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Uncontrolled inflammation leads to several diseases such as insulin resistance, T2D and several types of
cancers. The functional role of microRNAs in inflammation induced insulin resistance is poorly studied.
MicroRNAs are post-transcriptional regulatory molecules which mediate diverse biological processes. We
here show that miR-16 expression levels are down-regulated in different inflammatory conditions such
as LPS/IFNg or palmitate treated macrophages, palmitate exposed myoblasts and insulin responsive
tissues of high sucrose diet induced insulin resistant rats. Importantly, forced expression of miR-16 in
macrophages impaired the production of TNF-a, IL-6 and IFN-b leading to enhanced insulin stimulated
glucose uptake in co-cultured skeletal myoblasts. Further, ectopic expression of miR-16 enhanced insulin
stimulated glucose uptake in skeletal myoblasts via the up-regulation of GLUT4 and MEF2A, two key
players involved in insulin stimulated glucose uptake. Collectively, our data highlight the important role
of miR-16 in ameliorating inflammation induced insulin resistance.

© 2015 Elsevier B.V. and Soci�et�e Française de Biochimie et Biologie Mol�eculaire (SFBBM). All rights
reserved.
1. Introduction

Macrophages alter their physiology and phenotype in response
to the surrounding cytokine environment and stimulus to suit their
functional requirements. This plastic behavior of macrophages is
termed as macrophage polarization. Originally, they were catego-
rized into classically activated M1 macrophages and alternative M2
macrophages. M2 macrophages are well known for their micro-
bicidal functions, whereas M2 macrophages take part in the
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resolution of inflammation and repair of the damaged tissue caused
by the hyperactivity of M1 macrophages [1,2]. Very recently to
avoid the confusion across the authors in naming the activated
macrophages and in order to attain the consensus in the nomen-
clature terminology, a new convention for naming activated mac-
rophages was framed [3]. Thus, hereafter stimulated macrophages
are named according to the new nomenclature. For example in our
studies LPS and IFNg stimulated macrophages are referred to M
(LPS þ IFNg) and IL-4 exposed macrophages are represented as M
(IL-4). Signifying the importance of macrophage polarization, dys-
regulation of this physiological process is linked to the develop-
ment of several diseases including Type 2 Diabetes (T2D) [4,5].
Insulin resistance plays a dominant role in the progression of T2D
and other metabolic disorders [6]. Increase in sedentary life style
and enhanced intake of refined energy rich diet (high fat, high
sucrose and fructose) are directly associated with the progression
of insulin resistance [7e10]. A plethora of studies using various
model systems have demonstrated that insulin resistance is asso-
ciated with chronic low grade inflammation [11,12]. Pro-
inflammatory cytokines such as TNF-a and IL-6 along with other
inflammatory mediators are key players in altering the insulin
signaling pathway in peripheral insulin responsive tissues [13].
aire (SFBBM). All rights reserved.
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Since inflammatory M (LPS/IFNg/TNF-a) macrophages are mainly
responsible for the secretion of these inflammatory cytokines, they
stand out to be the major culprits in inducing insulin resistance
[14]. Thus, understanding the molecular machinery governing the
generation of pro-inflammatory macrophages is critical for deter-
mining and defining the molecular targets for the treatment of the
metabolic disorders.

MicroRNAs (miRNAs) have evolved as important regulators of
diverse physiological processes such as cell differentiation, prolif-
eration and apoptosis. miRNA belong to a family of short (~22 nt)
non-coding RNA that regulate gene expression at the post tran-
scriptional level [15,16]. In the recent years, microRNA have
emerged as key players in driving immune functions [17e20]. The
diverse roles of microRNAs are studied in independent processes
[21,22] but the involvement of miRNAs in inflammation induced
insulin resistance is poorly revealed.

In this study, we have used synthetic microRNA mimics as gain
of function experiments to investigate different roles of miR-16 in
inflammation induced insulin resistance. Here, we show that the
expression of miR-16 is impaired in M (LPS þ IFNg) macrophages,
palmitate treated myoblasts andmajor insulin responsive tissues of
high sucrose diet (HSD) induced insulin resistant rats. We have also
observed that ectopic expression of miR-16 augmented overall
skeletal muscle insulin sensitivity uptake via the inhibition of M
(LPS þ IFNg) mediated pro-inflammatory responses and up-
regulation of insulin responsive skeletal muscle glucose trans-
porter, GLUT4.

