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Management of chronic obesity-associated metabolic disor-
ders is a key challenge for biomedical researchers. During
chronic obesity, visceral adipose tissue (VAT) undergoes sub-
stantial transformation characterized by a unique lipid-rich
hypoxic AT microenvironment which plays a crucial role in
VAT dysfunction, leading to insulin resistance (IR) and type 2
diabetes. Here, we demonstrate that obese AT microenviron-
ment triggers the release of miR-210-3p microRNA-loaded
extracellular vesicles from adipose tissue macrophages, which
disseminate miR-210-3p to neighboring adipocytes, skeletal
muscle cells, and hepatocytes through paracrine and endocrine
actions, thereby influencing insulin sensitivity. Moreover, EVs
collected from Dicer-silenced miR-210-3p–overexpressed bone
marrow–derived macrophages induce glucose intolerance and
IR in lean mice. Mechanistically, miR-210-3p interacts with the
30-UTR of GLUT4 mRNA and silences its expression,
compromising cellular glucose uptake and insulin sensitivity.
Therapeutic inhibition of miR-210-3p in VAT notably rescues
high-fat diet–fed mice from obesity-induced systemic glucose
intolerance. Thus, targeting adipose tissue macrophage–
specific miR-210-3p during obesity could be a promising
strategy for managing IR and type 2 diabetes.

Chronic obesity has emerged as a global epidemic of
multifactorial poor health conditions with increasing risk of
various metabolic disorders, including insulin resistance (IR)
and type 2 diabetes (T2D) (1, 2). The obesity-associated sys-
temic metabolic dysfunction influences cellular cross-talk
within the adipose tissue microenvironment (ATenv) that
critically regulates chronic low-grade inflammation in adipose
tissue (AT) (3, 4). Despite extensive research efforts, effective
therapeutic interventions targeting obesity-related metabolic
dysregulation remain a pressing need. Obesity triggers sub-
stantial changes in AT, establishing a unique lipid-rich hypoxic
ATenv (5, 6). This pathophysiological ATenv accelerates
infiltration of immune cells, particularly monocytes, which
* For correspondence: Durba Pal, durba.pal@iitrpr.ac.in.

© 2024 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
differentiate into AT macrophages (ATMs) and switch their
polarity from anti-inflammatory to proinflammatory state
exacerbating AT inflammation and IR by activating the NF-kB
pathway (7, 8). Recent single-cell transcriptomic dataset ana-
lyses have identified ATMs in obese individuals predominantly
of Trem2+ lipid-associated macrophages, CD9+ macrophages,
and other inflammatory macrophages (9–11), all of which play
prominent roles in chronic AT inflammation and IR (12).

Extracellular vesicles (EVs) are small membrane-bound
vesicles secreted by the cells including exosomes
(30–120 nm) and microvesicles (150–1000 nm) that transfer a
wide range of biomolecules to exert their biological functions
(13, 14). Research in this direction demonstrated that EVs play
a key role in exchanging organelles and various biomolecules,
including miRNAs (15–17). A recent study revealed that
exosomes containing miR-155, secreted by obese ATMs,
contribute to IR by targeting peroxisome proliferator-activated
receptor gamma (PPARg), which regulates adipogenesis and
indirectly influences the insulin signaling pathway (18).
Additionally, AT-derived exosomal miR-27b has been impli-
cated in vascular endothelial cell dysfunction, promoting
atherogenesis by silencing PPARg (19). To date, there is no
evidence indicating that environmentally-induced miRNAs
(hypoxamiRs) from obese ATMs have the capability to directly
target molecules in the insulin signaling pathway leading to
systemic insulin resistance.

The present study, for the first time, elucidates the direct
involvement of obese ATenv-induced ATMs-derived miR-
210-3p on the impairment of systemic insulin sensitivity and
glucose homeostasis through silencing insulin signaling
pathway molecule, GLUT4. ATMs dispense miR-210-3p to
neighboring adipocytes through EVs in the lipid-rich hyp-
oxic ATenv, which causes IR and glucose intolerance by
targeting GLUT4 expression. We also found that miR-210-
3p–enriched EVs, secreted from obese ATMs, notably
inhibit insulin sensitivity in the distant skeletal muscle cells
and hepatocytes via endocrine actions. Therefore, specific
inhibition of miR-210-3p in ATMs and/or insulin target cells
could serve as novel therapeutic strategies for managing
obese-induced IR.
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Results

Obesity induces enrichment of miR-210-3p in ATMs-derived
EVs and its delivery to adipocytes

Along with others (12, 18, 20, 21), we also noted an
increased quantum of macrophage population in the visceral
adipose tissue (VAT) of high-fat diet (HFD)-fed mice
compared to standard diet (StndD)-fed mice (Fig. 1, A and B),
determined by staining tissue sections with F4/80 (macrophage
marker) and Pref-1 (preadipocyte marker). Reanalysis of the
publicly available single nuclei sequencing dataset of VAT
from lean and obese human subjects as well as StndD and
HFD mice (GSE176171) (22) revealed a significant increase in
ATM populations both in the VAT samples of obese human
(Fig. 1, C and D) and HFD mice (Fig. 1, E and F). We previ-
ously reported that ATMs of obese VAT profoundly expressed
miR-210-3p expression (23); however, the expression pattern
of miR-210-3p on other prominent cell types like pre-
adipocytes or mature adipocytes in obese ATenv has not yet
been explored. Comparative analysis of miR-210-3p expression
demonstrated significantly higher levels in macrophages than
preadipocytes and adipocytes in obese subjects and HFD mice
in contrast to lean counterparts. (Fig. S1, A and B). A similar
trend was observed in 3T3-L1 preadipocytes, differentiated
adipocytes, and RAW264.7 macrophages when exposed to
hypoxia (H, 1% O2) and lipid (L, 0.75 mM Palmitate) for 16 h
to mimic the pathophysiological obese ATenv (Fig. S1C). All
these observations indicate ATMs, a major component of the
stromal vascular fraction, represent a key cellular source of
miR-210-3p.

To examine the role of ATMs-derived miR-210-3p, we
initially explored the EVs released by ATMs, as recent studies
have suggested that ATMs-derived EVs bolster systemic
inflammation and IR (18, 24). Transmission electron micro-
scopy (TEM) imaging of VAT from HFD mice (16 weeks old)
revealed a substantial presence of EVs within ATMs with some
protruding out from the membrane (Fig. 1G). In addition,
when bone marrow–derived macrophages (BMDMs) were
exposed to hypoxia and lipid, the size of EVs (216.8 ± 54.3 nM)
significantly increased compared to EVs of control untreated
cells (175.1 ± 51.8 nM) (Fig. 1, H and I). The nanoparticle
tracking analyses demonstrated a notable increase in both the
average size and particle density of EVs isolated from
HL-treated cells compared to untreated cells (Fig. 1J). To
comprehend the fusion of ATMs-derived EVs with adipocytes
under pathophysiological conditions, we performed in vitro
coculture experiment of Vibrant DiO-labeled RAW264.7
macrophages on the upper boyden chamber (transwell 0.4 mm
membrane), with differentiated Oil red-O–stained mature
adipocytes in the lower chamber. Interestingly, fluorescence
imaging showed notable uptake of Vibrant DiO dye by adi-
pocytes indicating the delivery of macrophage-specific EVs
(Fig. 1K). Subsequently, to investigate the transfer of miR-210-
3p from macrophage EVs to adipocytes, we cocultured fluo-
rescein amidite (FAM)-conjugated miR-210-3p mimic–
transfected RAW264.7 macrophages with differentiated 3T3-
L1 adipocytes. Fluorescence imaging displayed majority of
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mature adipocytes were FAM positive (Fig. 1L), suggesting the
transfer of macrophage-derived miR-210-3p into adipocytes
via EVs. We validated the isolated EVs from the cell culture
supernatant, animal serum, and patient serum by using the
EV-specific marker CD63 (25). We noted a high abundance of
EVs in the serum of HFD mice, T2D patients, and macro-
phages treated with H+L (Fig. 1M). Further, we measured the
miR-210-3p level in the isolated EVs from H+L-treated mac-
rophages, normalized against U6 RNA as a housekeeping
control. The data revealed approximately a 60-fold increase in
the expression of miR-210-3p in EVs from H+L-treated mac-
rophages compared to the control (Fig. 1N). Similarly, ex vivo
culture of ATMs, isolated from epididymal fat pads of StndD
and HFD mice, demonstrated a significant upregulation of
miR-210-3p in the EVs of HFD mice (Fig. 1O). Moreover, the
magnitude ofmiR-210-3p levels in the systemic circulation was
assessed by extracting serum EVs from StndD and HFD mice
as well as from lean non-diabetic individuals and obese T2D
patients. We observed approximately 6.9-fold and 7.5-fold
increases in miR-210-3p levels in the serum EVs of HFD
mice and obese T2D patients compared to their respective
controls (Fig. 1, P and Q), indicating rise of miR-210-3p–
enriched EVs in systemic circulation during chronic obesity.

