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Aim: Determine if the association of HIF3A DNA methylation with weight and adiposity 
is detectable early in life. Material & methods: We determined HIF3A genotype and 
DNA methylation patterns (on hybridization arrays) in DNA extracted from umbilical 
cords of 991 infants. Methylation levels at three CpGs in the HIF3A first intron were 
related to neonatal and infant anthropometry and to genotype at nearby polymorphic 
sites. Results & conclusion: Higher methylation levels at three previously described 
HIF3A CpGs were associated with greater infant weight and adiposity. The effect sizes 
were slightly smaller than those reported for adult BMI. There was also an interaction 
within cis-genotype. The association between higher DNA methylation at HIF3A and 
increased adiposity is present in neonates. In this study, no particular prenatal factor 
strongly influenced HIF3A hypermethylation. Our data nonetheless suggest shared 
prenatal influences on HIF3A methylation and adiposity.

Keywords:  birth weight • DNA methylation • embryonic and fetal development  
• epigenomics • HIF3A protein • human • obesity

DNA methylation states at particular loci have 
been associated with a range of disease states 
and environmental exposures. It is desirable 
to know whether particular DNA methyla-
tion changes occur before disease symptoms 
or after as a consequence of the disease, as 
epigenetic biomarkers have been suggested as 
a way of tracking developmental trajectories 
to disease [1].

A large epigenome-wide association study 
(EWAS) with replication in two independent 
cohorts reported that methylation levels at 
three CpGs in the first intron of the hypoxia 
inducible factor 3A (HIF3A) locus were posi-
tively associated with BMI in adult Cauca-
sian whole blood and adipose tissue [2]. The 
finding has since been independently repli-
cated [3]. The authors postulated that HIF3A 
has a role in acquired obesity, perhaps in 
regulating adipocyte differentiation.

There is considerable evidence of develop-
mental pathways to obesity [4–7], beginning 
before birth and at least partly mediated by 
epigenetics [8–10]. Factors acting prenatally 

may affect methylation levels at particular loci, 
which in turn affect transcription and pheno-
type later in life [1]. Birth weight is often used 
as a surrogate for the quality of the in utero 
environment and both low and high birth 
weights are associated with an increased risk 
of obesity and metabolic syndrome [11,12]. An 
association of birth weight or neonatal adipos-
ity with HIF3A methylation at birth would be 
compatible with the developmental origins of 
obesity hypothesis. The effects of the prena-
tal environment on the epigenome could be 
genotype dependent [13] as we have previously 
found that umbilical cord methylation levels 
can associate with various in utero environ-
mental factors in interaction with infant gen-
otype [14]. HIF3A methylation was shown to 
associate with cis-genotype but the genotype 
was not associated with adult BMI [2].

The present study has three objectives. 
First, we tested if HIF3A gene methylation 
levels in umbilical cords were associated with 
birth size (weight and length) and adiposity. 
Second, due to the strong association between 

HIF3A association with adiposity: the story 
begins before birth

Hong Pan‡, Xinyi Lin‡, 
Yonghui Wu, Li Chen, Ai Ling 
Teh, Shu E Soh, Yung Seng 
Lee, Mya Thway Tint,  
Julia L MacIsaac, Alexander 
M Morin, Kok Hian Tan, 
Fabian Yap, Seang Mei Saw, 
Michael S Kobor, Michael J 
Meaney, Keith M Godfrey, 
Yap-Seng Chong, Peter D 
Gluckman, Neerja Karnani*, 
Joanna D Holbrook**  
& GUSTO Study Group 

*Author for correspondence:  

Tel.: +65 6407 4041  

neerja_karnani@sics.a-star.edu.sg 

**Author for correspondence:  

Tel.: +44 7802 746050  

joanna_holbrook@sics.a-star.edu.sg 
‡Authors contributed equally 

For a full list of affiliations please see 

page 949

For reprint orders, please contact: reprints@futuremedicine.com



938 Epigenomics (2015) 7(6) future science group

Research Article    Pan, Lin, Wu et al.

cis-SNPs and methylation within the HIF3A locus, we 
studied if the association of methylation with birth 
weight is independent of cis-genotype. Third, we sought 
to identify prenatal environmental variables associated 
with both birth weight and HIF3A methylation.

Materials & methods
Study population
Mother–offspring pairs in our study were drawn from 
the Growing Up in Singapore towards Healthy Out-
comes (GUSTO) birth cohort [15]. Women aged at 

Table 1. Characteristics of participants in the GUSTO cohort studied in the analysis.

 Characteristic Time point n (%) Mean (standard deviation)

Ethnicity: Delivery  

Chinese 568 (57)

Malay  251(25)  

Indian  172 (17)  

Child sex:   

Male 530 (53)

Female  461 (47)  

Gestational age (weeks)   38.9 (1.0)

Weight (g) Delivery 961 3150 (376)

 6 months 872 7744 (919)

 12 months 848 9405 (1073)

 18 months 808 10,770 (1304)

 24 months 820 11,996 (1542)

Length (cm) Delivery 961 49 (2)

 6 months 876 67 (3)

 12 months 850 75 (3)

 18 months 695 82 (3)

 24 months 720 88 (4)

BMI (g/cm2) Delivery 961 1.3 (0.1)

 6 months 872 1.7 (0.2)

 12 months 847 1.6 (0.1)

 18 months 693 1.6 (0.1)

 24 months 720 1.6 (0.1)

Subscapular skinfold (mm) Delivery 962 5.0 (1.2)

 18 months 673 6.4 (1.4)

 24 months 760 6.4 (1.6)

Triceps skinfold (mm) Delivery 963 5.5 (1.2)

 18 months 714 8.6 (1.7)

 24 months 734 8.8 (1.8)

Subscapular: triceps Delivery 962 0.93 (0.17)

 18 months 648 0.76 (0.14)

 24 months 723 0.73 (0.14)

Methylation of cg27146050 Delivery 991 15% (4%)

Methylation of cg16672562   19% (5%)

Methylation of cg22891070   31% (6%)

rs8102595 minor allele frequency (G)   0.22

rs3826795 minor allele frequency (T)   0.41
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least 18 years were prospectively recruited from the 
KK Women’s and Children’s Hospital (KKH) and 
the National University Hospital (NUH) in Singapore 
during their first trimester of pregnancy. Written 
informed consent was obtained. The GUSTO study 
was approved by the ethics boards of both KKH and 
NUH. To be eligible, women had to hold Singapore 
citizenship or permanent residency, intended to reside 
in Singapore for the next 5 years, were of Chinese, 
Malay or Indian ethnicity, had homogeneous parental 
ethnic background and had the intention of delivering 
at either NUH or KKH. Women who were on che-
motherapy, psychotropic drugs or had diabetes mel-
litus were ineligible. Interviewer-administered ques-
tionnaires were used to obtain demographic, medical 
and obstetric data to assess eligibility. Multiple preg-
nancies, preterm and intrauterine growth restriction 
births were excluded from this analysis. There were 
1052 live singleton births after excluding 124 pre-
term and intrauterine growth restriction births. This 
analysis used 991 offspring with complete informa-
tion available on HIF3A methylation at three sites 
(cg27146050, cg16672562, cg22891070), genotype at 
two cis-SNPs (rs8102595 and rs3826795) and at least 
one anthropometric outcome.

Offspring anthropometry
Offspring weight and recumbent length were measured 
at birth, 6, 12, 18 and 24 months of age. Weight was 
measured using a calibrated infant scale (SECA 334 
Weighing Scale, SECA Corp) and recorded to the near-
est gram. Length was measured using a SECA infant 
mat (SECA 210 Mobile Measuring Mat, SECA Corp) 
and recorded to the nearest 0.1 cm. Measurements were 

taken in duplicates for reliability. BMI was derived as 
weight (g) divided by length2 (cm2) at all time points. 
Subscapular and triceps skinfolds were measured at 
birth, 18 and 24 months and taken in triplicates using 
Holtain skinfold calipers (Holtain Ltd, Crymych, UK) 
on the right side of the body, recorded to the near-
est 0.2 mm. Subscapular to triceps skinfold ratio was 
derived by dividing subscapular skinfold (mm) by 
triceps skinfold (mm).

Prenatal environmental exposures
An interviewer-administered questionnaire was con-
ducted at 26–28 weeks of gestation to obtain informa-
tion on occupational activity during pregnancy, exercise 
during pregnancy, alcohol usage before and during preg-
nancy and smoking patterns before and during preg-
nancy (Supplementary File 1; for supplementary informa-
tion please see online at: www.futuremedicine.com/doi/
full/10.2217/EPI.15.45). Maternal height and weight 
were measured during the same time period. Prepreg-
nancy weight was self-reported during study recruitment 
in the first trimester of pregnancy. Pregnancy weight 
gain was calculated as the difference between prepreg-
nancy and 26–28-week weights. Maternal prepregnancy 
BMI was derived as prepregnancy weight divided by 
height squared. Maternal glucose levels, indicative of 
gestational diabetes, (2 h postglucose and fasting) were 
ascertained at 26–28 weeks using an oral glucose toler-
ance test (OGTT) of 75 g after overnight fasting (8–10 
h). Information on maternal glucose levels (2 h postglu-
cose and fasting) were available for 922 subjects. Using 
the 1999 WHO standard criteria (≥7.8 mmol/l for 2-h 
postglucose and/or ≥7.0 mmol/l for fasting glucose), 162 
out of 922 subjects would be diagnosed as having ges-

Table 2. Association between umbilical cord methylation at three sites in HIF3A and six neonatal anthropometric 
outcomes (weight, length, BMI, subscapular skinfold, triceps skinfold and ratio of subscapular to triceps skinfold) 
at birth. 

 cg27146050 cg16672562 cg22891070 

 Est. 95% CI p-value Est. 95% CI p-value Est. 95% CI p-value

Birth weight (g) 3.61 (0.68–6.63) 0.015 3.34 (1.4–5.32) 0.00068 2.05 (0.32–3.82) 0.020

Birth length (cm) 0.60 (-0.29–1.5) 0.19 0.46 (-0.13–1.05) 0.13 0.35 (-0.18–0.88) 0.20

BMI at birth (g/cm2) 2.38 (0.23–4.58) 0.030 2.4 (0.97–3.84) 0.00096 1.35 (0.07–2.64) 0.039

Subscapular skinfold 
at birth (mm)

-0.77 (-5.97–4.72) 0.78 5.44 (1.76–9.25) 0.0035 3.27 (0–6.64) 0.050

Triceps skinfold at 
birth (mm)

-1.28 (-6.42–4.14) 0.64 0.75 (-2.75–4.38) 0.68 0.25 (-2.90–3.51) 0.88

Subscapular: triceps 
at birth

0.50 (-3.85–5.04) 0.83 4.67 (1.66–7.77) 0.0022 3.02 (0.34–5.78) 0.027

Regression coefficients (Est.) and 95% CI are reported as percentage change in outcome for 10% increase in methylation level. p-values are two-sided and p-values 
less than 0.05 are shown in bold. Analysis was done by linear regression of log-transformed outcome against methylation at each CpG site, adjusting for child sex, 
ethnicity, cell type proportions and interactions between ethnicity and cell type proportions.
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tational diabetes in this group. Maternal plasma micro-
nutrient levels, including vitamin D, vitamin B12, cop-
per, iron, zinc and folate, were tested using serum drawn 
at 26–28 weeks of gestation. Birth order and mode of 
delivery were abstracted from hospitals’ medical records.

Methylation & genotyping data
Bisulfite-converted gDNA from umbilical cords was 
interrogated on Infinium® Human Methylation 450 

Bead Chip arrays [16] as per manufacturer’s instructions 
and as described previously [14]. Data were processed as 
previously described [17]. Briefly, signal extraction was 
performed in GenomeStudio™ Methy lation Module 
and raw values were extracted. Probes with data from 
two beads or fewer for any sample, or with signal detec-
tion p-values (calculated from signal vs background of 
the individual bead intensities) greater than 0.01, for 
any sample, were discarded for all samples. The green 

Figure 1. Association between percentage methylation at cg16672562 and birth weight. (A) Box plot of birth weight (horizontal axis) 
binned into four bins of equal numbers of unique values, against % methylation at cg16672562 (vertical axis). Number of individual 
data points, median and mean % methylation of each bin is displayed in the table below the horizontal axis. (B) Heatmap displaying 
% methylation at cg16672562, maximum, medium and minimum methylation are shown in red, white and blue, respectively. Subjects 
are split by binned (four bins of equal number of unique values) birth weight (horizontal axis) and binned (four bins of equal 
number of unique values, last two bins are combined as there are few observations in the last bin) gestational age (vertical axis). 
The progression from blue to red (low to high methylation) as birth weight increases (left to right) is visible in each gestational age 
bin (top to bottom). (C) Scatter plots of birth weight (horizontal axis) against % methylation at cg16672562 (vertical axis), each 
panel displays data for binned gestational ages (four bins of equal number of unique values, last two bins are combined as there 
are few observations in the last bin), ranges for each bin are displayed in panel headers. (D) Heatmap displaying % methylation 
at cg16672562, maximum, medium and minimum methylation are shown in red, white and blue, respectively. Subjects are split by 
binned (four bins of equal number of unique values) birth weight (horizontal axis) and binned (four bins of equal number of unique 
values) birth length (vertical axis). The progression from blue to red (low to high methylation) as birth weight increases (left to 
right) is visible in each birth length bin (top to bottom). (E) Scatter plots of birth weight (horizontal axis) against % methylation at 
cg16672562 (vertical axis), each panel displays data for binned (four bins of equal number of unique values) birth length, ranges for 
each bin are displayed in panel headers. 
For color images please seen online at: www.futuremedicine.com/doi/full/10.2217/EPI.15.45 
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and red channel signals were normalized and the back-
ground signal from the negative probe control values 
was removed. Probe β-values or % methylation values 
were derived from the data. β-values are the ratio of the 
methylated probe intensity and the overall intensity, 
β-value for an ith interrogated CpG site:

max ( 0) max ( 0) + a

max ( 0)

Yi,unmethy, Yi, methy,

bi
=

+

Yii, methy,

Equation 1

where y
i,methy

 and y
i,unmethy

 are the intensities measured 
by the ith methylated and unmethylated probes, 
respectively, averaged over the replicate beads; a is a 
constant offset, which is by default 100. Therefore, 
β-values range between 0 and 1 with 0 representing 
no methylation and 1 representing 100% methylation. 
β-values were further processed to scale the % meth-
ylation range of the type 2 probes to the type 1 probes 
using the procedure suggested by [18]. All data from 
the sex chromosomes were removed and the remaining 
data were subjected to quantile normalization. As part 
of the experimental design, subjects were randomized 
such that key variables (birth weight, child sex, ethnic-
ity, gestational age) were randomly distributed across 
batch/chip/position. Batch effects were observed 
between different runs in the processed data and 
removed by a commonly used empirical Bayes method 
known as COMBAT [19]. Even though chip/position 
were associated with the three HIF3A methylation sites 
in question (Supplementary Table 1), chip/position were 
not associated with any of the six neonatal outcomes 
studied in this report (Supplementary Table 2) due to 

experimental design. As chip/position were associated 
only with the independent variable (methylation) but 
not the outcome, this minimizes confounding bias due 
to chip/position.

The same umbilical cord DNA samples were 
genotyped using the Illumina Omniexpress + exome 
arrays. Genotyping was performed by the service pro-
vider, Expression Analysis Inc. Data were processed 
in Genome Studio Genotyping Module™. Genotyp-
ing calls were made by the Gen Call software, which 
incorporates a clustering algorithm (GenTrain) and 
a calling algorithm (Bayesian model). Gen Call score 
of each single nucleotide polymorphism (SNP) probe 
and call rate of each sample are generated. Geno-
types with a Gen Call score less than 0.15 were not 
considered.

Accounting for cellular heterogeneity from 
methylation data
Umbilical cord tissue consists of a mixture of cell types 
with differing epigenetic profiles. To control for cel-
lular heterogeneity in our samples, we applied three 
methods: one requiring a reference panel of methyla-
tion levels in discrete cell types [20] and two reference-
free methodologies [21,22]. For the former, we estimated 
the proportion of fibroblasts, B cells and T cells using a 
reference panel’s cell-specific methylation profiles [20]. 
The methylation dataset obtained from EMBL-EBI 
European Genome-Phenome Archive [23] under acces-
sion number EGAD00010000460 was used as our ref-
erence panel [24]. The estimated cell fractions were then 
adjusted as covariates in the regression models. Inter-
estingly, the associations between the estimated cellular 

Table 3. Association of two cis-single nucleotide polymorphisms (rs8102595, rs3826795) with methylation at three 
sites in HIF3A. 

 Model cg27146050 cg16672562 cg22891070 

 Est. 95% CI p-value Est. 95% CI p-value Est. 95% CI p-value

CpG ~ rs8102595 1.2 (0.96–1.5) 5.7E-19 2.9 (2.5–3.3) 1.6E-45 3.2 (2.8–3.7) 5.7E-47

CpG ~ rs3826795 0.64 (0.40–0.87) 1.1E-07 1.6 (1.2–1.9) 3.2E-18 1.5 (1.1–1.9) 3.2E-14

Above are results from six different linear regression models. In each linear regression model, methylation at each CpG site is regressed against each SNP. Regression 
coefficients (Est.) and 95% CI reflect changes in % methylation per copy of the effect allele, adjusting for child sex, ethnicity, cell type proportions and interactions 
between ethnicity and cell type proportions. p-values are two-sided and p-values less than 0.05 are shown in bold. The effect allele of rs8102595 is G and the effect 
allele of rs3826795 is C.

Table 4. Association between two cis-single nucleotide polymorphisms at the HIF3A locus 
(rs8102595, rs3826795) and birth weight.

 Single nucleotide polymorphisms Est. 95% CI p-value

rs8102595 0.39 (-0.89–1.7) 0.55

rs3826795 0.059 (-1.0–1.2) 0.92

Regression coefficients (Est.) and 95% CI are reported as percentage change in birth weight per copy of the effect allele. p-values are 
two-sided. Analysis was done by linear regression of log-transformed birth weight against each SNP (additive genetic model), adjusting for 
ethnicity and child sex. The effect allele of rs8102595 is G and the effect allele of rs3826795 is C.
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proportions and child anthropometry were generally 
ethnic-dependent (Supplementary Tables 3 & 4). There-
fore, interaction terms between cellular proportions 
and ethnicity were included in all regression models. 
As a sensitivity analysis, we also applied two refer-
ence-free methods [21,22] to investigate the association 
between methylation levels at HIF3A and log-trans-
formed child anthropometric measures, adjusting for 
infant sex and ethnicity. Leek et al. [22] estimates sur-
rogate variables which capture cellular heterogeneity, 
the surrogate variables are then adjusted as covariates 
in regression analysis. We note that this sensitivity 
analysis using Leek et al. [22] would also act to adjust 
for residual unknown confounding effects, including 
chip/position effects since the estimated surrogate 
variables can potentially capture both cellular hetero-
geneity and residual batch/chip/position effects [21,25–
27]. The method proposed by Houseman et al. [21] is 
similar to the surrogate variable analysis proposed by 
Leek et al. [22] with an additional biological mixing 
assumption. Houseman et al. [21] correct the cellular 
heterogeneity without explicitly estimating the relative 
cell proportions or returning the surrogate variables.

Statistical analysis
Linear regression models were used to examine the 
association of child anthropometric measures with 
HIF3A methylation β-values, with adjustment for 
child sex, ethnicity, cellular composition and interac-
tions between ethnicity and cellular proportions. Child 
anthropometric measures were log-transformed to sat-
isfy statistical assumptions of normality. Due to the log-
transformation, effect sizes are reported as percentage 
increase in child outcome for 10% increase in meth-
ylation β-values. As a sensitivity analysis, we also report 
results additionally adjusted for gestational age. To 
examine if the association between child anthropometry 
with HIF3A methylation were independent of cis-gen-
otypes, we additionally adjusted for both cis-genotypes. 
To identify prenatal environmental exposures associ-
ated with both birth weight and HIF3A methylation, 
we regressed birth weight on various prenatal exposures, 
and adjusted for child sex and ethnicity. We further 
regressed HIF3A methylation on various prenatal expo-
sures (and their interactions with genotype), adjust-
ing for child sex, ethnicity, cellular composition and 
interactions between ethnicity and cellular proportions.

Table 5. Association between umbilical cord methylation at three sites in HIF3A and six neonatal anthropometric 
outcomes (weight, length, BMI, subscapular skinfold, triceps skinfold and ratio of subscapular to triceps skinfold) at 
birth, adjusting for rs8102595 and rs3826795.

