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Abstract Aging is the natural process of decline in
physiological structure and function of various mole-
cules, cells, tissues, and organs. Growing evidence in-
dicates that increased immune genetic diversity and
dysfunction of immune system cause aging-related
pathophysiological process with the growth of age. In
the present study, we observed that LPS-induced higher
activation of cyclooxygenase (COX)-2 promoter is as-
sociated with the upregulated binding activity of nuclear
factor kappa B (NF-κB) in peritoneal macrophages of
aged mice than young ones. Additionally, COX-2 is a
direct target of miR-101b and miR-26b in the macro-
phages. Significant upregulation of miR-101b and miR-
26b effectively prevented LPS-induced excessive ex-
pression of COX-2 in the young mice. Because these
negative regulatory factors were unresponsive to LPS
stimulation, the levels of COX-2 were markedly higher
in the macrophages of aged mice. Further study showed
that NF-κB activation contributed to the increase in the
expression of miR-101b and miR-26b in the LPS-
stimulated macrophages of young mice, but not aged

ones. Moreover, histone deacetylase (HDAC) inhibitor
trichostatin A (TSA) upregulated expression of miR-
101b and miR-26b in the aged mouse macrophages
only, but not the young cells. This demonstrated that
HDAC suppressed the expression of miR-101b and
miR-26b in the LPS-treated macrophages of aged mice
and contributed to the aging process. TSA-induced in-
creased expression of miR-101b and miR-26b could
further suppress COX-2 expression. These findings pro-
vide novel evidence on the regulation of immune senes-
cence and miR-101b and miR-26b, which might be
promising targets in treating aged-related inflammatory
diseases. Epigenetic regulation of the microRNAs
(miRNAs) provides an important evidence for the treat-
ment of innate inflammatory disease with HDAC inhib-
itors in elderly.
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Introduction

RL Walford first proposed the immunologic theory of
aging during the 1960s. Briefly, Walford hypothesized
that increased immune genetic diversity and dysfunction
of immune system cause aging-related pathophysiolog-
ical processes with the growth of the age, termed
immunosenescence (Walford 1962, 1964). Indeed, nu-
merous clinical studies have indicated a decline in im-
mune function with aging (Frasca and Blomberg 2009;
Haynes and Maue 2009; Linton and Dorshkind 2004).
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Macrophage, a bridge linking innate and adaptive im-
mune system, shows the dysregulation of chemokine
and cytokine secretion, which may result in poor re-
sponses to infection and protracted repair processes with
aging (Plowden et al. 2004). Several experimental evi-
dences have demonstrated that LPS-activated macro-
phages from aged mice and humans produced more
prostaglandin E2 (PGE2) than those from younger indi-
viduals (Beharka et al. 1997; Wu et al. 1998). The
increased PGE2 may lead to dysfunctional immune
responses including a declined T cell function in the
elderly (Beharka et al. 1997).

Cyclooxygenase (COX) is the rate-limiting enzyme
in the biosynthesis of PGE2. Two isoenzymes, COX-1
and COX-2, have been identified. COX-1 displays the
traits of a Bhousekeeping^ gene and involves in the
maintenance of normal physiological function of several
tissues, whereas COX-2 would undergo rapid induction
in response to phorbol esters, LPS, and a myriad of
proinflammatory factors (Morita 2002). The age-
associated increase in PGE2 synthesis stemmed from
enhanced expression of inducible COX-2 in macro-
phages (Hayek et al. 1997). However, the molecular
mechanism underlying the upregulation of COX-2 in
the macrophages of aged animals/individuals is present-
ly unclear. A study has suggested that LPS upregulates
COX-2 transcription in the macrophages of aged mice
by increasing the activation of transcription factor nu-
clear factor kappa B (NF-κB) (Wu et al. 2003).
However, to date, the regulation of COX-2 at the level
of post-transcription in macrophages has not been
demonstrated.

MicroRNAs (miRNAs), a large family of gene ex-
pression regulatory factors, play a key role in the regu-
lation of gene expression at the post-transcriptional lev-
el. miRNAs usually control gene expression through
perfect or partial complementary to the 3′ untranslated
region (UTR) of target messenger RNA (mRNA),
which causes the degradation of the mRNAs and/or
the translation suppression, and moreover, off-target
transcripts containing sites of partial complementarity
to the miRNAs might be regulated by multiple miRNAs
(Engels and Hutvagner 2006). COX-2 mRNA transla-
tion inhibition could be mediated by several miRNAs.
For example, mmu-miR-101a and mmu-miR-199a* af-
fect embryo implantation ofmice by post-transcriptional
regulation of COX-2 (Chakrabarty et al. 2007) and miR-
26b could regulate the expression of COX-2 in
desferrioxamine-treated CNE cells (Ji et al. 2010).

