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Abstract

Background: Insulin resistance disrupts metabolic processes and leads to various chronic disease states such as
diabetes and metabolic syndrome (MetS). However, the mechanism linking insulin resistance with cardio-
metabolic disease pathophysiology is still unclear. One possibility may be through circulating microRNAs
(c-miRs), which can alter gene expression in target tissues. Our goal was to assess the relationship of c-miRs
with insulin sensitivity, as measured by the gold standard, hyperinsulinemic-euglycemic clamp technique.
Methods: Eighty-one nondiabetic, sedentary, and weight-stable patients across a wide range of insulin sensi-
tivities were studied. Measurements were taken for blood pressure, anthropometric data, fasting glucose and
lipids, and insulin sensitivity measured by clamp. After an initial screening array to identify candidate miRs in
plasma, all samples were assessed for relationships between these c-miRs and insulin sensitivity, as well as
associated metabolic factors.

Results: miR-16 and miR-107 were positively associated with insulin sensitivity (R*=0.09, P=0.0074 and
R?=0.08, P=0.0417, respectively) and remained so after adjustment with body mass index (BMI). After adjusting
for BMI, miR-33, -150, and -222 were additionally found to be related to insulin sensitivity. Regarding metabolic
risk factors, miR-16 was associated with waist circumference (r=-0.25), triglycerides (r=-0.28), and high-
density lipoprotein (r=0.22), while miR-33 was inversely associated with systolic blood pressure (r=—-0.29). No
significant relationships were found between any candidate c-miRs and BMI, diastolic blood pressure, or fasting
glucose.

Conclusions: Our results show that relative levels of circulating miR-16, -107, -33, -150, and -222 are asso-
ciated with insulin sensitivity and metabolic risk factors, and suggest that multiple miRs may act in concert to
produce insulin resistance and the clustering of associated traits that comprise the MetS. Therefore, miRs may
have potential as novel therapeutic targets or agents in cardiometabolic disease.
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Introduction lying insulin sensitivity could inform the development of
better therapies for patients with cardiometabolic disease.

INSULIN RESISTANCE Is one of the major contributors to The role of microRNA (miRNA; miR) in the pathophys-

the development of Type 2 diabetes mellitus (T2DM), iology of diabetes and cardiovascular disease has been of

as well as other metabolic disease states, such as metabolic emerging interest in recent years, but has not been fully
syndrome (MetS) and cardiovascular disease." The devel- explored. miRNAs are short, noncoding RNA strands (about
opment of insulin resistance precedes diagnosis of these 22 nucleotides long) that base-pair with mRNA to post-
diseases, and its mechanism is still unclear. However, in- transcriptionally modify gene expression. They are found in
terventions that increase insulin sensitivity in patients with  all tissues, but recent studies have suggested that they can
prediabetes or MetS, such as exercise, weight loss, or thia- also be secreted from cells and enter the bloodstream.

zolidinedione medications, have been shown to prevent or Multiple mechanisms are operative to protect circulating
delay progression to T2DM and improve metabolic risk miRs against degradation, including packaging into micro-
factors. Thus, understanding the pathophysiology under-  vesicles,” association with proteins like Argonaute2 (AGO2)
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or nucleophosmin 1 (NPM1), or binding to high-density li-
poprotein (HDL).? Studies have also shown that secreted
miR can then specifically influence gene expression in
remote recipient cells>* and that levels of certain circulating
miR species are associated with various conditions, such as
cancc.er,s’6 cardiovascular disease,’ and diabetes.®’

In animal models, manipulation of miRs in tissues has been
shown to affect whole-body metabolism and insulin sensitiv-
ity.">!"" However, much less is known about the relationship
between levels of circulating miRs (c-miRs) and insulin sen-
sitivity. In humans, most studies used screening methodology
to profile patterns of c-miR differences between metabolic
disease and disease-free states (i.e., patients with diabetes,
MetS, or polycystic ovary syndrome vs. controls),” !¢
rather than specifically looking at c-miR in relation to in-
sulin sensitivity. This is an important distinction because
decreases in insulin sensitivity precede development of these
disease states. In addition, studies that did assess insulin
sensitivity often used the homeostatic model assessment
for insulin resistance (IR)'’"' instead of the gold standard,
hyperinsulinemic-euglycemic clamp technique.