Outcome  cg27146050  cg16672562  cg22891070  

 Est. 95% CI p-value Est. 95% CI p-value Est. 95% CI p-value

Birth weight (g) 3.67 (0.62–6.81) 0.018 3.87 (1.7–6.09) 0.00044 2.28 (0.34–4.26) 0.021

Birth length (cm) 0.63 (-0.3–1.57) 0.18 0.55 (-0.11–1.21) 0.10 0.4 (-0.19–1) 0.18

BMI at birth (g/cm2) 2.37 (0.13–4.67) 0.038 2.74 (1.14–4.36) 0.00075 1.46 (0.03–2.91) 0.046

Subscapular skinfold at 
birth (mm)

-0.62 (-6.05–5.11) 0.83 7.08 (2.92–11.41) 0.00073 4.31 (0.64–8.11) 0.021

Triceps skinfold at birth 
(mm)

-0.06 (-5.46–5.65) 0.98 2.64 (-1.33–6.77) 0.19 1.7 (-1.85–5.39) 0.35

Subscapular: triceps 
at birth

-0.6 (-5.06–4.08) 0.8 4.34 (1–7.79) 0.011 2.57 (-0.4–5.63) 0.091

Analysis without adjusting for rs8102595 and rs3826795 are shown in Table 2, results of both are similar. Regression coefficients (Est.) and 95% CI are reported as 
percentage change in outcome for 10% increase in methylation level. p-values are two-sided and p-values less than 0.05 are shown in bold. Analysis was done by 
linear regression of log-transformed outcome against methylation at each CpG site, adjusting for rs8102595, rs3826795, child sex, ethnicity, cell type proportions 
and interactions between ethnicity and cell type proportions.

Table 6. Two-sided p-values from testing for interaction term between log-transformed birth 
weight and single nucleotide polymorphism (rs8102595, rs3826795), with methylation as outcome, 
adjusting for main effect of log-transformed birth weight, main effect of single nucleotide 
polymorphism, child sex, ethnicity, cell type proportions and interactions between ethnicity and cell 
type proportions.

Model  cg27146050  cg16672562  cg22891070  

 p-value p-value p-value

log(BW)* rs8102595 0.32 0.077 0.30

log(BW)* rs3826795 0.34 0.019 0.033
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Figure 2. Association between % methylation at cg16672562 and birth weight, stratified by rs3826795 genotype. 
(A) Scatter plots of birth weight (horizontal axis) against % methylation at cg16672562 (vertical axis), each panel 
displays data for each genotype. (B) Box plot of rs3826795 genotype (horizontal axis) against % methylation 
at cg16672562 (vertical axis). Number of individual data points, median and mean % methylation of each bin is 
displayed in the table below the horizontal axis.
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Results
HIF3A methylation in umbilical cords was 
positively associated with birth weight 
& adiposity
Table 1 gives the characteristics of the 991 infants 
investigated in the current analysis. Higher umbilical 
cord HIF3A methylation level at all three CpGs was 
associated with greater infant birth weight (Table 2 &  
Figure 1A), after adjusting for infant sex, ethnicity, esti-
mated cellular proportions and interactions between 
ethnicity and cellular proportions [20]. There were also 
significant associations with adiposity at birth measured 
by BMI and, for two of the three CpGs, by subscapular 
skinfold and the ratio of subscapular to triceps skinfold 
(thought to reflect fat deposition on the trunk rather 
than limbs [28]) (Table 2). Similar results were obtained 
at two of the CpGs when we used reference-free meth-
odologies [21,22] to account for cellular heterogene-
ity (Supplementary Tables 5 & 6). Despite the strong 
association between gestational age and birth weight 
in our dataset (r = 0.32; p < 0.0005), the associations 
of HIF3A methylation at all three CpGs with birth 
weight remained significant, after adjusting for ges-
tational age (Supplementary Table 7). The association 
between methylation and birth weight was consistent 
across gestational age categories and was perhaps stron-
gest in neonates with the earliest and latest gestational 
ages (Figure 1B & C & Supplementary Table 8). Similarly, 
despite the strong correlation between birth weight and 
length in the dataset (r = 0.67; p < 0.0005), HIF3A 
methylation was not significantly associated with birth 

length and the association between methylation and 
birth weight was consistent across birth length catego-
ries (Figure 1D & E), suggesting a link between HIF3A 
methylation and adiposity at birth rather than birth size 
in general.

For every 10% increase in methylation of 
cg27146050, cg16672562 and cg22891070, birth 
weight was 3.61% (95% CI: 0.68–6.63), 3.34% 
(1.4–5.32) and 2.05% (0.32–3.82) higher, respectively 
(Table 2). These effect sizes are slightly smaller than the 
corresponding effect estimates on adult BMI of 7.8% 
(5.1–10.4), 3.2% (2.0–4.4) and 3.6% (2.4–4.9), as 
previously reported [2].

The association of HIF3A methylation & birth 
weight remained significant after adjusting 
for cis-acting SNPs; but birth weight & HIF3A 
methylation was more strongly correlated in 
one genotypic group
Using the same 991 GUSTO umbilical cord samples, 
we genotyped the SNPs identified as cis-influencing 
HIF3A methylation in the Dick et al.’s study [2]. We 
found that rs8102595 and rs3826795 were strongly 
associated with methylation levels at all three CpGs 
sites (Table 3). However, neither SNP was associated 
with birth weight (Table 4) and the associations of birth 
weight with methylation at all three sites were similar 
when adjusted for genotype at both SNPs (Table 5). 
This mirrors the findings of [2]. We also tested if HIF3A 
methylation levels were explained by an interaction of 
HIF3A genotype and infant birth weight (adjusting for 
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Figure 3. Three of the simplest possible scenarios to explain the relationship between HIF3A methylation and 
adiposity.

(i) Environment independently affects both HIF3A methylation and adiposity
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main effects of both genotype and infant birth weight), 
as we have previously found that neonatal methylation 
patterns are often a product of the interaction of the 
in utero environment and genotype. The interaction 
term was significant at p < 0.05 for two of the CpGs 
and rs3826795 (Table 6). In the CC genotype group, 
birth weight was more strongly correlated with HIF3A 
methylation (Figure 2 & Supplementary Table 9). The 
CC genotype was also associated with higher methyla-
tion values at the HIF3A locus (Table 3 & Figure 2). This 

suggests the CC genotypic group could be more plastic 
to environmental exposures in utero.

The prenatal environmental variables examined 
were not consistently associated with HIF3A 
methylation & birth weight
As we hypothesized that HIF3A methylation and birth 
weight were related to the prenatal environment, we 
examined for significant associations with both HIF3A 
methylation and birth weight for a range of factors 
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Figure 4. Association between umbilical cord methylation at three sites in HIF3A and child weight measured at 0, 6, 12, 18 and 
24 months. (A) Without adjusting for birth weight. (B) Adjusted for log-transformed birth weight. Regression coefficients (Est.) 
and 95% CI are reported as percentage change in child weight for 10% increase in methylation level. P-values are two-sided. Using 
linear regression models estimated using generalized estimating equations to account for repeated measures, we regressed log-
transformed weight against methylation at each CpG site, adjusting for fixed effects of time, child sex, ethnicity, cell type proportions 
and interactions between ethnicity and proportions. Time was coded using a binary variable for each distinct time point and 
interaction terms of time with all variables (methylation, child sex, ethnicity, cell type proportions and interactions between ethnicity 
and proportions) were included.

Associations of child weight with:

-2

0

2

4

6

-2

0

2

4

6

-2

0

2

4

6

-2

0

2

4

6

-2

0

2

4

6

-2

0

2

4

6

Time (months)

%
 c

h
an

g
e

0 6 12 18 24

Time (months)

%
 c

h
an

g
e

0 6 12 18 24

Time (months)

%
 c

h
an

g
e

0 6 12 18 24

Associations of child weight, after adjusting for birth weight, with:

cg16672562 cg22891070cg27146050

cg16672562 cg22891070cg27146050

Time (months)

%
 c

h
an

g
e

0 6 12 18 24

Time (months)

%
 c

h
an

g
e

0 6 12 18 24

Time (months)

%
 c

h
an

g
e

0 6 12 18 24

A

B

future science group

HIF3A association with adiposity: the story begins before birth    Research Article

related to the prenatal environment, both as main 
effects and in interaction with HIF3A genotype. Factors 
investigated included antenatal lifestyle factors such as 
activity level and smoking, maternal prepregnancy BMI 
and pregnancy weight gain, maternal glucose tolerance 
during pregnancy indicative of gestational diabetes, 
maternal micronutrient levels, maternal age and par-
ity (Supplementary File 1). There were some suggestive 
associations; for example, maternal glucose tolerance 
(indicative of gestational diabetes) was significantly 
associated with both HIF3A methylation at one of the 
CpGs and birth weight. Furthermore, maternal weight 
gain during pregnancy was significantly associated both 
with infant birth weight and HIF3A methylation (again 

at only one CpG) in interaction with genotype. How-
ever, we did not find any prenatal environmental vari-
ables that showed consistently significant association 
with all three HIF3A sites and birth weight and none 
yielded substantial effect sizes.

Discussion
We have extended the finding that HIF3A DNA meth-
ylation in adults associates with BMI [2], to show that 
the link between HIF3A DNA methylation with weight 
and adiposity can be detected at birth. Interestingly, 
the association was limited to measures of adiposity 
(i.e., weight, BMI and skinfolds) and not other deter-
minants of birth size or putative proxies for gestational 
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quality such as gestational age and birth length. As such, 
the relationship of increased methylation at HIF3A 
CpGs with birth outcomes is reminiscent of the effect of 
maternal diseases, like Type 1 diabetes, on the offspring, 
whereby weight is increased, but length is not [29].

Although pertaining to the same three CpGs within the 
HIF3A gene that were previously reported, our data were 
derived from a different tissue (umbilical cord vs blood 
and adipose), in a different population (Asian vs Cauca-
sian), in a population-based cohort (normative range vs 
study population for metabolic disorders and controls) 
and most importantly at a different stage in the life-
course (neonates vs adults). The effect size reported here 
are slightly smaller than those reported by Dick et al. [2]. 
Reasons the effect sizes are smaller could be statistical, 
population dependent (our population are healthy babies, 
Dick et al. studied a disease cohort with a high level of 
obesity) or developmental (the effect is smaller at birth 
and increases during the lifecourse as adiposity increases).

Replicated positive associations such as the one 
described here can guide future hypothesis-free EWAS. 
Lack of statistical power is a big challenge in EWAS, 
especially in cohorts of modest size. The integration of 
effects of cellular heterogeneity, cis and trans genotype 
and the potential influence of pregnancy conditions is 
also challenging. Therefore, a detailed case study of a 
proposed association (HIF3A with adiposity replicated 
across populations and ages) is important. It will help 
set the standards for statistical replication and delineate 
the issues to consider when evaluating hits from more 
open-ended screening.

Dick et al. [2] considered three possibilities that 
could explain the association between HIF3A methyla-
tion and adiposity in adults: (i) a confounding factor 
(e.g., environment) independently affects both HIF3A 
methylation and adiposity, (ii) increased HIF3A meth-
ylation causes increased adiposity and (iii) increased 
adiposity causes increased HIF3A methylation. To put 
our findings in neonates in context with the findings 
in adults, the same three simplified possible scenarios 
are schematically depicted in Figure 3. We note that 
more complicated scenarios or combinations of these 
simplified situations are possible and likely.

Using a Mendelian randomization reasoning [30] 
from the observation that HIF3A genotype was asso-
ciated with HIF3A methylation but not adult BMI, 
Dick et al. [2] suggested that scenario (iii) (adiposity 
results in HIF3A hypermethylation) is more likely than 
scenario (ii) (HIF3A hypermethylation leads to increased 
adiposity). However, in this context, Mendelian random-
ization assumes the genotype can affect the phenotype 
only through DNA methylation and not through other 
biological pathways. The applicability of this assumption 
is unknown for HIF3A genotype. We cannot confer cau-

sality in our dataset but following the same arguments, 
increased DNA methylation at the HIF3A locus could 
result from increased birth weight/adiposity and not 
cause it, but the aforementioned limitation also applies 
in our case.

Dick et al. considered scenario (i) less likely as they did 
not find an association between HIF3A methylation and 
BMI-related characteristics like diabetes. However, the 
absence of an association between HIF3A methylation 
and diabetes could also be due to the same confound-
ing factor having a direct effect on glucose tolerance 
that is independent of increased adiposity. We postulate 
that scenario (i) could involve a prenatal environmen-
tal factor that independently affected both birth weight 
and HIF3A methylation. We also find that, as may be 
expected from other studies [14,31], interindividual varia-
tion in HIF3A methylation can be explained by an inter-
action of genotype and birth weight, suggesting there 
may be a genotype group (CC) particularly sensitive to 
gestational environment (Table 6 & Figure 2). However, 
in this study, we were unable to definitively identify a 
factor acting prenatally that is consistently associated 
with both HIF3A methylation and birth weight, despite 
the extensive dataset on pregnancy environments col-
lected from the GUSTO cohort and examined in this 
study. Nevertheless, HIF3A methylation at birth after 
much further study, may prove to be a useful surrogate 
for likely metabolic trajectory determined by gestational 
environment [32], and could be more useful than birth 
weight as it would be independent of the inherited 
genetic and environmental determinants of birth weight.

Transgenerational transmission of obesity 
and the importance of the very early environ-
ment in determining metabolic trajectories have 
been much studied [33,34]. If metabolic trajectory 
is programmed during gestation, a biomarker of 
likely trajectory would aid intervention [1]. Birth 
weight has been shown to predict later weight [35] 
and is strongly associated with later weight in the 
GUSTO cohort. Interestingly, HIF3A methylation 
levels at birth were also associated with weights 
at later ages, albeit possibly with slightly lower 
effect sizes (Figure 4A & Supplementary  Table 10). 
Only a few of the associations survive at border-
line significance when adjusted for birth weight 
(Figure 4B & Supplementary Table 11), thus the asso-
ciation of HIF3A methylation with later weights 
may reflect the growth trajectory set at birth. The 
‘dip’ in the effect size at 6 months could be due to 
the effects of weaning or the decreased influence 
of genetic factors [36,37], although it is interesting 
to note that birth weight is more correlated with 
weight at 6 months than with weight at any of the 
other time points (Supplementary Tables 12 & 13).
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Future studies should track both HIF3A methylation 
and offspring size and adiposity longitudinally during 
gestation, at birth, and at subsequent ages to determine 
if the association of HIF3A methylation with adiposity 
is consistent. As blood and adipose are invasive tissues 
to sample in infants, HIF3A methylation levels should 
be investigated in other tissue types such as saliva, buc-
cal swabs or circulating fetal cells obtained prenatally. 
Longitudinal studies can help determine, if HIF3A is 
a biomarker for obesity risk and assess the utility of 
using HIF3A methylation to evaluate the efficacy of 
interventions such as lifestyle modification. Future 
studies should also examine the impact of HIF3A meth-
ylation changes on gene expression in relevant tissues. 
Dick et al. [2] found a negative association between 
HIF3A methylation levels and HIF3A gene expression 
in adipose tissue. It is a limitation of our study that we 

cannot examine gene expression in a relevant tissue 
due to the unfeasibility of sampling adipose tissue in 
neonates or infants.

Conclusion
The association between increased DNA methylation 
at HIF3A and increased adiposity is present in neo-
nates. This suggests HIF3A methylation is a potential 
biomarker for metabolic trajectory and/or implicated 
in metabolic syndrome and further study is warranted.
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Executive summary

Introduction
•	 Variation in DNA methylation between individuals is a product of influences from the environment and 

individual genetic backgrounds.  
•	 DNA methylation levels at particular loci may closely map trajectories to diseases such as obesity, which have 

environmental and genetic components.  
•	 A recent study linked methylation within the HIF3A gene to BMI and obesity in adults.  
•	 Individual susceptibility to obesity is influenced by early environmental exposures.  
•	 This study investigates whether the association of HIF3A methylation with adiposity can be detected at birth.
Material & methods
•	 The study was conducted in the 991 subjects from the GUSTO birth cohort.  
•	 We determined HIF3A genotype and DNA methylation patterns in DNA extracted from umbilical cords of the 

991 infants using Illumina Infinium HumanMethylation and Omniexpress arrays.  
•	 Associations of methylation levels and birth outcomes were adjusted for sex, ethnicity, cellular composition of 

umbilical cords and interactions between ethnicity and cellular composition.
Results
•	 Higher DNA methylation within HIF3A measured in umbilical cord tissue was associated with greater infant 

birth weight and adiposity.  
•	 The association of HIF3A methylation and birth weight remained significant after adjusting for cis-acting 

single nucleotide polymorphisms; but the association was stronger in one genotypic group.  
•	 None of the prenatal environmental variables examined were consistently associated with HIF3A methylation 

and birth weight.
Discussion
•	 We have extended the previous finding that HIF3A DNA methylation in adults associates with BMI to show 

that the link between HIF3A DNA methylation with weight and adiposity can be detected at birth.  
•	 Although pertaining to the same three CpGs within the HIF3A gene that were previously reported, our data 

were derived from a different tissue (umbilical cord vs blood and adipose), in a different population (Asian vs 
Caucasian), in a population-based cohort (normative range vs study population for metabolic disorders and 
controls) and most importantly at a different stage in the lifecourse (neonates vs adults).  

•	 This suggests that prenatal factors may influence HIF3A methylation but despite the extensive data collected 
in the GUSTO, we were unable to definitively identify a responsible prenatal factor.  

•	 We were unable to imply causality in our data and do not know whether adiposity causes HIF3A 
hypermethylation, HIF3A hypermethylation causes adiposity or if some independent factor influences both.  

•	 In their study of HIF3A methylation and adult BMI, Dick et al. used Mendelian randomization to suggest that 
HIF3A hypermethylation is a consequence of increased adiposity. We could draw the same conclusion from our 
data but note that some of the assumptions of Mendelian randomization might not be satisfied.  

•	 We suggest that as the association between HIF3A methylation and adiposity is detectable so early in life, 
HIF3A may be a potential biomarker of metabolic trajectory.
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Type 2 diabetes (T2D) develops due to insulin resistance and impaired insulin secretion, 
predominantly in genetically predisposed subjects exposed to nongenetic risk factors 
like obesity, physical inactivity and ageing. Emerging data suggest that epigenetics 
also play a key role in the pathogenesis of T2D. Genome-wide studies have identified 
altered DNA methylation patterns in pancreatic islets, skeletal muscle and adipose 
tissue from subjects with T2D compared with nondiabetic controls. Environmental 
factors known to affect T2D, including obesity, exercise and diet, have also been 
found to alter the human epigenome. Additionally, ageing and the intrauterine 
environment are associated with differential DNA methylation. Together, these data 
highlight a key role for epigenetics and particularly DNA methylation in the growing 
incidence of T2D.

Keywords:  adipose tissue • BMI • CpG-SNPs • epigenetics • exercise • HbA1c • insulin 
resistance • insulin secretion • pancreatic islets • skeletal muscle 

Already in the early 1990s Hales and Barker 
suggested a role for epigenetics in the devel-
opment of metabolic diseases, including 
Type 2 diabetes, when they described how 
early life events affected health outcome in 
adulthood [1]. This first hypothesis was con-
firmed by a number of epidemiological stud-
ies, investigating altered fetal, early postnatal 
and childhood growth on the development 
of Type 2 diabetes or insulin resistance [2–5]. 
Clearly this was an important beginning of 
a field that would start to be experimentally 
explored in humans many years later, with 
new laboratory technologies allowing for 
thorough investigations of epigenetic marks.

Type 2 diabetes is a complex disorder 
manifested by chronically elevated blood 
glucose levels, as a result of insufficient insu-
lin secretion from the pancreatic β cells and 
decreased insulin sensitivity in target tissues, 
for example, the liver, skeletal muscle and adi-
pose tissue. Genetic as well as environmental 
factors are involved in the development of 
Type 2 diabetes, with obesity as one of the 
main factors for the rapid increase of affected 

individuals worldwide [6]. Interestingly, the 
interaction between genetic and environmen-
tal factors in disease development most likely 
involves epigenetic modifications [7].

The most studied epigenetic mark is 
DNA methylation, the addition of a methyl 
group to the DNA nucleotide cytosine [8]. A 
strictly regulated DNA methylation pattern 
is essential for normal development and has 
a key role throughout life in tissue specific 
gene regulation and transcription [9]. Histone 
modifications are other important epigenetic 
marks, interacting with DNA methylation 
and tightly linked to the chromatin struc-
ture [10,11]. Also noncoding RNAs, with the 
ability to post transcriptionally regulate gene 
expression, is considered an epigenetic modi-
fication and implicated in the pathogenesis of 
Type 2 diabetes [12]. In contrast to the stable 
DNA sequence, epigenetic modifications are 
dynamic and reversible and hence promising 
targets for pharmacological interventions.

This review will summarize published 
experimentally data supporting a role for 
epigenetic variation in the development of 
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Type 2 diabetes, with a focus on findings from human 
studies, including both candidate gene approaches and 
genome-wide studies (Figure 1).