Recently, researchers began to link miRNAs to
immunosenescence. Although studies found that the
expression levels of miRNAs in certain immune cells
changed with the aging process (Hackl et al. 2010; Li
et al. 2012; Park et al. 2013), whether these differentially
expressed miRNAs are involved in regulating the bio-
logical function of the immune cells in the aging body is
not fully understood. The expression profiles of
miRNAs in the peritoneal macrophages of young and
aged mice in LPS-induced acute inflammatory response
were, for the first time, performed in our previous study
using the miRNA microarray analysis. A series of dif-
ferentially expressed miRNAs were screened and con-
firmed that abnormal expression of miR-146a could
lead to the altered expression levels of IL-1β and IL-6
in the macrophages of aged mice (Jiang et al. 2012).
However, whether the differentially expressed miRNAs
are involved in the regulation of the biological function
of macrophages in the aged body remains to be clarified.

In this study, we demonstrated for the first time that
the inflammatory factor COX-2 expression was regulat-
ed by miR-101b and miR-26b coordinately in the mac-
rophages. The increased expression of inflammatory
factor COX-2, which was caused by these negative
regulatory factors unresponsive to LPS in peritoneal
macrophages of senescence mice, may eventually accel-
erate the process of aging. Further study showed that
there existed a NF-κB-dependent induction of miR-
101b and miR-26b expression. Moreover, histone
deacetylase (HDAC) inhibitor trichostatin A (TSA) sup-
pressed aged-related increase in LPS-induced COX-2
expression by upregulating both miR-101b and miR-
26b. In a sentence, our findings identify a novel mech-
anism of regulating macrophage-related and
immunosenescence-associated miRNAs.

Materials and methods

Mice and reagents

Male young (2 months) and aged (20 months) BALB/c
mice were obtained from the Institute of Zoological
Sciences, Chinese Academy of Medical Sciences,
Beijing, and bred in specific pathogen-free conditions.
All animal experiments were approved by the
Committee on the Use and Care of Animals, Chinese
Academy of Medical Sciences. RPMI 1640 medium,
DMEM, and FBS were obtained from GIBCO. LPS
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(Escherichia coli 0111:B4), CpG oligodeoxynucleotide
(ODN), poly(I:C), and TSA were purchased from
Sigma-Aldrich. Antibodies against COX-2, nuclear fac-
tor of kappa light polypeptide gene enhancer in B cell
inhibitor alpha (IκBα), and phosphorylated IκBα (p-
IκBα) were from Cayman Chemical Co. and Cell
Signaling Technology Co., respectively. The secondary
antibodies conjugated to horseradish peroxidase were
purchased from Zhongshan Golden Bridge
Biotechnology. BAY 11-7082, an inhibitor of IκBα
phosphorylation, was acquired from Santa Cruz
Biotechnology. Probes for miR-101b, miR-26b, U6
small nuclear RNA (snRNA), TaqMan MicroRNA
Reverse Transcription kit, and TaqMan Universal PCR
Master Mix were purchased from Applied Biosystems.
miR-101b mimics, miR-26b mimics, negative control
(NC) mimics (double-stranded RNA (dsRNA) oligonu-
cleotides), miR-101b inhibitors, miR-26b inhibitors,
and NC inhibitors (single-stranded chemically
modified oligonucleotides) were from GenePharma
(Shanghai, China). Cells were transfected with RNAs
using INTERFERin (Polyplus-Transfection SA,
Illkirch, France) according to the manufacturer’s
instructions.

Peritoneal macrophage isolation

The detailed method for isolating peritoneal macro-
phages from BALB/c mice was described in the previ-
ous reports (Jiang et al. 2012). Briefly, mice were intra-
peritoneally (i.p.) injected with 2 mL of 3 %
thioglycollate (Difco). Three days later, peritoneal exu-
date cells were collected by peritoneal lavage and
washed three times with complete culture medium.
Then, cells were cultured in endotoxin-free RPMI
1640 medium containing 5 % FCS and allowed to
adhere at 37 °C in 5 % CO2. After 2 h of incubation,
non-adherent cells were removed by washing three
times with warm Hank’s balanced salt solution. The
adherent cells were used as mouse peritoneal
macrophages.

RNA extraction and quantitative real-time PCR

Total RNA was extracted using the TRIzol reagent
(Invitrogen) according to the manufacturer’s introduc-
tions. To measure mRNA expression of COX-2, total
RNA was reversely transcribed using the M-MLV
Reverse Transcription System (Invitrogen) and oligo-

dT primer and then the quantitative real-time PCR (q-
PCR) was carried out with specific primer pairs and
SYBR Green PCR Master Mix (TaKaRa). Primers
o f COX - 2 f o r q - PCR we r e f o rw a r d 5 ′ -
TACCGCAAACGC TTCTCCCT-3′ and reverse 5′-
TGGTCTCCCCAAAGATAGCA-3′. The expression
of miR-101b and miR-26b was measured using the
TaqMan miRNA assay system (Applied Biosystems)
following the manufacturer’s instructions. COX-2
mRNA expression was normalized to β-actin mRNA
levels, while miRNA expression was normalized to
mouse U6 RNA levels. The relative quantities were
calculated using the 2−ΔΔCT method.

