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Paeonol attenuates inflammation
by targeting HMGB1 through
upregulating miR-339-5p

Liyan Mei'>, Meihong He'®, Chaoying Zhang?, Jifei Miao', Quan Wen?, Xia Liu3, Qin Xu?,
SenYe?, PengYel, Huina Huang?, Junli Lin%, Xiaojing Zhou?, Kai Zhao*, Dongfeng Chen?,
Jianhong Zhou?, Chun Li* & Hui Li*

Sepsis is a life-threatening disease caused by infection. Inflammation is a key pathogenic process in
sepsis. Paeonol, an active ingredient in moutan cortex (a Chinese herb), has many pharmacological
activities, such as anti-inflammatory and antitumour actions. Previous studies have indicated that
paeonol inhibits the expression of HMGB1 and the transcriptional activity of NF-xB. However, its
underlying mechanism is still unknown. In this study, microarray assay and reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) results confirmed that paeonol could significantly
up-regulate the expression of miR-339-5p in RAW264.7 cells stimulated by LPS. Dual-luciferase assays
indicated that miR-339-5p interacted with the 3’ untranslated region (3’-UTR) of HMGBL1. Western blot,
immunofluorescence and enzyme-linked immunosorbent assay (ELISA) analyses indicated that miR-
339-5p mimic and siHMGB1 both negatively regulated the expression and secretion of inflammatory
cytokines (e.g., HMGB1, IL-13 and TNF-o) in LPS-induced RAW264.7 cells. Studies have confirmed that
IKK-3 is targeted by miR-339-5p, and we further found that paeonol could inhibit IKK-3 expression.
Positive mutual feedback between HMGB1 and IKK-3 was observed when we silenced HMGB1 or IKK-(3.
These results indicated that paeonol could attenuate the inflammation mediated by HMGB1 and IKK-3
by upregulating miR-339-5p expression. In addition, we constructed CLP model mice by cecal ligation
and puncture. Paeonol was used to intervene to investigate its anti-inflammatory effect in vivo. The
results showed that paeonol could improve the survival rate of sepsis mice and protect the kidney of
sepsis mice.

Sepsis is a systemic inflammatory response syndrome (SIRS) caused by infection and associated with high rates of
morbidity and mortality’. It has been reported that sepsis is mainly caused by inflammation and eventually leads
to organ dysfunction® Inflammation can occur in any tissue affected by infection, burning, toxins, etc’. A proper
inflammatory process is essential for injury healing, while the immunosuppressive reaction is also indispensable
for keeping inflammation from becoming too severe*. However, once the balance between the anti-/proinflam-
matory reactions is destabilized, proinflammatory cytokines may be overexpressed by leukocytes or lymphocytes
and subsequently lead to healthy tissue damage, a process termed the inflammatory cascade. The inflammatory
cascade is closely related to numerous human diseases, such as Parkinson’s disease, organ failure, cancer, and
especially sepsis®”.

High mobility group box 1 (HMGBI), a highly conserved non-histone DNA-binding protein located in the
nucleus?, is secreted into the cytoplasm when a tissue is damaged due to infection®. As a late proinflammatory
mediator, extracellular HMGB1 mediates the inflammatory cascade!” and promotes the production of inflam-
matory cytokines (e.g., TNF-« and IL-13) by binding to multiple receptors such as RAGE and TLRs!!"%3. Studies
have shown that HMGB1-specific antibodies and HMGB1 antagonists can significantly reduce the inflammatory
responses and mortality associated with sepsis. Numerous HMGB1-targeted therapies against inflammation have
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been proposed, but the most promising therapies are still in preclinical or clinical development'*-". Given the
importance of HMGBI in inflammatory processes, potential HMGB1-targeted therapies and medicines may be
essential for clinical therapeutic strategies.

MicroRNAs (miRNAs) are small non-coding RNAs with a length of 21-23 nucleotides. MiRNAs regulate
gene expression by suppressing translation or inducing mRNA cleavage by binding to the 3’ untranslated region
(3’-UTR) site of target mRNAs. To date, the close associations between miRNAs and inflammation have been
shown by a large number of studies*'-2°. MiRNAs (e.g., miR-142-3p, miR-181a, miR-126, and miR-155) have also
been reported to regulate inflammation by targeting HMGB1%2426-28,

Traditional Chinese medicine has a long history of treating infectious diseases and has a marked curative
effect. Paeonol (2'-hydroxy-4’-methoxyacetopheone) is one of the active components in the traditional Chinese
medicine moutan cortex®. Studies have confirmed that paeonol has a wide range of pharmacological activi-
ties, including playing an important role in the inhibition of inflammation and producing antitumour and
anti-diabetic effects®*-32. A previous study found that paeonol can downregulate the expression and secretion
of the inflammatory factor HMGBI to treat acute lung injury in an endotoxic shock rat model®*. However, the
mechanism by which paeonol inhibits HMGBI remains unclear. Given the important role of miRNAs in inflam-
mation, we suspect that miRNAs play a key role in HMGB1 inhibition by paeonol.

Studies have shown that more than 40% of sepsis patients eventually develop into septic acute kidney injury
(SIAKI). Acute kidney injury (AKI) is a clinical syndrome caused by various causes of rapid decline in renal func-
tion. Clinically, when sepsis complicated with acute kidney injury, the mortality rate of clinical patients can be as
high as 70%**. A large number of studies have shown that AKI-induced systemic inflammatory reactions cause
multiple organ damage, which is a key factor leading to increased mortality in clinical AKI patients. inflammatory
factors such as HMGBI play an important role in systemic inflammatory response®. In the pathophysiological
process of sepsis, on the one hand, endotoxin directly damages the body, on the other hand, endotoxin induces a
series of serious cascade inflammatory reactions, and produces a large number of early and late inflammatory fac-
tors such as TNF-q, IL-103, etc. Inflammatory factors aggravate the cascade inflammatory reactions until induced
septic shock, single organ or even multiple organ failure syndrome (MODS)?. The complex inflammatory and
immune responses induced by endotoxin may be the main factors and mechanisms of acute renal injury in sepsis.

In the present study, miRNA array analyses including wild-type RAW264.7 cells, lipopolysaccharide
(LPS)-stimulated RAW264.7 cells and paeonol-treated, LPS-stimulated RAW264.7 cells were performed.
Differentially expressed miRNAs (e.g., miR-182-5p, miR-339-5p, miR-30a-3p, miR-155-3p, and miR-27a-3p)
were identified. Among these miRNAs, miR-339-5p is a cancer-related molecule that participates in multiple
cell processes such as proliferation, migration and invasion®”3*. Additionally, studies have indicated that miR-
339-5p can inhibit inflammation by regulating the nuclear transcription factor kB (NF-kB) pathway via targeting
IKK-3*%. Since HMGBI is a significant activator of the NF-«kB pathway that functions through binding to an
NF-kB dimer (P65 and P50)', this study sought to examine whether miR-339-5p inactivates the NF-xkB path-
way by downregulating HMGB1 expression and to explore the relationship between miR-339-5p and HMGBI.
Further explore the anti-inflammatory effect of paeonol in vivo.

Thus, we established an inflammatory cell model with LPS to further study the role of miR-339-5p in
HMGBI1-mediated inflammation and the way paeonol attenuates inflammation. At the same time, CLP mice
model was established to study the anti-inflammatory effect of paeonol in vivo. This study may provide potential
targets and drug candidates for improving the treatment of inflammatory diseases such as sepsis.

Results

Paeonol increased miR-339-5p expression in LPS-stimulated RAW264.7 cells. A microarray
assay was used to detect differentially expressed miRNAs among the control group, LPS (model) group and
paeonol group. The results, in part, were analysed and illustrated with a cluster diagram. The results showed
that the expression of miR-339-5p was decreased in the model group compared with the control group, and
the paeonol group demonstrated higher miR-339-5p levels than the model group (P < 0.05; Fig. 1A). Reverse
transcription-quantitative polymerase chain reaction RT-qPCR showed the same results (P < 0.05; Fig. 1B).
Considering the relationship between miR-339-5p and inflammation, we selected this miRNA for further
research. Immunofluorescence and RT-qPCR analyses (P < 0.05; Fig. 1C,D) showed that miR-339-5p was suc-
cessfully transfected into RAW264.7 cells.

