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Resveratrol reduces ROS-induced ferroptosis @
by activating SIRT3 and compensating the
GSH/GPX4 pathway

Xingjie Wang'", Tianli Shen', Jie Lian? Kai Deng', Chao Qu', Enmeng Li', Gan Li', Yiwei Ren', Zijun Wang',
Zhengdong Jiang', Xuejun Sun'" and Xugi Li"*"

Abstract

Background Intestinal ischemia-reperfusion injury occurs in acute intestinal obstruction, intussusception, acute
mesenteric artery embolism, and other diseases and can lead to local intestinal necrosis, distant organ involvement, or
systemic reactions, with high morbidity and mortality. Ferroptosis plays a crucial role in intestinal ischemia-reperfusion injury,
and inhibition of ferroptosis may provide new approaches for treating the disease. SIRT3 protects cells from oxidative stress
and may be involved in the process of ferroptosis. We hypothesized that resveratrol, an agonist of SIRT3, could ameliorate
intestinal ischemia-reperfusion injury by compensating the GSH/GPX4 pathway.

Methods Intestinal ischemia-reperfusion (I/R) and Caco-2 hypoxia-reoxygenation models were established. Transmission
electron microscopy was used to assess mitochondrial function; the Chiu’s score was used to evaluate the degree of
intestinal mucosal injury based on HE staining; and Western blot was used to detect the SIRT3/FoxO3a pathway, tight
junction proteins and ferroptosis-related protein expression. Sirt3” C57, shSIRT3-Caco-2 cells and siFoxO3a-Caco-2 cells
were established. C11-BODIPY was used to detect lipid peroxide in cells; FD4 and IFABP were used to detect intestinal
permeability; MitoSOX was used to detect ROS levels; and MitoTracker and immunofluorescence colocalization were used
to detect SIRT3 levels.

Results In the intestinal I/R model, I/R injury occurs mainly during the reperfusion period and leads to ferroptosis through
the GSH/GPX4 pathway. Resveratrol could reduce ferroptosis and ameliorate I/R injury by activating SIRT3. In Sirt3”" mice,
more intestinal mucosal cells underwent ferroptosis, I/R injury was more severe, and resveratrol lost the ability to ameliorate
I/R injury. In addition, hypoxia-reoxygenation increased RSL3-induced ferroptosis sensitivity in Caco-2 cells in vitro. In the
presence of shSIRT3 or RSL3 alone, resveratrol could ameliorate Caco-2 ferroptosis, but not RSL3-induced shSIRT3-Caco-2
ferroptosis. Furthermore, resveratrol might activate the SIRT3/FoxO3a pathway, increase the expression of SOD2 and
catalase, and inhibit ROS generation, thus reducing lipid peroxidation and ferroptosis.
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Conclusion To date, this is the first study to show that resveratrol ameliorates intestinal ischemia-reperfusion injury by
activating SIRT3 and reducing ferroptosis. Resveratrol can reduce intestinal ischemia-reperfusion injury by activating the
SIRT3/FoxO3a pathway, increasing the expression of SOD2 and catalase, reducing ROS and LPO production, compensating

for the GSH/GPX4 pathway and inhibiting ferroptosis.
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Resveratrol increases the expression of SOD2 and catalase, reduces the production of ROS and LPO, compensates for the GSH/GPX4 pathway and

inhibits ferroptosis by activating the SIRT3/FoxO3a pathway

Introduction

Ischemia-reperfusion (I/R) injury is defined as a “second
hit” injury occurring after the tissue or organ first suffers
from an ischemic state and then blood flow is restored to
the same tissue or organ. Traumatic shock, surgery, organ
transplantation, burns, thrombus, etc., lead to I/R injury
in organs such as the intestine, brain, liver, and heart
(Eltzschig et al. 2011; Yan et al. 2020; Yellon et al. 2007).
Intestinal I/R injury occurs in acute intestinal obstruc-
tion, intussusception, acute mesenteric artery embolism,
etc., resulting in destruction of the intestinal barrier and
changes in permeability, release of inflammatory media-
tors and bacterial toxins into the blood, and activation of
reactive oxygen species (ROS), leading to distant organ
involvement, such as acute lung injury or even multiple
organ dysfunction syndrome (MODS), with a high inci-
dence rate and a high mortality rate of up to 50% without
specific treatment, resulting in a heavy economic burden
to society (Li et al. 2019; Matsuo et al. 2013; Ucar et al.
2020).

Ferroptosis is an iron-dependent and lipid peroxidation
(LPO)-induced programmed cell death that is different
from apoptosis, pyroptosis, and necrosis. The hallmark
feature of ferroptosis is mitochondrial membrane rupture

under an electron microscope (Li et al. 2020a; Xie et al.
2016; Stockwell 2022). It is also manifested as a decrease
in glutathione peroxidase 4 (GPX4), the core enzyme
in the glutathione (GSH) antioxidant system (Chen et
al. 2021a). Many studies have indicated that I/R injury
induces ferroptosis (Wang et al. 2021a; Zhao et al. 2020,
2021; Li et al. 2020b, 2021). Ferroptosis is related to a
variety of diseases, such as acute kidney injury (Wang
et al. 2021b), cancer (Mou et al. 2019), cardiovascular
disease (Wu et al. 2021a), neurodegenerative disease
(Mahoney-Sanchez et al. 2021), and liver disease (Wu et
al. 2021b).

