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Abstract— MicroRNAs are small non-coding RNA regulatory molecules that play an
important role in the development and function of immune cells. MicroRNA-26a (miR-
26a) exhibits anti-inflammatory immune effects on immune cells. However, the exact
mechanism by which miR-26a plays an anti-inflammatory role remains unclear. Here, we
report that miR-26a reduces inflammatory response via inhibition of prostaglandin E2
(PGE2) production by targeting cyclooxygenase-2 (COX-2). We found that miR-26a was
downregulated in vitro and in vivo. The miR-26a mimic significantly decreased COX-2
protein levels, further inhibiting pro-inflammatory cytokine production in LPS-stimulated
macrophages. We predicted that miR-26a could potentially target COX-2 in LPS-stimulated
macrophages. Computational algorithms showed that the 3’-UTR of COX-2 mRNA con-
tains a binding site for miR-26a. This putative targeting relationship between miR-26a and
COX-2 was further confirmed by a dual-reporter gene assay. The anti-inflammatory effects
of the miR-26a mimic were diminished by PGE2 supplementation. Importantly, miR-
26a mimics protected mice from lethal endotoxic shock and attenuated pro-inflammatory
cytokine production. Collectively, these results suggest that miR-26a may function as a
novel feedback negative regulator of the hyperinflammatory response and as a drug target
for the progression of inflammation.
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INTRODUCTION

Inflammation is a “double-edged sword.” On the
one hand, it can help the human body to resist pathogen
infection and restore tissue structure and physiological
function [1, 2]; on the other hand, uncontrolled inflam-
mation can cause tissue damage and host diseases, such as
septic shock [3], organ failure [4], cardiovascular diseases
[5], and cancer [6]; even novel coronavirus (COVID-19)
patients were reported to experience an inflammatory
cytokine storm [7, 8]. Macrophages play a vital role in
orchestrating the inflammatory response by producing a
variety of inflammatory factors, including tumor necrosis
factor-alpha (TNF-«a), interleukin (IL)-6, and IL-1f [9,
10]. However, uncontrolled production of these cytokines
causes hyperinflammation. Thus, it is necessary to iden-
tify a novel mechanism for the inhibition of the inflam-
matory reaction of macrophages.

MicroRNAs (miRNAs) are small non-coding RNAs
(average length of 22 nucleotides) that regulate gene expres-
sion at the transcriptional and post-transcriptional levels
[11, 12]. miRNAs regulate diverse biological processes,
including the development, differentiation, and apoptosis
of immune cells, morphogenesis, and pathological events
[13—15]. Previous studies have reported that miR-146a,
miR-let-7c, and miR-21 exhibit anti-inflammatory charac-
teristics [16—18]. Overexpression of miR-146a significantly
reduced IRAK1 expression, p65 levels in the nucleus, and
IL-6 and TNF-« levels in the supernatant of THP-1 cell
cultures. The overexpression of miR-let-7c in alveolar
macrophages inhibited the expression of TNF-a, IL-6, and
IL-1p by targeting STAT3. In a murine periodontitis model,
maxillary molar ligation exacerbated gingival inflamma-
tion and alveolar bone loss in miR-21-deficient mice than
their wild-type littermates. Recently, a study found that
miR-26a was downregulated in hepatocellular carcinoma
tissues. Importantly, this downregulation was associated
with increased IL-6 expression [19]. Subsequently, miR-
26a was found to markedly reduce IL-6, IL-1p, and TNF-a
expression by targeting high-mobility group AT-hook 2
in lipopolysaccharide (LPS)-treated microglial cells [20].
Furthermore, miR-26a overexpression in mouse microglial
cells significantly suppressed pro-inflammatory cytokine
expression in mouse brains and markedly improved the
neurological behavior and rotarod test performance of mice
after intracerebral hemorrhage. Nevertheless, the suppres-
sive role of miR-26a during the inflammatory response of
macrophages remains largely unknown and requires further
research.

