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ABSTRACT—Background:Dexmedetomidine (DEX) attenuates intestinal I/R injury, but its mechanism of action remains to be
further elucidated. Protein disulfide isomerase A3 (PDIA3) has been reported as a therapeutic protein for the prevention and
treatment of intestinal I/R injury. This study was to investigate whether PDIA3 is involved in intestinal protection of DEX and ex-
plore the underlying mechanisms.Methods: The potential involvement of PDIA3 in DEX attenuation of intestinal I/R injury was
tested in PDIA3 Flox/Flox mice and PDIA3 conditional knockout (cKO) in intestinal epitheliummice subjected to 45 min of superior
mesenteric artery occlusion followed by 4 h of reperfusion. Furthermore, the α2-adrenergic receptor (α2-AR) antagonist, yohimbine,
was administered in wild-type C57BL/6N mice intestinal I/R model to investigate the role of α2-AR in the intestinal protection con-
ferred byDEX.Results: In the present study, we identified intestinal I/R-induced obvious inflammation, endoplasmic reticulum (ER)
stress-dependent apoptosis, and oxidative stress, and all the aforementioned changeswere improved by the administration of DEX.
PDIA3 cKO in the intestinal epithelium have reversed the protective effects of DEX. Moreover, yohimbine also reversed the in-
testinal protection of DEX and downregulated the messenger RNA and protein levels of PDIA3. Conclusion: DEX prevents
PDIA3 decrease by activatingα2-AR to inhibit intestinal I/R-induced inflammation, ERstress-dependent apoptosis, and oxidative
stress in mice.
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INTRODUCTION

Intestinal I/R injury is a common life-threatening complication
seen in critically ill patients after major surgery, shock, multiple
trauma, or sepsis (1). The mortality associated with intestinal I/R in-
jury remains unchanged, exceedingly high up to greater than 90%
(2,3). Although great efforts have been made, intestinal I/R injury
is still need effective treatment and prevention.

Dexmedetomidine (DEX), an α2-adrenergic receptor (α2-AR)
agonist, has sedative, anxiolytic, sympatholytic, and opioid-sparing
effects and is applied commonly in a clinical setting (4). It is known
to influence inflammation, oxidative damage, endoplasmic reticu-
lum (ER) stress, apoptosis, autophagy, and so on, in several diseases
(5–8). The role of DEX in the treatment of intestinal I/R injury has
been highlighted in recent studies (5–8). Moreover, it has been re-
ported that activation of α2-AR by DEX could protect the intestine
against intestinal I/R injury (9,10). Nevertheless, the exact mech-
anism remains unclear.

In our previous study (11), protein disulfide isomerase A3
(PDIA3), a classic member of the PDI family, was significantly
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reduced after intestinal I/R injury while upregulated by ischemic
preconditioning with intestinal protection. These results suggest
that PDIA3 may be a key protein against intestinal I/R injury. Our
another further study revealed that PDIA3 attenuated intestinal I/R
injury via inhibiting ER stress-dependent apoptosis and oxidative
stress (12). In addition, Tat-PDIA3 is a PDIA3 fusion protein that
is used to deliver the protein without any cytotoxicity. It was deter-
mined to protect ischemic damage in the spinal cord by reducing
immunoreactive microglia and myeloperoxidase (MPO) activity
in serum (13), suggesting that PDIA3 played a role in anti-
inflammation. However, whether PDIA3 is involved inDEX against
intestinal I/R injury remains to be unmasked.

Previously, a study of Prokosch et al. (14) provided evidence
that brimonidine, another α2-AR agonist, activates the α2-AR
and subsequently regulates the protein PDIA3 expression in the
retina, suggesting that ligands binding to α2-AR may modulate
the PDIA3 expression. However, it is needed to be confirmed in
further research.

As mentioned previously, we hypothesized that DEX exerted
its intestinal protective effect through preventing PDIA3 decrease
by α2-AR activation to inhibit inflammation, ER stress-dependent
apoptosis, and oxidative stress.

MATERIALS AND METHODS

Animals and operative procedures
It has been reported that estrogen has protective effects on intestinal I/R injury

in animal studies (15). Therefore, to avoid the effect of hormones on the results, all
animal experiments were implemented using 8 to 12-week-old C57BL/6N male
mice weighing 20 to 30 g provided by the Experimental Animal Center of Sun
Yat-sen University (China). This experimentation was approved by the Animal
Ethics Committee of the First Affiliated Hospital of Sun Yat-sen University and
conformed to theDeclaration of Helsinki. After 12-h fastingwith free access towa-
ter before the experiment, all mice were anesthetized by 5% sodium pentobarbital
intraperitoneal injection (30 mg/kg) to perform subsequent operations on a 37°C
constant temperature plate until righting reflex disappeared. Using the mice model
of intestinal I/R injury, which gives satisfactory anesthesia and abdominal skin
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preparation, a midline laparotomy incision was made aseptically and protected
by covering with a sterile saline-moistened gauze. The gut was moved away
from the abdominal cavity on the gauze gently with a sterile cotton swab and
then exposed the superior mesenteric artery (SMA) close to the right renal hi-
lum. Further dissected carefully from the mesentery, the SMA was clamped
using noninvasive microvascular clips. As a result of SMA clipping, ischemia
was confirmed by immediate pulsation disappearance and gradual discoloration of
the small intestine. After 45 min of intestinal ischemia, the microvascular clips
were removed to restore the intestinal blood supply. The renewed pulsation and
the natural color recovery of the intestine verified the successful reperfusion. Fi-
nally, the gut was placed back within the abdominal cavity gently, and the abdom-
inal incisionwas sutured layer by layer. Then, themice had free access to water and
chow. After 45 min of ischemia followed by 4 h of reperfusion periods, the mice
were euthanized.