MiR-339-5p could target the HMGB1 protein and downregulate HMGB1 expression. To
determine whether miR-339-5p targets the HMGBI protein, we predicted the target site of miR-339-5p in the
HMGBI sequence with bioinformatics software (Fig. 2A). HMGBI luciferase reporter vectors, which contained
a pLUC-WT-HMGBI1 or pLUC-MUT-HMGBI sequence vector of the miR-339-5p binding site, were con-
structed (Fig. 2B). A miR-339-5p mimic, miR-339-5p inhibitor or the appropriate negative control (NC) was
co-transfected with one of the luciferase reporters. The results showed that compared with co-transfection with
the negative controls, co-transfection with pLUC-WT-HMGBI and the miR-339-5p mimic inhibited the relative
luciferase activity of the HMGB1 3’-UTR, while co-transfection with pLUC-WT-HMGB1 and the miR-339-5p
inhibitor promoted luciferase activity (P < 0.05; Fig. 2C). In addition, the pPLUC-MUT-HMGBI vector and miR-
339-5p mimic, miR-339-5p inhibitor or appropriate negative control were co-transfected. The results indicated
that compared with co-transfection including the negative control, co-transfection with pLUC-MUT-HMGB1
and the miR-339-5p mimic did not change the HMGB1 3/-UTR luciferase activity. There was also no significant
difference in the luciferase activity of the HMGB1 3/-UTR between co-transfection with pLUC-MUT-HMGB1
and the miR-339-5p inhibitor and co-transfection including the negative controls (P < 0.05; Fig. 2D). The
results indicated that miR-339-5p was able to bind to the HMGB1 3’-UTR. Further experiments confirmed that
miR-339-5p inhibited the expression of the target protein HMGB1. We transfected the miR-339-5p mimic, the
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Figure 1. Paeonol increased the miR-339-5p level in LPS-induced RAW264.7 cells. (A) MicroRNA levels in the
cells in the control group, model group and paeonol group were measured in a microarray assay; partial results
with significant changes are shown above. (B) Estimations of the miR-339-5p level in the control group, model
group and paeonol group were made by RT-qPCR. Note: ***P < 0.001 in comparison with the control group;
AAp <001 in comparison with the model group (LPS). (C) The microRNA mimic NC labelled with Cy3 was
successfully transfected into RAW264.7 cells. (D) MiR-339-5p expression was significantly changed in the
mimic and inhibitor groups compared with the control/NC groups after miR-339-5p transfection (RT-qPCR).
Note: ¥¥*P < 0.001. MiR-339-5p, microRNA-339-5p; NC, negative control.

inhibitor and their negative controls into RAW264.7 cells. Western blotting and immunofluorescence results
showed that the protein expression of HMGB1 was reduced in the mimic group compared with the mimic neg-
ative control group. Compared with the inhibitor negative control, the miR-339-5p inhibitor induced HMGB1
expression (P < 0.05; Fig. 2E,F). These results confirmed that miR-339-5p specifically targets the HMGBI protein
and downregulates HMGBI1 expression.

MiR-339-5p and paeonol both inhibit the expression of proinflammatory cytokines in
LPS-stimulated RAW264.7 cells at 12 h and 24 h time points.  To further observe the effects of miR-
339-5p and paeonol on inflammatory proteins at 12h and 24 h time points, we increased miR-339-5p expres-
sion, decreased miR-339-5p expression, or applied treatment with paeonol in LPS-stimulated RAW264.7 cells.
Western blotting, RT-qPCR and ELISA were utilized to measure the expression of proinflammatory cytokines
in RAW264.7 cells. The Western blotting results showed that LPS could significantly upregulate the expression
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Figure 2. HMGBI1 was a direct target of miR-339-5p. (A) The target sites of miR-339-5p in the HMGBI1
sequence were predicted by bioinformatic software. (B) The construction profile of the pLUC-HMGBI vector,
which contained the miR-339-5p target sites in the HMGB1 3’-UTR, is presented in the diagram. (C,D) The
relative luciferase activity in RAW264.7 cells was measured after the co-transfection of the miR-339-5p mimic,
mimic NG, inhibitor or inhibitor NC with HMGB1-WT-3/-UTR or HMGB1-MUT-3’-UTR. (E) The expression
of the target protein HMGBI in RAW264.7 cells was analysed by Western blotting. (F) The expression of the
target protein HMGB1 in RAW264.7 cells was analysed by immunofluorescence staining (magnification, 400).
Note: #*P < 0.05, **#*P < 0.001.

of the proinflammatory cytokines HMGB1, TNF-a and IL-103, while the miR-339-5p inhibitor had no effect on
this phenomenon. However, this phenomenon could be reversed by either paeonol or the miR-339-5p mimic at
the 12h and 24 h time points, and this reversal was significant at 24h (P < 0.05; Fig. 3A-D). The RT-qPCR results
also showed that compared with the LPS group, the miR-339-5p and paeonol group exhibited inhibited mRNA
production of the inflammatory cytokines TNF-a and IL-103. Compared to the miR-339-5p inhibitor, the miR-
339-5p mimic decreased TNF-a and IL-103 production. However, the effect was more obvious at 24h (P < 0.001;
Fig. 4A,B). In addition, the ELISA results also demonstrated that compared with the LPS group, the miR-339-5p
and paeonol groups exhibited inhibited secretion of the inflammatory cytokines TNF-« and IL-13. Compared to
treatment with the miR-339-5p inhibitor, treatment with the miR-339-5p mimic decreased TNF-a and IL-183 pro-
duction. However, the effect was more obvious at 24 h (P < 0.05; Fig. 4C,D). These results demonstrated that miR-
339-5p and paeonol exerted anti-inflammatory effects at the 12h and 24 h time points in LPS-induced RAW264.7
cells, but the anti-inflammatory function at the 24 h time point was more significant. Therefore, we chose 24 h for
further experimentation.
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Figure 3. The effects of miR-339-5p and paeonol on LPS-induced RAW264.7 cells at the 12-h and 24-h time
points, as measured by Western blotting. (A-D) Analysis of the levels of the inflammation-related proteins
HMGBI, TNF-a and IL-18 in the (1) normal control, (2) LPS, (3) LPS + miR-339-5p mimic, (4) LPS + miR-
339-5p inhibitor and (5) LPS + Paeonol groups of LPS-induced RAW264.7 cells by Western blotting. Note:
#%P <0.01 and ***P < 0.001 in comparison with the control group; AAP < 0.01 and AAAP < 0,001 in
comparison with the model group (LPS); P < 0.05.

MiR-339-5p inhibited the inflammatory response in an HMGB1-dependent manner. To fur-
ther investigate whether the anti-inflammatory effect of miR-339-5p involves targeting HMGB1, siHMGB1-1,
siHMGBI1-2 or siHMGB1-3 was transfected into RAW264.7 cells to determine which siRNA had the best
silencing effect. Western blotting results demonstrated that compared with the negative control group, control
group and mock group, the siHMGB1-2 group exhibited the best silencing effect (P < 0.05; Fig. 5A). Therefore,
siHMGBI-2 was selected for subsequent experiments. To study whether the anti-inflammatory effect of miR-
339-5p is dependent on HMGB1, siHMGB1-2 and miR-339-5p were co-transfected into LPS-induced RAW264.7
cells. Western blotting results showed that the protein expression of HMGB1, TNF-« and IL-103 was increased
in the LPS group. Compared with miR-339-5p inhibitor transfection, miR-339-5p mimic transfection reduced
the expression of HMGB1, TNF-a and IL-103. Compared with the LPS group, the miR-339-5p mimic transfec-
tion, siHMGB1-2 transfection, miR-339-5p mimic and siHMGBI-2 co-transfection, and miR-339-5p inhibi-
tor and siHMGB1-2 co-transfection groups exhibited inhibited protein expression of HMGB1, TNF-a« and
IL-1B. However, there were no significant differences among the stHMGB1-2 transfection, miR-339-5p mimic
and siHMGB1-2 co-transfection, and miR-339-5p inhibitor and siHMGBI1-2 co-transfection groups (P < 0.05;
Fig. 5B,C). ELISA analysis showed similar results (P < 0.05; Fig. 5D,E).

