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Abstract

Objective This study investigated how the natural phytophenol and potent SIRT1 activator resveratrol
(RSV) regulate necroptosis during Vibrio vulnificus (V. vulnificus)-induced sepsis and the potential
mechanism.

Methods The effect of RSV on V. vulnificus cytolysin (VVC)-induced necroptosis was analyzed in vitro
using CCK-8 and Western blot assays. Enzyme-linked immunosorbent assays and quantitative real-time
polymerase chain reaction, western blot, and immunohistochemistry and survival analyses were
performed to elucidate the effect and mechanism of RSV on necroptosis in a V. vulnificus-induced sepsis
mouse model.

Results RSV relieved necroptosis induced by VVC in RAW264.7 and MLE12 cells. RSV also inhibited the
inflammatory response, had a protective effect on histopathological changes, and reduced the
expression level of the necroptosis indicator pMLKL in peritoneal macrophages, lung, spleen, and liver
tissues of V. vulnificus-induced septic mice in vivo. Pretreatment with RSV downregulated the mRNA of
the necroptosis indicator and protein expression in peritoneal macrophages and tissues of V. vulnificus-
induced septic mice. RSV also improved the survival of V. vulnificus-induced septic mice.

Conclusion Our findings collectively demonstrate that RSV prevented V. vulnificus-induced sepsis by
attenuating necroptosis, highlighting its potency in the clinical management of V. vulnificus-induced

sepsis.
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INTRODUCTION shellfish. V. vulnificus infects humans when they

ibrio vulnificus is a halophilic Gram-
Vnegative bacterium widely distributed in
tropical and subtropical seawater. It
parasitizes a range of seafood, including fish and

ingest raw or half-cooked bacteria-contaminated
seafood or come in contact with bacteria-bearing
seawater™. V. vulnificus has a high virulence and
mortality rate and induces sepsis characterized by
rapidly progressive fatal septicemia and necrotic
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wound infections, which are always accompanied by
septic shock. V. wvulnificus causes a significant
number of deaths due to multiple organ failure
within 48 h. This pathogen is responsible for more
than 95% of seafood-related deaths in the United
States, which is the highest fatality rate of all
foodborne pathogensm. Frequent cases of V.
vulnificus-induced-sepsis have also been reported in
the southern coastal areas of China'®. Sepsis caused
by V. wulnificus threatens the health of sailors
working in the maritime environment. Thus, basic
clinical research on the pathogenic mechanism and
control methods of V. vulnificus-induced-sepsis is of
great significance. The key pathogenic factors and
pathogenesis of V. vulnificus-induced sepsis remain
unclear, translating to limitations in the existing
clinical prevention and treatment methods. Thus, it
is necessary to further explore new interventional
targets.

Necroptosis is a newly discovered programmed
cell death process independent of caspase
activation. Studies have reported that necroptosis is
involved in cytokine storms and organ damage
caused by sepsis[w]. Unlike apoptosis, necroptosis
causes a severe inflammatory response by releasing
damage-related molecular patterns (DAMPs). For
example, Rip3 knockout, a key necroptosis molecule,
exerts a protective effect on fatal systemic
inflammatory response syndrome and reduces
DAMPs in the blood of the cecal ligation and
puncture-induced sepsis model, thereby improving
immune tolerance®?. Moreover, necroptosis causes
organ functional damage during sepsis by inducing
programmed parenchymal cell death. Studies
conducted in this direction have mainly focused on
the lung. For example, toxin-induced necroptosis is
the main mechanism of lung injury caused by
Staphylococcus aureus™. Notably, pore-forming
toxins induce necroptosis of respiratory epithelial
cells during bacterial infections'™"..