2. Materials and methods

2.1. Cells, antibodies and reagents

RAW 264.7, and L6 cells were cultured in DMEM (Gibco, Life
Technologies, Grand Island, NY, USA) and maintained in 10% heat-
inactivated Fetal Bovine Serum (Gibco, Life Technologies, Grand
Island, NY, USA). C2C12 were grown in DMEM containing 20% FBS.
Recombinant mouse IFNgand IL-4 were procured from Peprotech
(Rocky Hill, NJ, USA) and Escherichia coli LPS (0127:B8), Palmitate
(P5585), fatty acid free BSA (A8806) and Insulin (I0516) were ob-
tained from SigmaeAldrich (SigmaeAldrich, St. Louis, MO, USA).
Antibodies specific for iNOS (BD Biosciences, San Jose, CA, USA) and
b-actin were (Calbiochem, San Diego, CA, USA) used. Anti-mouse
HRP and anti-rabbit HRP antibodies were purchased from Gen-
script (Genscript, Piscataway, NJ, USA). mirVana miR-16 mimic and
negative control mimics were obtained from Ambion (Ambion,
Austin, TX, USA). The lyophilized pellets were solubilized in
nuclease free water as per manufacturer's instructions. DCFDA dye
was purchased from Life technologies (Life Technologies, Grand
Island, NY, USA) and was resuspended in DMSO as per manufac-
turer's guidelines.

2.2. MicroRNA profiling

RAW 264.7 cells were stimulated with 1 mg/mL of LPS and
100 ng/mL of IFNg or left un-stimulated (Resting, R) for 24 h.
Treated samples were lysed in Trizol (Invitrogen, Carlsbad, CA,
USA), total RNAwas extracted by RNeasy mini kit (Qiagen, Valencia,
CA, USA) and samples were analyzed by Affymetrix miRNA 2.0
array at iLIFE DISCOVERIES (IMTManesar, Gurgaon, Haryana, India).

2.3. Nucleofection and transfection

RAW 264.7 cells were maintained in medium containing DMEM
with 10% fetal bovine serum at 37 �C with 5% CO2 environment. All
transfections were carried out with the Solution V (Lonza,
Allendale, NJ, USA) using nucleofection apparatus (Lonza, Allendale,
NJ, USA) according to manufacturer's instructions with few modi-
fications. Briefly, 12 � 106 cells were resuspended in 100 ml of
nucleofector solution V and were nucleofected with 300 nM of
control or miR-16 mimic. Immediately post nucleofection, 500 ml of
pre-warmed DMEM was added to the transfection mix before
transferring the cells to the plate containing 10 ml DMEMwith FBS.
Plates were incubated for 16 h at 37 �C. Transfected cells were
counted, seeded at equal density and treated asmentioned in figure
legends. Transient transfections in L6 myoblasts were performed
using Lipofectamine™ 2000 (Invitrogen, CA, USA) as per manu-
facturer's instructions. The final concentration of miRNA mimic
transfected was 100 nM and cells were utilized for experiments
post 24 h of transfection.
2.4. Palmitate preparation and treatment

Stock solution of 50 mM palmitate (C16:0) was prepared as
described earlier [23]. Briefly, palmitic acid was dissolved in pre-
heated (70 �C) 0.1 N NaOH and diluted 5 fold in pre-warmed 25%
BSA solution giving a final concentration of 10 mM. Cells were
treated with palmitate at final concentration of 500 mM for 24 h.
Cells were serum starved for at least 3 h prior to stimulation.
2.5. Cell stimulation, lysis and western blotting

RAW 264.7 cells were stimulated with LPS (1 mg/ml) and IFNg
(100 ng/ml) for different time points. Un-stimulated and stimulated
cells were lysed in TN1 lysis buffer (50 mM Tris pH 8.0, 10 mM
EDTA, 10 mM Na2P2O7H2, 10 mM NaF, 1% Triton-X 100, 125 mM
NaCl, 10 mM Na3VO4, 10 mg/ml each aprotinin, leupeptin and 1 mM
PMSF). Protein-matched lysates were resolved by 10% SDS/PAGE,
transferred to PVDF membrane, probed with the antibody of in-
terest and developed by Enhanced chemiluminescence (GE Life
Sciences, Piscataway, NJ, USA).
2.6. ELISA for cytokine analysis

RAW 264.7 cells were stimulated with LPS and IFNg for 10 h,
culture supernatants were harvested, and the amount of TNF-a
(R&D systems, Minneapolis, MN, USA), IL-6 and IP-10 (Peprotech,
Rocky Hill, NJ, USA) in the cell free supernatants were measured
using ELISA kits according to manufacturer's recommendations.
IFN-b in the supernatants was measured as previously described
[24].
2.7. Phagocytosis measurement