Thus, to better elucidate the relationship between circu-
lating miRs and insulin sensitivity prior to the development
of metabolic disease states, we first used a screening approach
to identify candidate c-miRs in nondiabetic, human plasma
samples, then individually evaluated each of the miRs for
association with insulin sensitivity, as measured by clamp. The
goal of this study was to identify miRs that may be related to
human insulin sensitivity and associated MetS risk factors.

Materials and Methods
Participants and sample collection/processing

Participants were sequentially recruited for metabolic
characterization at the University of Alabama at Birming-
ham’s (UAB) Clinical Research Unit from 2004 to 2011.
Participants had body mass index (BMI) >21 kg/m?, did not
engage in regular exercise, and were weight stable for at
least 3 months prior (3% of body weight). Participants
were excluded if they had BMI >50kg/m? evidence of
T2DM, cardiovascular, renal, thyroid, or hepatic disease, or
if they were taking any medications that could affect body
composition, lipid, or carbohydrate metabolism. All proto-
cols were approved by the UAB Institutional Review Board,
and written consent was obtained from all participants.

Clinical measurements

Anthropometric measures of height, weight, and waist
circumference (WC) were recorded, and standardized blood
pressure measurements were obtained. Serum and plasma
(in EDTA tubes) were obtained after an overnight fast and
stored at —80°C until use. Lipids, glucose, and insulin levels
were determined using a conventional lipid panel colorimet-
ric assay (Stanbio Laboratory, Boerne, TX), glucose analyzer
(YSI 2300; Yellow Springs Instruments, Yellow Springs,
OH), and immunofluorescence (TOSOH A1A-II analyzer;
TOSOH Corp., South San Francisco, CA), respectively.

Insulin sensitivity, assessed as the glucose disposal rate
(GDR), was measured using the hyperinsulinemic-euglycemic
clamp technique as described previously.?*' Briefly, par-
ticipants were given a primed-continuous infusion of insulin
(Humulin; Eli Lilly, Indianapolis, IN) at 200 mU/m?*/min to
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maximally stimulate glucose uptake and suppress hepatic
glucose production, and serum glucose was clamped at
5.0mmol/L for at least 3 hr. Maximal glucose uptake was
determined as the mean glucose infusion rate over the last
three 20-min intervals, and the GDR was calculated based
on the glucose infusion rate after adjustments for glucose pool
size and normalization per kilogram of lean body mass as
assessed by dual-energy X-ray absorptiometry.

MiR microarray screening

For screening purposes, 15 participants with the highest
GDR (insulin sensitive [IS]) and 15 with the lowest GDR
(IR) were chosen to assess for differential c-miR expression
based on insulin sensitivity. Total RNA (including miRs)
was extracted from 200 pL of plasma samples of these in-
dividuals using the miRNeasy Serum/Plasma Kit (QIAGEN)
according to the manufacturer’s protocol. Within each group,
participants were divided into three pooled samples of five
individuals each, which were then reverse-transcribed with the
miScript II RT Kit (QIAGEN) into cDNA using the miScript
HiSpec Buffer for mature miR profiling. miRNA microarrays
were performed with diluted pooled samples using a quan-
titative, real-time polymerase chain reaction (qrt-PCR;
StepOnePlus Real-Time PCR System, Applied Biosystems)
on the Human Diabetes miScript miRNA PCR Array
(QIAGEN; MIHS-115Z).

Analysis of the miR microarray data was performed with
miScript miRNA PCR Array Data Analysis software (SA-
Biosciences/QIAGEN). Only one invariant miR (miR-490)
emerged from this analysis and was found to be stably ex-
pressed across subsequent individual assays, so it was used as
the reference gene for the remainder of the study. For
screening purposes, samples were determined to be candidate
miRs if they had a greater than fourfold difference between
the two groups, P value <0.30. Additional miRs that did not
meet criteria and/or were not included in the array were
added as candidate genes if they had the potential to be
related to insulin sensitivity based on previous literature (see
Results section for details).