Evidence of epigenetic alterations of genes 
involved in insulin secretion
The ability of pancreatic β cells to produce and secrete 
insulin in response to glucose is of utmost importance 
to maintain normoglycemia. During the develop-
ment of Type 2 diabetes, the demands of insulin usu-
ally increase as a result of increased insulin resistance. 
Hence, mechanisms that affect β cell function, includ-
ing cell viability, insulin production and secretion 
potential, are keys to find new treatment strategies for 
diabetes.

In a recent study, we investigated the genome-wide 
DNA methylation pattern in human pancreatic islets 
obtained from deceased donors [13]. We found altered 
levels of DNA methylation in islets from Type 2 dia-
betic versus nondiabetic donors for a total of 1649 CpG 
sites, corresponding to 853 genes. These genes include 
known Type 2 diabetes loci such as TCF7L2, KCNQ1, 
THADA, FTO, IRS1 and PPARG, and are enriched 
in pathways involved in cancer, axon guidance and 

MAPK (mitogen-activated protein kinase) signaling. 
Furthermore, 102 of the genes showing differential 
methylation also displayed altered mRNA expression 
between islets from Type 2 diabetic versus nondiabetic 
donors, suggesting epigenetic regulation of transcrip-
tional activity and a possible mechanism for how Type 
2 diabetes risk genes contribute to disease development 
(Figure 1). The majority of these genes showed increased 
DNA methylation and decreased gene expression in 
islets from diabetic versus nondiabetic donors. Func-
tional analysis of some of those genes demonstrated, 
for example, impaired insulin secretion when Cdkn1a 
and Pde7b, respectively, were overexpressed in β cells, 
and also reduced β cell proliferation as a result of over-
expression of Cdkn1a (p21). Additionally, silencing of 
Exoc3l, a gene encoding one component of the exocyst 
complex, in the β cells resulted in reduced exocyto-
sis. Importantly, in this study there was no significant 
difference in the β cell content between diabetic and 
nondiabetic islets, showing that the identified epigen-
etic differences are not due to an altered cell type com-
position. Taken together, this study provides detailed 
information of the DNA methylome in human pancre-
atic islets and indeed highlights the importance of epi-

Figure 1. Altered DNA methylation in target tissues for Type 2 diabetes. Altered DNA methylation and 
transcriptional activity of Type 2 diabetes candidate genes in human pancreatic islets may contribute to reduced 
insulin secretion. Additionally, environmental factors may induce insulin resistance in adipose tissue and skeletal 
muscle through epigenetic modifications.
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genetic regulation as a mechanism in the pathogenesis 
of Type 2 diabetes [13].

DNA methylation in human pancreatic islets has 
also been investigated by Volkmar et al. [14]. This study, 
covering less CpG sites and investigating less human 
islet donors as compared with the study by Dayeh et al., 
was still able to detect 276 CpG sites annotated to 254 
gene promoters with differential DNA methylation 
in islets obtained from Type 2 diabetic versus non-
diabetic donors. These genes are implicated in β cell 
function and survival and further support a role for 
DNA methylation in the pathogenesis of Type 2 dia-
betes. Interestingly, 27% of the CpG sites identified 
by Volkmar et al. was also differentially methylated in 
islets from Type 2 diabetics versus nondiabetic donors 
in our study [13]. Moreover, both studies show that the 
CpG sites with significantly altered DNA methylation 
tend to have decreased DNA methylation in islets from 
Type 2 diabetic compared with nondiabetic donors 
(96 and 97%, respectively) [13,14]. As aberrant DNA 
methylation could be either a cause or arise as a con-
sequence of disease, Volkmar et al. exposed pancreatic 
islets from nondiabetic donors to high glucose levels. 
They found no significant effect on DNA methylation 
for the 16 CpG sites tested, making the altered meth-
ylation pattern in islets from Type 2 diabetic patients 
unlikely to be a cause of hyperglycemia [14]. However, 
it remains to be tested if prolonged hyperglycemia, in 
other words, more than 72 h as tested here, may have a 
different outcome as diabetes and its complications is 
known to develop for decades. To approach the same 
question from a different angle, we tested if the 1649 
CpG sites with altered DNA methylation in islets from 
Type 2 diabetics versus nondiabetic donors were asso-
ciated with age, BMI or HbA1c, all known risk factors 
for Type 2 diabetes, in nondiabetics [13]. For HbA1c, 
142 CpG sites (8.6%) were found to have significantly 
associated levels of DNA methylation in islets from 
nondiabetic donors, and for age and BMI we found 18 
and 16 CpG sites, respectively. Importantly, 92% of 
those sites change in the same direction in islets from 
Type 2 diabetic donors as with increased age, BMI or 
HbA1c, hinting that some epigenetic alterations may 
be seen prior to onset of disease [13].

We have also studied the genome-wide DNA meth-
ylation pattern in human pancreatic islets in response 
to palmitate treatment, to mimic the situation of ele-
vated circulating free fatty acids often seen in Type 
2 diabetes patients [15]. Global DNA methylation, 
in other words, the average of all 483,844 CpG sites 
analyzed, was significantly higher in islets exposed to 
palmitate for 48 h compared with control islets. Addi-
tionally, exposure to palmitate altered the degree of 
DNA methylation of 46,977 sites at p < 0.05, which is 

approximately double the expected number and signif-
icantly more than expected by chance. However, after 
correction for multiple testing, no individual CpG site 
showed a significant difference in DNA methylation in 
response to palmitate treatment. Nevertheless, of the 
1860 genes with significantly altered expression levels 
due to palmitate treatment, 290 genes (15.6%) had one 
or more CpG sites with a nominal difference in the 
level of DNA methylation in palmitate treated com-
pared with control islets [15], including Type 2 diabetes 
susceptibility genes like TCF7L2 [16] and GLIS3 [17]. 
Although this study suggests global epigenetic altera-
tions in pancreatic islets due to palmitate exposure, 
further investigations are needed to determine if pro-
longed elevation of circulating free fatty acids, which is 
often seen in subjects with Type 2 diabetes, may have 
stronger effects on the DNA methylation pattern and 
to what extent the association with Type 2 diabetes is 
mediated by epigenetic factors [15].

In an early study investigating DNA methyla-
tion of PPARGC1A as a candidate gene, we detected 
altered levels of methylation in a region upstream of 
the gene in human pancreatic islets from Type 2 dia-
betic versus nondiabetic donors [18]. This increase 
in DNA methylation observed in islets from Type 2 
diabetic donors was further accompanied by reduced 
PPARGC1A mRNA expression and reduced glucose-
stimulated insulin secretion (Figure 1). PPARGC1A is 
a master transcriptional regulator of genes participat-
ing in oxidative phosphorylation and hence decreased 
levels may lead to reduced ATP production from the 
mitochondria, impairing glucose-stimulated insulin 
secretion [19]. The KCNQ1 imprinted locus is another 
candidate gene region associated with Type 2 diabetes, 
believed to act through impaired islet function [20–22]. 
Using both adult human islets and fetal pancreas sam-
ples, Travers et al. were able to show that a Type 2 dia-
betes genetic risk variant in the KCNQ1 locus was asso-
ciated with DNA methylation of a regulatory sequence 
in fetal samples, and with another region involving a 
PLAGL1 binding site in adult islets [23]. However, no 
effect was observed on the level of gene expression. 
These results highlight the dynamic feature of DNA 
methylation, with different regulatory roles at different 
developmental stages.

An obvious target to investigate when studying Type 
2 diabetes is the insulin gene (INS) and its regulation. 
As a matter of fact, two studies have shown that INS 
promoter DNA methylation is involved in regulating 
gene expression of insulin in human pancreatic islets 
and β cells, respectively [24,25] (Figure 1). Kuroda et al. 
showed that the human INS promoter is demethylated 
specifically in β cells, and that methylation of this region 
in vitro suppresses INS gene expression [24]. Further-
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more, we have shown increased levels of DNA meth-
ylation in 4 CpG sites in the INS promoter region in 
human pancreatic islets obtained from Type 2 diabetic 
compared with nondiabetic donors [25]. The methyla-
tion levels of these CpG sites, together with another 9 
sites in the region, were negatively correlated with INS 
gene expression, indeed suggesting the insulin gene to 
be subject to epigenetic regulation. In further support 
of this hypothesis, we could show that hyperglycemia 
directly altered the degree of methylation of the insu-
lin gene in clonal β cells cultured in vitro. Also, FACS 
(fluorescence-activated cell sorting) sorted human 
alpha cells had much higher degree of methylation 
of INS than β cells, supporting that INS methylation 
regulate cell specific gene expression. Additionally, the 
islets obtained from Type 2 diabetic donors displayed 
decreased insulin content and glucose-stimulated insu-
lin secretion [25]. A similar approach was undertaken to 
investigate PDX1 [26], a transcription factor important 
for pancreas development and β cell maturation and 
function [27]. We found three CpG sites located within 
the distal promoter and a set of seven CpG sites in the 
enhancer region of PDX1 that exhibit significantly 
increased DNA methylation in islets from Type 2 dia-
betic compared with nondiabetic donors. Interestingly, 
all nine analyzed CpG sites in the enhancer region cor-
related negatively with PDX1 mRNA expression levels 
in human islets, whereas this only was seen for one CpG 
site in the distal promoter and one in the proximal pro-
moter, suggesting that epigenetic regulation of PDX1 
is mediated mainly through the enhancer region. By 
the use of luciferase constructs, we could functionally 
demonstrate that methylation of the enhancer region of 
PDX1 decreases its transcriptional activity. Moreover, 
PDX1 mRNA levels were significantly correlated with 
INS mRNA expression and glucose-stimulated insulin 
secretion (Figure 1). We also found a significant, posi-
tive association between PDX1 DNA methylation and 
HbA1c, suggesting that prolonged hyperglycemia may 
induce epigenetic alterations. This result was further 
experimentally verified by exposing clonal β cells to 
high glucose, resulting in increased DNA methylation 
and decreased mRNA expression of PDX1 [26].

Incretin hormones are important for stimulating the 
release of insulin in response to a meal and its mimick-
ing agents are used in Type 2 diabetes treatment [28]. 
GLP1R encodes the receptor for one of the incretin 
hormones, glucagon-like peptide-1, and is expressed in 
pancreatic β cells [29]. When investigating the epigen-
etic component of GLP1R gene regulation, we found a 
modest but significant difference, with increased DNA 
methylation in human pancreatic islets obtained from 
Type 2 diabetics compared with nondiabetic donors [30]. 
Another CpG site in GLP1R, within a region contain-

ing SP1 and SP3 transcription factor binding sites, 
was negatively correlated with GLP1R expression and 
positively correlated with HbA1c and BMI [30].

There is also evidence for altered levels of noncod-
ing RNA in pancreatic islets from human Type 2 dia-
betic organ donors [31]. Kameswaran et al. identified 
an imprinted locus with β cell specific expression of 
a cluster of miRNAs, which were downregulated in 
islets from Type 2 diabetic compared with nondiabetic 
donors. Interestingly, this was strongly correlated with 
promoter hypermethylation [31]. This region, the DLK1-
MEG3 locus, has previously been associated with differ-
ent forms of cancer [32]. This study also confirmed dif-
ferential expression of miRNAs previously implicated in 
diabetes and β cell function, for example, miR-7 [33,34].

As epigenetics is known to regulate gene expression 
in a tissue specific manner, it is important to consider 
which tissue to investigate in relation to disease devel-
opment. However, to be useful as a clinical biomarker, 
it is also essential to find markers that are reflected in 
readily accessible tissues or cells, such as blood sam-
ples. A few Type 2 diabetes case-control studies have 
investigated epigenetic alteration in Type 2 diabetes 
candidate genes in blood samples [35–39]. Toperoff et al. 
detected differentially methylated regions (DMRs) in 
blood from patients with Type 2 diabetes compared 
with control individuals, including 6 DMRs in regions 
previous genetically associated with Type 2 diabetes 
(CENTD2, FTO, KCNJ11, TCF7L2 and WFS1) [39]. 
Additionally, replication of individual CpG sites within 
the investigated DMRs found 13 CpG sites (intronic 
sites of THADA, JAZF1, TCF7L2, KCNQ1 and FTO, 
and 3′-UTR and downstream sites in SLC30A8) with 
a significant difference in DNA methylation between 
pooled cases and controls. They furthermore investi-
gated DNA methylation in blood samples from a lon-
gitudinal study with healthy participants at inclusion, 
of which some progressed to impaired glucose metabo-
lism. The results showed aberrant DNA methylation 
prior to disease, suggesting that DNA methylation 
patterns associated with Type 2 diabetes in tissues not 
directly involved in insulin secretion or action, like 
blood, is established early in development, and has a 
role as a predictive rather than a diagnostic marker [39]. 
In peripheral blood leukocytes, del Rosario et al. dem-
onstrated altered promoter methylation in offspring 
to mothers with diabetes during pregnancy [36]. No 
individual genes were significantly different between 
offspring with (n = 14) and without (n = 14) diabetic 
mothers. However, differentially methylated genes 
were enriched for pathways involved in pancreas devel-
opment and insulin secretion, including the pathways 
maturity onset diabetes of the young, Type 2 diabetes 
and Notch signaling. This suggests that the intrauter-
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ine environment, acting through epigenetic alterations, 
may exert an effect on future β cell function and risk 
of diabetes [36]. DNA methylation of the TCF7L2 pro-
moter was recently investigated in whole blood from 
patients newly diagnosed with Type 2 diabetes and 
controls matched for age and BMI [35]. Here, altered 
levels of DNA methylation was detected in 13 of the 
22 analyzed CpG sites in Type 2 diabetic patients com-
pared with matched controls, after correction for mul-
tiple testing and confounding factors. Additionally, 
specific CpG sites were associated with metabolic traits 
including fasting glucose (four CpG sites) and total- 
and LDL-cholesterol (one CpG site). Importantly, the 
patients were only on diet without any pharmacological 
treatment affecting the results and this study suggests 
that DNA methylation alterations of a gene important 
for β cell function may be reflected in blood DNA [35].

Epigenetic alterations & insulin sensitivity
Insulin resistance is a common feature of Type 2 dia-
betes, affecting the liver and peripheral tissues like 
skeletal muscle and adipose tissue. Impaired response 
to insulin in the peripheral tissues results in reduced 
capacity to clear the blood stream from glucose, and 
additionally, makes adipose tissue secrete adipokines 
which further negatively affect whole body glucose 
homeostasis. Insulin resistance in the liver results in 
failure to inhibit glucose output in response to high 
glucose levels, which adds to an increasing concentra-
tion of glucose in the circulation. Consequently, insu-
lin resistance and the tissues involved in this process 
are, as well as insulin secretion and pancreatic β cells, a 
key to understand the pathogenesis of Type 2 diabetes.

Skeletal muscle is the main tissue responsible for 
glucose uptake, which is further stimulated by physical 
exercise involving muscle contractions. Additionally, 
individuals with a high genetic predisposition for Type 
2 diabetes are characterized by reduced physical fit-
ness [40]. Clearly, exercise is beneficial to improve insu-
lin sensitivity and prevent or delay the onset of Type 2 
diabetes. Using an exercise intervention study, we inves-
tigated genome-wide DNA methylation in human skel-
etal muscle from individuals with or without a family 
history of Type 2 diabetes, in other words, a genetic pre-
disposition for the disease [41]. First, differential meth-
ylation at baseline between individuals with or without 
a family history of Type 2 diabetes was observed for 
genes involved in, for example, MAPK, insulin, Wnt 
and calcium signaling, as well as in genes important for 
muscle function like MAPK1, MYO18B, HOXC6 and 
PRKAB1. Of the genes differentially methylated due to 
a family history of Type 2 diabetes, 40% could be vali-
dated in skeletal muscle from monozygotic twin pairs 
discordant for the disease. Next, 134 genes were found 

to be differentially methylated in response to the six 
months exercise intervention, including MEF2A (exer-
cise transcription factor), THADA (Type 2 diabetes 
candidate gene), NDUFC2 (mitochondrial function) 
and IL7 (cytokine). Several genes in this study also 
exhibited changes in both DNA methylation and gene 
expression levels (Figure 1). Clearly, exercise induces 
genome-wide changes in DNA methylation in human 
skeletal muscle; however, the response may differ due 
to the genetic predisposition for Type 2 diabetes [41]. 
Barres et al. also investigated DNA methylation in 
human skeletal muscle, and found a global decrease in 
DNA methylation in response to acute exercise, as well 
as decreases in promoter methylation of some candi-
date genes [42]. The latter includes genes with increased 
expression in skeletal muscle after exercise and which 
also display altered levels of DNA methylation in 
Type 2 diabetes, in other words, PPARGC1A, TFAM, 
PPARD, PDK4 and CS [43] (Figure 1).

Also adipose tissue has a central role in glucose 
homeostasis, being an endocrine organ affecting many 
metabolic pathways [44]. We recently investigated 
genome-wide DNA methylation and mRNA expression 
in adipose tissue from healthy individuals participating 
in a six months exercise intervention [45,46]. We found a 
change in global DNA methylation as well as in 17,975 
individual CpG sites in response to exercise [45]. Among 
the 39 genes with a validated association with Type 2 
diabetes at that time [47], 21 had one or more CpG sites 
with significantly altered levels of DNA methylation in 
adipose tissue before versus after exercise [45]. KCNQ1 
and TCF7L2 had most differentially methylated CpG 
sites, and for HHEX, IGF2BP2, JAZF1 and TCF7L2 
increased DNA methylation in response to exercise 
was accompanied by decreased mRNA expression. To 
investigate the direct effect of DNA methylation on 
gene expression, a reporter gene construct of the human 
RALBP1 promoter was created where the number of 
CpG sites methylated can be modified. RALBP1 is 
implicated in metabolic disease and GLUT4 traffick-
ing [48,49] and indeed increased DNA methylation of 
this promoter reduced its transcriptional activity. Fur-
thermore, functional validation of genes (HDAC4 and 
NCOR2) that exhibit increased DNA methylation and 
decreased mRNA expression in adipose tissue after six 
months exercise resulted in increased insulin-stimulated 
lipogenesis when silenced in an adipocyte cell line [45] 
(Figure 1). We have also studied the genome-wide 
DNA methylation pattern in adipose tissue from sub-
jects with Type 2 diabetes compared with nondiabetic 
controls [50]. DNA methylation was altered in 15,627 
individual CpG sites (7046 unique genes) with a false 
discovery rate of 15%. Replication in adipose tissue 
from monozygotic twins discordant for Type 2 diabetes 
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showed a nominal association with disease for 1410 of 
these CpG sites. These include, for example, the Type 2 
diabetes candidate genes KCNQ1, NOTCH2, TCF7L2 
and THADA [50] (Figure 1). In adipose tissue from 
healthy twins, Grundberg et al. found 8638 CpG sites 
in 4133 unique genes where the shared common envi-
ronment accounted for more than 30% of the methyla-
tion variance. A pathway analysis suggested these sites 
to be associated with metabolic diseases including Type 
2 diabetes [51], implying DNA methylation as a link 
between the environment and disease susceptibility.

Ribel-Madsen et al. analyzed genome-wide pro-
moter DNA methylation in both skeletal muscle and 
adipose tissues from elderly MZ twin pairs discordant 
for Type 2 diabetes [52]. After correction for multiple 
testing, only one CpG site in muscle (IL8) and seven 
in adipose tissue were significantly associated with 
disease, which may be due to the small sample size. 
However, analyzing Type 2 diabetes candidate genes 
separately further showed altered levels of DNA meth-
ylation in Type 2 diabetic versus control twins for 
HNF1A and CDKN2A in adipose tissue. Additionally, 
global DNA methylation (LINE1) did not associate 
with Type 2 diabetes status, but with the associated 
phenotypes BMI and 2 h plasma glucose [52].

Also in DNA from peripheral blood leukocytes there 
is evidence for a relation between the level of DNA 
methylation and insulin resistance [53]. Zhao et al. 
examined global DNA methylation (Alu repeats) in 
monozygotic twins and the relation to insulin resis-
tance as measured by homeostasis model assessment. 
Each of the four CpG sites investigated was signifi-
cantly associated with insulin resistance, after cor-
recting for confounding factors including several 
known risk factors of insulin resistance. However, the 
mechanism behind this association remains unknown, 
although the authors speculate that it may be a result 
of genomic instability due to the altered methylation 
of the Alu elements [53]. Simar et al. went one step 
further and investigated global DNA methylation in 
individual cell types in blood [54]. Using this approach, 
they found increased global DNA methylation in 
natural killer and B cells from patients with Type 2 
diabetes, which correlated positively with insulin resis-
tance. This highlights the need for not only tissue spe-
cific but also cell type specific epigenetic analyses and 
the results potentiate a role for DNA methylation in 
immune function and metabolic disorders [54].