ATM-derived miR-210-3p-enriched EVs reduce glucose uptake
in adipocytes by directly silencing GLUT4 expression

To examine the efficacy ofmiR-210-3p–enriched EVs on the
impairment of insulin sensitivity, we treated differentiated
3T3-L1 adipocytes with EVs isolated from RAW264.7 mac-
rophages under normoxic (con) or lipid-rich hypoxic (H + L)
conditions, for 16 h. A significant reduction of glucose uptake
by adipocytes was noticed in response to EVs from the H+L
condition, as indicated by reduced 2-(N-(7-Nitrobenz-2-oxa-
1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) uptake
(Fig. 2A). Moreover, analysis of insulin signaling pathway
molecules activation revealed a considerable downregulation
of GLUT4 expression in adipocytes treated with miR-210-3p–
enriched EVs from the H+L condition (Fig. 2B). These findings
suggest that EVs secreted from H+L-treated macrophages
which encompass higher levels of miR-210-3p substantially
attenuate insulin sensitivity in adipocytes. Additionally, we
observed a significant reduction in GLUT4 expression in adi-
pocytes isolated from the VAT of obese diabetic patients
(Fig. 2C) and HFD mice compared to their respective controls
(Fig. 2D).

To further validate the role of macrophage-derived miR-
210-3p–loaded EVs on adipocytes’ insulin action, RAW264.7
macrophages were transfected with either miR-210-3p mimic
or control mimic and co-cultured with adipocytes. We
observed a significant reduction in insulin-stimulated 2-NBDG
uptake and GLUT4 protein level in adipocytes when exposed
to miR-210-3p mimic–transfected macrophages (Fig. 2, E and
F). In addition, immunofluorescence analysis of GLUT4 pro-
tein expression in miR-210-3p mimic–transfected 3T3-L1
adipocytes demonstrated a considerable reduction in cellular
GLUT4 levels (Fig. 2, G and H). Similarly, a reduction in
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Figure 1. Obese ATMs-derived extracellular vesicles bestow miR-210-3p to adipocytes. A and B, representative immunofluorescence staining of F4/80
(red), Pref1 (green) with DAPI counterstaining in the VAT (eWAT) section of Chow and HFD-fed mice followed by confocal microscopy (A) and quantification
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cellular GLUT4 levels in response to miR-210-3p mimic
transfection was observed in C2C12 skeletal muscle cells
(Fig. 2, I and J).

Several reports have highlighted the role of EV miRNAs
secreted from ATMs in the pathophysiology of metabolic
diseases (18, 26, 27). Therefore, to rule out the involvement of
other miRNA species in the EVs of macrophages in inducing
adipocyte IR, we first silenced Dicer expression in BMDMs
using siRNA, followed by the delivery of either control mimic
locked nucleic acid (LNA) or miR-210-3p mimic LNA.
Knockdown of Dicer expression was validated by RT-qPCR
analysis (Fig. S2A). As expected, the gene expression analyses
revealed a striking increase of miR-210-3p with no sign of
other miRNA species like miR-27a-3p, miR-126, and miR-
200b-3p in the EVs isolated from Dicer-silenced miR-210-3p
mimic–transfected macrophages (Fig. S2, B and C). We treated
adipocytes with those EVs isolated from miR-210-3p mimic–
transfected Dicer-silenced BMDMs, where a significant
reduction of 2-NBDG uptake was observed (Fig. 2K) along
with the depletion of GLUT4 protein expression (Fig. 2L),
indicating the potential role of macrophage EVs-associated
miR-210-3p in impairing insulin-stimulated glucose uptake
in adipocytes.

To investigate the direct involvement of miR-210-3p in the
insulin signaling pathway, we conducted a search for putative-
binding sites of miR-210-3p on the insulin signaling pathway
molecules. Analysis of the miRWALK database search revealed
multiple molecular targets of miR-210-3p, including GLUT4
and different isoforms of IRS (IRS1, IRS2, and IRS4) which
display a critical seed sequence necessary for miR-210-3p
binding (Fig. 2, M and N). We validated this finding by
transfecting control mimic or miR-210-3p mimic into adipo-
cytes. Interestingly, our findings reveal that while GLUT4
expression is significantly silenced in miR-210-3p mimic–
transfected adipocytes compared to control mimic-
transfected cells, there is no notable change in the expres-
sion of different IRS isoforms (Fig. 2O). This could be attrib-
uted to the position of the miR-210-3p target seed sequence in
these genes, as the 30UTR of GLUT4, CDS of IRS2, and 50UTR
of IRS1 and IRS4 contain the miR-210-3p target sequence.
Additionally, we calculated the minimum free energy (−31.5
kCal/mol) required for the interaction between GLUT4 30UTR
analyses (B). Scale bar represents 50 mm. C and D, uniform manifold approxima
and macrophages from the reanalysis of publicly available sn-Seq data; seque
fication of the projected cells. E and F, uniform manifold approximation and
mature adipocytes, and macrophages from the reanalysis of publicly available
mice followed by quantification of the projected cells. G, representative images
(Adi) in the obese ATenv. Transmission electron microscopic (TEM) images of
images of EVs isolated from primary culture of mouse bone marrow–derived m
0.05 by Student’s t test. J, visualization of control and H + L–treated macrophag
showing Vibrant DiO staining in macrophages cocultured with 3T3-L1 adipocy
represents 20 mm. L, representative image showing FAM-conjugated miR-210
transwell setup and fluorescence imaging showed the presence of miR-210-3
represents 50 mm. M, Western blot analysis showing CD63 expression in equa
culture supernatant, from StndD or HFD mice serum and ND or DM patients’
macrophage-secreted EVs (n = 3); **p < 0.01 by Student’s t test. O, qRT-PCR
F4/80+ ATMs from VAT of StndD and HFD mice (n = 4); **p < 0.01 by Student’
from the serum of StnD and HFD mice (P) (n = 4); **p < 0.01; ND and DM indiv
as mean ± SD; n = 3 to 16; *p < 0.05, **p < 0.01, ****p < 0.0001 (Stude
macrophage; DM, obese diabetic; FAM, fluorescein amidite; HFD, high-fat diet
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and miR-210-3p using the RNAhybrid webserver (Fig. 2P). To
confirm the binding of GLUT4 30UTR with miR-210-3p, we
performed the GLUT4 30UTR luciferase reporter assay. WT-
or mutated (MUT)-GLUT4 30UTR luciferase plasmids were
cotransfected with either control mimic or miR-210-3p mimic
in 3T3-L1 adipocytes. Delivery of miR-210-3p mimic signifi-
cantly repressed WT-GLUT4 30UTR luciferase activity in
comparison to control mimic-transfected cells, whereas,
MUT-GLUT4 luciferase activity remained unaffected in miR-
210-3p mimic–transfected cells (Fig. 2Q), indicating a direct
involvement of miR-210-3p binding with GLUT4 30UTR.
Obese ATMs-derived miR-210-3p-loaded EVs promote glucose
intolerance and potentiate systemic IR

