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Abstract

Objective: MicroRNAs (miRNAs) are involved in the regulation of adiposity, but functional studies have yielded inconclusive
results. Examining the associations of circulating miRNAs levels with obesity and insulin sensitivity in humans may lead to

improved insights.

Design and methods: Serum samples collected from 112 obese and control subjects (50.0% men) were randomly divided
and combined into four pools (28 samples in each obese or control pool). The genome-wide circulating miRNA profiles
were detected via microarray. Elevated miR-122 was selected and validated in individual serum samples from 123 obese
(46.7% men) and 107 control (50.0% men) young adults. Associations between circulating miR-122 levels and parameters
related to adiposity, insulin resistance, lipid profiles and hepatic enzymes were further assessed.

Results: Thirty-four miRNAs were found to be expressed differently in the sera of obese patients compared with control
subjects (P<0.001). Further analyses confirmed that obese patients had 3.07-fold higher circulating miR-122 levels than
controls (P<0.001). Serum miR-122 levels were correlated with BMI (r=0.469), alanine aminotransferase (r=0.634),
triglycerides (r=0.448), HDL-cholesterol (r=—0.351) and homeostasis model assessment of insulin resistance (r=0.401,

all P<0.01). After controlling for confounding factors, miR-122 remained as an independent risk factor for insulin

resistance (OR=3.379, 95% Cl=1.141-10.007, P=0.028).

Conclusions: Elevated circulating miR-122 is positively associated with obesity and insulin resistance in young adults.
These findings provide a better understanding regarding the role of miRNAs in adiposity and insulin sensitivity.
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Introduction

The obesity epidemic continues to pose one of the largest
worldwide threats to overall health. Obesity is charac-
terised by excessive body fat, occurs in settings of positive
energy balances and is strongly associated with insulin
resistance, which in turn contributes to a wide variety of
chronic diseases states including type 2 diabetes (T2DM),
hyperlipidaemia, hypertension and atherosclerosis (1, 2).

There is evidence that adipocytes have a central role
in the pathogenesis of insulin resistance. Adipocytes can
accumulate large amounts of lipid and store it in a manner
that is nontoxic to the cells and secrete multiple
adipokines that directly regulate whole-body insulin
sensitivity. When the capacity of white adipose tissue to
store free fatty acid is exceeded, extra-adipose lipid
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accumulation, lipotoxicity and insulin resistance ensue (3).
Dysregulated adipokine secretion from the expanded
adipose tissue of obese individuals also leads to the deve-
lopment of systemic insulin resistance and metabolic
diseases (4).

In the past decades, genomic studies have yielded
important insights into the pathogenesis of obesity.
However, many obese patients remain recalcitrant to
medical therapies, and applicable biomarkers for clinical
diagnosis are still lacking (5). MicroRNAs (miRNAs) are
short non-coding regulatory elements that have an
important role in many cellular processes and are
promising pharmaceutical targets in various fields, such
as cancer and cardiovascular and metabolic diseases (6, 7,
8, 9, 10). Recent findings have shown that altered
circulating miRNAs profiles were linked to pathological
conditions, thus opening up the possibility of using
miRNAs as promising non-invasive biomarkers for the
detection, classification and prognosis of diseases (11, 12).

Although basic studies have highlighted the signi-
ficance of miRNAs in the regulation of obesity and insulin
resistance (13, 14, 15, 16), few studies have investigated
circulating miRNAs levels as potential biomarkers for
obesity in humans. Recently, Ortega et al. (17) have
revealed that plasma miR-142-3p, miR-140-5p, miR-15a,
miR-520c-3p, and miR-423-5p may constitute novel
biomarkers for risk estimation and classification of
morbidly obese patients. In a subsequent study, Pescador
et al. (18) supported the usage of serum miR-138, miR-15b
and miR-376a as valuable predictive biomarkers of
obesity. Further clinical evidence is necessary to explore
the relevance of circulating miRNAs in maintenance of
metabolic homeostasis.