The combination of paeonol and miR-339-5p inhibited inflammation more significantly than
other treatments. To further observe the combined anti-inflammatory effects of paeonol and miR-339-5p,
miR-339-5p and paeonol were used to co-treat LPS-induced RAW264.7 cells. Western blot and ELISA anal-
yses showed that the levels of the inflammatory cytokines TNF-o and IL-1(3 were increased in the LPS group.
Compared with the miR-339-5p inhibitor group, the miR-339-5p mimic group exhibited reduced expression
of TNF-a and IL-103. Compared with the LPS group, the miR-339-5p mimic, paeonol, miR-339-5p mimic and
paeonol, and miR-339-5p inhibitor and paeonol co-transfection groups exhibited downregulated production of
TNF-a and IL-10, but the combination of paeonol and the miR-339-5p mimic showed the best anti-inflammatory
effect (P < 0.05; Fig. 6A-E).

Paeonol inhibited IKK-3, which has a positive effect on HMGB1. Studies have confirmed that miR-
339-5p targets IKK-(3 to inhibit inflammation. Studies have also shown that paeonol increases miRNA-339-5p
expression in LPS-stimulated RAW264.7 cells. Thus, Western blotting was performed to determine whether pae-
onol could downregulate the expression of IKK-{3. The Western blotting results showed that paeonol was able
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Figure 4. The effects of miR-339-5p and paeonol on LPS-induced RAW264.7 cells at the 12-h and 24-h time
points, as measured by RT-qPCR and ELISA. (A,B) Analysis of the mRNA production of the inflammation-
related cytokines TNF-aand IL-13 by RT-qPCR. (C,D) Analysis of the production of the inflammation-related
proteins TNF-a and IL-13 by ELISA. Note: **P < 0.01 and ***P < 0.001 in comparison with the control group;
Ap (.05 AApP(.01,and AAADP (001 in comparison with the model group (LPS); *P < 0.05.

to decrease the expression of IKK-3 in the LPS-treated cells (P < 0.05; Fig. 7A). Compared with the LPS group,
the miR-339-5p mimic and paeonol groups exhibited downregulated production of pIKK-3 (P < 0.001; Fig. 7B),
but miR-339-5p mimic and paeonol groups showed down-regulated pIKK-3 expression more significantly than
down-regulation of IKK-(3 expression (Fig. 7A,B). The results indicated that paeonol upregulated miR-339-5p
expression to inhibit the expression of HMGB1 and IKK-(3. We also further studied the relationship between
HMGBI and IKK-8. SiIKK-3-1, silKK-3-2 and silKK-(3-3 were transfected, individually or in combination, into
RAW264.7 cells to assess which siRNA had the best silencing effect. Western blotting results showed that com-
pared with the negative control, control and mock groups, the silKK-3-1, silKK-3-2 and siIKK-3-3 combination
group showed the best silencing effect (P < 0.05; Fig. 7C). SiIKK-3 and miR-339-5p were co-transfected into
LPS-induced RAW264.7 cells, and the results showed that compared with the LPS group, the siIKK-3 group
showed downregulated production of HMGBI; however, co-transfection with the miR-339-5p mimic and
siIKK-{3 inhibited HMGB1 more significantly than the transfection of silKK-3 alone (P < 0.05; Fig. 7D). The
Western blotting results also demonstrated that compared with the LPS group, the siHMGB1 group exhibited
decreased expression of IKK-3; however, co-transfection with the miR-339-5p mimic and siHMGB1 inhibited
IKK-(3 more obviously than the transfection of siHMGBI alone (P < 0.05; Fig. 7E).

Paeonol attenuated CLP-induced septic acute kidney injury.  Using septic mice model of cecal liga-
tion and puncture (CLP), we evaluated the effects of paeonol on acute kidney injury induced by sepsis. Treatment
of mice with paeonol after induction of sepsis (0.5hours) resulted in significant improvement of survival com-
pared with shame group mice (P < 0.05; Fig. 8A). Histological evaluation of renal organ specimens in the CLP
group showed significant glomerular enlargement deformation, renal inflammation infiltration and vacuolar
degeneration histological abnormalities. After the intervention of paeonol, the pathological damage of kidney
was obviously improved. Inflammatory cell infiltration, edema, glomerular deformation, necrosis and exfoliation
of renal tubular epithelial cells were alleviated. (Fig. 8B). Besides, western blot results showed that compared with
the normal control group, the expression of inflammatory factors TNF-« and IL-1( protein in the CLP group
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Figure 5. The effects of miR-339-5p and HMGB1-siRNA on LPS-induced RAW264.7 cells at the 24-h

time point. (A) Detection of the silencing effect of HMGB1-siRNAs (siRNA-1, siRNA-2 and siRNA-

3). Note: *P < 0.05 in comparison with the negative control group; 4P < 0.05 in comparison with the

control group; *P < 0.05 in comparison with the Mock group. (B,C) Analysis of the inflammation-related
proteins HMGB1, TNF-« and IL-1(, in the (1) normal control, (2) LPS, (3) LPS 4+ miR-339-5p mimic, (4)
LPS+ miR-339-5p inhibitor, (5) LPS + siHMGB1-2, (6) LPS + siHMGB1-2 + miR-339-5p mimic and (7)
LPS+ siHMGBI-2 4+ miR-339-5p inhibitor groups of LPS-induced RAW264.7 cells by Western blotting. (D,E)
Analysis of the production of the inflammation-related proteins TNF-a and IL-13 by ELISA. Note: **P < 0.01
and ***P < 0.001 in comparison with the control group; Ap (.05 AApP(.01,and AAADP (001 in
comparison with the model group (LPS); *P < 0.05.

was significantly increased. After treatment with paeonol, the protein expression levels of TNF-ow and IL-103 were
down-regulated to varying degrees relative to the CLP group (P < 0.05; Fig. 8C,D).

Discussion

Previous research suggests that a cytokine-mediated excessive proinflammatory response is a typical feature of
sepsis*!. Therefore, the inhibition of proinflammatory mediators is an important therapeutic strategy for the treat-
ment of various inflammatory diseases, such as sepsis. In this study, an inflammatory cell model was established
with LPS-stimulated RAW264.7 cells to investigate the anti-inflammatory properties of paeonol. Our data showed
that paeonol could upregulate the expression of miR-339-5p during the inflammatory response and that miR-
339-5p could directly target HMGB1 and IKK-( to inhibit inflammation. Further studies confirmed that paeonol
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Figure 6. The effects of miR-339-5p and paeonol on LPS-induced RAW264.7 cells at the 24-h time point. (A-C)
Analysis of the inflammation-related proteins TNF-a and IL-18 in (1) normal control, (2) LPS, (3) LPS + miR-
339-5p mimic, (4) LPS + miR-339-5p inhibitor, (5) LPS + Paeonol, (6) LPS + miR-339-5p mimic + Paeonol and
(7) LPS + miR-339-5p inhibitor + Paeonol groups of LPS-induced RAW264.7 cells by Western blotting. (D,E)
Analysis of the production of the inflammation-related proteins TNF-o and IL-103 by ELISA. Note: *P < 0.05,
#%P <0.01, and ***P < 0.001 in comparison with the control group; AP < 0.05, AAP < 0,01’ and AAAP < (,001
in comparison with the model group (LPS); “P < 0.05 and **P < 0.01 in comparison with the miR-339°5p mimic

group.

inhibited the inflammatory response by upregulating the expression of miR-339-5p, which can negatively regu-
late HMGBI and IKK-3. We also found that there was mutual positive feedback between HMGB1 and IKK-3 in
LPS-induced RAW264.7 cells (Fig. 8). These results represent an in-depth study of the molecular mechanism of
the traditional Chinese medicine paeonol in the treatment of inflammation and offer strong proof for the clinical
value of this natural medicine. Paeonol and miRNAs may also provide a potential therapeutic strategy for the
clinical treatment of inflammatory disease.