Low levels of circulating insulin-like growth factor 
binding protein-1 (IGFBP1) is associated with insulin 
resistance and Type 2 diabetes [55], and is also a predictor 
for development of Type 2 diabetes [56]. To investigate 
how this gene is regulated, Gu et al. analyzed IGFBP1 
DNA methylation in blood from patients with Type 2 

diabetes and age-matched controls [38]. While the level of 
DNA methylation was higher, IGFBP1 serum levels were 
lower in Type 2 diabetic patients compared with controls. 
Additionally, among individuals newly diagnosed with 
Type 2 diabetes, a family history of diabetes was associ-
ated with higher levels of IGFBP1 DNA methylation [38], 
excluding the results to be caused by treatment and sug-
gesting altered methylation of this gene to be a predic-
tive marker of disease. Also IGFBP7 has been linked to 
insulin resistance and Type 2 diabetes, and is further able 
to interact both with insulin and insulin-like growth fac-
tor-1. In a similar approach as above, Gu et al. found 
increased IGFBP7 DNA methylation in men newly diag-
nosed with Type 2 diabetes, however, no correlation with 
serum IGFBP7 protein levels was observed [37].

Mitochondrial dysfunction likely has a role not only 
in impairing insulin secretion from the pancreatic β 
cells, but also in insulin resistance [57]. Interestingly, 
differential DNA methylation of the promoter of 
mitochondrial transcription factor A (TFAM) in blood 
samples has been shown to be associated with insulin 
resistance [58]. Ageing is also associated with insulin 
resistance and an increased risk for Type 2 diabetes. 
We have previously found increased DNA methylation 
in the promoter of two candidate genes for the disease, 
NDUFB6 and COX7A1, in skeletal muscle from elderly 
compared with young subjects [59,60]. The increased 
methylation was further associated with decreased gene 
expression. While NDUFB6 encodes a protein which 
is part of complex one of the mitochondrial respiratory 
chain, COX7A1 encodes a member of complex four. 
Additionally, the expression of both of these genes is 
decreased in muscle from subjects with Type 2 diabetes 
compared with nondiabetic controls [61] (Figure 1).

Finally, energy rich diets are associated with obe-
sity, insulin resistance and an increased risk for Type 2 
diabetes. Interestingly, a five days high fat diet altered 
the DNA methylation pattern in skeletal muscle from 
young healthy men [62]. The 6508 genes with altered 
levels of DNA methylation were enriched in pathways 
affecting inflammation, cancer and reproduction. The 
diet was also associated with metabolic alterations such 
as hepatic insulin resistance and reduced nonesterified 
fatty acid levels [62].

Interaction between genetic & epigenetic 
factors in Type 2 diabetes pathogenesis
There may be an interaction between genetic and epi-
genetic factors, together affecting physiological processes 
and disease pathogenesis. Already in 2007, we described 
the interaction of genetic and epigenetic factors in human 
skeletal muscle [59]. The investigated gene, NDUFB6, is 
involved in oxidative phosphorylation, and is known to 
be decreased in insulin resistant and Type 2 diabetic sub-
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jects [61]. We found a genetic variant in NDUFB6 that 
introduces a CpG site subject to DNA methylation, with 
the ability to regulate gene expression and glucose uptake 
in an age dependent matter [59]. Based on this finding, 
and to reveal a possible disease mechanism, we contin-
ued to investigate if genetic variants associated with Type 
2 diabetes introduce or remove possible DNA methyla-
tion sites [63]. Surpassing our expectations, 19 of the 40 
known single nucleotide polymorphisms (SNPs) associ-
ated with Type 2 diabetes at that time [47] indeed altered 
the DNA sequence to introduce or remove a CpG site 
(also known as CpG-SNPs). We hence analyzed 16 of 
these CpG-SNPs in human pancreatic islets and found 
that all were associated with altered levels of DNA meth-
ylation in the SNP site. In six of the loci (CDKN2A, 
TCF7L2, HMGA2, KCNQ1, ADCY5 and WFS1), not 
only the DNA methylation site directly affected by the 
SNP, but also surrounding CpG sites, showed altered 
levels of DNA methylation significantly associated with 
the CpG-SNP. Furthermore, two CpG-SNPs were 
additionally associated with altered pancreatic islets 
mRNA expression, four with alternative splicing events 
(SLC30A8, WFS1, CDKAL1 and TCF7L2), and four 
with islet function as measured by insulin secretion and 
content and glucagon secretion. These findings suggest a 
mechanism where genetic and epigenetic factors interact 
to affect gene function and possible risk of disease [63].

As methods for large scale studies improved, we fur-
ther extended our analyses of genetic and epigenetic 
interactions by investigating genome-wide SNP (n = 
574,533) and DNA methylation (n = 468,787) data in 
human pancreatic islets [64]. The methylation quantita-
tive trait loci (mQTL) analysis identified 67,438 SNP-
CpG pairs in cis and 2562 in trans, including 11,735 and 
383 individual CpG sites, respectively, where genetic 
variation is significantly associated with altered DNA 
methylation in human islets. Represented are many pre-
vious reported Type 2 diabetes loci, such as ADCY5, 
KCNJ11, INS, PDX1 and GRB10. A causality inference 
test further suggested DNA methylation to mediate the 
effect of genotype on pancreatic islet mRNA expression 
levels and insulin secretion. Functional validation of 
candidate genes with genetic variation associated with 
both DNA methylation and mRNA expression, showed 
that silencing of Gpx7 or Gstt1 results in increased cell 
death signaling, while silencing of Snx19 increases β 
cell proliferation in a β cell line [64]. Indeed, there is 
evidence for a strong interaction between genetic and 
epigenetic factors, leading to altered tissue specific gene 
expression and eventually disease phenotypes.

Using DNA from blood, Bell et al. also performed 
an integrated analysis of interaction between genotypes 
and epigenotypes in the context of Type 2 diabetes [65]. 
The method applied in this study investigates the aver-

age degree of DNA methylation over larger genomic 
regions, here exemplified by LD blocks of known Type 
2 diabetes associated loci, and not the methylation 
level of individual CpG sites. Using this approach, 
they identified haplotype-specific DNA methylation 
in FTO, a locus previously associated with Type 2 
diabetes and obesity [66], but not for any of the other 
investigated Type 2 diabetes regions. Further evalua-
tion of the FTO methylation signal pointed to a puta-
tive enhancer region, with CpG-creating SNPs affect-
ing the ability for DNA methylation [65], in agreement 
with enrichment of H3K4me1 in this region as pre-
viously described [67,68]. Tobi et al. showed that SNPs 
in IGF2 and INS, respectively, were associated with 
the level of DNA methylation in blood in gene regu-
latory regions [69]. There was further an independent 
and additive effect of prenatal famine on the DNA 
methylation pattern of these genes.

Conclusion
As methods for analysis of epigenetic modifications 
have dramatically improved during the last years, maps 
describing the epigenome in various tissues in health 
and disease have evolved. In this review, we have specifi-
cally described differences in the epigenomes observed 
in Type 2 diabetic patients compared with nondiabetic 
control subjects, in tissues relevant for the disease, in 
other words, pancreatic islets, skeletal muscle, adipose 
tissue and blood. We have also included associations 
between DNA methylation and phenotypes or environ-
mental factors relevant for Type 2 diabetes, for example, 
insulin secretion and action, BMI, HbA1c and exercise.

DNA methylation is highly relevant to serve as a 
diagnostic tool for Type 2 diabetes, as many epigen-
etic changes are seen prior to disease development, for 
example, associated with increased BMI or HbA1c in 
healthy individuals or detected in prospective studies. 
The finding of altered DNA methylation in genes rel-
evant for Type 2 diabetes also in blood suggests that at 
least some of these epigenetic alterations are established 
in early development. Epigenetics also holds promises 
for therapeutic advances, with numerous studies of, for 
instance, HDAC inhibitors clearly demonstrating bene-
ficial effects on diabetic phenotypes. However, there is a 
significant need to translate the research from cultured 
cell lines or animals into human clinical investigations.

The results presented in this review show that epi-
genetics is of major significance for Type 2 diabetes 
and improves our understanding of the disease, and 
will guide the development of future drugs.

Future perspective
The arrays investigating genome-wide DNA methyla-
tion have greatly contributed to improved knowledge 
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and understanding of the human epigenome, how-
ever, whole genome bisulfite sequencing will take it to 
the next level by providing details of DNA methyla-
tion on single base resolution throughout the complete 
DNA sequence. As more genome-wide epigenetic data 
becomes available, there will also be a better understand-
ing of the complex interplay between DNA methylation 
and the various histone modifications, acting together 
with genetic variation in gene regulation and establish-
ment of the chromatin structure. Together, these data 
will help identify and develop novel diagnostic and ther-
apeutic agents that can be used in the battle against Type 
2 diabetes.
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Executive summary

•	 The DNA methylation pattern differs between patients with Type 2 diabetes and matched controls in target 
tissues for the disease, in other words, human pancreatic islets, skeletal muscle and adipose tissue.

•	 Both insulin secretion and insulin resistance show associations with altered DNA methylation in multiple 
human tissues.

•	 Alterations in the level of DNA methylation are widespread across the entire genome, but also present in 
numerous candidate genes for Type 2 diabetes.

•	 Epigenetic variations are present prior to disease development and are found to be associated with risk factors 
for Type 2 diabetes, including age, BMI and HbA1c.

•	 Patients with Type 2 diabetes display altered levels of DNA methylation of genes implicated in the disease also 
in blood samples, providing an opportunity to be used as clinical biomarkers.

•	 As epigenetic changes are dynamic and potentially reversible, targeting drugs, for example, histone 
deacetylase (HDAC) inhibitors, are suggested for disease prevention or in the treatment of Type 2 diabetes.
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The contribution of epigenetic mechanisms in diabetes mellitus (DM), β-cell 
reprogramming and its complications is an emerging concept. Recent evidence 
suggests that there is a link between DM and histone deacetylases (HDACs), because 
HDAC inhibitors promote β-cell differentiation, proliferation, function and improve 
insulin resistance. Moreover, gut microbes and diet-derived products can alter the host 
epigenome. Furthermore, butyrate and butyrate-producing microbes are decreased 
in DM. Butyrate is a short-chain fatty acid produced from the fermentation of dietary 
fibers by microbiota and has been proven as an HDAC inhibitor. The present review 
provides a pragmatic interpretation of chromatin-dependent and independent 
complex signaling/mechanisms of butyrate for the treatment of Type 1 and Type 2 
DM, with an emphasis on the promising strategies for its drugability and therapeutic 
implication.

Keywords: β-cell • butyrate • diabetes • epigenetics • HDAC inhibitors • histone deacetylase 
• insulin signaling

Diabetes mellitus (DM) is characterized by 
chronic hyperglycemia with multiple eti-
ologies and perturbations in carbohydrate, 
fat and protein metabolism due to absolute 
or relative deficiency of insulin [1]. DM is a 
chronic metabolic disorder with complex 
pathogenesis, and lack of appropriate treat-
ment and management may lead to several 
micro and macrovascular complications [2,3]. 
According to the International Diabetes 
Federation, DM incidence is growing at an 
alarming rate both in developing and devel-
oped countries. Presently, 387 million people 
worldwide suffer with both Type 1 diabetes 
mellitus (T1DM) and Type 2 diabetes mel-
litus (T2DM), which is expected to reach 
592 million by 2035. DM is a multifactorial 
disease and recent reports suggest that the 
complexity of the disease cannot be entirely 
accounted for by genetic predisposition [1]. 
Both genetic and epigenetic factors including 
lifestyle are implicated in the pathogenesis 
of DM [4–6]. Environmental factors and life 
style changes are primarily responsible for the 

epigenetic modulations like histone modifi-
cations, which might be associated with both 
T1DM and T2DM [5,7]. The epigenetic pro-
cesses at the chromatin template significantly 
modulate the transcriptional and phenotypic 
outcomes to environmental signaling includ-
ing metabolic state and nutritional require-
ments [8]. Epigenetic mechanisms may 
modulate some of the genes associated with 
DM, which could predispose the individuals 
for DM during early postnatal development 
as well as throughout the adult life [9,10]. 
Furthermore, both genetic and epigenetic 
changes are responsible for the accelerated 
rate of chronic micro and macrovascular 
complications, even in the patients who are 
on standard antidiabetic therapy [8,11–14].

The histone acetyltransferases and histone 
deacetylases (HDACs) maintain the acetyla-
tion of the histone and nonhistone proteins, 
thereby modulating the expression of critical 
subsets of genes associated with the patho-
genesis of DM [15,16]. Fundamentally, the 
activities of these enzymes can affect chro-
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matin at the target genes themselves and/or modulate 
their activators/suppressors expression, thereby result-
ing aberrant transcription of a particular gene [9,17,18]. 
The HDACs are involved in different cellular signal-
ing associated with the pathogenesis of DM and its 
complications [7,12,19,20]. Recent evidence highlights 
the link between DM and HDACs, shown by the ben-
eficial effects of HDAC inhibitors (HDACi) in β-cell 
development, proliferation, differentiation and func-
tion, as well as insulin signaling [15,20–22]. Addition-
ally, HDACi prevent cytokine-induced β-cell damage 
in both in vitro and in vivo models [21,23,24]. HDACs 
act through the deacetylation of histones, various tran-
scription factors and other regulatory proteins, which 
are directly or indirectly involved in glucose metabo-
lism [15,25]. Moreover, glucose-mediated regulation 
of insulin gene transcription is under the control of 
histone acetylation, suggesting the role of HDACs in 
insulin synthesis and function [26,27]. Thus, HDACs 
play a regulatory role in the development of pancreas, 
insulin signaling and resistance including transloca-
tion of glucose transporter-4 (GLUT-4) [28–31]. The 
above reports highlighted that HDACs play an impor-
tant role in the cellular and molecular mechanisms of 
glucose homeostasis. Based on the recent literature, it 
can be concluded that butyrate exerts several useful 
effects in both T1DM and T2DM through its complex 
chromatin-dependent and independent mechanisms 
(Table 1). In this review, we discuss the complexity of 
the disease pathogenesis and the contribution of epi-
genetic mechanisms, particularly the role of HDACs 
inhibition (histone modification) in DM. Finally, we 
highlight the experimental evidences of butyrate inter-
vention for the treatment of both T1DM and T2DM 
with an emphasis on the possible strategies for its 
drugability and therapeutic implication.

Butyrate: the rationality for intervention
Butyrate is a short-chain fatty acid (SCFA) naturally 
produced in the colon of human and rodents from the 
fermentation of complex dietary fibers by microbiota 
and also found in butter and cheese [32]. Butyrate has 
been reported as an HDACi without any toxic effects 
and its HDAC inhibition potential has been well 
characterized in various cancerous, noncancerous and 
metabolic disorders by using in vitro and in vivo experi-
ments [33,34]. The SCFAs have significant physiological 
functions, but butyrate plays a pivotal role in the cell 
proliferation, differentiation, energy metabolism and 
the maintenance of tight junctions as well as patho-
genesis of DM [35,36]. Butyrate activates the genes of 
early pancreatic development in the embryonic stem 
cells [37] and increases the β-cell differentiation as well 
as insulin gene expression in rat islet cell lines [37]. 

Recently, we have reported that butyrate protects 
the β-cell death and improves the glucose homeosta-
sis by the modulation of p38/ERK MAPK signaling 
through HDAC inhibition in juvenile diabetic rat [38]. 
Moreover, fiber-rich diet has been reported to reduce 
the daily insulin requirement and thereby decreases 
the risk of diabetes [39,40]. Further, butyrate reduces 
the body weight, fasting plasma glucose and insulin 
sensitivity through increase in energy expenditure in 
high-fat diet-induced T2DM in mice [33,39]. Notably, 
it has been reported that butyrate level and butyrate-
producing microbes are reduced in subjects with dia-
betes including children [41–43]. Further, children with 
β-cell autoimmunity have shown low abundance of 
butyrate-producing bacteria in the gut [44,45]. Apart 
from this, butyrate have several other pharmacologi-
cal activities such as anti-inflammatory, anticancer, 
antioxidant and immunomodulatory, which in part 
responsible for its beneficial effects across different 
experimental and clinical studies [46,47]. From the 
recent literature, it can be deduced that butyrate can 
modulate the expression of various regulatory genes 
and/or proteins, which are directly and/or indirectly 
involved in the glucose metabolism as well as patho-
genesis of DM. Thus, butyrate can exert several benefi-
cial effects by maintaining the fine-tuning of different 
molecular signaling/pathways such as; increasing the 
insulin transcription and translation; preventing β-cell 
apoptosis; increasing β-cell differentiation, prolifera-
tion and function and; inhibiting gluconeogenesis and 
glycogenolysis (indirect glucose production) in the 
liver (Figure 1). Therefore, it is pertinent that butyrate 
may be considered one of the promising molecules for 
the treatment of DM and can be further investigated 
in the experimental and clinical setups for in-depth 
mechanistic understanding.

Butyrate & HDAC inhibition: molecular 
mechanisms for intervention in T1DM
The pancreatic duodenal homeobox 1 (Pdx1) is synthe-
sized in the early pancreatic development, which plays 
a central role in the differentiation of progenitor cells 
into endo and exocrine cells [28,48]. In the pancreas, 
expression of HDACs is tightly controlled at normal 
physiology for its developmental and functional regu-
lation, but overexpression of HDACs is thought to be 
involved in the pathogenesis of DM [49]. Moreover, it 
has been reported that HDAC4, 5 and 9 (class IIa) 
are key regulators for the pancreatic β/δ-cell lineage 
control [22]. Another study reports that inhibition of 
HDAC1 and HDAC3, but not the HDAC2 protect 
β-cell mass as well as function in clinical islet trans-
plantation and subjects with T1DM [24]. However, the 
physiological role of the different HDACs isoform as 



www.futuremedicine.com 671future science group

The role of butyrate, a histone deacetylase inhibitor in diabetes mellitus    Review

well as their contribution in the β-cell function are not 
fully explored. Further, HDACi enhance and maintain 
the expression profile of the proendocrine markers in 
the pancreas [24,49]. Butyrate activates the genes of early 
pancreatic development in the embryonic stem cells [37] 
and increases the β-cell differentiation as well as insu-
lin gene expression in rat islet cell lines [37]. HDACi can 
lead to an increased pool of endocrine cells through 
modifying the proliferation/apoptosis balance in the 

experimental studies [38,49]. Further, butyrate acts as a 
potent factor for the insulin gene expression in human 
pancreatic islets [26]. HDACi promote β-cell develop-
ment, proliferation, differentiation and function in 
animal models of diabetes [22,23]. Moreover, butyrate 
increases the ERK phosphorylation and can modulate 
the MAPK pathway leading to cell proliferation [50]. 
Recently, we have reported that butyrate protects the 
β-cell apoptosis and improves the glucose homeosta-

Table 1. Experimental and clinical evidences of butyrate in various tests systems that highlighted 
the beneficial effects in both Type 1 diabetes mellitus and Type 2 diabetes mellitus. 

Serial number Mechanisms/inferences Disease condition Tests systems Ref.

1 Reduced β-cell apoptosis and improved the 
β-cell proliferation, function and glucose 
homeostasis by the modulation of p38/ERK 
MAPK and apoptotic pathway

T1DM Juvenile rats [38]

2 Insignificant effects on islets protection, 
but delayed diabetes onset and fixed the 
diabetes-induced intestinal leakage

T1DM Diabetes-prone 
rat pups

[35]

3 Increased the rate of lipolysis by HDAC 
inhibition in 3T3-L1 adipocytes

In vitro 3T3-L1 
adipocytes

[70]

4 Attenuated inflammation and lipogenesis 
generated by the interaction of adipocytes 
and macrophages

In vitro 3T3-L1 
adipocytes

[59]

5 Improved the skeletal muscle mitochondrial 
dysfunction, obesity and insulin resistance 
through epigenetic mechanisms

HFD-fed obesity C57BL/6J mice [72]

6 Alleviated metabolic impairments and 
protects β-cell function

T2DM C57BL/6J mice [76]

7 Improved insulin sensitivity and increased 
energy expenditure in mice via the promotion 
of energy expenditure and induction of 
mitochondrial function

T2DM Mice [33]

8 Reduced inflammation parameters, steatosis 
and glucose tolerance in the liver via the 
suppression of Toll-like receptors and NF-κB 
activation

HFD-induced 
impaired glucose 
homeostasis

Juvenile male 
SD rats

[86]

Butyrate mimetic/deficiency approaches/studies

9 Fermentable dietary fibre decreased weight 
gain, liver fat, cholesterol and triglyceride 
content and altered the formation of SCFAs

HFD-fed obesity Rats [41]

10 Reduced nonalcoholic fatty liver disease 
progression by the butyrate-producing 
probiotics

Diet-induced 
obesity

Rats [73]

11 Reduced butyrate-producing microbes species 
in the diabetic children as compared with age-
match healthy children

T1DM Children  
(age: 1–5 years)

[43]

12 Children with β-cell autoimmunity have 
shown low abundance of butyrate-producing 
bacteria

T1DM Human and 
children

[44,45]

HDAC: Histone deacetylase; HFD: High-fat diet; SCFA: Short-chain fatty acid; SD: Sprague–Dawley; T1DM: Type 1 diabetes; T2DM: Type 2 
diabetes. 
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sis by modulating p38/ERK MAPK signaling through 
HDAC inhibition in juvenile diabetic rat [38]. Butyrate 
also protects the β-cell damage by reducing diabetes-
induced intestinal leakage in the new born rat pups [35]. 
In isolated β-cells, HDACi increase the acetylation of 
histone H4 without any toxic response [15,49]. HDACi 

attenuate the expression of proapoptotic proteins and 
β-cell dysfunction by preventing the IL-1β-induced 
activation of NF-κB and apoptosis signaling in experi-
mental studies [23,24].