This study sought to investigate the patterns of
circulating miRNAs in obese humans and to further
explore the independent associations between the
concentration of the top-ranked miRNA and parameters
of adiposity and insulin sensitivity in young adults.
Our findings provide a better understanding regarding
the role of miRNAs, particularly miR-122, in obesity and
insulin sensitivity.

Subjects and methods
Ethics statement

This study protocol was approved by the Institutional
Review Board of the Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine, and was in accordance
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with the principle of the Helsinki Declaration II. All of the
participants provided written informed consent.

Study population and samples collection

The detailed characteristics of the 112 individuals
included in the discovery study are presented in Supple-
mentary Table 1, see section on supplementary data
given at the end of this article. A total of 230 individuals
living in the eastern area of China were recruited for
the validation study. One hundred and twenty-three obese
patients (BMI >30 kg/m?) were collected consecutively
(from January 2010 to October 2012) from the specialised
outpatient clinic for obesity in Ruijin Hospital, Shanghai
Jiao Tong University School of Medicine. Patients with
syndromatic obesity, diabetes mellitus, hyper- or hypo-
cortisolism, hyper- or hypothyroidism, growth hormone
deficiency, severe hepatic or renal disease, acute or chronic
infectious or immunological diseases, cancer, pregnancy,
and those who were breastfeeding were excluded from
our study. One hundred and seven normal weight
subjects matching the age and sex distributions of the
obese patients were recruited from among volunteers
of Shanghai Jiao Tong University School of Medicine on
the basis of their normal BMIs (<23 kg/mz) (19). Normal
weight subjects with clinical evidence of major diseases,
hypertension, impaired glucose regulation, diabetes
mellitus and past history of obesity were excluded from
our study. All subjects underwent comprehensive physical
examinations and routine biochemical analyses of their
blood after an overnight fast. A 75 g oral glucose tolerance
test was also performed. Body fat percentage was quanti-
fied using the InBody-720 body composition analyser
(Biospace, Seoul, Korea). Clinical and biochemical
measurements were assessed as described previously
(20, 21). Peripheral blood was collected from each parti-
cipant and was allowed to clot for 1 h at room temperature.
Serum was extracted by centrifugation at 1000 g for
15 min at 4 °C, and the supernatant was collected into
new tubes and spun at 2000g for 10 min at 4°C to
remove the few remaining cells. The resultant supernatant
was transferred into new tubes and stored at —80 °C.

Circulating RNA extraction

We performed RNA extraction using the miRNeasy Mini
Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. Briefly, 1 ml of QIAzol reagent was
added to 200 pl of serum sample. The sample was mixed in
a tube, followed by the addition of 200 ul of chloroform.
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After mixing vigorously, the sample was then centrifuged
at 12 000 g for 15 min at 4 °C. The upper aqueous phase
was carefully transferred to a new collection tube, and 1.5
volumes of ethanol were added. The sample was then
applied directly to columns and washed. Total RNA was
eluted in 30 pl of nuclease-free H,O. The quality and
quantity of RNA were evaluated by 260:280 ratio using
an Agilent 2100 Bioanalyser (Agilent Technologies, Santa
Clara, CA, USA) as described previously (22).

others

Circulating miRNA microarray

Serum miRNA samples from 56 obese patients (aged 18-30
years) were randomly divided and combined into two
pools (28 samples in each obese pool). Two miRNA pools
were similarly obtained from 56 age-, sex- matched normal
weight controls (28 samples in each control pool).
Genome-wide miRNA expression profiling was performed
on Agilent Human miRNA (8*60K) V16.0 chips (Agilent
Technologies) according to the manufacturer’s instruc-
tions. Briefly, 100 ng of total RNA was dephosphorylated
with Calf Intestinal alkaline phosphatase (ALP) at 37 °C
for 30 min following a denaturalisation with DMSO
at 100°C for 5-10 min and a ligation at 16°C for 2h
using miRNA Complete Labelling and Hyb Kit (Agilent
Technologies). Labelled RNA was completely dried and
resuspended with Blocking Agent and Hybridisation
Buffer, incubated at 100 °C for 5 min and immediately
transferred to an ice water bath for 5 min. The samples
were hybridised to the chips (Agilent Technologies) at
55°C and 20r.p.m. for 20 h. Microarrays were then
washed with Gene Expression Wash Buffers (Agilent
Technologies). They were scanned at 5pm resolution
and at 100 and 5% sensitivity using an Agilent G2565BA
Microarray Scanner (Agilent Technologies) under default
settings. Images analyses were performed using Agilent
Feature Extraction Software 10.7 (Agilent Technologies).
Raw data were normalised by Quantile algorithm using
Gene Spring Software 11.0 (Agilent Technologies).