To validate our findings in vivo, we administered Vibrant
DiO-labeled EVs isolated from Dicer-silenced BMDMs trans-
fected with either control or miR-210-3p mimic LNAs to
C57BL/6 lean mice via intravenous injection (2 × 106 particles/
mouse) once every 3 days for 20 days (Fig. 3A). A considerable
accumulation of Vibrant DiO-labeled EVs (Fig. S3A) along
with a profound increase of miR-210-3p levels (Fig. S3B) was
noticed in the VAT, skeletal muscle, and liver, without any
significant changes in body mass (Fig. S3C). Moreover, mice
administered with labeled EVs exhibited impaired glucose-
and insulin-tolerance as indicated by glucose tolerance test
(GTT) and insulin tolerance test (ITT) analyses (Fig. 3, B and
C). Furthermore, homeostatic model assessment for insulin
resistance (HOMA-IR) analysis demonstrated a substantial
induction of IR (Fig. 3D). Administration of these EVs in lean
mice resulted in adipocyte hypertrophy (Fig. S3D) along with a
notable decrease in GLUT4 gene and protein expression in the
VAT, skeletal muscle, and liver (Figs. 3, E–G and S3E). Taken
together, these results highlight GLUT4 as a key molecular
target of miR-210-3p affecting insulin sensitivity. All these
results indicate that in vivo delivery ofmiR-210-3p–loaded EVs
promotes glucose intolerance and IR in mice through the
paracrine and endocrine actions on the VAT, skeletal muscle,
and liver. For direct evidence, we administered FAM-
conjugated control or miR-210-3p mimic LNAs loaded in
invivofectamine, to lean mice via intravenous injections six
times over 21 days at regular intervals (Fig. 3H). Fluorescence
tion and projection (UMAP) of adipose progenitor cells, mature adipocytes,
nced all cells of VAT in healthy and obese individuals followed by quanti-
projection (UMAP) and relative fraction of adipose progenitor cells (ASPC),
sn-Seq data; sequenced all cells of VAT in standard diet (StndD) and HFD fed
showing ATM (MF) releases extracellular vesicles (EVs) uptake by adipocytes
visceral adipose tissue (VAT) section of the obese HFD mice. H and I, TEM
acrophages (BMDMs) cotreated with H + L and mean size quantification *p <
e released EVs on NanoSight LM10 with size analysis. K, representative image
tes in transwell setup. Adipocytes were stained with oil red o dye. Scale bar
-3p mimic transfected macrophages cocultured with 3T3-L1 adipocytes in
p-FAM to adipocyte. Adipocytes were stained with oil redo dye. Scale bar
l amount of EVs isolated from control and H + L–co-incubated macrophage
serum. N, miR-210-3p expression analyses in control and H + L–incubated
analyses of miR-210-3p in EVs isolated from the primary culture of sorted
st test. P and Q, miR-210-3p expression in the serum-containing EVs isolated
iduals (Q) (n = 14–16); ****p < 0.0001 by student’s t test. Data are expressed
nt’s t test). ATenv, adipose tissue microenvironment; ATM, adipose tissue
; ND, non-obese non-diabetic; StndD, standard diet.
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Figure 2. Loss of glycemic homeostasis associated with direct suppression of GLUT4 mediated by obese ATMs-driven miR-210-3p. A, insulin-
stimulated glucose uptake was monitored by measuring 2-NBDG in the cell lysate of adipocytes, incubated with control, and H + L–treated BMDM
released EVs. (n = 3); ****p < 0.0001. B–D, Western blot analysis and quantification of GLUT4 protein expression in adipocytes exposed with control or H +
L–incubated BMDM EVs (B); adipocytes isolated from VAT of ND and DM patients (C); adipocytes isolated from VAT of SD and HFD mice (D). E, glucose
uptake in the presence or absence of insulin stimulation in control mimic or miR-210-3p mimic transfected adipocytes (n = 3); ***p < 0.001. F, Western blot
analysis showed GLUT4 expression in adipocytes transfected with control mimic and miR-210-3p mimic (n = 3), (n = 3); **p < 0.01 by Student’s t test. G and
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imaging and RT-qPCR analysis revealed increased localization
and abundance of miR-210-3p in the VAT, skeletal muscle,
and liver of mice administered with labeled miR-210-3p LNA
with no change in body weight (Fig. S3, F–H). These mice
exhibited disrupted systemic glucose homeostasis and insulin
responsiveness (Fig. 3, I and J).

Further, we evaluate the efficacy of miR-210-3p mimic LNA
administration on GLUT4 expression in insulin target tissue of
C57BL/6 lean mice. A striking reduction of GLUT4 mRNA
(Fig. 3K) and protein (Fig. 3, L and M) expressions were
noticed in the VAT, skeletal muscle, and liver of mice
administered withmiR-210-3pmimic LNA. Interestingly, H&E
staining and GLUT4 immunostaining of the VAT displayed
enlarged adipocytes which coincided with subdued expression
of GLUT4 in miR-210-3p mimic LNA-administered mice
(Fig. S3, I and J). Collectively, these findings indicate that
macrophage EVs-derived miR-210-3p localizes to insulin
target tissues and contributes to systemic glucose intolerance
and IR.
Targeted inhibition of miR-210-3p in VAT rescue obese HFD
mice from glucose intolerance and IR

To examine the therapeutic potential of anti-miR-210-3p in
alleviating obesity-induced impairment of IR, we delivered
invivofectamine-encapsulated FAM-labeled control inhibitor
LNAs or miR-210-3p inhibitor LNAs directly to the VAT of
HFD-fed obese mice for a period of 14 days followed by the
collection of serum and tissue samples (Fig. 4A). The HFD
mice exhibited a substantial decrease in GLUT4 expression in
the VAT, skeletal muscle, and liver, compared to StndD mice
(Fig. S4, A–C). The presence of FAM-labeled miR-210-3p in-
hibitor LNA was confirmed in the VAT, skeletal muscle, and
liver (Fig. S4D) which correlated with reduced adipocyte hy-
pertrophy in the VAT of miR-210-3p inhibitor LNA-
administered HFD mice (Fig. 4B). Administration of miR-
210-3p inhibitor LNAs in the VAT of HFD mice led to a
notable increase in GLUT4 levels in the VAT (Fig. 4, C–F),
skeletal muscle (Fig. S4, E and F), and liver (Fig. S4, G and H),
which coincided with a subdued level of miR-210-3p in the
VAT, EVs released by ATM, and in the serum EVs (Fig. 4, G–
I). VAT-specific delivery of miR-210-3p inhibitor LNA-
enriched EVs significantly improved systemic glucose toler-
ance and insulin sensitivity in HFD mice as evidenced by GTT,
ITT, and HOMA-IR analyses (Fig. 4, J–L). Overall, our findings
H, GLUT4 immunofluorescence imaging (G) and quantification analyses (H) in
Scale bar represents 10 mm. **p < 0.01 by Student’s t test. I and J, immun
transfected with control mimic or miR-210-3p mimic (I) and quantification ana
glucose uptake assay (K) and western blotting analyses of GLUT4 (L) in adip
cocultured with Dicer-silenced macrophage transfected with control mimic
student’s t test. M, miRNA target prediction analyses using miRWALK databas
molecule. N, mRNA expression analyses of predicted targets GLUT4, IRS1, IRS2,
3), **p < 0.01, ns-not significant, by student’s t test. O, the putative-binding sit
30-UTR site of GLUT4. P, RNAhybrid webserver was used to predict the minim
teractions. Q, luciferase activity in adipocytes transfected with WT or mutated (m
mimic (n = 3). **p < 0.01 by Student’s t test. Data are expressed as means ± SD;
test and two-way ANOVA). 2-NBDG, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)
marrow-dervied macrophage; Con mimic, control mimic; EVs, extracellular vesic
ns, not significant.
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highlight miR-210-3p as a promising therapeutic candidate for
addressing obesity-induced IR and T2D.

Discussion

Obesity-induced pathophysiological ATenv allows massive
ATM infiltration and alteration of their polarity towards a
proinflammatory state contributing to chronic AT inflamma-
tion and insulin resistance (21, 23). It has been shown that the
alteration of the miRNA profile in the adipose tissue play a
critical role in modulating insulin signaling pathway during
obesity. Reportedly, miR-128, miR-103, miR-107, and miR-26b
were identified as altered miRNAs in adipocytes, influencing
insulin sensitivity (28–30). Of these, miR-128 increases spe-
cifically in adipocytes under hypoxic conditions which atten-
uates insulin sensitivity by suppressing insulin receptor
expression (28). However, these studies primarily focused on
adipocyte-specific miRNAs and their effect on insulin sensi-
tivity without considering (i) other environmental factors like
lipid content and hypoxia, (ii) diverse cell sources such as
ATMs or other stromal cell populations, and (iii) their active
participation in systemic insulin resistance.