Western blot assay

Cells were collected and lysed in ice-cold lysis buffer for
30 min. The protein concentration of the lysate was
determined by BCA assay. After boiling in loading
buffer, each sample containing 50 μg of denatured pro-
teins was subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (5 %
stacking gel and 12 % separating gel). The proteins in
the gel were then transferred to polyvinylidene
d i f l uo r i de (PVDF) membrane (Amer sham
Biosciences) in a semidry transfer system. The PVDF
membrane was incubated with specific primary antibod-
ies and HRP-conjugated secondary antibodies.
Immunoblotting proteins were visualized using an en-
hanced chemiluminescence (ECL) reagent (Amersham
Biosciences) and followed by exposure to X-ray film.
Band intensity on X-ray film was estimated using Gel-
Pro Analyzer software. Normalization was made against
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression.

PGE2 measurement

PGE2 concentration in the culture supernatants was
detected using an enzyme-linked immunosorbent assay
(ELISA) using a PGE2 ELISA kit (R&D Systems)
according to the manufacturer’s instructions.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was car-
ried out using a ChIP assay kit (Millipore, Billerica,
MA, USA) in accordance with the manufacturer’s in-
structions. Approximately, 1 × 107 cells were harvested
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and followed by sonication to yield DNA fragments
with a length of 200–1000 bp. After centrifugation for
10 min, the cleared supernatant was collected and 20 μl
was reserved as input control. Cross-link was carried out
with 1 % formaldehyde solution for 10 min at 37 °C.
Immunoprecipitation analysis was then performed using
the anti-NF-κB p65 antibody or anti-mouse IgG (a
control for nonspecific binding) at 4 °C overnight. The
primer pairs (forward, 5′-CACCAGTACAGATG
TGGAC- 3 ′C r e v e r s e , 5 ′ -AGGTGGTGCC
AAGAGAGC-3′) amplified a DNA fragment that con-
tains NF-κB binding site I of the COX-2 gene promoter,
and the primer pairs (forward, 5′-CCCGGAGGGTAGT
TCCATGAAAGA CTTCAAC-3 ′; reverse, 5 ′-
GGTGGAGCTGGCAGGATGCAGT-3′) amplified a
DNA fragment that encompasses NF-κB binding
site II of the COX-2 gene promoter. The input
DNA was analyzed by q-PCR using the same
primers.

Dual-Luciferase reporter assay

The whole 3′ UTR fragment of Mus musculus
COX-2 mRNA and its mutants was cloned into
the pMIR-REPORT™ luciferase reporter plasmid
(Life Technologies). The 293T cells were seeded
in a 24-well plate at 4 × 104 cells/well and, on the
next day, co-transfected with pMIR-REPORT™
plasmids encoding either wild-type COX-2 3′
UTR or mutant COX-2 3′ UTR and pRL-TK plas-
mids combined with miR-101b or miR-26b mimics
or NC mimics, using Lipofectamine 2000
(Invitrogen). After 48 h of incubation, cells were
lysed and the luciferase activity was determined
using the Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s proto-
col. Data were normalized through dividing firefly
luciferase activity with Renilla luciferase activity.

Statistical analysis

Each experiment was performed separately in triplicate,
and data were expressed as mean value ± SD of three
experiments. Student’s t test was used to assess the
differences between the two groups. Differences were
considered statistically significant when the P value was
less than 0.05.

Results

LPS enhances expression of COX-2 and PGE2 in aged
mouse peritoneal macrophages

The effects of LPS on the levels of COX-2 and PGE2
expression in the peritoneal macrophages from young
and aged mice were examined firstly. The peritoneal
macrophages from the young and old mice were isolated
and exposed to LPS for 0, 3, 6, 9, 12, and 24 h. COX-2
mRNA and PGE2 production in the cells or superna-
tants was measured by RT-PCR and ELISA, respective-
ly. As shown in Fig. 1a, COX-2 mRNA expression in
the cells from young and aged mice was significantly
increased at 3 h and peaked at 6 h and then gradually
reduced to the basal level at 24 h after LPS challenge but
the levels were markedly higher in the macrophages
from aged mice than those in the macrophages from
the young mice at each time point after LPS treatment.
PGE2 production in LPS-treated peritoneal macro-
phages of old mice was also prominently higher than
that in those of young mice (Fig. 1b). These data dem-
onstrate that LPS enhances the expression of COX-2
and PGE2 in aged mouse peritoneal macrophages.

