normalized by
total expression, multiplied by a scale factor (10,000), and log-
transformed. Top 2000 highly variable features (HVGs) in a
sample were identified by “FindVariableFeatures” Seurat
function. Brain samples and AD-MSCs samples were merged
respectively, and variable features per sample were merged
correspondingly. Gene expression data was scaled according
to UMI number using the “ScaleData” Seurat function,
meanwhile, nUMI and percent.mito were regressed out,
ensuring that each gene’s expression is centered and scaled to
facilitate downstream dimensionality reduction and clustering
analyses. We reduced the dimensionality of the data by
performing the principal component analysis (PCA) on
HVGs. Harmony R package (v0.1.1) was used to remove
batch effect. To display data, the Unsupervised Uniform
Manifold Approximation and Projection (UMAP) was applied
to cell loadings of selected PCs. The “FindClusters” Seurat
function was employed to identify distinct cell clusters based
on gene expression patterns, using a shared nearest neighbor
(SNN) modularity optimization algorithm to group cells with
similar profiles. To identify differentially expressed genes
between two clusters, we used the “find.markers” Seurat
function with logfc. threshold = 0.25 and test. use = “wilcox”.

Subcluster identification steps was same to the above cluster
identification steps.

Celltype indentification

For brain samples, we divided cells into 31 clusters using the
“FindClusters” Seurat function in with resolution 0.6. We
identified 18 cell types including two unknown populations.
The identified cell types are: Astrocytes (Gfap, Aqp4, Rorb),
(Tmeml119,  P2ryl2, Cx3cr, Sall),

Microglial ~ cells
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Oligodendrocytes (Mbp, Plpl, Mog, Oligl, Olig2), Neurons
(Grial, Sytl), OPCs (Vcan, Pdgfra, Sox10), Neuroblasts
(Cend2, Dcx, Sox4, Soxll, Stmn2), T cells (Cd3e, Cd3g),
Monocytes (Cd74, Plac8, Ccr2), Macrophages (Cd14, Cdeés,
Lyz2, Gpnmb), Myeloid derived cells (Lilrb4), Neutrophils
(S10029, S100a8), Endothelial cells (Vwf, Pecaml), SMCs
(Myhl1, Acta2), Pericytes (Pdgfrb, Vtn, Cspg4), Fibroblasts
(Collal, Colla2, Col3al), Epithelial cells (KI, Folrl, Sostdcl),
Ependymal cells (Ccdc153, Tmem212, Dnahl11), Cycling cells
(Top2a, Mki67).

Enrichment analysis

Enriched KEGG terms of marker genes were identified using
the enrichKEGG function from the clusterProfiler package
(v4.6.0), with gene annotations provided by the org.Rn.eg.db
database in the org.Rn.eg.db R package (v3.16.0).

Statistical analysis

Data were obtained from three separate experiments and
expressed as means * standard error of the mean (SEM). A single
factor design was applied to this study. After a significant
interaction was detected by the analysis of variance (SPSS),
the significance of the main effects was further determined by
T-test (2 groups) and Kruskal-Wallis test (3 groups). The Mann-
Whitney U test (Bonferroni correction) was used for post hoc
statistical testing. The level of significance was considered
when P < 0.05.

Results

AD-MSCs significantly promote the repair
of damaged brain tissues in ICH rats

The rat model of ICH was established by intraventricular
injection of collagenase (Figure 1A), the result of nuclear
magnetic test 24 h after operation showed that the mold was
made successfully (Supplementary Figure S1). The neural
function score indicated a significant loss of neural function
in the rats following ICH modeling, which gradually recovered to
a certain extent during the subsequent 28-day observation period
(ICH group: n = 6). Compared to the ICH group, rats treated
with AD-MSCs exhibited more pronounced recovery of neural
function (Figure 1B). (AD-MSCs group: n = 5). The gross
observation results of brain tissue sampling showed that there
were significant defects in the rat brain tissue after ICH modeling,
and AD-MSCs treatment significantly limited the expansion of
the damage (Figure 1C). Further histopathological results
showed that, compared with the ICH group, AD-MSCs
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treatment significantly reduced collagen formation and
apoptosis in the injured brain tissue, and significantly
increased the formation of blood vessels (Figure 1D). These
results showed that the treatment of AD-MSCs significantly
promote the repair of damaged brain tissue and recover the
nerve function. Next, we analyzed the effects of AD-MSCs by

single-cell sequencing.