Phagocytic efficiency was measured in RAW 264.7 cells using
fluorescent E. coli bacteria K-12 strain (Molecular Probes- Invi-
trogen, CA, USA). These lyophilized bacteria were resuspended in
PBS as per manufacturer's instructions and RAW 264.7 cells
transfectedwith control or miR-16mimic were infected with or left
un-infected at a multiplicity of infection (MOI) of 10. The infected
cells were centrifuged at 650 g for 2 min and incubated at 37 �C for
3 h. The suspension was removed and external fluorescence was
quenched by using 500 mg/mL of trypan blue (Sigma Aldrich, St.
Louis, MO, USA) with pH 4.4 (set with citrate buffer). Cells were
carefully washed with ice-cold 1X PBS, lysed in 0.1% Triton X 100
and phagocytosis of fluorescent bacteria by RAW 264.7 cells was
determined in the cell lysates by fluorometry using multiplate
reader (PerkineElmer, Waltham, Massachusetts, USA) with exci-
tation at 494 nm and emission at 518 nm.
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2.8. Reactive oxygen species measurement

Post transfection RAW 264.7 cells were stimulated with LPS and
IFNg for 24 h or left un-stimulated (Resting, R) and cells were
incubated with 5 mM DCFDA dye (Life Technologies, Grand Island,
NY, USA) for 30 min in dark. Subsequently, cells were carefully
washed using ice-cold 1X PBS and were lysed in 0.1% Triton X 100.
Amount of ROS in the cell lysates were measured by fluorometry
using multiplate reader (PerkineElmer, Waltham, Massachusetts,
USA) with excitation at 485 nm and emission at 535 nm.

2.9. Animal treatment

Healthy adult Wistar albino rats, weighing 150 ± 10 g were
maintained in polypropylene cages with a standard photoperiod
(12 h light:12 h dark cycle) in temperature (27 ± 1 �C) controlled
roomwith the provision of laboratory food (Gold Mohur feeds Ltd,
New Delhi, India) and water ad libitum. Rats were fed with either
chow diet (control group) or high sucrose diet (65%, treated group)
for 60 days [25]. Animals were sacrificed in accordance with the
approved guidelines of the Committee for the Purpose of Control
and Supervision on Experiments on Animals (CPCSEA). Methodo-
logical procedure involving animals was reviewed and approved by
the Animal Ethical Committee of Institute of Science, Nirma Uni-
versity, Ahmedabad, India (Protocol No. IS/BT/FAC-13-1009).

2.10. Glucose uptake assay

RAW 264.7 macrophage cells were nucleofected with control or
miR-16 mimic. Approximately 16 h post-transfection, macrophage
cells were stimulated with LPS (1 mg/mL) and IFNg (100 ng/mL)
(LPS þ IFNg) for 10 h. Supernatants from stimulated macrophages
were harvested and pre-cleared culturedmediawas added to L6 rat
myoblasts for 18 h. As a control, L6 cells were incubated with
DMEM medium instead of supernatants from inflamed macro-
phages (denoted as control in the Fig. 4) to measure the glucose
uptake in the absence of inflammatory insult. Further, cells were
serum starved followed by glucose free medium for 30 min. Cells
were primedwith insulin for 5 and 10min andwere incubatedwith
50 mM of 2-NBDG (Molecular Probes- Invitrogen, CA, USA) for
15 min. Reaction was terminated by washing cells with ice cold 1X
PBS and were lysed in 0.1% Triton X-100. Fluorescence was
measured on a Wallac 1420 Victor Multimode Plate Reader (Per-
kineElmer, Waltham, Massachusetts, USA) with excitation at
485 nm and emission at 535 nm.

2.11. Real time PCR analysis

Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA,
USA) and reverse transcription was performed using NCode VILO
miRNA first strand cDNA synthesis kit (Invitrogen, Carlsbad, CA,
USA). DNase I (Ambion, Austin, TX, USA) treated RNA was used for
RT-PCR. Reverse transcription was performed according to manu-
facturer's instructions using 2 mg of total RNA. The sequence of miR-
16 forward primer is CGGTAGCAGCACGTAAATATTGGCGA: and
reverse primer used was provided along with the NCode VILO
miRNA kit. qPCR was performed on Step One Plus instrument
(Applied Biosystems, Foster City, CA, USA) using SYBR green master
mix (Applied Biosystems, Foster City, CA, USA). Data were
normalized to respective control genes (18S, actin for mRNA and U6
for microRNA).

2.12. Statistical analysis

Numerical data were expressed as mean ± SEM of 3e7
independent experiments unless indicated otherwise. Statistical
significance was calculated using unpaired Student's t-test.
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 are considered
as significant and NS indicates non-significant.