When the accumulation of intracellular ROS over-
whelms the effects of GSH and GPX4, lipid peroxidation
occurs, leading to ferroptosis (Chen et al. 2021b). SIRT3
is a class of highly conserved nicotinamide adenine dinu-
cleotide (NADY)-dependent deacetylases that are pre-
dominantly expressed in mitochondria and function in
the regulation of oxidative stress, metabolism, inflamma-
tion, apoptosis and autophagy (Schwer et al. 2008). Shen
et al. demonstrated that ROS production in the adherent
tissues of Sirt3~/~ mice was obviously higher than that
of Sirt3*/* mice (Shen et al. 2022). SIRT3 can reduce the
expression of ROS by deacetylating superoxide dismutase
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2 (SOD2) and catalase or by enhancing the transcription
of SOD2 and catalase through the SIRT3/FoxO3a path-
way (Zhang et al. 2020; Fu et al. 2017; Bai et al. 2023).
Therefore, we speculated that SIRT3 functions in intesti-
nal I/R injury by increasing the expression of FoxO3a.

Resveratrol (3,5,4'-trihydroxystilbene) is rich in grapes
and products derived from grapes, such as red wine (Pas-
tor et al. 2019). It was first extracted from Veratrum gran-
diflorum O. Loes and Polygonum cuspidatum, which are
plants used in traditional Chinese medicine (Baur et al.
2006). Resveratrol has antioxidant, anti-inflammatory,
and antitumor activities (Amri et al. 2012; Xia et al.
2017; de S4& Coutinho et al. 2018) and can also increase
the expression of SIRT3 to attenuate acute kidney injury,
indicating that it is an activator of SIRT3 (Zhang et al.
2020; Xu et al. 2016).

The aim of this study was to explore the possible mech-
anism by which resveratrol protects against intestinal I/R
injury. To date, this is the first study to show that resve-
ratrol ameliorates intestinal ischemia-reperfusion injury
by activating SIRT3 and reducing ferroptosis. Here, we
report that impaired expression of SIRT3 during I/R
leads to a decrease in FoxO3a expression, which triggers
the formation of excess ROS, leading to lipid peroxida-
tion and ferroptosis. Furthermore, we demonstrate that
resveratrol may be a novel therapeutic strategy for allevi-
ating ROS, preventing ferroptosis, and attenuating intes-
tinal I/R injury.

Materials and methods

Animals and drug treatment

Animal experiments were carried out with the approval
of the Ethics Committee of the First Affiliated Hospi-
tal of Xi'an Jiaotong University (No. 2022—-1240). Male
C57BL/6 mice, 6-8 weeks old, 20 g+2 g, were pur-
chased from the Laboratory Animal Center of Xi’an Jiao-
tong University. Sirt3~~ mice were kindly supplied by
the Jackson Laboratory. All mice were fed at 25 C and
50-60% humidity with free access to water and food.
50 mg of resveratrol was added to 8.34 ml of drinking
water and each mouse was gavaged with 100 ul of resve-
ratrol for 2 weeks. Diluted resveratrol is for one-day use
only and should be protected from light.

Model of intestinal I/R

Mice were anesthetized with 5% isoflurane and disin-
fected with Aner iodine. A midline incision was made
in the upper abdomen to expose and dissociate the mes-
enteric artery. Closure of the mesenteric artery was per-
formed for 60 min with a small artery clip to simulate the
ischemic process. The arterial clamp was released to sim-
ulate the reperfusion process. Three different reperfusion
times, namely, 15 min, 30 min, and 60 min, were used.
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The method used to establish the I/R model is shown in
Figure S1.

Transmission electron microscopy

Intestinal tissue (1-2 mm?®) was placed in an electron
microscope fixative (G1102, Servicebio). The samples
were dehydrated and embedded. Ultrathin tissues were
stained and observed with an HT7700 transmission elec-
tron microscope at 80 kV.

Cell culture and an hypoxia-reoxygenation (H/R) model
Caco-2 colorectal adenocarcinoma (CL-0050, ProCell)
cells were cultured in minimum essential medium (MEM,
Gibco) with 20% fetal bovine serum (FBS, 10,091,148,
Gibco) in a 5% CO, incubator at 37 °C. Caco-2 cells were
incubated in a microaerophilic system (Thermo Fisher)
containing 1% O, 5% CO2, and 94% N, for 12 h to induce
an H/R model.

Construction of stable shSIRT3 and siFoxO3a cell lines

Caco-2 cells were infected with shSIRT3 lentivi-
ruses (GenePharma). Seventy-two hours after infec-
tion, shSIRT3-Caco-2 cells were selected with 3 pg/mL
puromycin (A1113803, Gibco) for one week. Caco-2
cells were infected with siFoxO3a plasmid (Tsingke),
and RNA and protein were extracted. shSIRT3 (for-
ward: 5-ccggGTGGGTGCTTCAAGTGTTGT Tcte-
gagAACAACACTTGAAGCACCCACtttttg-3’ and
reverse: 5’-aattcaaaaaGTGGGTGCTTCAAGTGTT-
GTTctcgagAACAACACTTGAAGCACCCAC-3').

siFoxO3a-1  (forward: 5-GGAACGUGAUGCUUC-
GCAA-3’ and reverse: 5- UUGCGAAGCAU-
CACGUUCC-3), siFoxO3a-2 (forward:

5'-GCUCUUGGUGGAUCAUCAA-3" and

5- UUGAUGAUCCACCAAGAGC-3').

reverse:

Drug treatment and CCK8 assay

RSL3 (IR1120, Solarbio) was used to induce ferroptosis
in Caco-2 cells at concentrations of 2, 4, 8, 12, 16, 20, 24
and 28 pM for 24 h. Resveratrol (GC14553, GlpBio) was
dissolved in DMSO at a concentration of 10 mM. Caco-2
cells were seeded in 96-well culture plates (500 cells per
well) and treated with resveratrol at concentrations of 2.5,
5,10, 20 and 40 uM for 24 h, 48 h, or 72 h. Ten microliters
of CCK8 reagent (C0005, TargetMol) and 90 ul of MEM
were added to each well at 37 °C for 2 h. Before the test,
96-well plates were placed on a shaker for 5 min. Finally,
the cell viability was quantified using a microplate reader
at 450 nm. All experiments were performed in triplicate.

