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PURPOSE. Chronic inflammation and dysregulation of circadian rhythmicity are involved in the
pathogenesis of diabetic retinopathy. MicroRNAs (miRNAs) can regulate inflammation and
circadian clock machinery. We tested the hypothesis that altered daily rhythm of miR-146a
expression in diabetes contributes to retinal inflammation.

METHODS. Nondiabetic and STZ-induced diabetic rats kept in 12/12 light/dark cycle were
killed every 2 hours over a 72-hour period. Human retinal endothelial cells (HRECs) were
synchronized with dexamethasone. Expression of miR-146a, IL-1 receptor-associated kinase

1 (IRAK1), IL-1b, VEGF and ICAM-1, as well as clock genes was examined by real-time PCR
and Western blot. To modulate expression levels of miR-146a, mimics and inhibitors were
used.

RESULTS. Diabetes inhibited amplitude of negative arm (per1) and enhanced amplitude of the
positive arm (bmal1) of clock machinery in retina. In addition to clock genes, miR-146a and
its target gene IRAK1 also exhibited daily oscillations in antiphase; however, these patterns
were lost in diabetic retina. This loss of rhythmic pattern was associated with an increase in
ICAM-1, IL-b, and VEGF expression. Human retinal endothelial cells had robust miR-146a
expression that followed circadian oscillation pattern; however, HRECs isolated from diabetic
donors had reduced miR-146a amplitude but increased amplitude of IRAK1 and ICAM-1. In
HRECs, miR-146a mimic or inhibitor caused 1.6- and 1.7-fold decrease or 1.5- and 1.6-fold
increase, respectively, in mRNA and protein expression levels of ICAM-1 after 48 hours.

CONCLUSIONS. Diabetes-induced dysregulation of daily rhythms of miR-146a and inflammatory
pathways under miR-146a control have potential implications for the development of diabetic
retinopathy.

Keywords: diabetic retinopathy, miRNA, circadian rhythm, intercellular adhesion molecule 1,
inflammatory response, endothelial cells

Circadian rhythms (24-hour oscillations) synchronize various
physiological and behavioral rhythms with the environ-

mental light–dark cycle. Nearly every mammalian cell investi-
gated to date has a self-sustained circadian clock that links
endogenous rhythms with changes in cellular environment.
Circadian rhythmicity is involved in both transcriptional and
translational pathways with up to 10% of gene transcripts and
even greater fraction of proteins exhibiting a circadian
rhythm.1–5

The involvement of circadian rhythmicity at the posttran-
scriptional level suggests a role for miRNA in this process. The
miRNAs are small noncoding RNAs that can regulate gene
expression by binding to the 30 untranslated region (30UTR) of
mRNA, leading to either translational repression or mRNA
cleavage by recognizing and binding the complementary
sequences in 30UTR of mRNA.6 Up to 30% of mammalian gene
transcripts are believed to be regulated by miRNAs.7,8 A single
miRNA can regulate expression of a number of different target
genes because of the presence of the target sequence for each
miRNA on multiple genes.9,10 Regulation of gene expression by
miRNA plays a vital role in regulating various aspects of

circadian clock function. The role of miRNA in circadian
control of gene expression is to provide a ‘‘fine-tuning’’
mechanism, which contributes to coordinating posttranscrip-
tional regulation.11–13

Expression of miRNA results in posttranscriptional feedback
control mechanisms that are involved in modulating lipid and
carbohydrate metabolism as well as inflammatory path-
ways.14–16 A growing body of evidence suggests that miRNAs
contribute to insulin secretion, pancreatic islet development,
beta cell differentiation, and regulation of glucose and lipid
metabolism17–20; therefore, playing key roles in the pathogen-
esis of diabetes and its complications.21,22 Recent data
demonstrated that downregulation of miR-146a contributes to
the development of diabetic retinopathy (DR) by activation of
nuclear factor (NF)-jB mediated inflammatory pathways.23

However, the role of circadian regulation of miRNAs and their
potential target genes in diabetic retina has not been studied.