Glucose activates the transcription and release of 
insulin through β-cell specific transcription factors 
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Figure 1. Schematic depiction shows the role of histone modification (epigenetics) and molecular targets in 
diabetes as well as possible protective effects/mechanisms of butyrate (see facing page). Diabetes increases 
the expression and activity of histone deacetylases, which perturbs the insulin synthesis, release and hepatic 
glucose production. Butyrate can modulate the β-cell proliferation, differentiation, function and apoptosis in the 
pancreas as well as facilitate the glucose homeostasis and insulin signaling in the liver; thereby it can prevent/
treat the DM by following ways. Increasing β-cell differentiation, proliferation and function as well as preventing 
β-cell apoptosis, thereby increasing overall functional β-cell mass and insulin level. Butyrate reduces the 
gluconeogenesis and glycogenolysis (indirect glucose production) by inhibiting histone deacetylase-mediated over 
expression of G6pase and PEPCK. Butyrate also facilitates the insulin signaling and GLUT-4 translocation as well 
as modulates the AMPK activity. Red arrows show the phenomenon under diabetic condition, and green/yellow 
arrows show protective/preventive effects/mechanisms of butyrate/HDACi, while black arrows indicate the normal 
physiological process. 
DM: Diabetes mellitus; ES: Embryonic stem cell; HDACi: Histone deacetylase inhibitor.  
For color images please see online at: www.futuremedicine.com/doi/full/10.2217/EPI.15.20
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such as Pdx1, NeuroD1 and musculoaponeurotic fibro-
sarcoma oncogene homologue A [51]. The above acti-
vation of transcription factors (binding) is suppressed 
by the overexpression of HDACs. Besides direct induc-
tion of apoptosis and cytokines, HDACs can perturb 
the β-cell differentiation by reducing the expression 
and/or activity of Pdx1, NeuroD1 and musculoapo-
neurotic fibrosarcoma oncogene homologue A [52,53]. 
Further, the transcription regulation of insulin gene in 
response to glucose is mainly regulated by histones H4 
acetylation [54]. It has been reported that HDACi treat-
ment increases insulin expression at low glucose level, 
whereas the release of insulin is less affected [51,55]. 
Additionally, HDACi prevent the development of 
virus-induced T1DM by the modulation of immune 
response during diabetes progression [56]. However, 
it has also been reported that vorinostat, an HDACi, 
protects β-cells and prevents diabetes progression by 
chromatin-independent mechanism [57].

The inflammation and oxidative stress are the major 
pathological factors in response to chronic hyperglyce-
mia, which finally lead to β-cell apoptosis and dysfunc-
tion. Several studies indicate that butyrate may affect 
the host immune and inflammatory response [57,58]. 
Suppression of NF-κB activation by HDAC inhibition 
is the most frequently investigated anti-inflammatory 
mechanism of butyrate [59,60]. NF-κB modulates the 
expression of genes encoding the proinflammatory 
cytokines, chemokines, inducible nitric oxide synthase, 
COX-2 and adhesion molecules [47]. The anti-inflam-
matory effect of butyrate is mainly exerted by the 
inhibition of NF-κB, decreased myeloperoxidase and 
COX-2 expression [61,62]. Another recent study demon-
strates the anti-inflammatory and immunomodulatory 
effects of butyrate by promoting functional regulatory 
T cells via epigenetic upregulation of the forkhead 
box P3 gene in colon of mice, which have a central 
role in the reduction of inflammatory and allergic 
responses. [46]. In summary, it can be emphasized that 
butyrate may exert its beneficial effects in T1DM by 
promoting β-cell differentiation, proliferation, insu-
lin expression and release as well as preventing β-cell 

apoptosis through multiple chromatin-dependent and 
independent mechanisms (Table 1).

Butyrate & HDAC inhibition: molecular 
mechanisms for intervention in T2DM
T2DM is associated with insulin resistance and β-cell 
failure with or without obesity. The emerging evidences 
highlighted that epigenetic mechanisms play critical 
role in T2DM as well as β-cell reprogramming [63,64]. 
Interestingly, recent reports have highlighted that 
butyrate level and butyrate-producing microbes are 
relatively low in subjects with diabetes [41,45]. Further, 
HDACs regulate the transcription of GLUT4 enhancer 
factor and myocyte enhancer factor-2, thereby modu-
late the transcription of GLUT4 [65,66]. Addition-
ally, activation of HDAC4/5 decreases the GLUT4-
mediated glucose metabolism in the skeletal muscle 
as well as in the liver of mice [31,67]. Gluconeogenesis 
is another important process in glucose homeostasis 
that is thought to be regulated by HDACs. HDAC1 
induces the expression of hepatocyte nuclear factor 4a 
and the dephosphorylation of FOXO1 in the hepato-
cyte leading to the induction of phosphoenolpyruvate 
carboxykinase expression and gluconeogenesis in the 
liver [16]. Loss of class IIa HDACs inhibits FOXO tar-
geted gluconeogenetic genes and lowers the blood glu-
cose leading to increase glycogen storage [16]. In mouse 
models of T2DM, inhibition of class IIa HDACs has 
been further shown to ameliorate hyperglycemia, 
indicating that class IIa HDACs regulate glucose-
6-phosphate expression and subsequently affect the 
gluconeogenesis [68].

Insulin signaling plays an important role in the 
regulation of blood glucose by facilitating glucose 
uptake in the peripheral tissues and promoting the 
glycogen synthesis in the liver. Once insulin binds 
to its receptor, phosphate groups are added to tyro-
sine on target proteins in the cell including insulin 
receptor substrate (IRS). Recent report indicates 
that HDAC2 can bind to IRS-1 in the liver cells of 
db/db mouse, which leads to decrease acetylation of 
IRS-1 and the subsequent tyrosine phosphorylation 
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of the same [27]. Furthermore, HDACi or silencing of 
HDACs by RNA interference approaches, enhance 
the acetylation of IRS-1, thereby partially attenuate 
the insulin resistance [69]. Pharmacological inhibi-
tion of class I/II HDACs facilitates Adenosine mono-
phosphate activated protein kinase (AMPK) activity 
and exerts beneficial effects in DM [66,70]. Similarly, 
high fiber diet also activates the AMPK in the liver, 
which may be one of the underline mechanisms for 
the beneficial effect of butyrate in DM [71]. Addition-
ally, consumption of dietary fibers has shown many 
positive health effects in the metabolic disorders such 
as improved satiety as well as decrease in the body 
weight, blood glucose and cholesterol [36]. The above 
effects mainly associated with the complex chroma-
tin-dependent and independent pharmacological 
properties of butyrate. Recently, it has been reported 
that butyrate improves the skeletal muscle mitochon-
drial dysfunction and insulin resistance through epi-
genetic mechanisms in high-fat diet-induced T2DM 
in mice [72]. Butyrate and other HDACi improve the 
insulin sensitivity and metabolic abnormities, pri-
marily by chromatin-dependent complex molecular 
mechanisms [41,42,73].

On the other hand, β-cell dysfunction and failure is 
a major concern in the progression of T2DM, which 
involves the epigenetic changes in the various regula-
tory proteins under chronic diabetic condition. [22,63]. 
Thus, altered epigenetic landscape ultimately repro-
grammed the endocrine pancreas and produces proin-
sulin (nonfunctional) with augmented glucagon level 
and/or β-cell death [63,74]. Recent study also reports the 
inactivation of various β-cell specific transcription fac-
tors in T2DM, which might be responsible for β-cell 
dysfunction and failure [75]. Butyrate can alleviate the 
metabolic stress and improve the β-cell function as well 
as protect β-cell from inflammatory response in preg-
nant obese mouse without fetus toxicity [76]. Further, 
several reports have analyzed the epigenetic landscapes 
such as DNA methylation and histone modification in 
islets from subjects with T2DM and controls, which 
highlights the aberrant pattern in the subject with 
diabetes as compared with healthy individuals [6,63,77]. 
Thus, in-depth understanding of epigenetic landscapes 
in the islet differentiation and function would be more 
useful to improve β-cell functionality for the preven-
tion and/or treatment of DM [75,78].

HDACi including butyrate have been shown to 
reduce the diabetes associated low-grade inflamma-
tion [41,79]. Further, tributyrin attenuates the obesity-
associated inflammation and insulin resistance in 
high-fat diet fed mice [80]. Butyrate exerts an anti-
inflammatory effect by inhibiting the NF-κB activa-
tion and production and/or signaling of IFN-γ as well 

as the upregulation of PPARγ [58,81]. In the inflam-
mation, NF-kB activation promotes HDAC3 activ-
ity leading to suppression of PPARγ function, while 
HDAC3 inhibition restores the PPARγ function in 
obese rat [82]. Moreover, butyrate and other SCFAs 
can act through their free fatty acid receptors 1 and 
2 (FFA1 and FFA2) and modulate the inflammatory 
and immune response [83]. However, the receptor-
mediated effects of butyrate and SCFAs may be due to 
histone acetylation and/or other nonhistone targets of 
HDACs [84,85]. Recent evidences support that butyrate 
promotes release of glucagon-like peptide-1 through 
FFA2 and FFA3 receptor and facilitates the satiety, 
which can be a potential approach for the treatment 
of DM [42,86]. Beside the receptors-mediated effects of 
butyrate, it also increases the satiety and decreases the 
weight gain by the stimulation of glucagon-like pep-
tide-1 release through entroendocrine L cells, which 
ultimately facilitate insulin secretion [85]. In summary, 
butyrate can modulate the fatty acid receptors and 
chromatin-dependent signaling as well as nonhistone 
targets in DM.

Advantages & limitations
Butyrate is an attractive candidate for the treatment 
of both T1DM and T2DM, because of its chroma-
tin-dependent and independent mechanisms [33,38]. 
Butyrate acts on multiple targets and can modulate 
both insulin production and glucose utilization in 
the peripheral tissues. Butyrate concentration can 
be achieved by the supplementation of fiber-rich diet 
and butyrate-producing probiotics, which is easy for 
intervention and economically viable (Figure 2). The 
above strategy might be more applicable, which has 
been successfully proven to reduce the insulin resis-
tance and metabolic impairments in different in vivo 
experimental setups [41,45,87]. Additionally, butyrate 
has several other pharmacological properties such as 
anti-infllamatory, antioxidative, immunomodulatory 
and chemoprotective, which can add further value to 
subjects with diabetes. However, butyrate has short 
half-life of 10–15 min due to its rapid uptake and 
metabolism by normal cells, which dampens its thera-
peutic utilization [88]. This problem can be overcome 
with more stable butyrate derivatives like N-(1-car-
bamoyl-2-phenyl-ethyl) butyramide (FBA or phenyl-
alanine-butyramide), which can provide a consistent 
effective concentration in systemic circulation [89]. 
FBA is capable to release butyric acid in small and 
large intestine at a constant rate, and its toxicologi-
cal profile is comparable to butyrate. Physicochemical 
characteristics of FBA are more suitable than butyr-
ate for dosing and clinical development [89]. Further, 
microencapsulated sodium butyrate, a hydroxy propyl 
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methyl cellulose and shellac coating of butyrate has 
been developed for extended and selective delivery 
of butyrate in colon [90,91]. Although, butyrate-based 
products are available in the market, but their use is 
very limited in chronic diseases due to lack of orally 
administrable formulations as well as poor palatabil-
ity [32]. Apart from this, another major problem for 
butyrate drugability is its unpleasant taste and odor, 
which make oral administration very difficult, espe-
cially for the children [32,89]. Thus, new formulations 
of butyrate with a better palatability as well as sustain/
control drug delivery dosage form are needed, which 
can be orally administered and ultimately improve 
the patient compliance. Although, butyrate is a non-

selective HDACi and preferably inhibited class I and 
II HDACs at millimolar concentrations, thereby 
modulates the wide range of cellular and molecullar 
signaling/pathways [38,42]. Further, it is postulated 
that two molecule of butyrate can inhibit HDACs by 
occupying its hydrophobic pocket as similar with the 
trichostatin A [62,92]. However, the exact mechanism 
of HDAC inhibition by butyrate is yet to be explored. 
Additionally, the global alterations in histone acetyla-
tion may or may not be significant, but it may sig-
nificantly modulates the expression of target gene [93]. 
Thus, gene specific histone acetylation is more appro-
priate to explore the exact epigenetic targets in DM, 
which can improve the selectivity for therapeutic 

Figure 2. The strategies for the therapeutic implication of butyrate and its beneficial effects in both Type 
1 diabetes mellitus and Type 2 diabetes mellitus. Schematic presentation of the possible approaches for 
the butyrate supplementation/administration, which can provide desired effective concentration for the 
pharmacological effects and subsequent therapeutic benefits in the pancreas and peripheral tissues for the 
prevention/treatment of diabetes mellitus.
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intervention [78,93]. Therefore, newer, stable and orally 
applicable derivatives of butyrate and/or probiotic 
strategies alone or in combination can be employed 
for improving the pharmacokinetic and pharmacody-
namic profile of butyrate, which directly or indirectly 
improves its effective concentration.

Conclusion & future perspective
The emerging evidences highlighted that epigen-
etic mechanisms play a critical role in the pathogen-
esis of DM, which are still unexplored [6,74,75]. The 
future studies will elucidate how epigenetic mecha-
nisms involved in DM and its complications. It is 
plausible that a number of epigenetic processes like 
histone acetylation, methylation and RNA inter-
ferences might associate with DM [64]. The detail 
understanding of the epigenetic processes respon-
sible for reprogramming of the endocrine pancreas 
and the contribution of the same in DM can provide 
novel treatment strategy. Moreover, both animal and 
human studies highlight that alter gut microbiota 
is associated with DM. Thus, exploring the contri-
bution of gut microbiota can provide better under-
standing to the complex pathogenesis of DM. Use of 
advance technologies that allow the study of complete 
epigenome during development and disease progres-
sion as well as interpretation of complex interactions 

of environment with gut microbiota can offer a new 
strategy for exploring the epigenetic mechanisms in 
the pathogenesis of DM and β-cell reprogramming. 
Moreover, advancement in the pharmaceutical tech-
nologies and drug delivery methods can generate 
newer and more stable derivatives. Thus, drugabil-
ity of butyrate should improve to deliver the desired 
concentration for the therapeutic benefits.

In conclusion, here we present the potential ben-
efits of butryrate and its therapeutic implications for 
clinical application, which can be further investigated 
using different experimental and clinical setups for the 
treatment of T1DM and T2DM. Further, exploring 
and understanding the tissue/cell specific physiologi-
cal roles of different HDACs in DM as well as design-
ing and synthesizing the selective HDACi would con-
tribute in the management of DM. Furthermore, an 
emphasis should be given on the in vivo animal and 
human studies in DM to elucidate the exact molecu-
lar mechanisms of butyrate. Finally, we suggest that 
future studies should be designed to investigate the 
chromatin-dependent and independent mechanisms 
of butyrate/fiber and the association of gut microbiota 
for the successful intervention in DM. Thus, butyrate 
can reduce the disease burden and its complications as 
well as heath expenses particularly in the developing 
countries.

Executive summary

Histone deacetylases & histone deacetylases inhibitors in diabetes mellitus
•	 The emerging evidences highlighted that histone deacetylases (HDACs) and histone acetylation (epigenetic 

mechanisms) play a critical role in the pathogenesis of diabetes mellitus (DM), which is still unexplored.
•	 The HDACs are involved in the different cellular signaling associated with the pathogenesis of DM and its 

complications.
•	 Butyrate can modulate the expression of various regulatory genes and/or proteins, which directly and 

indirectly involved in the glucose metabolism as well as pathogenesis of DM.
Butyrate, HDAC & histone modification in Type 1 DM
•	 Recent evidences suggested that HDACs play a critical role in the modulation of β-cell fate, because HDAC 

inhibitor (HDACi) promote β-cell differentiation, proliferation, function and insulin synthesis as well as its 
release.

•	 HDACi can prevent the β-cell apoptosis through various chromatin-dependent and independent mechanisms.
Butyrate, HDACi & histone modification in Type 2 DM
•	 Butyrate level and butyrate-producing microbes are decreased in subjects with diabetes including children.
•	 HDACs are associated with an inactivation of various β-cell-specific transcription factors in T2DM, which are 

responsible for reprogramming of β-cell function.
•	 HDACi prevent β-cell dysfunction, improve the insulin resistance and satiety as well as inhibit the indirect 

glucose production in the liver.
Conclusion & future perspective
•	 Butyrate exerts several pharmacological effects through its chromatin-dependent and independent complex 

signaling/mechanisms, which are viable for the treatment of both absolute and relative deficiency of insulin 
in DM.

•	 Butyrate can be an ideal agent to treat DM, because it can act on the pancreas (β-cell modulation) and 
peripheral tissues (insulin sensitivity) and CNS (satiety).

•	 The future studies will elucidate that how histone acetylation/modification (epigenetic mechanisms) involved 
in DM and its complications.
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miRNAs have emerged as key epigenetic regulators of metabolism. Their deregulation 
contributes to metabolic abnormalities, proposing their potential role as therapeutic 
targets for Type 2 diabetes. The exciting finding that miRNAs exist in the bloodstream 
suggests that circulating miRNAs may act in a hormone-like fashion. Despite the fact 
that significant progress has been made in understanding circulating miRNAs, this 
topic is full of complexities and many questions remain unanswered. The goal of this 
review is to bring together up-to-date knowledge about circulating miRNAs and their 
role as intercellular communicators as well as potential biomarkers and therapeutic 
targets in metabolic diseases, providing examples of possible clinical applications for 
circulating miRNAs in diabetes and cardiovascular complications.

Keywords:  biomarkers • cell-to-cell communication • circulating miRNAs • therapeutic 
targets • Type 2 diabetes

Introduction to miRNAs
In the postgenomic era, epigenetics has 
emerged as one of the most exciting scientific 
breakthroughs with the challenge of under-
standing the intriguing mechanisms involved 
in the origin, progression and drug resistance 
of a wide range of diseases. Epigenetics is 
generally defined as the study of inherit-
able changes in gene expression that are not 
established in the DNA sequence, explain-
ing much of the environmental contribution 
to the biology of an individual organism. 
Disruption or alteration of the epigenetic 
machinery may induce developmental defects 
and cancer, as well as metabolic diseases [1,2]. 
Epigenetic regulation is complemented by 
different mechanisms and increasing empha-
sis is being placed on the ability of noncoding 
RNA (ncRNA) transcripts to modulate gene 
expression. ncRNAs include multiple classes 
of RNA transcripts that do not encode pro-
teins but instead regulate gene expression. To 
date, the most commonly studied ncRNAs 
are miRNAs (usually 19–24 nucleotides 
in length). The biogenesis of miRNAs has 
been described in great detail in [3]. Mature 

miRNAs regulate gene expression through 
sequence-specific binding to the 3′ untrans-
lated region (3′ UTR) of mRNA targets. This 
binding activates the RNA-induced silencing 
complex (RISC) through which miRNAs act 
as post-transcriptional repressors, affecting 
translation and/or transcript decay [4].

Some of the transcripts regulated by miR-
NAs are epigenetic enzymes, which are nec-
essary for the proper targeting of histone 
modifying complexes or play a role in DNA 
methylation. Conversely, the expression of 
many miRNAs is regulated by epigenetic 
processes. Indeed, genomic loci producing 
noncoding transcripts, such as miRNAs, 
are subject to histone modification and 
DNA methylation similar to protein-coding 
genes [5,6]. Therefore, as in the case of cod-
ing genes, environmental factors may lead to 
changes in miRNA levels and, subsequently, 
in their function. Considering the reciprocal 
regulation of miRNAs and epigenetic key 
enzymes, altered miRNAs may be referred 
as both cause and effect of changes in gene 
expression. For this reason, they may con-
tribute to explain environmental influences 
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in diseases that are passed on through cell divisions 
and across generations. The miRNA repression or 
overexpression, additionally, may be an effective way 
of amplifying changes in gene expression through the 
downstream epigenetic enzymes.