LIVE/DEAD assay

As in the CCKS8 assay, 100 pl of LIVE/DEAD (L3224,
Thermo Fisher Scientific) working solution was added to the
wells. After 20 min of incubation in dark conditions at room
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temperature, the signal was visualized with a fluorescence
microscope (DM IL LED, Leica) at 200X.

Western blot

Proteins were obtained from Caco-2 cells and intestinal
tissues, resolved by electrophoresis, transferred to nitro-
cellulose filter membranes (HATF00010, Sigma), blocked
with 5% skim milk in TBST, incubated with primary anti-
bodies overnight at 4 °C and incubated with a secondary
antibody for 1 h at room temperature. Electrogenerated
chemiluminescence (ECL, P10300, NcmBiotech) pro-
duced the corresponding protein color. GAPDH was
used as a control for whole homogenates. The results
were analyzed for gray values using Fiji software. The
primary antibodies used were anti-GAPDH (5174, Cell
Signaling Technology), anti-Occludin (91,131, Cell Sig-
naling Technology), anti-SIRT3 (5490, Cell Signaling
Technology), anti-GPX4 (59,735, Cell Signaling Tech-
nology), anti-FTH1 (4393, Cell Signaling Technology),
anti-ACSL4 (ab155282, Abcam), anti-ZO-1 (13,663, Cell
Signaling Technology), anti-SIRT4(69,786, Cell Signaling
Technology), anti-SIRT5(8782, Cell Signaling Technol-
ogy), anti-SOD2 (24127-1-AP, Proteintech), anti-catalase
(24127-1-AP, Proteintech) and anti-FoxO3a (10894-1-AP,
Proteintech), and secondary antibody (7074, Cell Signal-
ing Technology).

Measurement of inflammatory factor levels

Blood samples were taken from the inferior vena cava of
anesthetized mice and stored in a coagulation tube. Centrif-
ugation was carried out at 1500 X g for 10 min to separate
the serum from the cells. The serum was then effectively
collected. An ELISA kit was used to test interleukin-6 lev-
els (IL6, ab100712, Abcam), tumor necrosis factor o levels
(TNF-a, ab208348, Abcam), and lactate dehydrogenase
levels (LDH, ab102526, Abcam) according to the manufac-
turer’s instructions. Before measuring LDH, the serum was
diluted 1/10. The levels of IL6, TNF-a and LDH were mea-
sured with a microplate reader at 450 nm.

Intestinal permeability assay

According to the studies of Fox et al. (Fox et al. 2012) and
Liu et al. (Liu et al. 2020), fluorescein isothiocyanate dex-
tran 4 (FD4, 60,842, Sigma) was dissolved in normal saline
at a dose of 0.5 mg/g. Mice were fasted for 8 h and gavaged
with 0.5 ml of FD4 solution 3 h before ischemia. Serum
was collected as described above. The concentration of
FD4 was read with a microplate reader using an excita-
tion wavelength of 490 nm and an emission wavelength of
520 nm. An intestinal fatty acid binding protein (IFABP) kit
(abx153976, abbexa) was used to test intestinal permeability
according to the instructions, and the absorbance at 450 nm
was measured.
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Iron, MDA, and glutathione assays

The total iron, Fe?* and Fe®* levels were assessed with an
iron test kit (ab83366, Abcam) with a microplate reader
at OD 593 nm. Malondialdehyde (MDA) was assessed
with a Lipid Peroxidation Assay kit (ab118970, Abcam)
at OD 532 nm. Glutathione, GSH, GSSG and GSH/GSSG
levels were assessed using the GSH+GSSG/GSH Assay
Kit (ab239709, Abcam) at OD 412 nm. Tissue samples
and cell samples were prepared according to the manu-
facturer’s protocols.

Lipid peroxidation (LPO) assay

The intensely fluorescent BODIPY is an effective tracer of
lipid trafficking (Bai et al. 1997). The C11-BODIPY 581/591
kit (D3861, Thermo Fisher) was used to test the LPO con-
centration in cells following the manufacturer’s instruc-
tions. Briefly, after cell treatment, 5 pM reagent was added
to 96-well plates, and the cells were incubated for 30 min at
37 °C, washed with PBS three times, stained with 5 pg/ml
Hoechst (33,342, Thermo Fisher) for 30 min at 37 °C, pho-
tographed under a fluorescence microscope (DM IL LED,
Leica) and analyzed with Fiji software.

Hematoxylin and eosin (HE) staining

After reperfusion, intestinal samples were collected and
fixed in 4% PFA (BL539A, Biosharp, China) at RT for 24 h.
After dehydration, 5 um sections were stained with HE. The
staining was scored by three pathologists blinded to this
research according to the methods of Chiu et al. (Chiu et
al. 1970) and Hacioglu et al. (Hacioglu et al. 2005). A mor-
phometric study was conducted using a Phmias microscope
(MC-D310U/C).

Real-time polymerase chain reaction (PCR) analysis

Total RNA was obtained from Caco-2 cells treated with
or without resveratrol using TRIzol reagent (15596018,
Thermo Fisher). Complementary DNA was synthesized
with All-In-One 5X RT MasterMix (592, abm). Quan-
titative PCR was performed with a SYBR Green assay
(25741, Thermo Fisher). As the gene of interest, RT-PCR
was run for SIRT3, SIRT4, SIRTS, and FoxO3a. GAPDH
served as a reference gene. The primer sequences were

as follows: SIRT3: (forward: 5- CCCTGGAAAC-
TACAAGCCCAAC-3 and reverse: 5- GCAGAG-
GCAAAGGTTCCATGAG-3); SIRT4: (forward:

5'-CAGCAAGTCCTCCTCTGGAC-3' and reverse:
5'-CCAGCCTACGAAGTTTCTCG-3'); SIRTS: (forward:
5-TGGCTCGGCCAAGTTCAAGTATG-3’ and reverse:
5-AAGGTCGGAACACCACTTTCTGC-3'); FoxO3a:
(forward: 5'-CTTGATGTCTCAGGCCAGCA-3’ and
reverse: 5'-CAAGTCGCTGGGGAACTTCT-3);
and GAPDH: (forward: 5- CCACCCATG-
GCAAATTCCATGGCA-3, and reverse:
5- TCTAGACGGCAGGTCAGGTCCACC-3’).
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ROS measurement

The level of ROS in the cells was detected with a Mito-
SOX Red kit (M36008, Thermo Fisher). After treat-
ment, the cells were stained with 5 uM MitoSOX Red in
HBSS/Ca/Mg solution, incubated for 10 min at 37 °C and
washed with prewarmed HBSS/Ca/Mg solution three
times. Next, the cells were stained with 5 pg/ml Hoechst
for 30 min at 37 °C and washed with warm HBSS/Ca/
Mg. The mean fluorescence intensity (MFI) was imaged
by fluorescence microscopy (DM IL LED, Leica) and ana-
lyzed with Fiji software.

MitoTracker Red and immunofluorescence (IF) staining
After treatment, the cells were stained with the Mito-
Tracker Red kit (M7512, Invitrogen, Thermo Fisher) in
prewarmed HBSS/Ca/Mg for 30 min at 37 °C and washed
with warm HBSS/Ca/Mg three times. The cells were
incubated with the primary antibody for 2 h at room tem-
perature, washed with prewarmed HBSS/Ca/Mg three
times and incubated with secondary antibody (11,008,
Thermo Fisher) and DAPI (36,935, Thermo Fisher) at the
same time for 1 h at room temperature. After the cells
were washed with prewarmed HBSS/Ca/Mg, the MFI
was observed by fluorescence microscopy (DM IL LED,
Leica) and analyzed with Fiji software. The primary anti-
bodies used were anti-SIRT3 (5940, Cell Signaling Tech-
nology) and anti-SOD2 (13,534, Abcam).

Statistical analysis

GraphPad Prism 9.0 was used to analyze the data. Graph-
Pad Prism 9.0 was used to analyze the data. In vitro stud-
ies, data are mean=®SD of three independent experiments
in triplicates (n=3). In vivo studies (including samples
from mice), data are expressed as the means+SD (n=38),
all experiments were repeated in triplicate. Normality
was tested by the Shapiro-Wilk test. Measurement data
were analyzed by Student’s t test or analysis of variance
(ANOVA), and ranked data were analyzed by the Krus-
kal-Wallis H test. P<0.05 was considered significant.

Results

I/R injury and ferroptosis occur in a mouse model of intestinal
I/R

We generated an intestinal I/R model and studied intes-
tinal injury at different reperfusion times when the isch-
emia time was fixed at 60 min. Figure la-b shows that
reperfusion injury had already occurred at 15 min of
reperfusion, and the Gruen-Hagen space (marked with a
red arrow) was developing at the tip of the villus. Reper-
fusion injury was the most serious at 30 and 60 min of
reperfusion, the intestinal mucosa was damaged and
broken, and intestinal mucosa continuity was deterio-
rated. Due to reperfusion injury, serum expression lev-
els of LDH and the inflammatory factors IL6 and TNF-«a
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increased with time, and did not decrease at 60 min of
reperfusion (Fig. 1c). Tight junctions (T]s) maintain the
permeability and physical barrier of the intestinal mucosa
(Bhat et al. 2018). The difference in ZO-1 and Occlu-
din expression levels at different reperfusion times was
assessed by Western blot. Consistent with the HE stain-
ing, the levels of ZO-1 Occludin and SIRT3 were the
lowest at 30 min of reperfusion, and increased at 60 min
of reperfusion compared with 30 min of reperfusion
(Fig. 1d-e).

We also observed that ferroptosis occurred during I/R
and was correlated with reperfusion time. The morphol-
ogy of mitochondria was observed by TEM to evaluate the
degree of ferroptosis. After 15 min of reperfusion, the outer
mitochondrial membrane (OMM) ruptured (marked with
red arrows) and worsened after 30 and 60 min of reperfu-
sion (Fig. 2a). The Western blot results showed that the
GPX4 and FTH1 expression levels were the lowest and that
the ACSL4 expression level was the highest after 30 min of
reperfusion (Fig. 2b-c). After 30 min of reperfusion, total
iron and Fe?" levels in the tissue were the highest, the LPO
product MDA also accumulated with prolonged reperfu-
sion time, the level of reduced GSH decreased, and the
level of oxidized GSSG increased (Fig. 2d). In subsequent in
vitro experiments, ischemia for 60 min and reperfusion for
30 min (I60R30) were used to induce intestinal I/R injury.
These results suggest that reperfusion injury and ferroptosis
were most severe after 30 min of reperfusion.