miRNAs have the potential to target multiple mRNA mol-
ecules, while several miRNAs can target a single mRNA spe-
cies (31). Additionally, miRNAs are often packaged and
transported to distant organs via EVs and can modulate the
function of other cell types (13, 16, 32, 33). Macrophages, the
most abundant stromal cells in adipose tissue, are known to
secrete varied sizes of EVs, including exomeres, exosomes, and
microvesicles that contribute to adipose tissue dysfunction and
inflammation (18, 26, 34, 35). For instance, microvesicles
released from M1-type pro-inflammatory macrophages induce
insulin resistance in primary human adipocytes by activating
the NF-kB signaling pathway and downregulating GLUT4
translocation (36). Recent studies have shown that lean
insulin-sensitive mice readily develop systemic insulin resis-
tance and glucose intolerance when exposed to exosomes
(Exos) derived from the ATMs of obese mice, whereas an in-
verse effect was observed in obese insulin-resistant mice
exhibiting improved insulin sensitivity when administered with
ATMs-derived Exos from lean insulin-sensitive mice (18, 37).
It has now been widely recognized that a substantial disparity
in the quantity of differentially expressed miRNAs between the
ATMs and ATMs-derived exosomes from lean and obese
mice/subjects (38, 39). Analysis of ATMs-derived Exos from
obese mice revealed significant upregulation of miR-155, a
adipocytes transfected with control mimic and miR-210-3p mimic (n = 3).
ofluorescence image showing GLUT4 migration in murine myoblast cells
lysis (J) (n = 3); **p < 0.01, ns= not significant, by two-way ANOVA. K and L,
ocytes under the presence or absence of insulin stimulation in adipocytes
or miR-210-3p mimic. Quantification analyses, (n = 3), ****p < 0.0001 by
e search analysis showed miR-210-3p targets for insulin signaling pathways
IRS4 in adipocytes transfected with control mimic or miR-210-3p mimic, (n =
e of GLUT4 with miR-210-3p and seed sequence of miR-210-3p and mutated
um free energy (mfe) of GLUT4 mRNA transcripts and miRNA-210-3p in-
ut1 and mut 2) GLUT4 plasmid constructs and control mimic or miR-210-3p
n = 3–5; *p < 0.05, **p < 0.01, ***p < 0.001, ns = non-significant (Student’s t
Amino)-2-Deoxyglucose; ATM, adipose tissue macrophage; BMDM, bone
les; EV, extracellular vesicle; H, hypoxia; L, lipid; ND, non-obese non-diabetic;
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Figure 3. miR-210-3p–enriched EVs of obese ATMs promote glucose intolerance and insulin resistance in vivo. A, schematic diagram showing
standard diet–fed C57BL/6 mice administered with EVs isolated from Dicer-silenced macrophages transfected with control mimic and miR-210-3p mimic via
an intravenous route with a regular interval for 21 days before termination of the experiment. B–D, glucose tolerance test (GTT) (B), insulin tolerance test
(ITT) (C), and HOMA-IR (D) analyses were performed in StndD fed–mice injected with EVs isolated from Dicer-silenced macrophage transfected with control
mimic LNA or miR-210-3p mimic LNA (n = 4). *p < 0.05, **p < 0.01, ns-non-significant by two-way ANOVA and **p < 0.01 unpaired Student’s t test. E–G,
GLUT4 mRNA expression analyses (E), western blotting (F), and quantification analyses (G) in visceral adipose tissue (AT), Liver, and skeletal muscle (SM) in
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major contributor to glucose intolerance by suppressing
PPARg (18). However, despite these findings, the study did not
pay attention to adipose tissue environmental cues like hyp-
oxia; thus, we are interested to know about lipid-rich hypoxic
ATenv-induced ATM-specific hypoxamiRs and their roles in
insulin resistance during obesity. To date, hypoxamiRs that
could directly target insulin signaling pathway molecules have
not been revealed. In our previous study, we identified that
miR-210-3p, out of many hypoxamiRs, has been greatly
increased in the ATMs of obese mice, playing a crucial role in
inflammation by targeting the SOCS1–NF-kB pathway (23).
The present study delves into how the lipid-enriched hypoxic
ATenv in obesity drives the pathogenesis of insulin resistance
and glucose intolerance through the release and delivery of
miR-210-3p–loaded EVs from ATMs to insulin target cells
such as adipocytes, skeletal muscle cells, and hepatocytes via
paracrine and endocrine actions. EVs isolated from the ATMs
of obese T2D patients and HFD mice are highly enriched with
miR-210-3p compared to the lean nondiabetic subjects or
StndD mice.

To examine the exclusive role of ATMs-derived miR-210-
3p–loaded EVs in disrupting insulin signaling pathway, we
have performed various experiments that evidenced that EVs
isolated from miR-210-3p–transfected Dicer-silenced BMDMs
promote glucose intolerance and insulin insensitivity in lean
mice by reducing GLUT4 expression in the VAT, skeletal
muscle, and liver. This experimental design was influenced by
the previous study of AT-derived circulatory miRNAs using
AT-specific Dicer KO mice, which exhibited dysfunction in
miRNA processing and a reduction of AT-specific overex-
pressed miRNAs such as miR-201, miR-222, miR-221, miR-16
(39). This article established the role of adipose tissue as a
major repertoire for EVs-enriched miRNAs found in circula-
tion. Our findings, obtained by administering miR-210-3p–
enriched EVs from the Dicer-silenced BMDM to the lean mice,
nullify the involvement of any other miRNAs in ATMs-derived
EVs in obesity-induced insulin resistance. However, to confirm
miR-210-3p0s role in regulating cellular insulin sensitivity, we
monitored glucose uptake in adipocytes transfected with the
miR-210-3p mimics. A notable reduction in insulin-stimulated
glucose uptake was noticed in adipocytes post miR-210-3p
mimic transfection, clarifying the direct participation of miR-
210-3p on insulin resistance. Bioinformatic analyses revealed
multiple molecules, including GLUT4, in the insulin signaling
pathway that could be targeted by miR-210-3p. The 3T3L1
adipocytes transfected with miR-210-3p mimic exhibited
reduced expression and translocation of GLUT4, an essential
molecule within the insulin signaling pathway (40), suggesting
a possible direct targeting of GLUT4 by miR-210-3p. Due to
standard diet–fed C57BL/6 mice administered with Dicer-silenced macrophag
intravenous route in regular intervals for 21 days (n = 4), **p < 0.01, ***p< 0.00
mimic or miR-210-3p mimic LNA intravenous injection in regular intervals for 21
test (J) were performed in standard diet–fed mice administered with control m
of 21 days, (n = 4), *p < 0.05, **p < 0.01, ***p < 0.001, ns non-significant
quantification analyses (M) of GLUT4, in standard diet–fed C57BL/6 mice injec
route in regular intervals for 21 days, (n = 4), **p < 0.01, ***p < 0.001, ****p <
adipose tissue macrophage; EV, extracellular vesicle; HOMA-IR, homeostatic
standard diet.
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miR-210-3p0s heightened efficacy in suppressing the GLUT4
molecule, we conducted a luciferase assay, which demon-
strated direct binding of miR-210-3p to the 30UTR of GLUT4
mRNA. This binding resulted in the suppression of GLUT4
expression in adipocytes, consequently reducing cellular in-
sulin responsiveness and glucose uptake. Moreover, delivery of
invivofectamine-encapsulated miR-210-3p LNA to lean mice
notably exacerbates metabolic dysfunction as indicated by the
impaired glucose- and insulin-tolerance test, which, coupled
with the significant reduction in GLUT4 expression in the
VAT, skeletal muscle, and liver. Hence, our study unveils a
novel mechanism in which EVs carrying miR-210-3p from
obese ATMs contribute to systemic insulin resistance, poten-
tially linked to glucose intolerance.

Further, the intervention study assessed the therapeutic
potential of anti-miR-210-3p LNA by delivering it to the VAT
of HFD mice. Surprisingly, we discovered the anti-miR-210-3p
administration conducive to the amelioration of metabolic
health with improved glucose tolerance and insulin sensitivity.
Mice treated with anti-miR-210-3p showed increased expres-
sion of GLUT4 in the VAT, liver, and skeletal muscle. Thus,
inhibiting miR-210-3p in the VAT could serve as a promising
therapeutic strategy to combat obesity-induced systemic
glucose intolerance and insulin resistance. However, further
studies on ATM-specific miR-210-3p–deficient transgenic
animal models will provide direct evidence of miR-210-3p role
in the understanding of disease progression, which is a po-
tential limitation of our study.

In summary, our findings demonstrated that miR-210-3p–
enriched EVs secreted from the ATMs of obese VAT travel to
adipocytes, skeletal muscle, and liver via paracrine and endo-
crine actions and induces systemic IR and glucose intolerance
by directly targeting GLUT4, a key molecule in the insulin
signaling cascade. In contrast, the delivery of anti-miR-210-3p
LNA rescues obese HFD mice from the pathophysiological
state of glucose intolerance by improving insulin sensitivity in
target tissues. Thus, our study uncovers the direct role of
ATM-derived miR-210-3p–enriched EVs in causing systemic
IR and could serve as a potential therapeutic target for man-
aging T2D.
Experimental procedures