The miR-146a has been demonstrated to play a key role in
innate immunity, inflammatory responses, viral infections, and
in some malignancies.24–26 Nuclear factor–jB transactivates
miR-146 but miR-146 also inhibits NF-jB activation by targeting
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IRAK1 and TNF receptor-associated factor 6 (TRAF6).27

Activation of IRAK1, a key mediator of Toll-like receptor
(TLR) and IL-1 receptor (IL-1R) pathways, results in inflamma-
tory target gene expression.28 Nuclear factor–jB is a key
regulator of inflammatory responses known to be activated in
the diabetic retina.29 Intercellular adhesion molecule-1 (ICAM-
1) is one of the genes controlled by the NF-jB pathway and is
increased in the diabetic retina and contributes to the
pathogenesis of DR.30–32

In this study, we examined the role of circadian regulation
of miR-146a and the inflammatory pathways controlled by miR-
146a using animal and cell culture DR models.

METHODS

Reagents

Dulbecco’s modified Eagle’s medium (DMEM) and F12 culture
medium, antibiotics, fetal bovine serum (FBS), trypsin,
NuPAGE Novex 10% Bis-Tris gels, fluorescent secondary
antibody, and superScript II RNase H reverse transcription kit
were obtained from Invitrogen (Carlsbad, CA, USA). Endothe-
lial cell growth supplement (ECGS) was from Upstate
Biotechnology (Lake Placid, NY, USA), and insulin-transferrin-
selenium mix (ITS), 7-amino-4-trifluoro-methylcoumarin (AFC),
Streptozotocin (STZ), Dexamethasone, primary mouse anti-a
tubulin antibody, and commonly used chemicals and reagents
were purchased from Sigma-Aldrich Chemical (St. Louis, MO,
USA). miRIDIAN miRNA mimic or inhibitor for miR-146a and
negative controls (scrambled) were obtained from Dharmacon
(GE Healthcare Life Sciences, Pittsburgh, PA, USA). mirVana
miRNA Isolation Kit, TaqMan miRNA Assay, TaqMan miRNA
Assay Reverse Transcription kit, Power SYBR Green PCR
Master Mix, and TaqMan Universal PCR Master Mix II without
UNG were from Applied Biosystems (Foster City, CA, USA).

Animals and Induction of Diabetes

All animal experiments were designed and carried out in
accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. This study was approved by
the Institutional Animal Care and Use Committee at Michigan
State University. Eight-week-old male Long Evans rats with
body weights of 240 g were purchased from the Harlan
Laboratories (Haslett, MI, USA). Diabetes was induced by
intraperitoneal injection of 65 mg STZ per kg body weight as
previously described.33 Nondiabetic animals received vehicle
(100 mM citric acid buffer, pH ¼ 4.5) injections. The animals
were maintained on a 12 hours light/12 hours dark cycle (lights
on at 7:00 AM, lights off at 7:00 PM) for the duration of the
study. Body weight and blood glucose were monitored
biweekly. Circadian studies were performed 6 weeks after

the induction of diabetes to mimic early-stage DR. To
investigate the mRNA expression level of ICAM-1, VEGF, and
IL-1b, nondiabetic and diabetic rats were killed 1 to 3 hours
after the lights went on (Zeitgeber time [ZT] 1-3). The retinas
were collected for mRNA expression analysis.

In Vivo Circadian Studies

Nondiabetic and diabetic rats were killed every 2 hours
beginning 1 hour after the lights went on (ZT 1) throughout
three complete 24-hour light/dark cycles. During the dark
phase (ZT 12–23) the dissection was carried out under dim red
light. To isolate the retina, the eyes were enucleated, cornea,
lens, and vitreous humor were removed, and the retina was
gently separated from choroid, washed in PBS, snap frozen in
liquid nitrogen, and stored at �808C.

Cell Culture

Primary cultures of human retinal endothelial cells (HRECs)
and human Müller cells (HMC) were prepared from the retinas
provided by National Disease Research Interchange (Philadel-
phia, PA, USA) as previously described.34 Characteristics of the
donors are summarized in Supplementary Table S1. Passages 3
to 5 were used in the experiments. High purity (over 99%)
HREC were used in the study. HRECs were grown in six-well
plates coated with 0.1% gelatin in 2 mL growth medium/well
consisting of DMEM/F12 (1:1 ratio, 5 mM glucose) supple-
mented with 10% FBS, 5% ECGS, 1% penicillin/streptomycin,
and 13 ITS at 378C in humidified 95% air and 5% CO2. Human
retinal pigment epithelial cell line ARPE-19 cell culture (HRPE)
cells and HMC were grown in 2 mL growth medium/well
consisting of DMEM/F12 (1:1 ratio, 5 mM glucose) supple-
mented with 10% FBS, 1% penicillin/streptomycin, at 378C in
humidified 95% air and 5% CO2.