H/R increases the sensitivity of RSL3 to induce ferroptosis in
Caco-2 cells

To verify whether H/R affects ferroptosis in vitro, accord-
ing to the study of Li et al. (Li et al. 2019), we estab-
lished an H/R model with a fixed hypoxia time of 12 h
and reoxygenation time of 2 h. Caco-2 cells were treated
with different concentrations of RSL3 with or without
H/R. We found that 16 uM RSL3 decreased the activity
of Caco-2 cells without H/R, while 8 pM RSL3 caused
a decrease in Caco-2 cell viability with H/R (Fig. 3a).
Compared with RSL3alone, RSL3 combined with H/R
increased the total iron, Fe?*, Fe>*, MDA and GSSG lev-
els, while the total glutathione and GSH levels and the
GSH/GSSG ratio decreased, suggesting that in the pres-
ence of H/R, cell ferroptosis was higher (Figure S2a). We
also found that the SIRT3 expression level in Caco-2 cells
was the lowest in the presence of H/R and RSL3 (Fig. 3b-
¢). C11-BODIPY 581/591 is a fluorescent probe for lipid
peroxidation. In the RSL3 combined with H/R group, the
MFI of oxidized BODIPY increased (Fig. 3d-e). These
results suggest that H/R did not directly induce Caco-2
ferroptosis but increased the sensitivity of RSL3-induced
ferroptosis. In the next experiment, 16 uM RSL3 and H/R
were used to induce ferroptosis in Caco-2 cells to mimic
the process of I/R in vivo.
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Fig. 1 I/R injury occurs in a mouse model of intestinal I/R. (a) Representative HE staining images of intestinal mucosa after 15 min, 30 and 60 min
of reperfusion (n=8). Scale bars: 200 um. (b) Chiu's score of intestinal tissue injury after different reperfusion times (n=8). (c) Quantitation of IL6, LDH,
and TNF-a in serum after 15 min, 30 and 60 min of reperfusion (n=8). (d) Representative Western blots of the TJ proteins ZO-1, Occludin, and SIRT3 after
15 min, 30 and 60 min of reperfusion (n =8). (e) Quantitation of TJ proteins expressed after different reperfusion times (n=8). The red arrow represents the
Gruen-Hagen space. Data are presented as the mean+SD. All experiments were repeated in triplicate. * P<0.05, **P<0.01, ***P<0.001, ****P <0.0001.

Kruskal-Wallis H test (b), one-way ANOVA (c, e)

Sirt3™'~ increases intestinal I/R injury and ferroptosis in an
I/R model

SIRT3 is a mitochondrial sirtuin and exhibits
NAD*-dependent deacetylase activity, which plays an
important role in many diseases (Zhang et al. 2020).
SIRT3 expression was decreased after I/R in intestinal tis-
sues (Fig. 1c-d). Compared to Sirt3+/* mice, Sirt3~'~ mice
had more severe intestinal mucosal damage and higher
Chiu’s score after I/R, but the intestinal mucosa was not
damaged in either Sirt3"/* or Sirt3~/~ mice without I/R
(Fig. 4a-b). IL-6, LDH and TNF-«a levels were increased
in the serum of Sirt3~/~ mice, suggesting injury and local
inflammation of the intestinal mucosa (Figure S3a), and

serum FD-4 and IFABP levels were increased, which sug-
gested increased intestinal permeability after 60 min of
intestinal ischemia and 30 min of reperfusion (Fig. 4c).
Similar to the HE results, the Western blot results sug-
gested that the levels of ZO-1 and Occludin, GPX4 and
FTH1 decreased and that of ACSL4 increased in Sirt3~/~
mice after 60 min of intestinal ischemia and 30 min of
reperfusion (Fig. 4d-e).

SIRT3 knockdown increases sensitivity to RSL3-induced
ferroptosis

Stable shNC and shSIRT3 Caco-2 cells were successfully
established in vitro (Fig. 5a-b). Furthermore, to evaluate
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Fig. 2 Ferroptosis occurs in a mouse model of intestinal I/R. (a) Representative transmission electron microscopy images showing mitochondrial
structure and morphology (n=8). Scale bars: 500 nm. (b) Representative Western blots of the ferroptosis-associated proteins GPX4, FTH1 and ACSL4
after 15 min, 30 and 60 min of reperfusion (n=8). (c) Quantitation of ferroptosis-associated proteins expressed after different reperfusion times (n=8).
(d) Total iron, Fe?*, Fe*, MDA, total glutathione, GSH, GSSG, and GSH/GSSG levels were evaluated in reperfusion tissues (n=8). The red arrows represent
ruptured mitochondrial membranes. Data are presented as the mean+SD. All experiments were repeated in triplicate. *P<0.05, **P<0.01, ***P<0.001,

**¥¥p<0,0001. One-way ANOVA (c, d)

the effect of SIRT3 knockdown on ferroptosis, LIVE/DEAD
staining was performed. The results showed that the ratio
of dead cells (red fluorescence) to live cells (green fluores-
cence) was higher in shSIRT3-Caco-2 cells treated with
RSL3 than in shNC-Caco-2 cells. The ratio of dead cells to

living cells did not differ between shSIRT3-Caco-2 cells and
shNC-Caco-2 cells, which indicated that the elimination of
SIRT3 did not affect cell viability but increased susceptibility
to RSL3-induced cell death (Fig. 5¢ and e). After shSIRT3-
Caco-2 cells were treated with RSL3, total iron, Fe**, Fe3*,
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Fig. 3 H/R increases the sensitivity of RSL3 to induce ferroptosis in Caco-2 cells. (a) Viability of cells treated with different concentrations of RSL3
for 24 h with or without H/R (n=3). (b) Representative Western blots of SIRT3 treated with or without H/R and/or RSL3 (n=3). (c) Quantitation of SIRT3
treated with or without H/R and/or RSL3 (n=3). (d) Quantification of the MFI of the IF image (n=3). (e) Representative IF image indicating LPO (green
fluorescence) in cells treated with or without H/R and/or RSL3 (n=3). Scale bars: 200 um. Data are presented as the mean+SD of three independent
experiments in triplicates. **P <0.01, ****P < 0.0001. Two-way ANOVA (c, d)
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Fig.4 Sirt3”"increases intestinal I/R injury and ferroptosis in a mouse I/R model. (a) Representative HE staining images of the intestinal mucosa of
Sirt3*"* and Sirt3~~ mice after I/R or without I/R (n=8). Scale bars: 200 pm. (b). Chiu's score of intestinal tissue injury in Sirt3*"* and Sirt3”~ mice after I/R
or without I/R (n=8). (c) Quantification of FD4 and IFABP levels in the serum of Sirt3*/* and Sirt3™~ mice after I/R or without I/R (n=8). (d) Representative
Western blots of ZO-1, Occludin, SIRT3, GPX4, FTH1, and ACSL4 levels from intestinal tissue of Sirt3** and Sirt3~~ mice after I/R or without I/R (n=8). (e)
Quantification of these proteins from intestinal tissues of Sirt3*"* and Sirt3/~ mice after I/R or without I/R (n=8). Data are presented as the mean +SD. All
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MDA and GSSG levels increased, while total glutathione
and GSH levels and the GSH/GSSG ratio decreased (Fig-
ure S4a). The C11-BODIPY 581/591 kit is a lipid peroxide
sensor, and unoxidized BODIPY appears red and oxidized
BODIPY appears green. The MFI of oxidized BODIPY
(green fluorescence) increased, which indicated an increase
in LPO in shSIRT3-Caco-2 cells treated with RSL3 (Fig. 5d
and f).