It has been confirmed that paeonol inhibits the production of proinflammatory cytokines (TNF-o and
IL-103) and affects the translocation and secretion of the late inflammatory factor HMGB1*2. The nuclear protein
HMGBI is a late-stage lethal inflammatory factor that is translocated to the extracellular space as a signal for the
spread of inflammation'®#>*. Studies have shown that therapeutic neutralizing anti-HMGBI antibodies or other
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Figure 7. Effects of paeonol on IKK-{3 in LPS-induced RAW264.7 cells and the relationship between HMGB1
and IKK-83. (A,B) The effects of paeonol on IKK-3 and pIKK-3 expression in LPS-treated cells, assessed

by Western blotting. Note:***P < 0.01, ***P < 0.001 in comparison with the control group; 4P < 0.05,
AApP<0.01,and AAAP £ (.001 in comparison with the model group (LPS); *P < 0.05 in comparison with
the miR-339-5p mimic group. (C) Detection of the silencing effect in the IKK-3-siRNA group compared with
that in the negative control group, control group and mock group (Lipofectamine 3000 only). Note: *P < 0.05
and ***P < 0.001 in comparison with the negative control group; 4P < 0.05 in comparison with the control
group; *P < 0.05 in comparison with the mock group. (D,E) The relationship between HMGB1 and IKK-( in
LPS-induced RAW264.7 cells, assessed by Western blotting. Note: ***P < 0.001 in comparison with the control
group; AP < 0.05, AAP <0.01,and AAAP < 0,001 in comparison with the model group (LPS); *P < 0.05 and
#P < 0.01 in comparison with the miR-339-5p mimic group.

HMGBI antagonists significantly improve mortality in caecal ligation and puncture (CLP)-induced sepsis**’.

Therefore, HMGBI inhibition is considered a promising therapeutic strategy for inflammatory disease. Our pre-
vious study indicated that paconol significantly inhibits HMGB1 and downregulates inflammatory factor expres-
sion in LPS-stimulated RAW264.7 cells*2. However, the mechanisms underlying how paeonol regulates HMGB1
in the treatment of inflammation are unknown.

Studies have confirmed that a large number of miRNAs are involved in the regulation of the inflammatory
process?>?+27:4849 Regearch on miR-339-5p has mainly focused on tumours, although work on inflammation
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Figure 8. (A) The survival rate of C57BL/6 mice after CLP injury with paeonol treatment. Note: ***P < 0.001
in comparison with the shame group; #*P < 0.001 in comparison with the model group (CLP); (B)
Morphological changes in the kidney, liver and lung. Tissue sections were stained with hematoxylin and eosin
(HE); red arrow in the kidney images indicates cell vacuolization; black arrow indicates that the glomerulus

is deformed and blurred with its surroundings; green arrow indicates inflammatory cell infiltration; (C,D)
Western blotting analysis of protein TNF-a and IL-1(3 expression in kidneys 24 h after CLP with paeonol. Note:
*P < 0.05, ***P < 0.001 in comparison with the shame group; Ap (.05 AApP0.01in comparison with the
model group (CLP).

has also been reported. Zhang et al.*® found that miR-339-5p can inhibit the activity of IKK-( by regulating
the NF-kB signalling pathway, thereby inhibiting inflammation. Newly discovered evidence indicates that miR-
339-5p has abnormally low expression, although to different degrees, in solid tumour tissues and tumour cell lines
derived from breast cancer®', rectal cancer”” and other malignant tumours**>°, suggesting that miR-339-5p may
play important roles in the occurrence and development of the aforementioned malignant tumours. Although
miR-339-5p expression has been reported in inflammation, research has mainly focused on the NF-xB signalling
pathway, and miR-339-5p has not been studied in the context of its ability to directly target the transcription
factor HMGBI to prevent inflammation. MiR-339-5p is involved in inflammatory regulation, and its regulatory
mechanisms have not yet been elucidated.
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In this study, we explored the effect of miR-339-5p on HMGBI1. The dual-luciferase reporter assay indicated
that miR-339-5p bound to the 3’-UTR of HMGBI. Western blotting and immunofluorescence staining confirmed
that the miR-339-5p mimic decreased the expression of HMGB1 and that the miR-339-5p inhibitor increased the
expression of HMGBI1. These results suggest that the miR-339-5p/HMGBI signalling pathway is important for
the regulatory mechanisms involved in the inflammatory process and may be a key target in drug development
for inflammatory disease treatment. To investigate the effects of paeonol and miR-339-5p on inflammation at
different time points, we analysed the expression and secretion of inflammatory cytokines at 12h and 24 h in
LPS-stimulated RAW264.7 cells. Western blot, RT-qPCR and ELISA analyses indicated that miR-339-5p and pae-
onol inhibited the expression of the inflammation-related proteins HMGBI1, TNF-av and IL-103 at the 12h and 24h
time points in the LPS-induced RAW264.7 cells and that there was significant inhibition at the 24 h time point.
Furthermore, compared with the LPS group, the miR-339-5p mimic transfection, siHMGB1-2 transfection,
miR-339-5p mimic and siHMGB1-2 co-transfection, and miR-339-5p inhibitor and siHMGB1-2 co-transfection
groups showed inhibited expression and secretion of HMGB1, TNF-o and IL-103. However, there were no signif-
icant differences among the siHMGB1-2 transfection, miR-339-5p mimic and siHMGBI1-2 co-transfection, and
miR-339-5p inhibitor and siHMGB1-2 co-transfection groups. Our study confirmed that miR-339-5p inhibited
inflammation and that this inhibition of the inflammatory response was dependent on HMGB1. We also used
paeonol in combination with miR-339-5p. Western blot and ELISA analyses showed that compared with the LPS
group, the miR-339-5p mimic transfection, paeonol treatment, miR-339-5p mimic transfection with paeonol
treatment, and miR-339-5p inhibitor transfection with paeonol treatment groups exhibited downregulation pro-
duction of TNF-« and IL-1f3. The combination of paeonol and the miR-339-5p mimic inhibited TNF-« and IL-13
more significantly than the other treatments.

IKK-3 is a serine-kinase that is stimulated by inflammatory cytokines. The phosphorylation of Ser177 and
Ser181 in IKK-{ leads to its activation; negative regulation of IKK-(3 can reduce the production of overactive
inflammatory factors® . It has been reported that miR-339-5p downregulates inflammatory factor expression
by inhibiting IKK-8 activity®. Our study revealed that paeonol can inhibit IKK-3 expression and increase miR-
339-5p expression, suggesting that paeonol may upregulate miR-339-5p expression to inhibit the inflammatory
response by targeting IKK-3. We further found that IKK-(3 expression was reduced after silencing HMGBI, while
silencing IKK-(3 also reduced HMGB1 expression in LPS-stimulated RAW264.7 cells. These results indicated that
there is positive feedback between HMGB1 and IKK-(3 in LPS-induced RAW264.7 cells.

