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Hyperglycemia aggravates hepatic ischemia/reperfusion injury (IRI), but the underlying mechanism for the aggravation
remains elusive. Sphingosine-1-phosphate (S1P) and sphingosine-1-phosphate receptors (S1PRs) have been implicated in
metabolic and inflammatory diseases. Here, we discuss whether and how S1P/S1PRs are involved in hyperglycemia-related
liver IRI. For our in vivo experiment, we enrolled diabetic patients with benign hepatic disease who had liver resection, and we
used streptozotocin (STZ)-induced hyperglycemic mice or normal mice to establish a liver IRI model. In vitro bone marrow—
derived macrophages (BMDMs) were differentiated in high-glucose (HG; 30 mM) or low-glucose (LG; 5 mM) conditions for
7 days. The expression of S1P/S1PRs was analyzed in the liver and BMDMs. We investigated the functional and molecular
mechanisms by which S1P/S1PRs may influence hyperglycemia-related liver IRI. S1P levels were higher in liver tissues from
patients with diabetes mellitus and mice with STZ-induced diabetes. SIPR3, but not SIPR1 or S1PR2, was activated in
liver tissues and Kupffer cells under hyperglycemic conditions. The SIPR3 antagonist CAY10444 attenuated hyperglycemia-
related liver IRI based on hepatic biochemistry, histology, and inflammatory responses. Diabetic livers expressed higher levels
of M1 markers but lower levels of M2 markers at baseline and after ischemia/reperfusion. Dual-immunofluorescence staining
showed that hyperglycemia promoted M1 (CD68/CD86) differentiation and inhibited M2 (CD68/CD206) differentiation.
Importantly, CAY10444 reversed hyperglycemia-modulated M1/M2 polarization. HG concentrations in vitro also triggered
S1P/S1PR3 signaling, promoted M1 polarization, inhibited M2 polarization, and enhanced inflammatory responses com-
pared with LG concentrations in BMDMs. In contrast, SIPR3 knockdown significantly retrieved hyperglycemia-modulated
M1/M2 polarization and attenuated inflammation. In conclusion, our study reveals that hyperglycemia specifically triggers
S1P/S1PR3 signaling and exacerbates liver IRI by facilitating M1 polarization and inhibiting M2 polarization, which may

represent an effective therapeutic strategy for liver IRI in diabetes.
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Diabetes mellitus (DM) is a complex and multisys- which has been shown to trigger chronic inflamma-
tem disease.!) Both type 1 diabetes (T1D) and type tion.?) Hyperglycemia is associated with high morbid-
2 diabetes (T2D) are characterized by hyperglycemia, ity and mortality after liver transplantation.®-® The

Abbreviations: ALT, alanine aminotransferase; ARGI, arginase 1;

standardized mortality rate from end-stage liver dis-
ease is also higher in patients with diabetes compared
with those without diabetes.(”)

Liver ischemia/reperfusion injury (IRI) is a major

AST, aspartate aminotransferase; BMDM, bone marrow—derived cause of acute postoperative liver dysfunction and fail-
macrophage; DAPL, 4',6-diamidino-2-phenylindole; DM, diabetes ure. In the case of liver transplantation, IRI is asso-
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ciated with a high incidence of acute and chronic

| ORIGINAL ARTICLE


mailto:﻿

LIVER TRANSPLANTATION, Vol. 25, No. 7, 2019

rejection.®?  Hyperglycemia can aggravate liver

ischemia/reperfusion (IR), but the mechanism remains
to be elucidated.(1?

Sphingolipid metabolite sphingosine-1-phosphate
(S1P) is one of the most important bioactive lyso-
phospholipids. It has been implicated in the develop-
ment of inflammatory and metabolic diseases.(111%
Altered sphingolipid metabolism occurs in hypoxic and
ischemic injury.'® For example, plasma S1P levels
increase during myocardial infarction.('”) S1P1 expressed
in proximal tubule cells attenuates kidney IRIL.(1®
Although activation of sphingosine-1-phosphate recep-
tor (SIPR) 3 protects hearts from IRI, STPR3~~ mice
are protected from kidney and pulmonary IRI compared

with wild-type (WT) mice.1%-?Y) Therefore, the role of
S1P in IRI may be organ specific, perhaps relating to the
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high-glucose; HPF, high-power field; HPRT, hypoxanthine-guanine
phosphoribosyltransferase; IL, interleukin; IP, intraperitoneally;
IR, ischemia/reperfusion; IRI, ischemia/reperfusion injury; KC,
Kupffer cell; LG, low-glucose; LPS, lipopolysaccharide; MRCI,
mannose receptor C-type 1; NOS2, nitric oxide synthase 2; NS,
nonspecific; p-STAT, phosphorylated signal transducer and activator
of transcription; RI-PCR, real-time polymerase chain reaction; SIP,
sphingosine-1-phosphate; S1PR, sphingosine-1-phosphate receptor;
shRINA, short hairpin RINA; siRINA, small interfering RNA; SPHK,
sphingosine kinase; STZ, streptozotocin; T1D, type 1 diabetes; T2D,
type 2 diabetes; TNF-a, tumor necrosis factor a; W1, wild-type.
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subtypes of S1P receptors. There is also strong evidence
supporting critical roles of the S1IP/S1PR system in the
progression of DM, including insulin sensitivity, insulin
secretion, and development of a diabetic inflammatory
state.?? However, there is little known about the role
and molecular mechanisms of the SIP/S1PR system in
hyperglycemia-exacerbated liver IRI.