Drug administration and groups
DEX, 2.5 μg/mL, was dissolved in normal saline (NS) and yohimbine (Yoh),

1 μg/μL, an α2-AR antagonist, was dissolved in dimethyl sulfoxide (DMSO). All
drugs mentioned previously were injected via intraperitoneal injections (i.p.).

Experiment A
Experiment Awas conducted to determine the effect of PDIA3 on the intestinal

protective effects of DEX. PDIA3 Flox/Flox mice were assigned to F-Sham, F-IR,
and F-DEX groups randomly (n = 5 per group), and PDIA3 intestinal conditional
knockout (cKO) mice were randomly assigned to cKO-Sham, cKO-IR, and
cKO-DEX groups (n = 5 per group) as shown hereinafter (Fig. 1A):

1. F-Sham: 10 mL/kg NS was intraperitoneally injected separately 30min before
sham operation.

2. F-IR: 10 mL/kg NS was intraperitoneally injected separately 30 min before
I/R surgery;

3. F-DEX: 25 μg/kg (16) DEX was intraperitoneally injected separately 30 min
before I/R surgery;

4. cKO-Sham: 10mL/kg NSwas intraperitoneally injected separately 30min be-
fore sham operation;

5. cKO-IR: 10mL/kg NSwas intraperitoneally injected separately 30min before
I/R surgery; and

6. cKO-DEX: 25 μg/kg DEX was intraperitoneally administered separately
30 min before I/R surgery.

Experiment B
Experiment B was conducted to determine the role of α2-AR in the intestinal

protective effects of DEX.
FIG. 1. The schematic diagram of protocols of in vivo experiment. (A) Expe
sulfoxide; NS, normal saline; Yoh, yohimbine.
Wild mice were divided into five groups randomly (n = 8 per group) as shown
hereinafter (Fig. 1B):

1. Sham: DMSO (1 mL/kg, i.p., 1 h before sham operation) + NS (10 mL/kg,
i.p., 30 min before sham operation) + sham operation;

2. IR: DMSO (1 mL/kg, i.p., 1 h before I/R surgery) + NS (10 mL/kg, i.p.,
30 min before I/R surgery) + I/R surgery;

3. DEX+ IR: DMSO (0.5mL/kg, i.p., 1 h before I/R surgery) +DEX (25μg/kg,
i.p., 30 min before I/R surgery) + I/R surgery;

4. Yoh + IR: Yoh (1 mg/kg (17), i.p., 1 h before I/R surgery) + NS (10 mL/kg,
i.p., 30 min before I/R surgery) + I/R surgery; and

5. Yoh +DEX+ IR: Yoh (1mg/kg, i.p., 1 h before I/R surgery) +DEX (25μg/kg,
i.p., 30 min before I/R surgery) + I/R surgery.

Animal sample collection
Blood was collected by eyeball enucleation at the end of reperfusion period. Af-

ter centrifugation at 3,500 rpm for 15 min in 4°C, serum was harvested for subse-
quent biochemical detection. Meanwhile, a distal 10-cm ileum from the ileal-cecal
junction was obtained and divided into two segments. The first 1-cm part of the in-
testine close to the ileal-cecal junction areas was fixed with 4% paraformaldehyde
and paraffin-embedded for histological analysis and apoptosis assay of intestinal
epithelial cells (IECs). The remaining 9-cm part of the intestine was rinsed with
cold NS and saved at −80°C after drying with filter paper and scraping off the mu-
cus layer gently.

Histological assessments of intestinal injury
The intestinal tissue was acquired and fixed in 4% paraformaldehyde. Then,

the fixed samples were dehydrated by alcohol, paraffin-embedded, and sectioned
successively. Nuclei and cytoplasm were stained with hematoxylin and eosin
(H&E), respectively. Finally, the pathological alterations were observed and calcu-
lated by two researchers without group information under a microscope (Olympus,
Tokyo, Japan).

Detection of malondialdehyde, superoxidase dismutase, and
MPO levels in the intestinal mucosa

Intestinal mucosa was homogenized and lysed using the cell lysate (P0013;
Biotechnology Co., Ltd., Shanghai, China). The proportion of tissue weight to ho-
mogenate or lysate was 10%. The lysate was centrifuged at 10,000 rpm for 10 min,
and the supernatant was collected for subsequent determination.