Dexamethasone Exposure

Human retinal endothelial cells from nondiabetic and diabetic
donors were grown to 80% confluence and exposed to 100 nM
dexamethasone for 2 hours. After 2 hours, the medium was
replaced with growth medium supplemented with 10% FBS.
The cells did not receive any further medium changes from this
point until the time of harvest. Human retinal endothelial cells
were harvested every 3 hours over a 48-hour or 24-hour period
following the initial exposure and total miRNA, RNA, and
proteins were extracted.

miRNAs Transfection and RNAi

Cultured HRECs were detached with trypsin, centrifuged at
100g for 5 minutes, and resuspended in electroporation
solution (Amaxa Biosystems, Gaithersburg, MD, USA) to a final

TABLE 1. Analysis of the Expression Levels and Daily Oscillation of miR-146a and IRAK1 by COSOPT in Rat Retina

Name Gene ID

Nondiabetic vs. Diabetic

Period Phase, ZT pMMC-b Daily RhythmicityAmplitude P Value

miR-146a Nondiabetic 9.19E-01 0.0202* 26.7 3 0.022* Yes

Diabetic 3.13E-01 0.08 No

IRAK1 Nondiabetic 2.27E-02 0.0115* 22.9 15 0.01** Yes

Diabetic 3.85E-02 0.09 No

Amplitude, mean amplitude of the identified time series (theoretically zero); Period, mean period of the identified time series (theoretically 24);
Phase, mean time of acrophase of the identified time series (theoretically zero); pMMC-b, mean multiple measures corrected significance probability
b value. Genes with a period of between 20 and 28 hours with pMMC-b value of <0.05 were considered circadianly regulated.

* P < 0.05.
** P < 0.01.
*** P < 0.0001.
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concentration of 4 to 5 3 105 cells/100 lL. Then 100 lL cell
suspension was mixed with 50 nM miRIDIAN miRNA mimic or
100 nM miRIDIAN miRNA antagomir for miR-146a and the
negative controls (scrambled) into the electroporation cuvette,
and HREC were electroporated (Nucleofactor program M-030;
Amaxa Biosystems). The electroporated cells were maintained
in supplemented medium in 378C/5% CO2 incubator. After 48
hours, cells were harvested for total miRNA, RNA, and protein
extraction.

miRNA Analysis

Ribonucleic acid was isolated using the mirVana miRNA
Isolation Kit (Ambion, Austin, TX, USA) according to the
manufacturer’s instructions. The purity and quantity of RNA
were assessed using the NanoDrop ND-1000 spectrophotom-
eter (Thermo Scientific, Wilmington, DE, USA). All the samples

were diluted to a final concentration of 10 ng/lL. The samples
were used immediately or stored at�808C for future use. Total
RNA (10 ng) was used for cDNA synthesis with TaqMan miRNA
Assay Reverse Transcription kit according to the manufactur-
er’s instructions. Real-time PCR was performed with TaqMan
miRNA Assay. All TaqMan assays were run in triplicate on an
ABI PRISM 7500 Fast real-time PCR systems using TaqMan
Universal PCR Master Mix II without UNG. The relative
amounts of miRNAs were calculated by using the comparative
cycle threshold (CT) method, and the data were normalized to
the expression of 4.5S RNA (H) or RNU58B for rat or human.

mRNA Analysis

RNA was isolated using the mirVana miRNA Isolation Kit
according to the manufacturer’s instructions. Transcript-
specific primers for each gene were designed using Primer 3