In this study, we demonstrated that diabetes-associated
hyperglycemia has a significantly negative impact on liver
IRI and that the hyperglycemia-triggered S1P/S1PR3
pathway worsens liver IRI by regulating M 1/M2 polariza-
tion, which may represent an effective therapeutic strategy
for diabetes-related liver surgery.

Patients and Methods
PATIENTS

Liver tissues were obtained from 15 patients with be-
nign liver disease with DM (type 1 diabetes) and 15
patients with benign liver disease without DM. There
were no significant differences in age and sex distribu-
tion between the 2 groups. The alanine aminotrans-
ferase (ALT) levels of the 2 groups were analyzed at
1, 3, and 5 days after resection (Supporting Table 2).
Informed consent was obtained from all participants,
and the study was approved by the local ethics com-
mittee of Nanjing Medical University, Nanjing, China.

ANIMALS

Male WT C57BL/6 mice (6-8 weeks old) were pur-
chased from the Animal Resources of Nanjing Medical
University. Animals were housed under specific patho-
gen-free conditions and received humane care according
to a protocol approved by the Institutional Animal Care
and Use Committee of Nanjing Medical University.

MOUSE DIABETES AND LIVER IRI
MODEL

Streptozotocin (STZ; 40 mg/kg) or vehicle control
(sodium citrate buffer) was injected intraperitone-
ally (IP) into separate groups of 6-week-old mice for
5 consecutive days. Mice were anesthetized, and an
atraumatic clip was used to interrupt the arterial and
portal venous blood supply to the cephalad liver lobes
for 90 minutes, as described previously.?> The STPR3
antagonist, CAY10444 (1 mg/kg, IP; Cayman
Chemical, Ann Arbor, MI), was administered 30 min-
utes prior to ischemia.
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SERUM BIOCHEMICAL
MEASUREMENTS AND LIVER
HISTOPATHOLOGY

Serum ALT and aspartate aminotransferase (AST)
levels were measured with an AU5400 automated
chemical analyzer (Olympus, Tokyo, Japan). Liver
sections were stained with hematoxylin-eosin. Liver
macrophages and neutrophils were detected using pri-
mary rat anti-mouse CD68 mitochondrial antibody
(Abcam, Cambridge, United Kingdom) and Ly6G
mitochondrial antibody (Abcam), respectively.

IMMUNOFLUORESCENCE
STAINING OF LIVER SECTIONS

Immunofluorescence staining of optimal cutting tem-
perature sections was performed by 1% Triton X-100,
followed by incubation with rabbit anti-S1PR3 (1:100;
ImmunoWay, Plano, TX), rabbit anti-CD86 (1:100;
Abcam), rabbit anti-CD206 (1:100; Abcam), and rat
anti-CD68 (1:100; Abcam) overnight at 4°C.

ASSAY OF S1P

Liver tissue was homogenized or macrophages were
sonicated in ice-cold 50 mM of Tris buffer (pH 7.4)
containing 0.25 M of sucrose, 25 mM of KCI, 0.5 mM
of ethylene diamine tetraacetic acid, and 1% phos-
phatase inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO). S1P in supernatants was determined using an
enzyme-linked immunosorbent assay (ELISA) kit
(Echelon Inc., Salt Lake City, UT).

CELL CULTURE

Bone marrow—derived macrophages (BMDMs) were
isolated and cultured in low-glucose (LG; 5 mM) or
high-glucose (HG; 30 mM) Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS),
10% L1929 conditioned medium, 100 U/mL of penicil-
lin, and 100 mg/mL of streptomycin for 6 days. At day
7, macrophages were stimulated with lipopolysaccharide
(LPS; 1 pg/mL; Sigma-Aldrich) for 0-24 hours.
Primary liver Kupffer cells (KCs) were isolated from
the C57BL/6 WT mice as follows. Mouse livers were
perfused in situ via the portal vein with Hank’s balanced
salt solution, followed by 0.27% collagenase IV (Sigma-
Aldrich). Perfused livers were then dissected and pressed
through 70-pm cell strainers, followed by suspension

in 40 mL of DMEM supplemented with 10% FBS.
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Nonparenchymal cells were separated from hepatocytes
by centrifugation at 50g for 2 minutes 3 times. The
adherent cells (KCs, 80%-90% F4/80 positive) were used

for further in vivo experiments.

S1PR3 KNOCKDOWN WITH SMALL
INTERFERING RNA

The small interfering RNA (siRNA) sequence
against mouse SIPR3 was generated by Genepharma
(Shanghai, China) with the target sequence 5-CCAA-
GCAGAAGUAAGUCAATT=3". The nonspecific (NS)
siRNA  sequence 5-UUCUCCGAACGUGUCAC-
GUTT-3 served as a control. In total, 10° BMDMs/
well were transfected in vitro with mouse S1PR3-
specific siRNAs, or nonspecific siRNA (Genepharma)
using Lipofectamine 3000 reagent (Invitrogen, San

Diego, CA).