The pathogenesis of sepsis is mainly excessive inflammation, resulting in multiple tissue and organ dam-
age. When sepsis occurs, it will increase the release of pro-inflammatory cytokines and chemokines, causing
and aggravating tissue damage, and even leading to multiple organ failur such as kidneys*’~>°. Inflammatory
injury and ischemia are the main mechanisms of acute renal injury caused by sepsis. Studies have shown that
in sepsis-induced acute kidney injury, a large number of inflammatory factors such as HMGB1 and TNF-o can
be released in the kidney, resulting in renal tubular cell apoptosis and severe kidney injury*. Paeonol is a tra-
ditional Chinese medicine monomer anti-inflammatory agent®®!. It has been found that paeonol can inhibit
the overproliferation of vascular smooth muscle cells (VSMCs) by inhibiting the expression of inflammatory
factors TNF-a and IL-103, and reduce local inflammation in AS®2. Our previous studies have found that paeonol
can inhibit the secretion or gene expression of inflammatory factors such as TNF-a and IL-13 and the tran-
scriptional activity of NF-kB, and reduce the mortality of septic shock animals®**#2. Therefore, this experiment
used cecal ligation and puncture to establish CLP mice model, treated with paeonol, to explore the in vivo
inflammatory effect of paeonol. The results showed that paeonol could significantly improve the survival rate
of CLP mice, alleviate renal pathological damage, and inhibit the expression of inflammatory factors TNF-a
and IL-103.

In conclusion, our study showed that paeonol and miR-339-5p can inhibit inflammation. Paeonol inhibits
the inflammatory response by upregulating miR-339-5p expression and subsequently downregulating HMGB1
and IKK-(3 expression. Furthermore, there is positive feedback between HMGB1 and IKK- in LPS-induced
RAW264.7 cells. Paeonol achieves multi-target and multi-pathway inhibition of the inflammatory response by
upregulating miR-339-5p expression, which significantly enhances the inhibition of inflammation. In vivo exper-
iments confirmed that paeonol could improve the survival rate of sepsis mice and protect the kidney of sepsis
mice. This study also showed that paeonol and miR-339-5p may be promising therapeutic agents for the treat-
ment of various inflammatory diseases such as Parkinson’s disease, organ failure, cancer, and especially sepsis,
while HMGBI and IKK-3 may be promising therapeutic targets.

Materials and Methods

RAW264.7 cell culture. RAW264.7 cells, purchased from the Shanghai Institute of Cell Biology (Shanghai,
China), were incubated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% foetal bovine
serum (FBS; Thermo Fisher Scientific, Inc.) and 1% antibiotics (100 U/mL penicillin and 100 mg/mL streptomy-
cin; Thermo Fisher Scientific, Inc.) in a humidified, 5% CO, and 37 °C environment. The medium was replaced
every 3 days. For this study, cells were seeded in 6-well plates at 5 x 10° per well, and the medium was changed to
10% FBS medium after 24 h. The control group was cultured with pure 10% FBS medium, the model group was
subsequently stimulated with LPS (cat. no. L2880; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany; 0.2 pg/
mL) for 24h, and the paeonol group was co-incubated with paeonol (1 mM; Shanghai YuanYe Biotechnology,
Shanghai, China) and LPS (0.2 ng/mL) for 24 h.

MiRNA microarray assay. Total RNA from RAW264.7 cells, including the cells in the LPS and paeonol
groups, was extracted using TRIzol® reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer’s
manual. A microarray assay was carried out by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). For further
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Gene Source Sequence (5’-3')

F: 5-GCTTCGGCAGCACATATACTAAAAT-3'

Ue Mouse R: 5-CGCTTCACGAATTTGCGTGTCAT-3/

GSP: 5-GGGTCCCTGTCCTCCA-3’

miR-339-5p Mouse R: 5-CAGTGCGTGTCGTGGA-3'
15 Mouse F: 5" TCGCAGCAGCACATCAACAAGAG-3'
f R: 5-TGCTCATGTCCTCATCCTGGAAGG-3'
.5 _3/
NFa Mouse F: 5-ATGTCTCAGCCTCTTCTCATTC-3

F: 5-GCTTGTCACTCGAATTTTGAGA-3'

Table 1. Primers for RT-qPCR. Note: GSP is a specific primer for the corresponding miRNA, and R is a primer
that matches the RT primer.

analysis, all data were collected and sorted to identify the differentially expressed miRNAs according to fold
change (|fc| > 1.5). Multi Experiment Viewer 4.9.0 (MeV; Springer, Boston, MA, USA) was used to analyse the
data.

RT-qPCR. Total RNA was extracted as described above. Reverse transcription and qPCR were conducted fol-
lowing the manufacturer’s protocols for the Prime Script™ RT reagent kit and SYBR Premix EX Taq II kit (Takara
Biotechnology Co., Ltd., Dalian, China). The ViiA 7 Real-time PCR System (Applied Biosystems; Thermo Fisher
Scientific, Inc.) was used with the following reaction conditions: 95°C for 10s, 60 °C for 60 s and 95°C for 15s; 40
cycles. The 2724¢4 method was used to analyse the expression of miR-339-5p, and endogenous U6 expression was
used for normalization. GAPDH was purchased from Songon Biotech (Shanghai, China) Co., Ltd. (cat. no. B661304;
Shanghai, China). The primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) (Table 1).

Dual-luciferase reporter assay. RAW264.7 cells were transfected with a luciferase reporter plasmid con-
taining part of the HMGB1 3’-UTR. RAW264.7 cells at a density of 1 x 10° per well were seeded in a 24-well plate
until they reached 60% confluence. The pLUC-HMGB1-wild-type (WT) 3’-UTR or pLUC-HMGBI1-mutant-type
(MUT) 3’-UTR plasmid (Shenzen Huaan Pingkang Biological Technology Co., Ltd., Shenzhen, China) was
co-transfected with the miR-339-5p mimic, miR-339-5p mimic negative control, miR-339-5p inhibitor or miR-
339-5p inhibitor negative control (Guangzhou RiboBio Co., Ltd.) using Lipofectamine® 3000 (Thermo Fisher
Scientific, Inc.). After 36 h of transfection, the firefly luciferase and Renilla luciferase activities were measured at
465nm (Renilla luciferase) and 560 nm (firefly luciferase) according to the protocol of a dual-luciferase reporter
assay kit (Promega Corporation, Madison, WI, USA), and relative fluorescence was determined by comparing
with a negative control.

Transient transfection of RAW264.7 cells with the miR-339-5p mimic, the miR-339-5p inhib-
itor, a negative control or an siRNA (siHMGB1 or silKK-3). Three HMGBI1-specific siRNAs and
three IKK-(3 specific siRNAs (siRNA-1, siRNA-2 and siRNA-3) were provided by Guangzhou RiboBio Co., Ltd.
RAW?264.7 cells were seeded in 6-well plates at 5 x 10° cells per well until they reached 60% confluence. MiR-
339-5p and a siRNA were co-transfected into RAW264.7 cells with Lipofectamine 3000 according to the manu-
facturer’s instructions. After 36 h, the silencing efficiencies of the siRNAs were analysed by Western blotting. The
transfection concentration of the mimic, mimic negative control and siRNAs was 50 nM, and the transfection
concentration of the inhibitor and inhibitor negative control was 100 nM. Western blot and immunofluorescence
analyses were performed after 36 h.

