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Naringin improves sepsis-induced
intestinal injury by modulating macrophage
polarization via PPARy/miR-21 axis
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Naringin exhibited various pharmacological activities. How-
ever, its biological function and underlying mechanism in
regulating macrophage polarization remain elusive. This study
aimed to investigate the regulatory network between naringin
and macrophage polarization in sepsis-induced intestinal
injury. Cecal ligation and puncture (CLP) was used to establish
the animal model of sepsis. Chromatin immunoprecipitation
and a luciferase reporter assay were used to determine the inter-
play between peroxisome proliferator-activated receptor <y
(PPARY) and miR-21 promoter, as well as miR-21 and its
target genes. Naringin enhanced the overall survival of septic
mice and alleviated the CLP-induced inflammatory response
and intestinal damage. This was accompanied by the increased
expression of PPARY in the intestines and the stimulation of
ileal macrophages toward the M2 phenotype. Furthermore, in
lipopolysaccharide-stimulated bone marrow-derived macro-
phages, naringin stimulated M2 polarization. Mechanistically,
PPARY inhibition attenuated the promotion of M2 polariza-
tion caused by naringin, and the naringin/PPARY regulatory
work was compromised by miR-21 inhibition. The present
study suggested that naringin promoted M2 polarization via
the PPARy/miR-21 axis, thus relieving sepsis-induced intesti-
nal injury. This study provides novel insights into the mecha-
nism by which naringin alleviated sepsis-induced intestinal
injury through regulation of macrophage polarization.

INTRODUCTION

Sepsis is a deleterious clinical condition caused by dysregulation of
the inflammatory response to infection and has a very high mortality
rate."> The uncontrolled inflammation response caused by patho-
gens, the consequent immune disorder, and immunosuppression
are the underlying mechanisms.” Among these processes, the dy-
namics and polarization of macrophages play important roles, espe-
cially in sepsis-induced intestinal injury."*

As indispensable components of innate immunity, macrophages
contribute significantly to the inflammatory response. Once activated,
they have two distinct phenotypes depending on circumstances: the
M1 phenotype that is manifested by the appearance of pro-inflamma-
tory cytokines such as tumor necrosis factor (TNF)-a, interleukin
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(IL)-6, and IL-1B; and the M2 phenotype that participates in the
secretion of anti-inflammatory cytokines (e.g., IL-4 and IL-10).””
Differential expression of macrophage markers and cell surface recep-
tors are implicated in the phenotypical distinction between M1 and
M2 macrophages. CD86 and inducible nitric oxide synthase (iNOS)
are associated with M1 markers, while CD206, Arg-1, and IL-10 are
well-accepted M2 markers.>” These two phenotypes have been well
implicated in the progression of sepsis. The large amount of inflam-
matory cytokines released by the M1 macrophages triggers the cyto-
kine storm syndrome and septic shock, leading to damage of the
tissues and even death in serious sepsis.“) In contrast, the anti-inflam-
matory activities induced by M2 macrophages effectively suppress the
occurrence and progression of sepsis.'*'* To the best of our knowl-
edge, only one study has demonstrated that the amelioration of lipo-
polysaccharide (LPS)-induced intestinal injury was followed by the
increased proportion of M2 macrophages.'” The underlying mecha-
nism, however, is complicated and remains to be explored.

Peroxisome proliferation-activated receptor y (PPARY) has been
increasingly recognized as an important regulator of inflammation,
which is also the key to the progression of sepsis.'*'> Activation of
PPARY has been shown to effectively suppress expression of inflam-
matory cytokines and tissue damages caused by sepsis.'®'® One
possible mechanism is that PPARY can facilitate macrophage polari-
zation toward the M2 phenotype'**° through directly regulating the
expression of STAT6 and related genes.”' Furthermore, PPARY has
been reported to upregulate the expressions of miR-23 and miR-
223, which in turn promotes M2 macrophage polarization.”>** As
one of the most abundant microRNAs (miRNAs) in human tissues,
miR-21 has been implicated in regulating the polarization of bone
marrow-derived macrophages (BMDMs).”* A previous study further
revealed that miR-21 inhibits M1 polarization and promotes M2
polarization. In sepsis, increased miR-21 works in concert with
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decreased miR-128 to induce podocyte injury,”” and STAT3 and
C/EBPB are implicated in the regulation of miR-21 during sepsis.”®
Our bioinformatics analysis based on the JASPAR database shows
that PPARY has a binding sequence in the promoter region of miR-
21, raising the possibility that PPARY is also involved in the miR-
21-regulated macrophage polarization. In addition, LPS activates
nuclear factor kB (NF-kB) and STAT1 pathways to skew macro-
phages toward the M1 phenotype.”” A previous study reported that
pentamethoxyflavanone ameliorates sepsis by regulating macrophage
polarization via the STAT1/STAT6 pathway.”® Interestingly, bioin-
formatics analysis predicts putative binding sites between miR-21
and the STAT1 3’ UTR, suggesting that STAT1 might be a functional
target of miR-21 during sepsis.