3. Results

3.1. miR-16 expressions is down-regulated in M (LPS þ IFNg)
polarized RAW 264.7 macrophages

Since the role of microRNA in regulation of macrophage polar-
ization is not well studied [26,27], we examined the expression
pattern of microRNA in M (LPS þ IFNg) macrophages by microRNA
profiling assay (Fig. 1AeE) and observed that 63 microRNAs were
differentially regulated due to LPS þ IFNg treatment (Fig. 1C).
Consistent with the literature [28], we noted that miR-155
expression was robustly up-regulated in M (LPS þ IFNg) macro-
phages while miR-16 expression levels were moderately reduced
(Fig. 1DeE). The microarray results were validated by qPCR analysis
(Fig. 1FeG). Palmitate treatment is known to polarize macrophages
towards a pro-inflammatory state [29]. Thus, we next determined
miR-16 expression levels in palmitate exposed RAW 264.7 cells.
Consistent with the data of LPS and IFNg stimulated M (LPSþ IFNg)
macrophages, miR-16 levels were observed to be diminished in
palmitate treated RAW 264.7 cells (Fig. 1H). Based on these obser-
vations, we hypothesized that miR-16 has a functional role in
regulating M (LPS þ IFNg) macrophage mediated inflammatory
responses.

3.2. Ectopically expressed miRNA-16 dampens inflammatory
cytokine production in M (LPS þ IFNg) macrophages

To study the functional impact of miR-16 on M (LPS þ IFNg)
macrophage responses, we over-expressed miR-16 mimics in RAW
264.7 cells. Post 16 h of transfection, cells were stimulated with
both LPS (1 mg/ml) and IFNg (100 ng/ml) for 10 h and observed for
M (LPS þ IFNg) markers. Consistent with the literature, we found
that the enhanced expression of miR-16 significantly decreased
secretion of pro-inflammatory cytokines (50) such as TNF-a
(Fig. 2A), IL-6 (Fig. 2B), and IFN-b (Fig. 2C). However, ectopic
expression of miR-16 failed to effect IP-10 cytokine secretion
(Fig. 2D). To further analyze the role of miR-16 in pro-inflammatory
responses, we examined the levels of iNOS and reactive oxygen
species (ROS), which are well known to be enhanced in M
(LPS þ IFNg) polarized macrophages [1,2]. Fig. 2E and F depict that
over-expression of miR-16 had no impact on iNOS protein level and
ROS generation. Moreover, over-expression of miR-16 also failed to
inhibit the phagocytosis of fluorescent E. coli by RAW 264.7 cells
(Fig. 2G). This suggests that miR-16 regulates specific pro-
inflammatory responses during M (LPS þ IFNg) polarization. In
parallel, we validated the over-expression of mature miR-16 by
qPCR (Fig. 2H). Electrophoresis of qPCR amplicons showed a single
band corresponding to the mature miR-16 (data not shown).

3.3. miR-16 selectively regulates IL-4 induced macrophage gene
expression

Having observed the effect of miR-16 on M (LPS þ IFNg) mac-
rophages, we then probed the effect of miR-16 on M (IL-4)
macrophage responses. For this, we first treated RAW 264.7 cells
with IL-4 for 8 h and 24 h and monitored the expression levels of
miR-16. We observed that miR-16 levels were unchanged in IL-4
exposed RAW 264.7 cells at both the time points tested (Fig. 3A),
however consistent with literature M (IL-4) markers such as
Arginase-1 and Mannose receptor C-1 (MRC1) were induced
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suggesting that the stimulation was appropriate [3] (Fig. 3B).
Nevertheless, we sought to determine the effect of miR-16 on IL-4
induced macrophage responses for which we over-expressed
miR-16 and stimulated RAW 264.7 cells with IL-4 for 24 h. We
observed that miR-16 was able to increase IL-4-induced Arginase-1
expression by ~2 fold (Fig. 3C) whereas it showed no impact on
other markers such as MRC-1, IL-10 and YM-1 (Fig. 3C). This sug-
gests that miR-16 regulates specific gene expression in both M
(LPS þ IFNg) and M (IL-4) macrophages.