LPS-induced high expression of COX-2 in aged murine
peritoneal macrophages is associated with NF-κB
activation

Appleby et al. (1994) reported that human COX-2 pro-
moter contains two NF-κB binding sites. Indeed, many
studies confirmed that NF-κB signaling pathways mod-
ulate COX-2 expression (Kim et al. 2012; Wu et al.
2003). To validate whether the increased expression of
COX-2 in aged mouse peritoneal macrophages is asso-
ciated with the activation of NF-κB, the level of phos-
phorylated IκBα (p-IκBα) expression was detected by
Western blot assay. As shown in Fig. 2a, LPS induced
higher levels of COX-2 protein in the peritoneal macro-
phages from aged mice than in those from young mice
and this was accompanied by higher NF-κB activity in
LPS-treated aged murine macrophages. Chromatin im-
munoprecipitation (ChIP) was further performed to
evaluate NF-κB binding activity in the LPS-treated
macrophages from young and aged mice. As shown in
Fig. 2b, c, LPS increased the binding of NF-κB p65
subunit to the two sites in the COX-2 promoter in both
young and aged murine macrophages. Together, NF-κB
was a critical contributor to the LPS-induced high

97 Page 4 of 14 AGE (2015) 37: 97



expression of COX-2 in aged murine peritoneal
macrophages.

miR-101b and miR-26b are differentially expressed
in LPS-treated macrophages from young and aged mice

In many cases, the altered miRNA level could reflect
COX-2 expression at the post-transcriptional level
(Harper and Tyson-Capper 2008). Previously, we have
profiled the expression of miRNAs in LPS-treated and
untreated macrophages from young and aged mice
using the microarray technology and showed that miR-
101b and miR-26b were differentially expressed in the
two age groups (Jiang et al. 2012) (Fig. 3a, b, left). It has
been reported that the two miRNAs are involved in the
regulation of COX-2 expression in certain cell lines
(Hao et al. 2011; Ji et al. 2010; Li et al. 2013;
Strillacci et al. 2009). Therefore, we here focused on
miR-101b and miR-26b expression in the mouse peri-
toneal macrophages.

To validate the results of microarray in mouse
macrophages, total RNA was extracted from the
peritoneal macrophages of young and aged mice
following intraperitoneal injection of LPS and
then q-PCR was performed to evaluate the expres-
sion of miR-101b and miR-26b. As shown in
the right of Fig. 3a, b, the expression of both
miR-101b and miR-26b was upregulated about
1.5-fold in the macrophages from aged mice with-
out LPS stimulation as compared to young mice.
Upon LPS stimulation, the expression levels of

miR-101b and miR-26b in the macrophages from
young mice were increased 3-fold but the macro-
phages from aged mice lacked of response to LPS
stimulation in the expression of the two miRNAs,
consisting with the results of microarray assay.

To examine whether LPS treatment affects the
expression of miR-101b and miR-26b in the mac-
rophages from young and aged mice, the peritone-
al macrophages from young and aged mice were
stimulated with LPS for 0, 3, 6, 9, 12, and 24 h
in vitro and then miR-101b and miR-26b expres-
s ion was measured by q-PCR. As shown
in Fig. 3c, without LPS treatment, the expression
of both miR-101b and miR-26b was much higher
in the macrophages from aged mice than that in
those from young mice and, with LPS treatment,
miR-101b and miR-26b were expressed in a time-
dependent manner in the macrophages from young
mice; however, the expression of both miRNAs
was almost not changed in aged mouse macro-
phages upon LPS treatment.

To investigate whether miR-101b and miR-26b
could be induced in the peritoneal macrophages
from young mice by other Toll-like receptor
(TLR) ligands, young mice were intraperitoneally
injected with poly(I:C), a TLR3 ligand, and CpG
ODN, a TLR9 ligand, and the expression levels of
miR-101b and miR-26b in the peritoneal macro-
phages were detected by q-PCR. As shown
in Fig. 4a, b, stimulation with poly(I:C) or
CpG ODN induced the expression of both

Fig. 1 Effects of LPS on the levels of COX-2 mRNA and PGE2
synthesis in the peritoneal macrophage from young and aged mice.
Macrophages were isolated and cultured in the absence or presence
of LPS for the indicated time, and q-PCR was used to measure
the expression of COX-2 mRNA (a). Supernatants were also
collected at the indicated time points after LPS stimulation, and

then, PGE2 levels were determined in the culture supernatant using
a PGE2 assay kit (b). Similar results were obtained from three
independent experiments. Data are the mean ± SD (n = 3) of three
independent experiments. The fold change is relative to young cells
without LPS. *P < 0.05; **P < 0.01, compared with young cells
under the same conditions
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miR-101b and miR-26b in young mouse macro-
phages, which is consistent with the LPS-treated
macrophages. These results indicate that miR-101b
and miR-26b might constitutively present in

murine macrophages and be upregulated by differ-
ent TLR ligands and then play a crucial role in the
regulation of immune response to microbial
infection.