Despite the importance of macrophage polarization during the
inflammation response process, few compounds have been identified
that are able to stimulate the transformation of macrophages to the
M2 phenotype to improve sepsis.'*>**’ Naringin is a citrus flavonoid
generally found in the pericarp of citrus fruits.””*' Accumulating ev-
idence suggests that naringin possesses a variety of pharmacological
activities, including anti-osteoporotic, anti-cancer, anti-apoptotic,
and anti-inflammatory effects, as well as effects on metabolic syn-
drome and central nervous system diseases, including neurological
disorders.”*** Several reports have confirmed that naringin protects
against steroid-induced ischemic necrosis by upregulating PPARY,*”
and naringin can activate the 5" adenosine monophosphate-activated
protein kinase (AMPK) pathway to induce anti-inflammatory activity
in sepsis.”® Our previous studies have confirmed that naringin im-
proves sepsis-induced intestinal injury through the regulation of the
ROCK1/2 pathway, but the study of macrophage polarization by nar-
ingin has not yet been conducted.” In this study, we investigated the
potential of naringin in macrophage polarization and explored the
underlying mechanisms. Using a mouse model of sepsis, we first
demonstrated the promising anti-inflammatory activity of naringin
that led to an amelioration of sepsis-induced intestinal injury. Our
mechanistic studies suggested that naringin promoted the transfor-
mation of macrophages to the M2 phenotype via the PPARy/miR-
21 axis.

RESULTS

Naringin protected against sepsis-induced intestinal injury in
mice

We initially confirmed the protective effects of naringin against
sepsis-induced intestinal injury in C57BL/6] mice. Naringin was
administrated at doses of 10, 30, and 60 mg/kg intraperitoneally
30 min after challenging by cecal ligation and puncture (CLP). To
determine the most effective dose of naringin for the mouse sepsis
model, mice were closely monitored for 72 h after CLP challenge.
While all mice survived within 72 h in the sham group, the survival
rate reduced to 20% in mice with CLP challenge (Figure 1A). Postop-
erative administration of 10 mg/kg naringin exerted no significant in-
fluence on the overall survival of the septic mice. As the dose of nar-
ingin increased to 30 or 60 mg/kg, however, the survival rates of the
septic mice treated with naringin turned out to be much higher than

those for mice in the CLP group (Figure 1A). Given that significant
differences were observed by 30 and 60 mg/kg naringin with regard
to survival rate, these two doses were selected for the subsequent an-
alyses. Hematoxylin and eosin (H&E) staining showed that CLP
caused significant changes in ileal morphology with a markedly
increased injury score, while naringin administration reduced the
injury score significantly (Figures 1B and 1C). Similar to the ileal
morphology, the H&E results showed that CLP-induced histological
damage in colon was also alleviated by naringin in a dose-dependent
manner (Figure S1). Western blotting was then performed to examine
the levels of tight junction proteins. The protein levels of claudin-1,
occludin, and ZO-1 markedly decreased in septic mice, whereas
administration of naringin in a higher dose (60 mg/kg) restored these
proteins to the levels similar to the sham group (Figure 1D). The con-
centrations of cytokines in ileum (locally) and serum (systemically)
were then detected 24 h after surgery to determine the how naringin
affects the inflammatory response following CLP. Under the condi-
tion of sepsis, inflammatory markers including IL-1B, IL-6, and
TNF-o were substantially augmented in ileum and serum (Figures
1E and 1F). The levels of these inflammatory cytokines, however,
were reduced substantially after treatment with naringin (Figures
1E and 1F).

Naringin regulated macrophage polarization in septic mice

Next, we sought to determine whether naringin regulates macro-
phage polarization in ileal tissues from septic mice. Immunohisto-
chemistry (IHC) analyses revealed that CLP challenge led to a signif-
icant increase in the M1 marker CD86, whereas naringin treatment
inhibited M1 macrophage polarization and induced M2 macrophage
polarization in which the M2 marker CD206 was increased by nar-
ingin (Figure 2A). Quantitative real-time PCR further showed that
CLP challenge stimulated the expression of M1 macrophage markers
iNOS and CD86, with a slight induction of the expression of M2
macrophage markers Arg-1 and IL-10. Alternatively, administration
of naringin dramatically suppressed the CLP-induced M1 marker
expression and induced the M2 marker expression (Figures 2B
and 2QC).

Naringin regulated LPS-stimulated macrophage polarization via
stimulating PPARYy and its downstream miRNA expression

A toxicity test showed that naringin was non-toxic to BMDMs at a
concentration of 1,000 pM but exhibited significant cytotoxicity at
2,000 uM (Figure 3A). Quantitative real-time PCR revealed that
LPS induced the expression of inflammatory markers IL-1B, IL-6,
and TNF-o. in BMDMs, whereas naringin at doses of 50, 100, and
200 pM significantly reduced the expression of these cytokines (Fig-
ure 3B). For the secreted cytokines, similar results were also observed
by an enzyme-linked immunosorbent assay (ELISA) (Figure 3C).
100 uM was thus chosen as the dose to be used in subsequent
experiments.