FIGURE 1. Expression profiles of miR-146a and inflammatory genes in rat retinas. Retinas were collected every 2 hours throughout three complete
24-hour light/dark cycles from STZ-induced diabetic rats and age matched nondiabetic rats. COSOPT statistical analysis was performed to analyze
the rhythmic pattern of (A) miR-146 and (B) IRAK1 mRNA expression. (C) STZ-induced diabetic rats and nondiabetic rats were killed and their
retinas were harvested for RNA analysis. The mRNA levels of ICAM-1, VEGF, and IL-1b were examined by real-time PCR.
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software (available at http://frodo.wi.mit.edu/primer3/) and
listed in Supplementary Table S2. First-strand cDNA was
synthesized using the SuperScript II RNase H Reverse
Transcription kit. Synthesized cDNA was mixed with 23 SYBR
Green PCR Master Mix and the different sets of gene-specific
forward and reverse primers and then subjected to real-time
PCR quantification using the ABI PRISM 7500 Fast Real-time
PCR System (Applied Biosystems). All reactions were per-
formed in triplicate. The relative amounts of mRNAs were
calculated by using the comparative CT method. All genes
were normalized to the abundance of cyclophilin mRNA.

Western Blotting

Protein concentration was determined by a Qubit fluorometer
(Invitrogen), according to the manufacturer’s instructions, and
equivalent amounts of protein were loaded on the NuPAGE
Novex 10% Bis-Tris gels for SDS-PAGE separation. The
separated proteins were electrophoretically transferred to a
nitrocellulose membrane (Bio-Rad, Hercules, CA, USA),
blocked for 30 minutes at room temperature, and probed with
primary mouse anti-ICAM-1 and mouse anti-a-tubulin antibody
followed by fluorescent secondary antibody. The blots were
analyzed by the Licor Odyssey scanner (Licor Biosciences,

Lincoln, NE, USA) and quantitated using Licor Odyssey
software.

Periodicity Analysis

To identify rhythmic miR-146a and IRAK1 expression in rat
retinas, we used a statistical program COSOPT based on an
algorithm described by Straume35 with a COSOPT multiple
measures corrected b value (pMMC-b) cutoff of 0.05. The
amplitude and phase were calculated using COSOPT analysis;
the data were then evaluated by single cosine analysis in R (R
analysis) to identify rhythmic gene expression in synchronized
HREC. The data were considered diurnal oscillation by the
zero-amplitude test with a Pr-value of less than 0.05.

RESULTS

Effect of Diabetes on Daily Oscillations of Clock
Genes, miR-146a, and IRAK1 Expression in Rat
Retina

Expression of circadian oscillator genes in rat retina was
examined every 2 hours for the 72-hour period. Expression

FIGURE 2. IRAK1 and ICAM-1 were negatively regulated by miR-146a in HREC. (A) miR-146a expression levels in three human retinal cell types,
HREC, HRPE cells, and HMC, were detected by real-time PCR and normalized to human reference miRNA, RNU58B. Results are shown as the mean
6 SE. ***P < 0.001 compared to HRPE cells and HREC. (B) Real-time PCR analysis of miR-146a expression after delivery of miR-146a mimic or
inhibitor in HREC. Results are mean 6 SE. ***P < 0.001 compared with control mimic or inhibitor. (C) Real-time PCR analysis of IRAK1 mRNA level
after miR-146a mimic or inhibitor delivery in HREC. Results are mean 6 SE. ***P < 0.001 compared with control mimic or inhibitor. (D) Real-time
PCR analysis of ICAM-1 mRNA level after miR-146a mimic or inhibitor delivery in HREC. Results are mean 6 SE. ***P < 0.001 compared with control
mimic or inhibitor. (E) Western blot analysis of ICAM-1 protein expression after miR-146a mimic or inhibitor delivery in HREC. a-tubulin serves a
loading control. Representative blots are from three independent experiments. Quantification of band intensity is relative to control. Results are
mean 6 SE. ***P < 0.001 compared with control mimic or inhibitor.
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levels of bmal1, per1, and cry1 displayed the rhythmic
oscillation expression pattern in the retina isolated from
nondiabetic and STZ diabetic rats by COSOPT or R analysis.
Diabetes inhibited the per1 amplitude (1.87E-02 for nondia-
betic rats and 3.56E-03 for diabetic rats, P ¼ 0.0139, COSOPT
analysis) and enhanced the bmal1 (9.15E-02 for nondiabetic
rats and 1.21E-01 for diabetic rats, P¼0.004, COSOPT analysis)
amplitude.36

