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Abstract

Increased miR-222 levels are associated with metabolic syndrome, insulin

resistance, and diabetes. Moreover, rats fed an obesogenic diet during lactation

have higher miR-222 content in breast milk and the offspring display greater

body fat mass and impaired insulin sensitivity in adulthood. In order to inves-

tigate the molecular mechanisms involved and to dissect the specific effects of

miR-222 on adipocytes, transfection with a mimic or an inhibitor of miR-222

has been conducted on 3T3-L1 preadipocytes. 3T3-L1 cells were transfected

with either a mimic or an inhibitor of miR-222 and collected after 2 days (prea-

dipocytes) or 8 days (mature adipocytes) for transcriptomic analysis. Results

showed a relevant impact on pathways associated with insulin signaling, lipid

metabolism and adipogenesis. Outcomes in key genes and proteins were fur-

ther analyzed with quantitative reverse transcription polymerase chain reac-

tion and Western Blotting, respectively, which displayed a general inhibition

in important effectors of the identified routes under miR-222 mimic treatment

in preadipocytes. Although to a lesser extent, this overall signature was main-

tained in differentiated adipocytes. Altogether, miR-222 exerts a direct effect in

metabolic pathways of 3T3-L1 adipocytes that are relevant to adipocyte func-

tion, limiting adipogenesis and insulin signaling pathways, offering a mecha-

nistic explanation for its reported association with metabolic diseases.

Abbreviations: ACTB, beta actin; Akt2, AKT protein kinase B; Cd36, cluster of differentiation 36; Cdkn1b, cyclin-dependent kinase inhibitor 1B;
C-inh, negative control of inhibitor; C-mim, negative control of mimic; Cpt1b, carnitine palmitoyltransferase 1B; DM, differentiation medium; Fasn,
fatty acid synthase; FBS, fetal bovine serum; Gdi, guanosine diphosphate dissociation inhibitor 1; Igf1, insulin-like growth factor 1; Igf1r, insulin-like
growth factor 1 receptor; Igf2bp2, insulin-like growth factor 2 mRNA-binding protein 2; inh222, inhibitor of miR-222; Insig1, insulin-induced gene
1 protein; Insr, INSR, insulin receptor; IR, insulin resistance; Irs1, insulin receptor substrate 1; Lipe, hormone-sensitive lipase; Lpl, lipoprotein lipase;
mim222, mimic of miR-222; mRNA, messenger RNA; miRNA, microRNA; NT-Control, non-transfected control; Pi3kr1, phosphatidylinositol 3-kinase
regulatory subunit alpha; PM, preadipocyte medium; Pparγ, peroxisome proliferator-activated receptor gamma; Prkaa1, 50-AMP-activated protein
kinase catalytic subunit alpha-1; Pten, PTEN phosphatase and tensin homolog; Slc2a4, glucose transporter type 4; Srebf1, sterol regulatory
element-binding protein.

Pere Bibiloni and Catalina A. Pomar contributed equally to this study.

Received: 14 June 2022 Accepted: 12 October 2022

DOI: 10.1002/biof.1914

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. BioFactors published by Wiley Periodicals LLC on behalf of International Union of Biochemistry and Molecular Biology.

BioFactors. 2022;1–14. wileyonlinelibrary.com/journal/biof 1

 18728081, 0, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/biof.1914 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [26/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-3980-0270
https://orcid.org/0000-0002-8113-761X
https://orcid.org/0000-0002-0295-4452
https://orcid.org/0000-0002-9176-8060
https://orcid.org/0000-0002-8307-9732
mailto:joana.sanchez@uib.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/biof
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbiof.1914&domain=pdf&date_stamp=2022-10-30


KEYWORD S

adipocytes, adipogenesis, insulin resistance, insulin signaling pathway, miR-222

1 | INTRODUCTION

MicroRNAs (miRNAs) are noncoding RNA averaging a
length of approximately 22 nucleotides that participate in
the posttranscriptional regulation of gene expression.
Mainly, miRNAs silence messenger RNA (mRNA) of tar-
get genes.1 Aberrant expression of these molecules can
lead to cell malfunction and, ultimately, to disease.2,3

Obesity and metabolic diseases have been linked to dys-
regulated miRNA expression patterns4,5 and miR-222
may have a specific role in this context.

Various animal studies support this association. A
diet-induced obese mouse model shows increased miR-
222 expression in adipose tissue.6 Also, rats with sponta-
neous type 2 diabetes (T2D) present higher miR-222
levels specifically in adipose tissue, whereas no effect is
observed in other insulin-target tissues.7 Related out-
comes have been observed in human studies. Circulating
miR-222 levels are significantly upregulated in adults
with morbid obesity5 and a sixfold raise is observed in
children with obesity.8 Interestingly, elevated circulating
miR-222 levels are reported in T2D patients, either with
overweight or obesity, whereas individuals with obesity
and normal glucose tolerance do not exhibit this alter-
ation.9 In addition, metformin, an insulin sensitizer drug
used to treat T2D, decreases the increment of miR-222.9

Altogether, these results suggest that, within the broad
metabolic disease scenario, miR-222 is particularly
involved in repressing the insulin signaling pathway in
white adipose tissue and may have a role in the develop-
ment of insulin resistance (IR).4 As it has been previously
stated, it “shows arguably the greatest promise as a clini-
cal biomarker of metabolic disease.”4