AD-MSCs promote the damaged brain
tissues repair by increasing and activating
the resident microglia

After 3 days of AD-MSCs treatment, brain tissues were
sampled and sequenced by 10xGenomics. The brain tissue
cells were divided into 18 subgroups by unsupervised
clustering. The classification of each cell subgroup was
identified by characteristic markers (Supplementary Figure
52), and the results were shown in Figure 2A. Compared with
the ICH group, AD-MSCs treatment significantly reduced the
proportion of fibroblasts and moderately increased the
proportion of endothelial cells as well as the proportion of
neuronal cells (Figure 2B).

In terms of the effect on immune cells, AD-MSCs
the

macrophage cells. However, compared with the ICH group,

significantly reduced invasion of mononuclear/
AD-MSCs did not affect the transformation of macrophage
subgroups (Figure 2C). In addition, AD-MSCs significantly
increased the proportion of microglia (Figure 2B). It is
generally believed that the increase of microglia leads to
increased brain tissue damage. Therefore, we conducted an
in-depth analysis of the increase of microglia induced by AD-
MSCs. Unsupervised cluster analysis showed that microglia
could be divided into three subgroups (Figure 2D). In order to
explore the function of these three subgroups, we first detected
the expression of microglia cells homeostasis genes Tmem119,
P2ryl2, Csflr, Cx3crl and Hexb in each subpopulation. The
results showed that these genes were highly expressed in
subpopulations 0 (Figure 3A), which constituted 70% of the
total microglia population in the control group (Figure 2E).
Therefore, we determined that subgroup 0 was a resting
microglia. We further analyzed subpopulations 1 and 2 of
microglia. It has been proved that there are active microglia
with anti-inflammatory and pro-inflammatory phenotypes in
injured brain tissue [30]. Therefore, we examined the
expression of related genes in microglia cells subgroups
1 and 2. The results showed that the genes closely related
to proinflammation were highly expressed in subpopulation 2,
including Lgals3, Plau, Ankrd33b, Fam129b, Vatl, Ccl2, Ccl3,
Ccl4, Cxcl2 and Cxcl16, however, which were not expressed in
subpopulation 1 (Figure 3C). It suggested that subpopulation
1 and subpopulation 2 are two completely different activated
microglia cells.
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FIGURE 1

Intravenous infusion of allogeneic AD-MSCs significantly inhibited brain injury 24 h after ICH modeling. (a) Experimental procedure of treating
ICH rats with AD-MSC:s. (b) Neural function scores of rats at different time points after AD-MSCs treatment (ICH group: n = 6, AD-MSCs group: n = 5).
(c) General observation of brain tissue. * indicated significant difference compared with the control group (P < 0.05). Bar = 1 mm. @, @, ® represent
different experimental batches. (d) HE staining and immunohistochemical staining of brain tissue were performed. HE results indicated the
gross structural changes after brain tissue injury and AD-MSCs treatment. Masson test results indicated the degree of fibrosis in brain tissue. CD31 test
results indicate the formation of blood vessels in brain tissue. TUNEL test results indicate the apoptosis of neurons in brain tissue. Bar = 200 pm.

Studies have shown that when brain tissue injured, the
recruited monocytes can also transform into microglia, which
mainly play a pro-inflammatory role [31]. Therefore, we detected
the expression of the Salll and Adgrel, which are characteristic
microglia-resident gene, in subgroup 1 and subgroup 2. The
results showed that Salll and Adgrel, which were specifically
expressed only in resident microglia, were only highly expressed
in subgroup 1 (Figure 3A). Thus, the proinflammatory
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phenotype of subgroup 2 may be derived from the
transformation of bone marrow-derived monocyte, while the
anti-inflammatory subgroup 1 is derived from resident microglia.
We further examined the proportion of 3 microglia subgroups in
each rat group. The results showed that brain injury significantly
increased the proportion of activated microglia, including the
conversion of recruited monocytes into microglia. The treatment
with AD-MSCs significantly increased the overall ratio of
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Single cell transcriptome sequencing and analysis of brain tissue. (a) The analysis of brain tissue cells based on unsupervised clustering showed

that brain tissue cells could be divided into 18 categories. (b) The classification of each cell subgroup was identified by characteristic markers. (c)
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microglia in brain tissue. Moreover, the increase in activated
microglia was primarily derived from resident microglia and
displayed an anti-inflammatory phenotype (Figure 3B). The
signaling pathway enrichment of the up-regulated genes in
microglia was further analyzed. The results demonstrated that
AD-MSCs treatment significantly enhanced the expression of
associated with cellular

microglial ~signaling pathways

proliferation, immune response, and neuroprotection
compared to the ICH group (Figure 3D). Therefore, changes
in the proportion and subgroups of microglia may be the root

cause of AD-MSCs limiting brain tissue damage.