Cyclooxygenase-2 (COX-2) is the rate-limiting
enzyme in the metabolic conversion of arachidonic acid
into various prostaglandins (PGs), including prostaglan-
din E2 (PGE2). Generally, COX-2 is undetectable in most
normal tissues but is greatly induced in various cell types,
including macrophages, in response to pro-inflammatory
cytokines, mitogens, and tumor promoters [21]. PGE2
is a principal mediator of inflammation in diseases such
as rheumatoid arthritis and osteoarthritis (OA). Non-
steroidal anti-inflammatory medications and selective
COX-2 inhibitors reduce PGE2 production to diminish
the inflammation observed in these diseases [22]. Addi-
tionally, miR-26a/-26b target COX-2 and regulate aller-
gic inflammation-promoted tumorigenic and metastatic
potential of cancer cells [23]. Downregulated miR-26a
modulates prostate cancer cell proliferation and apopto-
sis by targeting COX-2 [24]. Based on the concept that
inflammation is a critical component of tumor progres-
sion, we hypothesized that miR-26a interacts with COX-2
to regulate inflammation.

In this study, we demonstrated that miR-26a
reduced inflammation and cytokine production via PGE2
production by targeting COX-2. PGE2 supplementation
significantly inhibited the anti-inflammatory effects of
miR-26a. In addition, the miR-26a mimic relieved the
death rate after endotoxin exposure in mice. Collectively,
these findings reveal a novel anti-inflammatory modula-
tion of miR-26a and provide guidance on the clinical use
of miR-26a.

MATERIALS AND METHODS

Mice

C57BL/6J mice were from the Lab Animal Center
of Southern Medicine University (Guangzhou, China).
All mice were maintained under specific pathogen-free
conditions in the Lab Animal Center of Southern Medi-
cine University. All animal experiments in this study were
approved by the Medical Ethics Board and the Biosafety
Management Committee of Southern Medical University.

Mouse Peritoneal Macrophages Isolation

Macrophages were obtained from the peritoneal
cavity of 6-8 weeks old C57BL/6J mice that were treated
with 3% sterile thioglycolate 4 days before. Harvested
cells were cultured at a density of 1x 10° cells/well in
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24-well flat-bottom culture plates in RPMI medium sup-
plemented with 10% FBS, 100 IU/mL penicillin, and
100 mg/mL streptomycin. The next day non-adherent
cells were removed by vigorous washing.

Mouse Monocytes Isolation

Leukocyte pools from C57BL/6J male mice
6-8 weeks of age, bled by cardiac puncture, were sub-
jected to red blood cell lysis. Cells were harvested,
washed, and stained for 30 min on ice with mixtures of
fluorescently conjugated mAbs or isotype-matched con-
trols. Mouse mAbs were PE-anti-CD11b (clone: M1/70;
eBioscience, USA) and FITC-anti-Gr-1 (clone: RB6-
8CS5; eBioscience, USA). Thereafter, monocyte subsets
(CD11b* GR-17) were sorted with a FACS Aria (BD
Biosciences).

In Vivo Experiments

C57BL/6] mice were intraperitoneally (i.p.)
injected with LPS (5 mg/kg, from E. coli 0111:B4,
Sigma-Aldrich, USA) with or without miR-26a mimic
(Ribo Bio, China). For miR-26a mimic-treated mice,
the mimics dose (100 pL/mouse) was equivalent to
10 mg miR-26a/kg body weight on day one accord-
ing to a previous report [25]. The miR-26a mimic and
LPS were dissolved in 0.9% normal saline for in vivo
experiments. Mice in the control group were injected
with saline of the same volume with the same method.
Solutions were prepared fresh immediately before injec-
tion. Serum samples were collected 24 h later. In detail,
the blood was taken from the mouse eye socket with-
out any anticoagulant and transferred to sterile tubes
which were then incubated in a standing position, for
30 min. Thereafter, samples were centrifuged (1500 g,
10 min, at 4 °C) to recover the top fraction (serum)
to be analyzed in ELISA. The lethal endotoxic shock
was induced in C57BL/6J mice by i.p. LPS injection
(10 mg/kg) according to a previous report [25]. The
death of mice was judged according to whether the mice
had a heartbeat or not.