Candidate miR evaluation

A subset of 81 participants were chosen for this study based
on their GDR, (with an effort to include an equal number of
whites and blacks, males and females), the availability of the
plasma sample, and the absence of overt hemolysis. For val-
idation, levels of candidate miRs were individually assessed in
each of the 81 plasma samples. RNA extraction and reverse
transcription to cDNA were the same as described above.
cDNA samples were diluted 1:10 for determining relative
expression using qrt-PCR with the miScript SYBR Green
PCR Kit (QIAGEN) in duplicate. Primers used for evalua-
tion of individual mature miR expressions were as follows
(All from QIAGEN, Cat. No. 218300, miScript Primer As-
says): mi-33, mi-490, mi-150, RNU6, mi-16, mi-140, mi-
133a, mi-199a, mi-218, mi-200a, SNORD61, mi-34a, mi-107,
and mi-222. All data were normalized to miR-490 and sub-
sequent analyses used—ACt values for relative expression.

Statistical analyses

Descriptive data are presented as mean tstandard de-
viation, with comparisons made through Student’s z-test or
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nonparametric equivalents, as appropriate. miR-107 and miR-
133a were transformed by adding a constant and square-
rooting the values, and triglycerides (TG), HDL, and fasting
glucose were log-transformed for normality for subsequent
analyses. Simple linear regressions were conducted between
insulin sensitivity and relative expression levels of circu-
lating candidate miR (-ACt), along with an adjusted multiple
linear regression model to include BMI, with standardized f
coefficients reported for the miR and BMI. Pearson’s cor-
relations were also determined between circulating miRs
and relevant metabolic risk factors (measures of obesity,
blood pressure, lipids, and fasting glucose). All statistical
analyses were performed with the SAS 9.4 statistical soft-
ware package (SAS Institute, Inc., Cary, NC).

Results

A total of 81 samples were used for this study, across a wide
range of insulin sensitivity, as measured by the hyperinsulinemic-
euglycemic clamp technique. The majority of patients were fe-
male (67.9%), and there was comparable representation of
African Americans and European Americans (51.9% AA;
45.7% EA; 2.7% other). Patient characteristics are depicted in
Table 1.

MiRs and insulin sensitivity

Based on the screening array criteria above, five candi-
date miRs were chosen for further analysis from the mi-
croarray: miR-133a, -200a, -34a, SNORDG61, and RNU6-2.
Eight other candidate miRNAs, miR-150, -199a, -140, -16,
-107, -222, -218, and -33, were additionally included for this
study, as they have previously been shown to have differ-
ential expression in diabetic patients,'®**** and/or a_po-
tential mechanistic relationship to insulin sensitivity.?*>°
Thus, a total of 13 candidate miRs were chosen for further
analysis in each of the 81 samples. Four of these miRs were
excluded from our final results (miR-218, -200a, SNORD61,
and RNUG6-2) due to having a majority of samples under
the detectable limit (Ct values >35).

TABLE 1. PATIENT CLINICAL CHARACTERISTICS

Age (years) 39.0+10.3
Sex 55 female, 26 male
Race 1 Asian, 42 Black,

37 White,

1 Hispanic
Body mass index (kg/m?) 31.4£5.2
WC (cm) 97.4+14.1
Systolic blood pressure (mmHg) 116.8+14.1
Diastolic blood pressure (mmHg) 68.1£9.5
Triglycerides (mg/dL) 110.0+58.6
HDL-cholesterol (mg/dL) 50.0£20.5
GDR (mg/min/kg LBM) 14.4+4.7
Fasting glucose (mg/dL) (n=280) 92.9+10.9
Fasting insulin (WU/mL) (n=48) 19.3+£12.6
Total body fat (%) 41.1+10.0
Total fat mass (kg) (n=71) 349+11.7

Data are presented as mean * standard deviation, or n if categor-
ical (n=81 unless otherwise noted). GDR is adjusted for LBM.

GDR, glucose disposal rate; LBM, lean body mass; WC, waist
circumference; HDL, high-density lipoprotein.
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Simple linear regressions of candidate miRs with GDR
(Table 2) showed that miR-16 and miR-107 were positively
associated with insulin sensitivity (Fig. 1). After adjustment
for BMI, miR-16 and -107 were still significantly associated
with GDR, and miR-33, -150, and -222 were additionally
found to be related to GDR. BMI was a significant covariate
for all models involving these c-miRs (Table 2). No sig-
nificant differences between gender were noted.

Candidate miRs and risk factors
for metabolic disease

Candidate miRs were then tested for associations with
common risk factors for cardiometabolic disease, includ-
ing BMI, WC, systolic and diastolic blood pressure (SBP,
DBP), circulating TG, HDL-cholesterol, and fasting glucose
(Table 3). miR-16 was negatively associated with WC and
TG and positively associated with HDL. miR-33 was negatively
associated with SBP. No significant relationships were found
between any candidate miRs with BMI, DBP, or fasting glucose.
All of the candidate miRs (that were detectable) were found to be
highly correlated with each other (Table 4).