Csfl™ AD-MSCs are the key to the
regulation of microglia

We administered various qualities of AD-MSCs to ICH rats

in order to investigate the mechanism of action of AD-MSCs in
promoting damaged brain tissue repair through microglia
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regulation. AD-MSCs obtained from 1-month-old rats
(termed young AD-MSCs) and 12-month-old rats (termed old
AD-MSCs) were expanded and cultured in vitro, followed by
single-cell transcriptome sequencing analysis. The results
showed that despite the identical viability, surface markers
and capacity for differentiation into osteoblasts, lipoblasts, and
chondroblasts between young AD-MSCs and old-AD-MSCs
4A-C; $3),
disparities were observed at the transcriptome level. AD-MSCs

(Figures Supplementary  Figure significant
were divided into two subgroups, and the proportion of subgroup
1 of young AD-MSCs was significantly higher than that of old
AD-MSCs (Figures 4D,E). We examined the expression of genes
related to microglia proliferation, homeostasis maintenance and
chemotaxis in different subgroups of AD-MSCs. The results
showed that there was no significant difference in the
expression of 1134, Ccl2, Tnfaip6 and Cx3cll between the two
AD-MSCs subgroups, while Csfl was highly expressed in
subgroup 1 of AD-MSCs (Figure 4F), which suggests that the

expression of Csfl in young AD-MSCs is significantly higher
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group. (c) Expression of genes associated with inflammation and anti-inflammatory in various subpopulations of microglia. (d) Signaling
pathway enrichment analysis of genes that cause microglial hyperexpression after AD-MSCs treatment compared with ICH group.

than that in Old AD-MSCs. Since Csfl1 plays an important role in
promoting the proliferation of microglia, we treated ICH rats
with these two types of cells respectively to observe their effects
on microglia and the therapeutic effect on injured brain tissue.

Young AD-MSCs and old AD-MSCs were injected through
the caudal vein 24 h after ICH modeling. Single cell sequencing of
rat brain tissue showed that young AD-MSCs significantly
increased the number of microglia and inhibited the number
of monocyte-derived macrophages and fibroblasts compared
with ICH group. The promotion effect of old AD-MSCs on
microglia cells and the inhibition effect on monocyte-derived
macrophages were significantly weaker than that of young AD-
MSCs (Figure 4G). We further evaluated the therapeutic effects
of two types of AD-MSC. Neural function scores showed that
young AD-MSCs could significantly restore the neural function
of ICH rats, while old AD-MSCs had no therapeutic effect
(Figure 4H). The histopathological results showed that young
AD-MSCs significantly inhibited the expansion of injury, while
the brain injury of old AD-MSCs was consistent with that of the
ICH group, and had no therapeutic effect (Figure 4]). Homing of
AD-MSCs is an important factor in determining the therapeutic
effect of AD-Mscs. We used PKH26-labeled AD-MSCs to
perform reinfusion at 24 h after ICH modeling, and the
homing of cells in brain tissue was simplified at 24 h and
48 h after reinfusion. The results showed that there was no
significant difference in homing ability between young AD-MSCs
and old AD-MSCs (Figure 41).

Discussion

In this study, we utilized an ICH rat model to investigate the
mechanism of action of AD-MSCs in the treatment of stroke.
Our results demonstrate that AD-MSCs exert their therapeutic
effects by regulating the number and phenotype of resident
microglia, thereby promote the repair of damaged brain tissues.