The severe inflammation and tissue damage
caused by necroptosis may play an important role in
the pathology of V. vulnificus-induced sepsis. In vitro
experiments have revealed that V. vulnificus
cytolysin  (VVC) is toxic to mammalian cells.
Additionally, VVC promotes apoptosis by mediating
the influx of calcium ions, stimulating the synthesis
of nitric oxide synthase, and promoting the
production of superoxide anions'™”.. However, unlike
necroptosis, which enhances the inflammatory
response, apoptosis, a non-inflammatory cell death
process, may not be implicated in the severe
inflammatory reaction caused by V. vulnificus

infection. Our previous study revealed that VVC
induces cell death through apoptosis and
necroptosis. VVC induces necroptosis of mouse
macrophages via the Ripl/MLKL pathwaym].
Macrophages are of great significance in the
occurrence and development of sepsis[”’lsl.
Necroptosis of macrophages enhances the
inflammatory response. A previous study reported
that V. wulnificus metalloproteinases induce
necroptosis of human colon cancer cells and other
parenchymal cells"®. These results suggest that
necroptosis of macrophages and parenchymal cells
may be involved in the pathology of V. vulnificus-
induced sepsis. However, whether necroptosis
occurs and the specific regulators involved during
this pathological process are not fully understood.
Resveratrol (RSV) is a natural phytophenol and
potent SIRT1 activator. It has received significant
attention over the past few years because of its
antiplatelet and anti-inflammatory properties™ ™.
Recent studies have revealed that RSV relieves
necroptosis in fish kidney cells and rat lung tissues™?7.
However, whether RSV is involved in necroptosis
during V. wvulnificus-induced sepsis and the potential
mechanism behind its involvement remains unclear.
This study demonstrated that RSV prevented V.
vulnificus-induced sepsis by relieving necroptosis.
Treating experimental mice with RSV attenuated V.
vulnificus-induced tissue damage and the inflammatory
response and elevated the expression of necroptosis
indicators, thereby improving the survival rate.

MATERIALS AND METHODS

Reagents

RSV and necrostatin-1 (Nec-1) were purchased
from Selleck Chemicals (Houston, TX, USA).
Antibodies specific for B-actin, MLKL, Ripl and Rip3,
and phospho-MLKL (Ser345) used in the western blot
assays were purchased from Cell Signaling Technology
(Beverly, MA, USA). Horseradish peroxidase-
conjugated secondary antibodies were sourced from
eBioscience (San Diego, CA, USA). The phospho-
specific antibody against MLKL (Ser345) used in the
immunohistochemical tests was purchased from
Novus Biologicals (Littleton, CO, USA).

Cell Culture

RAW?264.7 and MLE12 cell lines were sourced from
the American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were cultured in
endotoxin-free RPMI 1,640 (HyClone, Logan, UT, USA)
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containing 10% fetal bovine serum (Thermo Fisher
Scientific, Waltham, MA, USA) at 37 °Cin 5% CO,.

Source of Bacteria and Growth Conditions

The V. vulnificus type strain 1H00066 used in this
study was sourced from the blood of a clinical
patient and purchased from the Marine Culture
Collection of China. The detailed strain information is
outlined in Supplementary Table S1 (available in
www.besjournal.com). The bacterium was initially
grown on 2216E agar plates (BD Biosciences,
Fairlawn, NJ, USA) at 30 °C for 12 h and then
cultured in 2216E broth (BD Biosciences) in an
incubating shaker at 30 °C and 180 rpm for 6-12 h.

RNA Extraction and Quantitative Real-time
Polymerase Chain Reaction (Q-PCR) Analysis

Total RNA was extracted from cells and tissues
using TRIzol reagent (Thermo Fisher Scientific)
following the manufacturer’s instructions. The RNA
was reverse transcribed to cDNA using the
PrimeScript’™  reverse transcription reagent kit
(TaKaRa, Shiga, Japan) and was subsequently used for
the Q-PCR analysis. The Q-PCR analysis was performed
on a LightCycler instrument (Thermal Cycler 2,720,
Applied Biosystems, Carlsbad, CA, USA) using the TB
Green® Premix Ex Tag™ Q-PCR kit (TaKaRa). The
oligonucleotide primers used (Supplementary Table
S2, available in www.besjournal.com) were retrieved
from  PrimerBank  (https://pga.mgh.harvard.edu/
primerbank/). All expression data were normalized to
B-actin expression as “fold change” using the 27
method.