Discussion

Using miRNA microarrays, we screened pooled samples
of human plasma from IS and IR participants to identify
candidate miRNA species for further study. Thirteen spe-
cific miRNAs were identified for validation in a larger
number of individual plasma samples from patients who had
been metabolically characterized for their degree of insulin
sensitivity and MetS traits. From these assays, we discov-
ered that circulating levels of miR-16 and miR-107 were
positively associated with insulin sensitivity, and after con-
trolling for BMI, three other miRNAs (miR-150, -222, and -33)
were also significantly associated with insulin sensitivity. miR-
16 was also found to be variably related to traits that comprise
the MetS, including TG levels, HDL cholesterol, and WC, and
miR-33 was related to systolic blood pressure.

Our data showing a positive association of circulating
miR-16 with insulin sensitivity in humans seem to corre-
spond with observations regarding miR-16 and tissue-
specific metabolism and insulin response in rodent models.
Lee et al. showed that miR-16 levels were significantly
decreased in insulin resistant skeletal muscle both in vitro
and in vivo, and found that miR-16 helps control skeletal
muscle insulin-stimulated protein synthesis through regula-
tion of production of mTOR and p70S6K1, as well as in-
creasing autophagy through regulation of Bcl-2 synthesis.*”
miR-16 was also found to be significantly downregulated in
insulin-sensitive tissues of high sucrose diet-induced insulin
resistant mice, with concomitant increase in PHLPP ex-
pression (a protein involved with regulation of both in-
flammation and insulin resistance) and that overexpression
of miR-16 in L6 myoblasts improved insulin sensitivity of
the cells through upregulation of GLUT4 and MEF2A ex-
pression.

In vitro, both high glucose and high insulin conditions
resulted in reduced miR-16 levels in L6 cells,”’ and high
glucose conditions also result in increased Myc expression
and decreased miR-16 expression in colon cancer cells, with
subsequent upregulation of miR-16 target genes Myb and
VEGFR?2 and proliferation of cells.*
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TABLE 2. LINEAR REGRESSIONS OF CANDIDATE MIRS WITH INSULIN SENSITIVITY
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Unadjusted model Adjusted model

miR n R? P miR, partial 8 BMI, partial f3 Model, R? Model, P value
miR-16 81 0.0873 0.0074%** 0.25% —0.39%:* 0.2183 <0.0001**
miR-33 52 0.0526 0.1018 0.26%* —0.36%* 0.1814 0.0028#:*
miR-34a 44 0.0005 0.8851 0.05 —0.34%* 0.0693 0.0865
miR-107 56 0.0746 0.0417* 0.32%:* —0.43%* 0.2310 0.0004%#:*
miR-133a 73 0.0177 0.2623 0.13 —0.39%:* 0.1496 0.0013%#*
miR-140 66 0.0163 0.3072 0.12 —0.41%* 0.1559 0.0018%#:*
miR-150 81 0.0334 0.1025 0.21%* —0.43%* 0.1994 <0.0001**
miR-199a 67 0.0436 0.0898 0.22 —0.40%* 0.1807 0.0006%**
miR-222 81 0.0321 0.1097 0.20%* —0.43%* 0.1962 <0.0001**

Insulin sensitivity was measured with a hyperinsulinemic-euglycemic clamp technique for GDR adjusted for LBM. Unadjusted model:
simple linear regression between candidate miRs and insulin sensitivity. Adjusted model: addition of BMI as a covariate, with standardized
B estimates and adjusted R? reported. miR-107 and miR-133a were transformed with a constant and square-rooted for normality.

Statistically significant values are highlighted in bold.
*=P<0.05.

*k=P<0.01.

BMI, body mass index.