Circulating miRNA RT

We used a fixed volume of 2 ul of RNA solution from
the 30 pl eluate as inputs into each RT reaction using
the miRCURY LNA Universal RT Kit (Exiqon, Vedbaek,
Denmark) according to the manufacturer’s recommen-
dations. A 2 pl aliquot of template totol RNA was combined
with 2 ul of 5X reaction buffer, 4.5 ul of nuclease-free
water, 1 ul of enzyme mix and 0.5 pl of synthetic spike in
to a final volume of 10 ul. The RT-PCR was set as follows:
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incubated at 42°C for 1h, heat-inactivated at 95°C
for Smin and immediately cooled to 4°C using a
Eppendorf mastercycler gradient thermocycler (Eppendorf,
Hamburg, Germany). cDNA were diluted to a final volume
of 400 pl.

Analysis of miRNA in individual serum samples by
real-time quantitative PCR

The expression levels of miR-122 in individual serum
samples were confirmed with a SYBR-based quantitative
PCR using a miR-122-specific primer (Exiqon). The
expression levels of miR-122 based on SYBR Green
intensity were then assessed by real-time quantitative
PCR (gRT-PCR) according to the manufacturer’s instruc-
tions. A 4l aliquot of diluted cDNA template was
combined with 5 pl of SYBR green master mix and 1 ul of
PCR primer mix to a final volume of 10 pl. Three technical
replicates per sample were used for qRT-PCR amplification
run on a LightCycler 480 Real-Time PCR System (Roche
Diagnostics). All of the samples were inspected for distinct
melting curves and Tm was checked. The samples must
be detected with Ct <35 to be included in the analysis.

Definition and calculations

According to the WHO's diagnostic criteria, we defined
subjects with mild, moderate and severe obesity based on
BMIs between 30 and 35 kg/m?, between 35 and 40 kg/m?,
and >40 kg/m?respectively. Homeostasis model assessment
of insulin resistance (HOMA-IR) was calculated as (fasting
insulin (IU/ml) X fasting glucose (mmol/1)/22.5) (23).
Insulin resistance was defined as a HOMA-IR score >5.268
(the 75th percentile of HOMA-IR across all subjects).

Statistical analyses

The data were evaluated for normal distribution with the
Shapiro-Wilk test and were logarithmically transformed
for statistical analyses when required. Student’s t-test
or ANOVA followed by Bonferroni’s multiple comparison
analysis was used to examine the differences between the
groups of subjects. The miR-122 levels of the different
groups were adjusted for comparison by univariate
analysis using a general linear model. Pearson’s corre-
lations and multiple stepwise regression analysis adjusting
for potential confounding factors were performed to
examine the associations between miR-122 levels and
metabolic parameters. Binary logistic regression was
used to predict the risk factors for insulin resistance.
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Table 1 Differential expression of circulating miRNAs in the normal weight and obese groups.