Western Blot Assay

Cells (RAW264.7, MLE12, and peritoneal
macrophages) and tissue grinding fluid were washed
in PBS and lysed in RIPA buffer (Cell Signaling
Technology) containing a 1% protease inhibitor
cocktail (Calbiochem, San Diego, CA, USA) on ice. The
homogenate was centrifuged, and the protein
concentration in the supernatant was measured
using the BCA assay (Pierce, Waltham, MA, USA).
The western blot assays were performed as
described previously[m.

Cell Counting Kit-8 (CCK-8) Assay

Cell viability was assessed using the Cell Counting
Kit 8 (Dojindo, Tokyo, Japan). The CCK-8 solution
contains water-soluble tetrazolium, which facilitates
the identification of live cells by producing an orange
formazan dye upon bio-reduction in the presence of
an electron carrier. RAW264.7, MLE12, and peritoneal

macrophages were treated as described for various
lengths of time. The CCK-8 solution was added to each
well, and the plates were incubated at 37 °C for
another 2 h. The absorbance of the homogenate was
measured at 450 nm using an iMarker Microplate
Reader (Bio-Rad, Hercules, CA, USA). Cell viability was
calculated as a percentage of the untreated sample.

Enzyme-linked Immunosorbent Assay (ELISA)

Serum from mice was diluted with PBS and
analyzed by ELISA to determine the concentrations
of various cytokines. ELISA kits specifically for
interleukin (IL)-1B, IL-6, and tumor necrosis factor
(TNF)-a (Dakewe, Beijing, China) were used for these
assays following the manufacturer’s instructions.

In vivo V. vulnificus Infection

Eight-week-old female BALB/c mice (Vitalriver,
Beijing, China) were bred in pathogen-free conditions
and randomly divided into 4 groups (n = 3 mice/group).
The mice were injected intraperitoneally with varying
concentrations of RSV dissolved in PBS and V. vulnificus
resuspended in PBS. The RSV used in vivo was
dissolved in 5% DMSO, 30% PEG300, and ddH,O,
sterilized, and then diluted with PBS. An equal volume
of chaotropic agent (5% DMSO + 30% PEG300 +
ddH,0) without RSV was also diluted with PBS for
groups 1 and 2. Mice in group 1 (Control) were injected
with 1 mL of chaotropic agent dissolved in PBS and
then with 1 mL of PBS after 1 h. Those in group 2 (V.V.)
were injected with 1 mL of chaotropic agent dissolved
in PBS and then with 1 mL of V. vulnificus suspension
(OD = 0.15) after 1 h. Mice in group 3 (V.V. + RSV20)
were injected with 1 mL of RSV (20 mg/kg) dissolved in
PBS and then with 1 mL of V. vulnificus suspension
(OD = 0.15) after 1 h. Group 4 mice (V.V.+ RSV40)
were injected with 1 mL of RSV (40 mg/kg) dissolved in
PBS and then with 1 mL of V. vulnificus suspension
(OD = 0.15) after 1 h. The mice were anesthetized and
sacrificed by cervical dislocation after 12 h. The lung,
spleen, and liver tissues were harvested and immersed
in a fixative for 24 h before staining with hematoxylin-
eosin  or incubating  with  antibodies for
immunohistochemistry tests. A portion of the lung,
spleen, and liver tissues were lysed in TRIzol reagent to
extract RNA and in RIPA buffer for the western blot
assay. Mouse peritoneal macrophages were prepared
as described previouslym].