In terms of circulating miR-16, circulating adipocyte-
derived exosomal miR-16 has been shown to decrease after
gastric bypass surgery in humans, concomitant with improve-
ments in insulin sensitivity,”> and colorectal cancer patients
with higher blood glucose had significantly lower levels of
serum miR-16.%? However, our results are a discrepant with
one study based on Framingham Offspring and POOL co-
horts that showed that miR-16 was positively associated
with fasting insulin levels.'” Interestingly, miR-16 has also
been implicated in the cross talk between insulin resistant
skeletal muscle and pancreatic 3 cells through modulation of
Prchl.** Of note, miR-16 has at least 27 target genes in silico
that participate in the insulin signaling pathway, including
insulin-like growth factor 1 receptor, and the insulin receptor
itself.*® These data from the literature, taken together with our
findings, suggest that miR-16 may be involved during the
development of insulin resistance and the chronic inflamma-
tion underlying cardiometabolic disease.
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It should also be noted that some studies have used miR-
16 as a constitutive miRNA for data normalization to ex-
amine alterations in other circulating miRs.>® However, this
has been refuted by other studie:s,36 and our data show that
expression of miR-16 in plasma is variable and quantita-
tively related to metabolic traits. In fact, we found that miR-
490 was the most stable miR across all samples, even more
so than the spike-in control (data not shown). Thus, future
studies might consider using miR-490 as a potential en-
dogenous control for qrt-PCR studies on miR analyses
conducted on human plasma samples.

Our data linking plasma miR-107 and insulin sensitivity in
humans are consistent with the observation that circulating
levels of miR-107 increased after 12 weeks of endurance
training.”” However, our data are at odds with previous reports
in preclinical model systems. miR-107 has been shown to
be upregulated by glucose in a dose-dependent manner in
pancreatic B cells in vitro,”® and it is also upregulated in the
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Relationship of miR-16 and miR-107 with insulin sensitivity. Both miR-16 (A) and miR-107 (B) were positively

associated with insulin sensitivity, as measured by glucose disposal rate (GDR), adjusted for lean body mass (LBM). miR-
107 was transformed with a constant and square-rooted for normality.
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TABLE 3. CORRELATION OF CANDIDATE MIRS WITH METABOLIC PARAMETERS RELATED TO INSULIN SENSITIVITY
miR n BMI wcC SBP DBP TG HDL Fasting glucose
miR-16 81 —-0.11 —0.25% —0.15 —-0.11 —0.28* 0.22% 0.01*
miR-33 52 0.08 —0.05 —0.29% —-0.19 —-0.20 0.21 0.02
miR-34a 44 0.09 0.19 0.16 0.18 —0.07 0.05 0.08
miR-107 56 0.11 —0.005 —-0.13 —0.08 —-0.23 0.09 —0.05
miR-133a 73 —-0.01 —-0.13 —-0.20 -0.11 -0.14 0.10 0.18%
miR-140 66 —0.01 —0.09 —0.02 0.04 —-0.21 0.08 0.07%
miR-150 81 0.07 —0.05 —0.01 0.01 —0.15 0.08 0.12%
miR-199a 67 0.03 —0.05 —0.08 —-0.07 —-0.22 0.09 0.08?
miR-222 81 0.06 —0.05 -0.09 —0.09 —-0.19 0.13 0.11%

Pearson’s correlation coefficients are reported for each metabolic parameter as individually assessed with each miRNA. Circulating
triglycerides, HDL, and fasting glucose were log-transformed for normality, although this generally did not affect results, and miR-107 and
miR-133a were transformed with a constant and square-rooted for normality.

Statistically significant values are highlighted in bold.
n-1.
*P<0.05.

BMI (kg/mz); WC (cm); SBP, systolic blood pressure (mmHg); DBP, diastolic blood pressure (mmHg); TG, triglycerides (mg/dL); HDL

cholesterol (mg/dL).

livers of obese mice.'® Injection of miR-107 into either the
liver or fat pads in mice caused a rise in blood glucose and
insulin levels, with decreased glucose tolerance and insu-
lin sensitivity'*>° through the actions of caveolin-1. In fact,
based on these and similar findings, AstraZeneca has de-
veloped RG-125 (AZD4076), an N-acetylgalactosamine
(GalNAc)-conjugated anti-miR-103/107, to treat NASH in
patients with T2DM or prediabetes, which is currently in
Phase I clinical trials.*’

miR-107 also seems to promote lipid accumulation in
liver cells through targeting of fatty acid synthase*' and
inhibition of mitochondrial B-oxidation by decreasing levels
of hydroxyacyl-CoA dehydrogenase (HADHA).*® Interest-
ingly, the latter was rescued by the endoplasmic reticulum
(ER) stress inhibitor 4-BPA, and HADHA overexpression
itself rescued miR-107-induced lipid accumulation. Given
that this group also noticed the same glucose and insulin
response with miR-107 injection, along with increased he-
patic ER stress markers BiP and CHOP, miR-107 may be a
link between oxidative stress and insulin resistance.