Breast milk is a relevant source of miRNAs.10 Several
studies have shown that maternal body weight or mater-
nal diet can disturb the levels of particular miRNAs in
this fluid.11–14 It is well-known that lactation is a crucial
period to exert long-term effects on the offspring, a con-
cept referred as metabolic programming.15,16 Addition-
ally, evidence suggests that milk can act as an exosomal
miRNA transmitter, which would be incorporated by
breastfed offspring and trigger epigenetic modifica-
tions.17,18 In a recent study, we have shown that cafeteria
diet (rich in carbohydrates and lipids) during lactation
raises miR-222 levels in milk (among other miRNAs).13

Descendants of the dams display a thin-outside-fat-inside
phenotype in their adulthood: greater fat accumulation
despite no body weight gain and altered insulin signaling

(impaired response to an oral glucose tolerance test).19

They also present an impairment in the fed/fasting
response postweaning20 and an altered diet-induced ther-
mogenesis in their adulthood,21 showing a general meta-
bolic inflexibility in the adipose tissue. Results support
that raised miR-222 levels in breast milk could be in part
responsible for the long-term changes observed in off-
spring and metabolic programming effects due to miR-
NAs variations are suggested.13

In order to investigate the molecular mechanisms
involved and to dissect the specific effects of miR-222 on
adipocytes, we have transfected 3T3-L1 preadipocytes
with either a mimic or an inhibitor of miR-222 aiming to
determine whether its overexpression can lead to the
observed long-term effects on insulin signaling and adi-
pogenesis pathways.

2 | EXPERIMENTAL PROCEDURES

2.1 | Experimental design at a glance

The workflow is schematized in Figure 1. Two days upon
confluence completion (day 0), 3T3-L1 preadipocytes
were transfected with either a miR-222 mimic (mim222),
a miR-222 inhibitor (inh222), or their respective negative
controls (C-mim or C-inh). Non-transfected cells were
cultured in parallel as a control group (NT-Control). Half
of the wells were collected at day 2 (preadipocyte condi-
tion) and the remainder at day 8 after completing their
differentiation to mature adipocytes. Total lipid content
was analyzed on mature adipocytes from groups mim222,
C-mim, and NT-Control by oil red O staining to assess
the impact of the treatments in lipid storage capacity. All
the other determinations were performed with cells from
both stages (preadipocytes and mature adipocytes). miR-
222 levels were determined by quantitative reverse tran-
scription polymerase chain reaction (RT-qPCR) in cells
from all experimental groups in order to assess whether
transfection was successfully performed. Transcriptomic
analysis (microarray technique) was performed in a
subset of samples and included cells from mim222,
C-mim, and NT-Control treatments. Bioinformatic analy-
sis of signaling routes was conducted to determine the
global effect of the transfection. Next, the expression of
selected genes related to the relevant identified pathways
was determined by RT-qPCR to confirm the effects
observed. In this analysis, samples from all experimental
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treatments were included. Finally, in order to assess
whether changes in mRNA levels would have a repercus-
sion on cell functionality, expression of proteins of inter-
est was analyzed by Western Blotting. To this purpose
and considering previous results, studies were performed
on mim222, C-mim, and NT-Control cells.

2.2 | Cell culture and transfection

Murine 3T3-L1 fibroblasts were purchased from ZenBio
(Durham, NC, USA). Cells were cultured in preadipocyte
medium (PM-1-L1) at 37�C in 10% CO2. At 80% of conflu-
ence, cells were subcultured and allowed to reach 100%
confluence (day �2). After 48 h (day 0), cell specializa-
tion was induced by differentiation medium (DM-2-L1),
containing 5 μg/ml insulin, 0.5 mmol/l 3-isobutyl-
1-methyl-xantine, 0.5 μmol/l dexamethasone, 100 U/ml
penicillin, 100 μg/ml streptomycin and 10% fetal bovine
serum (FBS) in Dulbecco's modified Eagle's medium-high
glucose (DMEM). Then, culture conditions were changed
to 8% CO2, maintaining 37�C and saturated humidity. In
addition, at day 0, transfection was carried out using lipo-
fectamine RNAiMAX Reagent (Life Technologies,
Madrid, Spain) as indicated by manufacturer's instruc-
tions. Cells were transfected with 50 nM miR-222 mimic
(mim222) (Assay ID MC11376), 50 nM miR-222 inhibitor
(inh222) (Assay ID MH11376), 50 nM mimic negative
control (C-mim), or 50 nM inhibitor negative control (C-
inh). All RNA transfection reagents were purchased from
Life Technologies. In parallel, we followed a subset of
cells that were not transfected at all (NT-Control). The
performance of miRNA transfection was validated by
using two positive controls of transfection: one for the

mimic effect (miR-1) and another for the inhibitor (anti-
mir let-7c) (Life Technologies), as previously published.22

In order to minimize treatment-related heterogeneity,
cells were cultured in several plates, each one containing
samples from the different treatments. Moreover, results
are from three independent cultures performed at differ-
ent times.

At day 2, half of the plates were collected constituting
the preadipocytes group of cells. For the remaining
plates, culture medium was changed to maintenance
medium, containing DMEM with 5 μg/ml insulin,
100 U/ml penicillin, 100 μg/ml streptomycin, and 10%
FBS. Culture medium was replaced every 2 days. At day
8, remaining cells were collected as they were fully differ-
entiated into mature adipocytes, which was assessed by
morphological changes and lipid droplets accumulation.