Normal weight Normal weight Up/down

MicroRNA group 1 group 2 Obese group 1 Obese group 2 Fold change regulation
hsa-miR-636 1.3481688 —0.47355455 3.3784869 3.2975938 6.194762638 Up
hsa-miR-933 —1.2571797 —0.5452841 —2.774445 2.1892483 4.264912001 Up
hsa-miR-122 6.1424985 6.1424985 6.7708316 8.4362335 3.224508335 Up
hsa-miR-574-5p 3.8800778 3.3068206 5.2763653 5.1900134 3.056961549 Up
hsa-miR-140-3p 3.5525482 3.9628751 1.3116659 2.6897788 0.326945963 Down
hsa-miR-20b 4.6509943 5.1532536 3.4468 3.0524049 0.316256351 Down
hsa-miR-19b 7.2492414 7.6516438 5.4974866 5.8605976 0.292398669 Down
hsa-miR-550a —1.2637131 —1.1622838 —2.8660324 —3.1539028 0.289033347 Down
hsa-miR-361-5p 1.0862339 1.1211032 0.16948032 —3.1539028 0.287787879 Down
hsa-miR-17 4.5317993 5.107803 2.8839657 3.1317801 0.280258206 Down
hsa-miR-30a 1.3116659 2.112866 0.77216923 —3.1539028 0.267368866 Down
hsa-miR-654-5p —1.3200018 —1.3200018 —3.3219576 —3.1539028 0.265083217 Down
hsa-miR-19a 5.9474783 6.3565493 4.1149077 4.336584 0.261255813 Down
hsa-miR-324-3p 2.6391613 2.4187143 1.4284668 —3.1539028 0.242208262 Down
hsa-miR-148b 2.2989888 2.497092 1.0960096 —3.1539028 0.212933222 Down
hsa-miR-10a 1.0586777 1.0586777 —0.47355455 —3.1539028 0.199839505 Down
hsa-miR-151-3p 1.0076894 1.0347425 —0.628899 —3.1539028 0.186977123 Down
hsa-miR-335 0.26904 0.77216923 —1.2571797 —3.1539028 0.182197683 Down
hsa-miR-126* 2.5720515 2.6187317 1.0586777 —3.1539028 0.181606275 Down
hsa-miR-142-5p 3.7417185 3.9287333 2.2989888 —3.1539028 0.175957857 Down
hsa-miR-494 1.4936026 0.9336167 —0.47902513 —3.1539028 0.175585975 Down
hsa-miR-151-5p 2.7396505 2.3255095 0.7275481 —3.1539028 0.151235737 Down
hsa-miR-223* 0.16948032 —1.2571797 —3.3219576 —3.1539028 0.137620186 Down
hsa-miR-331-3p —0.47902513 0.0879058 —3.3219576 —3.1539028 0.11927837 Down
hsa-miR-144* —0.45343864 0.26904 —3.3219576 —3.1539028 0.109724216 Down
hsa-miR-199a-5p 0.96438444 1.2394677 —3.3219576 —3.1539028 0.049242332 Down
hsa-miR-195 1.1743264 1.0960096 —3.3219576 —3.1539028 0.048321735 Down
hsa-miR-301a 0.9336167 1.3481688 —3.3219576 —3.1539028 0.047655405 Down
hsa-miR-338-3p 1.2394677 1.2596201 —3.3219576 —3.1539028 0.044654097 Down
hsa-miR-590-5p 0.23190765 2.5201914 —3.3219576 —3.1539028 0.030726505 Down
hsa-miR-186 2.9324102 3.1941247 —1.3200018 —3.1539028 0.030554259 Down
hsa-miR-30c 1.4284668 2.1892483 —3.3219576 —3.1539028 0.029280423 Down
hsa-miR-30b 2.3255095 2.8209538 —2.8390956 —3.1539028 0.020871449 Down
hsa-miR-140-5p 2.8839657 2.6897788 —3.3219576 —3.1539028 0.015349957 Down

The data are presented as quartile normalised fluorescence intensities. Fold change =average (power (2, obese group 1), power (2, obese group 2))/average

(power (2, normal weight group 1), power (2, normal weight group 2)).

Differences were considered significant for P<0.05. All
analyses were performed using SAS (version 9.3; SAS
Institute, Inc., Cary, NC, USA).