LENTIVIRAL VECTOR
CONSTRUCTION AND
TRANSDUCTION OF BMDMS

Plasmid vectors expressing short hairpin RNAs
(shRNAs) were constructed using the pLV3-S1PR3-
shRNA vector (Genepharma). For lentiviral transduc-
tion, 10° cells/well were seeded in 6-well tissue culture
plates and infected the following day with lentiviruses.

TOTAL BODY IRRADIATION AND
CELL TREATMENT

Mice received total body irradiation with a total dose of
5 Gy per animal using an X-ray generator (Rad Source
RS2000 irradiator, Rad Source Technologies, Coral
Springs, USA). BMDMs cultured under HG conditions
were transfected with a lentivirus-mediated S1IPR3 slic-
ing vector or control vector. Cells (2 x 10°) from different
treatment groups were injected via the tail vein into the
myeloid-destructive mice before IR.

QUANTITATIVE REAL-TIME
POLYMERASE CHAIN REACTION

Quantitative real-time polymerase chain reaction
(QRT-PCR) was performed using a 7900 Real-Time
PCR System (Applied Biosystems, Foster City, CA)
with Fast Start Universal SYBR Green Master Mix
(Takara, Osaka, Japan). The primer sequences are

shown in Supporting Table 1.
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WESTERN BLOTTING

Tissue or cellular proteins were extracted and subjected
to 10% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA). Rabbit anti-S1P,
S1PR3, phosphorylated signal transducer and activa-
tor of transcription (p-STAT) 1, p-STATS3, p-STATS,
STAT1, STAT3, and STAT6 (Abcam) and B-actin
(Cell Signaling Technology, Danvers, MA) were used.

ENZYME-LINKED
IMMUNOSORBENT ASSAY

Secretion of cytokines tumor necrosis factor « (TNF-
), interleukin (IL) 6, and IL10 in cell culture superna-
tants or serum was measured by ELISA (eBioscience,

San Diego, CA).

STATISTICAL ANALYSIS
+ standard

The results are presented as the mean +
deviation. Multiple group comparisons were per-
formed using 1-way analysis of variance followed by
Bonferroni’s post hoc test. Statistical analysis was per-
formed using SPSS, version 22.0 (SPSS Inc., Chicago,
IL) and unpaired Student # tests. A P value < 0.05 in-
dicated statistical significance.

Results

ACTIVATION OF THE S1P/S1PR3
PATHWAY IN LIVER TISSUE AND
KCS FROM PATIENTS WITH DM

Human liver tissues were collected from 15 pa-
tients with DM and 15 healthy controls (Supporting
Table 2). We first examined the gene expression of
sphingosine kinase (SPHK) 1 and SPHK2, which
represented S1P biosynthesis. mRNA expression
of SPHK1 and SPHK2 were significantly up-
regulated compared with the normal controls
(Fig. 1A). Quantitative RT-PCR also showed that
patients with DM had elevated levels of SIPR3 but
not S1IPR1 or S1PR2 (Fig. 1B). Consistent with the
mRNA expression levels of S1P biosynthesis, the
tissue levels of S1P were also significantly increased
in patients with DM compared with healthy controls
(Fig. 1C). Western blot also showed the increased
levels of SIPR3 in patients with DM (Fig. 1D). To
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determine whether SIPR3 was activated in the mac-
rophages in response to in vivo hyperglycemia, we
performed immunofluorescent staining for CD68
and S1PR3. Results showed that SIPR3 colocalized
in macrophages (KCs), and S1PR3-positive macro-
phages were significantly increased in patients with
DM compared with normal controls (Fig. 1E,F).
Thus, “specifically” means that the S1P/S1PR3
pathway is activated in only the SIP/S1PR _; system,
not S1P/S1PR1 or S1P/S1PR2. These data indicate
that hyperglycemia triggered the S1P/S1PR3 path-
way in liver tissues and KCs from patients with DM.