Cell Culture and Treatment

Bone marrow cells were taken from C57BL/6J
mice and placed on cell culture dishes (96 mm X 22 mm;
CELLTER, China) at 37 °C/5% CO, in DMEM (Corning,
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USA) containing 10% fetal bovine serum (FBS; Corning,
USA). The cells differentiated into macrophages induced
by granulocyte macrophage colony-stimulating factor
(GM-CSF, 100 ng/mL; PeproTech, USA) for 7 days.
BMDMs were placed on 12-well cell culture plates
(CELLTER) for 48 h at 37 °C/5% CO, in DMEM contain-
ing 10% FBS. Then, mouse macrophages were cultured
with LPS (from E. coli K235, 1 pg/mL for all in vitro
stimulations) for the specified time.

Human monocytic cell line THP-1 was pur-
chased from Shanghai Cell Bank, Chinese Academy
of Sciences. The cells were cultured in RPMI-1640
(Hyclone, Thermo Scientific, USA) medium supple-
mented with 10% fetal bovine serum (FBS; Corning,
USA) at 37 °C in a humidified incubator with 5% CO,
and 95% air atmosphere. To stimulate differentiation,
cells (5% 10° cells/mL) were cultured with 100 nM
phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich,
USA) for 24 h. Then non-attached cells were removed
by aspiration and the adherent cells were washed with
RPMI 1640 for three times. For cell stimulation, the
adherent cells followed by 24-h incubation were further
incubated with or without lipopolysaccharide for the
specified time.

RNA Interference

miRNA-26a mimics, miRNA mimics negative
control (mimic NC), miR-26a inhibitor, miRNA inhibi-
tor negative control (inhibitor NC), and COX-2-siRNA
were synthesized and purified by Guangzhou Ribo Bio
Co. Transfection was performed with ribo FECT™CP
Transfection Kit (RN: R10035.3, RiboBio, China). In
detail, macrophages were seeded into 6-well plates 1 day
prior to transfection. And then, mimic (30 nM) or inhibi-
tor (50 nM) or COX-2 siRNA (100 nM) and its negative
control was transfected into the cells according to the
manufacturer’s instructions.

PGE2 Supplementation Test

BMDMs were transfected with control or miR-
26a mimic together with or without PGE2 addition for
24 h followed by incubated with LPS for an additional
24 h. TNF-a, IL-6, and IL-1f concentrations in culture
supernatants were measured by ELISA.
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Quantitative PCR Analysis

The experiments were performed as previously
described [26]. Total RNA was isolated with TRIzol
Reagent (Thermo Fisher Scientific, USA) according to
the manufacturer’s protocol. For the detection of mature
miRNAs, small RNA levels were analyzed by real-time
PCR using a SYBR® PrimeScript™ miRNA RT-PCR
Kit (TaKaRa, Bio, Japan) in the method of poly-A. The
expression of miR-26a was normalized against U6 snRNA
levels, using the forward primer 5'-CGTTCAAGTAAT
CCAGGATAGGC-3' and the universal reverse primer
(TaKaRa, Bio, Japan). For the detection of mRNA, total
RNA was reverse transcribed to cDNA primed by Prime
ScriptTMRT reagent Kit (TaKaRa, Bio, Japan) and subse-
quently by PCR using SYBR Premix ExTaq™ (TaKaRa,
Bio, Japan), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as the endogenous control gene: COX-2 for-
ward 5-GGCGGCTCGAGAAAGGAGTCATACTTG
TGAA-3', reverse 5'-AATGCGGCCGC GACAGCTTC
TTTTTGGTATA-3', GAPDH forward 5-TCGACAGT
CAGCCGCATCTTCTTT-3', reverse 5'-GCCCAATAC
GACCAAATCCGTTGA-3".

Bioinformatics Method, 3’-UTR Datasets,
and microRNA Datasets

MiRNA target site prediction for COX-2 was
performed using Target scan Release 4.0 (http://www.
targetscan.org). The 3'-UTR sequences of COX-2 were
retrieved using Ensembl Data base (http://www.ensembl.
org). Human miRNA sequences of the miR-26a registry
were downloaded from the miRBase website (http://www.
mirbase.org).