MiR-339-5p and siRNA transfections into LPS-stimulated RAW264.7 cells and experimen-
tal groupings. Following the transfection of miR-339-5p and a siRNA (siHMGBI or silKK-3) for 24 h,
RAW264.7 cells were stimulated with LPS. RAW264.7 cells were pre-induced with 0.2 pg/mL LPS for 0.5h before
being treated with paconol for 24 h. The experiment was designed with the following groups: (1) the normal con-
trol group without LPS stimulation, (2) the model group (LPS-induced cells), (3) the LPS + miR-339-5p mimic
(with LPS treatment and transfection with the miR-339-5p mimic) group, (4) the LPS + miR-339-5p inhibitor
(with LPS treatment and transfection with the miR-339-5p inhibitor) group, (5) the LPS + paeonol (with LPS and
paeonol treatment) group, (6) the LPS + siRNA (with LPS treatment and transfection with an siRNA targeting
HMGBI or IKK-3) group, (7) the LPS + siRNA + miR-339-5p mimic (with LPS treatment and co-transfection
with an siRNA targeting HMGBI or IKK-(3 and the miR-339-5p mimic) group, and (8) the LPS 4- siRNA 4 miR-
339-5p inhibitor (with LPS treatment and co-transfection with an siRNA targeting HMGB1 or IKK-(3 and the
miR-339-5p inhibitor). RAW 264.7 cells were cultured in a 6-well plate at 5 x 10° cells per well until they reached
60% confluence. MiR-339-5p and the appropriate siRNA were co-transfected into the RAW264.7 cells with
Lipofectamine 3000 for 24 h. For the 0.2 pg/mL LPS-stimulated RAW264.7 cells, LPS was used to pre-induce
RAW264.7 cells for 0.5h before treatment with paeonol. Western blot and ELISA analyses were performed.

Immunofluorescence assay. RAW264.7 cell samples were fixed with 4% paraformaldehyde at 37 °C for
30 min and permeabilized using 0.5% Triton X 100 for 15min. Then, the RAW264.7 cells were blocked with
10% normal goat serum and incubated with a monoclonal rabbit anti-mouse HMGBI antibody (1:400; cat.
no. Ab184532; Abcam) at 4 °C overnight. This incubation was followed by an incubation with an Alexa Fluor
555-labelled anti-rabbit immunoglobulin G (IgG) secondary antibody (1:200; cat. no. A0453; Beyotime Institute
of Biotechnology) for 1h at 37°C. An incubation with propidium iodide (PI) was conducted at 37 °C for 5 min,
and the cells were examined by confocal microscopy (Olympus Corporation, Tokyo, Japan).
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Western blot analysis. Total protein was extracted using an extraction buffer (Thermo Fisher Scientific,
Inc.). The proteins were separated by SDS-PAGE (12% acrylamide gel) and transferred onto a PVDF membrane.
The membranes were subsequently blocked with 5% skim milk for 2h at room temperature to inhibit nonspe-
cific protein binding. This incubation was followed by an incubation with the primary antibodies anti-GAPDH
(1:10,000; cat. no. AC002; ABclonal), anti-actin (1:1,000; cat. no. ab8226; Abcam), anti-HMGB1 (1:1,000; cat. no.
Ab184532; Abcam), anti-TNF- (1:1,000; cat. no. ab1793; Abcam), anti-IL-103 (1:1,000; cat. no. A1112; ABclonal),
anti-pIKK-§ (1:1,000; cat. no. Ab194519; Abcam) and anti-IKK-{3 (1:1,000; cat. no. A2087; ABclonal) at 4°C
overnight. The secondary antibodies were a horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody
(1:10,000; cat, no. ab6721; Abcam) and a horseradish peroxidase-conjugated anti-mouse IgG antibody (1:20,000;
cat. no. AS003; ABclonal), which were incubated with the membranes for 1 h. The results were imaged and quan-
titated using Bio-Tanon Imagine (Tanon Science & Technology Co., Ltd., Shanghai, China). Image] software (ver-
sion 1.4; National Institutes of Health, Bethesda, MD, USA) was used to analyse the specific protein band values
of each group. All original pictures of western blot results are provided in supplementary file.

Cytokine evaluation by ELISA. The concentrations of TNF-« and IL-13 in RAW264.7 cell supernatants
were measured using ELISA kits (CUSABIO, Wuhan, China). Cell supernatants from different groups were
analysed according to the ELISA kit protocols. The absorbance was determined at 450 nm using a Thermomax
microplate reader (Bio-Tek, Winooski, VT, USA).

Model of cecal ligation and puncture. Male C57BL/6 mice (6-8 weeks) were purchased from Guangdong
Medical Laboratory Center (Guang dong, China). The animal experiment was carried out in accordance with
the guidelines and regulations of China on use and care. The experimental animals are approved by the Animal
Experimental Ethics Committee of Guangzhou University of Traditional Chinese Medicine. Anesthesia of mice
by i.p. injecting 200 mg/kg ketamine and 10 mg/kg xylazine. Mice were subjected to sham or CLP surgery as
previously described (Zhao et al., 2013). Paeonol was administered (120 mg/kg) i.p. to mice 30 min after CLP
surgery. After 24 h, all mice were anesthetized and killed, kidneys were collected and fixed for hematoxylin and
eosin (H&E) staining or stored at —80 °C for further western blot analysis. In addition, independent experiments
were conducted to monitor the 9 days survival rate of mice in the same conditions.

Statistical analysis. Data are presented as the mean =+ standard deviation and were analysed using IBM
SPSS 20 software (version 20; IBM corp., Armonk, NY, USA). Graphs were drawn using GraphPad Prism 7.0
software (version 7.0; GraphPad Software, Inc., La Jolla, CA, USA). Comparisons among groups were assessed
using one-way analysis of variance (ANOVA). Comparisons between groups were made by analysing data with
a post hoc test.

Received: 30 October 2018; Accepted: 2 December 2019;
Published online: 18 December 2019

References

1. Huo, R. et al. Removal of regulatory T cells prevents secondary chronic infection but increases the mortality of subsequent sub-acute
infection in sepsis mice. Oncotarget 7, 10962-10975 (2016).

2. Pan, S. et al. BML-111 Reduces Neuroinflammation and Cognitive Impairment in Mice With Sepsis via the SIRT1/NF-kappaB
Signaling Pathway. Frontiers in cellular neuroscience 12, 267, https://doi.org/10.3389/fncel.2018.00267 (2018).

3. Nathan, C. Review article Points of control in inflammation. Nature, 846-852 (2002).

4. Ding, R. & Ma, X. Persistent inflammation immunosuppression catabolism syndrome: a special type of chronic critical illness.
Zhonghua wei chang wai ke za zhi = Chinese journal of gastrointestinal surgery 19, 734 (2016).

5. Martin, J. B. & Badeaux, J. E. Interpreting Laboratory Tests in Infection: Making Sense of Biomarkers in Sepsis and Systemic
Inflammatory Response Syndrome for Intensive Care Unit Patients. Critical care nursing clinics of North America 29, 119-130,
https://doi.org/10.1016/j.cnc.2016.09.004 (2017).

6. Chen, L. et al. The biomarkers of immune dysregulation and inflammation response in Parkinson disease. Translational
neurodegeneration 5, 16, https://doi.org/10.1186/s40035-016-0063-3 (2016).

7. Dolan, R. D., Lim, J., McSorley, S. T., Horgan, P. G. & McMillan, D. C. The role of the systemic inflammatory response in predicting
outcomes in patients with operable cancer: Systematic review and meta-analysis. Scientific reports 7, 16717, https://doi.org/10.1038/
$41598-017-16955-5 (2017).

8. Lu, B. et al. Molecular mechanism and therapeutic modulation of high mobility group box 1 release and action: an updated review.
Expert Rev Clin Immunol 10, 713-727 (2014).

9. Liu, X. X. et al. Regnase-1 in microglia negatively regulates high mobility group box 1-mediated inflammation and neuronal injury.
Scientific reports 6 (2016).

10. Yang, R., Tenhunen, J. & Tonnessen, T. . HMGB1 and Histones Play a Significant Role in Inducing Systemic Inflammation and
Multiple Organ Dysfunctions in Severe Acute Pancreatitis. International journal of inflammation 2017, 1817564, https://doi.
org/10.1155/2017/1817564 (2017).

11. He, Q. et al. HMGBI promotes the synthesis of pro-IL-11? and pro-IL-18 by activation of p38 MAPK and NF-I°B through receptors
for advanced glycation end-products in macrophages. Asian Pac ] Cancer Prev 13, 1365-1370 (2012).

12. Andersson, A. et al. Pivotal advance: HMGBI1 expression in active lesions of human and experimental multiple sclerosis. Journal of
leukocyte biology 84, 1248-1255 (2008).