2.3 | Oil red O staining

Total lipid content was assessed at day 8 in cells from
mim222, C-mim, and NT-Control treatments by staining
cells with oil red O prior its fixation with formalin. First,
cells were washed with phosphate buffered saline (PBS)
and fixed with 10% formaldehyde in PBS during 1 h at
room temperature. Next, two washes with water and one
wash with 60% isopropanol were performed. After that,
staining was done incubating for 1 h the mature adipo-
cytes with oil red O (0.35 g oil red O in 100 ml isopropa-
nol diluted with double distilled water [40:60] and
filtrated). Finally, unbound dye was removed with a final
wash of water, stained cells were visualized by light
microscopy and photographs were taken. In order to
quantify the fat accumulation, the stain was eluted from

FIGURE 1 Scheme of the experimental design applied to murine 3T3 L1 fibroblasts in culture and transfected either with a miR-222

mimic (mim222) or a miR-222 inhibitor (inh222) at confluence (day 0). Half of cells were collected at day 2 (preadipocyte status) and the rest

after reaching the state of mature adipocytes (day 8). Gene and protein expression analyses were performed. Respective controls of

transfections were used (C-mim and C-inh) as well as non-transfected control cells (NT-Controls) to check performance of transfection and

impact on cell growth.
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cells with isopropanol and the absorbance at 500 nm was
measured.

2.4 | Total RNA extraction

Total RNA was isolated from collected preadipocytes and
mature adipocytes according to Tri Reagent protocol
guidelines (Sigma Aldrich Química SA, Madrid, Spain).
RNA from samples was quantified on Nanodrop ND-
1000 spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE, USA). Optimal A260/A280 and
A260/230 ratios were assessed to verify its integrity.

2.5 | miR-222 quantification

In order to determine the specific levels of miR-222, first
a universal reverse transcription step was carried out
using miRCURY LNA RT Kit, according to manufac-
turer's guidelines (QIAGEN, Madrid, Spain). Then, 10 ng
of total RNA were used to synthesize complementary
DNA. The reactions were done in an Applied Biosystems
2720 Thermal Cycler (Applied Biosystems, Madrid,
Spain) at 42�C for 60 min, 95�C for 5 min and a final
holding step at 4�C. From 1/30 dilution of the product,
miR-222 was specifically amplified utilizing the miR-
CURY LNA SYBR Green PCR Kit (QIAGEN) following
the protocol instructions. An Applied Biosystems StepO-
nePlus Real-Time PCR System (Applied Biosystems) was
used to perform the following schedule: 95�C for 2 min
and 40 cycles of 95�C for 10 s and 56�C for 60 s, followed
by a melting curve analysis. Finally, StepOne Software
v2.3 permitted to obtain the threshold cycle (Ct) values
that were subsequently used to determine the relative
levels of miR-222 by the 2�ΔΔCt method with guanosine
diphosphate dissociation inhibitor 1 (Gdi) as the
reference gene.

2.6 | Microarray processing and data
analysis

RNA extracted from both preadipocytes and mature adi-
pocytes from mim222, C-mim, and NT-Control treat-
ments (n = 4 in each group) was processed for
microarray analysis. Procedure was carried out by “Servi-
cio de Gen�omica y Genética Traslacional” from the “Cen-
tro de Investigaci�on Príncipe Felipe” (Valencia, Spain).
Quality of the samples was assured with an RNA integ-
rity number superior to 9. This control was performed on
Agilent 2100 Bioanalyzer with RNA 6000 Nano chips
(Agilent Technologies, Barcelona, Spain). Microarray

processing was done using Mouse GE 8 � 60K Microar-
ray according to manufacturer's protocol (Agilent Tech-
nologies). Raw data background was corrected following
the Agilent methodology continuing with its standardiza-
tion by quantile normalization. Differences in expression
were calculated with moderate t-statistic of the Limma
package and adjusting the p-values using Benjamini–
Hochberg method. In addition, an analysis of signaling
routes with hiPathia was performed.23 Contrast between
two treatments was done with Limma to check whether
the route had been activated or inhibited. Fold change of
the effect was calculated and expressed as binary
logarithm (log FC). Contrasts studied were mim222 ver-
sus C-mim (to test the effect of the miR-222) and NT-
Control versus C-mim (to assess bias effects from the
transfection procedure) from both preadipocytes and
mature adipocytes.

2.7 | Quantitative reverse transcription
polymerase chain reaction

An amount of 0.2 μg of total RNA isolated from cultured
cells was used to perform reverse transcription with the
iScript cDNA synthesis kit (Bio-Rad Laboratories, S.A.,
Madrid, Spain), according to protocol's instructions.
Then, 1/10 dilution of the cDNA product was used to per-
form qPCR with forward and reverse primers (5 μM each)
(Sigma Aldrich Química SA, Madrid, Spain) and Power
SYBER Green PCR Master Mix (Life Technologies).
The procedure was carried out using the Applied Biosys-
tems StepOnePlus Real-Time PCR Systems (Applied Bio-
systems). The cycling conditions were an initial Taq
polymerase activation cycle of 95�C for 10 min and
40 two-temperature cycles of 95�C for 15 s and 60�C for
1 min each. StepOne Software v2.3 was used in order to
calculate the threshold cycle (Ct) values. 2�ΔΔCt method
was utilized to standardize the expression using Ct of the
housekeeping gene. Gdi presented a uniform expression
between different groups, therefore was selected as the
reference gene. Finally, mRNA levels of mim222 or
inh222 treatments were expressed as percentage of the
negative control, C-mim or C-inh, respectively.