Survival Analysis

Eight-week-old female BALB/c mice (Vitalriver)
were bred in pathogen-free conditions and randomly
divided into 2 groups (n = 10 mice/group). Mice in
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group 1 (Control) were injected intraperitoneally with
1 mL of chaotropic agent dissolved in PBS and then
with 1 mL of V. vulnificus suspension (OD = 0.2) after
1 h. Those in group 2 (Experiment) were injected
intraperitoneally with 1 mL of RSV (40 mg/kg)
dissolved in PBS and then with 1 mL of V. vulnificus
suspension (OD = 0.2) after 1 h. The survival rate of
the mice in each group was observed every hour for
12 h after infection. The status of the mice was
observed every 4 h for 12 h after the first 12 h acute
infection period and then every 12 h for 2 days. The
number of deaths in each group was recorded during
the observation times. The surviving mice at the end
of the in vivo experiment were overdosed with
anesthetic and were killed by cervical dislocation.
Their bodies were incinerated and disposed of safely.

Statistical Analysis

The results are presented as mean * standard
deviation. The two groups were compared using
Student’s t-test. The Wilcoxon test was used for the
survival analysis. A P-value < 0.05 was considered
significant.

RESULTS

RSV Protects the Viability of RAW264.7 and MLE12
Cells Treated with VVC

Necroptosis of respiratory epithelial cells and
macrophages is important during bacterial-induced
sepsis[14'15]. Our previous study showed that VVC
induces necroptosis in macrophagesml. Therefore, we
investigated the effect of RSV on VVC-induced cell
injury as our initial step in determining the regulatory
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effect of RSV on necroptosis with RAW264.7 (murine
macrophage cell line) and MLE12 (murine lung
epithelium cell line) cells. RSV was non-toxic to
RAW264.7 cells at 0.1, 1, or 10 umol/L but was toxic at
100 pmol/L (Supplementary Figure S1, available in
www.besjournal.com). Thus, we investigated whether
< 10 pmol/L RSV exerted a protective effect on
RAW264.7 cells exposed to VVC. The results showed
that the RSV pretreatment significantly and
concentration-dependently reduced the VVC-induced
loss of RAW264.7 cell viability (Figure 1A and
Supplementary Figure S2, available in www.
besjournal.com). A similar protective effect was
observed in RSV-treated MLE12 cells (Figure 1B). These
results demonstrate the anti-cytotoxic effect of RSV on
RAW?264.7 and MLE12 cells challenged with VVC.

RSV Relieves VVC-induced Necroptosis in RAW264.7
and MLE12 Cells

We next examined whether the protective effect
of RSV is associated with necroptosis in RAW264.7
and MLE12 cells treated with VVC. Phosphorylation
of mixed lineage kinase domain-like (MLKL) indicates
the execution of necroptosism]. Cells were treated
with VWC (10 pg/mL) with or without the RSV
pretreatment, and the extracted proteins were
subjected to Western blot using anti-phospho-MLKL
antibodies. VVvC treatment-induced MLKL
phosphorylation was compared to the control cells.
Moreover, RSV or Nec-1 (a necroptosis inhibitor)
pretreatment significantly decreased the ratio of
phosphorylated to total proteins in the MLKL
analysis, compared with only the VVC treated groups
of RAW264.7 (Figure 2A) and MLE12 (Figure 2B)
cells. These results indicate that RSV relieved VVC-
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Figure 1. Resveratrol (RSV) protects RAW264.7 and MLE12 cells from VVC-induced injury. RAW264.7 cells
(A) or MLE12 cells (B) were pretreated by DMSO or RSV (10 umol/L) for 1 h and then incubated with VVC
(10 pg/mL) for 12 h. Cell viability was assessed using CCK-8. The data are representative of three
independent experiments with similar results presented as mean + SD. P < 0.05 and 'P < 0.05 indicate a
significant difference from the “VVC 0 ug/mL + DMSO” “VVC 10 pg/mL + DMSO” groups, respectively.
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induced necroptosis through the Ripl/MLKL

pathway in RAW264.7 and MLE12 cells.