Malondialdehyde (MDA) enzyme-linked immunosorbent assay (ELISA) kits
(Enzyme-Linked Biotechnology Co., Ltd., Shanghai, China) was used to detect
MDA, a product of lipid peroxidation. A commercial activity superoxidase
riment 1. (B) Experiment 2. DEX indicates dexmedetomidine; DMSO, Dimethyl
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dismutase (SOD) kits (Enzyme-Linked Biotechnology Co., Ltd.) was used to
measure SOD through suppressing nitroblue tetrazolium reduction by inhibiting
xanthine/xanthine oxidase system to produce superoxide anions.MPO ELISA kits
(Enzyme-Linked Biotechnology Co., Ltd.) was used to detect MPO, released
mainly by activated neutrophils. All ELISA kits were used in accordance with
the manufacturer's instructions.

Intestinal fatty acid–binding protein and detection of diamine
oxidase in the serum

To evaluate intestinal injury, the markers of circulating intestinal fatty acid–
binding protein (i-FABP) and diamine oxidase (DAO) were detected by ELISA
kits (Enzyme-Linked Biotechnology Co., Ltd.) according to the instructions of
the manufacturer.

Terminal deoxynucleotidyl transferase–mediated dUTP-biotin
nick-end labeling staining

Terminal deoxynucleotidyl transferase–mediated dUTP-biotin nick-end
labeling (TUNEL) staining was carried out with In Situ Cell Death Detection
Kit (No. 12156792910; Roche, Basel, Switzerland) according to the manu-
facturer's instruction. Zeiss Axioscan.Z1 digital slide scanner (Carl Zeiss,
Oberkochen, Germany) was used to capture images of slides. The numbers of pos-
itive cells were measured using ImageJ software (National Institutes of Health,
Bethesda, MD).

Quantitative reverse transcription-polymerase chain reaction
analysis

RNA was extracted from intestinal tissues with total RNA extraction kit
(LS1040; Promega, Madison, WI) according to the manufacturer's instruction.
Quantitative reverse transcription-polymerase chain reaction analysis was per-
formed with SYBR qPCR master mix (Q711-02; Vazyme, Nanjing, China) and
CFX96 Touch real-time system (Bio-Rad, Hercules, CA). Relative quantification
of genes was analyzed using 2−ΔΔCT method. The primer sequences are listed in
Table 1. β-Actin was set as the endogenous standard that displayed gene expres-
sion as the fold change increased.

Western blot analysis
Proteins were extracted from intestinal mucosal tissues using cell lysis buffer

(P0013; Beyotime, Shanghai, China), and the protein concentration was assessed
with BCA Protein Assay Kit (P0011; Beyotime). Then proteins were run on so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis gels and transferred to
Polyvinylidene Fluoride membranes (IPVH00010; Merck Millipore, Billerica,
MA). Membranes were blocked with 5% milk at room temperature for 1 h. Then
membranes were incubated with primary antibodies at 4°C overnight. Primary an-
tibodies included anti-PDIA3 antibody (1:1,000, ab13506; Abcam, Cambridge,
MA), anti-Bip antibody (1:1,000, 3177S; CST, Cambridge, MA), anti–caspase
12 antibody (1:1,000, sc-21,747; Santa Cruz, Dallas, TX), anti-Chop antibody
(1:1,000, 2895S; CST), anticleaved caspase 3 antibody (1:1,000, 9664S, CST),
and anti–β-actin antibody (1:5000, 66,009-1-Ig; Proteintech, Rosemont, IL). After
incubating membranes with secondary antibodies at room temperature for 1 h, mem-
braneswere incubatedwith ImmobilonWestern chemiluminescent horseradishperoxidase
substrate (WBKLS0500; Merck Millipore). Blot signals were detected with
ImageQuant LAS 500 imager (General Electric, Boston, MA) and analyzed with
ImageJ software (National Institutes of Health, Bethesda, MD).

Immunohistochemistry
After fixing with 4% paraformaldehyde and paraffin embedding, the tissue

was cut into 5-μm-thick sections and was used for immunohistochemistry
(IHC). The sections were heated at 60°C for 60 min; washed in xylene two
TABLE 1. Primers us

Gene Forward primer sequence

β-actin AGCCATGTACGTAGCCATCC
IL-1β TGCCACCTTTTGACAGTGATG
TNF-α CCCTCACACTCACAAACCAC
PDIA3 AGAGGCTTGCCCCTGAGTAT
Bip TGTCGCCCTCAGACCAGAA
Caspase 12 GACATGCTGGATGGGGTTTT
Chop GCAGCGACAGAGCCAGAAT

RT-QPCR, quantitative reverse transcription-polymerase chain reaction.
to three times, 15 min each; and then hydrated in 100%, 95%, 70%, and 50%
ethanol for 5 min, respectively. Next, phosphate-buffered saline (PBS) was
used to wash the sections three times, and sodium citrate buffer was used for
section heat-mediated antigen retrieval. Once incubating in 3% H2O2 for
10 min finished, the sections were then washed three times in PBS. After blocking
with 10% serum for 20 min at room temperature, the sections were washed with
PBS for 2 min. Subsequently, the sections were incubated with anti-PDIA3 anti-
body (ab13506; Abcam) or anti-Ly6G antibody (ab238132; Abcam) at 4°C for
12 to 16 h. Then, the second antibody (AlexaFluor; Invitrogen, Carlsbad, CA)
was used for treating the sections according to the first incubated antibodies. Fi-
nally, the sections were observed under a microscope (Olympus), and the inte-
grated optical density value, representing the staining intensity, was calculated
by Image Pro Plus 6.0 (Media Cybernetics, Silver Springs, MD).