2.8 | Western Blotting

Protein levels of insulin receptor (INSR), phosphatase
and tensin homolog (PTEN), and protein kinase B (AKT)
were determined by Western Blotting. Beta actin (ACTB)
was also determined to be used as transfer and loading
control. To perform total protein extraction, cell wells
were scrapped in 500 μl of RIPA buffer containing Halt

4 BIBILONI ET AL.
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Protease and Phosphatase Inhibitor Cocktail (Thermo
Fisher, Rockford, IL, USA). Next, total proteins were
quantified using the bicinchoninic acid assay following
the manufacturer's instructions. Then, 20 μg of RIPA pro-
tein extracts were loaded in a 4–20% SDS-PAGE
(Criterion TGX, Bio-Rad Laboratories). After separation,
proteins were transferred to a nitrocellulose membrane
(Bio-Rad Laboratories) continuing with the blocking pro-
cedure. Membranes were incubated with the primary
antibodies (anti-INSR, #3025 S; anti-AKT, #9272; anti-
PTEN, #14642; anti-ACTB, #3700; Cell Signaling Tech-
nology, Danvers, MA, USA) preceding incubation with
the corresponding infrared-dyed secondary anti-IgG anti-
bodies (anti-Rabbit IgG, 926-32211; anti-Mouse IgG,
926-68020; Li-COR Biosciences, Lincoln, NE, USA).
Finally, membranes were scanned in Odyssey Infrared
Imaging System (LI-COR Biosciences) and bands
obtained were quantified using the software Odyssey v3.0
(LI-COR Biosciences).

2.9 | Statistical analysis

Statistical analysis of microarray data is detailed in the
respective section. With respect to RT-qPCR and Western
Blotting experiments, values are presented as the mean
± SEM with n = 4–10 samples in each treatment. Single
comparisons were assessed by Mann–Whitney U test as
number of samples per group was inferior or equal to 10.
p-Value <0.05 was considered as statistically significant.
SPSS Statistics 21.0 (SPSS, Chicago, IL, USA) software
was used to compute statistics analyses.

3 | RESULTS

3.1 | Transfection performance and
adipocyte differentiation assessment

In NT-control cells, native miR-222 levels showed a
downward tendency (43% decline, p = 0.053) in mature
adipocytes compared to preadipocytes (Figure 2A), which
would indicate that miR-222 expression is diminished
during adipocyte differentiation.

Regarding cells transfected with the mimic for miR-
222 (mim222 treatment), they exhibited much greater
levels of miR-222 compared to the corresponding controls
(C-mim) in both preadipocytes (x1381) and mature adi-
pocytes (x435) (Figure 2B). Remarkably, the impact
observed on mature adipocytes was lower than at the ear-
lier stage, in accordance with the decrease observed with
endogenous miR-222 in non-transfected cells (NT-control
treatment). As expected, cells transfected with the

inhibitor (inh222 treatment) displayed diminished levels
of miR-222 in comparison with controls (C-inh), for both
preadipocytes (90%) and mature adipocytes (43%)
(Figure 2C), even though at day 8, this reduction was
more discreet and did not reach statistical significance.

These initial outcomes prove that transfections per-
formed were successful and confirm this in vitro model as
a valid approach to study the effects of miR-222 at the
molecular level. Moreover, they showed that changes
induced in miR-222 levels at early stages, either by the
mimic or the inhibitor, could remain throughout the dif-
ferentiation process and still be manifested after adipo-
cyte commitment, although at a lower extent.

In addition, oil red O staining was performed to assess
lipid droplet accumulation on mature adipocytes from
mim222, C-mim, and NT-Control treatments (n = 7–10)
(Figure 2D). No differences were seen in the lipid content
comparing NT-Control and C-mim (Figure 2E), suggest-
ing that the transfection procedure did not disturb the
physiological process under cell specialization. Given
mim222 versus C-mim contrast, no significant differences
were observed neither visually nor quantitatively in lipid
content. A further impact on the profile of lipid species
was not studied but should not be discarded as a poten-
tial effect of mim222 transfection.

3.2 | Untargeted gene expression
analysis on the effects of miR-222
transfection

A microarray analysis was performed with a subset of
24 samples from both preadipocytes and mature adipo-
cytes, including mim222, C-mim, and NT-Control experi-
mental treatments (four samples per group). Differential
expression analysis of microarray results showed that the
transfection with miR-222 altered the expression of 2045
genes in preadipocytes (950 genes underexpressed and
1095 overexpressed compared to C-mim) while in mature
adipocytes this number was reduced to 1160 (544 genes
repressed and 616 genes stimulated).

We focused on a holistic approach to check for differ-
ences in signaling pathways, using hiPathia method.23

Results from hiPathia analysis of signaling routes showed
that, for the contrast between controls (NT-Control vs. C-
mim), 14 pathways were altered in preadipocytes, while
none was affected in mature adipocytes. These pathways
were excluded in the following analyses, since it was
assumed that these changes were not specifically caused
by mimic treatment. Comparing mim222 and C-mim, in
preadipocytes 66 routes were significantly downregulated
while 74 were upregulated (Table S1A, Supporting Infor-
mation). Among them, 17 were selected for their

BIBILONI ET AL. 5
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biological plausibility, as they are related to the insulin
signaling pathway, the adipogenesis process, the endo-
crine function of the adipose tissue or the energy homeo-
stasis (Table 1A). In mature adipocytes, for the same
contrast, 49 routes were repressed and 49 pathways were
overexpressed (Table S1B, Supporting Information), indi-
cating a more discreet but still significant long-lasting
effect of the treatment. Taking into account their poten-
tial impact on the normal function of adipocytes, seven of
them were of particular interest (Table 1B), showing a

reduction of the impact of the mim222 after cell differen-
tiation. Interestingly, three routes, related to insulin sig-
naling pathway, energy metabolism and adipogenesis
were significantly inhibited under the mim222 effect in
both cell differentiation stages: Insulin signaling pathway:
D-glucose, Central carbon metabolism in cancer: Pten and
PPAR signaling pathway: Aqp7.

