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Abstract

Background/Objective: An obesogenic diet triggers intestinal inflammation and oxida-
tive stress, leading to epithelial barrier dysfunction and increased risk of metabolic disor-
ders. This study investigated the mechanisms by which quercetin protects intestinal in-
tegrity in high-fat diet (HFD)-fed mice. Methods: Mice were fed an HFD or a low-fat diet
(LFD) with or without 1% quercetin, intestinal gene and protein expression, microRNA
levels, permeability, and circulating intestinal biomarkers were assessed. Results: Mice
fed an HFD with quercetin (HFDQ) showed a 17% improvement in intestinal barrier in-
tegrity with increased expression of tight junction and mucin genes and proteins. The nu-
clear translocation of the nuclear factor-xB (NF-kB) p65 subunit in the ileum decreased by
34%, whereas its acetylation was reduced by 50-57% throughout the intestine, with down-
regulation of NF-kB-regulated pro-inflammatory genes and proteins. Quercetin increased
the nuclear factor erythroid 2-related factor 2 (NRF2) by ~ 25% across intestinal segments
and upregulated antioxidant enzyme genes. It suppressed toll-like receptor 4 (TLR4) by
50% and restored AMP-activated protein kinase (AMPK) and sirtuin 1 to levels compara-
ble to those in LFD mice. Altered microRNAs (miRNA-16, 200b, 122, 34a, and 21) sup-
ported these molecular changes. Quercetin also restored short-chain fatty acid receptors
and serotonin transporters that were affected by HFD. Plasma lipopolysaccharide (LPS),
cluster of differentiation 14, LPS-binding protein, and myeloperoxidase activity decreased
by 36, 31, 42, and 37%, while glucagon-like peptide-1 increased by 23%. Conclusions:
Quercetin protects epithelial barrier integrity against HFD-induced intestinal inflamma-
tion and oxidative stress via the AMPK-mediated NF-kB and NRF2 signaling pathways.
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1. Introduction

The intestinal epithelium serves as a critical interface between the host and the lu-
minal environment by permitting the absorption of nutrients while restricting the passage
of harmful substances, including proinflammatory compounds such as lipopolysaccha-
ride (LPS) [1,2]. Maintenance of epithelial barrier integrity depends largely on tight junc-
tions (TJs), which are multiprotein complexes located at the apical membrane between
neighboring epithelial cells. TJs consist of transmembrane proteins, including occludin
(OCLN) and claudins (CLDNS), linked to scaffold proteins such as zonula occludens 1
(ZO1), which together control paracellular permeability and prevent the passage of lu-
minal microorganisms and toxins into underlying tissues [3]. Therefore, interventions that
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attenuate intestinal inflammation and preserve tight junction integrity may help maintain
epithelial barrier function.

Dietary polyphenols exert protective effects on intestinal barrier function through
antioxidant and anti-inflammatory properties [4]. Quercetin, commonly found in various
fruits and vegetables but also abundant in onion peel, a byproduct of onion exhibited
strong antioxidant and anti-inflammatory effects. Quercetin alleviated LPS—or chemi-
cally induced intestinal inflammation by activating nuclear factor erythroid 2-related fac-
tor 2 (NRF2)/heme oxygenase 1 (HOL1) signaling and suppressing nuclear factor-«B (NF-
kB)-mediated cytokine expression [5,6]. These effects are associated with the restoration
of intestinal morphology and increased expression of TJ proteins such as ZO1, OCLN, and
CLDNI1 [5,6]. Previously, we also reported that quercetin and onion peel extract prevented
LPS-induced TJ disruption by increasing ZO1, OCLN, CLDN1, and CLDN#4 expression in
Caco-2/HT-29 cells through the activation of AMP-activated protein kinase (AMPK) and
inhibition of NF-kB via the AMPK-silent mating type information regulation 2 homolog
1 (SIRT1) signaling pathway [7]. However, the roles of microRNAs (miRNAs), gut-de-
rived hormones, and microbial metabolites in quercetin-mediated intestinal protection re-
main incompletely understood. Gut hormones, including glucagon-like peptide 1 (GLP1),
GLP2, peptide YY, and serotonin (5-hydroxytryptamine, 5-HT), are essential for epithelial
repair, barrier maintenance, and mucosal immune defense. Quercetin improved gut mi-
crobiota composition and modulated microbial metabolites such as short-chain fatty acids
(SCFAs) in diet-induced obese mice [8]. Therefore, the present study aims to elucidate the
mechanisms by which quercetin preserves epithelial barrier function by attenuating intes-
tinal inflammation and oxidative stress in vivo, with a particular focus on miRNA regula-
tion and the assessment of gut-derived hormonal and metabolite receptors to explore their
potential associations with barrier function improvement.