Expression of miR-146a and its target gene IRAK1 in retinas
isolated from nondiabetic rats had a daily oscillation pattern
(pMMC-b for miR-146a is 0.022, for IRAK1 is 0.01), whereas
both miR-146a and IRAK1 expression from STZ diabetic rats
displayed the nonoscillating pattern (pMMC-b for miR-146a is
0.08, for IRAK1 is 0.09) by COSOPT analysis (Table 1; Figs. 1A,
1B). Daily oscillations of miR-146a were in phase with bmal1,
and antiphase with per1 and cry1 by COSOPT analysis.
Furthermore, diabetic animals had lower amplitude of expres-
sion of miR-146a (P¼ 0.0202) and higher amplitude of IRAK1

expression (P ¼ 0.0115) compared with the nondiabetic
animals (Table 1; Figs. 1A, 1B; COSOPT analysis). Although
we did not have enough retinal material to analyze circadian
pattern, we determined the expression level of several
important inflammatory factors, including ICAM-1, VEGF, and
IL-1b at ZT1-3. As shown in Figure 1C, the mRNA expression
level of ICAM-1, VEGF, and IL-1b was significantly increased in
diabetic rat retinas as compared with nondiabetic rats.

IRAK1 and ICAM-1 Are Negatively Regulated by
miR-146a in HREC

The expression level of miR-146a was examined in HMC,
HREC, and HRPE cells in three independent experiments. As
shown in Figure 2A, miR-146a is expressed in all three types of
cells, with the highest expression level in HMC (P < 0.001),
followed by HREC (Fig. 2A). The expression of miR-146a was
very low in HRPE cells (Fig. 2A); miR-146a is known to control
inflammatory pathways through directly targeting IRAK1 and
TRAF6 genes. As we and others have previously demonstrated,
the IL-1b pathway is highly activated in diabetic retina and we
focused on the effect of miR-146a on IRAK1 and ICAM-1

expression. We modulated the activity of miR-146a by
transfection of miR-146a mimic or inhibitor in HREC. As
expected, expression of miR-146a was significantly increased
by miR-146a mimic and reduced by miR-146a inhibitor (P <
0.001) (Fig. 2B). Furthermore, mRNA expression of IRAK1 and
ICAM-1 was negatively regulated by miR-146a (Figs. 2C, 2D).
IRAK1 mRNA level was reduced 2.9-fold and ICAM-1 mRNA
level was reduced 1.6-fold in miR-146a mimic-treated HREC.
Consistently, miR-146a inhibitor caused a 2.7-fold increase in
the IRAK1 mRNA level and 1.5-fold increase in the ICAM-1

mRNA level (Figs. 2C, 2D). In the presence of miR-146a mimic,
ICAM-1 protein expression in HREC was decreased 1.7-fold
compared with control mimic-transfected cells; however, miR-
146a inhibitor increased the protein expression by 1.6-fold in
HREC (Fig. 2E).

Circadian Changes in Clock Genes, miR-146a,
IRAK1, and ICAM-1 Expressions in HREC From
Nondiabetic and Diabetic Donors

We next used HREC isolated from nondiabetic and diabetic
donors and examined the expression levels of clock genes
(bmal1, per1, per2, cry1, cry2), miR-146a, IRAK1, and ICAM-

1. As shown in Table 2, all examined clock genes exhibited the
rhythmic oscillation pattern expression for up to 48 hours
following synchronization in HREC isolated from nondiabetic
and diabetic donors by R analysis (*Pr < 0.05, **Pr < 0.001,
***Pr < 0.0001) (Table 2; Fig. 3A).