Altogether, these results suggest that transfection
with a miR-222 mimic at the beginning of the adipocyte
differentiation impacts a considerable number of mRNA

FIGURE 2 Evaluation of transfection performance and adipocyte differentiation. (A) Endogenous miR-222 levels in NT-Control cells

from both cell stages. (B) Overexpression of miR-222 induced by transfection with the miR-222 mimic (mim222) and the respective control

treatment (C-mim) in both cell stages. Expression of C-mim from preadipocytes was considered the value for reference (100%).

(C) Repression of miR-222 induced by transfection with the miR-222 inhibitor (inh222) and the respective control treatment (C-inh) in both

cell stages. Expression of C-inh from preadipocytes was considered the value for reference (100%). miRNA levels were measured by

quantitative reverse transcription polymerase chain reaction (RT-qPCR), calculated with 2�ΔΔCt method and expressed as percentage of the

respective reference group. Data are mean ± SEM. Statistics from Mann–Whitney U test: *p < 0.05; ***p < 0.001. (D) Representative

microphotographs at 10� of oil red O stained mature adipocytes from the different treatments. (E) Semiquantitative levels of lipid content

from oil red O staining in mature adipocytes.

6 BIBILONI ET AL.
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targets and that, to a lower extent, these effects remain
until final steps of cell maturation. Taking this into con-
sideration, further analyses of genes of interest involved
in the outlined routes were performed.

3.3 | Targeted gene expression analysis
on the effects of miR-222 transfection

RT-qPCR analyses were carried out in order to determine
the impact of the transfection on the expression of
selected genes related to the above featured routes. Sam-
ples from all experimental groups and both cell stages

were included. Overall, there were not significant differ-
ences between NT-Control and C-mim or C-inh groups
(data not shown), suggesting that the transfection process
itself did not have a relevant impact on gene expression.

Regarding the effect of the mimic (mim222 vs. C-
mim), results from preadipocytes showed a general inhib-
itory impact on most genes studied (Figure 3A). Genes
involved in insulin signaling pathway (Insulin receptor
[Insr]; INSR substrate 1 [Irs1] and phosphatidylinositol
3-kinase regulatory subunit alpha [Pik3r1]); on glucose
uptake (glucose transporter type 4 [Slc2a4]); cholesterol
biosynthesis (insulin-induced gene 1 protein [Insig1]);
fatty acid uptake (lipoprotein lipase [Lpl] and cluster of

TABLE 1 Selection of signaling routes significantly altered in mim222 treatment in contrast with C-mim in preadipocytes (A) or in

mature adipocytes (B) according to hiPathia analysis. The logarithm of the fold change (log FC) indicates whether the pathway is inhibited

(negative value, at the top) or induced (positive value, at the bottom). Routes are listed by increasing adjusted p-value (Adj.p.val). Routes in