2. Materials and Methods
2.1. Animals and Diets

Four-week-old male C57BL/6 mice were obtained from Charles River Laboratories
(Durham, NC, USA). Quercetin (Purity is 295%, cat# Q4951) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). The quercetin-supplemented diets were prepared by thor-
oughly mixing quercetin powder into a low-fat diet (LFD, 10% kcals from fat) and a high-
fat diet (HFD, 60% kcals from fat) at a concentration of 1% by weight (10 g quercetin per
kg diet) (TestDiet, Richmond, IN, USA). After one week of acclimation (21 +1 °C, 55% +
5% humidity, and a 12 h light/dark cycle), mice were divided into four groups and fed a
LFD (n =9), LFD supplemented with 1% quercetin (LFDQ) (n =9), HFD (n =9), and HFD
supplemented with 1% quercetin (HFDQ) (n = 9) [8]. The diet was provided to mice in
solid-pellet form ad libitum throughout the study. Body weight and food consumption
were monitored weekly throughout the 12-week intervention. At the end of the study,
mice were fasted for 16 h and euthanized by CO: inhalation. Blood was subsequently col-
lected by cardiac puncture using syringes containing 250 mM EDTA. Following the col-
lection, the samples were centrifuged at 12,000x g for 10 min at 4 °C to separate the plasma.
The plasma was then stored at —80 °C for further use. The duodenum (DUE), jejunum
(JEJU), and ileum (ILE) of the intestine were separated, snap-frozen, and stored in liquid
nitrogen. Animal handling and anesthesia protocols were approved by the Institutional
Animal Care and Use Committee of North Carolina A&T State University (LA20-005).
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2.2. Intestinal Permeability Assay

Intestinal permeability was assessed using a fluorescein isothiocyanate (FITC)-dex-
tran [9]. Mice were deprived of food for 6 h and orally gavaged with (FITC)-dextran (4
kDa, Sigma-Aldrich) dissolved in saline at a dose of 500 mg/kg body weight. After 4 h,
blood samples were collected via submandibular bleeding and centrifuged at 1200x g for
3 min at 4 °C to obtain plasma. Plasma samples were diluted with PBS (1:3 v/v), and the
FITC-dextran fluorescence was quantified using a SpectraMax M3 microplate reader (Mo-
lecular Devices, San Jose, CA, USA) with excitation and emission wavelengths at 485 nm
and 535 nm, respectively.

2.3. Biochemical Analysis

The plasma intestinal fatty-acid-binding protein (I-FABP, MBS035456), LPS
(MBS261094), peptide YY (MBS725360), LPS-binding protein (LBP, ab213876), cluster of
differentiation 14 (CD14, ab242236), myeloperoxidase (MPO, ab105136), and GLP1
(RAB0201) concentrations were determined using the enzyme-linked immunosorbent as-
say (ELISA) according to the manufacturer’s instructions (MyBioSource, Inc., San Diego,
CA, USA, Abcam, Waltham, MA, USA, and Sigma-Aldrich). Briefly, standards and
plasma samples (1 = 9 per diet group) were added to the antibody-coated microplate, fol-
lowed by a horseradish peroxidase (HRP)-conjugated detection reagent, and the plate was
incubated at 37 °C for the time specified by each kit. After washing, chromogenic sub-
strates were added, and the plate was incubated at 37 °C for the time required by each kit.
The reaction was terminated with stop solution, and the absorbance was measured at 415
nm for MPO and at 450 nm for I-FABP, LPS, LBP, CD14, and GLP1. To minimize potential
matrix-related interference, all ELISAs were performed according to validated manufacturer
protocols and under standardized conditions.