Vector Construction

To construct the luciferase report vector, COX-2
3'-UTR and its flanking sequence was PCR-amplified
using primers forward 5'-GGCGGCTCGAGAAAG
GAGTCATACTTGTGAA-3' and reverse 5'-AATGCG
GCCGCGACAGCTTCTTTTTGGTATA-3'. Simi-
larly, a mutated COX-2 3'-UTR fragment in which the
miR-26a binding site was mutated was PCR-amplified
using primers forward 5'-GACGTCTTTAATGAACTT
TTTCAACTTATATTATAAG-3' and reverse 5'-AAG
TTGAAAAAGTTCATTAAAGACGTCAAAACT

CATT-3". The PCR product was cloned into vector
pmiR-RB-REPORT™ (Ribo. Co, China) that vector
reporter fluorescence is hRluc, while luc as a control
for normalization.

Dual-Luciferase Activity Assay

The 293 cells were seeded in 96 wells and trans-
fected using Lipofectamine™ 2000 (Promega, USA) with
pmiR-RB-REPORT™/COX-2 3'-UTR (500 ng), pmiR-
RB-REPORT™/C COX-2 3'-UTR mutant (500 ng),
miR-26a mimics (50 nM), or miR-NC (50 nM). The cell
lysate was collected and assayed 48 h after transfection.
Luciferase activities of WT-luc and Mut-luc were meas-
ured using a Dual-Luciferase Reporter Assay System
(Promega, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)

TNF-a, IL-6, and IL-1p levels in culture superna-
tant and mouse serum were measured by enzyme-linked
immunosorbent assay kit (ExCell Bio, China) according
to the manufacturer’s protocol. In detail, dilution factors
were different when serum or culture supernatant tests
were performed. Serum was diluted 1:1 (serum:diluent),
and culture supernatant was diluted 1:2 (serum:diluent).

Western Blot Analysis

The experiments were performed as previously
described [27, 28]. Total proteins were extracted from
macrophages and quantified using the BCA protein assay
kit (Beyotime, China). Total proteins (30 or 50 mg) from
samples were separated by SDS-PAGE and blotted onto
a PVDF membrane (Millipore Corp, Billerica, MA,
USA). After blocking, nitrocellulose blots were incu-
bated for 1 h with primary antibodies diluted in TBS/
Tween 20 (0.075%) containing 3% dried skimmed milk
powder (Marvel). Rabbit monoclonal antibody directed
against COX-2 (clone: DSHS; CST # 12282) was used at
1:1000 as was anti-B-actin (Santa Cruz, USA, sc-2357).
Horseradish peroxidase-conjugated anti-rabbit antibod-
ies were used as secondary antibodies correspondingly.
After washing, the membrane was processed using the
enhanced chemiluminescence system. Proteins were vis-
ualized with an ECL-chemiluminescent kit (ECL-plus,
Thermo Scientific, USA).
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Statistics

All experiments were performed thrice in triplicate.
When shown, multiple samples represent biological (not
technical) replicates of mice randomly sorted into each
experimental group. No blinding was performed during
animal experiments. The data were analyzed for normal-
ity (one sample K-S test) and showed normal distribution.
Determination of statistical differences was performed
with Prism 5 (Graphpad Software, Inc.) using unpaired
two-tailed #-tests (to compare two groups with similar
variances) or one-way ANOVA with Bonferroni’s multi-
ple comparison test (to compare more than two groups).
Difference between mouse survival curves was evaluated
by the log-rank (Mantel-Cox) test. P <0.05 was consid-
ered significant.

RESULTS

To measure the expression of miR-26a during the
inflammatory process in macrophages in vitro, the human
monocytic leukemia cell line THP-1 and murine bone
marrow-derived macrophages (BMDMs) were used.
First, THP-1 cells were induced to become macrophages
(named THP-1 M) by phorbol myristate acetate. We
found that the expression of miR-26a was decreased in
THP-1 Mg cells after LPS stimulation (Fig. 1A). Simi-
larly, miR-26a expression was reduced in BMDMs treated
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with LPS (Fig. 1B). To further determine the expression
pattern of miR-26a during the inflammatory process in
vivo, we challenged mice with LPS intraperitoneally and
tested miR-26a expression in peritoneal exudate mac-
rophages. The results showed that the expression of miR-
26a was downregulated compared to that of monocytes
from peripheral blood (Fig. 1C). Together, these results
suggest that miR-26a is downregulated in macrophages
during inflammation.