It is interesting to note that miR-107 may also promote
angiogenesis in tissues under hypoxic conditions. One study

showed that miR-107 is increased in the ischemic region
of the brain after an ischemic stroke in rats and down-
regulated DICERI1, which normally helps process pre-
cursor miR, leading to increased expression of vascular
endothelial growth factor and angiogenesis.*> Meanwhile,
a different study showed that circulating miR-107 was
downregulated after ischemic stroke in rats.** This com-
pels the speculation that hypoxic stressors, such as under
insulin resistant conditions, may also promote tissue uptake
of circulating miR-107.

The combined data point to an interesting possibility to
explain the discrepancy between the current human data and
preclinical studies. Perhaps under insulin resistant/oxidative
stress states, circulating miR-107 levels might decrease be-
cause they are being delivered to cells and tissues of need to
compensate for impaired substrate metabolism and insulin
action at those sites. This would explain a sort of counter-
balance, featuring an inverse regulation of miRNA levels in
plasma versus tissues. Regardless, given these studies, it
seems quite possible that circulating levels of certain miRNAs
may not reflect their expression levels (and subsequent bi-
ological effects) in target tissues.

TABLE 4. CORRELATION OF RELATIVE EXPRESSION OF MIRS (—ACT) WITH EACH OTHER

miR-33 miR-34a miR-107 miR-133a miR-140 miR-150 miR-199a miR-222
n r n r n R n n r n r n r n r

miR-16 52 049*% 44 0.51* 56 0.63** 73 047*% 66 0.76%** 81 0.78*% 67 0.71** 81 0.78**
miR-33 - - 41 0.80** 50 0.88** 52 0.73** 51 0.84** 52 0.56*%* 52 0.92%% 52 0.87%*
miR-34a - - 43 0.76%* 44 0.65%* 44 0.82%*% 44 0.65** 43 0.81%* 44 0.82**
miR-107 - - 54 0.73** 55 0.93** 56 0.75%* 56 0.95%* 56 0.95%*
miR-133a - - 62 0.76%* 73 0.61*% 62 0.76%** 73 0.71
miR-140 - - 66 0.82%* 64 0.96** 66 0.97**
miR-150 - - 67 0.79** 81 0.84%*
miR-199a - - 67 0.97%*
miR-222 - -

As previously, miR-107 and miR-133a were transformed with a constant and square-rooted for normality.

*P<0.001.

**P<0.0001.

r=0.80 is represented in bold.
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Our results regarding the positive association of miR-150
with insulin sensitivity correspond well with Ying et al.’s study,
which showed that miR-150 plays a critical role in preventing
the pro-inflammatory activation of adipose tissue and systemic
insulin resistance by regulating B cell-dependent interactions
through targeting Elkl, Etfl, and Myb.26 However, this is in
conflict with our previous data, which showed that whole-body
miR-150 knockout mice had lower body weight, decreased
expression of inflammatory cytokines in the adipose tissue
(e.g., IL-6, MCP-1, tumor necrosis factor alpha (TNFa)), and
improved glucose tolerance and insulin sensitivity after a high
fat diet compared with controls.?* In addition, the data re-
garding circulating miR-150 and patients with T2DM also
seem controversial in terms of the direction of association.”**
Thus further studies are needed to clarify miR-150’s role in
insulin resistance and development of diabetes.

Our findings that miR-16 and miR-33 were related to both
insulin sensitivity and other metabolic factors corroborates
with other studies that have shown that relative expression
of miRs linked to insulin sensitivity seems to be related to
other metabolic risk factors.'” In addition, there is evidence
that certain miR involved in diabetes may also play a role in
the development of cardiovascular disease and other dia-
betic complications.***> This suggests that miRs may be
involved with the interaction between insulin resistance and
development of additional traits that characterize cardio-
metabolic disease.