Resveratrol Inhibits the Inflammatory Response
during V. vulnificus-induced Sepsis

We further explored the potential protective
effects of RSV in vivo using the V. vulnificus-induced
septic mice model. In this model, PBS or the V.
vulnificus suspension was injected intraperitoneally
into mice with or without the RSV pretreatment.
Blood, tissue (lung, spleen, and liver), and peritoneal
macrophages were obtained for further assay. The
production of pro-inflammatory cytokines in serum
was assessed by ELISA. V. vulnificus infection
markedly induced the production of pro-
inflammatory cytokines (IL-1B, IL-6, and TNF-a),
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while the RSV pretreatment significantly reduced
pro-inflammatory cytokine production (Figure 3).
These results showed that RSV significantly inhibited

the inflammatory response by decreasing
inflammatory cytokine production during V.
vulnificus-induced sepsis.

Resveratrol Has a Protective Effect on
Histopathological Changes and Reduces the

Expression of the Necroptosis Indicator in Tissues of
V. vulnificus-induced Septic Mice

Hematoxylin-eosin-staining showed no observable
histopathological changes in the control lung, spleen,
or liver tissues. However, the lung tissues from the V.V.
group displayed an injured alveolar structure. The
necrotic cell exudated, and a mass of inflammatory
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Figure 2. Resveratrol reduces VVC-induced pMLKL expression in RAW264.7 and MLE12 cells. Western blot
of RAW264.7 (A) or MLE12 cells (B) using the indicated antibodies. Cells were pretreated with Nec-1
(5 umol/L) or RSV (10 pmol/L) for 1 h and incubated with VVC (10 pg/mL) for 12 h. B-actin protein was
the internal control. MLKL phosphorylation was quantified using the Tanon Gel Image System. The results
are expressed as ratios of phosphorylated to total proteins in VVC-treated (VVC+ Nec-1- RSV-) and
untreated cells (VVC- Nec-1- RSV-). The results are mean t* standard error of three independent
experiments. “P < 0.05 and 'P < 0.05 indicate a significant difference from the “VVC- Nec-1- RSV-” and

“VVC+ Nec-1- RSV-" groups, respectively.
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cells infiltrated the tissues. The spleen was congested,
with obvious bleeding, and the number of spleen
nodules decreased. The liver indicated obvious
hepatocyte injury around the central vein and portal
area. The RSV (V.V. + RSV40) pretreatment significantly
reduced the histological changes caused by V.
vulnificus in the lung, spleen, and liver tissues (Figure
4A).  Further immunohistochemical examination
showed that the necroptosis indicator pMLKL was
present in the lung, spleen, and liver tissues of mice
injected with V. wulnificus. However, the RSV
pretreatment significantly reduced pMLKL-expression
in these tissues (Figure 4B). Thus, V. vulnificus infection
injured the peritoneal macrophages, but the RSV
pretreatment rescued the injury (Supplementary Figure
S3, available in www.besjournal.com). These data
suggest that RSV relieves necroptosis and protects
against histopathological changes in tissues from V.
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vulnificus-induced septic mice.

Resveratrol Pretreatment Downregulates the
Necroptosis-associated Molecules in Peritoneal
Macrophages and Tissues of V. vulnificus-induced
Septic Mice

Considering the protective role of RSV in vivo
(regulating necroptosis, as above), we analyzed the
expression of molecules (TNF-a, MLKL, Ripl, and
Rip3) associated with the necroptosis pathway. The
analysis involved Q-PCR of peritoneal macrophages
(Figure 5A) and the lung (Figure 5B), spleen (Figure
5C), and liver (Figure 5D) tissues from V. vulnificus-
induced septic mice. Infection with V. vulnificus
notably upregulated the molecules associated with
the necroptosis pathway. In contrast, the RSV
pretreatment significantly downregulated the
necroptosis pathway in the V.V. group (Figure 5).