Primary cells

For mouse BMDMs, we surgically removed the femur and
tibia from 8 to 10 weeks C57BL/6J mice in a sterile environ-
ment, and flushed out bone marrow cells, and differentiated
into BMDM following literature 20. Briefly, epiphyses from
bone marrow were removed and were gently washed with 2 ml
e exosomes having control mimic LNA or miR-210-3p mimic LNA via the
1, ****p< 0.0001 by two-way ANOVA. H, schematic diagram showing control
days in C57BL/6 mice. I and J, glucose tolerance test (I) and insulin tolerance
imic LNA and miR-210-3p mimic LNA with each 3 days interval in the period
by two-way ANOVA. K–M, qRT-PCR analyses (K), immunoblotting (L), and
ted with control mimic LNA or miR-210-3p mimic LNA via the intravenous
0.0001 two-way ANOVA. Data are expressed as means ± SD; n = 3 to 4. ATM,
model assessment for insulin resistance; LNA, locked nucleic acid; StndD,
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Figure 4. miR-210-3p inhibition rescue DIO mice from glucose intolerance and insulin resistance. A, schematic diagram showing control inhibitor LNA
or miR-210 inhibitor LNA administration in the visceral adipose tissue of 12 weeks HFD mice. B, H&E staining of VAT section of control inhibitor LNA or miR-
210 inhibitor LNA-treated HFD mice. Scale bar represents 200 mm. C and D, immunofluorescence imaging (C) and fluorescent intensity quantification
analyses (D) of GLUT4 (green), and FABP4 (red) in the VAT section of control inhibitor LNA and miR-210 inhibitor administered HFD mice, (n = 4), *p < 0.05,
***p < 0.001, ns = not significant. Scale bar represents 200 mm. E and F, GLUT4mRNA expression analyses (E) and western blotting (F) analyses in the visceral
adipose tissue (VAT) of control inhibitor LNA or miR-210 inhibitor LNA-treated HFD mice, (n = 4), **p < 0.01 by Student’s t test. G, miR-210-3p expression in
the visceral adipose tissue of control inhibitor LNA or miR-210 inhibitor LNA mice (n = 4). H,miR-210-3p expression in the ATM-derived EVs isolated from the
VAT of control inhibitor or miR-210-3p inhibitor LNA–administered HFD mice (n = 4), ****p < 0.0001 by Student’s t test. I, miR-210-3p expression in the EVs
isolated from the serum of control inhibitor LNA and miR-210-3p inhibitor LNA–administered HFD mice, (n = 4), *p < 0.05 by Student’s t test. J–L, glucose
tolerance test (GTT) (J), insulin tolerance test (ITT) (K), and HOMA of insulin resistance (HOMA-IR) (L) analyses were performed in HFD mice injected with
control inhibitor LNA or miR-210 inhibitor LNA (n = 4). *p < 0.05, **p < 0.01, ns= not significant by two-way ANOVA and *p < 0.05 by student’s t test. Data
are expressed as means ± SD. ATM, adipose tissue macrophage; EV, extracellular vesicle; HOMA-IR, homeostatic model assessment for insulin resistance;
LNA, locked nucleic acid.
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of PBS, 2 to 3 times. The bone marrow cells were collected in a
50 ml tube followed by centrifuge at 200g for 5 min at 4 �C.
Cell pellets were resuspended with chilled RBC lysis solution
for 5 min followed by centrifuge at 200g for 5 min at 4 �C. The
BM cell pellet was further resuspended in a growth media
(Dulbecco’s modified Eagle’s medium (DMEM) high glucose
J. Biol. Chem. (2024) 300(6) 107328 9
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with 10% HI-FBS, 1% Pen-Strep) containing 1 ng/ml
mouse M-CSF1 recombinant protein and passed through a
100 mM sterile cell strainer to remove debris and macro-
particles. Cells were seeded in a 6-well plate with 0.5 ×
106 cells per well and 3 × 106 cells in a 100 mm dish, cultured
for 6 days before further experiments.

We cultured ATMs (F4/80+), sorted from the stromal
vascular fraction, which was isolated from the visceral adipose
tissue of lean and obese mice following Collagenase I digestion.
The sorting of macrophages was performed in BD FACS Aria
Cell Sorter (Franklin Lakes). The macrophages were cultured
in RPMI 1640 supplemented with 10% fetal bovine serum
(FBS) and 1% Penicillin-Streptomycin Solution at 37 �C in a
humidified atmosphere with 5% CO2 before isolation of EVs
released from these cells. All treatments were given in serum
and antibiotics-free media, and EVs isolation from these cul-
tures was performed in cells having fresh serum and
antibiotics-free media, changed at least 16 h before termina-
tion of the experiment.

Cell lines

3T3-L1 cells were cultured in a growth medium, containing
DMEM supplemented with 10% bovine calf serum and 1%
Penicillin-Streptomycin Solution. 3T3-L1 preadipocytes were
differentiated into adipocytes following chemically induced
differentiation protocol of ATCC, such as medium containing
DMEM with high glucose, HI-FBS, 1.0 mM dexamethasone,
0.5 mM IBMX, and 1.0 mg/ml insulin were added upon full
confluency. Later on, the differentiation medium was replaced
by adipocyte maintenance medium containing DMEM with
high glucose, 10% HI-FBS, and 1.0 mg/ml insulin. C2C12
myoblast cells were cultured inDMEM, supplementedwith 10%
HI-FBS and 1% Penicillin-Streptomycin Solution. RAW264.7
macrophage cells were cultured in DMEM supplemented with
10% FBS and 1% Penicillin-Streptomycin Solution at 37 �C in a
humidified atmosphere with 5% CO2.We incubated RAW264.7
macrophages with a fixed concentration of palmitate (0.75 mM)
and exposed them to hypoxia condition (1%O2 and 5%CO2) for
different time periods in the Heracell VIOS 160i incubator.

Animals

WT C57BL/6J male mice aged 4 to 5 weeks and weighed 18
to 22 g were kept in the NIPER Mohali animal house facility
for 5 to 6 days in 12 light/dark cycle at 23 �C ± 2 deg. C with
relative humidity 55 ± 5% and fed with normal pellet diet and
water ad libitum. For the development of a diet-induced obese
and insulin resistance model, C57BL/6J mice were fed with
HFD pellets having 60% kcal of fat for 12 weeks. All other mice
were fed with provide StndD having 10% kcal of fat for
12 weeks. All experimental animals have free access to steril-
ized water and food. The blood glucose level has been
measured regularly with Accu-Chek glucometer (Roche). Mice
fed with HFD diet for 12 weeks were considered for anti-miR-
210-3p LNA delivery. Briefly, mice were anesthetized by low-
dose isoflurane inhalation as per standard recommendations.
We then created a small incision on the abdominal site and
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took out the epididymal fat pads from the abdominal cavity. A
total of 100 nMmiRCURY LNA miRNA power inhibitor/(anti)
mmu-miR-210-3p or miRCURY LNA control inhibitor was
injected in ten different sites on both sides of the abdominal
visceral WAT. The skin layer was stitched carefully using
Ethicon absorbable surgical suture. On day 14 of post-surgery,
animals were utilized for different experiments.

We have evaluated the role of miR-210-3p on the devel-
opment of insulin resistance by administering nanoparticle-
encapsulated control mimic or FAM-conjugated miR-210-3p
mimic (2.5 mg/kg bw) in the tail-vein of lean StndD-fed mice
for 6 times in the span of 21 days. The dose for each injection
was 5 nmol of mimic/mice. In the termination of experiments,
we harvested epididymal fat pads, Liver, and skeletal muscle to
visualize the presence of fluorescent-conjugated mimic.

To decipher the role, miR-210-3p–loaded EVs of 8 weeks
aged C57BL/6J mice fed with StndD were intravenously
administered with BMDMs-derived extracellular vesicles (2 ×
106 EVs per animal) particles with an interval of 3 days for
21 days (total 6 times). To isolate EVs, BMDMs were co-
transfected with Dicer siRNA and control mimic or Dicer
siRNA and miR-210-3p mimic followed by the collection of
conditioned media and EVs isolation. To monitor the in vivo
trafficking of EVs, BMDMs were stained with Vibrant DiO
(Invitrogen) before EVs isolation. Fluorescent-labeled EVs
were isolated, purified, and administered through tail-vein
injection in mice. The confirmation was done by taking out
biopsies of VAT, Liver, and skeletal muscles.

We measured the body weight of the animals regularly and
determined the GTT by measuring blood glucose levels before
and after oral gavages of 1 g glucose/kg bw at the indicated
time points before the termination of all of the animal ex-
periments. Similarly, ITT was performed by injecting 1 IU
insulin/kg bw. We have used the following formula to calculate
the HOMA-IR: fasting insulin level (microU/L) × fasting
glucose level (nmol/l)/22.5 (41). For histochemistry analyses, a
small portion of harvested tissues were freshly frozen followed
by cryosectioning.