In agreement with previous studies, HREC isolated from
nondiabetic donors did not show an inflammatory response to
high glucose and miR-146a expression was not affected by high
glucose in HREC (data not shown). We thus used HREC
isolated from nondiabetic and diabetic donors to examine the
possible effect of diabetes on the expression of miR-146a and
inflammatory markers. The expression of miR-146a exhibited
circadian rhythmicity for up to 48 hours following synchroni-
zation in HREC derived from nondiabetic donors (Pr ¼
0.00123) (Table 2; Fig. 3B; R analysis), whereas rhythmic
expression of miR-146a was lost in HREC from diabetic donors
(Pr ¼ 0.181) (Table 2; Fig. 3B; R analysis). Notably, miR-146a

TABLE 2. Analysis of the Gene Expression Levels and Daily Rhythmicity by R Project in Synchronized HREC

Name Gene ID

Nondiabetic vs. Diabetic R Analysis

Amplitude P Value Period Phase, ZT Pr Value Daily Rhythmicity

bmal1 Nondiabetic 3.89E-03 0.1901 27 12 0.0249* Yes

Diabetic 2.93E-03 28 12 0.009** Yes

per1 Non diabetic 1.19E-04 0.7352 23 3 0.0393* Yes

Diabetic 1.03E-04 24 3 0.0476* Yes

per2 Nondiabetic 3.23E-04 0.0033** 25 3 0.0007*** Yes

Diabetic 7.39E-04 26 3 0.0141* Yes

cry1 Nondiabetic 4.27E-03 0.019* 28 9 <0.0001*** Yes

Diabetic 5.16E-03 28 9 <0.0001*** Yes

cry2 Nondiabetic 2.24E-03 0.9876 23 6 0.0008*** Yes

Diabetic 2.25E-03 26 6 0.0066** Yes

miR-146a Nondiabetic 1.29Eþ00 <0.0001*** 23 18 0.00123** Yes

Diabetic 1.46E-01 0.181 No

IRAK1 Nondiabetic 7.40E-03 0.0099** 21 15 0.0182* Yes

Diabetic 1.95E-02 0.315 No

ICAM-1 Nondiabetic 3.56E-02 0.0137* 29 9 0.0247* Yes

Diabetic 7.79E-02 0.0225* Yes

Pr values have been calculated by the single cosine R analysis. Genes with Pr < 0.05 were considered circadianly regulated. b mal1, brain and
muscle aryl-hydrocarbon receptor nuclear translocator-like 1; cry, cryptochrome; per, period.

* P < 0.05.
** P < 0.01.
*** P < 0.0001.
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expression had a lower amplitude in HREC derived from
diabetic donors compared with the nondiabetic donors (P <
0.0001) (Table 2; Fig. 3B; R analysis). As the direct target gene
of miR-146a, mRNA expression level of IRAK1 exhibited the
opposite circadian rhythmicity to miR-146a expression in
HREC from nondiabetic donors (Pr¼ 0.0182) (Table 2; Fig. 3C;
R analysis), and lost the rhythmic expression in HREC from
diabetic donors (Pr ¼ 0.315) (Table 2; Fig. 3C; R analysis). In
agreement with IRAK1 being negatively regulated by miR-146a,
our data also showed higher amplitude of IRAK1 mRNA
expression in HREC from diabetic donors as compared with
nondiabetic donors (P¼ 0.0099) (Table 2; Fig. 3C; R analysis).

ICAM-1 mRNA expression exhibited circadian rhythm in
HREC isolated from nondiabetic and diabetic individuals (Pr is
0.0247 for nondiabetic donors and 0.0225 for diabetic donors)
(Table 2; Fig. 3D; R analysis). As shown in Figures 2D and 2E,
ICAM-1 was also negatively regulated by miR-146a in HREC,
amplitude of ICAM-1 mRNA expression was higher in HREC
isolated from diabetic donors compared with nondiabetic
donors (P ¼ 0.0137) (Table 2; Fig. 3D; R analysis). To validate

these mRNA expression results, protein levels of ICAM-1 were
assessed by Western blot (Fig. 4). Due to limited availability of
human retinal endothelial cells from matching nondiabetic and
diabetic donors, this experiment was performed for only 24
hours. Based on 24 hours of data, R analysis identified the
rhythmic oscillation pattern expression in HREC from both
nondiabetic and diabetic donors (n ¼ 3) (Pr is 0.0389 for
nondiabetic donors and 0.0297 for diabetic donors) (Fig. 4).