ACTIVATION OF THE S1P/S1PR3
PATHWAY IN LIVER TISSUE AND
KCS FROM DIABETIC MICE

We injected WT C57BL/6 mice with multiple injec-
tions of low-dose STZ prior to the start of liver IRI.
Hyperglycemia was confirmed at day 14, and then a
sham or IR procedure was performed in diabetic (STZ)
and control mice. There was no effect of STZ on liver
S1P/S1PR levels before hyperglycemia was established
in mice. To determine whether the SIP/S1PR3 signal-
ing pathway was activated in diabetic mice, we harvested
liver tissue from diabetic and control mice. Quantitative
RT-PCR showed that mRNA expression of SPHK1 and
SPHK?2 were both significantly increased in diabetic mice
(Fig. 2A,B). Consistent with these results, the tissue lev-
els of S1P were also increased in diabetic mice compared
with the controls (Fig. 2C). The mRNA levels of SIPR3
were significantly increased in diabetic mice, whereas
S1PR1 and S1PR2 were not (Fig. 2D-F). Western blot
results further confirmed the higher expression of SIPR3
in diabetic mice (Fig. 2G). More importantly, dual im-
munofluorescence staining of CD68 and SIPR3 demon-
strated that SIPR3 colocalized in macrophages (KCs)
and S1PR3-positive macrophages were significantly
increased in STZ-induced diabetic mice compared with
controls (Fig. 2H,I). Next, we evaluated expression of the
hyperglycemia-activated S1P/S1PR3 pathway in liver
IRI. Liver tissues were collected 6 and 24 hours after
reperfusion. Compared with the control mice, mRNA
expression of SPHK1, SPHK2, and S1PR3 in diabetic
mice was significantly increased at 6 hours, but not at 24
hours, after reperfusion (Fig. 2A,B,F). Consistent with
mRNA expression levels, the tissue levels of S1P and
S1PR3 in diabetic mice were also significantly increased
after 6 hours of reperfusion (Fig. 2C,G). These results
indicate that hyperglycemia triggered the S1P/S1PR3
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FIG. 1. S1P/S1PR3 pathway is activated in liver tissue and KCs from patients with DM. The DM group represented patients with
benign liver disease with diabetes; the control group represented patients with benign liver disease without diabetes. (A) The mRNA
levels of SPHK1 and SPHK2 in liver tissues of patients with DM and normal controls. (B) The mRNA levels of SIPR1, SIPR2, and
S1PR3 in liver tissues of patients with DM and normal controls. (C) S1P was quantified by ELISA in liver tissues of patients with DM
and normal controls. (D) A Western blot analyses of SIPR3 in patients with DM and normal controls are shown and relative density
ratios of S1PR3 in different groups are also shown. (E) Dual immunofluorescence staining of CD68 (red) and S1PR3 (green). DAPI
was used to visualize nuclei (blue). (F) SIPR3* macrophages were quantitated by counting the number of positive cells/area. These are
representative results of 3 independent experiments. *P < 0.05; **P < 0.01.

pathway in liver tissues and KCs from diabetic mice and  reperfusion, we established a 6-hour-reperfusion IR

that it was also involved in liver IRI. model to further explore the role of the hyperglycemia-

activated S1P/S1PR3 pathway in liver IRI. Diabetic
NECESSITY OF THE S1P/S1PR3 mice developed much more severe liver injury after
PATHWAY FOR HYPERGLYCEMIA- 90 minutes of ischemia and 6 hours of reperfusion,
EXACERBATED LIVER IRI as demonstrated by significantly increased levels

of serum ALT and AST and more severely dam-
According to the expression of S1IP and S1PR3 in aged liver architecture with higher Suzuki scores
diabetic and control mice at different times after compared with the controls (Fig. 3A-D). We then
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FIG. 2. S1P/S1PR3 pathway is activated in liver tissue and KCs from diabetic mice. Diabetic (STZ) and control mice were prepared
and subjected to a sham or IR procedure. Liver tissues in different groups were collected. The mRNA levels of (A) SPHK1 and
(B) SPHK2 in liver tissues of different groups were determined by quantitative RT-PCR. (C) S1P in liver tissues of different groups
were quantified by ELISA. The mRNA levels of (D) S1IPR1, (E) S1PR2, and (F) S1PR3 in liver tissues of different groups are
shown. (G) S1PR3 protein expression in liver tissues was measured by Western blotting. Relative density ratios of target proteins in
different groups are shown. (H) Dual immunofluorescence staining of CD68 (red), SIPR3 (green), and DAPI (blue) in diabetic (STZ)
and control mice. (I) SIPR3* macrophages were quantified by counting the number of positive cells/area as shown in G. These are
representative results of 3 independent experiments: n = 5 or 6 mice/group. *P < 0.05; **P < 0.01.

administered a single dose of S1PR3 inhibitor
CAY10444 prior to the start of liver IRI. We found
that CAY10444 alleviated liver IRI only in diabetic
but not control mice, as measured by serum ALT
and AST and liver histology (Fig. 3A-D). These
data demonstrated that the S1P/S1PR3 pathway
played a key role in hyperglycemia-exacerbated liver
IRI.

NECESSITY OF THE S1P/S1PR3
PATHWAY FOR HYPERGLYCEMIA-
ENHANCED INFLAMMATION
AFTERIR

Inflammation is an important factor in liver IRI.
To determine if the SIP/S1PR3 pathway regulated
hyperglycemia-aggravated proinflammatory responses
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FIG. 3. The S1P/S1PR3 pathway is critical for hyperglycemia-exacerbated liver IRI. Diabetic (STZ) and control mice were prepared.
The S1PR3 antagonist CAY10444 was administered 30 minutes prior to ischemia and then the IR or sham procedure was performed.
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treatments are shown. (C) Representative liver histological (hematoxylin-eosin staining) and (D) average Suzuki scores of mice with
different treatments are given. These are representative results of 3 independent experiments: n = 5 or 6 mice/group, *P < 0.05;

P <0.01.