Statistical analysis
GraphPad Prism 9.0 software (La Jolla, CA) was used to analyze the experi-

mental data, which were showed as mean ± standard deviation. One-wayANOVA
was used to determine differences among multiple groups. Tukey post hoc test
were used for multiple comparisons of groups. P < 0.05 was considered to be sta-
tistically significant.

RESULTS

Protective effects ofDEXagainst intestinal I/R injury regulated
by PDIA3 in IECs in mice

The H&E staining results of intestinal tissues (Fig. 2A) showed
that normal intestinal villi and glands were revealed in the F-Sham
group and cKO-Sham group. In contrast, the F-IR group, cKO-IR
group, and cKO-DEX group have seen severe intestinal tissue
damage accompanied by some visible bleeding and several inflam-
matory cell infiltrations. In the F-DEX group, intestinal mucosa
was partially damaged, inflammatory cells were mild infiltrated,
and villi were slightly damaged.

In Figure 2B, Chiu's score was used to quantify the mucosal
injury. DAO (Fig. 2C) and i-FABP (Fig. 2D) abundance in se-
rum were measured to further assess small intestinal damage.
Chiu's scores and DAO and i-FABP levels in serum were found
notably higher in the F-IR group and cKO-IR group than those
in the F-Sham group and cKO-Sham group (F-IR vs. F-Sham
and cKO-IR vs. cKO-Sham, P < 0.05). DEX ameliorated the
aforementioned changes, and intestinal PDIA3 cKO reversed
the intestinal protective roles of DEX, implying that DEX plays a
crucial role in protection of intestinal I/R injury via preventing
PDIA3 decrease.

DEX inhibited intestinal I/R-induced inflammation, ER
stress-dependent apoptosis, and oxidative stress by
preventing PDIA3 decrease in IECs

The results of IHC staining of Ly6G (Fig. 3A) and changes of
MPO levels in the intestine (Fig. 3B) showed that I/R in mice sig-
nificantly recruited neutrophils in the intestine. Moreover, the
ed for RT-QPCR

Reverse primer sequence

GCTGTGGTGGTGAAGCTGTA
AG GCTCTTGTTGATGTGCTGCT

ATAGCAAATCGGCTGACGGT
GCTGACAATTCCATCAGCAGT
GAACACACCGACGCAGGAATA

CCTCTACTTTTCTCTTGGATTCTGA
A ATGTGCGTGTGACCTCTGTT



FIG. 2. Protective effects of DEX on intestinal I/R injury regulated by PDIA3 in IECs in mice. (A) Histological analysis (H&E staining, original magnification
�200) and (B) Chiu's scores of the intestine (n = 5). (C) Levels of DAO activity (n = 5), and (D) i-FABP in serum (n = 5). Data are expressed as mean ± SD.
*P < 0.05. DAO indicates diamine oxidase; DEX, dexmedetomidine; IECs, intestinal epithelial cells; H&E, hematoxylin and eosin; i-FABP, intestinal fatty acid–
binding protein; PDIA3, protein disulfide isomerase A3; SD, standard deviation.
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expressions of Bip, caspase 12, Chop, and cleaved caspase 3 of
the intestinal samples (Fig. 3, C–H), reflecting ER stress-dependent
apoptosis, were examined. Bip, caspase 12, Chop, and cleaved
caspase 3 levels were significantly higher in the F-IR group
than that in the F-Sham group. These increases were signifi-
cantly attenuated in the F-DEX group. These results suggested
that DEX inhibited ER stress-dependent apoptosis induced by
intestinal I/R. To further explore whether the effects of DEX
were related to PDIA3 of the intestine, PDIA3 cKO mice were
applied. Compared with the cKO-Sham group, the protein ex-
pressions of Bip, caspase 12, Chop, and cleaved caspase 3 were
significantly higher in the cKO-IR group. In addition, these pro-
tein expressions were significantly higher in the cKO-DEX group
than those in the F-DEX group. These results suggested that
PDIA3 cKO in the intestine abolished the inhibition effect of
DEX on ER stress-dependent apoptosis. TUNEL staining (Fig. 3I)
was performed and apoptosis index (Fig. 3J) was calculated to fur-
ther evaluate apoptosis in the intestine. Intestinal I/R exposure sig-
nificantly increased the aforementioned apoptosis index. In addition,
intestinal I/R injury led to an increase in MDA (Fig. 3K) and a de-
crease in SOD (Fig. 3L) in the intestinal mucosa. Pretreatment with
DEX improved the aforementioned changes. The effect of DEX
was eliminated completely by intestinal PDIA3 cKO. Overall,
those findings revealed that DEX inhibited intestinal I/R-induced
inflammation, ER stress-dependent apoptosis, and oxidative stress
by attenuating PDIA3 decrease in IECs.