It is now regarded as common knowledge that cel-
lular miRNAs are powerful regulators of metabolism. 
Furthermore, circulating miRNAs are involved in cell-
to-cell communication and show promise as a new class 
of biomarkers for metabolic diseases, due to their stabil-
ity in biological fluids. In addition, miRNA-based ther-
apies may have a good chance of success shortly. For 
these reasons, with the present review, we will focus our 
attention on circulating miRNAs and, in particular, on 
their possible role in controlling recipient cell pheno-
type and their great potential in prevention, diagno-
sis and treatment of metabolic diseases. We will also 
highlight that the research in circulating miRNA bio-
markers as well as the manipulation of potential thera-
peutic miRNAs are still in their infancy and currently 
represent bottlenecks for molecular diagnostics.

miRNAs in metabolism & metabolic diseases
miRNAs are crucial regulators of different aspects 
in development and homeostasis. In addition, their 
importance in the control of metabolism has recently 
been revealed. Not surprisingly, therefore, an aberrant 
miRNA expression and function induce metabolic 
homeostasis loss and disease [7,8]. However, miRNAs 
typically have rather modest effects on target protein 
levels. For this reason, for a single miRNA, several 
actions on functionally related targets in one pathway 
are required in order to significantly influence complex 
processes. On the other hand, as one target contains 
multiple predicted miRNA binding sites, it is pos-
sible that groups of miRNAs act in concert to exert 
more potent effects on a specific target. Altered miR-
NAs, targeting the components of the insulin signal-
ing pathway or the GLUT4-mediated glucose uptake 
and metabolism, have been demonstrated to play a 
key role in diminishing insulin sensitivity of periph-
eral tissues and thus cause insulin resistance and the 
onset of Type 2 diabetes (Table 1) [9–27]. In an attempt 
to compensate for insulin resistance, the failure of 
pancreatic β cells occurs (Table 1) [28–43], leading to 
chronic hyperglycemia and the appearance and pro-
gression of diabetic vascular complications. Numer-
ous studies have addressed the role of miRNAs in the 
glucose-induced vascular dysfunction (Table 1) [44–52]. 
For example, Togliatto et al. demonstrated the contri-
bution of miR-221/222 in vascular damage mediated 
by a high-glucose environment, evaluating cell-cycle 
progression and chemotaxis in human mature endo-
thelial cells and endothelial progenitor cells treated 

with high glucose and advanced glycation end-prod-
ucts (AGEs). They also showed that high glucose and 
AGEs-mediated inhibition of vessel formation in mice 
by miR-221/222 downregulation [51]. Furthermore, 
the persistence of these miRNA alterations may con-
tribute to the ‘metabolic memory’, which results in 
chronic inflammation and vascular dysfunction in dia-
betes even after achieving glycemic control. For exam-
ple, miR-125b, upregulated in diabetic db/db mice, 
was demonstrated to be responsible for the reduced 
expression of the histone methyltransferase Suv39h1 
and the subsequent decrease in the repressive histone 
H3 lysine-9 trimethylation (H3K9m3) at the promoter 
of inflammatory genes in vascular smooth muscle cells 
(MVSMCs) from db/db mice. The persistent increase 
in miR-125b levels was observed even after culturing 
cells for several passages in vitro, suggesting a potential 
memory of the deregulated miR-125b expression [44]. 
In another recent article, Togliatto et al. demon-
strated that unacylated ghrelin (UnAG) was able to 
protect endothelial cells from glucose-mediated oxida-
tive stress, one of the most relevant mechanism in the 
‘metabolic memory’, when administered in diabetic 
ob/ob mice subjected to hind-limb ischemia. In dia-
betic conditions, UnAG restored miR-126 levels. The 
resulting increase in the histone de-acetylase sirtuin 1 
(Sirt1) levels was responsible for the de-acetylation of 
p53 and histone 3 (H3K56) and the upregulation of 
superoxide-dismutase-2, which represents an impor-
tant defense against reactive oxygen species production 
in hyperglycemia [48].

This emerging role of miRNAs in metabolism has 
gathered much interest not only from a scientific point 
of view but also from a clinical perspective, attracting 
interest on their potential applications in the treatment 
of metabolic diseases. However, a number of open 
questions remain on the impact of miRNAs in meta-
bolic homeostasis and they will undoubtedly be topics 
for intense and exciting research for years to come.

Circulating miRNAs
Distinctive features of circulating miRNAs
The first evidence that miRNAs exist outside the cell 
was reported by Valadi et al. in 2007, who showed 
that exosomes contained both mRNAs and miR-
NAs, and proposed the name ‘exosomal shuttle RNA’ 
(esRNA) [53]. Since 2008, a growing number of reports 
have consistently revealed the presence of miRNAs 
in blood and in other body fluids [54–60]. The exis-
tence of circulating miRNAs is due to their astonish-
ing stability to RNase activity, long-term storage at 
room temperature, multiple cycles of freeze-thawing 
as well as extreme pH conditions [54,57]. Evidence is 
now accumulating that circulating miRNAs are pro-
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tected by packaging in membrane-derived vesicles or 
by association with proteins or lipoproteins, which are 
defined as carriers for miRNAs (Figure 1). miRNA 
expression profiles are distinctive for each class of 
carriers, although some miRNAs have been found in 
all carriers and in equal amounts. In more detail, it 
has been demonstrated that the majority of plasma 
miRNAs (about 90%) are not encapsulated within 
vesicles, but instead are stably associated with the pro-
tein argonaute 2 (Ago2), which is the key intracellu-
lar effector component of the RISC [61,62]. However, 
it is still unclear how Ago2-miRNA complexes are 
exported from cells. Based on current assumptions, 
they are passively released as nonspecific ‘by-products’ 
of cellular activity or in the process of cell death, 
even though the experimental methods used to iso-
late vesicles may cause their damage with the release 
of enclosed functional Ago2-miRNA complexes. It is 
also unknown whether Ago2-miRNA complexes not 
contained within vesicles can be uptaken by recipient 

cells to regulate their gene expression, as is the case of 
vesicles, whose role as ‘on-purpose’ released cell-to-cell 
signaling messengers is already well established. Only 
a very small proportion of miRNAs seem to be stored 
in membrane-derived vesicles, which are secreted by 
many (if not all) cell types under either physiologi-
cal or pathological conditions [53,55,63]. Depending 
on their size and mode of release from the cell, these 
particles are classified as [64]:

•	 Exosomes, the smallest vesicles (40–100 nm), 
of endocytic origin, derived from multivesicular 
bodies that fuse with the plasma membrane;

•	 Microparticles (MPs), membranous vesicles that 
are larger (0.1–1 μm) than exosomes and are 
released from the cell through membrane blebbing;

•	 Apoptotic bodies, the largest vesicles (0.5–5 μm), 
which are shed from the plasma membrane of 
dying/apoptotic cells via blebbing.

Table 1. Roles of miRNAs in diabetes and in its complications.

miRNA Target tissue(s) Function(s) Ref.

let-7 Adipose tissue, muscle Insulin resistance [9,10]

miR-1 Endothelium Endothelial dysfunction [45]

miR-9 Pancreas Deficit of insulin release [28,29]

miR-21 Adipose tissue Insulin resistance [11,46]

miR-29a/b Liver, adipose tissue, muscle, pancreas Insulin resistance, deficit of 
insulin release

[12–14,30,31]

miR-30d Pancreas Deficit of insulin release [32,33]

mir-33a/b Liver Insulin resistance [15–17]

miR-34a Liver, pancreas Insulin resistance, deficit of 
insulin release

[18,34–37]

miR-93 Adipose tissue Insulin resistance [19]

miR-103/107 Liver, adipose tissue Insulin resistance [13,20]

miR-122 Liver Insulin resistance [92–94]

miR-124a Pancreas Deficit of insulin release [30]

miR-125b Vascular smooth muscle Endothelial dysfunction [44]

miR-126 Liver, endothelium Insulin resistance, endothelial 
dysfunction

[21,47,48,82–84]

miR-146a Endothelium Endothelial dysfunction [49]

miR-221/222 Endothelium Endothelial dysfunction [50,51]

miR-223 Muscle Insulin resistance [24]

miR-320 Adipose tissue Insulin resistance [25]

miR-335 Liver, adipose tissue, pancreas Insulin resistance [38]

miR-375 Pancreas Deficit of insulin release [39–43]

miR-494 Muscle Insulin resistance [26]

miR-503 Endothelium Endothelial dysfunction [52]

miR-802 Liver Insulin resistance [27]
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It is also known that nucleic acids, including miR-
NAs, can bind lipids within lipoproteins via divalent 
cations with the formation of stable ternary complexes. 
Recent studies have revealed that miRNAs can also be 
found in high-density lipoproteins (HDLs), suggest-
ing new potential roles for HDLs in transporting not 
only cholesterol and other lipids and proteins, but also 
regulatory miRNAs [65,66]. The HDL-miRNA profile 
in plasma was different from the profile of miRNAs 
associated with other carriers and HDLs isolated from 
familial hypercholesterolemia subjects had a higher 
concentration of miRNAs and contained more indi-
vidual miRNAs than HDLs from healthy subjects, 
such as miR-223, miR-105 and miR-206a. In addi-
tion, this study provided evidence for the transport of 
miRNAs by HDL generated from J774 mouse macro-
phages to cultured human hepatocytes (Huh7) with 
consequently alteration in gene expression, although 
these HDL-bound miRNAs were not found to be asso-
ciated with Ago2 [65]. Follow-up analyses are required 
to determine whether the circulating miRNAs associ-
ated with HDLs may contribute to molecular etiology 

of diseases. Moreover, plasma HDL–miRNA profil-
ing may serve as a novel biomarker tool for detect-
ing or monitoring the progression of cardiovascular 
diseases.

Numerous recent investigations have demon-
strated that miRNA signatures in blood may reflect 
the expression profile observed in disease tissues. To 
date, altered profiles of circulating miRNAs have 
been reported for cardiovascular disease [67,68], dia-
betes [47], cancer [57,69,70] and other pathologies. For 
this reason, miRNAs may be used as novel biomark-
ers for diagnosis, prediction and treatment of dis-
eases. In addition, circulating miRNAs may serve 
as mediators in cell-to-cell communication [53,62,71]. 
Since miRNAs derived from parental cells are carried 
by membrane-derived vesicles to act as intercellular 
mediators, the awareness of vesicle-mediated epigen-
etic effects by their miRNA content has revolution-
ized the general thinking about possible mechanisms 
based on vesicle signaling and has also suggested a 
potential use of circulating miRNAs as therapeutic 
targets in several diseases.

Figure 1. Carriers for circulating miRNAs. Mature miRNAs are released into the circulation associated with carriers. 
The majority of them bind RNA-binding proteins such as Ago2 (up to 90%) or lipoproteins such as the high-
density lipoproteins (approximately 8%). In addition, a very small amount of miRNAs is released in membrane-
derived vesicles, classified for their size as exosomes (40–100 nm), microparticles (0.1–1 μm) and apoptotic bodies 
(0.5–5 μm).
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Intercellular communication by circulating 
miRNAs
Increasing evidence suggests that circulating miRNAs 
may not merely be vesicular passengers but rather 
active players, which deliver regulatory messages from 
donor to recipient cells [58,71–73], thereby resembling 
secreted soluble factors for their paracrine and/or 
endocrine function. More precisely, specific miRNAs, 
which are highly abundant in vesicles and are directly 
delivered, may exert mass action effects on protein 
output in specific organs or cell types similar to classic 
hormones. Despite the lack of detailed information, 
carriers are in charge of circulating miRNA transport. 
With regard to packaging and export, some miRNAs 
are selected for cellular release while others are 
retained, implying that active, but still unknown 
mechanisms exist to promote selected miRNAs toward 
carriers. It has been demonstrated that, although 66% 
of the miRNAs are released in quantities that reflect 
their intracellular levels, 13% are selectively retained 
by cells and thus come out of cells at very low levels, 
whereas 21% seem to be actively released and appear at 
disproportionately higher levels in vesicles. Concern-
ing the mechanisms of secretion, it has been shown 
that exosomal miRNAs are released by a ceramide-
dependent secretory machinery, as the inhibition of 
neutral sphyngomyelinase 2 (nSMase2), which regu-
lates the biogenesis of ceramide, impaired the cellular 
export of exosomal miRNAs [73–75]. However, further 
studies are needed for a systematic dissection of the 
mechanisms underlying the selective release of miR-
NAs in vesicles. Furthermore, the role of circulating 
miRNAs as messengers is attributed to their uptake by 
recipient cells, which probably depends on cell-specific 
membrane proteins and lipids, even if the participat-
ing receptors and transmembrane proteins remain to 
be identified. To date, in vitro studies have used condi-
tioned media exchange and coculture experiments to 
investigate the possible miRNA uptake by cells [59,76,77], 
and gene reporter assays to show that uptaken miR-
NAs are able to silence transcripts in recipient 
cells [53,63,71,73,75,78,79]. For the first time in 2007, a 
study demonstrated that exosomes from both mouse 
and human mast cell lines (MC/9 and HMC-1, 
respectively), as well as primary bone marrow-derived 
mouse mast cells, contained both mRNAs and miR-
NAs. Exosome-derived RNAs from MC/9 were trans-
ferred not only to the same cell type but also to human 
mast cells and the presence of mouse proteins was 
examined in the human recipient cells [78]. Several fur-
ther reports, mainly in cancer research, have revealed 
that vesicular miRNAs are mediators in cell-to-cell 
communication, showing that delivered miRNAs alter 
gene expression and phenotype in recipient cells. 

Indeed, tumor cells are capable of constitutively secret-
ing vesicles, known as tumor-released vesicles, which 
potentially exert a paracrine influence on the sur-
rounding cells to promote proliferation, stromal 
remodeling, angiogenesis and impairment of the 
immune system response. Conversely, activated 
human monocyte-derived macrophages were demon-
strated to promote invasion and metastasis in coculti-
vated human breast cancer cell lines, SKBR3 and 
MDA-MB-231, by exosome-mediated delivery of 
oncogenic miRNAs, such as miR-223 [77]. In addition, 
tumor-released vesicles are also able to interact to and 
release their cargo into cells located at distant organs, 
affecting the metastatic process. For example, miR-150 
was selectively packaged into MPs and actively secreted 
by a human monocytic cell line (THP-1). Uptaken by 
human microvascular endothelial cells (HMEC-1), 
miR-150 was responsible for the enhanced migration 
of the recipient cells. Moreover, after intravenous 
injection of fluorescently labeled MPs produced by 
THP-1 cells in C57BL/6 mice, the isolated endothe-
lium of mouse blood vessels showed fluorescence and 
miR-150 levels were increased. In addition, MPs iso-
lated from plasma of human patients with atheroscle-
rosis contained higher levels of miR-150 and promoted 
HMEC-1 migration more effectively than MPs from 
healthy donors [80]. In another study, miR-150 secreted 
from monocytes enhances angiogenesis both in vitro 
and in vivo. HMEC-1 cells were used again as recipi-
ent cells for MPs released from THP-1 cells and the 
miR-150 levels were dramatically increased in these 
endothelial cells, facilitating migration and capillary 
tube formation. C57BL/6J mice, tumor-implanted 
mice or ob/ob mice, were injected with MPs both 
released from THP-1 cells and collected from plasma 
of normal donors as well as atherosclerosis patients. As 
a consequence, angiogenesis enhanced in presence of 
high miR-150 levels [81]. Because angiogenesis contrib-
utes to a number of diseases, including cancers, ath-
erosclerosis and diabetes, the search for novel angio-
genic targets, like secreted miR-150, may have 
significant clinical applications in the future. Several 
other circulating miRNAs have been identified as crit-
ical regulators of vascular development and angiogen-
esis. For example, endothelial cell-derived apoptotic 
bodies were generated during atherosclerosis and con-
veyed alarm signals to human umbilical vein endothe-
lial cells (HUVECs), where higher levels of miR-126 
were observed after incubation with these apoptotic 
bodies. In addition, the injection of endothelial cell-
derived apoptotic bodies enriched with miR-126 in 
different mouse models of atherosclerosis increased the 
number of endothelial progenitor cells and stabilized 
plaques, limiting atherosclerosis [82]. Moreover, 
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Jansen et al. showed that endothelial MPs generated 
from human coronary artery endothelial cells 
(HCAECs) contained and transferred functional 
miR-126 to the same endothelial cells, inducing 
migration and proliferation and thus regulating vascu-
lar endothelial cell repair. These endothelial MPs were 
also injected intravenously in C57BL/6 mice after 
carotid artery injury, promoting re-endothelialization 
in vivo. Interestingly, MPs derived from high glucose-
damaged HCAECs, simulating the diabetic condi-
tion, enclosed less miR-126 and lost their regenerative 
capacity. Furthermore, the expression analysis of miR-
126 in plasma of human patients revealed that diabe-
tes is associated with a significantly reduced miR-126 
expression in circulating vesicles [83]. Peripheral blood 
mononuclear cells (PBMCs) were isolated from human 
patients with Type 2 diabetes and age-matched healthy 
subjects and subpopulations were separated for their 
CD34+ and CD14+ surface expression. MiR-126 levels 
were substantially increased in both CD34+ PBMCs 
and their supernatant, and these results were consis-
tent with a more potent pro-angiogenic effect tested 
in vitro and in vivo. Indeed, angiogenesis assays were 
performed in human aortic endothelial cells (HAECs) 
and male NRMI nu/ν mice; as a diabetic mouse 
model, C57BL/6 mice treated with streptozotocin 
were also used. In addition, the reduced miR-126 
expression was proposed as a novel mechanism leading 
to an impaired pro-angiogenic capacity in high glu-
cose-treated or diabetic patient-derived CD34+ 
PBMCs [84]. Therefore, all these studies suggested that 
secreted vesicles may act as key information vectors 
between hyperglycemia and the development of dia-
betic vasculopathy, and that the manipulation of their 
miRNA content may contribute to maintain cell 
homeostasis or favor cell repair and angiogenesis. 
According to another study, as the initiation of lesion 
formation occurs only in areas of disturbed flow-like 
bends or bifurcations of vessels, where endothelial cells 
are exposed to low shear stress, both the shear-respon-
sive transcription factor Krüppel-like factor 2 (KLF2) 
overexpression and shear stress stimulus were used in 
HUVECs. Both KLF2 and shear stress regulated a 
number of miRNAs, mainly the miR-143/145 cluster, 
which is atheroprotective and plays a critical role in 
modulating vascular smooth muscle cell phenotype. 
Interestingly, the vesicles secreted by KLF2 overex-
pressed or flow-stimulated HUVECs were demon-
strated to be enriched in miR-143/145 and delivered to 
human aortic smooth muscle cells (HASMCs), where 
these miRNAs changed the gene expression pattern 
toward a contractile phenotype. Coculture of KLF2 
overexpressed endothelial cells isolated from miR-
143/145 knockout mice with HASMCs failed, show-

ing the important role of miR-143/145 transfer. In 
addition, fed a high-fat diet over a period of 6 weeks, 
apolipoprotein E (Apoe-/-) null mice were injected 
intravenously with extracellular vesicles derived from 
mock or KLF2 overexpressed mouse endothelial cells 
or vesicles from KLF2 overexpressed mouse endothe-
lial cells after treatment with anti-miR-143/145. Mice 
were then killed and fatty lesions in the aorta showed 
a significant reduction of the atherosclerotic lesion for-
mation in the case of vesicles from KLF2 overexpressed 
cells. These results provided evidence for an athero-
protective communication between endothelial cells 
and vascular smooth muscle cells via a miRNA- and 
vesicle-mediated mechanism, which may turn out to 
obtain a promising strategy and combat atherosclero-
sis [85]. Adipocytes may also use circulating miRNAs 
for both local and systemic communication. Indeed, 
3T3-L1 mouse adipocytes are able to secrete adipo-
cyte-derived microvesicles, containing also adipocyte-
related miRNAs, whose abundance is mostly corre-
lated with that in the donor cells. As adipocyte-derived 
microvesicles mediated transport into RAW264.7 
mouse macrophages, their role as RNA transporter in 
paracrine and possibly endocrine manners was demon-
strated, establishing a network between systemic fat 
storage and inflammation by miRNA transfer [86]. 
Furthermore, MPs and exosomes derived from large 
rat adipocytes were demonstrated to contain several 
miRNAs (miR-16, miR-27a, miR-146b and miR-
222), which were transferred into other adipocytes of 
the same species with upregulation of lipogenesis and 
cell size. The miRNA transfer and lipogenic activity 
were more efficient for small rather than large acceptor 
adipocytes and significantly upregulated by physiolog-
ical (palmitate, H2O2) and pharmacological (antidia-
betic sulfonylurea drug glimepiride) stimuli. There-
fore, vesicles released from large adipocytes stimulated 
lipid storage in small ones by a horizontal gene transfer 
of lipogenic information, which was due to relevant 
miRNAs. Therefore, this paracrine and endocrine 
regulation of lipid storage and cell size of white adipo-
cytes by specific circulating miRNAs may represent a 
novel target to interfere with metabolic diseases, such 
as obesity and metabolic syndrome [87]. Although all 
these in vitro studies and many others have provided 
fundamental insights into the intercellular communi-
cation, showing that lipid-based carriers can transfer 
sufficient amounts of miRNAs to repress gene expres-
sion and alter phenotype in recipient cells, little is 
known about the exact nature of circulating miRNAs 
in healthy and diseased states in vivo. For this reason, 
the main challenges will be to reveal the physiological 
and pathological importance of the miRNA-mediated 
intercellular communication and, most significantly, 
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to consider the possibility of modifying the miRNA 
signals for therapeutic benefits. The major issue 
associated with the switch from the in vitro to in vivo 
studies consists on the small amounts of miRNAs in 
serum and plasma, as carriers transport only a small 
number of specific miRNAs, each of which in rela-
tively low quantities. Some researchers argue that there 
are not sufficient amounts of circulating miRNAs in 
the body fluids to achieve the same regulatory effects 
in recipient cells as demonstrated in vitro, believing 
that the impact of miRNAs depends specifically on 
their concentration. However, recipient cells may have 
an increased sensitivity for circulating miRNAs or the 
impact of miRNA low quantities in gene regulation 
may have been underestimated. Another issue in 
studying the transferred miRNAs is that each class of 
carriers also contains a diversity of bioactive lipids, 
proteins and mRNAs [78]. For this reason, assuming 
that gene expression changes in recipient cells are 
exclusively due to the delivered miRNAs remains a big 
challenge. However, the most important facet of inter-
cellular communication is the selective export of spe-
cific miRNAs from cells. Current evidence, indeed, 
suggests that the circulating miRNA profile may not 
be exactly representative of the parent cells and is dis-
tinct in abundance and content for each carrier, 
because of the differences in their biogenesis, delivery 
mechanisms and sources. On the other hand, rapid 
analysis of miRNAs in circulation is neither feasible 
nor available at this time, and purification of the lipid-
based carriers is time-consuming. Therefore, future 
studies will need to identify altered miRNAs within 
specific carrier classes and to demonstrate that these 
alterations are representative of diseases, such as 
diabetes and its cardiovascular complications.