MiR-26a Inhibits Pro-inflammatory Cytokine
Production in Macrophages

To explore the role of miR-26a in inflammatory
immune responses, macrophages were transfected with
a chemically synthesized miR-26a mimic. Real-time
polymerase chain reaction showed that miR-26a levels
increased dramatically after mimic transfection, con-
firming the efficacy of overexpression (Fig. 2A). The
production of TNF-a, IL-6, and IL-1f was decreased
in BMDMs with the miR-26a mimic after LPS stimu-
lation (Fig. 2B). Moreover, an inhibitor was used to
antagonize endogenous miR-26a to validate its role in
inflammatory immune responses. The level of miR-26a
was dramatically reduced when a specific inhibitor was
transfected into BMDMs (Fig. 2C). Consistent with the
above results, inhibition of miR-26a enhanced TNF-
o, IL-6, and IL-1p secretion (Fig. 2C). We then vali-
dated these results in THP-1 Mg cells following LPS
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Fig. 1 miR-26a expression is reduced in macrophages after LPS stimulation. A THP-1 cells were stimulated with PMA for 24 h and then stimulated
with LPS (100 ng/mL) for the indicated times. The expression levels of miR-26a were measured by real-time PCR. B Murine bone marrow-derived
macrophages (BMDMs) were stimulated with LPS (100 ng/mL) for the indicated times, and the expression levels of miR-26a were measured by
real-time PCR. C The mice were intraperitoneally challenged the mice with LPS (5 mg/kg body weight) for 48 h, and peritoneal exudate mac-
rophage were isolated. The expression levels of miR-26a were examined by real-time PCR. Monocytes isolated from peripheral blood were as
control. Data shown in are the mean+SD. *P <0.05, **P <0.01, and ***P <0.001. Data are representative of three independent experiments with
similar results. Values in (A and B) were compared using one-way ANOVA with Bonferroni’s test, and values in C were compared using t test.



MiR-26a Reduces Inflammatory Responses via Inhibition of PGE2 Production by Targeting COX-2

A § 80+
2 807 .. B 3000- s
2 60- E
x S 2000-
© 40 = iy
= o
% 20 % 1000+ *%
= '_ —
§ 0- 0
R NS 2. -
E O M 0 6 12 24
c &< LPS (hours)
% *k* R %
51 0- E
510 52000+
2 o
50.59 L 1000-
= [a
§ 0- < 0
& Q.xO (b $ -
E O A 0 6 12 24
S && LPS (hours)

IL-6 (pg/ml)

IL-6 (pg/ml)

1489

1500+ 15001 mm Ctrl mimic *kk
EE— omiR-26a T
= mimic
1000- 51000+ s
(o
500 1 500
0- 0-
0 6 12 24 0 6 12 24
LPS (hours) LPS (hours)
2000 2000- mm Ctrl inhibitor
* = = miR-26a
1500 £€ 1500  inhibitor =
2
1000+ * @
A
500+ -
0_
0 6 12 24 0 6 12 24

LPS (hours)

LPS (hours)

Fig. 2 miR-26a inhibits the production of inflammation cytokines in BMDMs. A BMDMs transfected with miR-26a mimics (50 nM) for 24 h, and
then, qPCR analysis for the expression of miR-26a was performed. B BMDMs transfected with miR-26a mimics (50 nM) for 24 h and then incu-
bated with LPS for the indicated times. The culture supernatants were collected. ELISA assay was used to test the concentrations of TNF-a, IL-6,
and IL-1p in culture supernatants. C BMDMs were pre-treated with miR-26a inhibitors (100 nM) for 24 h, and then, qPCR analysis was performed
to measure the expression of miR-26a. D BMDM were pre-treated with miR-26a inhibitors (100 nM) for 24 h and then incubated with LPS for the
indicated times. The culture supernatants were collected. ELISA assay was used to test the concentrations of TNF-a, IL-6, and IL-1p in culture
supernatants. Data shown are the mean+SD. *P<0.05, **P <0.01, and ***P <0.001. Data are representative of three independent experiments
with similar results. Values in A and C were compared using -test and using two-way ANOVA with Bonferroni’s test in B and D.

stimulation. Similarly, we found that miR-26a mimics
reduced TNF-a, IL-6, and IL-1p production (Supple-
mentary Fig. 1A, B), but the addition of the miR-26a
inhibitor led to the opposite outcome (Supplementary
Fig. 1C, D). Taken together, these results suggest that
miR-26a inhibits pro-inflammatory cytokine production
in macrophages.