Fig. 2 Regulation of LPS-induced COX-2 expression by NF-κB
activation in the macrophage from young and aged mice. a Expres-
sion of COX-2 and activation of NF-κB in the macrophage from
young and aged mice by LPS stimulation. The macrophages were
treated with LPS for a time course (0 to 24 h), and the cell lysates
were subjected to SDS-PAGE. Western blot analysis was per-
formed using the antibodies specific for COX-2, p-IκBα, and total
IκBα. GAPDH was used as a control. One representative Western
blot image out of three independent experiments was shown. The
ratio of COX-2 and phospho-IκBα to GAPDH band intensity for
each lysate was normalized to the control ratio (young macrophage
cells treated with LPS for 3 h). b, c NF-κB p65 subunit binding to
two sites upstream of COX-2 transcriptional unit in the macrophage

isolated from young and aged mice by LPS stimulation. ChIP assay
was applied to evaluate p65 association with the COX-2
gene promoter after 3 h in the absence or presence of LPS.
Formaldehyde-cross-linked chromatin was sonicated and
immunoprecipitated by p65 Ab or control IgG, followed by
q-PCR analysis with specific primers set specific for the two
different p65 binding sites in the COX-2 promoter at site I (b) and
site II (c). Non-immunoprecipitated chromatin was used as control.
Similar results were obtained from three independent experiments.
Data are the mean ± SD (n = 3) of three independent experiments.
*P < 0.05; **P < 0.01, compared with young macrophage cells
under the same conditions
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Both miR-101b and miR-26b regulate COX-2
expression in mouse macrophages

We further analyzed the binding sites of miR-101b and
miR-26b in the 3′ UTR of COX-2 by using online
program, TargetScan (http://www.targetscan.org/). As
shown in Fig. 5, miR-101b possessed one 7-mer target
seed region and miR-26b possessed two conserved 7-
mer target seed regions starting from 1310 and 246 bp
(in red block diagram), respectively, in 3′UTR of COX-
2 in different species. Luciferase reporter assay using the
vectors containing either wild-type 3′ UTR of COX-2
(wt COX-2 3′UTR) or the 3′ UTR with point mutations

in the miRNA binding sites (mut COX-2 3′ UTR/101b
or mut COX-2 3′ UTR/26b) showed that transfection
with miR-101b or miR-26b mimics markedly sup-
pressed the luciferase activity of the wild-type 3′ UTR
of COX-2 (Fig. 5b), while miR-101b mimics did not
affect the luciferase activity of the mut COX-2 3′ UTR/
101b compared to the negative mimics (Fig. 5c). The
luciferase activity of wt 3′ UTR of COX-2 vector was
downregulated, while the activity of both mutants of
COX-2 3′ UTR was significantly changed by miR-26b
mimics (Fig. 5d), suggesting that the binding of miR-
26b to both site I and site II in COX-2 3′ UTR might
result in the inhibition of COX-2 expression.

Fig. 3 The expression of miR-101b and miR-26b in LPS-treated
young and aged mouse macrophage. Mice were sacrificed 24 h
after intraperitoneal injection of 3 mg/kg LPS, and macrophages
were isolated. Total RNA was purified from the respective cell
pellets, followed by the microarray analysis for the expression of
miR-101b (a, left) and miR-26b (b, left) in untreated and LPS-
treated macrophage of two age groups. Confirmation of the expres-
sion of miR-101b (a, right) and miR-26b (b, right) by

q-PCR. Macrophages isolated from young and old mouse were
treated with LPS in vitro for the indicated time (0, 3, 6, 9, 12, and
24 h), and RNA samples from these cells were used for
q-PCR analysis, respectively (c). Individual miRNA level in each
sample was normalized against the expression of U6. Similar
results were obtained from three independent experiments. Data
are the mean ± SD (n = 3) of three independent experiments.
*P < 0.05; **P < 0.01, compared with young control cells (Ctrl)
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To further evaluate the effect of miR-101b and miR-
26b on COX-2 expression, miR-101b and miR-26b
were overexpressed (mimics) or suppressed
(inhibitors) in murine peritoneal macrophages using
miR mimics or inhibitors and then COX-2 mRNA level
and protein expression were determined by q-PCR and
Western blot assay, respectively. As shown in Fig. 5e, f,
transfection of miR-101b or miR-26b mimics caused a
decrease in COX-2 protein expression, but not its
mRNA levels, while transfection of miR-101b or miR-
26b inhibitors notably elevated COX-2 protein expres-
sion, but not mRNA levels, indicating that both miR-
101b and miR-26b negatively regulated COX-2 expres-
sion by suppressing the translation of COX-2 rather than
mRNA stability.

NF-κB signaling pathway regulates LPS-induced
miR-101b and miR-26b expression in young mouse
macrophages

We have demonstrated that activation of NF-κB is
proved to be age-dependent induction in both young
and aged murine macrophages and expression of both
miR-101b and miR-26b is time-dependent alterations in
LPS-treated macrophages from youngmice. To estimate
whether the increase in miR-101b and miR-26b expres-
sion in young mouse macrophages treated with LPS is
associated with the activation of NF-κB, the macro-
phages from young mice were pretreated with IκBα
phosphorylation inhibitor BAY 11-7082 and then stim-
ulated with LPS for 6 h, followed by measurement of
miR-101b and miR-26b expression. As shown in
Fig. 6a, BAY 11-7082 almost completely prevented
LPS-induced upregulation of miR-101b and miR-26b

expression in macrophages from young only, but not
aged mice (Fig. 6b). These data suggest that NF-κB
activation contributes to the increase in the expression
of miR-101b and miR-26b in the LPS-stimulated mac-
rophages of young mice, but not aged ones.