Flow cytometry was further performed to investigate the effect of nar-

ingin on macrophage polarization in vitro. We found that the propor-
tion of M2 macrophages (CD206") was unchanged in LPS-stimulated
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Figure 1. Naringin protected against sepsis-induced intestinal injury in mice
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(A) Survival rate of mice after CLP with different doses of naringin. (B) Representative images of ileum stained with H&E. Scale bar: 100 um. (C) Intestinal injury scores in the
four indicated groups. (D) Expression of tight junction proteins was measured by western blotting. (E and F) TNF-a,, IL-1B, and IL-6 in serum (E) and ileum (F) were measured
by an ELISA assay. Serum and ileum were collected 24 h after CLP. Data represent the mean + SD. *p < 0.05, **p < 0.01, and ***p < 0.001. NG, naringin.

BMDMs compared with BMDM:s from the control group (Figure 3D).
Accordingly, the numbers of M1 macrophages (CD86") were
enhanced remarkably after LPS stimulation (Figure 3D). Naringin
treatment (100 pM) significantly augmented M2 macrophage polar-
ization in LPS-induced BMDMSs, while it had no inductive effect in
the normal group (Figure 3D). In addition, the LPS-induced number
of M1 macrophages (CD86") was attenuated by naringin (Figure 3D).
Additionally, to ascertain the impact of naringin on macrophage po-
larization, M1 macrophage markers (iNOS and CD86) and M2
macrophage markers (Arg-1 and IL-10) and PPARYy were analyzed
(Figures 3E-3G). Naringin downregulated iNOS and CD86, but it up-
regulated Arg-1, IL-10, and PPARy in the LPS+naringin group as
compared with LPS alone (Figures 3E-3G). It is noteworthy that nar-
ingin alone had no effect on iNOS, CD86, Arg-1, and IL-10 levels, but
it markedly upregulated PPARYy (Figure 3G).
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We finally detected the miRNA levels that have been implicated in
macrophage polarization (Figure 3H). We found that LPS signifi-
cantly decreased the expression of miR-23-3p and miR-223-3p,
both of which are regulated by PPARy,”>** while naringin treatment
reversed the suppressive effects induced by LPS. As expected, similar
results were observed for miR-21-5p (miR-21), suggesting miR-21 as
the potential target of PPARy. Taken together, these data demon-
strated that naringin stimulated LPS-modulated M2 polarization
and upregulated PPARY and its putative downstream miRNA
expression.

Naringin regulated macrophage polarization partly via the
PPARY pathway

To further explore whether PPARY mediates naringin-regulated
macrophage polarization, we stimulated the mouse BMDMs with
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(A) Expression levels of CD86 and CD206 were detected by IHC. Scale bar: 100 um. (B) Expression levels of INOS and CD86 were detected by quantitative real-time PCR. (C)
Expression levels of Arg-1 and IL-10 were detected by quantitative real-time PCR. Data represent the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

LPS challenge and added the following treatments after 30 min:
100 pM naringin, 100 pM naringin plus PPARY inhibitor (0.1 pM
GW9662), or PPARY agonist (1 uM pioglitazone) as the positive con-
trol. We found that inhibition of PPARYy by GW9662 abolished the
reduction of inflammatory factors IL-1B and IL-6 induced by narin-
gin on LPS. In contrast, pioglitazone was able to reduce the LPS-
induced inflammatory factors (Figures 4A and 4B). Flow cytometry
analysis revealed that GW9662 compromised macrophage polariza-
tion regulated by naringin in LPS-induced BMDMs, while pioglita-
zone elevated M2 polarization and inhibited M1 polarization (Figures
4C and 4D). Quantitative real-time PCR detection of M1 macrophage
marker iNOS and M2 marker Arg-1 showed that inhibition of PPARY
abolished the reduction of iNOS and the elevation of Arg-1 induced
by naringin, while pioglitazone lowered iNOS and increased the
expression of Arg-1 (Figures 4E and 4F). Collectively, these findings
suggested the involvement of the PPARY pathway in macrophage po-
larization regulated by naringin.

PPARYy directly regulated transcription of miR-21

To determine whether miR-21 is a direct transcriptional target of
PPARY, we first used the JASPAR database to find out the promoter
region of miR-21 binding with PPARy (Figure 5A). Results from
chromatin immunoprecipitation (ChIP)-PCR revealed that PPARY
bound to the predicted promoter region of miR-21 (Figure 5B). More-
over, while LPS reduced PPARY binding, naringin and the PPARYy
agonist pioglitazone restored PPARy binding in the miR-21 pro-

moter region (Figure 5B). We then performed luciferase reporter
analysis to validate the binding of PPARY to miR-21. To this end,
we constructed three groups: wild-type (WT) of PPARY, mutant
(MUT) —1565 (mutation of the binding sequence of the —1565
segment), and mutant —306 (mutation of the binding sequence of
the —306 segment) (Figure 5C). We found that pioglitazone signifi-
cantly induced the luciferase activity of the wild-type of PPARY, while
this inductive effect was dramatically decreased in the two mutant
types of PPARy (Figure 5D). Collectively, these results suggested
that PPARY directly regulated transcription of miR-21.