MiR-26a Represses COX-2 Expression
Post-transcriptionally to Inhibit Secretion
of Pro-inflammatory Cytokines

To identify the specific target of miR-26a that
modulates pro-inflammatory cytokine production, bio-
informatics analysis was performed using TargetScan
(http://www.targetscan.org). We found that COX-2 dis-
played a potential evolutionarily conserved seed match
for miR-26a in its 3'-UTR (Fig. 3A). Next, sequences

from the miR-26a target site in the 3’-UTR of COX-2
and its mutant variants were successfully cloned into
pmiR-RB-REPORT™ vectors. The vectors containing
the 3'-UTR of COX-2 (WT-Cox-2) and its mutant vari-
ants (Mut-Cox-2) were transfected into 293 cells. In lucif-
erase reporter assays, transfection with miR-26a mimics
significantly inhibited the chemiluminescence of 293
cells transfected with WT-Cox-2 compared to the nega-
tive controls (Fig. 3B). However, miR-26a mimics had no
effect on the chemiluminescence of 293 cells transfected
with Mut-Cox-2 fragments in which the nine bases in the
miR-26a target site were mutated. Our results indicate
that these sequences from the 3-UTR of mouse COX-2
are sufficient for miR-26a binding and regulation. To
confirm whether miR-26a targets COX-2, we examined
COX-2 expression in BMDMs or THP-1 M¢ transfected
with control or miR-26a mimic. As expected, miR-26a
did not affect the mRNA level of COX-2 (Fig. 3C and
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Fig. 3 miR-26a represses COX-2 expression post-transcriptionally to inhibit the secretion of pro-inflammatory cytokines. A Sequence of miR-26a
and its predicted binding sites within the COX-2 3-'UTRs are shown. B 293 cells were co-transfected with control or miR-26a mimic and a wild-
type (WT-COX-2) or mutated 3-'UTR (mut-COX-2) luciferase reporter plasmid and assessed for luciferase activity at 48 h after transfection. C-D
BMDMs were transfected with control or miR-26a mimics (50 nM) for 24 h and then incubated with LPS for 24 h. The mRNA (C) and protein (D)
levels of COX-2 were measured by real-time PCR and Western blot, respectively. (E-F BMDMs were transfected with control or miR-26a inhibi-
tor (100 nM) for 24 h and then incubated with LPS for 24 h. The mRNA (E) and protein (F) levels of COX-2 were measured by real-time PCR and
Western blot, respectively. G-H BMDMs were transfected with negative control siRNA (siNC) or COX-2 siRNA, followed by LPS infection for
24 h. G The mRNA levels of COX-2 were examined. H TNF-«a, IL-6, and IL-1p concentrations in culture supernatants were measured by ELISA
respectively. Data shown are the mean+SD. *P <0.05, **P <0.01, and ***P <0.001. Data are representative of three independent experiments with
similar results. Values in G were compared using #-test and values in B-F, and H was compared using two-way ANOVA with Bonferroni’s test.
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Supplementary Fig. 2A) but substantially reduced COX-2
protein levels (Fig. 3D and Supplementary Fig. 2B).
Moreover, we used an miR-26a inhibitor to further con-
firm whether miR-26a targeted COX-2 in BMDMs or
THP-1 M. Similarly, COX-2 was not influenced by
the miR-26a inhibitor at the mRNA level (Fig. 3E and
Supplementary Fig. 2C) but rather at the protein level
(Fig. 3F and Supplementary Fig. 2D).