2.4. Quantitative Polymerase Chain Reaction (qPCR) Analysis

Total RNA was isolated from each intestinal segment using TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions [7]. To
synthesize cDNA, total RNA (1 pg) from each sample was mixed with oligo (dT) and wa-
ter, and then subjected to reverse transcription using the GoScript reverse transcription
system (Promega, Madison, WI, USA) in a SimpliAmp™ Thermal Cycler (Thermo Fisher
Scientific) [7]. A cDNA mix was added to the RNA solution, followed by cycling condi-
tions of 25 °C for 5 min, 42 °C for 60 min, and 70 °C for 15 min. Gene expression was
assessed using the FastStart Essential DNA SYBR Green Master Mix Kit, with a master
mixture prepared by combining primers and SYBR Green master mix (Roche Diagnostics,
Indianapolis, IN, USA), which was then added to a 96-well PCR plate along with cDNA
in each well. The PCR amplification was conducted with denaturation at 95 °C for 10 s,
annealing at 60 °C for 10 s, and extension at 72 °C for 10 s, for 40 cycles, in a Light Cycler 96
(Roche Diagnostics) [7]. Ribosomal protein L32 (Rpl32) was used as a housekeeping gene.

2.5. miRNA Analysis

The miRNAs directly targeting toll-like receptor 4 (TLR4), inhibitor of nuclear factor
kappa-B kinase subunit beta (IKKB), and tight junctions were identified using target pre-
diction tools (TargetScan and MiRDB) [10]. Total RNA was extracted, and cDNA was syn-
thesized using miRCURY LNA RT kit (Qiagen, Valencia, CA, USA). Briefly, 10 ng of total
RNA was combined with reverse transcriptase and 5x reaction buffer. The mixture was
incubated at 42 °C for 60 min, followed by 95 °C for 5 min, and then cooled to 4 °C. miRNA
expression levels were determined by qPCR using miRCURY LNA SYBR Green PCR kit
(Qiagen). Briefly, 3 uL of cDNA (diluted 1:30) was mixed with 5 uL of SYBR PCR Master
Mix, 1 uL of PCR primer mix, and 1 puL of water to achieve a total volume of 10 pL. The
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reaction mixture was incubated at 95 °C for 2 min, followed by 45 cycles of 95 °C for 10 s
and 56 °C for 60 s in a Light Cycler 96 (Roche Diagnostics). U6 small nuclear RNA (snRNA)
(Qiagen) was used as a reference gene.

2.6. Western Blot Analysis

Total proteins were extracted from each segment of the intestine using RIPA lysis
buffer. To determine NF-«B activation, cytoplasm and nuclear were isolated using a NE-
PER Nuclear and Cytoplasmic Extraction Reagent Kit (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. Western blot analysis was per-
formed as previously described [7]. Primary antibodies, pAMPK, AMPK, ZO1, CLDN1,
SIRT1, NF-xB p65, acetyl p65 (1:1000; Cell Signaling, Danvers, MA, USA) and 3-ACTIN
(1:3000; Sigma-Aldrich) were used. The HRP-conjugated secondary antibodies, sheep
anti-rabbit IgG (1:5000) for pAMPK, AMPK, ZO1, CLDN1, SIRT1, NF-«B p65, acetyl p65
(Novus Biology, Littleton, CO, USA) and goat anti-mouse IgG (1:5000) for 3-ACTIN
(Thermo Fisher Scientific) were used. The target proteins were detected using enhanced
chemiluminescence (Thermo Fisher Scientific) using the ChemiDoc XRS System (Bio-Rad,
Hercules, CA, USA). The density of each band was analyzed using the National Institutes
of Health Image] program (Version 1.54).

2.7. Statistical Analysis

The data were presented as mean * standard deviation (SD). All experiments were
performed in triplicate. Prior to statistical analysis, normality of the data distribution was
assessed using the Shapiro-Wilk test, and homogeneity of variance was evaluated using
Brown-Forsythe test (Prism 11.02, GraphPad Software, La Jolla, CA, USA). One-way
ANOVA with Tukey’s post hoc test (Prism 11.02, GraphPad Software) was used to ana-
lyze the difference between groups. p < 0.05 was considered significant.