DEX prevented PDIA3 decrease via activating α2-AR to
alleviate intestinal I/R injury

To further determine the potential protective mechanism of DEX
on α2-AR, we next blocked the α2-AR by Yoh, anα2-AR antagonist.
First, remarkable intestinal histological damages (Fig. 4, A and B)
and messenger RNA (mRNA) expression upregulation of inflam-
matory cytokines including IL-1β (Fig. 4C) and TNF-α (Fig. 4D)
were found after intestine I/R injury, which were alleviated by
DEX. In addition, Yoh abolished the aforementioned effects of
DEX, whereas Yoh alone did not alter intestinal I/R-induced mor-
phological change or inflammation. These results implied that pre-
treatment of DEX played a protective role on intestinal injury and
inflammation through activating α2-AR.

Furthermore, pretreatment with DEX prevented intestinal I/R-
induced ER stress, as evidence by reducing the mRNA and protein
expressions of Bip, Chop, and caspase 12 (Fig. 4, F, G, I, andK–M).
DEX also attenuated intestinal I/R-induced increase in cleaved cas-
pase 3 (Fig. 4N) and apoptosis index (Fig. 4P), reflecting the cell ap-
optosis. The administration of Yoh reversed these effects of DEX,
whereas Yoh alone did not influence the expression of these proteins
and mRNA and subsequent ER stress-dependent apoptosis.



FIG. 3. DEX preconditioning inhibited intestinal I/R-induced inflammation, ER stress-dependent apoptosis, and oxidative stress by preventing PDIA3
decrease in IECs. (A) Immunohistochemical staining showing Ly6G localization in the intestine. (B) Levels of MPO in the intestine (n = 5). (C) Representative
Western blot bands showing PDIA3, Bip, caspase 12, Chop, cleaved caspase 3, and β-actin expression in the intestinal mucosa. (D–H) Quantitative changes in
aforementioned protein concentrations were shown by densitometry analysis from the Western blotting assay (n = 3). Levels of intestinal mucosa (K) MDA (n = 5)
and SOD (L) (n = 5). (I and J) Number of TUNEL-positive cells (red) and DAPI (blue) in intestinal tissue (original magnification �200; n = 5). Data are
expressed as mean ± SD. *P < 0.05. DEX indicates dexmedetomidine; ER, endoplasmic reticulum; IECs, intestinal epithelial cells; MDA, malondialdehyde;
MPO, myeloperoxidase; PDIA3, protein disulfide isomerase A3; SD, standard deviation; SOD, superoxide dismutase; TUNEL, Terminal deoxynucleotidyl
transferase–mediated dUTP-biotin nick-end labeling.
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FIG. 4. DEX preconditioning prevented PDIA3 decrease via activating α2-AR to alleviate intestinal I/R-induced inflammation and ER stress-dependent
apoptosis. (A) Histological analysis (H&E staining, originalmagnification�200) and (B) Chiu's scores of the intestine (n = 5). (C andD)mRNA levels of IL-1β and TNF-
α in the intestine were measured to reveal intestinal inflammation (n = 5). (E–H) mRNA levels of PDIA3, Bip, caspase 12, and Chop in the intestine were measured
(n = 5). (I) Western blot bands showing PDIA3, Bip, caspase 12, Chop, cleaved caspase 3, and β-actin expression in the intestinal mucosa. (J–N) Quantitative
changes in aforementioned protein concentrations were shown by densitometry analysis from the Western blotting assay (n = 3). (O and P) Number of TUNEL-positive
cells in (red) and DAPI (blue) in intestinal tissue (original magnification �200; n = 5). Data are expressed as mean ± SD. *P < 0.05. α2-AR indicates α2-adrenergic
receptor; DEX, dexmedetomidine; ER, endoplasmic reticulum; H&E, hematoxylin and eosin; mRNA, messenger RNA; PDIA3, protein disulfide isomerase A3; SD,
standard deviation; TUNEL, Terminal deoxynucleotidyl transferase–mediated dUTP-biotin nick-end labeling.
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FIG. 5. Proposed mechanisms of protective effect of DEX via preventing PDIA3 decrease in intestinal I/R injury. α2-AR indicates α2-adrenergic receptor;
DEX, dexmedetomidine; PDIA3, protein disulfide isomerase A3.
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As showed in Figure 4, E, I, and J, the mRNA and protein
levels of PDIA3weremarkedly reduced after intestinal I/R injury,
and after administration of DEX, PDIA3 decrease was prevented.
Moreover, the pretreatment of Yoh abolished the effect of DEX
on PDIA3, indicating that DEX prevented PDIA3 decrease via
activating α2-AR.
DISCUSSION

The current study showed that intestinal I/R induced distinct
intestinal injury, as supported by an increase in serum DAO and
i-FABP levels and intestinal histological structure damages. Pre-
treatment with DEX (25 μg/kg) effectively improved the afore-
mentioned changes via preventing PDIA3 decrease, which induced
an inhibition of inflammation, ER stress-dependent apoptosis, and
oxidative stress. Moreover, the α2-AR inhibitor Yoh abolished the
intestinal protective effect of DEX (25 μg/kg) and was accom-
panied by the disappearance of its effect of preventing PDIA3
decrease (Fig. 5).