As resident macrophage cells, microglia are the principal
immune cells of the brain, and the first to respond to the
pathophysiological Previous
research has suggested that microglia activation leads to

changes induced by stroke.
exacerbated neural tissue damage. In this study, however, we
observed that AD-MSCs facilitate the proliferation and activation
of microglia, thereby mitigating brain tissue damage. Following
brain tissue injury, monocytes are recruited to the injured site
and contribute to the inflammatory response. It has been
demonstrated that monocytes can differentiate into microglia-
like cells, predominantly expressing pro-inflammatory cytokines

Experimental Biology and Medicine

103

that exacerbate neural impairment. In this study, microglia in
injured brain tissue transition from a quiescent to an activated
state, and nearly 50% of activated microglia are derived from
monocytes. AD-MSCs significantly inhibit the infiltration of
monocytes. More importantly, AD-MSCs treatment notably
increases the proportion of innately developed resident
microglia while inhibiting the transformation of recruited
monocytes into microglia. This increase in the proportion of
resident microglia, along with an increase in anti-inflammatory
phenotypes, is closely associated with the therapeutic effect of
AD-MSCs in inhibiting brain tissue damage. When AD-MSCs
derived from 12-month-old rats were used for treatment, they
were ineffective in increasing microglia numbers and
the of
macrophages, resulting in poor therapeutic outcomes.

inhibiting number recruited  monocytes/
Therefore, increasing the number of innately developed
resident microglia in brain tissue after injury may be an
important direction, the underlying molecular mechanisms
need further elaboration. Additionally, the correlation
between AD-MSCs increasing the number of resident
microglia and inhibiting the infiltration of monocyte-
derived macrophages remains unclear, and the relevant
molecular mechanisms should be investigated in future work.

The heterogeneity of in vitro cultured MSCs may
significantly contribute to the inconsistent clinical therapeutic
[32, 33]. This
heterogeneity refers to the variations in morphology, protein

outcomes observed in stroke treatment
expression, transcriptome expression, staining characteristics,
ultrastructure, and function among individual cells within
primary MSC cultures. These variations are influenced by
factors such as donor age and health status, tissue type, tissue
microenvironment, and in vitro culturing techniques [34]. As a
result, primary MSC cultures contain multiple cell subgroups
with distinct functions. Studies have demonstrated that these
different cell subgroups exhibit unique biological functions [35,
36]. Therefore, identifying functional subgroups of MSCs is
crucial for the development of effective stroke treatments. In
this study, single-cell transcriptome sequencing revealed distinct
cell subpopulations in AD-MSCs derived from 1-month-old and
12-month-old rats. Compared to AD-MSCs from older rats,
those from younger rats had a higher proportion of the
Csfl subpopulation, which is closely associated with microglial
cell proliferation. In vivo studies showed that AD-MSCs from 1-
month-old rats significantly promoted an increase in resident
microglia cell within injured brain tissue and facilitated nerve
function recovery. Consequently, enhancing the proportion of
AD-MSCs expressing high levels of Csfl may be pivotal in

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2025.10611

Hou et al. 10.3389/ebm.2025.10611

C Y M Young AD-MSCs O Old AD-MSCs
~ 110
5 100+
e
‘@ 90
@
g 304
E 704
5 60
-E 504
g 40
E 304
£ 204
2 104
=
T 0 -
®) _104CD29 CD44 CD73 CD90 CD105 CD14 CD31 CD34 CD45 HLA
d ¢ -~ f L Csfl - 1134
X 100
<
w
» 3 &
Q E S
wn 5 75
= 2
1 H
% w3 Cluster UMAR_1
@ 50 Ho
Y
S = LK Cx3ell
2 a
= = e s 03
e S 25 £ oo 2 02
B0 = ff 1 01
= 2 & o & 00
= = S A &
w ) = ¥ =
2 o0 DL DL
£ Young old UMAP_1 UMAP_1
A AD-MSCs  AD-MSCs
g W ICH h old
;\? ¥ Young AD-MSCs
% WOld AD-MSCs ¢ICH
S 100 — © Young AD-MSCs
2 I 2581007  $01d AD-MSCs
H s
3 o *
8 75 §°é 75 *
% 23
=l
5 50 =2 50
E =1
s EE
5 25 EQ‘ 25
£ s <
B £
2 EE
g0 " zZE 0
£ icroglial cells phag i L Day0 Day7 Dayl4 Day2l Day28

DAPI PKH26

Qo o

(%) 14
ICH E-E =
58
§.§ 10
S5 s
Yong ’é% 6 /
AD-MSCs | -+
Eg 4
D A %
ES 2
o | . BN
AD-MSCs | ICH Young AD-MSCs 0Old AD-MSCs
FIGURE 4