3. Results

3.1. Effect of Quercetin on Inflammatory Biomarkers and Intestinal Hormones

HFD and HFDQ-fed mice did not show any body weight difference up to week 8,
but there was a significant decrease in the body weight of HFDQ-fed mice compared to
HFD-fed mice from week 9 to week 12 (p < 0.05). At week 12, HFDQ-fed mice showed a
10% decrease in body weight as compared to HFD-fed mice (Figure 1A). There was no
difference in the body weight of LFD- and LFDQ-fed mice. HFD-induced increases in
plasma LPS, LBP, and I-FABP levels, as well as serum CD14 levels, were decreased by 36%
(p <0.0001), 42% (p = 0.028), 17% (p = 0.007), and 31% (p = 0.013), respectively, with quer-
cetin supplementation (Figure 1B-E). Plasma MPO activity was reduced by 37% (p =0.005)
in HFDQ-fed mice, compared to HFD-fed mice (Figure 1F). In HFDQ-fed mice, plasma
GLP1 levels reduced by HFD were restored by 21%, and, interestingly, PYY levels were
not changed (Figure 1G,H)
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Figure 1. Effect of quercetin on body weight, inflammatory biomarkers and intestinal hormones. (A)
Body weight (One-way ANOVA followed by Tukey’s post hoc test was performed separately at
each time point to compare differences among the four experimental groups), Plasma (B) LPS, (C)
LBP, (D) I-FABP, (E) CD14, (F) MPO activity, (G) GLP1, and (H) PYY. Data are presented as mean
+ SD (n = 9/group). Groups not sharing a common letter are significantly different according to
Tukey’s post hoc test (p < 0.05).

3.2. Effect of Quercetin on Genes Related to Inflammation and Cellular Antioxidants
in the Intestine

To determine the effect of quercetin on intestinal inflammation, the expression of pro-
inflammatory genes was measured (Figure 2A-F). In LFD-fed mice, quercetin supplemen-
tation decreased cyclooxygenase-2 (Cox2) expression by 20-25% in the JEJU and ILE com-
pared to LFD-fed controls (Figure 2A). HFD feeding increased Cox2 expression by 73% in
the JEJU (p = 0.003) and 64% in the ILE (p = 0.02), but these increases were prevented by
quercetin supplementation. HFD feeding caused significant increases in interleukin 1 beta
(111b), 116, tumor necrosis factor alpha (Tnfa), and inducible nitric oxide synthase (In0s)
expression in the intestine compared to LFD-fed mice (Figure 2B-E). Quercetin supple-
mentation prevented HFD-induced 1110 and 116 expression by 69-100% across all intestinal
segments (Figure 2B,C). Moreover, Tnfa expression in the intestine of HFDQ-fed mice ex-
hibited the same expression levels as LFD-fed mice (Figure 2D). Although quercetin did
not change Inos expression in the ILE, Inos expression was decreased by 40% and 52% in
the DUE and JEJU (Figure 2E). As shown in Figure 2F, HFD feeding increased Mcp1 ex-
pression by 51%, with even greater induction in the JEJU and ILE. This rise was fully re-
stored to control levels in DUE and reduced by 53% and 33% in the JEJU and ILE. HFD-
fed mice showed a significant increase in MPO activity by approximately 368-596% across
intestinal segments, whereas quercetin supplementation reduced MPO activity by 42% (p
=0.0002), particularly in the ILE (Figure 2G). To determine the effect of quercetin on HFD-
induced oxidative stress in the intestine, the expression of genes involved in redox regu-
lation was measured (Figure 2H-L). Nrf2, a transcription factor of the primary pathway
to regulate cells” redox state, was elevated by 60% in the DUE and 34% in the JEJU of
LFDQ-fed mice compared to LFD-fed mice (Figure 2H). HFD feeding resulted in a 17-23%
reduction in Nrf2 expression in the JEJU and ILE. However, HFDQ-fed mice exhibited
greater Nrf2 expression across all intestinal segments than LFD-fed mice (Figure 2H).
Quercetin supplementation in LFD-fed mice upregulated the intestinal expression of cat-
alase (Cat), glutathione peroxidase 1 (Gpx1), superoxide dismutase 2 (Sod2), and Sod3
genes, which encode key antioxidant enzymes (Figure 2I-L). Cat and Gpx1 expression
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were reduced in the ILE of HFD-fed mice, whereas Sod2 and Sod3 genes were downregu-
lated across all intestinal segments and in the DUE and ILE, respectively. These reductions
in HFD-fed mice were fully restored to levels similar to or greater than those in LFD-fed
mice (Figure 2I-L).
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Figure 2. Effect of quercetin on genes related to inflammation and cellular antioxidant in the intes-
tine. (A) Cox2, (B) 1l1b, (C) Il6, (D) Tnfa, (E) Inos, (F) Mcp1, (G) MPO activity, (H) Nrf2, (I) Cat, (J)
Gpx1, (K) Sod2, and (L) Sod3. Data are presented as mean + SD (n = 9/group). Groups not sharing a

common letter are significantly different according to Tukey’s post hoc test (p < 0.05).