To directly compare the ICAM-1 expression levels, the
proteins were rerun on another set of gels with nondiabetic
and diabetic HREC loaded side-by-side (Supplementary Fig. S1).
Consistent with the results of mRNA expression (Fig. 3C),
ICAM-1 protein expression was increased in HREC from
diabetic donors compared with nondiabetic donors (Supple-
mentary Fig. S1).

DISCUSSION

The miR-146 family is composed of two evolutionary
conserved miRNA genes, miR-146a and miR-146b, located on

FIGURE 3. Expression levels of IRAK1 and ICAM-1 showed circadian rhythm in synchronized HREC. Cultures of HREC isolated from nondiabetic
and diabetic donor were exposed to 100 nM dexamethasone for 2 hours and subsequently harvested at 3-hour intervals up to 48 hours following
synchronization for isolation of total RNA and miRNA. (A) Expression levels of bmal1, per1, per2, cry1, and cry2 were measured by real-time PCR
and normalized to cyclophilin. R analysis was performed to analyze the rhythmic mRNA expression pattern of bmal1, per1, per2, cry1, and cry2.
(B) miR-146a expression level was examined by real-time PCR and normalized to human reference miRNA, RNU58B. R analysis was performed to
analyze the rhythmic expression pattern of miR-146a. (C) IRAK1 and (D) ICAM-1 mRNA levels were detected in synchronized HREC from
nondiabetic and diabetic donor by real-time PCR and normalized to housekeeping gene, cyclophilin A. The rhythmic mRNA expression pattern of
IRAK1 and ICAM-1 also was analyzed with R project. Results are shown as the mean 6 SD, n¼3 for observations in HREC from nondiabetic donors
and diabetic donors.
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chromosomes 5 and 10, respectively.37 The miR-146a was
shown to have 75 predicted target genes by TargetRank
software (http://genes.mit.edu/targetrank/, available in the
public domain).38 Among these predicted target genes, a
number of important targets have been validated, including
inflammatory (IRAK1, TRAF6, TLR2, TLR4, NFKB1, FAS), DNA
repair (BRCA1 and 2), apoptosis (FADD), migration (ROCK1,
CXCR4), and proliferation (SMAD4) genes.39 It is not surprising
that miR146a has been implicated in inflammatory response,26

insulin resistance,40 rheumatoid arthritis,41 lupus,42 leuke-
mia,42 and colorectal, breast, cervical and other types of
cancer.43–46

Diabetic retinopathy is initiated as low-grade chronic
inflammatory disease. Several miRNAs can serve as negative
regulators of inflammation; however, their role in controlling
retinal inflammation is not well understood. Among these
miRNAs, miR-146a was shown to be the most downregulated
in diabetic rat retina. Two well-known activators of NF-jB
pathway, TRAF6 and IRAK1, have the highest context score as
miR-146a targets as determined by TargetScan software (http://
www.targetscan.org/, in the public domain). The miR-146a can
thus reduce activation of NF-jB and inhibit expression of NF-
jB target genes, such as IL-6, IL-8, IL-1b, and TNF-a, through
direct downregulation of IRAK1 and TRAF6.29,41,43

Recent studies have demonstrated that several miRNAs
follow circadian expression pattern and are in turn involved in
the control of circadian rhythmicity of a number of genes. The
circadian rhythms of miR-219 and miR-132 expression are
involved in the circadian clock activity in the suprachiasmatic
nucleus.47 Similarly, inhibition of miR-122 in the liver alters the
circadian rhythmicity of key transcripts involved in metabo-
lism.12,48 In the mouse retina, 12 miRNAs exhibited circadian
rhythm.13

Immune function and inflammatory activity has been
shown to be associated with circadian rhythm, with the peak
of inflammatory activity occurring during the beginning of the
sleep cycle.49 Numerous studies demonstrated critical involve-
ment of IL-1b in the pathogenesis of DR.50,51 Indeed, IL-1b
concentration is increased in diabetic retina.34 Furthermore,
blocking IL-1b production or signaling was shown to prevent
vascular damage in the DR animal model.52,53 Although
previous studies reported 24-hour rhythmicity of the IL-1b

expression in serum,54–56 no information was available about
diurnal rhythms of inflammatory pathways in general and the
IL-1b pathway in particular and their regulation by miRNA in
the retina. IRAK1 is a key regulator of the IL-1b pathway.28 In
this study, we investigated the circadian expression of miR-
146a and its target IRAK1 in diabetic retina.