during IR, we analyzed expression of inflamma-
tory cytokines TNF-a, IL6, and IL10 in untreated
and CAY10444-treated diabetic mice as well as in
controls. As expected, compared with the controls,
diabetic mice had significantly increased expres-
sion of TNF-a and IL6 and attenuated expression
of IL10 at both the gene and protein levels after IR
(Fig. 4A,B). More importantly, CAY10444 signifi-
cantly inhibited hyperglycemia-enhanced expression
of TNF-a and IL6 but increased hyperglycemia-
decreased expression of IL10 in diabetic mice at both

the gene and protein levels after IR (Fig. 4A,B). We
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also evaluated if the hyperglycemia-activated S1P/
S1PR3 pathway affected macrophage and neutrophil
tunctions in ischemic liver tissues. We found that
CD68* macrophages and Ly6G* neutrophils were
both significantly increased in diabetic mice com-
pared with the controls after IR (Fig. 4C-F). CD68*
macrophages and Ly6G* neutrophils were markedly
lower in CAY10444-treated diabetic mice compared
with untreated diabetic mice after IR (Fig. 4C-F).
These results indicate that the SIP/S1PR3 pathway
is essential for hyperglycemia-promoted proinflam-
matory responses in liver IRI.
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FIG. 4. The S1P/S1PR3 pathway is essential for hyperglycemia-enhanced inflammation after IR. (A) Inflammatory gene expression in
liver tissues of mice with different treatments was evaluated by quantitative RT-PCR. (B) Serum levels of inflammatory cytokines were
measured by ELISA. (C) Macrophage and (E) neutrophil infiltration were analyzed by immunohistological staining with antibodies
against CD68 and Ly6G, respectively (original magnification x40). (D) CD68* or (F) Ly6G* cells were quantitated by counting the
number of positive cells/area as shown in C and E. These are representative results of 3 independent experiments: n = 5 or 6 mice/
group, *P < 0.05; **P < 0.01; ***P < 0.001.
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INVOLVEMENT OF

M1/M2 POLARIZATION IN
HYPERGLYCEMIA-TRIGGERED
S1P/S1PR3 PATHWAY IN LIVER IRI

To investigate whether hyperglycemia-exacerbated
liver IRT influenced macrophage polarization, we mea-
sured expression of macrophage polarization markers
in the liver by quantitative RT-PCR. Compared with
the controls, diabetic mice expressed constitutively
higher levels of nitric oxide synthase 2 (NOS2), CD80,
and CD86 (M1 marker) but lower levels of arginase
1 (ARG1), mannose receptor C-type 1 (MRC1),
and CD163 (M2 marker) in both the sham and IR
(6 hours of reperfusion) groups (Fig. 5A-F). More
importantly, the SIPR3 antagonist CAY10444 could
reverse hyperglycemia-modulated M1/M2 polariza-
tion both before and after IRI (Fig. 5A-F). Western
blotting also showed that diabetic mice had enhanced
activation (phosphorylation) of STAT1 but reduced
activation of STAT3 and STAT6 in the sham and IR
groups (Fig. 5G,H). CAY10444-treated diabetic mice
had reduced activation (phosphorylation) of STAT1
but increased activation of STAT3 and STAT6 in the
sham and IR groups (Fig. 5G,H). We then marked
M1 macrophages with CD86 and M2 macrophages
with CD206 in IR liver tissue. Compared with control
mice subjected to IR, dual immunofluorescence stain-
ing showed that CD86-positive macrophages were
significantly increased and CD206-positive macro-
phages were significantly decreased in diabetic mice
subjected to IR. CAY10444 decreased CD86-positive
macrophages and increased CD206-positive macro-
phages in the livers of diabetic mice subjected to IR
(Fig. 5I-L). These results suggest that the hyperglyce-
mia-triggered S1P/S1PR3 pathway regulates M1/M2

polarization in liver IRI.

M1/M2 POLARIZATION
INVOLVEMENT IN HG-MEDIATED
INFLAMMATORY RESPONSES IN
MACROPHAGES

To explore whether M1/M2 polarization is involved
in HG-mediated inflammatory responses in mac-
rophages in vitro, we differentiated BMDMs in LG
(5 mM) or HG (30 mM) conditions for 7 days and
stimulated them with LPS for 24 hours. We measured
the gene expression of M1/M2 polarization markers
in macrophages by quantitative RT-PCR. Consistent
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with the in vivo results, HG-BMDMs expressed
higher levels of NOS2 but lower levels of ARG1
and MRC1 compared with LG-BMDMs, as well as
after LPS stimulation (Fig. 6A). Compared with the
LG-BMDMs, significantly higher levels of proinflam-
matory TNF-a and IL6 gene expression, but lower
levels of anti-inflammatory IL10 gene expression,
were induced in HG-BMDMs after LPS stimulation
(Fig. 6B). Consistent with the genetic data, ELISA
results also showed that HG-BMDDMs produced sig-
nificantly higher levels of proinflammatory TNF-a
(at 6 and 24 hours) and IL6 (at 6, 12, and 24 hours),
but lower levels of IL10 (at 6 hours), compared with
LG-BMDMs after LPS stimulation (Fig. 6C). Given
that in vivo hyperglycemia activated S1P/S1PR3 in
liver IRI, we determined if HG concentration had sim-
ilar effects in macrophages in vitro. Consistent with
the in vivo results, HG concentration triggered higher
mRNA of SPHK1, SPHK?2, and SIPR3 in BMDMs
(Fig. 6D). More importantly, ELISA and Western
blot results further confirmed the higher levels of S1P
and S1PR3 in BMDMs under HG concentration
(Fig. 6E,F). In addition, BMDMs under HG concen-
tration with LPS stimulation also had elevated levels
of S1P and S1PR3 compared with BMDMs under LG
concentration with LPS stimulation (Fig. 6E,F).