All animal experiments were performed following the
guidelines prescribed by and with the approval of the Insti-
tutional Animal Ethics Committee NIPER Mohali, Punjab.
Human participants

A total of 13 men and 17 women have participated in this
study. The study population was categorized into two groups
based on BMI and blood glucose level. Study subjects having
BMI 18 to 25 kg m–2 with fasting blood glucose level <85 were
considered as lean non-diabetic group (n = 16) whereas pa-
tients with BMI >30 kg m–2 and fasting blood glucose level
>120 were considered as an obese diabetic group (n = 14) as
presented in the Table S2. In this study, surgically dissected
visceral adipose tissue samples and blood samples were
collected from the patients who were admitted to the Day-
anand Medical College & Hospital, Ludhiana, Punjab and
underwent abdominal surgery. The study protocol for the use
of human blood and tissue samples was approved by the
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Institute Ethics Committee, Dayanand Medical College &
Hospital, Ludhiana, Punjab. We have obtained written
informed consent from all participants in this study. The hu-
man study described in our manuscript adheres to the prin-
ciples outlined in the Declaration of Helsinki.

Extracellular vesicle experiments

Isolation and characterization

The macrophage (BMDMs or RAW264.7) cultured media
was collected for EV isolation. After 48 h of transfection ex-
periments, the complete media was replaced with serum and
antibiotics-free media and kept for 16 h for EVs isolation using
EV isolation kit. Prior to initiating the isolation process, the
conditioned media were centrifuged at 3000g for 15 min and
the supernatant was transferred to a fresh tube to remove cells
and debris. We have isolated EVs from serum samples of both
humans and mice using the ExoQuick ULTRA kit following
manufacturer’s protocol.

Nanoparticle tracking analyses

After isolation and purification of EVs, it was subjected to
concentration and size analyses using Nanosight LM10 NTA
analyses these vesicles using (Malvern Instruments).

Transmission Electron Microscopy

We measured the size of EVs by performing TEM. Briefly,
the purified EVs were fixed using 2% paraformaldehyde for
5 min at room temperature. Five to seven microliters of exo-
somal suspension was loaded onto the carbon-coated copper
grid and incubated for 1 min, followed by staining using 2% of
uranyl acetate solution on the surface of the EM grid by sy-
ringe. The excess staining solution was removed using filter
paper & rinsed the grid with a drop of water & the grid was
subjected to drying for 30 min & then examined by using TEM
(Model TF-20), FEI, at NIPER, S.A.S Nagar, Punjab.

RNA and protein isolation from EVs

EVs isolated from cell culture media or serum with a par-
ticle number of 3 × 106 – 5 × 106 were considered for miRNA
isolation and 1 × 107 – 1 × 108 EVs were considered for
protein isolation using total exosome RNA and protein isola-
tion kit following manufacturer protocol.

TEM of tissue sections

The experiment was performed following protocol reported
earlier (42). Briefly, a small portion of adipose tissue was
subjected to fixation using 2.5% phosphate-buffered glutaral-
dehyde for at least 1 h at room temperature, followed by post-
fixation using 1% osmium tetraoxide for 1 h. The samples are
subsequently washed using PBS to remove the traces of
osmium tetraoxide. The samples were dehydrated in ethanol,
followed by propylene oxide, and then embedded in epoxy
resin. The samples were sectioned using the glass knife and
contrast stained using 4% uranyl acetate. These thin sections
were placed on the copper grid & then were examined by using
TEM (Model TF-20), FEI, at NIPER, S.A.S Nagar, Punjab,
India.

miR-210-3p mimic transfection

For transfection of miR-210-3p mimic and control mimic,
LipofectamineRNAiMAX transfection reagent was used ac-
cording to the manufacturer’s protocol. Briefly, BMDM,
RAW264.7 macrophages, or 3T3-L1 adipocytes(differentiated)
were cultured in a 6-well plate in an antibiotic-free complete
growth medium prior to transfection. For each well, 50 nM of
miR-210-3p mimic/control mimic in Lipofectamine RNAi
MAX reagent was added separately into the OptiMEM serum-
free medium. Both these solutions were mixed and incubated
for 5 min. The transfection mixture was added to the cells
containing complete growth medium and incubated for 48 h.
After 48 h of transfection, cells were washed; a fresh complete
growth medium was added and used for different treatments.

Transwell co-culture experiment

RAW264.7 macrophages (1 × 105 cells/well) were cultured
on transwell cell culture insert for six well plates (0.4-mm pore
size, Corning) transfected with control mimic or FAM-
conjugated miR-210-3p mimic kept for 24 h. The media was
changed with fresh complete growth media, followed by
transferring the insert into a well of six well plates having
mature adipocytes and continued for another 24 h prior to
terminating or setting up an experiment. Macrophages were
seeded on the trans-well culture insert and stained with
Vibrant DiO for 24 h followed by changing media and transfer
to a new well having mature adipocytes. The cells in this co-
culture setup have been co-exposed to a hypoxic environ-
ment along with lipid induction for 16 h and were considered
for microscopy.

Glucose uptake assay

3T3-L1 adipocytes and C2C12 cells were cultured and
transfected with miR-210-3p mimic or control mimic and kept
on the same media for 48 h. Then cells were washed several
times with PBS and serum-starved in Kreb’s Ringer Bicar-
bonate Buffer supplemented with 0.2% bovine serum albumin
(BSA) for 6–12 h. Upon completion of starvation, these cells
were utilized for glucose uptake assay using a Glucose Uptake
Cell-Based Assay Kit following the manufacturer’s instruction.
Briefly, insulin (100 nM) was added to the control and treated
adipocytes and incubated for 30 min. Fluorescent-labeled
glucose analog 2-NBDG was added to each of the in-
cubations for 10 min before termination of the experiment.
Cells were then lysed and fluorescent intensity was measured
by a Microplate Reader (BMG Labtech Allmendgrün 8, 77799).

Cloning of GLUT4 30UTR

The GLUT4 30UTR region was PCR amplified from the
genomic DNA of human PBMC using specific cloning primers.
The cloning primers were designed using the Takara Bio cloning
primer design tool (https://www.takarabio.com/learning-
centers/cloning/primer-design-and-other-tools) for targeted
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amplification of GLUT4 30UTR region flanked by XbaI and SalI
restriction sites. The forward primer contained the XbaI site and
the reverse primer contained the SalI site and the sequence details
are provided in Table S1. The PCR amplification of the GLUT4
30UTR regionwas performedwith amelting temperature (Tm) of
70 �C.After 35 cycles of PCR reaction,we confirmed the presence
of a band of approximately 1.35 kb in agarose gel electrophoresis
that specifies targeted amplification of GLUT4 30UTR region.
The target band representing the GLUT4 30UTR region was
subjected to gel purification using the GeneJET Gel Extraction
Kit following the manufacturer’s instructions. For the construc-
tion of the GLUT4 30UTR-luciferase plasmid, we used pGL3-
Myb-30UTR-luciferase vector (cat. no. #25798, Addgene) (43)
as the backbone, which pGL3-MYB-30UTR was a gift from Judy
Lieberman (Addgene plasmid # 25798; http://n2t.net/
addgene:25798; RRID: Addgene_25798). We performed restric-
tion digestion of the pGL3-Myb-30UTR-luciferase vector using
XbaI and SalI enzymes for the removal of theMyb-30UTR region
from the vector. For this, 1 mg plasmid was digested by 20 units of
each restriction enzyme and incubated for 45 min at room
temperature followed by the heat-inactivation at 65 �C for
15 min. The digested reaction mixture was run on 0.8% agarose
gel electrophoresis and the target band representing pGL3-
luciferase plasmid was subjected to gel extraction. The concen-
tration of the purified plasmid was measured and used for the
ligation with purified GLUT4 30UTR region flanked by XbaI and
SalI sites for creating GLUT4 30UTR-luciferase plasmid. For
ligation, 100 ng of the purified pGL3-luciferase plasmid was
incubated with 74.2 ng of the purified GLUT4 30UTR region in
the presence of T4 DNA ligase at room temperature for 15 min
following manufacturers’ protocol. The ratio of insert to vector
DNA was maintained at 3:1, as calculated using the NEBio
Calculator. Subsequently, the ligation mixture was transformed
into DH5a competent cells and plated on agar plates containing
ampicillin (50 mg/ml). After transformation, single colonies were
picked and inoculated inLBBroth for 6 to 8 h at 37 �C for plasmid
amplification. Plasmids were then isolated for further
experiments.

Site-directed mutagenesis

WT GLUT4 30-UTR plasmid construct was used as tem-
plate for the generation of mutated GLUT4 30-UTR plasmids
by using QuickChange Lightning Multi Site-Directed Muta-
genesis Kit following manufacture’s protocol. Primers used to
generate the mutated GLUT4 30-UTR plasmids were designed
with the help of QuikChange Primer Design Program available
online at www.agilent.com/genomics/qcpd. Primer sequences
used for mutated GLUT41 30-UTR plasmids construction are
listed in Table S1.