miR-21 targeted STAT1 to regulate macrophage polarization

To identify the molecular mechanism by which miR-21 regulates
macrophage polarization, we used a bioinformatics approach to pre-
dict the putative binding site between miR-21 and STAT1 (Figure 6A).
A luciferase reporter assay was performed to investigate the interplay
between STAT1 and miR-21 by constructing the wild-type and
mutant type of STAT1. We found that miR-21 decreased the lucif-
erase activity of wild-type rather than the mutant type of STAT1 as
compared with the negative control (NC) (Figure 6B). The STAT1/
6 pathway is critical to macrophage polarization, and our results
showed that miR-21 overexpression significantly inhibited total and
phosphorylation of STATI1, while it had no significant effect on
STAT6 phosphorylation (Figure 6C). As expected, overexpression
of miR-21 significantly promoted M2 polarization whereas it sup-
pressed M1 polarization, as compared with mimic negative control
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Figure 3. Naringin regulated LPS-stimulated macrophage polarization via stimulating PPARY and its downstream miRNA expression

(A) An MTT assay was used to assess the toxicity of naringin with designated doses. (B) The mRNA levels of TNF-a, IL-1B, and IL-6 in BMDMs were measured by quantitative
real-time PCR. (C) The secretion levels of TNF-a, IL-1B, and IL-6 in culture medium of BMDMs were measured by ELISA. (D) M1 macrophages (F4/80*CD86") and M2
macrophages (F4/80"CD206") in LPS-stimulated BMDMs with or without naringin administration (100 puM) were examined by flow cytometry. (E and F) The mRNA levels of
M1 markers iNOS and CD86 (E) and M2 markers Arg-1 and IL-10 (F) were measured by quantitative real-time PCR. (G) The protein level of PPARy was measured by western
blotting with quantitative analysis. (H) The expression levels of MIRNAs associated with macrophage polarization were detected by quantitative real-time PCR. Data represent
the mean + SD of three experiments performed in triplicate independently. “p < 0.05, **p < 0.01, **p < 0.001.
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Figure 4. Naringin regulated macrophage polarization partially via the PPARy pathway

(A and B) The mRNA levels of IL-18 (A) and IL-6 (B) in BMDMs were detected by quantitative real-time PCR. (C and D) M1 macrophages (F4/80"CD86") and M2 macrophages
(F4/80*CD206") in BMDMs were determined by flow cytometry. (E and F) The mRNA levels of iNOS (E) and Arg-1 (F) in BMDMs were detected by quantitative real-time PCR.
Data represent the mean + SD of three experiments performed in triplicate independently. “p < 0.05, *p < 0.01, **p < 0.001.

groups in mouse BMDMs challenged with LPS (Figure 6D). Accord-
ingly, miR-21 decreased the expression of M1 markers iNOS and
CD86 (Figure 6E) and increased the expression of the M2 markers
Arg-1 and IL-10 (Figure 6F). All together, these results indicated
that miR-21 targeted STAT1 signaling and regulated macrophage
polarization.

miR-21 partially mediated the regulation of macrophage
polarization by the naringin/PPARY axis

Finally, to investigate the function of miR-21 on naringin/PPARY
axis-regulated macrophage polarization, we used miR-21 inhibitor
to inhibit miR-21 expression in BMDMs before naringin or pioglita-
zone treatment. We validated that miR-21 inhibitor reduced the
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Figure 5. PPARY directly regulated transcription of miR-21

(A) The promoter region of pre-miR-21 binding PPARy from the JASPAR database. (B) The interaction between PPARy and the miR-21 promoter was detected by ChiP-
PCR. (C) Construction of the luciferase reporters. (D) Binding of PPARY to the predicted sequence of miR-21 validated by a luciferase reporter assay. Data represent the
mean + SD of three experiments performed in triplicate independently. *p < 0.05, **p < 0.01, **p < 0.001.

expression of miR-21 induced by naringin or pioglitazone (Fig-
ure 7A). In addition, silencing of miR-21 reversed the increased M2
polarization and decreased M1 polarization induced by naringin or
pioglitazone (Figures 7B and 7C). This was also accompanied with
the reversion of naringin or pioglitazone-suppressed iNOS and narin-
gin or pioglitazone-induced Arg-1 expression (Figures 7D and 7E).
Since PPARY function is mediated by miR-21, it is likely that phos-
phorylation of the PPARY-regulated downstream proteins would
thus change. As expected, results from western blotting analysis re-
vealed that silencing of miR-21 reversed naringin or pioglitazone-
suppressed STAT1 and phosphorylated (p-)STAT1 (Figure 7F).
However, miR-21 inhibition did not change the STAT6 activation
elevated by naringin or pioglitazone. Collectively, these data provided
strong evidence that miR-21 partially mediated the regulation of
macrophage polarization by the naringin/PPARY axis.