NECESSITY OF THE S1P/S1PR3
PATHWAY FOR HG-REGULATED
M1/M2 POLARIZATION IN
MACROPHAGES

To further explore the role of the S1P/S1PR3 pathway
in HG-regulated M1/M2 polarization in macrophages,
we transfected HG-BMDMs with SIPR3-siRNA or
NS-siRNA. S1PR3-siRNA reduced HG-triggered
S1PR3 gene expression in macrophages (Fig. 7A).
The efficacy of SIPR3-siRNA was also confirmed in
vitro by Western blotting (Fig. 7B). These cells were
stimulated with LPS for 24 hours. SIPR3-knockdown
HG-BMDMs expressed constitutively higher lev-
els of ARG1 and MRC1 but lower levels of NOS2
after LPS stimulation (Fig. 7C). SIPR3-knockdown
HG-BMDMs also decreased proinflammatory
gene expression of TNF-a and IL6 but increased
anti-inflammatory gene expression of IL10 (Fig. 7D).
Consistent with gene expression, ELISA showed that
S1PR3-knockdown HG-BMDMs produced sig-
nificantly lower levels of proinflammatory TNF-a
(at 6, 12, and 24 hours) and IL6 (at 6 and 12 hours)
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FIG. 5. M1/M2 polarization is involved in activation of the hyperglycemia-triggered SIP/S1PR3 pathway in liver IRI. Diabetic
(STZ) and control mice were prepared. The SIPR3 antagonist CAY10444 was administered 30 minutes prior to ischemia and then
the IR or sham procedure was performed. At 6 hours after reperfusion, liver tissues were collected. M1/M2 marker gene expression
was measured by quantitative RT-PCR, including (A) NOS2, (B) ARGI, (C) MRC1, (D) CD80, (E) CD86, and (F) CD163.
(G) Liver tissue levels of p-STAT1, p-STAT3, p-STATS, and p-actin protein were analyzed by Western blotting. (H) Relative density
ratios of target proteins in different groups as shown in G. (I) Dual immunofluorescence staining of CD68 (red) and CD86 (green) in
the different groups after IR. (K) Dual immunofluorescence staining of CD68 (red) and CD206 (green) in the different groups after
IR. DAPI was used to visualize nuclei (blue). (J) CD86* macrophages and (L) CD206* macrophages were quantitated by counting
the number of positive cells/area as shown in F and H. These are representative results of 3 independent experiments: n = 5 or 6 mice/
group. *P < 0.05; **P < 0.01; ***P < 0.001.
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FIG. 6. M1/M2 polarization is involved in HG-mediated inflammatory responses in macrophages. BMDMs were differentiated
under LG or HG conditions. These cells were then stimulated with LPS (1 pg/mL) for 24 hours. (A) M1/M2 marker gene expression
in BMDMs with different treatments was measured by quantitative RT-PCR. (B) Inflammatory gene expression in BMDMs with
different treatments was measured by quantitative RT-PCR. (C) Cytokine levels in culture supernatants were measured by ELISA.
(D) SPHK1, SPHK2, and S1PR3 gene expression in BMDMs with different treatments were determined by quantitative RT-PCR.
(E) S1P in BMDM:s were quantified by ELISA. (F) S1PR3 protein expression in BMDMs with different treatments was measured by
Western blotting. Relative density ratios of target proteins in different groups were also shown. *P < 0.05; **P < 0.01.
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FIG. 7. The S1P/S1PR3 pathway is critical for HG-regulated M1/M2 polarization in macrophages. BMDMs were differentiated
under HG conditions. NS or S1PR3-specific siRNA was transfected in vitro in HG-cultured BMDMs. S1PR3 gene and protein
expression was determined by (A) quantitative RT-PCR and (B) Western blotting. These cells were then stimulated with LPS for
24 hours. (C) M1/M2 marker gene expression was measured by quantitative RT-PCR. (D) Inflammatory gene expression in BMDMs
was determined by quantitative RT-PCR. (E) Cytokine levels in culture supernatants were measured by ELISA. (F) The intracellular
levels of p-STAT1, p-STAT3, p-STATS, and B-actin protein were analyzed by Western blotting. (G) Relative density ratios of target
proteins in different groups as shown in F. *P < 0.05; **P < 0.01; ***P < 0.001.