GLUT4 30-UTR luciferase reporter assay

3T3-L1 adipocytes were co-transfected with 500 ng of WT
or mutated GLUT4 30-UTR plasmid and with either control
mimic or miR-210-3p mimic (Dharmacon) using Lipofect-
amine LTX/Plus Reagent for 48 h in a 24-well plate. Upon
termination of treatment, adipocytes were lysed, and luciferase
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activity was determined using Luciferase Reporter Assay Sys-
tem in GloMax Navigator Microplate Luminometer (Promega)
following the manufacturer’s protocol.

Immunocytochemistry

3T3-L1 cells were grown on a sterile glass coverslip and
differentiated into adipocytes prior to transfecting with control
mimic and miR-210-3p mimic for 48 h. Adipocytes were
washed with PBS and fixed with ice-cold methanol for 5 min.
For intracellular staining, cells were permeabilized with 0.1%
TritonX-100 in PBS for 10 min at room temperature. Cells
were blocked with 1% BSA in PBS containing 0.025% Tween-
20 for 30 min at room temperature and incubated with pri-
mary antibodies for 1 h at room temperature. Cells were then
washed with ice-cold PBS thrice for 5 min each, followed by
the incubation with fluorescence-conjugated secondary anti-
bodies for 1 h at room temperature in the dark. Before
mounting on a glass slide, cells were washed thrice for 5 min
each with ice-cold PBS. Coverslips were mounted onto glass
slides using anti-fade mounting medium with DAPI. Cellular
images were captured by an inverted fluorescent microscope
(Leica DMi8) and image analysis was performed using LAS X
software (www.leica-microsystems.com/products/microscope-
software/p/leica-las-x-ls/). Fluorescence intensity was quanti-
fied using ImageJ software (1.48v, NIH, USA).

Oil-red O staining

The differentiation of 3T3-L1 cells into adipocytes was
further confirmed by performing oil-red O staining and im-
aging following the protocol described earlier (44). Briefly,
adipocytes were fixed in a solution containing 4% formalde-
hyde for a duration of 10 min. After fixation, the cells were
stained with Oil-Red O stain for 30 min at room temperature.
Subsequently, the cells were rinsed with 60% isopropanol
followed by three washes with PBS. To capture cellular images,
an inverted fluorescent microscope (Leica DMi8) was used.

Immunostaining and confocal microscopy

Adipose tissue samples collected from human subjects and
mice models were immediately washed in sterile saline and
then placed in Neutral buffer formalin (10%) for overnight
fixation at 4 �C. After fixation, adipose tissues were passed
through increasing concentration of sucrose solution (10%,
15%, 20%) followed by embedded in optimal cutting temper-
ature compound (Sigma) and frozen at −60 �C followed by
cryosections using Cryotome with internal temperature less
than −25 �C (Leica CM 1860, Leica Biosystem). Immuno-
staining was performed on tissue cryosections using specific
antibodies. Briefly, tissue cryosections (10 mm) were placed in
gelatin-coated glass slides, fixed in ice-cold methanol for
5 min, blocked with 5% BSA-containing blocking buffer, and
incubated with specific primary antibodies for 1 h at room
temperature. After washing, signal was visualized by subse-
quent incubation with fluorescence-conjugated appropriate
secondary antibodies and counter-stained with anti-fade
mounting medium containing DAPI. Images were captured
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by a Confocal microscope (LSM 880 Carl Zeiss) and analysis
was performed using Zen software (https://www.micro-shop.
zeiss.com/en/de/softwarefinder/software-categories/zen-black
/zen-black-system/).

H&E staining and imaging

The visceral adipose tissue from animals was collected and
subjected to histopathological analysis. Cryo-sectioning of the
tissues was performed, as previously described in this manu-
script. These tissue sections were placed on gelatin-coated glass
slides and subjected to regressive staining using the following
steps: 100% alcohol was passed over the sections for 20 s,
repeated twice; followed by 90% alcohol for 20 s, repeated twice;
80% alcohol for 20 s; 70% alcohol for 20 s; 50% alcohol for 20 s.
Subsequently, the slides were rinsed with dH2O for 1 min. Next,
the slides were incubated in Hematoxylin for 3 min, followed by
a 2-min water rinse. The slides were then dipped three times in
a 0.3% acetic acid–containing alcohol solution, rinsed in dH2O,
and further dipped several times in 0.3% ammonium water,
inducing bluing upon rinsing in water. Afterward, the slides
were passed through 80% alcohol for 20 s, followed by staining
with 2% eosin for 30 s. To remove excess staining, the sections
were washed with 95% alcohol for 20 s, repeated twice, and then
with 100% alcohol for 20 s. Finally, the slides underwent a few
brief dips in xylene before mounting using DPX solution.
Subsequently, the H&E-stained slides were examined using a
Leica DMi8 microscope for imaging.

RNA extraction and quantitative PCR

Total RNA was extracted from the cells and tissue was
performed by adding TRIzol (Invitrogen) following the pro-
tocol described earlier (45). Hundred to two hundred milli-
grams of tissue was lysed using Tissue LyserII (Qiagen) in
TRIzol solution. RNA concentration was quantified using
NanoDropOneC spectrophotometer (Thermo Fisher Scienti-
fic). RNA (100 ng) was then treated with DNase I and reverse
transcribed using the iScript cDNA Synthesis Kit. We used
PowerUp SYBR Green Master Mix to perform real time
quantitative PCR in QuantStudio3 Real-Time PCR System
(Applied Biosystems) using gene-specific primers. microRNA
was isolated from the cells or tissue using mirVana miRNA
Isolation Kit following manufacturer’s protocol, and
microRNA-specific cDNA synthesis was performed using
TaqMan MicroRNA Reverse Transcription Kit. TaqMan
Multiplex Master Mix was used to perform real-time quanti-
tative PCR for miRNA with specific miRNA primers of miR-
210-3p, miR-200b-3p, miR-126, and U6 sn RNA. mRNA and
miRNA expression were normalized to b-actin and U6 snRNA,
respectively, following the DDCT method. Mean DCt value was
transformed to relative expression or fold change by 2DDCT

and the average fold change value was calculated.

Immunoblotting

Total protein isolation from in vitro studies was performed
following studies performed earlier by the group (46). Briefly,
cells were lysed and centrifuged at 13,0000 rpm for 10 min at 4
�C. Protein concentrations of cell lysates were determined by
the BCA Protein Assay Kit following manufactures’ guidelines.
Protein isolation from the tissue was performed by weighing
300 mg of tissue and lyse in RIPA lysis buffer (for 3 times and
30 s each) and shaking in Tissue lyser (Qiagen). Cell lysates
(50 mg of protein) were resolved on 10% SDS–PAGE and
transferred onto PVDF membranes with the help of Turbo
Blotting System (Bio-Rad Laboratories). Membranes were first
blocked with 5% BSA in Tris-buffered saline buffer for 1 h
followed by the overnight incubation with primary antibodies
in a rotating shaker at 4 �C. The membranes were then washed
three times with TBST (TBS containing 0.1% Tween 20) buffer
for 10 min intervals and incubated with peroxidise-conjugated
specific secondary antibodies for 2 h at room temperature.
Membranes were then washed three times with TBST for
10 min intervals and subjected to ECL Substrate incubation for
5 min at room temperature. Protein bands were visualized in
Chemidoc XRS+ System (Bio-Rad Laboratories, Hercules,
California, USA) using Image Lab Software (https://imagej.nih.
gov/ij/).

Enzyme-linked immunosorbent assay

We measured insulin levels in the cell culture medium of
control and treated cells using mouse ELISA kits following the
manufacturer’s instructions.

Flow cytometry

Visceral adipose tissues collected from human and mice
were rinsed in sterile PBS, chopped into small pieces, and then
digested in Hanks’ Balanced Salt Solution containing collage-
nase type II (2 mg/ml), glucose (5.5 mM), and 4% BSA (fatty
acid-free) for 45 min at 37 �C water bath shaker. The enzy-
matic activity was then neutralized by the addition of serum
and the digestion mixture was passed through a cell strainer
(pore size: 70 mm). The isolated cell suspension was subjected
to centrifugation at 2000 rpm for 10 min. Cell pellet was
washed twice with ice-cold PBS and the cells were sorted for
F4/80+ (mouse) or CD64+ (human) antibody for the collection
of ATMs to perform different experiments. The differentiation
of bone marrow cells into BMDMs was confirmed by staining
with F4/80 antibodies followed by acquiring in BD Accuri C6
Plus.