TSA suppresses COX-2 protein expression
by upregulation of miR-101b and miR-26b in aged
mouse macrophages

Epigenetic modification has been demonstrated to be
important in aging and age-related immune dysfunction
(Calvanese et al. 2009; Grolleau-Julius et al. 2010; Issa
2003). There is growing evidence of epigenetic regula-
tion on miRNA expression (Sato et al. 2011). To exam-
ine whether histone acetylation is involved in the regu-
lation of miR-101b and miR-26b expression in aged
mouse macrophages, the peritoneal macrophages from
young and aged mice were pre-treated with histone
deacetylase (HDAC) inhibitor trichostatin A (TSA)
before LPS challenge and then the levels of miR-
101b and miR-26b were determined by q-PCR.
As shown in Fig. 7a, LPS-stimulated aged mouse
cells exhibited elevated miR-101b expression
which increased by 1.6-fold and miR-26b by
1.4-fold in aged cells, while no changes in the
levels of miR-101b and miR-26b in the cells from
young mice, suggesting that miR-101b and miR-
26b expression is modulated by histone acetylation
in aged murine macrophages.

Furthermore, we determined whether TSA-induced
expression of miR-101b and miR-26b can suppress
COX-2 expression by Western blot assay. As shown
in Fig. 7b, TSA treatment decreased COX-2

Fig. 4 Expression levels of miR-101b and miR-26b in the macro-
phage from young mice upon incubation with TLR agonists. Mice
were sacrificed 24 h after intraperitoneal administration of PBS or
poly(I:C) (a) or CpGODN (at a dose of 5 or 10mg/kg bodyweight,
respectively) (b). The expression of both miR-101b and miR-26b
was measured by q-PCR. Expression levels were normalized

to housekeeping gene U6, and fold changes were calculated
relative to non-treated cells. Similar results were obtained from
three independent experiments. Data are the mean ± SD (n = 3)
of three independent experiments. *P < 0.05; **P < 0.01, compared
with control cells (cells in the PBS treatment group)
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expression in LPS-stimulated macrophages, and the
inhibitory effect was more significant in the macro-
phages from aged mice than young ones. Notably,
COX-2 expression was upregulated in the aged
mouse macrophages transfected with miR-101b or
miR-26b inhibitor before TSA treatment, compared
to the controls (Fig. 7c), indicating that TSA
inhibited LPS-induced expression of COX-2 by up-
regulation of miR-101b and miR-26b in aged mouse
macrophages.

Collectively, these data demonstrated that LPS can
induce NF-κB activation in the macrophage of
young mice. The activation of NF-κB activity not
only directly upregulates COX-2 expression but also

increases the levels of miR-101b and miR-26b which
function as negative feedback modulators of LPS-
induced COX-2 expression and avoid excessive in-
flammatory response in the young body. LPS-
stimulated aged mice cells exhibited high amounts
of NF-κB DNA binding activity. Thus, COX-2 ex-
pression and PGE2 production in these cells were
significantly higher than those in macrophages from
young mice. In addition, aged-related degeneration of
histone modification patterns could contribute to dys-
function of negative regulatory factors such as miR-
101b and miR-26b, which further enhance the ex-
pression of inflammatory factor COX-2 and may
eventually accelerate the aging process.

Fig. 5 miR-101b and miR-26b target COX-2 and repress the
translation of COX-2 mRNA in mouse macrophage. a Sequence
alignment of miR-101b and miR-26b and their target sites in 3′
UTR of COX-2. miR-101b andmiR-26b were predicted to regulate
COX-2 expression among different species by TargetScan
(targetscan.org). b–d miR-101b and miR-26b repress COX-2
expression through an interaction with the 3′ UTR of COX-2.
miR-101b binding site and two miR-26b binding sites in the 3′
UTR of COX-2 were mutated as shown in b. Mutant vectors with
seven-nt substitutions disrupting base pairing with the seed region
of miR-101b or miR-26b were constructed. Luciferase reporter
assays were done by transfecting 293T cells with wt COX-2 3′