DEX has been reported to be a potential drug for the preven-
tion and treatment of intestinal I/R injury (7,9,16,18,19). Our re-
sults elaborated that the protection from DEX in mice with intes-
tinal I/R injury evidenced with an inhibition of inflammation, ER
stress-dependent apoptosis, and oxidative stress in the intestinal
mucosa. Consistently, Zhang et al. (9,16) proved that DEX could
protect against intestinal I/R-induced intestinal injury by sup-
pressing apoptosis and inflammatory response of intestinal muco-
sal epithelial, preserving gut-vascular barrier impairment and sub-
sequent liver damage. The other study indicated that pretreatment
with DEX markedly attenuate the intestinal I/R injury, probably
by enhancing mitophagy and reducing apoptosis of enteric glial
cells (7). Moreover, DEX could inhibit hypoxia/reoxygenation-
induced IEC ER stress, apoptosis, and pyroptosis via activating
SIRT1 expression (20).

DEX is a highly selective α2-AR agonist with rapid onset
and short duration of action (21). Recent studies (22,23) dem-
onstrated that the α2-AR played a critical role in organ I/R in-
jury. Moreover, suverys found that DEX alleviated intestinal
injury (9) and even remote organ injury (10,24) after intestinal
I/R via activating α2-AR, but how it does so remains unclear.
In the current study, Yoh, the α2-AR inhibitor, eliminated the
intestinal protective effect of DEX, suggesting that DEX
protected the intestine against intestinal I/R injury though acti-
vating the α2-AR.

PDIA3, which contributes to cells avoiding proteasome dys-
function or prolonged unfolded protein response, could result in
apoptosis if the large number of abnormal proteins persists (25).
PDIA3 has been identified as a possible new pharmacological
target and also suggested to be a biomarker for a large amount
of conditions (26–28). Several studies have reported that PDIA3
is involved in I/R-associated diseases. One study showed that
PDIA3-dependent activation of NADPH oxidase attributed to
its protection of hepatic I/R injury (29). Moreover, PDIA3 has
also been reported to be correlated with I/R injury of the hippo-
campus (30) and spinal cord (13). However, the role of PDIA3
in intestinal I/R injury is still unclear. In the present study, PDIA3
was notably declined after intestinal I/R injury but ascended by
DEX. Consistently, several studies have elucidated that PDIA3
is a therapeutic protein for the protective effect and treatment of
I/R injury. It was reported that PDIA3 acted as a neuroprotective
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agent against ischemia injury by impairing oxidative damage
and ER stress-dependent apoptosis (29,30). Another study pro-
vided evidence that exogenous PDIA3 protein could modulate
the oxidative/antioxidative balance and protect spinal cord neurons
from ischemic damage (13). In our previous study, remifentanil
was found to promote PDIA3 expression bymeans of an activation
of p38MAPK-associated signal pathway to reduce intestinal
I/R-induced ER stress and oxidative stress (12). Nevertheless,
the role of PDIA3 in different diseases remains controversial.
A traumatic brain injury (TBI) animal model showed that PDIA3
deficiency reduced inflammation of brain tissues after the TBI model.
Moreover, in oxygen glucose deprivation and reoxygenation-treated
astrocytes, PDIA3 knockout notably attenuated inflammation,
oxidative stress, and apoptosis of astrocytes (31). The other
study found that siRNA-mediated knockdown of PDIA3 in
HL7702 cells and rats could inhibit reactive oxygen species
production and NADPH oxidase activity and alleviate transplanted
liver injury (29).

Interestingly, in the study by Prokosch et al. (14), brimonidine
tartrate, an α2-AR agonist, was used to treat retinal explants from
rats and found to significantly decrease the retinal protein expres-
sion of PDIA3. In contrast, our results showed that activation
α2-AR byDEX prevented PDIA3 decrease in IECs, as evidenced
by downregulation of PDIA3 after α2-AR inhibitor, Yoh, ad-
ministration. We speculate that the relationship between α2-AR
and PDIA3 is different, even opposite in different tissues, organs,
or diseases.