13. El, G. M. HMGB1 modulates inflammatory responses in LPS-activated macrophages. Inflammation Research 56, 162 (2007).

14. Li, P. et al. Human kallistatin administration reduces organ injury and improves survival in a mouse model of polymicrobial sepsis.
Immunology 142, 216-226 (2014).

15. Jiang, S. & Chen, X. HMGBI1 siRNA can reduce damage to retinal cells induced by high glucose in vitro and in vivo. Drug Design
Development & Therapy 11, 783-795 (2017).

16. Andersson, U,, Yang, H. & Harris, H. Extracellular HMGBI as a therapeutic target in inflammatory diseases. Expert opinion on
therapeutic targets 22, 263-277, https://doi.org/10.1080/14728222.2018.1439924 (2018).

17. Yamato, M. et al. Effective combination therapy of polymyxin-B direct hemoperfusion and recombinant thrombomodulin for septic
shock accompanied by disseminated intravascular coagulation: a historical controlled trial. Therapeutic Apheresis & Dialysis 17,
472-476 (2013).

SCIENTIFIC REPORTS |

(2019) 9:19370 | https://doi.org/10.1038/s41598-019-55980-4


https://doi.org/10.1038/s41598-019-55980-4
https://doi.org/10.3389/fncel.2018.00267
https://doi.org/10.1016/j.cnc.2016.09.004
https://doi.org/10.1186/s40035-016-0063-3
https://doi.org/10.1038/s41598-017-16955-5
https://doi.org/10.1038/s41598-017-16955-5
https://doi.org/10.1155/2017/1817564
https://doi.org/10.1155/2017/1817564
https://doi.org/10.1080/14728222.2018.1439924

www.nature.com/scientificreports/

18.
19.
20.
21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wang, G. et al. Activation of PPAR~ attenuates LPS-induced acute lung injury by inhibition of HMGB1-RAGE levels. European
Journal of Pharmacology 726, 27-32 (2014).

Venereau, E. et al. Mutually exclusive redox forms of HMGB1 promote cell recruitment or proinflammatory cytokine release. J. Exp.
Med. 209, 1519-1528. Journal of Experimental Medicine 209, 1519-1528 (2012).

Sontheimer, R. W. C. & Erik, J. Origins and Mechanisms of miRNAs and siRNAs. Cell 136, 642 (2009).

Hijmans, J. G. et al. Influence of Overweight and Obesity on Circulating Inflammation-Related Microrna. Microrna 07 (2018).
Feng, Y. et al. Involvement of microRNA-146a in diabetic peripheral neuropathy through the regulation of inflammation. Drug Des
Devel Ther 12, 171-177 (2018).

Wang, X. et al. MicroRNA-142-3p Inhibits Chondrocyte Apoptosis and Inflammation in Osteoarthritis by Targeting HMGB1.
Inflammation 39, 1718-1728, https://doi.org/10.1007/s10753-016-0406-3 (2016).

Thome, A. D, Harms, A. S., Volpicelli-Daley, L. A. & Standaert, D. G. microRNA-155 Regulates Alpha-Synuclein-Induced
Inflammatory Responses in Models of Parkinson Disease. The Journal of neuroscience: the official journal of the Society for
Neuroscience 36, 2383-2390, https://doi.org/10.1523/JNEUROSCI.3900-15.2016 (2016).

Bouchareychas, L. & Raffai, R. L. Apolipoprotein E and Atherosclerosis: From Lipoprotein Metabolism to MicroRNA Control of
Inflammation. Journal of Cardiovascular Development & Disease 5 (2018).

Wen, Z. et al. Autoantibody induction by DNA-containing immune complexes requires HMGB1 with the TLR2/microRNA-155
pathway. Journal of immunology 190, 5411 (2013).

Tang, S. T., Wang, F,, Shao, M., Wang, Y. & Zhu, H. Q. MicroRNA-126 suppresses inflammation in endothelial cells under
hyperglycemic condition by targeting HMGB1. Vascular Pharmacology 88, 48 (2017).

Dahlhaus, M., Schult, C., Lange, S., Freund, M. & Junghanss, C. MicroRNA 181a influences the expression of HMGB1 and CD4 in
acute Leukemias. Anticancer Research 33, 445-452 (2013).

Xu, Y. et al. Anti-proliferative effects of paeonol on human prostate cancer cell lines DU145 and PC-3. Journal of Physiology ¢
Biochemistry 73, 157-165 (2016).

Zong, S. et al. Beneficial anti-inflammatory effect of paeonol self-microemulsion-loaded colon-specific capsules on experimental
ulcerative colitis rats. Artif Cells Nanomed Biotechnol, 1-12 (2018).

He, R. X. et al. PEGylated niosomes-mediated drug delivery systems for Paeonol:Preparation, Pharmacokinetics studies and
Synergistic anti-tumor effects with 5-FU. Journal of Liposome Research 27, 161-170 (2016).

Lau, C. H. et al. Pharmacological investigations of the anti-diabetic effect of Cortex Moutan and its active component paeonol.
Phytomedicine 14, 778-784 (2007).

Liu, X. et al. Paconol attenuates acute lung injury by inhibiting HMGB1 in lipopolysaccharide-induced shock rats. International
immunopharmacology 61, 169-177, https://doi.org/10.1016/j.intimp.2018.05.032 (2018).

Chvojka, J. et al. New developments in septic acute kidney injury. Physiological Research 59, 859 (2010).

F Zhe & C Xiangmei Mechanisms of distant organ dysfunction caused by acute kidney injury. Chinese Journal of Nephrology
Research 4, 42-46 (in Chinese) (2015).

Macdonald, J., Galley, H. F. & Webster, N. R. Oxidative stress and gene expression in sepsis. British Journal of Anaesthesia 90,
221-232(2003).

Chang, Z. et al. MiR-339-5p Regulates the Growth, Colony Formation and Metastasis of Colorectal Cancer Cells by Targeting PRL-
1. Plos One 8, €63142 (2013).

Jansson, M. D., Damas, N. D., Lees, M., Jacobsen, A. & Lund, A. H. miR-339-5p regulates the p53 tumor-suppressor pathway by
targeting MDM2. Oncogene 34, 1908-1918 (2015).

Zhang, Y., Wei, G., Di, Z. & Zhao, Q. miR-339-5p inhibits alcohol-induced brain inflammation through regulating NF-kappaB
pathway. Biochemical and biophysical research communications 452, 450-456, https://doi.org/10.1016/j.bbrc.2014.08.092
(2014).

Makeyev, E. V. & Maniatis, T. Multilevel Regulation of Gene Expression by MicroRNAs. Science 319, 1789-1790 (2008).

Boomer, J. S. et al. Inmunosuppression in patients who die of sepsis and multiple organ failure. Jama 306, 2594-2605 (2011).

Lei, H. et al. Paeonol Inhibits Lipopolysaccharide-Induced HMGBI Translocation from the Nucleus to the Cytoplasm in RAW264.7
Cells. Inflammation 39, 1177-1187, https://doi.org/10.1007/s10753-016-0353-z (2016).

Lamkanfi, M. et al. Inflammasome-dependent release of the alarmin HMGBI in endotoxemia. Journal of immunology 185,
4385-4392, https://doi.org/10.4049/jimmunol.1000803 (2010).

Gentile, L. F. & Moldawer, L. L. HMGBI as a therapeutic target for sepsis: it’s all in the timing! Expert opinion on therapeutic targets
18, 243-245, https://doi.org/10.1517/14728222.2014.883380 (2014).

Wang, H. et al. HMG-1 as a late mediator of endotoxin lethality in mice. Science 285, 248-251 (1999).

Yang, H. et al. Reversing established sepsis with antagonists of endogenous high-mobility group box 1. Proceedings of the National
Academy of Sciences of the United States of America 101, 296-301, https://doi.org/10.1073/pnas.2434651100 (2004).