Resveratrol ameliorates intestinal I/R injury in an I/R model
Resveratrol, a kind of SIRT3 activator, is a chemical found
in red grapes and products made from red grapes, such as
wine and juice (Zhang et al. 2020; Amri et al. 2012). The
intake of a certain amount of resveratrol did not cause
damage to intestinal tissue. Resveratrol ameliorated I/R
injury in Sirt3** mice but not in Sirt3~'~ mice (Fig. 6a-
b). The Western blot results suggested that resveratrol
also increased the expression of SIRT3, the tight junction
proteins ZO-1 and Occludin and the ferroptosis-associ-
ated proteins GPX4 and FTH1in Sirt3*'* mice due to I/R
injury but not in Sirt3~'~ mice (Fig. 6¢-f). Consistent with
the results of HE and Western blot, resveratrol reduced
the high expression levels of IL6, TNF-a, and LDH in
serum after intestinal I/R injury in Sirt3*/* mice but not
in Sirt3™'~ mice (Figure S5a).

Resveratrol attenuates RSL3-induced ferroptosis in a manner
dependent on SIRT3 activation

The expression of SIRT3 localized to mitochondria in
Caco-2 cells was increased after treatment with resve-
ratrol, and SIRT4 and SIRT5 expression did not change
significantly. (Figure S6a-c). Caco-2 cells were treated
with resveratrol at concentrations of 0, 2.5, 5, 10, 20,
and 40 uM for 1 day, 2 days and 3 days, and cell viabil-
ity was detected by CCK8 assay. We found that Caco-2
cells treated with 20 pM resveratrol for 24 h showed only
approximately 10% cell viability (Fig. 7a), so the subse-
quent in vitro experiments required a concentration of 20
UM resveratrol. The Western blot results suggested that
resveratrol increased the expression of GPX4 and FTH1
and decreased the expression of ACSL4 in RSL3-induced
shNC-Caco-2 cells but not in shSIRT3-Caco-2 cells
(Fig. 7b-c). Similar to the Western blot results, resvera-
trol decreased the levels of total iron, Fe**, Fe**, MDA
and GSSG while increasing the levels of total glutathione
and GSH and the GSH/GSSG ratio in shNC-Caco-2 cells
but not shSIRT3-Caco-2 cells treated with RSL3 (Figure
S6d.). Furthermore, the immunofluorescence results sug-
gested that when SIRT3 was knocked down or cells were
treated with RSL3, resveratrol could increase the expres-
sion level of SIRT3, but after sh-SIRT3 Caco-2 cells were
treated with RSL3, the activation effect of resveratrol on
SIRT3 seemed to disappear (Fig. 7d-e).
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Resveratrol reduces ROS by activating the SIRT3/FoxO3a
pathway

After MitoSOX Red enters mitochondria, it is rapidly
oxidized by ROS and displays red fluorescence after bind-
ing to nucleic acids. After treatment with the ferroptosis
inducer RSL3, a certain amount of ROS was generated in
shNC-Caco-2 cells, and resveratrol successfully amelio-
rated this trend. A large amount of ROS was produced in
RSL3-induced shSIRT3-Caco-2 cells, which could not be
ameliorated by resveratrol (Fig. 8a-b). FoxO3a is a tran-
scription factor of SOD2 and catalase and can be actived
by SIRT3 (Bai et al. 2023), and the antioxidant genes
SOD2 and catalase can reduce the production of ROS
(Zhou et al. 2021; Quan et al. 2020). We found that in
shNC-Caco-2 cells, whether cells were treated with RSL3
or not, resveratrol could increase FoxO3a, SOD2, and
catalase (Fig. 8c and g). FoxO3a was knocked down in
Caco-2 cells (Fig. 8d-f), and the expression of SOD2 and
catalase decreased. Resveratrol could increase SOD2 and
catalase in siFoxo3a-Caco-2 cells, but in RSL3-induced
siFoxo3a-Caco-2 cells, resveratrol did not appear to affect
the expression of SOD2 and catalase, which could be
related to the depletion of Foxo3a caused by the additive
effect of siFoxo3a and RSL3 (Fig. 8h-i).

Discussion

In this study, we first constructed a model of intestinal I/R to
simulate the pathophysiological process after acute intesti-
nal obstruction, intussusception, or acute mesenteric artery
embolism in humans. Jia et al. confirmed that the longer the
ischemia time, the more severe the intestinal I/R injury by
fixing the mouse’s intestinal reperfusion time and changing
the ischemia time (Jia et al. 2020). Here, we focused on the
effect of different reperfusion times on intestinal I/R injury.
Referring to the study by Li et al. (Li et al. 2019), we fixed the
ischemia time at 60 min and the reperfusion time at 15 min,
30 or 60 min. There was no difference in the Chiu’s score
between 30 and 60 min of reperfusion, but in the Western
blot results, the expression levels of ZO-1, Occludin, GPX4
and FTH1 were higher after 60 min of reperfusion than after
30 min of reperfusion, similar to the findings of Wang et al.
(Wang et al. 2020a). This result suggested that although the
expression levels of ZO-1, Occludin and ferroptosis-related
proteins GPX4 and FTHI increased with the extension of
reperfusion time, the intestinal mucosa was irreversibly
damaged due to intestinal I/R injury.