. V. +RSV40

TNF-a (ng/mL)
IS

Figure 3. RSV reduced pro-inflammatory cytokine production in serum during V. vulnificus-induced sepsis.

ELISA of IL-1B, IL-6, and TNF-a in serum from mice 12 h after intraperitoneal injection with PBS or V.
vulnificus sensions (OD = 0.15). The mice were pretreated with or without RSV (20 or 40 mg/kg) for 1 h.
P < 0.05 and P < 0.05 indicate significant differences from the control and V.V. groups, respectively.
Each bar indicates the mean of three mice, and the error bars indicate standard deviations.
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Figure 4. Resveratrol-ameliorated histopathological changes in lung, spleen, and liver tissues and reduced
pMLKL-expression in V. vulnificus-induced sepsis mice. Hematoxylin-eosin staining (A) of lung, spleen and
liver sections from mice 12 h after intraperitoneal injection with PBS or V. vulnificus suspensions (OD =
0.15) pretreated with or without RSV (40 mg/kg) for 1 h. Magnification, 200x. Immunohistochemical
results (B) of pMLKL expression in the lung, spleen and liver sections from mice 12 h after intraperitoneal
injection with PBS or V. vulnificus suspension (OD = 0.15) pretreated with or without RSV
(40 mg/kg) for 1 h. Magnification, 200x.
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Resveratrol Pretreatment Downregulates
Necroptosis Pathway Proteins in Peritoneal
Macrophages and Lung Tissues of V. vulnificus-
induced Septic Mice

As necroptosis of lung tissue cells™®™ and

macrophages[”'lsl is important in bacterial-induced
sepsis, we tested the expression of proteins from the
necroptosis pathway by western blot. The results
showed that V. wvulnificus infection markedly
increased the ratio of phosphorylated to total
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proteins in the MLKL analysis and the expression of
Ripl and Rip3 in the control group. However, the
RSV pretreatment significantly downregulated Ripl
and Rip3 protein expression and the ratio of pMLKL
to MLKL than those in the V.V. group of peritoneal
macrophages (Figure 6A) and lung tissues (Figure 6B)
in V. vulnificus-induced septic mice. This result is
consistent with the in vitro results (Figure 2)
described above, indicating that RSV inhibits the
necroptosis of macrophages and other cells by
downregulating the expression of necroptosis
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Figure 5. Pretreatment with RSV down-regulated TNF-a, MLKL, Ripl, and Rip3 mRNA in peritoneal
macrophages, lung, spleen, and liver tissues of V. vulnificus-induced sepsis mice. Q-PCR analysis of TNF-a,
MLKL, Rip1, and Rip3 mRNA expression in peritoneal macrophages (A), lung (B), spleen (C), and liver (D)
sections from mice 12 h after intraperitoneal injection with PBS or V. vulnificus suspensions (OD = 0.15)
pretreated with or without RSV (20 or 40 mg/kg) for 1 h. *P < 0.05 and “P < 0.05 indicate significant
differences from the control and V.V. groups. Each bar is the mean of three separate mice samples, and

the error bars indicate standard deviations.
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pathway proteins during V. vulnificus-induced sepsis.

Resveratrol Ameliorates Survival after a Lethal V.
vulnificus Challenge

The survival analysis was conducted through
lethal V. vulnificus intraperitoneal infection to certify
the protective role of RSV on V. vulnificus-induced
septic mice. The results revealed that 70% of the
mice in the control group died within 12 h after the
lethal V. vulnificus challenge, and all mice died within
36 h. In contrast, 90% of the mice in the
experimental group (RSV pretreatment) were alive
for 24 h, and 70% ultimately survived (Figure 7 and
Supplementary Table S3, available in  www.
besjournal.com). These results agree with our other
data and confirm that RSV ameliorates survival after
V. vulnificus-induced sepsis.