To confirm whether miR-26a regulated LPS-
triggered cytokine production by targeting COX-2 in
macrophages, BMDMs and THP-1 M@ were transfected
with COX-2 siRNA to knock down the expression of
COX-2. The endogenous expression of COX-2 mRNA
was significantly downregulated with COX-2 siRNA in
BMDMs and THP-1 Mg (Fig. 3G and Supplementary
Fig. 2E). The knockdown of COX-2 markedly reversed
the LPS-induced release of TNF-«, IL-6, and IL-1p
(Fig. 3H and Supplementary Fig. 2F). These results
suggest that miR-26a reduces the production of TNF-
o, IL-6, and IL-1p by targeting COX-2.
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Anti-inflammatory Effect of miR-26a Depends
on PGE2 Production in Macrophages

PGE2 is the major metabolic product of COX-2,
critical for the progression of pain, and inflammation.
We hypothesized that miR-26a regulates LPS-triggered
cytokine production via PGE2 in macrophages. To con-
firm this hypothesis, BMDMs or THP-1 M@ were pre-
transfected with a miR-26a mimic or inhibitor. We found
that the miR-26a mimic reduced PGE2 production after
LPS stimulation (Fig. 4A and Supplementary Fig. 3A)
and that the miR-26a inhibitor enhanced PGE2 produc-
tion (Fig. 4B and Supplementary Fig. 3B). Moreover, the
reduced expression of TNF-a, IL-6, and IL-1f regulated
by miR-26a mimic was abolished by PGE2 supplementa-
tion in BMDMs (Fig. 4C) or THP-1 M@ (Supplementary
Fig. 3C) following LPS stimulation. Overall, these results
indicate that miR-26a plays an anti-inflammatory role by
reducing the secretion of PGE2 downstream of COX-2.
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Fig. 4 miR-26a regulates pro-inflammatory cytokines via PGE2 production. BMDMs were pre-treated with miR-26a mimic (50 nM) (A) or miR-
26a inhibitors (100 nM) (B) for 24 h and incubated with LPS for the specified time. PGE2 concentrations in culture supernatants were measured
by ELISA. C BMDMs were transfected with control or miR-26a mimic together with or without PGE2 addition for 24 h followed by incubated
with LPS for 24 h. TNF-a, IL-6, and IL-1p concentrations in culture supernatants were measured by ELISA respectively. Data shown in are the
mean=+SD. *P<0.05, **P<0.01, and ***P <0.001. Data are representative of three independent experiments with similar results. Values in A-B
were compared using two-way ANOVA with Bonferroni’s test, and values in C were compared using one-way ANOVA with Bonferroni’s test.
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MiR-26a Reduces Inflammatory Responses In
Vivo

In vitro assays showed that miR-26a suppressed
the inflammatory response by reducing PGE2 secre-
tion. To further confirm this mechanism, in vivo ani-
mal experiments were performed. A hyperinflammatory
response can lead to pathological damage and death.
To test the anti-inflammatory effect of miR-26a, a high
dose of LPS was intraperitoneally injected into mice to
induce lethal endotoxic shock. The initial time of death
was delayed, and the survival rate was improved in 3
treated with the miR-26a mimic compared to control
mice (Fig. 5A). COX-2 expression was significantly
reduced in peritoneal exudate macrophages from mice
treated with the miR-26a mimic compared to those
from control mice (Fig. 5B). Mice pre-treated with the

Yu, Wang, Wu, Zhong, Chen, Wang, Chen, Hu and Wu

miR-26a mimic had lower serum PGE2 production than
control mice (Fig. 5C), as well as lower levels of TNF-
o, IL-6, and IL-1p in serum (Fig. 5D). Taken together,
these results suggest that miR-26a reduces inflam-
matory responses via PGE2 production by targeting
COX-2 in vivo.

DISCUSSION

Macrophages activated by LPS produce a series
of pro-inflammatory mediators to detect the presence of
pathogens and help trigger the immune response [29,
30]. The immune regulatory effects of miRNAs on mac-
rophages have drawn great attention. The immune mod-
ulation of various miRNAs, such as miR-146a, let7c,
and miR-155, has been investigated [31-33]. Here, we
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Fig. 5 miR-26a reduces LPS-induced inflammatory response in vivo. C57BL/6J mice were tail vein injected with control solution or miR-26a
mimic (10 mg/kg bodyweight) and then intraperitoneally injected with saline or LPS (10 mg/kg bodyweight) 24 h later (n= 10 mice for each group)
on day one. A The survival rate of the mice was assessed. B After 48 h, peritoneal exudate macrophage were isolated (n=>5 mice for each group).
The expression levels of COX-2 were examined by Western blot. C-D After 48 h, serum samples were collected (n=35 mice for each group). C
The PGE2 concentration was quantified by ELISA. D TNF-a, IL-6, and IL-1p concentrations were quantified by ELISA. Data shown in are the
mean+SD. *P <0.05, **P<0.01, and ***P <0.001. Data are representative of three independent experiments with similar results. Values in B and