DISCUSSION

Macrophage polarization has important implications in the inci-
dence and progression of sepsis, with sepsis-induced intestinal injury
being the most frequent one, accounting for approximately 70% of
cases.”® To develop diagnostic and therapeutic strategies for sepsis-
induced intestinal injury, a good understanding of the molecular
mechanism behind this severe disease is needed. Using a well- recog-
nized model of CLP-induced acute intestinal injury, we demon-
strated that naringin ameliorated intestinal injuries, and this might
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be achieved by the promotion of anti-inflammatory M2 macrophage
polarization in vivo and in vitro. Importantly, our data suggested the
possible involvement of PPARyY/miR-21/STATI signaling in the
promoting effects of naringin on M2 macrophage polarization. It
is noteworthy that (1) although a recent study simply mentioned
the macrophage polarization in sepsis-induced intestinal injury,'’
the detailed underlying mechanism remains largely unknown. We
first and systematically indicated M2 macrophage polarization trans-
formation in improving sepsis-induced intestinal injury. (2) We first
demonstrated that PPARY and miR-21 acted as key players in sepsis-
induced intestinal injury. Despite that the role of STATI in sepsis
had been illustrated, we first focused on its biological function in
sepsis-induced intestinal injury. (3) We first demonstrated the nar-
ingin effects on inducing M2 macrophage polarization. Our findings
thus advance the current knowledge of the immunomodulatory
potential of naringin on macrophage polarization and provide new
insights into optimizing the therapeutic modalities of naringin in
sepsis.

Naringin has plenty of biological and pharmacological properties,
including anti-inflammatory, anti-oxidant, anti-atherosclerosis, and
anti-hypertensive effects.”” Therapeutic potentials of naringin were
demonstrated in diverse disorders including atherosclerosis, diabetes
mellitus, cardiovascular disorder, and cancers. In terms of its effects
on sepsis, naringin was reported to improve intestinal mucosa barrier
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Figure 6. miR-21 targeted STAT1 to regulate macrophage polarization

(A) Binding sites of the STAT1 3’ UTR to miR-21. (B) Luciferase activity of wild-type (WT) and mutant type (MUT) of STAT1 detected by a luciferase reporter assay. (C) The
effect of miR-21 on STAT1 and STAT6 was detected by western blotting. (D) The effect of miR-21 on M1 macrophages (F4/807CD86") and M2 macrophages (F4/
80"CD206") was detected by flow cytometry. (E and F) The effects of miR-21 on M1 macrophage markers iNOS and CD86 (E) and M2 macrophage markers Arg-1 and IL-10
(F) were detected by quantitative real-time PCR. Data represent the mean + SD of three experiments performed in triplicate independently. *p < 0.05, **p < 0.01, ***p < 0.001.

dysfunction caused by sepsis, possibly via the RhoA/ROCK/NF-kB/
MLCK/MLC signaling pathway. Naringin also ameliorated LPS-
induced acute lung injury.*” Naringin inhibited the expression levels
of pro-inflammatory cytokines and the consequent acute lung injury
by suppressing neutrophil migration into the lung. Moreover,
through decreasing TNF-a. and HMGBI derived from LPS-induced
macrophages, naringin was reported to decrease sepsis-induced mor-
tality and alleviate pathological changes in lung. Our study, for the

first time, demonstrated that naringin protected against sepsis-
induced intestinal injury by regulating M2 macrophage polarization.
Further investigations will focus on how naringin upregulates
PPARY.

As effector cells key to innate immunity, macrophages are of critical
importance to sepsis resolution and play key roles in the aggravation
of disease severity. Distinctive effector molecules have been found
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Figure 7. miR-21 partially mediated the regulation of macrophage polarization by naringin/PPARYy

(A) The level of miR-21 in treated BMDMs was detected by quantitative real-time PCR. (B and C) M1 macrophages (F4/80*CD86") and M2 macrophages (F4/80*CD206") in
BMDMs were determined by flow cytometry. (D and E) The mRNA levels of M1 marker iNOS (D) and M2 marker Arg-1 (E) in treated BMDMs were detected by quantitative
real-time PCR. (F) The protein levels of indicated proteins in treated BMDMs were detected by western blotting. Data represent the mean + SD of three experiments

performed in triplicate independently. *p < 0.05, **p < 0.01, ***p < 0.001.

for M1 and M2 macrophages, including Arg-1, iNOS, CD206, and
TNF-a, which exert different influences on outcomes of inflamma-
tion.”"** In our study, naringin treatment significantly suppressed
M1 macrophage polarization and stimulated M2 macrophage polar-
ization. We further discovered that the regulation of naringin on
macrophage polarization is dependent on the upregulation of
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PPARY, an important molecule that regulates macrophage polariza-
tion.'”*” Based on previous findings, PPARY regulated macrophage
polarization by regulating the transcription of miR-223, miR-23,
and other miRNAs.>** Our study demonstrated for the first time
that PPARy played this role by regulating miR-21 transcription.
As one of the most common miRNAs, the biological function of
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miR-21 in modulating necroptosis and apoptosis and its involve-
ment in the inflammatory progression were well recognized.”> We
speculated that there might be the binding site of miR-21 on PPARy
according to our bioinformatics analysis. As expected, we found that
miR-21 was dramatically downregulated in LPS-induced BMDMs,
and PPARy bound to miR-21 directly in BMDMs. In our subse-
quent loss-of-function experiments, we further identified the regula-
tory interplay between PPARy and miR-21. Given that genetic
defect of miR-21 augmented STAT1 signaling, and that in the exis-
tence of tumor cells, induced the macrophage polarization toward
M1 phenotype both in vivo and in vitro. We postulated that miR-
21 might also exert its effect on macrophage polarization through
regulating STAT1 expression. To determine whether STAT1 func-
tions as a sponge for miR-21 in BMDMs, bioinformatics analysis
was used to seek out the potential miRNA binding sites in the
STATI1 3’ UTR. A luciferase reporter assay and quantitative real-
time PCR demonstrated that miR-21 positively regulated STAT1
expression in mouse BMDMs. Thus, we have demonstrated for
the first time that miR-21 protected against sepsis-induced intestinal
injury by regulating macrophages via suppressing STAT]1.