Circulating miRNAs as a novel class of 
biomarkers
One of the major challenges in research is the identi-
fication of valid and reliable biomarkers for diseases, 
which can be measured in routine clinical laboratories. 
The importance of biomarkers is highlighted by their 
application for detecting early onset and risk stratifi-
cation with impact on treatment decision, for moni-
toring disease progression and response to treatment, 
and for identifying early relapse, eventually. An ideal 
biomarker fulfills the following criteria:

•	 Specificity – the molecule should be specific to the 
organ or tissue affected by the disease and able 
to distinguish between different types and states. 
Therefore, its levels should be proportional to 
the degree of severity of the pathology in order to 
allow a better classification into pathological sub-

types. Numerous studies have shown unique pat-
terns of aberrant miRNAs in each type of cancer; 
on the contrary, there is a lack of consistent and 
strong evidence that serum or plasma miRNAs are 
fingerprints in diabetes;

•	 Sensitivity – the molecule levels should reflect the 
dynamic pathological changes within a very short 
time period to provide information regarding 
disease evolution or therapeutic effects;

•	 Noninvasiveness – the molecule should be present 
in easily accessible samples, like blood and urine. 
Profiles in such body fluids are useful for the anal-
ysis of disease states especially when the disease 
does not originate from one distinct cell type and 
when the tissue is not readily accessible. To date, 
miRNAs have been detected in a number of body 
fluids, including serum and plasma, whole blood, 
urine, feces, saliva and breast milk;

•	 Stability – the molecule should be detected in 
samples which may have not been stored in ideal 
conditions. Serum miRNAs have been shown to be 
resistant to RNase digestion and stable to a wide 
range of harsh conditions, including high tempera-
tures, extreme pH values and repeated freeze–thaw 
cycles;

•	 Robustness – detection and quantification tech-
niques should be simple, rapid, accurate, reproduc-
ible and inexpensive to enable the clinical use of 
the molecule as a biomarker. Quantitative real-time 
PCR (qPCR) is the method of choice for circulat-
ing miRNAs because of the limited amounts of 
starting material usually available;

•	 Reproducibility – concerning the discovery of a 
new molecular biomarker, a confirmation of the 
results by several independent replications should 
be made to minimize pre-analytical and biological 
variation.

In 2008, the presence of miRNAs was first described 
in serum from diffuse large B-cell lymphoma (DLBCL) 
patients (n = 60) and healthy controls (n = 43), dem-
onstrating higher levels of miR-21, miR-155 and miR-
210 in patients and suggesting miRNAs as potential 
diagnostic markers [56]. Since then, hundreds of papers 
have been published on the potential use of circulating 
miRNAs as biomarkers, tied to their ability to comply 
with the required features of ‘the good biomarker’, at 
least in part. Therefore, miRNAs have been profiled in 
serum and plasma for several pathological conditions, 
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although most of these studies have focused on circu-
lating miRNAs in various cancer types, as reviewed 
in [88]. In these observational studies, a miRNA profil-
ing has been first performed and compared between 
a small group of patients with the disease of interest 
and a control group. Then, those miRNAs with signifi-
cant variation between groups have been selected and 
validated on larger populations by individual qPCRs. 
However, in order to identify miRNAs as potential bio-
markers for diseases, a large number of individuals must 
be included in longitudinal or cohort study settings. 
Another issue that needs to be addressed is the number 
of miRNAs to consider as a set in order to make an 
accurate risk assessment, because only a combination 
of multiple miRNAs may improve the diagnostic accu-
racy. In the case of diabetes, it is still unclear whether 
the miRNAs, which have been identified so far, can 
be considered reliable as a test, because the clinical 
trials used for the identification were not sufficiently 
powered to detect statistically significant differences 
between groups. For example, to explore the clinical 
significance of seven diabetes-related serum miRNAs 
(miR-9, miR-29a, miR-30d, miR-34a, miR-124a, 
miR-146a and miR-375) during the pathogenesis of 
diabetes, only 56 subjects were recruited, divided into 
three groups (newly diagnosed diabetic patients, pre-
diabetes individuals and predisposed individuals with 
normal glucose tolerance). The results from this study 
indicated that the expression levels of these miRNAs 
were elevated in diabetic patients, while there was no 
significant difference during the pathogenesis of dia-
betes [89]. In another study, significant deregulation of 
seven candidate miRNAs was found to be associated 
with the risk of metabolic syndrome. In addition, a 
plausible association of miR-27a and miR-320a with 
metabolic syndrome and diabetes patients was also 
suggested, as these miRNAs remained deregulated in 
both the pathological conditions. In this case, a total 
of 265 participants were recruited and characterized 
into distinct groups, with only 50 individuals included 
in the diabetic group [90]. In the prospective study on 
the Bruneck population (Bolzano Province, Italy) were 
considered over 800 individuals, even if data were only 
available on a small number who developed diabetes 
during the course of the analysis. In diabetic patients, 
qPCR assessment revealed lower plasma levels of miR-
15a, miR-20b, miR-21, miR-24, miR-126, miR-191, 
miR-197, miR-223, miR-320 and miR-486, but a 
modest increase of miR-28-3p. The authors also pro-
posed a set of five most significantly altered miRNAs 
(miR-15a, miR-126, miR-223, miR-320, miR-486 and 
miR-28-3p) as minimal requirement for the classifica-
tion of diabetes cases (70%). Furthermore, in subjects 
with normal glycemic levels (52%), the development 

of diabetes was predicted by this miRNA set and 
confirmed in the 10-year follow-up. In conclusion, a 
plasma miRNA signature for diabetes was revealed by 
this study, including loss of endothelial miR-126 [47].

The clinical application of circulating miRNAs 
as biomarkers is still a work in progress with several 
critical issues that need to be solved. Indeed, to ensure 
accurate measurements of circulating miRNAs, rigor-
ous determinations of quantity and quality for miR-
NAs isolated from biological samples are demanded, 
facing interferences of degraded mRNA in RNA prep-
arations and difficulties due to the low concentration 
of RNA typically obtained from this type of samples. 
Moreover, problems involved in the quantification of 
circulating miRNAs make the sample-to-sample and 
cross-comparisons challenging. Another relevant issue 
consists on how normalize miRNA quantitative data, 
since currently no references for small RNAs are avail-
able in the case of circulating miRNAs. In many cases, 
normalization by input volume remains the best option 
when measuring circulating miRNAs, using equal 
amounts of all samples and adding a spike-in control. 
On the other hand, equal volumes of serum may gen-
erate different amounts of total RNA; in addition, 
spike-in normalization does not account for internal 
variations in circulating miRNA levels between dis-
tinct individuals. Combined methods should always 
be applied to assure robustness of findings, regardless 
of the normalization approach used. To this end, an 
interesting possibility may be a correlation between 
circulating miRNA levels and previously established 
markers for the same disease, preferentially found in 
the same biological fluid. Moreover, as no standard-
ized methods for measuring circulating miRNAs in 
serum and plasma have been established until now, it 
is difficult to compare miRNA expression profile data 
obtained in different laboratories worldwide. Never-
theless, circulating miRNAs hold great promise for 
diagnostics, early prediction strategies and pharmaco-
logic assessments. Furthermore, although these prelim-
inary results require confirmation and cross-validation 
in follow-up studies as well as in independent cohorts, 
the picture which is emerging is that some miRNAs in 
plasma and serum are quite specific for several diseases, 
such as diabetes and its cardiovascular complications. 
Therefore, they may not only be useful for diagnos-
tic and monitoring purposes but also provide much 
needed intermediate end points for clinical trials.

Circulating miRNAs as novel therapeutics
In May 2013, Mirna Therapeutics (Austin, TX, USA) 
announced the advance into the clinic for MRX34, 
a liposome-formulated miR-34 mimic-based drug 
to treat patients with primary liver cancer or meta-
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static cancer with liver involvement [91]. According to 
Mirna’s strategy, MRX34 is used to induce apoptosis 
in tumor cells by restoring the lost function of the 
endogenous, tumor suppressor miR-34a. A synthetic 
double-stranded RNA oligonucleotide, which is then 
processed into a single-strand form to act in a miR-
34a-like manner, is delivered by a liposome formula-
tion, which naturally accumulates in the liver. The 
liposomal encapsulation has been shown to facilitate 
cellular uptake by endocytosis and protect the miRNA 
mimic from degradation. The neutral lipid emulsion 
is anionic at normal body pH (7–7.5), thus prevent-
ing unwanted interactions with negative charges of 
cellular membranes; on the other hand, the lipids 
become cationic in a tumor area, where the pH tends 
to be lower, and so the construct uptake is enhanced 
only in tumor cells. As another example, Miravirsen 
(SPC3649), an anti-miR drug candidate developed by 
Santaris Pharma (HØrsholm, Denmark), is currently in 
the most advanced miRNA clinical trial for the treat-
ment of hepatitis C virus (HCV) infection. Data from 
the Phase IIa trial showed that Miravirsen given as a 
4-week monotherapy treatment provided robust dose-
dependent antiviral activity and HCV RNA became 
undetectable in four of nine treated patients. There-
fore, Miravirsen may offer high barrier to viral resis-
tance and the potential for cure with monotherapy. It 
was also well tolerated in patients with HCV, signal-
ing a possible advantage over the standard treatment. 
Miravirsen has been designed to specifically recognize 
and sequester miR-122, a liver-specific miRNA with 
an important role in the life cycle of HCV. As a result, 
miR-122 becomes unavailable to the virus and its rep-
lication is effectively inhibited [92–94]. Its chemistry is 
based on locked nucleic acids (LNAs) with a methy-
lene bridge connecting the 2′-oxigen and the 4′-carbon 
atoms in the ribose ring, which confers a locked con-
formation with resistance to degradation and increased 
hybridization affinity toward complementary single-
stranded RNA. The unique combination of small size 
and very high affinity allows this drug candidate to 
potently and specifically inhibit the complementary 
miRNA in the liver without an additional delivery for-
mulation. Apart from treating HCV infection, miR-
122 has been shown to function as an important factor 
in modulating cholesterol metabolism. Indeed, treat-
ment of high-fat diet-fed mice with Miravirsen resulted 
in long-lasting decrease in serum cholesterol [95]. Other 
miRNA-based treatments currently in preclinical 
development are also in the area of cardiovascular dis-
eases. Therapeutic inhibition of miR-208a by the LNA-
modified anti-miR during hypertension-induced heart 
failure in Dahl hypertensive rats dose-dependently 
prevented pathological myosin switching and cardiac 

remodeling while improving cardiac function, overall 
health and survival [96]. Follow-up studies showed that 
long-term treatment with anti-miR-208 prevented age-
induced weight gain normally observed in mice [96]. To 
further investigate this phenotype, the effect of anti-
miR-208 was also tested in a mouse model of Type 2 
diabetes. Mice fed a high-fat diet and treated with 
anti-miR-208 showed remarkable resistance to high-fat 
diet-induced obesity by reducing the increase in body 
weight and improvements in systemic insulin sensitiv-
ity and glucose tolerance. These results suggested that 
miR-208a inhibitors, in addition to providing benefit 
in the setting of heart disease, may also have thera-
peutic utility in metabolic disorders, such as obesity, 
hypercholesterolemia, Type 2 diabetes, hepatic ste-
atosis and hyperlipidemia [97]. Therefore, these excit-
ing results are paving the way for the development of 
miRNA-based therapeutics against several diseases, 
including diabetes and its complications.

Advances in the understanding of the miRNA 
role in pathological processes have significantly con-
tributed to the identification of alternative molecular 
pathways that will definitely influence the selection of 
new therapeutic approaches. The appealing strength of 
the miRNA therapeutic option dwells in their ability 
to concurrently regulate multiple targets, frequently 
in the context of a specific pathway, making miRNA-
based therapy extremely efficient in the control of dis-
tinct biological processes relevant to the normal and 
pathological cell homeostasis. There are two main 
therapeutic strategies based on the ‘corrective use’ in 
the case of pathological miRNA level profiles: miRNA 
replacement and miRNA reduction. MiRNA replace-
ment treatment (e.g., MRX34) involves the reintroduc-
tion of the miRNA which is downregulated in disease 
by either synthetic double-stranded miRNAs or viral 
expression vector in order to reactivate cellular path-
ways and drive a therapeutic response. miRNA reduc-
tion treatment consists in inactivating the miRNA 
which is upregulated in disease by either antisense oli-
gonucleotides, known as anti-miRs (e.g., miravirsen), 
or competitive miRNA inhibitors, known as miRNA 
sponges. In more detail, miRNA sponges are multiple, 
tandemly repeated binding sites for the miRNA of 
interest and are overexpressed into the cells by high-
copy number expression vectors or vectors equipped 
with a strong promoter to compete with bona fide 
miRNA targets. However, it is difficult to determine 
the degree of miRNA inhibition due to sponge vectors, 
this is why alternative strategies are preferred.

To date, some fundamental issues have impeded 
the development of miRNA-based treatments. The 
most challenging problem to overcome is the biologi-
cal instability after intravenous injection of unmodi-
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fied, saline-formulated oligonucleotides due to RNAse-
mediated degradation and rapid renal excretion. In 
this case, frequent administrations and huge doses of 
miRNA drugs would be requested. In order to increase 
the miRNA half-life and make the miRNA-based 
treatment effective, various chemical modifications 
in synthetic oligonucleotides have been investigated. 
Among others, the LNA constructs provide the most 
promising results, conferring the following advan-
tages: high hybridization affinity toward complemen-
tary sequences; excellent mismatch discrimination; 
high aqueous solubility. Another hurdle toward clini-
cal application of miRNAs is the targeted, systemic 
delivery of these agents in vivo. The available deliv-
ery agents have a variety of targeting difficulties and 
unwanted side effects, which seriously limit their long-
term use. Indeed, because many ubiquitous expressed 
mRNAs are targeted by one miRNA, the high risk 
for off-target effects in the miRNA modulation exists, 
especially during chronic treatments. Apart from the 
rapid localization to the kidney and liver for molecules 
delivered systemically and addresses to the kidney and 
liver, many peripheral tissues have been successfully 
targeted by a conjugation strategy with the nucleic 
acid linked to compounds with specific tissue affinity, 
such as antibodies or other bioactive molecules. Alter-
natively, the nucleic acid is encapsulated into a lipid-
based formulation that enhances cell-specific uptake. 
However, in order to obtain appreciable patient ben-
efits and reduced drug toxicity, there is a strong need 
for an immunological inert, nano-sized delivery tool, 
which can be loaded with RNA and targeted in vivo 
upon intravenous applications, delivering its cargo to 
the cytosol of recipient cells. Exosomes have the poten-
tial to address these needs and to revolutionize targeted 
delivery of nucleic acids. As physiologic liposomes with 
nano-scaled size, exosomes have reduced immunogen-
ity and increased half-life in the circulation, in addition 
to an intrinsic ability to cross biological barriers and 
specific antigens on their surface to target the delivery. 
Thereby, they are able to assure protection for their 
therapeutic cargos, particularly in the case of miR-
NAs. The chance of manipulating ex vivo the exosome 
miRNA content as well as exosome membrane proteins 
enables the delivery of specific miRNAs to specific 
organs and cell types, suggesting a new and alterna-
tive therapeutic intervention for a variety of human 
diseases. However, their use still have several difficul-
ties to face. First, exosomes must be abundant or highly 
enriched in order to utilize them in therapy: when exo-
some production mechanisms are clarified, ‘exosome-
producing cells’ will be developed by cell engineering. 
Also more effective isolation exosome methods are 
required. Second, methods to introduce desired miR-

NAs into exosomes need improvements. Currently, the 
miRNA is overexpressed in exosome donor cells, result-
ing in an increased amount of the same miRNA inside 
the exosomes, or it is exogenously introduced into the 
exosomes by electroporation. At the present time, there 
are only a few studies that have employed exosomes to 
deliver therapeutic agents. Recently, exosome targeting 
was achieved by engineering the exosome donor cells 
to express the GE11 peptide, which binds specifically 
to EGFR. Intravenously injected in a xenograft breast 
cancer mouse model, exosomes delivered let-7a miRNA 
to EGFR-expressing cells of the breast cancer tissue, 
resulting in a significant antitumoral activity caused by 
the targeting EGFR receptors [98].

The research on new miRNA-based treatments is 
still in its infancy, but is running fast. Before provid-
ing approved and widespread therapeutic tools, new 
technologies and new strategies need to be developed 
and side effects need to be evaluated. However, there is 
rising optimism in the scientific community that these 
objectives will be achieved in the next few years.

Conclusion & future perspective
Over the last decade, innovative methods have opened 
up new possibilities for harnessing the potential of post-
genomic research to study disease processes in clinical 
samples and to treat patients. From this perspective, cir-
culating miRNAs currently provide an attractive choice 
as noninvasive biomarkers for a more accurate diagnosis 
of several diseases. In the emerging era of personalized 
medicine, miRNA biomarkers may also contribute to 
understand the individual response to a given treatment 
plan and to make decisions about the management of 
patients. Additionally, in the case of metabolic diseases, 
a number of candidate miRNA signatures are emerging 
and clinical trials are underway in order to validate their 
utility and to obtain the approval as diagnostic panels 
by regulatory authorities. With regards to diabetes, it 
will be crucial to carry out prospective trials employ-
ing well-defined, large-scale groups in multicenters 
across different countries worldwide in the forthcoming 
years. Moreover, it is reasonable that results based on 
the integration of clinicopathological clues with mRNA 
and miRNA expression data are highly informative, 
relevant and useful compared with the single miRNA 
signature. However, only a few studies nowadays incor-
porate more than one of these levels and, thus, the low 
power of available data is denounced.

Furthermore, miRNAs have many advantages as 
therapeutic tools. The mature miRNA sequences are 
short and often completely conserved across multiple 
vertebrate species. These characteristics make miRNAs 
relatively easy to target therapeutically and allow to use 
the same compound for miRNA modulation in preclin-
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ical efficacy and safety studies as well as in clinical trials. 
Moreover, miRNAs have typically many targets within 
cellular networks, which, in turn, enable modulation of 
entire pathways in a disease state via therapeutic target-
ing of disease-associated miRNAs. Therefore, because 
of the great number of in vitro studies, knowledge about 
the potential use of miRNAs for therapeutic purposes 
is growing rapidly and technological advancements in 
miRNA-based therapies have accelerated this progress. 
As a consequence, miRNAs are being currently evalu-
ated as potential drug candidates in several pathologies. 
Indeed, a number of animal studies have already pro-
duced impressive results; hence, clinical trials have been 
started or are ready to get started by pioneering phar-
maceutical organizations. However, many challenges 
remain to be overcome before miRNA-based therapeu-
tics become a reality. As the specific cellular context 
affects miRNA-target interactions, unexpected off-tar-
gets may make it difficult to predict the spectrum of side 
effects and toxicity profiles associated with a miRNA-
based therapy. In addition, the ubiquitous expression 
patterns reported for many miRNAs increase the risk of 
off-target effects by a miRNA modulator, especially in 

long-term treatments. Thus, delivery of miRNA modu-
lators to the cell type or tissue of interest is a key factor 
for the successful development of miRNA-based thera-
peutics, even though safe and reliable cell- and organ-
specific delivery systems to use in vivo are still missing. 
Furthermore, due to the variation in miRNA levels 
across different cell and tissue types under physiologi-
cal conditions as well as in disease, extensive preclinical 
studies are required to determine the optimal level of 
inhibition in miRNA reduction treatments. Similarly, 
miRNA replacement therapies will require optimiza-
tion for restoring the activity of a downregulated or lost 
miRNA in order to prevent toxic effects due to the over-
loading of RISC with exogenous miRNA mimics. Issues 
related to the pharmacokinetic profile, including tissue 
distribution and cell penetration, also represent poten-
tial obstacles to the therapeutic use of nucleic acids that 
need to be resolved. Therefore, to advance a miRNA 
toward the clinic, a well-defined preclinical process is 
required in order to optimize suitable drug candidates 
and safety tests in animals must be performed to receive 
the approval from Research Ethics Committees and 
other regulatory authorities. Despite promising results 

Executive summary

Introduction to miRNAs
•	 miRNAs are regulators of and are regulated by the epigenetic machinery. As epigenetic machinery disruption 

or alteration induces diseases, also miRNAs may be involved.
miRNAs in metabolism & metabolic diseases
•	 The importance of miRNAs in the control of metabolism has recently been revealed. An aberrant miRNA 

expression and function may induce metabolic homeostasis loss and disease.
Circulating miRNAs
•	 A growing number of reports have consistently revealed the presence of miRNAs in the blood and in other 

body fluids.
Distinctive features of circulating miRNAs
•	 The existence of circulating miRNAs is due to their resistance to RNase digestion and stability in a wide range 

of harsh conditions. A reasonable explanation for this characteristic may be that circulating miRNAs are 
packaged in membrane-derived vesicles or are associated with proteins or lipoproteins, which are defined as 
carriers.