but higher levels of IL10 (at 6 hours; Fig. 7E).
Moreover, compared with normal HG-BMDMs,
S1PR3-knockdown HG-BMDMs reduced activa-
tion (phosphorylation) of STAT1 but increased acti-
vation of STAT3 and STAT6 after LPS stimulation
(Fig. 7F,G). We also isolated primary liver KCs from
the C57BL/6 W' mice. Just as in the BMDM cell

experiment, we transfected HG-stimulated primary

KCs with SIPR3-siRNA or NS-siRNA. The efficacy

of SIPR3-siRNA was also confirmed by quantitative
RT-PCR and Western blotting in vitro (Supporting
Fig. 1A,B). Consistent with the results of in vitro
BMDM, S1PR3-knockdown HG-KCs expressed
higher levels of ARG1 and MRC1 but lower levels of
NOS2 after LPS stimulation (Supporting Fig. 1C).
S1PR3-knockdown HG-BMDMs also decreased
proinflammatory expression of TNF-a and IL6 but

increased anti-inflammatory expression of IL10 at
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both the gene and protein levels (Supporting Fig.
1D,E). Moreover, compared with normal HG-KCs,
S1PR3-knockdown HG-KCs reduced activation
(phosphorylation) of STAT1 but increased activation
of STAT®6 after LPS stimulation (Supporting Fig. 1F).
These data confirmed that the SIP/S1IPR3 pathway
was also critical for HG-regulated M1/M2 polariza-
tion in KCs. These data indicated that the SIP/S1PR3
pathway was critical for HG-regulated M1/M2 polar-

ization in macrophages.

ADMINISTRATION OF
HG-CULTURED MACROPHAGES
WORSEN LIVER IRI BY
REGULATING S1PR3

Many studies have used irradiation experiments to
destroy bone marrow and have combined them with
BMDM injection to establish a chimeric model. As
liver resident KCs are CD11b negative and relatively
radiation resistant, experiments using bone marrow
chimeras document functions of infiltrating macro-
phages but not resident macrophages.?2>) C57BL/6
WT mice were irradiated at 5 Gy to destroy bone
marrow. The depletion of myeloid cells after total
body irradiation was confirmed by checking CD45-
and CD11b-positive cells using flow cytometric
analysis (Supporting Fig. 2). BMDMs isolated from
normal mice were cultured and differentiated in
LG (5 mM) or HG (30 mM) conditions for 7 days.
BMDMs cultured in HG conditions were trans-
tected with SIPR3-shRNA vector or the STPR3-NS
vector. Then, the above treated 2 x 10° cells were
injected separately via the tail vein into the myeloid-
destructive mice before IR. Thus, we divided the
mice into 5 groups: no cells, LG-BMDMs, HG-
BMDMs, HG/S1PR3-NC BMDMs, and HG/
S1PR3-shRNA BMDMs. Liver and serum tis-
sues were harvested separately after 90 minutes
of ischemia and 6 hours of reperfusion (Fig. 8A).
Compared with the no cells group, serum ALT and
AST levels were significantly increased in the other
4 groups (Fig. 8B,C). The LG-BMDMs group had
decreased serum ALT and AST levels compared
with the HG-BMDMs group. Mice injected with
S1PR3-knockdown HG-BMDMs (HG/S1PR3-
shRNA BMDMs) also had markedly decreased
serum ALT and AST levels compared with normal
control HG-BMDMs (HG/S1PR3-NC BMDMs;
Fig. 8B,C). Consistent with the enzymatic indicators
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of the liver, the LG-BMDM group showed allevi-
ated liver structural injury compared with the HG-
BMDM group, including decreased severity of
sinus congestion and extensive necrosis. The HG/
S1PR3-shRNA BMDM group also had alleviated
liver structural injury, with lower Suzuki scores
compared with the HG/S1PR3-NC BMDM group
(Fig. 8D,E). In terms of inflammatory factors, the
LG-BMDM group had significantly reduced TNF-a
and IL6 but enhanced IL10 protein expression lev-
els in serum compared with the HG-BMDM group
(Fig. 8F). Mice administered HG/S1PR3-shRNA
BMDMs also had reduced TNF-o and IL6 but in-
creased IL10 protein expression compared with the

HG/S1PR3-NC BMDM group (Fig. 8F).

Discussion

DM is one of the most prevalent metabolic diseases,
affecting 347 million individuals worldwide.2®
Diabetes includes T1D and T2D. T1D is caused
by an attack on pancreatic f cells, resulting in the
destruction of pancreatic p cells and loss of insulin
secretion. In our study, we used a multiple low-dose
STZ-induced diabetic mice model, which is similar
to the human pathophysiology of T1D and widely
used for studying type 1 DM. In addition, we also en-
rolled patients with T1D in the study. Consistently,
we found that SIP/S1PR3 is activated in both pa-
tients with T1D and STZ-induced diabetic mice,
which further demonstrates the important role of
S1P/S1PR3 in T1D. DM is characterized by hyper-
glycemia and has been shown to trigger chronic in-
flammation.?”) Overwhelming epidemiological and
clinical data have demonstrated that patients with
DM are more sensitive to IRT.?® Diabetes and its
associated hyperglycemia are involved in a variety
of ischemic tissue injuries, including in the lungs,
brain, kidney, and liver.23? The numerous func-
tions of S1P include the regulation of cell death,
proliferation, motility, differentiation, and inflam-
mation.333%) Most of the effects of S1P are medi-
ated through the S1PR family, which includes the
ubiquitously expressed S1PR1, SIPR2, and S1PR3
subtypes.®% Some research has demonstrated that
the S1P/S1PR, ; system plays a key role in the de-
velopment of DM.7) However, the role of the S1P/
S1PR system in hyperglycemia-exacerbated liver IRI