Several transcriptional factors have been identified to play key roles
in regulating the differentiation and polarization of macrophages
with regard to the intracellular mechanism. In particular, STATI
and STAT6 have been demonstrated to be important regulators of
macrophage polarization. Previous studies indicated that the
STAT1/STAT6 pathway regulated PPARY, and that PPARY was
involved in STAT6-induced M2 macrophage polarization. Our
study found that the PPARY activator pioglitazone can upregulate
miR-21 to regulate STAT1 and STATS6 to a certain degree, suggest-
ing that PPARy might be a feedback regulator to upstream
signaling. Further studies are needed to investigate the exact mech-
anism. In addition, note that miR-21 had no regulative effect on
STAT6 while the naringin/PPARY axis showed significant influence.
This difference suggested that there might be another downstream
mechanism of the naringin/PPARy axis to regulate STAT6
signaling.

In conclusion, the present study demonstrates that naringin promotes
M2 macrophage polarization to alleviate sepsis-induced intestinal
injury via the PPARY/miR-21 axis. These results might provide a
mechanistic insight for naringin as a potential therapeutic agent for
sepsis in the future.

MATERIALS AND METHODS

Reagents

Naringin (catalog number [Cat. no.] HY-NO0153), PPARY agonist
pioglitazone (Cat. no. HY-13956), and PPARY antagonist GW9662
(Cat. no. HY-16578) were all purchased from MedChemExpress
(Princeton, NJ, USA). LPS (Cat. no. L2654) was ordered from
Sigma-Aldrich (St. Louis, MO, USA). Phycoerythrin (PE)-anti-F4/
80 (Cat. no. 123109; 1:100), allophycocyanin (APC)-anti-CD86
(Cat. no. 105011; 1:100), and APC-anti-CD206 (Cat. no. 141708;
1:100) were purchased from BioLegend (San Diego, CA, USA).

Sepsis animal model using CLP

Animal experiments received approval from the Animal Care and
Use Committee of The Third Xiangya Hospital, Central South Uni-
versity (Changsha, Hunan, China). Male C57BL/6 mice (6 weeks
old, 18-22 g) were obtained from Hunan SJA Laboratory Animal
Co. (Changsha, Hunan, China) and raised in the Experimental Ani-
mal Center of The Third Xiangya Hospital. Mice were monitored
in a 12-h light/12-h dark cycle within groups of up to five in each
cage, accommodated with full access to food and water and an appro-
priate temperature (23°C + 2°C).

Mice were allocated to the following five groups to explore the influ-
ence of naringin on the sepsis-induced intestinal injury: sham group
(n = 20), CLP plus vehicle group (n = 40), and CLP plus naringin at
10 mg/kg (n = 40), 30 mg/kg (n = 40), and 60 mg/kg (n = 40) groups.
To establish the mouse septic model induced by CLP, 2%-4% isoflur-
ane inhalation was used to anesthetize the mice. The disinfected
abdomen was incised at a longitudinal skin midline and the cecum
was exposed. The distal thirds of the cecum were subsequently ligated
with Perma-Hand silk (Ethicon), punctured with a 30G needle once a
time, and the fecal matter was extruded. After that, the cecum was
placed back to the abdomen and sutured in two layers. To provide
postoperative fluid resuscitation, PBS (1 mL) was given subcutane-
ously following the surgical process. In addition, bupivacaine (Hos-
pira) was given at the incision site, and flunixin meglumine (Phoenix)
was given for analgesia postoperatively. The above operations gener-
ated a septic status that was featured by a loss of body weight and
appetite, ruffled hair, or periorbital exudates. For the sham group,
the cecum was only exposed, without ligation or puncture, and
then returned to the peritoneal cavity. An equivalent volume of
vehicle was given to CLP and the sham groups and other mice were
given naringin at doses of 10, 30, and 60 mg/kg intraperitoneally
30 min after challenging by CLP. To evaluate the survival rates,
mice (n = 10 in sham group, and n = 20 in other groups) were counted
every 5 h for 3 days. The survival curves were calculated by using
the Kaplan-Meier method, and the difference between groups was
analyzed by a log-rank test. The ileum, colon, and serum in other
mice (n = 10 in sham group, and n = 20 in other groups) were
collected to perform histological assessment, quantitative real-time
PCR, western blotting, and an ELISA.