bold are significantly altered in mim222 treatment in both cell stages

(A) Signaling routes significantly altered in preadipocytes

ID Name log FC Adj.p.val

P-mmu04930-3 Type II diabetes mellitus: Slc2a4 �0.1082 0.0001

P-mmu03320-53 PPAR signaling pathway: Adipoq �0.1003 0.0011

P-mmu05230-100 Central carbon metabolism in cancer: Pten �0.0285 0.0011

P-mmu04910-17 Insulin signaling pathway: D-Glucose �0.0232 0.0011

P-mmu03320-7 PPAR signaling pathway: Aqp7 �0.0448 0.0046

P-mmu03320-31 PPAR signaling pathway: Cd36 �0.0577 0.0207

P-mmu03320-40 PPAR signaling pathway: Fabp4 �0.0695 0.0267

P-mmu04152-35 AMPK signaling pathway: Pfkfb3 �0.0153 0.0289

P-mmu04152-87 AMPK signaling pathway: Cd36 �0.0267 0.0328

P-mmu03320-8 PPAR signaling pathway: Gk2 �0.0272 0.0409

P-mmu04920-43 Adipocytokine signaling pathway: Fatty acid �0.0583 0.0457

P-mmu04920-10 Adipocytokine signaling pathway: Pck1 0.0206 0.0011

P-mmu04152-52 AMPK signaling pathway: Pck1 0.0108 0.0139

P-mmu04151-100 PI3K-Akt signaling pathway: Prkca 0.0067 0.0287

P-mmu04151-4 PI3K-Akt signaling pathway: 105244208 0.0051 0.0294

P-mmu04920-9 Adipocytokine signaling pathway: G6pc 0.0125 0.0364

P-mmu04920-1 Adipocytokine signaling pathway:
N-Acylsphingosine

0.0212 0.0367

(B) Signaling routes significantly altered in mature adipocytes

ID Name log FC Adj.p.val

P-mmu05230-100 Central carbon metabolism in cancer: Pten �0.0249 0.0054

P-mmu04152-68 AMPK signaling pathway: Ppargc1a �0.0116 0.0095

P-mmu04152-54 AMPK signaling pathway: Slc2a4 �0.0155 0.0100

P-mmu03320-36 PPAR signaling pathway: Slc27a1 �0.0432 0.0190

P-mmu04910-17 Insulin signaling pathway: D-Glucose �0.0170 0.0215

P-mmu04922-51 Glucagon signaling pathway: G6pc �0.0174 0.0229

P-mmu03320-7 PPAR signaling pathway: Aqp7 �0.0366 0.0290
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differentiation 36 [Cd36]) and adipogenesis (peroxisome
proliferator-activated receptor gamma [Pparγ]) were
repressed (36–69%) due to mim222 transfection. Notably,
the only gene overexpressed (52%) under the experimen-
tal conditions compared to C-mim was the 50-AMP-
activated protein kinase catalytic subunit alpha-1
(Pkraa1), involved in modulating the insulin signaling
pathway. Remarkably, the gene cyclin-dependent kinase
inhibitor 1B (Cdkn1b),24 considered a miR-222 target and
the theoretical miR-222 target gene insulin-like growth
factor 2 mRNA-binding protein 2 (Igf2bp2),25 were both
significantly repressed (35 and 34%, respectively). There-
fore, the impact seen on the expression of both miR-222
target genes and on the representing genes of the path-
ways identified as sensible to the action of miR-222, con-
firms our hypothesis and contributes to validate the
results.

Outcomes on gene expression from mature adipocytes
displayed a different picture (Figure 3B). The inhibitory
effect was lost in all the genes studied. Moreover, a mod-
est tendency to increase mRNA levels was observed in
most cases, but without reaching any statistical

significance. Solely Pkraa1 was maintained overexpressed
in the mim222 group compared to C-mim group
(1.64-fold).

With respect to the impact observed with the miR-222
inhibitor treatment (inh222 vs. C-inh), results from prea-
dipocytes showed that most of the genes' expression was
not altered (Figure 4A). Only three genes related with
lipid metabolism (Sterol regulatory element-binding pro-
tein [Srebf1], Lpl and hormone-sensitive lipase [Lipe])
were significantly overexpressed in the presence of
inh222 in comparison with the respective control (69, 41,
and 68%, respectively). In the same way, no general
effects were seen in mature adipocytes (Figure 4B). Solely
Cd36 mRNA levels displayed a significant increase of
72% under inh222 conditions compared to C-inh group.

3.4 | Insulin-related protein levels

To verify whether transcriptional changes were also
observed at translational level, Western Blot analysis was
performed to study the proteins INSR, PTEN, and AKT

FIGURE 3 mRNA expression of selected genes in 3T3 L1 after transfection with miR-222 mimic (mim222) and the respective control

treatment (C-mim) in preadipocytes (A) and in mature adipocytes (B). Gene expression was measured by quantitative reverse transcription

polymerase chain reaction (RT-qPCR), calculated with 2�ΔΔCt method and expressed as a percentage of the value of C-mim group. Data are

mean ± SEM. Statistics from Mann–Whitney U test: *p < 0.05; **p < 0.01; ***p < 0.001.
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in mim222, C-mim, and NT-Control cells from both dif-
ferentiation stages. Inhibitor treatments were not
included as previous results of changes in gene expres-
sion were negligible. NT-Control groups did not exhibit
significant differences compared to negative controls,
thus denying a bias effect of the transfection process (data
not shown).

Outcomes from preadipocytes showed no differences
when comparing mim222 with the control (C-mim) treat-
ment (Figure 5A). Nevertheless, in mature adipocytes
decreased PTEN and AKT protein levels were observed
associated with the mim222 treatment (53 and 37%,
respectively) (Figure 5B). Altogether, data suggest that a
delayed response from transcription to translation along
cell differentiation was taking place.

4 | DISCUSSION

We have previously described that breast milk miR-222
levels are increased in rats fed an obesogenic diet during
lactation,13 a situation that induces metabolic

programming toward obesity and impaired glucose
homeostasis in offspring.19 We aimed to assess the spe-
cific role of miR-222 and to elucidate its molecular effects
in adipocytes by transfecting 3T3-L1 cells with miR-222
mimic or inhibitor. Previous results have confirmed that
this cell system is sensitive enough to show both the
impact of overexpression and blockade of expression of
specific miRNAs by transfection.22,26,27 Here, we demon-
strated that miR-222 levels were modulated due to experi-
mental treatments and that this had a significant
repercussion on cell transcriptome. The effects caused by
the miRNA inhibitor treatment were more discreet, lim-
ited to a few transcripts, a result that agrees with other
published works.22,26

During adipocyte commitment, endogenous levels of
miR-222 decreased in untransfected cells (NT-Control).
This agrees with previous studies, in which miR-222 is
downregulated in 3T3-L1 cells during adipogenesis, the
process of adipocyte differentiation.28 Conversely, in adi-
pocytes from obese mice its levels are increased.28 This
disturbed miRNA expression might affect the functional-
ity of the adipose cell, a situation that was mirrored in

FIGURE 4 mRNA expression of selected genes in 3T3 L1 after transfection with miR-222 inhibitor (inh222) and the respective control

treatment (C-inh) in preadipocytes (A) and in mature adipocytes (B). Gene expression was measured by quantitative reverse transcription

polymerase chain reaction (RT-qPCR), calculated with 2�ΔΔCt method and expressed as percentage of the value of C-mim group. Data are

mean ± SEM. Statistics from Mann–Whitney U test: *p < 0.05; **p < 0.01.
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this experiment by mim222 treatment. As hypothesized,
this overexpression led to changes in gene expression and
protein levels that can be linked to the onset of IR and
metabolic syndrome, as it will be discussed next grouping
these variations by their biological function.