To simulate intestinal I/R injury in vitro, Caco-2 cells
were established according to the study of Liu et al. (Liu
et al. 2018). Unlike the intestinal I/R model, H/R did not
cause the accumulation of lipid peroxides, changes in the
expression of ferroptosis-related proteins or Caco-2 cell
death but increased sensitivity to RSL3-induced ferrop-
tosis. This may be because when ischemia occurs in vivo,
the regulatory mechanism is more complex, causing not
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Fig. 6 Resveratrol ameliorates intestinal I/R injury in a mouse I/R model. (a) Representative HE staining images of intestinal mucosa after drinking
resveratrol (30 mg/L) for 2 weeks (n=8). Scale bars: 200 um. (b) Chiu’s score of intestinal tissue injury in Sirt3** and Sirt3”~ mice treated with resveratrol
and/or I/R (n=8). (c) Representative Western blots of ZO-1 and Occludin in Sirt3*+ and Sirt3”~ mice treated with resveratrol and/or I/R (n=8). (d) Rep-
resentative Western blots of GPX4, FTH1 and ACSL4 levels in Sirt3** and Sirt3™~ mice treated with resveratrol and/or I/R (n=8). (e) Quantitation of ZO-1
and Occludin in Sirt3*/* and Sirt3™~ mice treated with resveratrol and/or I/R (n=8). (f) Quantitation of GPX4, FTH1 and ACSL4 levels in Sirt3*/* and Sirt3™/~
mice treated with resveratrol and/or I/R (n=8). Data are presented as the mean+SD. All experiments were repeated in triplicate. *P<0.05, **P<0.01,
***P < 0.001. Kruskal-Wallis H test (b), two-way ANOVA (e, f)
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Fig. 7 Resveratrol attenuates RSL3-induced ferroptosis dependent onS/IRT3activation. (a) Viability of Caco-2 cells treated with resveratrol at con-
centrations of 0, 2.5, 5, 10, 20, and 40 uM for 24 h, 48 and 72 h (n=3). (b) Representative Western blots of GPX4, FTH1 and ACSL4 levels in shNC-Caco-2
cells and shSIRT3-Caco-2 cells treated with resveratrol and/or RSL3 (n=3). (c) Quantitation of GPX4, FTH1 and ACSL4 levels in shNC-Caco-2 cells and
shSIRT3-Caco-2 cells treated with resveratrol and/or RSL3 (n=3). (d) Representative IF image indicating SIRT3 in shNC-Caco-2 cells and shS/RT3-Caco-2
cells treated with resveratrol and/or RSL3 (n=3). Scale bars: 200 um. (e) Quantitation of the MFI of SIRT3 in shNC-Caco-2 cells and shS/RT3-Caco-2 cells
treated with resveratrol and/or RSL3 (n=3). The data are presented as the mean + SD of three independent experiments in triplicates. *P < 0.05, **P < 0.01.

Two-way ANOVA (c, d)

only hypoxia in cells and tissues but also other unknown
key molecular changes.

Intestinal I/R injury leads to ferroptosis in intestinal
mucosal cells, which was consistent with the study of Li et
al. (Li et al. 2019). In this study, the levels of total iron, Fe>*,
and Fe*" in the blood increased, suggesting that intestinal
mucosal cells were damaged by intestinal I/R injury and
ferroptosis occurred, and the iron in the cells was released

into the blood, which increased the blood iron concentra-
tion. The lipids on the cell membrane exist in the form of
many phospholipids, and the lipids in the cells are divided
into monounsaturated fatty acids and polyunsaturated fatty
acids. In the presence of excess Fe>* and ROS, polyunsatu-
rated fatty acids are oxidized to generate excess LOP, caus-
ing cell membrane damage and ferroptosis (Stockwell 2022).
MDA is the product of LOP (Ayala et al. 2014). After the
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Fig. 8 Resveratrol reduces ROS by activating the SIRT3-FoxO3a pathway. (a) Representative IF image indicating MitoSOX in shNC-Caco-2 cells and
shSIRT3-Caco-2 cells treated with resveratrol and/or RSL3 (n=3). Scale bars: 200 um. (b) Quantitation of the MFI of MitoSOX in shNC-Caco-2 cells and
shSIRT3-Caco-2 cells treated with resveratrol and/or RSL3 (n=3). (c) Representative Western blots of SIRT3, FoxO3a, catalase and SOD2 in shNC-Caco-2
cells treated with resveratrol and/or RSL3 (n=3). (d) Quantification of Foxo3a mRNA in siNC-Caco-2 and siFoxO3a-Caco-2 cells (n=3). (e) Representative
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(g) Quantitation of SIRT3, FoxO3a, catalase and SOD2 in shNC-Caco-2 cells treated with resveratrol and/or RSL3 (n=3). (h) Representative Western blots
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ments in triplicates. *P < 0.05, **P<0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA (d, f), two-way ANOVA (b, g, i)
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cell membrane is damaged, MDA is released into the blood,
and the level of MDA in the blood increases. Furthermore,
once the intestinal tract is damaged by hypoxia or I/R injury,
the permeability of intestinal epithelial cells increases, and
IFABP and the FITC-marked small molecule dextran (FD4)
enter the blood circulation through capillaries (Timmer-
mans et al. 2015; Woting et al. 2018). In this study, the lev-
els of IFABP and FD4 in the blood increased. In addition,
intestinal mucosal cells were damaged and ruptured, intes-
tinal endotoxin was released into the blood, and LDH, IL6,
and TNF-a levels in the blood increased, resulting in a sys-
temic inflammatory response. In this study, HE results indi-
cated that there was no significant difference in Chiu’s score
between 30 and 60 min of reperfusion, while ZO-1, Occlu-
din and SIRT3 increased significantly after 60 min of reper-
fusion (Fig. 1). This could be because as the reperfusion time
was prolonged, the intestinal tissue began to compensate,
but the damage to the intestinal mucosa was irreversible.
At the same time, we also noticed that there was no differ-
ence in the levels of factors such as IL6, LDH, and TNFa in
serum at 60 min of reperfusion and 30 min of reperfusion,
which might be because systemic compensation had not yet
occurred. In the study by Li et al. (Li et al. 2019), the num-
ber of ferroptotic mitochondria per field was the highest at
30 min of reperfusion, and the number of ferroptotic mito-
chondria per field after 240 min of reperfusion showed no
difference from that of the control group (Response letter
Fig. 1). Therefore, we speculated that with prolonged reper-
fusion time, the levels of related factors in serum will return
to normal levels.