Several limitations of our study should be noted. First, the cur-
rent data suggested that PDIA3 in the IECs played a crucial role in
intestinal I/R progression and intestinal protective effect by DEX,
and activation of α2-AR by DEX was involved in preventing
PDIA3 decrease. Further studies are requisite to determine the ex-
act mechanism of DEX-attenuating PDIA3 decrease. Second,
PDIA3 cKOmice were applied in the current study, whereas protein
overexpression technique is still needed to confirm the intestinal pro-
tective effect of PDIA3. Moreover, in vitro experiments still need to
be performed so as to confirm the exact mechanism of DEX against
intestinal I/R injury. Finally, whether intestinal protection of DEX is
dose dependent or not remains to be further explored.

In summary, we describe that DEX prevents PDIA3 decrease
in IECs by activating α2-AR to attenuate intestinal I/R injury
through suppressing inflammation, ER stress-dependent apopto-
sis, and oxidative stress.
REFERENCES
1. Mallick IH, Yang W, Winslet MC, Seifalian AM: Ischemia-reperfusion injury

of the intestine and protective strategies against injury. Dig Dis Sci 49(9):
1359–1377, 2004.

2. Stahl K, Rittgerodt N, Busch M, Maschke Sk, Schneider A, Manns Mp, Fuge J,
Meyer BC, Hoeper MM, Hinrichs JB, et al.: Nonocclusive mesenteric ischemia
and interventional local vasodilatory therapy: a meta-analysis and systematic review
of the literature. J Intensive Care Med 35(2):128–139, 2020.

3. Soussi S, Taccori M, De Tymowski C, Depret F, Chaussard M, Fratani A, Jully
M, Cupaciu A, Ferry A, Benyamina M, et al.: Risk factors for acute mesenteric
ischemia in critically ill burns patients—a matched case-control study. Shock
51(2):153–160, 2019.

4. Shehabi Y, Howe BD, Bellomo R, Arabi YM, Bailey M, Bass FE, Bin Kadiman S,
Mcarthur CJ, Murray L, Reade MC, et al.: Early sedation with dexmedetomidine in
critically ill patients. N Engl J Med 380(26):2506–2517, 2019.
5. Si Y, Bao H, Han L, Chen L, Zeng L, Jing L, Xing Y, Geng Y: Dexmedetomidine
attenuation of renal ischaemia-reperfusion injury requires sirtuin 3 activation. Br J
Anaesth 121(6):1260–1271, 2018.

6. Zhao Y, Feng X, Li B, Sha J,Wang C, Yang T, Cui H, Fan H: Dexmedetomidine pro-
tects against lipopolysaccharide-induced acute kidney injury by enhancing autophagy
through inhibition of the PI3K/AKT/mTOR pathway. Front Pharmacol 11:128, 2020.

7. Zhang Q, Liu XM, HuQ, Liu ZR, Liu ZY, Zhang HG, Huang YL, Chen QH,Wang
WX, Zhang XK: Dexmedetomidine inhibits mitochondria damage and apoptosis of
enteric glial cells in experimental intestinal ischemia/reperfusion injury via
Sirt3-dependent Pink1/Hdac3/P53 pathway. J Transl Med 19(1):463, 2021.

8. Li R, Lai IK, Pan JZ, Zhang P, Maze M: Dexmedetomidine exerts an anti-
inflammatory effect via α2 adrenoceptors to prevent lipopolysaccharide-induced
cognitive decline in mice. Anesthesiology 133(2):393–407, 2020.

9. Zhang X-Y, Liu Z-M, Wen S-H, Li Y-S, Li Y, Yao X, Huang W-Q, Liu K-X:
Dexmedetomidine administration before, but not after, ischemia attenuates in-
testinal injury induced by intestinal ischemia-reperfusion in rats. Anesthesiology
116(5):1035–1046, 2012.

10. Xu L, Li T, Chen Q, Liu Z, Chen Y, Hu K, Zhang X: The α2AR/Caveolin-1/
p38MAPK/NF-κB axis explains dexmedetomidine protection against lung injury
following intestinal ischaemia-reperfusion. J Cell Mol Med 25(13):6361–6372, 2021.

11. Liu KX, Li C, Li YS, Yuan BL, Xu M, Xia Z, Huang WQ: Proteomic analysis of
intestinal ischemia/reperfusion injury and ischemic preconditioning in rats reveals
the protective role of aldose reductase. Proteomics 10(24):4463–4475, 2010.

12. Shen J, Zhan Y, He Q, Deng Q, Li K, Wen S, Huang W: Remifentanil promotes
PDIA3 expression by activating p38MAPK to inhibit intestinal ischemia/
reperfusion-induced oxidative and endoplasmic reticulum stress. Front Cell Dev
Biol 10:818513, 2022.

13. Yoo DY, Cho SB, Jung HY, Kim W, Choi GM, Won MH, Kim DW, Hwang IK,
Choi SY, Moon SM: Tat-protein disulfide-isomerase A3: a possible candidate for
preventing ischemic damage in the spinal cord. Cell Death Dis 8(10):e3075, 2017.

14. Prokosch V, Panagis L, Volk GF, Dermon C, Thanos S: Alpha2-adrenergic recep-
tors and their core involvement in the process of axonal growth in retinal explants.
Invest Ophthalmol Vis Sci 51(12):6688–6699, 2010.