Results

Comprehensive circulating miRNAs profiling in the
discovery samples

To identify the circulating miRNAs that were involved in
the regulation of obesity and insulin sensitivity, we first
performed microarray analysis with serum samples from
normal weight and obese subjects. We pooled samples
within normal weight controls and obese patients, which
reduced sample variation and enriched for miRNAs most
likely to change between groups. Fold changes >3 or
below —3 were considered for further analyses. As given

in Table 1, 34 circulating miRNAs significantly differed
between obese patients and normal weight subjects,
including four upregulated miRNAs and 30 suppressed
miRNAs in the serum samples of the obese subjects.
Among them, miR-122 was the most abundant circulating
miRNA. Previous studies have shown that miR-122 is
dysregulated in liver metabolic disorders and is involved
in cholesterol and lipid regulation (24, 25, 26). Therefore,
the expression of circulating miR-122 was selected for
further validation.

Clinical characteristics of the validation population

The anthropometric and clinical characteristics of the
individuals included in the validation study are sum-
marised in Table 2. There were no significant differences in
age or gender between the obese and normal weight
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Table 2 Clinical characteristics of the participants included in the validation study by weight category. The data

are presented as the means+s.o. or the medians (inter-quartile range).

Normal weight

Obese

Variable controls (n=107) patients (n=123) P value
Demographic data
Age (years) 23.97+2.88 24.02+2.61 0.885
Sex, n (%) 0.580
Male 50 (46.7%) 62 (50.0%)
Female 57 (53.3%) 61(50.0%)
Anthropometric measurements
BMI (kg/mz) 20.79+1.41 37.73+4.40 <0.001
Waist-to-hip ratio 0.80£0.05 0.98+£0.09 <0.001
Fat percentage (%) 22.27+4.52 43.561+6.99 <0.001
Systolic blood pressure (mmHg) 112.81+14.64 124.56+13.96 <0.001
Diastolic blood pressure (mmHg) 70.25+9.68 83.19+10.71 <0.001
Biochemical characteristics
Alanine aminotransferase (1U/l) 15.00 (13.00-19.00) 44.00 (28.00-77.00) <0.001
Aspartate aminotransferase (1U/I) 19.00 (17.00-22.00) 27.00 (20.00-40.00) <0.001
Alkaline phosphatase (1U/l) 56.50 (48.00-71.00) 63.50 (51.00-74.00) 0.049
Gamma glutamyl transferase (1U/1) 13.00 (11.00-16.00) 31.00 (18.00-51.00) <0.001
Triglycerides (mmol/l) 0.83 (0.61-1.03) 1.46 (1.05-1.90) <0.001
Total cholesterol (mmol/l) 4.05 (3.73-4.56) 4.36 (3.90-4.95) 0.866
HDL-cholesterol (mmol/l) 1.56 (1.36-1.73) 1.04 (0.92-1.23) <0.001
LDL-cholesterol (mmol/l) 2.29 (1.95-2.63) 2.76 (2.35-3.18) <0.001
Fasting blood glucose (mmol/l) 4.68+0.40 5.23+0.89 <0.001
2-h blood glucose (mmol/l) 5.144+0.98 6.81+2.04 <0.001
Fasting insulin (ulU/ml) 6.81 (4.91-8.83) 21.49 (15.34-28.76) <0.001
2-h insulin (ulU/ml) 33.92 (18.57-52.37) 117.90 (72.05-178.30) <0.001
Insulin resistance
HOMA-IR (pIU~mo|/|2) 1.41 (1.01-1.81) 5.11 (3.63-6.48) <0.001

groups (Table 2). As expected, BMI, waist-to-hip ratio
(WHR), fat percentage, blood pressure, hepatic enzymes,
triglycerides (TG), LDL-cholesterol (LDL-c), fasting glucose
and insulin, 2-h glucose, 2-h insulin and HOMA-IR
were significantly higher in the obese subjects. The obese
participants also had significantly lower levels of HDL-
cholesterol (HDL-c) than did the normal weight subjects.
However, total cholesterol (TC) was not significantly
different between the groups (Table 2).

Validation of miR-122 expression in individual
serum samples

To validate the possibility of using miR-122 as a biomarker
for obesity, serum miR-122 levels were individually
determined by qRT-PCR. Consistent with the microarray
data, we found that the miR-122 relative expression
levels were markedly higher in the obese subjects, with
a 3.07-fold increase, than in the normal weight
subjects (P=7.10x10"'% Fig. 1A). The means+s.n. of
Ct values were 32.37+1.55 and 30.85+1.77 in normal
weight and obese subjects respectively (Fig. 1B). Indeed,
miR-122 expression levels remained significantly elevated
in obese patients after adjusting for confounding

factors such as age, sex, hepatic enzymes and HDL-c
(P<0.001; Fig. 1C).