Histological assessment for intestinal injury

Mice in each group were anesthetized 24 h after CLP. The ileum
and colon tissues were fixed with 4% paraformaldehyde and
embedded in paraffin. Sections (5 pm) were then stained with
H&E. The Chui’s scoring system that represents the averaged find-
ings of two investigators who independently read the H&E-stained
slide in a blinded manner** was used to evaluate the organ injury
score. For THC analysis, the paraffin-embedded samples were sub-
jected to deparaffinization, rehydration, and antigen retrieval. The
sections were incubated with 3% hydrogen peroxide to block endog-
enous peroxidase activity, followed by the incubation with primary
antibodies: anti-CD86 (Cat. no. 19589; 1:100, Cell Signaling
Technology, Danvers, MA, USA) and anti-CD206 (Cat. no. 24595;

Molecular Therapy: Nucleic Acids Vol. 25 September 2021 511


http://www.moleculartherapy.org

Table 1. Quantitative real-time PCR primer sequences

Primers Sequences

mmu-miR-23b-3p 5'-GCCATCACATTGCCAGGG-3' (forward)

5'-GTGCAGGGTCCGAGGT-3' (reverse)

mmu-miR-223-3p 5'-GCCGCTGTCAGTTTGTCAAAT-3' (forward)

5'-GTGCAGGGTCCGAGGT-3' (reverse)

mmu-miR-21-5p 5'-CGCGCTAGCTTATCAGACTGA-3' (forward)

5'-GTGCAGGGTCCGAGGT-3' (reverse)

CD206 5'-ATGCCAAGTGGGAAAATCTG-3' (forward)
5-TGTAGCAGTGGCCTGCATAG-3' (reverse)

Arg-1 5'-AACACTCCCCTGACAACCAG-3' (forward)
5'-GCAAGCCAATGTACACGATG-3' (reverse)

TNF-a 5'-CCGATGGGTTGTACCTTGTC-3' (forward)

5-TGGAAGACTCCTCCCAGGTA-3’ (reverse)
IL-6 5-TGCAAGAGACTTCCATCCAG-3' (forward)
5'-TCCACGATTTCCCAGAGAAC CA-3' (reverse)

PPARY 5'-AAGAGCTGACCCAATGGTTG-3' (forward)
5'-ACCCTTGCATCCTTCACAAG-3' (reverse)
iNOS 5'-AAGCCCCGCTACTACTCCAT-3' (forward)
5'-AGCTGGAAGCCACTGACACT-3' (reverse)
CD86 5'-ATCAAGGACATGGGCTCGTA-3' (forward)
5-TTAGGTTTCGGGTGACCTTG-3' (reverse)
IL-1B 5'-GCCACCTTTTGACAGTGATGAG-3' (forward)

5'-AAGGTCCACGGGAAAGACAC-3' (reverse)
IL-10 5'-GGTTGCCAAGCCTTATCGGA-3' (forward)
5'-TTCAGCTTCTCACCCAGGGA-3' (reverse)
5'-GGCTGTATTCCCCTCCATCG-3' (forward)
5'-CCAGTTGGTAACAATGCCATGT-3' (reverse)

B-Actin

1:200, Cell Signaling Technology). The sections were then incubated
with MaxVision horseradish peroxidase (HRP) polymer immuno-
globulin G (IgG) secondary antibody and counterstained with he-
matoxylin. The images were acquired using an inverted light micro-
scope (Olympus, Tokyo, Japan).

Isolation and differentiation of BMDMs

C57BL/6 mice were sacrificed by cervical dislocation and subse-
quently sterilized with 75% ethanol. This was followed by the incision
of the skin at the root of hind legs and the removal of the muscle tis-
sues from the bones with scissors. The bones cut off from both ends
were then flushed with medium by a 5-mL syringe. The bone marrow
cells were suspended by pipetting up and down. To obtain BMDMs,
bone marrow cells were harvested in DMEM supplemented with 10%
fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA) and 60 ng/mL
macrophage colony-stimulating factor (M-CSF) for 4 days. For LPS
stimulation, BMDMs were subjected to 2 pug/mL LPS for 36 h.
BMDMs were assigned to corresponding groups 30 min after the
LPS challenge.
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Cell culture

HEK293T cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were inoculated in
DMEM supplemented with 10% FBS at room temperature supplied
with 5% CO, and 95% atmosphere. Cells were harvested in 24-well
or 6-well plates for further experiments when reaching 80%
confluence.

Cell viability assay

BMDMs were harvested in 96-well plates (6 x 10° cells per well) fol-
lowed by treatment with a series of concentrations of naringin for
24 h. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was then used to test the cell viability. MTT
(50 uL) was added into each well. After incubation for 6 h, medium
consisting of the unreacted MTT was carefully eliminated, and
MTT formazan crystals were dissolved by adding DMSO (150 uL)
to each well. The absorbance (Abs.) was measured by using a micro-
plate reader (M680, Bio-Rad, Hercules, CA, USA) at 490 nm after 1 h.
To calculate the cell viability, the following equation was used: Cell
viability (%) = (mean of Abs. of treatment group/mean of Abs. of con-
trol group) x 100%.