3.3. Effect of Quercetin on Intestinal Integrity, Short-Chain Fatty Acid Receptors, and
Serotonin Transporters

To determine the effect of quercetin on intestinal integrity, intestinal permeability
and genes related to tight junction and mucin production were examined. HFDQ-fed mice
exhibited a 17% decrease in FITC permeability compared to HFD-fed mice (Figure 3A). In
LFD-fed mice, quercetin supplementation upregulated tight junction genes, Zo1, Ocln,
and Cldn1 across all intestinal segments (Figure 3B-D). HFD feeding reduced the expres-
sion of Zol, Ocln, and Cldn1 in the JEJU and ILE, but this reduction was prevented by
quercetin supplementation. LFDQ-fed mice showed an increased Muc2 gene in the DUE
by 33%, while there was no change in the JEJU and ILE as compared with LFD-fed mice
(Figure 3E). Quercetin increased Muc6 gene by 24% in the DUE and 18% in the ILE of LFD-
fed mice (Figure 3F). HFD feeding decreased Muc2 and Mucé expression in the JEJU and
ILE, but quercetin protected against these reductions (HFD JEJU vs. HFDQ JEJU, p <0.0001;
HFD ILE vs. HFDQ ILE, p = 0.0028 in Muc2). Notably, Muc6 expression in the intestine of
HFDQ-fed mice was higher than in LFD-fed mice (Figure 3F). To determine whether quer-
cetin regulates intestinal integrity via microbial metabolites, the expression of free fatty
acid receptor 2 and 3 (Ffar2 and Ffar3) genes, which encode short-chain fatty acid receptors,
was measured. Compared to LFD-fed mice, LFDQ-fed mice showed upregulated Ffar2
and Ffar3 genes (Figure 3G,H). HFD feeding reduced Ffar2 and Ffar3 expressions in DUE
and ILE. However, quercetin supplementation restored Ffar2 and Ffar3 expressions to lev-
els higher than those of LFD-fed mice. To examine whether quercetin-regulated intestinal
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integrity is linked to serotonin, a neurotransmitter hormone, serotonin transporter (Sert)
and 5-hydroxytryptamine receptor 7 (5-Htr7) were assessed. In LFD-fed mice, quercetin
upregulated Sert expression across all intestinal segments, but increased 5-Htr7 only in
the JEJU (Figure 3LJ). HFD feeding reduced the expression of both Sert and 5-Htr7. These
reductions were prevented or even further enhanced by quercetin supplementation.
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Figure 3. Effect of quercetin on genes related to tight junction, short-chain fatty acid receptors, and
serotonin in the intestine. (A) FITC, (B) Zo1, (C) Ocln, (D) Cldnl, (E) Muc2, (F) Muc6, (G) Ffar2, (H)
Ffar3, (I) Sert, and (J) 5-Htr7. Data are presented as mean + SD (n = 9/group). Groups not sharing a

common letter are significantly different according to Tukey’s post hoc test (p < 0.05).