DISCUSSION

V. vulnificus infection has the highest fatality rate
among all foodborne pathogens. Most patients die
of multiple organ failure within 48 h of symptom
emergence. The symptoms include a severe
inflammatory  response, septic shock, and
characteristic bloody bullous lesions. Besides the

reported pathological changes in the skin and
muscle!, this study established that V. vulnificus
infection damages parenchymal cells and peripheral
blood vessels of organs, such as the lung, liver, and
spleen (Figure 4A). The ultrastructural changes in
these organs were consistent with the clinical
manifestations, including liver failure and acute
respiratory distress syndrome[u].

Necroptosis is a special type of programmed cell
death regulated by Ripl, Rip3, MLKL, and other
proteins crucial in many pathological processeslzs’zsl.
However, the role of necroptosis in V. vulnificus-
induced sepsis has not been systematically studied.
Unlike apoptosis, necroptosis causes a severe
inflammatory reaction by releasing DAMPs related to
the severe inflammatory response during V.
vulnificus-induced sepsis. As one type of
programmed parenchymal cell death, necroptosis
may also damage organ function in V. vulnificus-
induced sepsis. This study reported necroptosis
during V. vulnificus-induced sepsis for the first time.
The histology and western blot data reveal
significantly increased expression of the necroptosis
indicator pMLKL in tissues and peritoneal
macrophages of V. wulnificus-induced septic mice
(Figures 4-6). The histology data showed increased
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Figure 6. Resveratrol pretreatment down-regulated pMLKL, Ripl, and Rip3 protein expression in
peritoneal macrophages and lung tissues of V. vulnificus-induced sepsis mice. Western blot of peritoneal
macrophage (A) or lung tissue (B) lysates using the indicated antibodies. Mice cells and tissues were
sampled 12 h after intraperitoneal injecting with PBS or V. vulnificus suspension (OD = 0.15) and
pretreated with DMSO or RSV (20 or 40 mg/kg) for 1 h. Quantification of MLKL phosphorylation, Rip1,
and Rip3 was performed using the Tanon Gel Image System. B-actin protein is the internal control. The
results are expressed as the ratio of phosphorylated to total proteins (pMLKL) or the ratio of protein to B-
actin (Rip1 and Rip3). The results are expressed as a fold change against the control group. *P < 0.05 and
"P < 0.05 indicates significant differences from the control and V.V. + DMSO groups, respectively. Each
bar is the mean from three separate mice samples, and the error bars indicate standard deviations.
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expression of proteins from the necroptosis pathway
in tissues and peritoneal macrophages of V.
vulnificus-treated mice (Figures 5-6). Therefore,
these results suggest that necroptosis is involved in
the inflammatory response and occurrence of
multiple organ failure during V. vulnificus-induced
sepsis.

Although RSV regulates apoptosis the
present study focused on whether RSV prevents
necroptosis because the severe inflammatory
reaction caused by V. vulnificus infection, particularly
septic shock, cannot be linked to apoptosis. Even
though necroptosis amplifies inflammation, how the
RSV treatment inhibits necroptosis and the
mechanism underlying this process are unclear.
Previous reports showed that RSV relieves
necroptosisin fish kidney cellsand ratlungtissues“g'zol.
Accordingly, this study showed for the first time that
RSV protects against V. vulnificus-induced sepsis by
relieving necroptosis in tissues and macrophages. As
an activator of SIRT1, the inhibitory effect of RSV on
necroptosis may depend on the activation of SIRTL1.
Previous reports have demonstrated that SIRT1
inhibitors promote necroptosis. For example, Pal et
al. reported that the SIRT1 inhibitor, sirtinol, and
tumor necrosis factor-related apoptosis-inducing
ligand induce necroptosis in A549 cells®?. Ugwu et
al. also showed that the SIRT1 inhibitor EX527
eliminates the inhibitory effect of unacylated ghrelin
on the increased expression of the necroptosis-
related molecules Ripl and Rip3 in muscle cells
under compression-induced injurym]. SIRT1 directly
interacts with necroptosis-related molecules. Carafa
et al. established that a new protein complex called
Rip1-SIRT1-Hat1 in various cancer cells and the pan-
SIRT inhibitor MC2494 increase Ripl acetylation at
specific sites®, However, further studies on the role
and mechanism of SIRT1 in regulating necroptosis
are needed.