However, we also noticed that all of our candidate miRs
seemed to be mutually correlated, despite the fact that they
were not all related to other metabolic risk factors. The fact
that multiple miRs were associated with insulin resistance
and that each miR in isolation was only modestly correlated
with GDR may indicate that multiple miRs act in concert to
regulate pathways that in combination produce insulin re-
sistance. This concept is supported by studies such as Zhou
et al., which showed that synergistic knockout of three miRs
in skeletal muscle cells significantly improved insulin-
stimulated glucose uptake.*® In addition, overlapping subsets
of miRs may act in concert to determine which MetS traits
emerge from a background of insulin resistance.

Alternatively, it is possible that another underlying con-
founding factor explains the co-association of these miRs.
For example, miR-16, -126, -146a, and -223, which have all
previously been associated with differential expression in
diabetic patients, have also been shown to be upregulated
after patients with rheumatoid arthritis were treated with an
anti-TNFo drug, suggesting that they may play a role in
immune function and anti-inflammatory processes.*’ To this
point, overexpression of miR-16 in macrophages has been
shown to decrease secretion of TNF-o, IL-6, and IFN- [3.27 In
addition, many of these c-miRs have also been shown to be
differentially expressed in various other disease states, such
as cancer™® and tissue injury,*®* so one should be cautious
in interpreting single, or even combinations of, miRs as
being solely biomarkers for insulin sensitivity per se.

One of the strong features of the current study is the use of
hyperinsulinemic glucose clamps to quantify insulin sensitivity
in our volunteers. To our knowledge, this is the first study that
associates individual circulating miRs in adult humans with
insulin sensitivity as measured by this gold standard.

There were a few limitations in our study, however. First,
it is important to mention that this is a study that is based on
associations and, therefore, should be viewed as hypothesis
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generating, rather than suggesting a strict cause and effect
directionality between the c-miRs and insulin sensitivity.
Second, we used banked, frozen plasma samples, some of
which had been subjected to multiple freeze thaws before
use. While some studies have shown that some miRs seem
to be fairly stable over multiple freeze—thaw cycles,”® oth-
ers have suggested that some miRNA species may vary in
their stability under these conditions.” In addition, while our
data show a remarkable constancy of miR-490 levels across
all samples, the use of miR-490 as a reference gene does not
seem to have been used in previous reports relating to diabetes
or insulin sensitivity. However, as it was the only invariant
miR that fit the criteria in our screening arrays and was the
most stable miR across our sample population, we felt that it
was the best one to use as a reference for our study. Future
studies are needed to verify the generalizability of miR-490
as a potential endogenous control for qrt-PCR studies on
miR analyses conducted on human plasma samples.

It is also unclear whether different degrees of hemolysis
in human blood samples could affect the data.’'* For ex-
ample, miR-16 is present in red blood cells and miR-107 in
basophils,’*>* and these cells could have been disrupted
during processing to release falsely to elevate the levels of
these miRs in the samples. In fact, one study showed that
levels of both of these miRs may be affected by hemolysis.”*
However, efforts were made to exclude samples with overt
hemolysis before miR extraction in our study based on vi-
sual inspection. In addition, given the use of high-dose in-
sulin clamps in our study, our findings are more reflective of
the relationship between c-miRs and peripheral insulin ac-
tion and cannot isolate the effect of hepatic insulin action.

Finally, it is also important to note that the R* values in
our study were relatively modest, indicating that each single
miRNA can explain only a small degree of individual var-
iation in insulin sensitivity and other traits.

In conclusion, our study implicates a cluster of miRNA
species as having a potential role in human insulin resis-
tance. Plasma levels of miR-16, -107, -150, -33, and -222
were found to be significantly associated with insulin sen-
sitivity, and miR-16 and miR-33 were also associated with
MetS traits. These miRNAs could serve as biomarkers in
humans, or more importantly, act as pathophysiological
mediators in diseases characterized by insulin resistance.
Additionally, given that miRNAs can be transported in
blood and delivered to specific tissues where they can im-
pact biological functions?, the miRNAs we have identified,
or others, may have potential as pharmacological agents that
could be introduced into the bloodstream for targeted delivery
to metabolically relevant tissues. miRNAs could therefore
constitute a novel therapeutic approach for the treatment and
prevention of cardiometabolic disease. At the same time, it is
important to point out that for individual miRs, the R”s were
modest, indicating that each miR can only explain a small
portion of the variance in insulin sensitivity.

Thus, subsets of miRs may act in concert in the patho-
genesis of insulin resistance, and it may be more efficacious
to use multiple miRs together when considering miRs as
potential biomarkers and/or therapeutic agents.
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