To further explore the relationship between miR-122
and obesity, we stratified the degree of obesity by BMI.
Compared with the normal weight subjects, the mildly,
moderately and severely obese patients all had signi-
ficantly higher levels of circulating miR-122 (all P<0.05;
Fig. 2A). Circulating miR-122 exhibited a tendency to
increase with the degree of obesity, although this pattern
was not significant. After adjusting for age, sex, alanine
aminotransferase (ALT) and HDL-c, miR-122 expression
remained significantly different between the normal
weight and obese groups (all P<0.01; Fig. 2B).

Correlates of serum miR-122 relative expression levels

miR-122 levels were significantly correlated with sex,
BMI, WHR, fat percentage, blood pressure, ALT, aspartate
aminotransferase (AST), ALP, gamma glutamyl transferase
(GGT), TG, HDL-c, fasting blood glucose, 2-h blood
glucose, fasting insulin, 2-h insulin and HOMA-IR (all
P<0.01; Table 3). Multiple stepwise regression analysis
demonstrated an independent association of miR-122
with ALT (8=0.648, P<0.001; Table 3).
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Figure 1

The circulating miR-122 levels were elevated in the obese
subjects compared with the normal weight controls.

(A) Differential relative miR-122 expression levels verified by
gRT-PCR in the serum samples from normal weight (n=107) and
obese (n=123) subjects. (B) Differential Ct values of miR-122
expression verified by qRT-PCR in the serum samples from
normal weight and obese subjects. (C) After adjusting for age,
sex, ALT and HDL-c, miR-122 expression remained significantly
different between the normal weight and obese participants.
The mean values are plotted with the s.e.m.s. ***P<0.001 vs
normal weight control group.

Given that the insulin sensitivity, glucose regula-
tion and liver function of normal weight and obese
subjects might vary substantially, we further analysed
the correlations between miR-122 relative expression
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levels and covariables separately in the normal weight
and obese subjects. In the normal weight subjects,
miR-122 expression was significantly associated with
sex, ALT, ALP, GGT, HDL-c, blood glucose and fasting
insulin. Multiple stepwise regression analysis revealed
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Figure 2

Differential miR-122 expression in the serum samples of patients
with different degrees of obesity compared with the normal
weight controls. (A) Mildly (n=28), moderately (h=66) and
severely (n=29) obese patients all had significantly higher
levels of circulating miR-122 than did the normal weight
(n=107) subjects, but the miR-122 expressions tended to be
unchanged as the degree of obesity increased. (B) After
adjusting for age, sex, ALT and HDL-c, miR-122 expression
remained significantly different between the normal weight
and obese subjects. The mean values are plotted with the s.e.m.s.
*P<0.05, **P<0.01 and ***P<0.001 vs the normal weight
control group.
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Table 3 Pearson’s correlation and stepwise regression analyses of miR-122 with indices of adiposity and metabolic risk.

Pearson’s correlation Stepwise
Covariables r P value I P value
Demographic data
Age (years) 0.042 0.531 0.035 0.653
Sex —0.187 0.004 —0.063 0.426
Anthropometric measurements
BMI (kg/m?) 0.469 <0.001 0.035 0.656
Waist-to-hip ratio 0.383 <0.001 - -
Fat percentage (%) 0.400 <0.001 - -
Systolic blood pressure (mmHg) 0.260 <0.001 0.048 0.545
Diastolic blood pressure (mmHg) 0.287 <0.001 0.061 0.437
Biochemical characteristics
Alanine aminotransferase (1U/I) 0.634 <0.001 0.648 <0.001
Aspartate aminotransferase (1U/1) 0.575 <0.001 - -
Alkaline phosphatase (1U/1) 0.257 0.001 - -
Gamma glutamyl transferase (1U/1) 0.532 <0.001 - -
Triglycerides (mmol/l) 0.448 <0.001 0.047 0.555
Total cholesterol (mmol/l) 0.033 0.641 - -
HDL-cholesterol (mmol/l) —0.351 <0.001 —0.039 0.617
LDL-cholesterol (mmol/l) 0.143 0.054 - -
Fasting blood glucose (mmol/l) 0.345 <0.001 - -
2h blood glucose (mmol/l) 0.249 <0.001 - -
Fasting insulin (ulU/ml) 0.437 <0.001 - -
2h insulin (ulU/ml) 0.315 <0.001 - -
Insulin resistance
HOMA-IR (nIU-mol/I?) 0.401 <0.001 0.097 0.217
r, Pearson’s correlation coefficient; 3, standardised regression coefficient; ‘~', indicates that the variable was not included in the multiple