Previous research also showed that SIRT1
deacetylates K310 in the p65 subunit of NF-kB to
inhibit p65 transcriptional activity and the expression
of cytokines, such as TNF-a®?. TNF-a is a pro-
inflammatory cytokine that induces necroptosis.
Thus, RSV may partially relieve necroptosis by
enhancing SIRT1 activity to inhibit the secretion of
the inflammatory factor TNF-a by immune cells.
These immune cells, such as macrophages, are
critical for increasing inflammation. Following this
hypothesis, our data show that RSV reduced the
production of pro-inflammatory cytokines in serum,
including TNF-a (Figure 3). RSV rescued the
expression of the necroptosis indicator pMLKL and

[27-28]

the loss of peritoneal macrophage viability during V.
vulnificus-induced sepsis (Figure 6 and Supplementary
Figure S3), which were consistent with the reduced
production of TNF-a. A similar phenomenon was
observed in lung, liver, and spleen tissues (Figures
5-6).

This study also established that the RSV
pretreatment downregulated necroptosis pathway
molecules, such as Ripl, Rip3, and MLKL, in
peritoneal macrophages and tissues of V. vulnificus-
induced septic mice (Figures 5-6). This regulatory
effect may be another RSV mechanism relieving
necroptosis. Our results are consistent with previous
studies, showing that RSV downregulates the
expression of necroptosis pathway molecules in fish
kidney cells treated with chlorothalonil™ and rat
lung tissues after transplantation®”. The mechanism
behind this observation requires further study.

The key point to improving the survival rate of
patients with V. wvulnificus-induced sepsis is to
choose sensitive antibiotics™. Third-generation
cephalosporins combined with tetracycline are
recommended for treating V. vulnificus infections in
the clinic®*®, However, tetracyclines have bad side
effects that may cause functional damage to the liver
or kidney. Better treatment methods are still needed
in the clinic to rescue patients with V. vulnificus-
induced sepsis. Our study suggests that RSV inhibited
the inflammatory response (Figure 3), relieved
necroptosis, and reduced organ tissue damage
(Figures 4-6). Moreover, the survival analysis data
demonstrated that RSV ameliorated survival after a
lethal challenge with V. vulnificus (Figure 7). Taken
together, these data demonstrate that RSV protects
against V. vulnificus-induced sepsis by relieving
necroptosis. The protective role of RSV outlines a
new direction for the clinical management of V.
vulnificus-induced sepsis.

In summary, this research shows that RSV
relieved the necroptosis induced by VVC in vitro. RSV
protected against V. vulnificus-induced sepsis in vivo
by relieving necroptosis through downregulation of
the necroptosis pathway-related mRNA and protein
expression in peritoneal macrophages and tissues.
These data may help develop a strategy for using
RSV to clinically manage V. vulnificus-induced sepsis.
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Figure 7. Resveratrol ameliorates  survival
against V. vulnificus-induced sepsis. The

survival of mice intraperitoneally injected with
V. vulnificus suspensions (OD = 0.2) pretreated
with 40 mg/kg RSV (experiment group) or
without RSV (control group) for 1 h. The
survival rate was updated every hour in the
acute infection period (<12 h), every 4 h
during 12-24 h after infection, and
subsequently every 12 h during 24-72 h after
infection. The experiment continued for 3
days. P < 0.01 (Wilcoxon test).
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