3.4. Effect of Quercetin on Signaling Pathways Involved in Intestinal Inflammation, Integrity,
and Oxidative Stress

To determine the mechanism by which quercetin alleviates inflammation and en-
hances tight junctions in the intestine of HFD-induced obese mice, proteins involved in
the AMPK and NF-kB signaling pathways were examined (Figure 4A-E). As shown in
Figure 4A, quercetin supplementation did not alter AMPK activity in LFD-fed mice. HFD
feeding reduced AMPK phosphorylation by 18%, 43%, and 45% in the DUE, JEJU, and
ILE, respectively, compared with LFD-fed mice. However, quercetin supplementation re-
stored AMPK phosphorylation in HFD-fed mice to levels comparable to those of LFD-fed
mice (Figure 4A). Quercetin supplementation increased SIRT1 protein levels in the ILE of
LFDQ-fed mice but not in the DUE and JEJU. SIRT1 protein levels were significantly re-
duced in all intestinal segments of HFD-fed mice but were restored by quercetin (Figure
4B). HFD feeding significantly increased TLR4 protein levels by 172%, 163%, and 220% in
the DUE, JEJU, and ILE, respectively, compared to LFD-fed mice. These increases were
prevented by approximately 50% (p < 0.0002) (Figure 4C). HFD feeding increased nuclear
p65 translocation by 104%, 123%, and 226% in the DUE, JEJU, and ILE, respectively. How-
ever, nuclear p65 translocation in ILE was only reduced by quercetin (Figure 4D). HFD
also elevated p65 acetylation in all segments, whereas acetylation on p65 was reduced by
quercetin (Figure 4E). HFD-fed mice showed decreased NRF2 protein levels by approxi-
mately 50% in the JEJU and ILE compared with LFD-fed mice. However, these reductions
were alleviated in HFDQ-fed mice (Figure 4F). As shown in Figure 4G, LFDQ-fed mice
showed a 43% increase in ILE ZO1 protein levels. HFD feeding reduced ZO1 protein, but
this reduction was not observed in the intestine of HFDQ-fed mice. In the JEJU and ILE of
LFD-fed mice, quercetin supplementation elevated CLDN1 protein levels. HFD feeding
reduced CLDNT1 protein by 24%, 43%, and 59% in the DUE, JEJU, and ILE, respectively,
with the most significant reduction observed in ILE. These reductions were mitigated in
both the JEJU and ILE of HFDQ-fed mice (Figure 4H).
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Figure 4. Effect of quercetin on proteins related to tight junction and inflammation in the intestine.
(A) P-AMPXK, (B) SIRT1, (C) TLR4, (D) NF-kB p65, (i) the nucleus and (ii) cytoplasm, (E) NF-«kB p65
acetylation, (F) NRF2, (G) ZO1, and (H) CLDN1 proteins were determined in the intestine of mice.
The lower panel of each graph shows a representative Western blot image. The P-AMPK was nor-
malized by AMPK. SIRT1, TLR4, ZO1, and CLDN1 were normalized by 3-ACTIN. NRF2, nuclear
and cytosolic p65 proteins were normalized by TBP and 3-ACTIN, respectively. NF-kB p65 acetyla-
tion was normalized to the NF-«kB p65. Data are presented as mean + SD (1 = 9/group). Groups not

sharing a common letter are significantly different according to Tukey’s post hoc test (p < 0.05).

3.5. Effect of Quercetin on miRNA Related to Tight Junction and Inflammation in the Intestine

To determine whether the quercetin-mediated anti-inflammatory effect is associated
with the regulation of miRNA, miRNAs involved in genes related to tight junction and
inflammation were examined. In LFD-fed mice, quercetin supplementation increased
miRNA-200b-3p expression in the JEJU and ILE by 28% and 33%, respectively (Figure 5A).
HEFD feeding reduced miRNA-200b-3p expression by 55% and 24% in the JEJU and ILE
compared with LFD-fed mice. These reductions were not observed in HFDQ-fed mice
(Figure 5A). As shown in Figure 5B, miRNA-16-5p expression decreased by 31% and 52%
in the JEJU and ILE of HFD-fed mice. These reductions were prevented by quercetin sup-
plementation. HFD feeding increased the expression of miRNA-122-5p, miRNA-34a-5p,
and miRNA-21-5p in the intestine (Figure 5C-E). However, HFDQ-fed mice showed the
same expression levels as LFD-fed mice.

B D

miRNA-16-5p miRNA-34a-5p

Relative miRNA level
Relative miRNA level

Relative miRNA level

Figure 5. Effect of quercetin on miRNA related to tight junction and inflammation in the intestine.
(A) miRNA-200b-3p, (B) miRNA-16-5p, (C) miRNA-122-5p, (D) miRNA-34a-5p, and (E) miRNA-
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21-5p. Data are presented as mean + SD (1 = 9/group). Groups not sharing a common letter are sig-
nificantly different according to Tukey’s post hoc test (p < 0.05).