stepwise regression modelling.

independent associations of miR-122 with sex
(6=—0.425, P<0.001) and HDL-c (6=—0.287, P=0.017;
Supplementary Table 2, see section on supplementary
data given at the end of this article). In obese patients,
miR-122 expression was significantly associated with
biochemical characteristics that included ALT, AST,
GGT, TG, fasting and 2h blood glucose, and was
independently associated with ALT (6=0.554, P<0.001;
Supplementary Table 3).

Association of miR-122 with insulin resistance

In the univariate model, in addition to miR-122, multiple
parameters were found to be significantly related to

HOMA-IR, including BMI, WHR, fat percentage, systolic
blood pressure (SBP), diastolic blood pressure (DBP), ALT,
HDL-c, LDL-c, fasting blood glucose and fasting insulin
(all P<0.01, data not shown). We next examined the
relationship between circulating miR-122 levels and insulin
resistance in our study population. Binary logistic regression
was performed to analyse the independent risk factors
for insulin resistance. Each s.p. unit increase in miR-122
level was associated with a 331.9% greater odds of insulin
resistance in a model adjusted for age and gender. After
further adjusting for obesity, blood pressure, lipid profile and
liver function, miR-122 remained positively associated with
an elevated likelihood of insulin resistance (OR=3.379/s.p.
unit, 95% CI=1.141-10.007, P=0.028; Table 4).

Table4 The multiple stepwise regression modelling for binary insulin resistance associated with per unit increases

in s.0. in the serum miR-122 levels.

Binary insulin resistance (> 75th percentile vs lower)

Model Adjustment OR (95% CI) Pvalue
Model 1 Adjusted for age and sex 4.319 (2.383-7.826) <0.001
Model 2 Further adjusted for BMI, WHR, fat percentage, SBP, 3.379 (1.141-10.007) 0.028

DBP, lipid profile and liver function based on model 1

OR, odds ratio; WHR, waist-to-hip ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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Discussion

Previous literature has unequivocally demonstrated that
endogenous serum and plasma miRNAs are sufficiently
stable and quantifiable to serve as clinical biomarkers
(11, 12). Considering that clinical specimens of serum are
more plentiful than plasma samples in many clinical
sample repositories, it is essential to establish whether
miRNAs levels are different in serum compared with
plasma. In this regard, Mitchell et al. (11) found that the
abundance of miRNAs in serum and plasma were strongly
correlated, which indicates that both serum and plasma
samples would be suitable for investigations of miRNAs
as blood-based biomarkers.

Mammalian circulating miRNAs are packaged inside
lipid or lipidprotein complexes, such as microvesicles,
exosomes or apoptotic bodies (27, 28, 29). Studies have
shown that associations with proteins (30, 31) also make
miRNAs resistant to ribonuclease activity. miRNAs
secreted inside exosomes may have a different fate
compared with those associated with proteins or HDL
(32, 33). Specific miRNAs tend to be preferentially released
by cells and are thus more prone to be found in circula-
tion (34); however, changes in the levels of circulating
miRNAs do not necessarily reflect deregulation of miRNAs
expression inside cells (22). Therefore, the use of miRNAs
as biomarkers should not be confounded with their
regulatory functions inside the cells. Although emerging
evidence has established that extracellular miRNAs
contained in the body fluids have distinct physiological
function (11, 12, 35), the main function and the meaning
of the existence of circulating miRNAs remain elusive.