3.4. miRNA-16 suppresses inflammation induced insulin resistance
in L6 myoblasts

It is well documented that pro-inflammatory macrophages
accumulate in adipose and skeletal muscle tissues of obese
subjects and induces insulin resistance via the secretion of pro-
inflammatory mediators [6,11,13]. However, the role of miRNA
Fig. 1. miRNA-16 expression is down-regulated in M (LPS þ IFNg) polarized macrophages. R
RNA was harvested and samples were analyzed by Affymetrix miRNA 2.0 array (A) Box plot
cells. (B) Volcano plot representing total microRNA profile in Resting and LPS þ IFNg stim
expressed upon LPS þ IFNg stimulation. (DeE) miR-155 and miR-16 expression levels wer
analyzed using qPCR analysis in LPS þ IFNg or 500 mM palmitate (H) stimulated RAW 264.7
cells which was set as 1. *p < 0.05 and **p < 0.01 calculated using Student's t-test.
in inflammation induced insulin resistance is still unclear [20,30].
Thus, to study the functional consequences of miR-16 on M
(LPS þ IFNg) macrophage driven inflammatory response on in-
sulin responsive organs, we applied conditioned cell superna-
tants from M (LPS þ IFNg) stimulated control or miR-16 mimic
transfected RAW 264.7 cells on L6 myoblasts for 18 h and
measured insulin stimulated glucose uptake. Culturing L6 myo-
blasts in conditioned cell supernatants from control mimic
transfected M (LPS þ IFNg) cells caused a significant reduction in
both basal and insulin stimulated glucose uptake compared to
control L6 cells. However, forced expression of miR-16 in mac-
rophages partially restored insulin mediated glucose uptake by
L6 myoblasts in comparison to control mimic transfected M
(LPS þ IFNg) cells (Fig. 4). This is consistent with our observa-
tions that miR-16 inhibited the secretion of TNF-a, IL-6 and IFN-b
(Fig. 2AeC) which are well documented to induce insulin resis-
tance [31,32].
AW 264.7 macrophages were stimulated with LPS and IFNg stimuli for 24 h and total
representing total microRNA profile in Resting and LPS þ IFNg stimulated RAW 264.7
ulated RAW 264.7 cells. (C) Table showing total number of microRNAs differentially
e obtained from profiling analysis. (FeG) miR-155 (F) and miR-16 (G) expression was
cells. miRNA expression was normalized using U6 and expressed relative to untreated
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3.5. miR-16 expressions is down-regulated in high sucrose diet fed
rat tissues

miRNA expression profiles show that miR-16 is ubiquitously
expressed at modest levels in all animal tissues [33]. Since, the
expression of miR-16 was consistently down-regulated in inflam-
mation; we aimed to study the expression profile of miR-16 in
inflammation induced insulin resistance conditions. For this, we
used high sucrose diet (HSD) fed rats as the model system [34,35]
and assessed miR-16 expression in insulin responsive organs. We
observed that miR-16 is significantly down-regulated in metaboli-
cally active rat tissues such as soleus muscle (Fig. 5A), adipose
(Fig. 5B), and liver (Fig. 5C). Further, a significant increase in the
expression of PHLPP was noted (Fig. 5D), a key protein player
involved in regulation of both inflammation [36] and insulin
resistance [37]. We have followed up these observations in C2C12
myoblasts and noticed that miR-16 expression was robustly
reduced in palmitate cultured cells (Fig. 5E) indicating a potential
regulatory role for miR-16 in controlling inflammation mediated
insulin resistance in the peripheral tissues.

3.6. Ectopic expression of miR-16 enhances insulin sensitivity in L6
myoblasts

To further probe the role of miR-16 in insulin sensitivity, we
determined its functional effects on insulin stimulated glucose
uptake. For this, we over-expressed miR-16 in L6 myoblasts and
performed 2-NBDG glucose uptake assay. In comparison to control
cells, we observed that forced expression of miR-16 improved both
basal as well as insulin stimulated glucose uptake suggesting that
miR-16 exerts insulin sensitizing effects on myoblasts (Fig. 6A). To
examine the underlying mechanisms, we studied the expression
levels of GLUT4 andMEF2A, key players in insulinmediated glucose
uptake [38e41]. The degree of inflammation induced insulin
resistance is generally assessed by the rate of glucose disposal from
circulation/medium by GLUT4. It is well documented in literature
that levels of GLUT4 were reduced in TNF-a exposed adipocytes
[42]. Further, we observed that MEF2A levels were also reduced
upon TNF-a stimulation (data not shown). Importantly, the
expression of GLUT4 is in direct control of MEF2 family of tran-
scription factors with a major contribution of MEF2A [40,41,43]. In
addition, in our current data, we observed that basal glucose uptake
levels (in the absence of insulin stimulation) were also enhanced
upon miR-16 over-expression. Considering all this, we analyzed the
expression of GLUT4 and MEF2 isoforms upon miR-16 over-
expression in L6 myoblasts. We noted that GLUT4 and MEF2A
expression levels were significantly up-regulated (Fig. 6B, C) in
miR-16 over-expressing myoblasts; however no significant change
was noticed in the expression of another isoform of MEF2, MEF2C,
(Fig. 6D) demonstrating the specificity of the miR-16. Further, no
change was also observed in the expression pattern of PHLPP1
(Fig. 6E), a crucial player in regulating Akt driven insulin signaling
cascade in peripheral tissues [44]. Parallel experiments using qPCR
confirmed miR-16 over-expression (Fig. 6F). Collectively our data
establishes the role of miR-16 in regulating M (LPS þ IFNg) mac-
rophages driven inflammatory responses and positions it as an
important player in enhancing insulin sensitivity in tissues such as
skeletal muscle.