4. Discussion

The intestinal tract functions as a primary interface between the external environ-
ment and the host, balancing nutrient absorption and immune defense. The ILE is recog-
nized as the most immunoreactive segment due to its greater microbial exposure and the
presence of Peyer’s patches [11], which may explain the more severe HFD-induced in-
flammation observed in ILE than in the DUE and JEJU in the present study. Correspond-
ingly, in the present study, quercetin exerted its strongest anti-inflammatory effects in the
ILE, although quercetin suppressed Cox2, IIb, 116, Tnfa, Inos, and Mcp1 genes by reducing
HFD-induced TLR4 and NF-xB activity across all intestinal segments. Consistent with our
findings, LPS-challenged laying hens supplemented with quercetin (0.4 mg/kg) for 12
weeks exhibited reduced intestinal mucosal injury and necrosis, accompanied by de-
creased inflammation, as indicated by attenuated expression of Tir4 and [I1b in the JEJU
and ILE, and increased expression of the anti-inflammatory cytokine IL4 [5]. HFD-induced
gut dysbiosis has been associated with increased luminal LPS production and activation
of TLR4-mediated inflammatory signaling [12]. Consistent with this concept, quercetin
supplementation reduced plasma LPS, LBP, I-FABP, and serum CD14 concentrations and
intestinal TLR4 expression in the present study, suggesting attenuation of endotoxin
translocation and TLR4-associated intestinal inflammation. These findings are in agree-
ment with previous reports demonstrating that quercetin modulated gut microbial com-
position, including reductions in Proteobacteria abundance and the Firmicutes to Bac-
teroidetes ratio in HFD-fed mice [8,13], which may contribute to lower intestinal LPS expo-
sure. Interestingly, quercetin restored miRNA-16-5p levels suppressed by HFD feeding in
the present study, suggesting that its anti-inflammatory effects may be mediated, at least
in part, by miR-16-dependent inhibition of TLR4/NF-kB signaling through post-transcrip-
tional suppression of TLR4 and nuclear factor kappa B kinase subunit beta (IKBKB) ex-
pression [14-16]. In addition, phenolic compounds, chicoric acid, chlorogenic acid, 4'-O-
demethylbroussonin A, and quercetin from dandelion (Taraxacum officinale) disrupted the
formation of the TLR4-myeloid differentiation protein-2 (MD-2) complex either by bind-
ing hydrophobic core of TLR4's leucine-rich repeats or by occupying hydrophobic pocket
of MD2 where LPS normally binds [17], suggesting that quercetin may attenuate TLR4
signaling through multiple mechanisms. Although quercetin almost completely pre-
vented the expression of proinflammatory genes in the present study, TLR4 expression
was only partially reduced, implying the involvement of additional regulatory pathways.
In the present study, quercetin also restored AMPK activity and SIRT1 expression which
were diminished by HFD feeding. Given the role of AMPK, a central energy-sensing ki-
nase that regulates metabolic homeostasis, oxidative stress responses, and cell survival,
and its downstream effector, the nicotinamide adenine dinucleotide (NAD*)-dependent
deacetylase, SIRT1, in suppressing NF-kB signaling by deacetylating the p65 subunit of
NF-«B at lysine 310 [18], the AMPK-SIRT1 axis may provide an additional mechanism by
which quercetin attenuates intestinal inflammation.

Because MPO activity is a marker of neutrophil-associated oxidative stress and intes-
tinal inflammation [19], reduced intestinal and plasma MPO activities observed in HFD-
fed mice suggest that quercetin attenuated inflammation-driven oxidative injury. This
was accompanied by restoration of HFD-suppressed Nrf2, a key transcription factor that
maintains redox balance and its downstream endogenous antioxidant enzymes including
SOD, CAT, and GPX across intestinal segments. Notably, the expression of antioxidant
genes was also elevated in LFDQ-fed mice, indicating that quercetin may enhance intrin-
sic redox defenses even in the absence of metabolic stress. The restoration of AMPK activ-
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ity and SIRT1 expression by quercetin may contribute to enhanced Nrf2 signaling, as ac-
tivation of the AMPK-SIRT1 axis promotes Nrf2 nuclear translocation and induces anti-
oxidant gene expression [20,21]. Consistent with our findings, quercetin attenuated LPS-
induced intestinal injury in the JEJU of broiler chickens and laying hens by reducing ROS,
malondialdehyde, and 8-hydroxy-2'-deoxyguanosine, while enhancing activities of SOD
and GPX as well as the expression of HO1 and NAD(P)H: quinone oxidoreductase 1
through the activation of the Nrf2 pathway via restoration of LPS-suppressed phosphor-
ylation of c-Jun N-terminal kinase, extracellular signal-regulated kinase, and p38 mitogen-
activate protein kinase [5,6]. Similarly, quercetin alleviated intestinal oxidative stress, in-
flammation, and barrier dysfunction in experimental models of colitis and cells through
activation of Nrf2-mediated antioxidant defense, modulation of gut microbiota composi-
tion, and preservation of TJ integrity [22-24]. Taken together, our results suggest that quer-
cetin mitigates intestinal oxidative injury at least in part, through activation of the AMPK-
SIRT1-Nrf2 signaling axis.