In the absence of hypoxia or I/R injury, normal cells can
regulate cell membrane damage, and there are three main
regulatory pathways for ferroptosis. The first pathway is the
GSH/GPX4 pathway, which involves the cystine/glutamate
transporter (Wang et al. 2020b), p53 regulatory axis (Jiang
et al. 2015) or glutamine pathway (Gao et al. 2015). The
second pathway is related to iron metabolism (Chen et al.
2022; Hou et al. 2016; Sun et al. 2016). The third pathway
is related to lipid metabolism (Yang et al. 2016; Dodson et
al. 2019; Kagan et al. 2017). In addition, some studies have
indicated that the FSP1-CoQ10 pathway plays an important
role in ferroptosis (Doll et al. 2019; Bersuker et al. 2019).
In our study, the reduced GSH level and GSH/GSSG ratio
decreased, and the oxidized GSSG level increased in the
process of intestinal I/R. According to research by Quader
et al, the GSH/GSSG ratio is greater than 100 in resting
cells, but in the presence of ROS, the ratio becomes as low as
10:1 or even 1:1 (Quader et al. 2022). GPX4 is a key enzyme
that catalyzes GSH resistance against LPO (Maiorino et al.
2018). In this study, when I/R occurred, the levels of GPX4
and GSH decreased, leading to an increase in LPO pro-
duction. On the other hand, FTHI is a part of the ferritin
complex and can inhibit ferroptosis in Parkinson’s disease
by ferritinophagy (Tian et al. 2020). ACSL4 is a member of
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the ACSL family that activates polyunsaturated fatty acids,
which can be oxidized and trigger ferroptosis (Doll et al.
2017). In this study, FTH1 expression decreased and ACSL4
expression increased when I/R occurred.

Sirtuin3, an NAD*-dependent deacetylase, localizes
to mitochondria and is involved in almost all aspects of
mitochondrial metabolism and homeostasis, protecting
mitochondria from various forms of damage (Zhang et al.
2020). SIRT3 accelerates the rate of ROS clearance in mito-
chondria by enhancing the degree of acetylation of various
enzymes (Denu 2017). In this study, we found that SIRT3
expression decreased in the I/R model and RSL3-induced
ferroptosis, which was attenuated by resveratrol. FoxO3a is
a downstream gene of SIRT3, and FoxO3a loses its activity
after ubiquitination, phosphorylation or acetylation (Zhou
et al. 2021). SIRT3 can deacetylate FoxO3a to restore its
activity, promote the transcription of downstream SOD2
and catalase, increase the expression of SOD2 and catalase,
and reduce the generation of ROS (Bai et al. 2023; Quan
et al. 2020). After Caco-2 cells were treated with RSL3, we
found that the expression level of SIRT3 decreased, and we
speculated that more FoxO3a was acetylated. Furthermore,
the expression level of FoxO3a was reduced, which resulted
in a lower expression level of the active form of FoxO3a.

Resveratrol has been found in at least 72 plant species,
such as mulberries, peanuts, and grapes, and is charac-
terized by simple extraction and low cost (Meng et al.
2021). As an agonist of SIRT3, it has antioxidant effects
(Zhang et al. 2020; Zhuang et al. 2019). According to the
resveratrol instructions, 10 uM resveratrol treatment of
MCF?7 cells for 60 h only caused 10% MCEF-7 cell death.
Ulrich et al. demonstrated that 30 uM resveratrol treat-
ment of HCT116 cells for 24 h only caused approximately
10% cell death (Ulrich et al. 2006). In this study, treatment
with 20 uM resveratrol for 24 h resulted in only approxi-
mately 10% cell death. Furthermore, after treatment with
20% EBS, the cell growth rate was faster, and the cell den-
sity in the shNC-Caco-2 group was too high at 48 and
72 h. Therefore, 20 pM resveratrol was used in subse-
quent experiments to treat Caco-2 cells for 24 h. In this
study, resveratrol increased SIRT3 resistance to intestinal
I/R injury and ferroptosis, but in the SIRT3 knockout or
knockdown group, resveratrol did not ameliorate intes-
tinal I/R injury and ferroptosis. The above experimental
results suggest that resveratrol ameliorated the genera-
tion of ROS through the Sirt3-FoxO3a pathway, thereby
inhibiting the occurrence of ferroptosis.

There are some shortcomings in this study regarding
why ferroptosis occurred in the reperfusion stage but
not in the reoxygenation stage. This may be related to
the body having a more complex regulatory mechanism.
Additionally, the study of different ischemia times is not
mentioned. Whether the ischemia or reperfusion phase
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is more damaging to intestinal mucosal tissue may be
addressed in future studies.

Conclusions

To date, this is the first study to show that resveratrol ame-
liorates intestinal ischemia-reperfusion injury by activat-
ing SIRT3 and reducing ferroptosis. Resveratrol can reduce
intestinal ischemia-reperfusion injury by activating the
SIRT3/FoxO3a pathway, increasing the expression of SOD2
and catalase, reducing ROS and LPO production, compen-
sating for the GSH/GPX4 pathway and inhibiting ferrop-
tosis. Although resveratrol cannot reverse damage to the
intestinal mucosa, we suspect that the use of resveratrol will
greatly improve patient prognosis.
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