The role of miRNAs in diabetes and obesity has
recently been studied. Ortega et al. (17) established the
foundation to motivate further global investigations of
miRNAs as circulating biomarkers for obesity in humans.
They suggested that plasma miR-142-3p, miR-140-5p,
miR-15a, miR-520c-3p and miR-423-5p may constitute
novel biomarkers for risk estimation and classification
of morbidly obese patients. By contrast, another study
demonstrated that miR-138 or miR-376a provided a
powerful predictive tool for distinguishing patients
with obesity from healthy controls, patients with T2DM
and obese diabetic patients, whereas a combination of
miR-138 and miR-503 can distinguish diabetic from obese
diabetic patients (18). This might be owing to the different
clinical characteristics of these studies and the lack of a
generally accepted endogenous miRNA control to normal-
ise for circulating miRNAs levels. In addition, a different
extraction and quantification method among the studies
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also contribute to the conflicting results. Future studies
are warranted for the identification of an accurate norma-
lisation protocol and the empirical validation of stable
endogenous control miRNAs.

Ortega et al. (17) found that plasma miR-122 concen-
tration increased in moderately obese patients but
decreased in morbidly obese patients. Intriguingly, circu-
lating miR-122 concentrations significantly decreased
after surgery-induced weight loss (17). By contrast, our
data demonstrated that circulating miR-122 was robustly
elevated in the obese patients and exhibited a tendency
to increase with the degree of obesity. Moreover, we
observed a significantly direct association between serum
miR-122 levels and BMI in our cohort consisting of a total
of 230 Chinese young adults, although Ortega et al. (17)
reported an inverse correlation between circulating
miR-122 concentrations and BMI in white men. It is likely
that this disparity is partly related to the variance in the
definition of obesity, comparably healthier glucose meta-
bolic state (only 23 obese patients had impaired glucose
regulation), a much younger age and a better blood
pressure in our study population.

The first miRNA linked to metabolic control, miR-122,
is primarily expressed in the liver and is initially shown
to affect hepatic cholesterol and fatty-acid metabolism in
mice (24, 25). In a subsequent study, miR-122 was targeted
by antisense inhibitors in African green monkeys, result-
ing in dose-dependent lowering of plasma cholesterol
(26). By contrast, we noted no correlation between miR-
122 and TC in humans. Indeed, our data suggested that
miR-122 concentration was significantly correlated with
TG and HDL-c in all participants. Likewise, an indepen-
dent association of miR-122 with HDL-c was determined
in the lean healthy subjects. This might be due, in part, to
the characteristics of our study population. Large studies
regarding circulating miRNAs levels from individuals of
both genders and various ages will be worthwhile.

In line with the results of animal studies, we found
miR-122 expression was significantly associated with
hepatic enzymes in humans. Moreover, we found an
independent association of miR-122 with ALT, as demon-
strated by multiple stepwise regression analysis. Wang
et al. (22) reported that mouse plasma miR-122 exhibited
dose- and exposure duration-dependent changes that
parallel aminotransferase levels and liver degeneration
and might be more sensitive and reliable than ALT
levels. Further investigations should identify whether
the sensitivity and reliability of circulating miR-122
are better than those of ALT in humans to confirm its
clinical applicability.
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In summary, this study provides clinical evidence
revealing that circulating miRNAs are dysregulated in
human obesity. Apart from detecting the involvement of
aberrant circulating miR-122 under an obese state, we
found that circulating miR-122 levels were closely
correlated with glucose regulation and insulin sensitivity
in Chinese young adults. Most importantly, we demon-
strated that miR-122 was positively associated with
increased odds of insulin resistance in humans, indicating
its potential diagnostic value. Our findings suggest that
circulating miR-122 may act as a promising biomarker of
obesity and insulin resistance.

Supplementary data
This is linked to the online version of the paper at http://dx.doi.org/10.1530/
EJE-14-0867.
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