Fig. 2. Forced expression of miRNA-16 suppresses pro-inflammatory cytokine production. RAW 264.7 cells were transfected with control or miR-16 mimic for 16 h and then treated
with LPS þ IFNg for 10 h and were analyzed for cytokine secretion in the culture supernatants by ELISA. (A) TNF-a, (B) IL-6, (C) IFN-b and (D) IP-10. *p < 0.05 and **p < 0.01
calculated using Student's t-test. NS represents non-significant. (E) iNOS protein levels in the cell lysates were analyzed by western blotting. Beta actin was used as the loading
control. (F) Reactive oxygen species generation at 24 h of M (LPS þ IFNg) stimulation was measured using DCFDA dye by fluorometry. NS represents non-significant (G) Phagocytosis
efficiency was measured after three hours of infection using E. coli strain K-12 by fluorometry. Values are normalized with the corresponding protein content. NS represents non-
significant (H) Over-expression of miR-16 in RAW 264.7 cells post transfection was validated by qPCR. Values were normalized with the corresponding reference gene U6 and
expressed relative to control transfected cell which was set as 1. ***p < 0.001 calculated using Student's t-test.
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Fig. 3. Forced expression of miRNA-16 increases IL-4-induced Arginase-1 mRNA expression levels. RAW 264.7 cells were stimulated with 50 ng/mL of IL-4, miRNA and gene
expression was analyzed by qPCR. (A) miR-16 expression levels were measured at 8 h and 24 h (B) mRNA expression was analyzed at 24 h of IL-4 treatment. (C) RAW 264.7 cells
transfected with control or miR-16 mimic for 16 h and then treated with IL-4 for 24 h and were analyzed for ARG-1, MRC-1, IL-10 and YM-1 expression and presented as fold change
relative to control miRNA mimic. *p < 0.05 and **p < 0.01 calculated using Student's t-test.
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4. Discussion

In this study, we demonstrate that miR-16 plays an important
role in the control of inflammation induced insulin resistance. We
Fig. 4. miRNA-16 relieves inflammation mediated inhibition of glucose uptake by
cultured L6 myoblasts. Mean basal and insulin stimulated glucose uptake was
measured using 2-NBDG by fluorometry in L6 myoblasts after 18 h of incubation with
supernatants obtained from treated RAW 264.7 cells as indicated in the methods.
Values are normalized with the corresponding protein content and expressed relative
to basal control cells which was set as 1. Data (mean ± SD) shown are a representative
of three independent experiments.
provide evidence that the expression of miR-16 is impaired in M
(LPS þ IFNg) polarized macrophages, palmitate exposed myoblasts
and insulin responsive tissues of HSD induced insulin rats. We
further show that ectopic expression of miR-16 in macrophages or
myoblasts exerted insulin sensitizing effects.

In our profiling results, we noted that miR-16 expression was
moderately reduced in M (LPS þ IFNg) macrophages. Such changes
though small in magnitude are likely to have significant effects on
cellular physiology. For instance, microRNA profiling data of
polarized human monocyte derived macrophages (MDMs) pub-
lished recently, also showed similar small magnitude changes
despite robust responses to MDM polarizing conditions [45]. Spe-
cifically, treatment of MDMs or differentiated THP1 with LPS and
IFNg increased the levels of miR-29b by less than 2 fold, however
over-expression of miR-29b significantly increased the expression
of CXCL9, TNF-a and IL-6 in a dose dependent manner. Further, we
have recently shown that a ser/thr phosphatase PHLPP is reduced in
LPS treated immune cells (RAW 264.7 macrophages, THP1, PBMs,
BMDMs) by about 50% [36]. Reducing cellular levels of PHLPP to
about 50% by siRNA robustly augmented iNOS expression reiter-
ating the fact that small changes need not necessarily be inconse-
quential. Although the changes in miRs in our current study and in
Graff et al. [45] are small, they may exert significant effects because
miRs may act in concert with other miRs belonging to same family
or other family (which are also stimulus responsive) and the final
outcome is a balanced effect of all the players involved. Supporting