Wang, H., Ward, M. E. & Sama, A. E. Targeting HMGBI1 in the treatment of sepsis. Expert opinion on therapeutic targets 18, 257-268,
https://doi.org/10.1517/14728222.2014.863876 (2014).

Li, Y, Xin, L. & Wang, X. MicroRNA 26a inhibits HMGB1 expression and attenuates cardiac ischemia-reperfusion injury. Journal of
Pharmacological Sciences 131, 6-12 (2016).

Xiaoyan, W. et al. MicroRNA-155: a Novel Armamentarium Against Inflammatory Diseases. Inflammation 40, 708-716, https://doi.
0rg/10.1007/510753-016-0488-y (2017).

Zhang, Y., Wei, G., Di, Z. & Zhao, Q. miR-339-5p inhibits alcohol-induced brain inflammation through regulating NF-xB pathway.
Biochemical & Biophysical Research Communications 452, 450-456 (2014).

Mao, S. S. et al. MiR-339-5p inhibits breast cancer cell migration and invasion in vitro and may be a potential biomarker for breast
cancer prognosis. BMC Cancert,10,1(2010-10-09) 10, 542 (2010).

Shan, W, Li, J., Bai, Y. & Lu, X. miR-339-5p inhibits migration and invasion in ovarian cancer cell lines by targeting NACCI1 and
BCL6. Tumour Biol 37,5203-5211 (2016).

Li, Y. et al. miR-339-5p inhibits metastasis of non-small cell lung cancer by regulating the epithelial-to-mesenchymal transition.
Oncology Letters 15,2508 (2018).

Sakamoto, K. et al. Promotion of DNA repair by nuclear IKKbeta phosphorylation of ATM in response to genotoxic stimuli.
Oncogene 32, 1854-1862, https://doi.org/10.1038/0onc.2012.192 (2013).

Salmeron, A. et al. Direct phosphorylation of NF-kappaB1 p105 by the IkappaB kinase complex on serine 927 is essential for
signal-induced p105 proteolysis. The Journal of biological chemistry 276, 22215-22222, https://doi.org/10.1074/jbc.M101754200
(2001).

. Clark, K. et al. Novel cross-talk within the IKK family controls innate immunity. Biochemical Journal 434, 93-104 (2011).
. Ghaly, T. et al. Hydrogel-embedded endothelial progenitor cells evade LPS and mitigate endotoxemia. Am ] Physiol Renal Physiol

301, F802 (2011).

. Aird, W. C. The role of the endothelium in severe sepsis and multiple organ dysfunction syndrome. Blood 101, 3765-3777 (2003).
. Vallet, B. & Wiel, E. Endothelial cell dysfunction and coagulation. Critical Care Medicine 29, 36-41 (2001).
. Chou, T. C. Anti-inflammatory and analgesic effects of paconol in carrageenan-evoked thermal hyperalgesia. British Journal of

Pharmacology 139, 1146-1152 (2003).

SCIENTIFIC REPORTS |

(2019) 9:19370 | https://doi.org/10.1038/s41598-019-55980-4


https://doi.org/10.1038/s41598-019-55980-4
https://doi.org/10.1007/s10753-016-0406-3
https://doi.org/10.1523/JNEUROSCI.3900-15.2016
https://doi.org/10.1016/j.intimp.2018.05.032
https://doi.org/10.1016/j.bbrc.2014.08.092
https://doi.org/10.1007/s10753-016-0353-z
https://doi.org/10.4049/jimmunol.1000803
https://doi.org/10.1517/14728222.2014.883380
https://doi.org/10.1073/pnas.2434651100
https://doi.org/10.1517/14728222.2014.863876
https://doi.org/10.1007/s10753-016-0488-y
https://doi.org/10.1007/s10753-016-0488-y
https://doi.org/10.1038/onc.2012.192
https://doi.org/10.1074/jbc.M101754200

www.nature.com/scientificreports/

61. Nizamutdinova, I. et al. Paeconol and Paeoniflorin, the Main Active Principles of Paeonia albiflora, Protect the Heart from Myocardial
Ischemia/Reperfusion Injury in Rats. Planta Medica 74, 14-18 (2008).

62. Li, H., Dai, M. & Jia, W. Paeonol attenuates high-fat-diet-induced atherosclerosis in rabbits by anti-inflammatory activity. Planta
Medica 75, 7-11 (2009).

Acknowledgements

This study was supported by grants from the National Natural Science Foundations of China (Grant
Nos 8187141755, 81273962 and 81173377), Science and Technology Program of Guangzhou (No.
201804010113) and National Natural Science Foundation of Guangdong (No.2018B030311014). This work
also was supported by the training project of Top-Notch Creative Talents of GZUCM (BKBJCX2018005). This
research was performed at the Research Center for Integrative Medicine of Guangzhou University of Chinese
Medicine. We would like to thank Dr. Quan Wen, Xia Liu and Jifei Miao for their careful guidance with this
manuscript.

Author contributions

Conceived and designed the experiments: H.L. and L.Y.M. Performed the Experiments: L.Y.M., M.H.H., J.L.L.,
X.J.Z. and K.Z. Analysed the data: L.Y.M. Drafted the manuscript: L.Y.M. Wrote and edited the manuscript:
L.Y.M. Revised the manuscript content: Q. W., .LEM. and X.L. Approved the final version of the manuscript:
LYM,MHH, CYZ,]EM, QW,XL,QX,S.Y,PY,HNH,JLL,X]JZ,KZ,DEC,JH.Z,CL. and H.L.
All authors take responsibility for the integrity of the data analysis.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-55980-4.

Correspondence and requests for materials should be addressed to H.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:19370 | https://doi.org/10.1038/s41598-019-55980-4


https://doi.org/10.1038/s41598-019-55980-4
https://doi.org/10.1038/s41598-019-55980-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Paeonol attenuates inflammation by targeting HMGB1 through upregulating miR-339-5p

	Results

	Paeonol increased miR-339-5p expression in LPS-stimulated RAW264.7 cells. 
	MiR-339-5p could target the HMGB1 protein and downregulate HMGB1 expression. 
	MiR-339-5p and paeonol both inhibit the expression of proinflammatory cytokines in LPS-stimulated RAW264.7 cells at 12 h an ...
	MiR-339-5p inhibited the inflammatory response in an HMGB1-dependent manner. 
	The combination of paeonol and miR-339-5p inhibited inflammation more significantly than other treatments. 
	Paeonol inhibited IKK-β, which has a positive effect on HMGB1. 
	Paeonol attenuated CLP-induced septic acute kidney injury. 

	Discussion

	Materials and Methods

	RAW264.7 cell culture. 
	MiRNA microarray assay. 
	RT-qPCR. 
	Dual-luciferase reporter assay. 
	Transient transfection of RAW264.7 cells with the miR-339-5p mimic, the miR-339-5p inhibitor, a negative control or an siRN ...
	MiR-339-5p and siRNA transfections into LPS-stimulated RAW264.7 cells and experimental groupings. 
	Immunofluorescence assay. 
	Western blot analysis. 
	Cytokine evaluation by ELISA. 
	Model of cecal ligation and puncture. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Paeonol increased the miR-339-5p level in LPS-induced RAW264.
	Figure 2 HMGB1 was a direct target of miR-339-5p.
	Figure 3 The effects of miR-339-5p and paeonol on LPS-induced RAW264.
	Figure 4 The effects of miR-339-5p and paeonol on LPS-induced RAW264.
	Figure 5 The effects of miR-339-5p and HMGB1-siRNA on LPS-induced RAW264.
	Figure 6 The effects of miR-339-5p and paeonol on LPS-induced RAW264.
	Figure 7 Effects of paeonol on IKK-β in LPS-induced RAW264.
	Figure 8 (A) The survival rate of C57BL/6 mice after CLP injury with paeonol treatment.
	Table 1 Primers for RT-qPCR.