Direct effectors of insulin signaling pathway showed
a significant transcriptional inhibition associated with
mim222 transfection. Globally, this was seen in the
microarray results in both cell stages. From the targeted
analyses of Insr and Irs1, data at preadipocyte stage is
higher conclusive at this respect. These results are in
agreement with the fact that Insr fat-specific knockout
(KO) in mice causes marked IR29 and, on the contrary,
its overexpression partially improves a diabetic pheno-
type.30 Regarding Irs1, a KO model displays mild IR.31

Furthermore, a previous study conducted in a mouse
model shows that in liver, increasing miR-222 decreases
Irs1 expression and confirms that this gene is a direct
miR-222 target.32 The present work extends these out-
comes to adipocytes. Considering the downstream effec-
tors PI3K and AKT, microarray results showed that this

signaling circuit was altered by mim222 transfection. A
downward trend was found by RT-qPCR method, partic-
ularly at the level of Pik3r1 mRNA, in mim222 treated
preadipocytes. This gene encodes for the p85α regulatory
subunit of PI3K and mutations in this gene have been
related with IR in both animals33 and humans.34 More-
over, decreased PIK3R1 expression in visceral adipose tis-
sue has been linked to gestational diabetes in humans.35

Concerning AKT, this protein is recognized as essential
for correct insulin sensitivity and its activation has been
proposed as a strategy to improve IR.36 Despite no differ-
ences were observed associated to the influence of the
mimic at the level of gene expression, AKT protein syn-
thesis was repressed, particularly in mature adipocytes,
which is also a mechanism of action of miRNAs. As a
whole, mim222 transfection caused a significant repres-
sion of direct effectors of the insulin signaling pathway,
which is in turn linked to an IR phenotype.37

In contrast, a potential compensatory mechanism
against the implementation of this long lasting IR status
seemed to be promoted at the level of the modulators of

FIGURE 5 Protein levels of INSR, PTEN, and AKT after the treatment with the miR-222 mimic (mim222) and the respective control (C-

mim) in preadipocytes (A) and mature adipocytes (B). Representative bands are shown (right panel). Proteins were assessed by Western Blot

following labeling with specific fluorescent antibodies. Quantification of individual bands were corrected by ACTB signal and expressed as

percentage of the value of C-mim treatment. Data are mean ± SEM. Statistics from Mann–Whitney U test: *p < 0.05; **p < 0.01.
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the insulin signaling pathway. The signaling route involv-
ing Pten was found repressed under the mim222 treat-
ment in both cell stages (microarray data). As seen for
AKT, the impact of mim222 was not found on the gene
expression of Pten but on PTEN protein, which was
highly reduced in mature adipocytes. Interestingly, mice
lacking PTEN in adipose tissue display an improvement
in systemic glucose tolerance and insulin sensitivity.38

Prkaa1, the coding gene of the AMPK catalytic subunit,
which acts like a cellular energy sensor, displayed higher
mRNA levels under mim222 treatment in both stages.
Contrarily, lower activity of this enzyme is found in adi-
pose tissue in animal models for metabolic syndrome and
in humans with IR.39 Altogether, PTEN and Pkraa1 fol-
low a contrary trend to that expected in an IR scenario,
showing cell adaptive responses aiming to cope with
insulin dysregulation associated with the stress induced
by mim222 transfection.

Checking downstream effectors of insulin signaling
pathway on glucose uptake, its key transporter in adipose
tissue (GLUT4) was selected.40 A signaling route related
to T2D and involving GLUT4 was the most inhibited in
mim222 preadipocytes and the down-regulation of
Slc2a4, its coding gene, confirmed this impact. In accor-
dance, specific KO of GLUT4 in adipose tissue leads to a
global IR phenotype, affecting main organs such as liver
and muscle41,42; and several animal and human studies
have shown that GLUT4 expression is selectively dimin-
ished in obesity and T2D.43 Hence, mim222 transfection
could be linked to impaired insulin tolerance mediated
by depressed glucose uptake in insulin-depending cells.

The expression of genes related to lipid metabolism
was also analyzed. In concrete, Insig1, which is related to
insulin function and lipid synthesis, showed a downregu-
lation under the mim222 treatment in the preadipocyte
state. The reduction in Insig1 levels has been shown to
facilitate transcription of lipogenic genes and cholesterol
biosynthesis.44 In agreement, genetic and dietary mice
models of obesity and IR show decreased expression of
Insig1 in white adipose tissue.45 These outcomes are also
observed in adipocytes from humans with obesity or mor-
bid obesity, and the decrease is even more drastic in sub-
jects with IR.45 Thus, mim222 may contribute to IR
status by modulating lipid related genes.