Fig. 5. miRNA-16 expression is down-regulated in HSD fed rat tissues. Tissues from control diet and high sucrose diet (n ¼ 3) were lysed in trizol and miR-16 expression was
analyzed in (A) soleus muscle, (B) adipose tissue and (C) liver using qPCR. Values were normalized with U6 and expressed relative to control diet which was set as 1. **p < 0.01,
***p < 0.001 and ****p < 0.0001 calculated using Student's t-test. (D) PHLPP mRNA expression in soleus muscle and values are normalized using 18S. *p < 0.05 calculated using
Student's t-test. (E) C2C12 myoblasts were treated with palmitate (500 mM) for 24 h and miR-16 expression was examined by qPCR. Values were normalized with U6 and were
expressed relative to BSA treated C2C12 myoblasts which was set as 1. *p < 0.05 calculated using Student's t-test.
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this possibility, an independent study showed that co-transfection
of miR-16 and miR-15a mimics impaired phagocytic activity of
BMDMs, while in our study, no significant effect on phagocytic
uptake was noted upon miR-16 over-expression alone because a
concerted effect of miR-15a and miR-16 may be probably required
for influencing certain processes such as phagocytosis [46]. It is
possible that the expression change of miR-16 is small (~2e3 fold)
across different cells/tissues under inflammatory conditions in our
study probably because miR-16 is a ubiquitous miRNA and is likely
to have a key role in several physiological process such as cell
proliferation/death and thus any huge alterations in its expression
may be detrimental to the cell.

The role of miR-16 in macrophage maturation along with cancer
progression has been studied at several levels [47e49], but its
function in M (LPS þ IFNg) polarized macrophages has remained
unclear. In a randomized study of coronary artery disease patients,
Satoh et al. noted that the levels of TLR-4 responsive miR-16 were
diminished [50]. Consistent with Satoh et al., co-stimulation with
TLR4 ligand, LPS and IFNg (M (LPS þ IFNg) stimuli) significantly
reduced miR-16 level in our studies. However, current knowledge
about the molecular mechanismmediating the depletion of miR-16
in macrophages and more precisely in TLR-4 activated macro-
phages is unclear. It may be possible that under M (LPS þ IFNg)
stimulation, NF-kb activated STAT3 may act as repressor of miR-16
transcription [51,52].

Our findings are in striking contrast with observations from
certain studies. Zhou et al. treated monocytes with LPS for different
time points and found time dependent increase in miR-16
expression [53]. LPS increased the expression of miR-16 in
BMDMs while it inhibited miR-16 in spleen and had no effect on
mouse lung [54]. Thus, the effect of LPS on miR-16 expression
seems to be complex and context dependent.

miR-16 contains a UAAAUAUU sequence which is complemen-
tary to the 30UTR AREs (AU-rich elements) of mRNAs for inflam-
matory cytokines such as IL-6, and TNF-a [55,56]. Binding of miR-16
to AREs of mRNAs results in destabilization of the targeted mRNAs.
Indeed in this study, we found that miR-16 impairs TNF-a, IL-6 and
IFN-b secretion in M (LPSþ IFNg) activated macrophages. However,



Fig. 6. Ectopic expression of miRNA-16 enhances insulin stimulated glucose uptake by L6 myoblasts. (A) Mean basal and insulin stimulated glucose uptake was measured using 2-
NBDG by fluorometry in L6 myoblasts transfected with control or miR-16 mimic. Values are normalized with the corresponding protein content and expressed relative to basal
control cells which was set as 1. Data (mean ± SD) shown are a representative of three independent experiments. (B) GLUT4, (C) MEF2A, (D) MEF2C, (E) PHLPP expression in miR-16
mimic over-expressed L6 myoblasts was analyzed by qPCR. Values are normalized with the reference gene 18S. **, p < 0.001 and NS represents non-significant calculated using
Student's t-test. (F) miR-16 expression levels were analyzed using qPCR. Values are normalized with the reference gene U6. *p < 0.05 calculated using Student's t-test.