AMPK activation also regulates barrier integrity by promoting T] assembly, stabiliz-
ing the actin cytoskeleton, and enhancing epithelial differentiation [5]. Quercetin im-
proved intestinal integrity in HFD-induced obese mice, and LPS (1 mg/kg) intraperitone-
ally injected laying hens [5,25]. Consistent with our previous findings in LPS-induced
Caco-2/HT-29 cells [7], quercetin decreased HFD-induced intestinal permeability and in-
creased the expression of TJ proteins, Muc2, and Muc6, accompanied by AMPK activation
in the present study. Notably, TJ] proteins were also increased in LFDQ-fed mice, indicat-
ing that quercetin promotes TJs under normal physiological conditions. Maintaining in-
testinal barrier integrity has been implicated with the involvement of miRNAs. miRNA-
200b promotes intestinal barrier integrity by targeting myosin light chain kinase (MLCK)
and stabilizing membrane-associated ZO1 and CLDN1, whereas miRNA-21 promotes ep-
ithelial permeability through downregulation of TJs, including OCLN, CLDNs, and ZO1.
Similarly, miRNA-34 family members and miRNA-122 are associated with barrier dys-
function by modulating TJ-associated proteins and disrupting T] assembly during intesti-
nal inflammation [26-30]. In the present study, quercetin modulated the expression of
barrier-related miRNAs by reducing the expression of HFD-induced miRNA-21-5p,
miRNA-34a-5p, and miRNA-122-5p and restoring the expression of HFD-suppressed
miRNA-200b-3p, suggesting that quercetin may preserve intestinal barrier integrity, at
least in part, through coordinated post-translational regulation of TJ stability and assem-
bly. Although quercetin restored TJ gene and protein expression to normal or higher lev-
els in HFD-fed mice, intestinal permeability was reduced by only 17%, indicating that
increased expression alone is insufficient to fully restore barrier function. T] function is
also influenced by claudin composition, membrane localization, and post-translational
regulation, all of which are critical for proper junction assembly and barrier sealing [31-
34]. Therefore, while quercetin appears to regulate T] proteins at the transcriptional and
post-transcriptional levels, its effects on T] assembly, localization, and post-translational
regulation remain to be elucidated.

Based on our previous observation that quercetin modulated the gut microbiota and
increased SCFA production in the same model [8], the present findings suggest that these
microbial changes may contribute to improved intestinal barrier function and reduced
inflammation. SCFAs activate FFAR2 and FFAR3 (GPR43 and GPR41) on intestinal epi-
thelial, immune, and enteroendocrine cells to stimulate the secretion of satiety hormones
GLP1 and PYY, which suppress inflammatory signaling and enhance epithelial barrier
function by increasing TJ protein and MUC2 production through AMPK activation [35-
38]. Thus, the restored expression of Ffar2, and Ffar3 and increased circulating GLP1 levels
in HFDQ-fed mice may reflect enhanced SCFA-mediated enteroendocrine signaling that
contributes to the attenuation of intestinal inflammation and preservation of barrier integ-
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rity. Microbiota-derived SCFAs also regulate intestinal serotonergic homeostasis through
modulation of SERT-mediated serotonin reuptake and 5-HTR signaling, which supports
epithelial repair, anti-inflammatory responses, and mucosal barrier function [39,40]. Ac-
cordingly, the restoration of Sert and 5-Htr7 expressions in HFDQ-fed mice suggests that
quercetin-induced microbial alterations may enhance serotonergic signaling to preserve
intestinal homeostasis.

5. Conclusions

Quercetin improves gut barrier integrity in HFD-fed mice by enhancing tight junc-
tion expression, reducing inflammation and oxidative stress in the coordinated post-tran-
scriptional mechanisms via AMPK-mediated NF-kB and NRF2 signaling pathways and
modulating gut hormone levels, thus lowering circulating endotoxemia markers. Im-
portantly, quercetin also enhances tight junction and antioxidant enzyme expression un-
der normal conditions. This suggests quercetin has a potential role for both the protection
and maintenance of intestinal homeostasis.
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