UTR or mut COX-2 3′ UTR vectors together with 10 nM miR-
101b (c) or miR-26b (d) mimics or NCmimics (control dsRNA) for
48 h. *P < 0.05; **P < 0.01, compared with NC mimic-transfected
cells. e, f miR-101b and miR-26b regulated COX-2 expression.
Macrophages were transfected with 10 nMmiR-101b andmiR-26b
mimics or inhibitors or corresponding NC (control), respectively.
After 48 h of incubation, the COX-2 expression was analyzed by
Western blot (e) and q-PCR (f). GAPDH was served as
control. Similar results were obtained from three independent
experiments. Data are the mean ± SD (n = 3) of three
independent experiments
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Fig. 6 NF-κB-dependent induction of miR-101b and miR-26b
expression in the macrophages isolated from mice after treatment
with LPS. Peritoneal macrophages from young (a) and aged (b)
mice were pretreated with IκB phosphorylation inhibitor BAY 11-
7082 for 1 h and then stimulatedwith LPS for 6 h. The isolated total
RNAs were used to determine the expression levels of miR-101b

and miR-26b by q-PCR, normalizing to U6 snRNA. Similar
results were obtained from three independent experiments.
Data are the mean ± SD (n = 3) of three independent experiments.
**P < 0.01, compared with LPS-stimulated cells without BAY 11-
7082 pretreatment

Fig. 7 Histone acetylation involved in the regulation of miR-101b,
miR-26b, and COX-2 expression in the aged macrophage. a The
effect of TSA onmiR-101b andmiR-26b expression in LPS-treated
macrophages from young and aged mice. Macrophages from
young and aged mice were pretreated with TSA for 18 h and then
treated with LPS. After 6 h of incubation, total RNAwas extracted
to do the q-PCR. miR-101b and miR-26b abundance was
normalized to the U6. The error bars represent the standard devi-
ation of the mean values for triplicate experiments. *P < 0.05;
**P < 0.01, compared with old control cells (LPS-stimulated aged
cells without TSA pretreatment). b, c The effect of TSA on COX-2

expression in LPS-treatedmacrophages from young and agedmice.
Mouse peritoneal macrophages from aged mice were transfected
with miR-101b and miR-26b inhibitor and its control. After 24 h of
transfection, cells were treated with TSA for 48 h and then treated
with medium or LPS for 6 h. The protein levels of COX-2 were
determined by Western blot. The band intensity was quantitated
using Gel-Pro Analyzer software and normalized to the control
(GAPDH). Similar results were obtained from three independent
experiments. Data are the mean ± SD (n = 3) of three independent
experiments. *P < 0.05; **P < 0.01, compared with control
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Discussion

LPS, a component of the Gram-negative bacterial cell
wall, could induce acute inflammation. In response to
LPS stimulation, COX-2 is induced rapidly, leading to
the production of prostaglandin E2 (PGE2). Data ob-
tained from several reports clearly indicate an age-
related increase in the expression of COX-2 and PGE2
(Baek et al. 2001; Hayek et al. 1997; Kim et al. 2000),
which is consistent with our results in the present study.
Over-production of PGE2 eventually gives rise to the
age-associated diseases, such as atherosclerosis,
Alzheimer’s disease, and arthritis (FitzGerald 2003;
Mukherjee et al. 2001; Pasinetti and Aisen 1998).
Therefore, there might exist disordered regulation of
COX-2 expression in the aging body. Wu et al. (2003)
demonstrated that NF-κB is a critical positive regulator
in the age-associated LPS-induced upregulation of
COX-2 activation in macrophages. To confirm this and
to also ascertain the role of NF-κB in the age-associated
increase of COX-2 expression, we demonstrated that
NF-κB activation caused by LPS stimulation in macro-
phages was mirrored by those in COX-2 expression. In
agreement with the result, we further found in ChIP
assay that old macrophages gave significantly stronger
binding of NF-κB p65 subunit to the COX-2 promoter
compared with the young macrophages. However, in-
terestingly, although without stimulation of LPS, the old
macrophages possessed a much higher binding activity
of p65 subunit and expression of COX-2 mRNA than
the young ones and there was no expression of COX-2
protein in young and aged mouse macrophages. Thus,
we could presume that multiple regulatory mechanisms
including post-transcriptional events might control the
expression of COX-2.

MicroRNAs appear to be a central class of post-
transcriptional regulators that function as negative reg-
ulators of gene expression. It has been demonstrated that
miR-26b and miR-16 regulate COX-2 expression in
some cancer cells (Ji et al. 2010; Young et al. 2012).
However, to our knowledge, so far, there is no insight
into the relationship between COX-2 upregulation and
altered miRNA profile in macrophages of senescence
mice. We previously detected LPS-induced inflamma-
tory miRNA expression patterns in young mouse mac-
rophages compared with aged group by miRNA array
chip assay (Jiang et al. 2012). In the present study, we
aimed at those miRNAs stimulated by LPS in young
mouse macrophages, but not in aged ones, which might