C were compared using one-way ANOVA with Bonferroni’s test.
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provide evidence related to the anti-inflammatory activ-
ity of miR-26a in LPS-induced acute infection and sep-
tic shock via PGE2 production.

Previous reports have shown that miR-26a acts as
an important inflammatory regulator in several diseases.
Patients with relapsing—remitting multiple sclerosis,
which is one of the most common idiopathic inflam-
matory demyelinating diseases of the central nervous
system, had a higher miR-26a-5p expression in the
blood after 3 months of IFN-p treatment [34]. In the
synovial tissues of OA rats, miR-26a mimics reduced
the protein levels of p-IkBa and p-P65. Thus, synovial
tissue hyperplasia, inflammation, and cartilage injury of
the femoral condyle were ameliorated, with decreased
inflammation and cartilage injury scores and synovio-
cyte and chondrocyte apoptosis [35]. There is a positive
correlation between the expression of miR-26a, miR-
146a, and miR-31 and the production of IL-5, IL-8,
IL-12, and TNF-a [36]. A recent study showed that
miR-26a overexpression markedly alleviated chemi-
cally induced and palmitate-triggered ER stress and
lipid accumulation in human hepatoma cells and murine
primary hepatocytes [37]. In addition, a lower baseline
miR-26a expression in PBMCs indicated the occurrence
of early-onset neonatal sepsis, and a reduced miR-26a
expression might be partly related to the inflamma-
tory process [38]. In our study, we showed that the
expression levels of miR-26a were downregulated fol-
lowing LPS stimulation, indicating that miR-26a may
be involved in macrophage regulation. Furthermore,
overexpression of miR-26a was associated with a sig-
nificant decrease in the production of TNF-a, IL-6, and
IL-1p, while knockdown of miR-26a exhibited a reverse
effect in regulating the production of these proteins,
consistent with previous research [20, 39]. However, it
is regrettable that there is a relatively modest effect in
survival outcomes from mice with LPS-induced exces-
sive inflammation after miR-26a administration. How
to improve the anti-inflammatory ability of miR-26a in
vivo needs further study.

The role of PGE2 in inflammation is ambiguous.
PGE2 induced by LPS generates deleterious effects in
neurons, leading to lesions or faster pain transmission
[40—42]. However, PGE2 also has anti-inflammatory
properties. It participates in the neuroprotection induced
by bradykinin and blocks cytokine synthesis activated by
LPS or ATP in microglia [43, 44]. Our data confirmed
that PGE2 was sufficient to induce LPS-induced inflam-
mation. However, no blinding was performed during the

experiments. Further experiments are required to confirm
these results.

The mechanisms by which miRNAs induce sig-
nificant degradation of mRNA targets and repress pro-
tein synthesis remain poorly understood. In our study,
we confirmed that the 3'-UTR of COX-2 mRNA con-
tained a binding site for miR-26a, and the modifications
of miR-26a function exhibited corresponding repression
or augmentation of COX-2 expression at the protein but
not the mRNA level. One possible explanation might
be that miR-26a post-transcriptionally controls COX-2
protein expression, which was supported by Kwon et al.
[23], Zhang et al. [24], and Jin et al. [45]. The underly-
ing mechanisms require further investigation. In addition,
our findings reveal not only the regulation of miR-26a in
COX-2 expression, but also cytokine production in LPS-
stimulated macrophages.

In conclusion, our study identified the reduction of
miR-26a and induction of COX-2 in LPS-stimulated mac-
rophages and revealed that miR-26a-mimic administra-
tion led to the suppression of COX-2 protein expression
and LPS-induced cytokine production. These findings
demonstrate that miR-26a inhibits COX-2 expression,
implicating miR-26a as a drug target for the progression
of inflammation.
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