Concerning the pathway analysis on cell fatty acid
uptake, routes specifically involving Cd36 appeared
downregulated in preadipocytes. This was further con-
firmed at the level of Cd36 and Lpl expression. Interest-
ingly, the inh222 treatment was efficient to counteract
this influence, as Lpl was induced in preadipocytes and
Cd36 in mature adipocytes. The impact of mim222 seen
on Cd36 agrees with data obtained in rats with metabolic
syndrome features, which have compromised Cd36
expression in adipocytes and the hyperlipidemia related

phenotype is ameliorated in transgenic mice overexpres-
sing this gene.46 Moreover, in humans, a genetic defi-
ciency of this gene is associated with IR and
hyperlipidemia.47 Therefore, the reduction observed in
Cd36 associated with mim222 would be related to a dis-
turbed lipid metabolism and linked to the malfunction of
insulin signaling pathway. Concerning the impact on Lpl,
fat-specific Lpl KO mice models do not show variations
in body weight or body composition.48 Therefore, a direct
relationship between its repression and obese phenotype
has not been discerned. Nonetheless, Lpl expression in
adipose tissue is positively regulated posttranscriptionally
and posttranslationally by insulin.49 Thus, the impair-
ment observed in insulin signaling pathway could be
direct or indirectly responsible of this downregulation,
rather than a direct effect of mim222.

Finally, signaling pathways involving PPARγ were
also found repressed in transcriptomic analysis in both
stages and this was confirmed at the individual gene level
in preadipocytes. PPARγ is the major regulator of adipo-
genesis, the cell differentiation process from preadipo-
cytes to mature adipocytes. Its reduction has been shown
to impair the normal properties of mature 3T3-L1 adipo-
cytes limiting cell size expansion, fatty acid uptake and
glucose transport while increasing the rate of lipolysis.50

Interestingly, this metabolic profile is achieved through
downregulation of key genes such as Slc2a4, Insr, and
Irs1,50 which is in accordance with the effects promoted
by mim222 in our cell system. In addition, other studies
demonstrate that adipo-specific KO of Pparγ in mice
leads to IR, adipocyte hypocellularity and hypertrophy
and dysregulated lipid metabolism.51 However, the
expected reduction of lipid accumulation and/or change
on cells morphology could not be observed in mature adi-
pocytes. That is probably because PPARγ is acting in con-
certed action with other related signals at a multi-tissue
level, which could not be appreciated in the cell culture
system. Nonetheless, a link between Pparγ downregula-
tion mediated by miR-222 and an impairment of adipo-
cyte function that might contribute to the onset of
metabolic syndrome cannot be discarded.

The significant global effect of mim222 treatment at
transcriptional level in preadipocytes was maintained,
although diluted, after cell differentiation, as mature adi-
pocytes showed some signaling routes altered but a nor-
malized expression in most of individual genes studied.
Despite this reversion in gene expression, at the transla-
tional level the impact was seen exclusively on mature
adipocytes, strengthening the idea that mim222 treat-
ment had consequences even after cell specialization. It
is noteworthy this delayed response of mim222 treatment
on protein levels compared to mRNAs levels. miRNAs
can act through mRNA decay or translation inhibition.52

In mammalian cells, the former repression effect is
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predominant and begins after approximately 6 h of
miRNA induction.52 This could explain the fact that
mRNA levels were importantly diminished in preadipo-
cytes, after 48 h of exposure to mim222, while protein
levels remained unaltered in this cell stage. Moreover,
“large oscillations in protein levels in response to an
oscillating miRNA require a fast protein turnover rate.”53

This is not the case for the proteins that were signifi-
cantly repressed in mature adipocytes: PTEN has an aver-
age protein half-life of 132.5 h, while AKT presents 41.1 h
(measured in mouse NIH 3T3 fibroblasts54). Therefore, it
could be suggested that during cell differentiation (from
day 2 to 8), the slow cell turnover of these proteins could
exacerbate the repression of mim222 on translation;
while the more rapid turnover of the respective mRNA
(11.9 h for PTEN and 13.6 h for AKT54) normalized the
transcriptional impact. In addition, the late response in
the protein levels could also be related to a cell memory
effect, promoting the acquisition of memories by the
early transfection of mim222, which would lead to phe-
notypic adaptations in subsequent challenges. The long-
lasting effect promoted by mim222 could be driven by
epigenetic mechanisms as, in fact, miRNAs can exert
changes in the methylation of certain genes.55 Thus,
changes triggered by miR-222 in the gene expression of
adipocytes herein outlined might cause relevant cell
imprinting during crucial periods of the developmental
programming and have future implications, even when
the transcriptional impact on particular genes was par-
tially reversed.

In conclusion, these results have contributed to the
elucidation of the molecular mechanisms involved in the
action of this miRNA and to dissect its specific effects on
adipocytes. Altogether, exogenous induced miR-222 in
the 3T3-L1 cell line exerted targeted impact in crucial
routes for adipocyte programming and function and, in
particular, on insulin-related signaling pathways. The
modulation was mainly observed through negative tran-
scriptional regulation of main signaling routes and
accompanied by the activation of potential compensatory
pathways. These outcomes are in agreement with previ-
ous studies in which miR-222 has been associated with
metabolic syndrome and, in particular, with IR in animal
models.5–9 In addition, the role of miR-222 in metabolic
programming was also suggested and fits with data from
in vivo studies carried by our group.13,19 It is plausible to
suggest that miR-222 impact on gene expression could be
in part responsible of this thin-outside-fat-inside pheno-
type, as a long-lasting effect of the early treatment was
implemented at some extent. Nonetheless, in the in vivo
approach, rats are exposed to significant levels of miR-
222 through breast milk, thus receiving multiple physio-
logical doses during a longer period, in contrast to the
acute high dose that was herein applied. Consequently,

this work strengthens the potential role that miR-222
plays in metabolic programming and further research
should be conducted to elucidate its concrete impact
in vivo.
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