remains uncertain.
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S1PRs are expressed in distinct combinations in dif-
terent cell types to produce biological actions, including
tissue injury and repair.3® S1PR3 activation initiates
fibrosis in the heart,®” and in mesenchymal stem cells
from bone marrow, SIPR3 mediates fibrosis of the
liver.#%*) Some research has shown that activation of
S1PR3 protects the heart from IRL.#>#) In contrast, in
some studies, STPR3~~ mice were protected from kid-
ney IRT.?% The roles of SIPR3 in IRT may be organ
specific, which is perhaps related to cell-specific expres-
sion of SIPR3.44 Previous studies have shown that DM
increases susceptibility to IRI and that inflammation is
an important factor in diabetes.3132) In this study, we
tound that the SIP/S1PR3 pathway was activated in the
KCs of hyperglycemic mice and that CAY10444 could
suppress hepatocellular injury and inflammation after
IR in STZ-treated mice but not in control mice. These
findings suggest that the SIPR3 blockade attenuated
hyperglycemia-exacerbated liver IRI through reducing
the hyperglycemia-associated inflammation rather than
by directly affecting the IRI itself.

Overall, we demonstrated that diabetes/hyperglycemia
exacerbates liver IRI because of hyperinflammatory
immune activation in macrophages, which is mediated
by the SIP/S1PR3 pathway. The S1P/S1PR3 pathway
was triggered in vivo in liver tissues from patients with
DM and diabetic mice. We also found that the hyper-
glycemia-triggered S1P/S1PR3 pathway was involved
in liver IRI. Expression of S1P and S1PR3 in dia-
betic mice was significantly increased after 6 hours of
reperfusion. Administration of the SIPR3 antagonist
CAY10444 to IR-treated diabetic mice significantly
reduced liver tissue damage, decreased generation of
inflammatory cytokines, and relieved inflammation.
Consistent with the in vivo results, BMDM:s cultured
under HG conditions expressed higher levels of S1P
and S1PR3 than those under LG conditions as well
as after LPS treatment. Hyperglycemic BMDMs pro-
duced higher levels of TNF-a and IL6 but lower levels
of IL10 after LPS stimulation. These findings establish
that hyperglycemia, as a common feature of diabetes, is
sufficient to activate the SIP/S1PR3 pathway in mac-
rophages and alter their innate immune responsiveness.

Macrophages are found in all tissues and show func-
tional diversity. They play a significant role in inflam-
mation, homeostasis, tissue repair, and immunity.(4>)
Activated macrophages are defined as classically M1
type and, alternatively, as activated M2 type.9 M1
macrophages are proinflammatory and have a central
role in the host’s defense against infection, whereas M2
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macrophages are associated with anti-inflammatory
responses.*”) STAT1, STAT3, and STAT6 have been
reported as important regulators of macrophage polar-
ization.*®) Previous studies have reported that hall-
marks of diabetes, such as hyperglycemia, could induce
epigenetic changes that promote an inflammatory
macrophage phenotype.“?)

In our study, M1/M2 polarization was involved in
the hyperglycemia-triggered S1P/S1PR3 pathway in
liver IRI. We found that the populations of KCs were
not affected by S1PR3 blockade (data not published)
and that only the differentiation/polarization of KCs
were changed by S1PR3 blockade. Diabetic mice
expressed higher gene levels of M1 macrophages mark-
ers (NOS2) but lower gene levels of M2 macrophages
markers (ARG1 and MRC1), as well as after IR treat-
ment, compared with the controls. Dual immunofluo-
rescence staining showed that M2 macrophages in the
liver of diabetic mice subjected to IR were significantly
decreased, whereas those of M1 macrophages were
significantly increased. Administration of CAY10444
restored M2 marker levels and M2 macrophages in the
livers of diabetic mice subjected to IR.

By in vitro experiments, we confirmed that the
S1P/S1PR3 pathway was critical for HG-regulated
M1/M2 polarization in macrophages. We found that
hyperglycemia inhibited M2-like macrophage polar-
ization, which responded to LPS stimulation by pro-
ducing lower levels of IL.10, decreased M2 macrophage
signature genes (ARG1 and MRC1) and reduced
STAT3 and STAT6 signaling pathway activation.
More importantly, we found that SIPR3 knockdown
in hyperglycemic macrophages resulted in the develop-
ment of M2-like macrophage polarization. We found
that administration of hyperglycemic macrophages
exacerbated liver IRI, whereas S1PR3-knockdown
hyperglycemic macrophages reduced aggravation of
liver IRI induced by hyperglycemic macrophages,
which further confirmed the above results.

In summary, we demonstrated that diabetes-
associated hyperglycemia has a significant negative
impact on liver IRI and that the hyperglycemia-
triggered S1P/S1PR3 pathway worsens liver IRI by
regulating M1/M2 polarization.
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