Therapeutic effect of Young AD-MSCs and Old AD-MSCs on ICH rats and analysis of key cell subgroups. (a) Cell morphology of Young AD-
MSCs and Old AD-MSCs expanded in vitro. Bar = 200 pm. (b) Induction differentiation of Young AD-MSCs and Old AD-MSCs into osteoblasts,
lipoblasts and chondroblasts. Bar = 100 um. (c) Surface marker detection of Young AD-MSCs and Old AD-MSCs by flow cytometry. (d, e)
Subpopulation analysis of Young AD-MSCs and Old AD-MSCs was performed based on single-cell transcriptome sequencing. (f) Expression of
genes closely related to microglia proliferation, chemotaxis and phenotypic transformation in AD-MSCs subgroups. (g) Effects of Young AD-MSCs
and Old AD-MSCs on the proportion of immune-associated cells and fibroblasts in brain tissue. (h) Neural function scores of Young AD-MSCs and
Old AD-MSCs treated rats (n = 4 for each group). (i) Homing detection of PKH26-labeled Young AD-MSCs and Old AD-MSCs in damaged brain tissue
of rats. (j) General observation of brain tissue (n = 4 for each group). Bar = 1 mm * indicated significant difference compared with the control group
(P < 0.05). (n = 3 for each group) ®, @, ® represent different experimental batches.

Published by Frontiers
Experimental Biology and Medicine Society for Experimental Biology and Medicine

104


https://doi.org/10.3389/ebm.2025.10611

Hou et al.

ensuring the therapeutic efficacy of stroke treatment products
during their development.

This study has several limitations. Specifically, we only
investigated the effects of AD-MSC transfusions administered
24 h after the induction of ICH modeling. It remains unclear
whether treatments administered at different time points
following modeling (e.g., 3, 7, or 21 days post-injury) would
exhibit comparable therapeutic efficacy and operate through
similar mechanisms. Furthermore, the precise mechanisms
underlying the homing of MSCs to injured tissue and their
subsequent promotion of resident microglia proliferation
following injury warrant further investigation.

Conclusion

This study investigated the interaction between AD-MSCs and
microglia in ICH models, as well as their therapeutic impact on
damaged brain tissue. Our findings revealed that intravenously
injected allogeneic AD-MSCs inhibited the infiltration of
recruited monocytes by stimulating an increase in resident
microglia and promoting an anti-inflammatory phenotype
transformation within injured brain tissue, thereby promote the
repair of damaged tissues. A subgroup of AD-MSCs expressing
Csfl emerged as a crucial functional component in stroke treatment.
Future research will focus on elucidating the mechanisms
underlying the enhancement of resident microglia by AD-MSCs
and its subsequent influence on the damage repair process.
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A Corrigendum on
A double-edged effect of hypoxia on astrocyte-derived
exosome releases

by Tseng YJ, Huang H-J, Lin C-H and Lin AM-Y (2025). Exp. Biol. Med. 250:10559. doi: 10.3389/
ebm.2025.10559

In the original article, there was a mistake in Figure 6 as published. The error was due
to the inadvertent insertion of an incorrect version of the figure during the final
submission process. Specifically, the published figure mistakenly displayed HO-1 (A,
B) and GPX4 (C, D), instead of the correct picture, which should show GPX4 (A, B) and
active-caspase 3 (C, D), as measured by Western blot assay. The corrected Figure 6
appears below.

The authors apologize for this error and state that this does not change the scientific
conclusions of the article in any way. The original article has been updated.
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FIGURE 6

Differential effects of 2H/6R exosomes and 12H/24R exosomes on hemin-induced programmed cell death in primary cultured cortical
neurons. (A,C) Primary cultured cortical neurons were treated with hemin (30 puM) plus 2H/6R exosomes obtained from 1 x 10° CTX-TNA2 cells (as
1 fold) for 16 h (B,D) Primary cultured cortical neurons were treated with hemin (30 pM) plus 12H/24R exosomes (1 fold and 3 folds) for 16 h. Western
blot assay was employed to measure GPX4 (A,B) and active-caspase 3 (C,D). Each lane contained 30 pg protein for all experiments. Graphs
show statistic results from relative optical density of bands on the blots. Values are the mean + S.E.M. (n = 3/each group). *, p < 0.05 statistically
significant in the hemin groups compared with the control groups; #, P < 0.05 in hemin plus exosomes compared with hemin alone by one-way
ANOVA followed by the LSD test as post hoc method.
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