contribute to age-related dysfunction of macrophages.
Among these candidate miRNAs, miR-101b and miR-
26b were predicted to be base paired with the sequence
of 3′ UTR of COX-2. Further study revealed that LPS
could upregulate the expression level of miR-101b and
miR-26b in the macrophages of young mice, but there
was no effect on the miRNA expression in macrophages
of old mice. Moreover, we demonstrated, for the first
time, that miR-101b and miR-26b could downregulate
COX-2 protein expression without affecting COX-2
mRNA levels in the macrophages, suggesting that sig-
nificant upregulation of miR-101b and miR-26b effec-
tively prevents LPS-induced excessive expression of
COX-2 in the young mice, which could avoid excessive
inflammatory response. However, because miR-101b
and miR-26b are unresponsive to LPS stimulation, old
macrophages have less LPS-induced negative regula-
tion mediated by these miRNAs, which subsequently
results in a greater inflammatory process and more
extensive pathological lesions in the elderly.
Furthermore, to answer whether LPS-induced differen-
tial expression of miR-101b and miR-26b is a phenom-
enon specific for LPS, we observed a similar effect of
Toll-like receptor agonists poly(I:C) and CpG ODN on
miR-101b and miR-26b expression in the macrophages
of young mice, suggesting that miR-101b and miR-26b
may function as universal regulators of TLR-associated
signaling events in macrophages. These observations
provide a support for the involvement of miRNAs as a
mechanism underlying the precise control of inflamma-
tory response, which finally ensures an appropriate
grade of inflammation.

Age-related changes in DNA binding activity of
transcription factors have not been well studied; partic-
ularly, the exact mechanism linking these age-associated
changes with miR-101b and miR-26b expression was
unclear in macrophages. Numerous studies have pro-
posed that LPS could induce the activation of NF-κB,
contributing to the upregulated expression of several
genes in macrophages (Hwang et al. 1997; Shakhov
et al. 1990). Moreover, NF-κB DNA binding activity
is altered in the rat liver and brain and mouse macro-
phages with aging (Korhonen et al. 1997; Radak et al.
2004; Sarkar and Fisher 2006), indicating that NF-κB
might be involved in modulating the differentially
expressed miR-101b and miR-26b. Data from this study
show that IκBα phosphorylation inhibitor BAY 11-
7082 suppressed miR-101b and miR-26b expression in
young macrophages. More importantly, blocking
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NF-κB activation has no effect on the expression of
miR-101b and miR-26b in the old macrophages.
Aberrant NF-κB binding to miR-101b and miR-26b
promoter with aging could explain, in some extent,
why these miRNAs are unresponsive to the stimulation
of LPS.

Histone modifications and DNA methylation are im-
portant epigenetic mechanisms for the control of gene
expression. Epigenetic changes during aging have also
been reported (Calvanese et al. 2009; Fraga et al. 2005).
We hypothesized that aged-related degeneration of epi-
genetic patterns must be functionally associated with
age-associated dysfunction of macrophages. Results in
this study demonstrated that HDAC inhibitor TSA up-
regulated the expression of miR-101b and miR-26b in
LPS-treated macrophages from the aged mice, but not
from the young mice, suggesting that HDAC suppresses
the expression of miR-101b and miR-26b in the macro-
phages of aged mice. Deng et al. (2004) reported that
LPS could increase p300 HAT binding to COX-2 pro-
moter and subsequently upregulate COX-2 protein
levels. In the present study, we firstly observed that
TSA strongly reduced the expression of COX-2 protein
in response to LPS stimulation in aged mouse macro-
phages. Although the current view realized that TSA has
a positive effect on LPS-mediated high levels of COX-2
in RAW264.7 cells, Liu et al. (2010) found that TSA
attenuated the recruitment of C/EBPδ and c-Jun to the
COX-2 promoter region. Yamaguchi et al. (2005) re-
ported that TSA blocked c-Jun binding to the COX-2
promoter, resulting in reduced COX-2 expression in
esophageal squamous cell carcinoma. These data sug-
gest that the distinct mechanisms of regulation of COX-
2 synthesis by TSA are cell type dependent and TSA
might suppress LPS-induced expression of COX-2
through the abovementioned mechanisms in primary
mouse peritoneal macrophages. Moreover, TSA-
mediated acetylation of miR-101b and miR-26b re-
strained aged-related increase in LPS-induced COX-2
expression. Thus, age-dependent epigenetic regulation
of the miRNAs and their targets may then be the very
molecular force driving the age-related immune disor-
ders. Additionally, HDAC inhibitors have emerged as
potent contenders for treatment of inflammatory dis-
eases at present (Camelo et al. 2005; Halili et al. 2009;
Kim et al. 2007). The anti-inflammatory effect of
HDAC inhibitor observed in this study is more potent
in the elderly. Thus, HDAC inhibitors might be useful in
relieving aged-related inflammatory progress.

In summary, this study reveals a new mechanism
underlying the aged-related increase in LPS-induced
COX-2 expression in mouse macrophages. These find-
ings provide novel evidence for the studies on the reg-
ulation of macrophage-related immune senescence, and
miR-101b and miR-26b are expected to be promising
antiaging targets in the treatment of aged-related inflam-
matory diseases.
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