15. Ricardo-Da-Silva FY, Fantozzi ET, Rodrigues-Garbin S, Oliveira-Filho RM,
Vargaftig BB, Breithaupt-Faloppa AC, Tavares De LimaW: Estradiol modulates lo-
cal gut injury induced by intestinal ischemia-reperfusion in male rats. Shock 48(4):
477–483, 2017.

16. Zhang YN, Chang ZN, Liu ZM, Wen SH, Zhan YQ, Lai HJ, Zhang HF, Guo Y,
Zhang XY: Dexmedetomidine alleviates gut-vascular barrier damage and distant
hepatic injury following intestinal ischemia/reperfusion injury in mice. Anesth
Analg 134(2):419–431, 2022.

17. Deng L, Chen H, Wei N, Zhang Z, Wang G: The cardioprotective effect of
dexmedetomidine on regional ischemia/reperfusion injury in type 2 diabetic rat
hearts. Microvasc Res 123:1–6, 2019.

18. Vanderbroek AR, Engiles JB, Kästner SBR, KoppV, Verhaar N, Hopster K: Protec-
tive effects of dexmedetomidine on small intestinal ischaemia-reperfusion injury in
horses. Equine Vet J 53(3):569–578, 2021.

19. Hu Q, Liu XM, Liu ZR, Liu ZY, Zhang HG, Zhang Q, Huang YL, Chen QH,Wang
WX, Zhang X: Dexmedetomidine reduces enteric glial cell injury induced by intes-
tinal ischaemia-reperfusion injury through mitochondrial localization of TERT. J
Cell Mol Med 26:2594–2606, 2022.

20. Liu X, Leng Y, Lv X, Lv J, Zhang M, Shi Y: Dexmedetomidine inhibits endoplas-
mic reticulum stress to suppress pyroptosis of hypoxia/reoxygenation-induced in-
testinal epithelial cells via activating the SIRT1 expression. J Bioenerg Biomembr
53(6):655–664, 2021.

21. Iirola T, Ihmsen H, Laitio R, Kentala E, Aantaa R, Kurvinen JP, ScheininM, Schwilden
H, Schüttler J, Olkkola KT: Population pharmacokinetics of dexmedetomidine during
long-term sedation in intensive care patients. Br J Anaesth 108(3):460–468, 2012.

22. Brede M, Philipp M, Knaus A, Muthig V, Hein L: Alpha2-adrenergic receptor
subtypes—novel functions uncovered in gene-targeted mouse models. Biol Cell
96(5):343–348, 2004.

23. Bai A, Lu N, Guo Y, Chen J, Liu Z: Modulation of inflammatory response via
alpha2-adrenoceptor blockade in acute murine colitis. Clin Exp Immunol 156(2):
353–362, 2009.

24. Li J, Chen Q, He X, Alam A, Ning J, Yi B, Lu K, Gu J: Dexmedetomidine attenu-
ates lung apoptosis induced by renal ischemia-reperfusion injury through αAR/
PI3K/Akt pathway. J Transl Med 16(1):78, 2018.

25. Chichiarelli S, Altieri F, Paglia G, Rubini E, Minacori M, Eufemi M: ERp57/
PDIA3: new insight. Cell Mol Biol Lett 27(1):12, 2022.

26. Wu Y, Essex DW: Vascular thiol isomerases in thrombosis: the yin and yang. J Thromb
Haemost 18(11):2790–2800, 2020.

27. Galinski CN, Zwicker JI, Kennedy DR: Revisiting the mechanistic basis of the
French paradox: red wine inhibits the activity of protein disulfide isomerase in vitro.
Thromb Res 137:169–173, 2016.



564 SHOCK VOL. 58, NO. 6 ZHAN ET AL.
28. Frasconi M, Chichiarelli S, Gaucci E, Mazzei F, Grillo C, Chinazzi A, Altieri F: In-
teraction of ERp57 with calreticulin: analysis of complex formation and effects of
vancomycin. Biophys Chem 160(1):46–53, 2012.

29. Mu HN, Li Q, Fan JY, Pan CS, Liu YY, Yan L, Sun K, Hu BH, Huang DD, Zhao
XR, et al.: Caffeic acid attenuates rat liver injury after transplantation involving
PDIA3-dependent regulation of NADPH oxidase. Free Radic Biol Med 129:
202–214, 2018.
30. Yoo DY, Cho SB, Jung HY, Kim W, Lee KY, Kim JW, Moon SM, Won MH,
Choi JH, Yoon YS, et al.: Protein disulfide-isomerase A3 significantly reduces
ischemia-induced damage by reducing oxidative and endoplasmic reticulum stress.
Neurochem Int 122:19–30, 2019.

31. Wang WT, Sun L, Sun C: PDIA3-Regulted inflammation and oxidative stress con-
tribute to the traumatic brain injury (TBI) in mice. Biochem Biophys Res Commun
518(4):657–663, 2019.