We have previously demonstrated that diabetes has a
pronounced effect on the regulation of the daily rhythmic
patterns of clock genes. In this study, we confirmed that retina
has daily rhythmicity of all the major clock genes and the
amplitude as well as phase of these oscillations is affected by
diabetes. In addition to clock genes, here we demonstrate that
miR-146a expression exhibited the rhythmic oscillation ex-
pression pattern in the retinas from nondiabetic, but not
diabetic rats. Importantly, the miR146a direct target, IRAK1,
also followed rhythmic expression that was in opposite phase
with miR-146a expression, in agreement with negative
regulation of IRAK1 by miR-146a. Moreover, mRNA expression
of IRAK1 rhythmicity also was lost in diabetic retinas as
compared with nondiabetic retinas. These data highlight the
importance of normal daily oscillation patterns of retinal
inflammatory markers and suggest that the loss of rhythmicity
represents an important aspect of diabetes-induced retinal
inflammation.

We next demonstrated that miR-146a expression follows
rhythmic expression in the widely used human retinal cell
culture model that can mimic retinal inflammation, HREC. The
miR-146a had lower amplitude of expression level in HREC
from diabetic donors than nondiabetic donors. In agreement
with the animal model data, IRAK1 mRNA expression followed
circadian pattern in HREC that was in opposite phase with
miR-146a expression; moreover, IRAK1 showed higher ampli-
tude of mRNA expression in HREC from diabetic donors
compared with nondiabetic donors.

We next analyzed the expression of ICAM-1, a target gene
downstream of IRAK1 activated by proinflammatory cytokines,
including IL-1b, through the NF-jB pathway.57 ICAM-1 is a
member of the immunoglobulin supergene family expressed
on endothelial cells and involved in monocyte adhesion to the
endothelium and the transmigration of leukocytes.31 ICAM-1
plays an important role in immune and inflammatory
responses.58 Previous studies have demonstrated that the
expression of ICAM-1 is increased in diabetic retinas and is
involved in the pathogenesis of DR.32,59 Our data further
support this observation, indicating that both mRNA and
protein expression level of ICAM-1 are increased in HREC from
diabetic donors compared with nondiabetic donors. Notably,
our study demonstrates that IRAK1 and ICAM-1 expressions are
reduced by the miR-146a mimic and increased by miR-146a
inhibitors in HREC, further supporting a role for miR-146a in
retinal vascular inflammation. Interestingly, mRNA expression
level of ICAM-1 also exhibited the circadian oscillation in the
human retinal cells examined with the phase opposite to that
of miR-146a expression. Consistently, R analysis demonstrated
circadian oscillation pattern in 24-hour ICAM-1 protein
expression data. Although we cannot rule out potential
contribution of the effect of dexamethasone to the results of
the ICAM-1 protein expression due to the short duration of the
experiment, in combination with the other circadian expres-
sion data presented in this article it is suggestive that ICAM-1
protein is, at least in part, under circadian regulation.

Taken together, this study demonstrates a coordinated
rhythmicity of retinal miR-146a, its direct targets IRAK-1, as
well as downstream target ICAM-1 expression in vivo and in
vitro DR models. The rhythmicity of miR-146a expression in
the diabetic retina may act to mediate rhythmicity of the
inflammatory response in retinal cells and provide a novel
approach to regulation of inflammation in DR.

FIGURE 4. ICAM-1 protein expression showed circadian rhythm in
synchronized HREC. Cultures of HREC isolated from nondiabetic and
diabetic donors were exposed to 100 nM dexamethasone for 2 hours
and subsequently harvested at 3-hour intervals up to 24 hours
following synchronization for isolation of protein. Immunoblot and
quantitative analysis of ICAM-1 protein expression in synchronized
HREC from nondiabetic and diabetic donors. a-tubulin serves a loading
control. R analysis was performed to analyze the rhythmic protein
expression pattern of ICAM-1. Representative blots are from three
independent experiments. Results are mean 6 SE.
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