Total RNA extraction and quantitative real-time PCR

Total RNA was extracted from BMDMs or ileum tissues using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). Complementary DNA
(cDNA) was generated by using random primers and SuperScript
III reverse transcriptase (Invitrogen). Quantitative real-time PCR
was conducted using the QuantiTect RT-PCR kit (QIAGEN), and
U6 served as an internal control for miRNA. Reverse transcription re-
action was performed to detect mRNAs by using a PrimeScript RT re-
agent kit (Takara Bio, Shiga, Japan). B-Actin was used as an internal
control. The PCR reaction was run in triplicate using SYBR Premix Ex
Taq II (Takara Bio) with a StepOnePlus real-time PCR system
(Applied Biosystems, Foster City, CA, USA). The amplification
included a 10-min denaturation at 95°C, followed by 60 cycles of
denaturation at 95°C for 10 s, annealing at 50°C for 40 s, and exten-
sion at 60°C for 2 min. The 274" method was employed to deter-
mine the relative expression levels of target miRNAs or genes. Table 1
presents the primer sequences used for quantitative real-time PCR.

Flow cytometry

BMDMs were harvested 24 h after LPS stimulation, followed by
rinsing with cold PBS and subsequent permeabilization. The collected
cells were then incubated with either PE-anti-F4/80 and APC-anti-
CD86, or APC-anti-CD206 at 4°C in darkness for 1 h. After washing
twice by centrifugation with fluorescence-activated cell sorting
(FACS) buffer, cells were resuspended in 300 pL of PBS. The data
were obtained using a Beckman Coulter flow cytometer (Beckman
Coulter, Brea, CA, USA) and analyzed by using FlowJo software
(Tree Star, Ashland, OR, USA).

ChIP assay
A ChIP assay kit (Millipore, Billerica, MA, USA) was used to carry
out the ChIP assay according to the manufacturer’s instructions.
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Immunoprecipitation was performed using an antibody against
PPARY (Cat. no. 2435; 1:100, Cell Signaling Technology). In addition,
purified DNA was further analyzed by qPCR. Agarose gel electropho-
resis was used to verify the PCR products.

Oligonucleotides and transfections

The mimics and inhibitor of miR-21, as well as the corresponding
negative controls, were obtained from GenePharma (Shanghai,
China). Transfections were carried out by using Lipofectamine
3000 (Invitrogen) following the manufacturer’s instructions.

Western blotting analysis

BMDMs or ileal tissues were lysed with radioimmunoprecipitation
assay (RIPA) lysis buffer (Thermo Fisher Scientific, Waltham, MA,
USA). A bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific) was used to determine the protein concentration. Approx-
imate 30 pg of protein was separated by 10% SDS-PAGE and subse-
quently transferred onto polyvinylidene fluoride (PVDF) mem-
branes. After blocking with 1% BSA/Tris-buffered saline (TBS), the
blots were then incubated with primary antibodies at 4°C overnight.
The following primary antibodies obtained from Cell Signaling
Technology were used in this study: anti-B-actin (Cat. no. 3700;
1:1,000), anti-PPARY (Cat. no. 2435; 1:1,000), anti-claudin-1 (Cat.
no. 13255; 1:2,000), anti-occludin (Cat. no. 91131; 1:1,500), anti-
Z0-1 (Cat. no. 13663; 1:1,000), anti-STAT1 (Cat. no. 14994; 1:
3,000), anti-p-STAT1 (Tyr701, Cat. no. 9167; 1:1,000), anti-STAT6
(Cat. no. 5397; 1: 2,000), and anti-p-STAT6 (Tyr641, Cat. no.
9361; 1:1,500). The membranes were incubated with corresponding
HRP-conjugated secondary antibody at room temperature for
30 min. The signals were visualized by Pico Plus enhanced chemilu-
minescence (ECL) substrate (Thermo Fisher Scientific) and analyzed
by Quantity One software (Bio-Rad, CA, USA). B-Actin served as the
loading control.

Dual-luciferase reporter assay

A luciferase reporter assay was carried out using a Dual-Luciferase re-
porter assay kit (Promega, Madison, WI, USA). A DNA fragment
containing the upstream region of precursor (pre-)miR-21 was cloned
into pGL3-control reporter vector (Promega), with the purpose of
verifying that PPARy binds to the promoter region of pre-miR-21.
To confirm the interaction between miR-21 and the STAT 3’ UTR,
the sequence of the STAT1 3’ UTR containing the putative miR-21
binding site was cloned into psiCHECK-2 vector (Promega). The
miR-21 mimics and its negative control were subsequently co-trans-
fected with the reporter constructs into HEK293T cells. Renilla lucif-
erase activity was used as an internal control.

ELISA

Secretion of TNF-a, IL-1B, and IL-6 in culture medium collected
from BMDMs or serum was determined by commercial ELISA kits
(Dakewe, Shenzhen, China) according to the manufacturer’s instruc-
tions. In brief, cell culture medium and serum were collected and
centrifuged at 1,400 rpm for 1 min, and the supernatant was subjected
to subsequent analysis.

Statistical analysis

Data were presented as the mean + standard deviation (SD). The dif-
ference in means between two groups was compared by using the Stu-
dent’s t test. Multiple comparisons for more than two groups were
done by one-way analysis of variance (ANOVA) with a Tukey post
hoc test. All analyses was performed by GraphPad Prism 6, and p <
0.05 was considered statistically significant.
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