Reanalyses of publicly available snSeq dataset

Human white adipose tissue single cell dataset was used for
the analysis (22). The RDS file obtained by the authors was
loaded into R, processed using Seurat package (47). We
considered the following criteria to filter the cells: firstly, cells
originated from OAT tissue only, second being BMI as a
defining criterion of obese condition (lean: BMI < 25 and
obese: BMI > 30), and thirdly, selected only ASPC, adipocytes,
and macrophage cells. Seurat was used to visualize the UMAP
projection of the cells and split by obese condition. Addi-
tionally, we calculated the proportion of each of the three cell
types (ASPC, adipocytes, macrophages) for lean and obese
conditions and all the OAT samples. For the mouse dataset
J. Biol. Chem. (2024) 300(6) 107328 13
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(22), objects were directly imported in R and handled using
Seurat. Mouse dataset was filtered to contain only three cell
types, ASPC, adipocyte, and macrophages We calculated the
cell proportion of each cell type obtained from HFD and Chow
(projected as ‘StndD’) diet-fed mouse.
Reagent or Resource Source/Co

Antibodies
GLUT4 Cell Signaling Techn
b-actin Thermo Fisher Scien
Pref1 Abcam
CD63 Abclonal
F4/80 Abcam
FABP4 Cell Signaling Techn
Anti-Mouse IgG (Alexa Fluor 488 conjugated) Cell Signaling Techn
Anti-Rabbit IgG (Alexa Fluor 488 conjugated) Thermo Fisher Scien
Anti-Rabbit IgG (Alexa Fluor 568 conjugated) Thermo Fisher Scien
Anti-Goat IgG (Alexa Fluor 594 conjugated) Thermo Fisher Scien
FITC anti-mouse F4/80 antibody BioLegend
PE anti-human CD68 Antibody BioLegend
TruStainFcX (anti-mouse CD16/32) BioLegend
TruStainFcX (anti-human CD16/32) BioLegend
HRP-conjugated Anti-Mouse IgG antibody Sigma-Aldrich
HRP-conjugated Anti-Rabbit IgG antibody Sigma-Aldrich

Chemicals, peptides, and recombinant proteins
Ampicillin Sigma-Aldrich
DMEM Gibco
Insulin solution from bovine pancreas Sigma-Aldrich
Bovine calf serum ATCC
Penicillin-Streptomycin solution Gibco
FBS Gibco
Dexamethasone Sigma-Aldrich
IBMX Sigma-Aldrich
Minimum Essential Medium ATCC
RPMI 1640 Gibco
mouse M-CSF1 recombinant protein Thermo Fisher Scien
DMEM ATCC
Oil Red O Sigma-Aldrich
Mayer’s Hematoxylin Thermo Fisher Scien
Eosin Stain Solution Himedia
Lipofectamine RNAiMAX transfection reagent Invitrogen
Invivofectamine 3.0 reagent Invitrogen
Lipofectamine LTX reagent with PLUS reagent Invitrogen
NP40 Cell lysis buffer Invitrogen
Halt Protease and Phosphatase Inhibitor Cocktail Invitrogen
Rodent Diet With 10 kcal% Fat and Carbohydrate Research Diet
Rodent Diet With 60 kcal% Fat Research Diet
TRIzol Invitrogen
iScript cDNA Synthesis Kit Bio-Rad
PowerUpTM SYBRTM Green Master Mix Applied Biosystems
ClarityTM Western ECL Substrate Bio-Rad
TaqManTM Multiplex Master Mix Applied Biosystems
PVDF membranes Bio-Rad
collagenase type I Sigma-Aldrich
Tissue Freezing Medium Leica Biosystems
Rapid Detection of Firefly Luciferase Activity Promega
VECTASHIELD Antifade Mounting Medium with DAPI Vector Laboratories
Vybrant DiO Cell-Labeling Solution Invitrogen
T4 DNA Ligase NEB
XbaI NEB
Sall NEB
Opti-MEM GIBCO
Kreb’s Ringer Bicarbonate Buffer HiMedia
RNase A Thermo Scientific
ExoQuick-TC ULTRA SBI
ExoQuick ULTRA SBI
Total exosome RNA and protein isolation kit Invitrogen
mirVana miRNA Isolation Kit Invitrogen
TaqMan MicroRNA Reverse Transcription Kit Applied Biosystems
BCA Protein Assay Kit Thermo Fisher Scien
mouse insulin ELISA kits Elabscience
QuickChange Lightning Multi Site-Directed Mutagenesis

Kit
Agilent

Glucose Uptake Cell-Based Assay Kit Cayman
GeneJET Gel Extraction Kit Thermo Fisher Scien

Cell lines
3T3-L1 ATCC
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Statistical analyses

Data represented as mean ± SD. Student’s t test, two-
way ANOVA were used to determine statistical signifi-
cance, and a p-value at the level of p <0.05 was
considered significant. Student’s t test was used for the
mpany Cat. No.

ology #2213
tific #AM4302

ab119930
A19023
ab6640

ology #50699
ology #4408
tific #A-11034
tific #A-1101
tific #A-11058

123107
333801
156603
422301
#A9044
#A9169

A0166
#11995073

I0516
ATCC30-2030
#15140122
#10082147
D1756
I5879

30-2003
#A1049101

tific #PMC2044
30-2002
# O1391

tific # 72804
#S007

#13778030
IVF3005
#15338100
#FNN0021
#78441
D12450K
D12492
15596018
#1708891
A25742
#1705061
#4461881
1620177
SCR103

14020108926
E1500
H-1200
V22886

# M0202S
#R0145S
#R3138S

# 31985-062
#TL-1097
EN0531

EXOTC50A-1
EQULTRA-20A-1

#4478545
AM1560
4366596

tific #23225
E-EL-M1382
#210515

#600470
tific K0691

ATCCL-173
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Reagent or Resource Source/Company Cat. No.

C2C12 ATCC CRL-1772
RAW264.7 National Centre for Cell Science, Pune N/A

Mouse
C57BL/6 NIPER SAS Nagar N/A

Oligonucleotides
miRIDIAN miR-210-3p mimic Dharmacon cat. no. #C-310570-05-0005

accession no.: MIMAT0000658
miRIDIAN miR-210-3p inhibitor Dharmacon cat. no. #IH-310570-07-0005,

accession no.:MIMAT0000267
miRIDIAN miRNA hairpin mimic negative control Dharmacon cat. no. #CN-001000-01-05

accession no.:MIMAT0000039
miRIDIAN miRNA hairpin inhibitor negative control Dharmacon cat. no. #IN-001005-01-05, accession no.: MIMAT0000039
miRCURY miR-210-3p mimic LNA (50FAM) Qiagen GeneGlobe ID: YM00470861-AGB; cat.no. 339174
miRCURY control mimic LNA Qiagen GeneGlobe ID: YM00479902-AGA; cat. no. 339174
miRCURY miR-210-3p mimic LNA Qiagen GeneGlobe ID: YM00470861-AGA, cat. no. 339174
miRCURY mmu-miR-210-3p Inhibitor LNA (30FAM) Qiagen GeneGlobe ID: YI04103147-DDC; catalog no. 339131
miRCURY LNA miRNA Inhibitor Control Qiagen GeneGlobe ID: YI00199006-DDA; cat no. 339136
Primers for qRT-PCR: See Table S1

Recombinant DNA
pGL3-MYB-30UTR Addgene #25798 RRID: Addgene_25798

Software
ImageJ Schneider et al. (48) https://imagej.nih.gov/ij/
GraphPad Prism 9 GraphPad Software https://www.graphpad.com/
RNAhybrid Rehmsmeier et al. (49) https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid;

jsessionid=57c94cffe9f53afa1dc320ba3c06
NTA 3.3 Malvern Panalytical https://www.malvernpanalytical.com/en/support/product-

support/software/nanosight-nta-software-update-v3-3
LasX Leica Microsystem https://www.leica-microsystems.com/products/microscope-

software/p/leica-las-x-ls/?nlc=20221205-SFDC-015771
&utm_source=google&utm_medium=cpc&utm_

campaign=23-AP-ALL-L3-GLMS-GOOG-PP-India-Gen-
eral-Search&utm_content=text_ad&utm_term=leica%

20lasx&gad_source=1&gclid=CjwKCAiA98
WrBhAYEiwA2WvhOl1xYTWBcJdjT2GCRz-

AEOFnU0_-_Z_s554tEkPXdZyioJxb-IBRkRoC_uYQAvD_
BwE

Zen Black Carl Zeiss https://www.micro-shop.zeiss.com/en/de/softwarefinder/
software-categories/zen-black/zen-black-system/

ATM-derived miR-210-3p loaded EVs promote insulin resistance
comparisons among two groups and two-way ANOVA
analyses were considered for calculating significance when
comparing multiple groups. All data analyses were per-
formed using GraphPad Prism software (v.9.0; GraphPad
Software, Inc.).
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