M. Talari et al. / Biochimie 119 (2015) 16e2624
miR-16 appears to have no effect on IP-10 production, iNOS
expression, ROS generation or a phagocytic activity of macro-
phages, indicating that miR-16 regulates specific responses of M
(LPS þ IFNg) macrophages. In addition, miR-16 promoted IL-4-
stimulated arginase-1 expression but showed no effect on other
M (IL-4) markers such as MRC-1, IL-10 and YM-1. These observa-
tions reiterate the fact that different miRNA regulate varied
signaling cascades in M (LPS þ IFNg) or M (IL-4) macrophages.
Supporting this, infection of BMDMs frommice deficient in miR-16
and miR-15a (family member of miR-16) with E. coli enhanced the
expression of IL-1b, IL-6 and IL-21 however exerted no effect on
TNF-a synthesis [46]. Moreover it was observed in the same study
that co-transfection of miR-16 and miR-15a impaired phagocytic
activity of BMDMs, while in our study, no significant effect on
phagocytic uptake was noted upon miR-16 over-expression alone
suggesting that a concerted effect of miR-15a and miR-16 may be
probably required for influencing certain processes such as
phagocytosis [54].

The past decade has seen an unprecedented rise in the
prevalence of obesity and overweight which leads to numerous
complications like type 2 diabetes (T2D), cardiovascular diseases
and even certain types of cancers [57,58]. More importantly, it is
widely accepted that the progression of these diseases is mainly
due to low grade chronic inflammation characterized by an in-
crease in pro-inflammatory macrophage population [59e61].
Growing evidence suggests that miRNA are largely dysregulated in
obesity and obesity associated inflammation [62e64]. Interestingly,
in the current study we observed the expression of miR-16 was
depleted in macrophages and myoblasts exposed to palmitate, a
major driver of inflammation induced insulin resistance [65].
Further the expression of miR-16 was also diminished in insulin
responsive peripheral tissues such as soleus muscle, adipose and
liver of HSD induced insulin resistant rats. Our results agree in part
with findings of the recent study of Olivo-Marston et al. where they
observed that miR-16 expression is decreased in colon mucosa
upon DIO (diet induced obesity) while upon calorie restriction the
expression of miR-16 is enhanced, which is likely to be associated
with inflammation induced colon cancer [66]. We have also
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observed in this study that incubation of L6 myoblasts with the
conditioned supernatants of miR-16 transfected M (LPS þ IFNg)
skewed macrophages partially rescued the insulin stimulated
glucose uptake. Interestingly, miR-16 over-expression in L6 myo-
blasts improved insulin sensitivity of the cells via up-regulation of
GLUT4 and MEF2A expression. Our observations are in agreement
with the findings of Vaag et al. where they noted that miR-16
expression was reduced in L6 cells cultured under high glucose
conditions and in skeletal muscles of T2D patients [67]. Further, the
findings of this study are in line with the observations of Ye et al.
They reported that miR-16 was depleted under high glucose con-
ditions in human retinal endothelial cells, while over-expression of
miR-16 significantly improved the insulin receptor phosphoryla-
tion with a concomitant decrease in inflammatory cytokine TNF-a
[68].

How miR-16 regulates pro-inflammatory responses and en-
hances insulin sensitivity at molecular level? In addition to the
mRNA destabilizing effects of miR-16 [69], miR-15a/16 were
recently shown to target TLR4 expression by regulating PU.1 tran-
scription factor upon LPS or bacterial stimulation leading to
enhanced phagocytosis& ROS production and increased expression
of IL-1b, IL-6 and IL-21 cytokines [46]. In addition, computational
analysis using TargetScan identified several putative targets of miR-
16 that likely explain the effects of miR-16 on M (LPS þ IFNg)
macrophages. These putative targets include TRAF3, IRAK2, TAB3,
LITAF and MAPK pathway players (MEK1, Raf1 and ERK1) which
have a very important role in TLR4/NFkB signaling [70e73]. Further,
although speculative, other possible scenario could be that miR-16
may be down-regulating CCDN1 and Bcl2 expression [74,75].
CCDN1 regulates Cdk4 & Cyclin D/E activity. Recent studies show
that Cdk4/cyclin D/E complex is involved in the regulation of
glucose metabolism [76] and inflammatory responses [77]. Bcl2, an
anti-apoptotic protein, is also reported to associate directly with
insulin receptor substrates (IRS1/2), which has the potential to alter
the insulin signaling [78]. Further Kwon et al. proposed that miR-16
may have a role in insulin/PI3k-Akt signaling cascade [79]. Taken
together, our findings demonstrate that miR-16 has an important
role in controlling macrophage induced inflammation and insulin
sensitivity.

5. Conclusion

In summary, we show that miR-16 improves overall insulin
sensitivity via the attenuation of macrophage mediated pro-
inflammatory responses and augmentation of skeletal muscle in-
sulin sensitivity. Our work demonstrates that restoration of miR-16
expression in M (LPS þ IFNg) macrophages or in skeletal muscle
may ameliorate insulin sensitivity which is beneficial during the
treatment of T2D.
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