Intercellular communication by circulating miRNAs
•	 Circulating miRNAs deliver regulatory messages from donor to recipient cells. Lipid-based carriers seem to be 

crucial for the miRNA role in cell-to-cell communication. These findings have been revealed by both in vitro 
studies and in vivo research on animal models.

Circulating miRNAs as a novel class of biomarkers
•	 Hundreds of papers have been published about the role of circulating miRNAs as potential biomarkers in 

humans, complying with the required features of ‘the good biomarker’. However, several critical issues need 
to be resolved and, thus, their clinical application is still a work in progress.

Circulating miRNAs as novel therapeutics
•	 The research on miRNA-based therapies is still in its infancy. Several preclinical trials in animal models are 

currently being performed. New technologies and new strategies need to be developed and the side effects 
need to be evaluated, even if the exciting results so far obtained have given rise to optimism in the scientific 
community.

Conclusion & future perspective
•	 Based on the studies conducted up to now with cultured cells and animal models, there is the expectation that 

miRNAs may enter the clinic as diagnostic and therapeutic tools for several diseases, included diabetes and 
cardiovascular complications.
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have been reported in both in vitro and in vivo studies 
and have provided the rationale for conducting human 
clinical trials, prudence and caution are recommended 
when interpreting and extrapolating experimental find-
ings related to miRNAs to human disease, especially in 
the context of multifactorial, age-related diseases such 
as diabetes, which may arise from an intricate interplay 
of genetic and environmental factors.

In conclusion, the initial data required for the trans-
fer of miRNA-based products from the laboratory to 
the pharmaceutical industry are encouraging and there 
is the expectation that miRNAs may enter the clinic 
as diagnostic and therapeutic tools for several diseases, 
included diabetes and cardiovascular complications, in 
the near future.

Financial & competing interests disclosure
This work has been supported by the Ministero dell’Università 

e della Ricerca Scientifica  (grants PRIN and FIRB-MERIT, and 

PON 01_02460)  and by  the  Società  Italiana di Diabetologia 

(SID-FO.DI.RI).  This  work  was  also  supported  by  the  P.O.R. 

Campania  FSE  2007–2013,  Project  CREMe.  A  fellowship  by 

the Società Italiana di Diabetologia (SID-FO.DI.RI-MSD 2014) 

was  awarded  to  P Mirra,  the  author  of  this  review,  for  the 

year 2015. The authors have no other relevant affiliations or 

financial  involvement with any organization or entity with a 

financial interest in or financial conflict with the subject mat-

ter or materials discussed in the manuscript apart from those 

disclosed.

No writing assistance was utilized in the production of this 

manuscript.

References
Papers of special note have been highlighted as: 
	•	of	interest;	••	of	considerable	interest

1 Feinberg AP. Phenotypic plasticity and the epigenetics of 
human disease. Nature 447(7143), 433–440 (2007).

2 Keating ST, El-Osta A. Epigenetic changes in diabetes. Clin. 
Genet. 84(1), 1–10 (2013).

3 Tetreault N, De Guire V. miRNAs: their discovery, 
biogenesis and mechanism of action. Clin. Biochem. 
46(10–11), 842–845 (2013).

4 Fabian MR, Sonenberg N, Filipowicz W. Regulation of 
mRNA translation and stability by microRNAs. Annu. Rev. 
Biochem. 79, 351–379 (2010).

5 Sato F, Tsuchiya S, Meltzer SJ, Shimizu K. MicroRNAs and 
epigenetics. FEBS J. 278(10), 1598–1609 (2011).

6 Liu C, Teng ZQ, Mcquate AL et al. An epigenetic feedback 
regulatory loop involving microRNA-195 and MBD1 
governs neural stem cell differentiation. PLoS ONE 8(1), 
e51436 (2013).

7 Guay C, Roggli E, Nesca V, Jacovetti C, Regazzi R. Diabetes 
mellitus, a microRNA-related disease? Transl. Res. 157(4), 
253–264 (2011).

8 Rottiers V, Naar AM. MicroRNAs in metabolism and 
metabolic disorders. Nat. Rev. Mol. Cell. Biol. 13(4), 
239–250 (2012).

9 Frost RJ, Olson EN. Control of glucose homeostasis and 
insulin sensitivity by the Let-7 family of microRNAs. Proc. 
Natl Acad. Sci. USA 108(52), 21075–21080 (2011).

10 Zhu H, Shyh-Chang N, Segre AV et al. The Lin28/let-7 axis 
regulates glucose metabolism. Cell 147(1), 81–94 (2011).

11 Ling HY, Hu B, Hu XB et al. MiRNA-21 reverses high 
glucose and high insulin induced insulin resistance in 3T3-
L1 adipocytes through targeting phosphatase and tensin 
homologue. Exp. Clin. Endocrinol. Diabetes. 120(9), 553–559 
(2012).

12 He A, Zhu L, Gupta N, Chang Y, Fang F. Overexpression 
of micro ribonucleic acid 29, highly up-regulated in diabetic 
rats, leads to insulin resistance in 3T3-L1 adipocytes. Mol. 
Endocrinol. 21(11), 2785–2794 (2007).

13 Herrera BM, Lockstone HE, Taylor JM et al. Global 
microRNA expression profiles in insulin target tissues in a 
spontaneous rat model of Type 2 diabetes. Diabetologia 53(6), 
1099–1109 (2010).

14 Pandey AK, Verma G, Vig S, Srivastava S, Srivastava AK, 
Datta M. miR-29a levels are elevated in the db/db mice liver 
and its overexpression leads to attenuation of insulin action on 
PEPCK gene expression in HepG2 cells. Mol. Cell. Endocrinol. 
332(1–2), 125–133 (2011).

15 Davalos A, Goedeke L, Smibert P et al. miR-33a/b contribute 
to the regulation of fatty acid metabolism and insulin signaling. 
Proc. Natl Acad. Sci. USA 108(22), 9232–9237 (2011).

16 Rayner KJ, Esau CC, Hussain FN et al. Inhibition of 
miR-33a/b in non-human primates raises plasma HDL and 
lowers VLDL triglycerides. Nature 478(7369), 404–407 (2011).

17 Rayner KJ, Sheedy FJ, Esau CC et al. Antagonism of miR-33 
in mice promotes reverse cholesterol transport and regression of 
atherosclerosis. J. Clin. Invest. 121(7), 2921–2931 (2011).

18 Lee J, Kemper JK. Controlling SIRT1 expression by 
microRNAs in health and metabolic disease. Aging 2(8), 
527–534 (2010).

19 Chen YH, Heneidi S, Lee JM et al. miRNA-93 inhibits 
GLUT4 and is overexpressed in adipose tissue of polycystic 
ovary syndrome patients and women with insulin resistance. 
Diabetes 62(7), 2278–2286 (2013).

20 Trajkovski M, Hausser J, Soutschek J et al. MicroRNAs 
103 and 107 regulate insulin sensitivity. Nature 474(7353), 
649–653 (2011).

21 Ryu HS, Park SY, Ma D, Zhang J, Lee W. The induction of 
microRNA targeting IRS-1 is involved in the development 
of insulin resistance under conditions of mitochondrial 
dysfunction in hepatocytes. PLoS ONE 6(3), e17343 (2011).

22 Jordan SD, Kruger M, Willmes DM et al. Obesity-induced 
overexpression of miRNA-143 inhibits insulin-stimulated AKT 
activation and impairs glucose metabolism. Nat. Cell. Biol. 
13(4), 434–446 (2011).

23 Takanabe R, Ono K, Abe Y et al. Up-regulated expression of 
microRNA-143 in association with obesity in adipose tissue of 
mice fed high-fat diet. Biochem. Biophys. Res. Commun. 376(4), 
728–732 (2008).



www.futuremedicine.com 665future science group

Circulating miRNAs as intercellular messengers, potential biomarkers & therapeutic targets for Type 2 diabetes    Review

24 Lu H, Buchan RJ, Cook SA. MicroRNA-223 regulates 
Glut4 expression and cardiomyocyte glucose metabolism. 
Cardiovasc. Res. 86(3), 410–420 (2010).

25 Ling HY, Ou HS, Feng SD et al. Changes in microRNA 
(miR) profile and effects of miR-320 in insulin-resistant 
3T3-L1 adipocytes. Clin. Exp. Pharmacol. Physiol. 36(9), 
e32–e39 (2009).

26 Lee H, Jee Y, Hong K, Hwang GS, Chun KH. 
MicroRNA-494, upregulated by tumor necrosis factor-alpha, 
desensitizes insulin effect in C2C12 muscle cells. PLoS ONE 
8(12), e83471 (2013).

27 Kornfeld JW, Baitzel C, Konner AC et al. Obesity-induced 
overexpression of miR-802 impairs glucose metabolism 
through silencing of Hnf1b. Nature 494(7435), 111–115 
(2013).

28 Ramachandran D, Roy U, Garg S, Ghosh S, Pathak S, 
Kolthur-Seetharam U. Sirt1 and mir-9 expression is regulated 
during glucose-stimulated insulin secretion in pancreatic 
beta-islets. FEBS J. 278(7), 1167–1174 (2011).

29 Plaisance V, Abderrahmani A, Perret-Menoud V, 
Jacquemin P, Lemaigre F, Regazzi R. MicroRNA-9 controls 
the expression of Granuphilin/Slp4 and the secretory 
response of insulin-producing cells. J. Biol. Chem. 281(37), 
26932–26942 (2006).

30 Pullen TJ, Da Silva Xavier G, Kelsey G, Rutter GA. miR-29a 
and miR-29b contribute to pancreatic beta-cell-specific 
silencing of monocarboxylate transporter 1 (Mct1). Mol. 
Cell. Biol. 31(15), 3182–3194 (2011).

31 Roggli E, Gattesco S, Caille D et al. Changes in microRNA 
expression contribute to pancreatic beta-cell dysfunction in 
prediabetic NOD mice. Diabetes 61(7), 1742–1751 (2012).

32 Tang X, Muniappan L, Tang G, Ozcan S. Identification 
of glucose-regulated miRNAs from pancreatic {beta} cells 
reveals a role for miR-30d in insulin transcription. RNA 
15(2), 287–293 (2009).

33 Zhao X, Mohan R, Ozcan S, Tang X. MicroRNA-30d 
induces insulin transcription factor MafA and insulin 
production by targeting mitogen-activated protein 4 kinase 4 
(MAP4K4) in pancreatic beta-cells. J. Biol. Chem. 287(37), 
31155–31164 (2012).

34 Lovis P, Roggli E, Laybutt DR et al. Alterations in 
microRNA expression contribute to fatty acid-induced 
pancreatic beta-cell dysfunction. Diabetes 57(10), 2728–2736 
(2008).

35 Roggli E, Britan A, Gattesco S et al. Involvement 
of microRNAs in the cytotoxic effects exerted by 
proinflammatory cytokines on pancreatic beta-cells. Diabetes 
59(4), 978–986 (2010).

36 Yamakuchi M, Lowenstein Cj. MiR-34, SIRT1 and p53: the 
feedback loop. Cell Cycle 8(5), 712–715 (2009).

37 Yamakuchi M, Ferlito M, Lowenstein CJ. miR-34a 
repression of SIRT1 regulates apoptosis. Proc. Natl Acad. Sci. 
USA 105(36), 13421–13426 (2008).

38 Esguerra JL, Bolmeson C, Cilio CM, Eliasson L. Differential 
glucose-regulation of microRNAs in pancreatic islets of non-
obese Type 2 diabetes model Goto-Kakizaki rat. PLoS ONE 
6(4), e18613 (2011).

39 Zhao H, Guan J, Lee HM et al. Up-regulated pancreatic 
tissue microRNA-375 associates with human Type 2 diabetes 
through beta-cell deficit and islet amyloid deposition. 
Pancreas 39(6), 843–846 (2010).

40 Kloosterman WP, Lagendijk AK, Ketting RF, Moulton JD, 
Plasterk RH. Targeted inhibition of miRNA maturation with 
morpholinos reveals a role for miR-375 in pancreatic islet 
development. PLoS Biol. 5(8), e203 (2007).

41 Poy MN, Eliasson L, Krutzfeldt J et al. A pancreatic islet-
specific microRNA regulates insulin secretion. Nature 
432(7014), 226–230 (2004).

•	 Provides	the	first	evidence	for	miRNA	regulation	of	
insulin	secretion,	suggesting	that	miRNAs	may	represent	
important	regulators	of	glucose	homeostasis.

42 Poy MN, Hausser J, Trajkovski M et al. miR-375 maintains 
normal pancreatic alpha-and beta-cell mass. Proc. Natl Acad. 
Sci. USA 106(14), 5813–5818 (2009).

43 El Ouaamari A, Baroukh N, Martens GA, Lebrun P, 
Pipeleers D, Van Obberghen E. miR-375 targets 
3’-phosphoinositide-dependent protein kinase-1 and regulates 
glucose-induced biological responses in pancreatic beta-cells. 
Diabetes 57(10), 2708–2717 (2008).

44 Villeneuve LM, Kato M, Reddy MA, Wang M, Lanting L, 
Natarajan R. Enhanced levels of microRNA-125b in vascular 
smooth muscle cells of diabetic db/db mice lead to increased 
inflammatory gene expression by targeting the histone 
methyltransferase Suv39h1. Diabetes 59(11), 2904–2915 
(2010).

45 Feng B, Cao Y, Chen S, Ruiz M, Chakrabarti S. miRNA-1 
regulates endothelin-1 in diabetes. Life Sci. 98(1), 18–23 
(2014).

46 Zeng J, Xiong Y, Li G et al. MiR-21 is overexpressed in 
response to high glucose and protects endothelial cells from 
apoptosis. Exp. Clin. Endocrinol. Diabetes 121(7), 425–430 
(2013).

47 Zampetaki A, Kiechl S, Drozdov I et al. Plasma microRNA 
profiling reveals loss of endothelial miR-126 and other 
microRNAs in Type 2 diabetes. Circ. Res. 107(6), 810–817 
(2010).

••	 Reveals	a	plasma	signature	for	Type	2	diabetes,	including	
decreased	levels	of	circulating	miR-126.

48 Togliatto G, Trombetta A, Dentelli P et al. Unacylated 
ghrelin (UnAG) induces oxidative stress resistance in a 
glucose intolerance mouse model and peripheral artery 
disease by restoring endothelial cell miR-126 expression. 
Diabetes doi:10.2337/db14-0991 (2014).

49 Feng B, Chen S, Mcarthur K et al. miR-146a-Mediated 
extracellular matrix protein production in chronic diabetes 
complications. Diabetes 60(11), 2975–2984 (2011).

50 Li Y, Song YH, Li F, Yang T, Lu YW, Geng YJ. MicroRNA-221 
regulates high glucose-induced endothelial dysfunction. 
Biochem. Biophys. Res. Commun. 381(1), 81–83 (2009).

51 Togliatto G, Trombetta A, Dentelli P, Rosso A, Brizzi MF. 
MIR221/MIR222-driven post-transcriptional regulation 
of P27KIP1 and P57KIP2 is crucial for high-glucose-and 
AGE-mediated vascular cell damage. Diabetologia 54(7), 
1930–1940 (2011).



666 Epigenomics (2015) 7(4) future science group

Review    Mirra, Raciti, Nigro et al.

52 Caporali A, Meloni M, Vollenkle C et al. Deregulation of 
microRNA-503 contributes to diabetes mellitus-induced 
impairment of endothelial function and reparative 
angiogenesis after limb ischemia. Circulation 123(3), 
282–291 (2011).

53 Lotvall J, Valadi H. Cell to cell signalling via exosomes 
through esRNA. Cell. Adh. Migr. 1(3), 156–158 (2007).

54 Chen X, Ba Y, Ma L et al. Characterization of microRNAs in 
serum: a novel class of biomarkers for diagnosis of cancer and 
other diseases. Cell Res. 18(10), 997–1006 (2008).

55 Hunter MP, Ismail N, Zhang X et al. Detection of 
microRNA expression in human peripheral blood 
microvesicles. PLoS ONE 3(11), e3694 (2008).

••	 Shows	first	the	presence	of	miRNAs	in	circulating	
microvesicles.

56 Lawrie CH, Gal S, Dunlop HM et al. Detection of elevated 
levels of tumour-associated microRNAs in serum of patients 
with diffuse large B-cell lymphoma. Br. J. Haematol. 141(5), 
672–675 (2008).

57 Mitchell PS, Parkin RK, Kroh EM et al. Circulating 
microRNAs as stable blood-based markers for cancer 
detection. Proc. Natl Acad. Sci. USA 105(30), 10513–10518 
(2008).

58 Skog J, Wurdinger T, Van Rijn S et al. Glioblastoma 
microvesicles transport RNA and proteins that promote 
tumour growth and provide diagnostic biomarkers. Nat. Cell. 
Biol. 10(12), 1470–1476 (2008).

59 Vencio EF, Pascal LE, Page LS et al. Embryonal carcinoma 
cell induction of miRNA and mRNA changes in co-cultured 
prostate stromal fibromuscular cells. J. Cell. Physiol. 226(6), 
1479–1488 (2011).

60 Weber JA, Baxter DH, Zhang S et al. The microRNA 
spectrum in 12 body fluids. Clin. Chem. 56(11), 1733–1741 
(2010).

61 Arroyo JD, Chevillet JR, Kroh EM et al. Argonaute2 
complexes carry a population of circulating microRNAs 
independent of vesicles in human plasma. Proc. Natl Acad. 
Sci. USA 108(12), 5003–5008 (2011).

•	 Demonstrates	that	most	circulating	miRNAs	are	protein-,	
mainly	Ago2-,	bound.

62 Turchinovich A, Weiz L, Langheinz A, Burwinkel B. 
Characterization of extracellular circulating microRNA. 
Nucleic. Acids. Res. 39(16), 7223–7233 (2011).

63 Camussi G, Deregibus MC, Bruno S, Grange C, Fonsato 
V, Tetta C. Exosome/microvesicle-mediated epigenetic 
reprogramming of cells. Am. J. Cancer Res. 1(1), 98–110 
(2011).

64 Gyorgy B, Szabo TG, Pasztoi M et al. Membrane vesicles, 
current state-of-the-art: emerging role of extracellular 
vesicles. Cell. Mol. Life Sci. 68(16), 2667–2688 (2011).

65 Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, 
Remaley AT. MicroRNAs are transported in plasma and 
delivered to recipient cells by high-density lipoproteins. Nat. 
Cell. Biol. 13(4), 423–433 (2011).

••	 The	first	demonstration	that	miRNAs	are	present	in	
circulating	high-density	lipoproteins,	indicating	that	

disease-associated	miRNAs	may	traffic	in	lipoprotein	
particles	and	convey	regulatory	information	to	distant	
target	tissues.	Thus,	high-density	lipoprotein	is	identified	
as	a	transport	system	for	miRNAs	in	circulation	that	
enables	intracellular	communication.

66 Wagner J, Riwanto M, Besler C et al. Characterization 
of levels and cellular transfer of circulating lipoprotein-
bound microRNAs. Arterioscler. Thromb. Vasc. Biol. 33(6), 
1392–1400 (2013).

67 Hulsmans M, Holvoet P. MicroRNA-containing 
microvesicles regulating inflammation in association with 
atherosclerotic disease. Cardiovasc. Res. 100(1), 7–18 (2013).

68 Hulsmans M, Holvoet P. MicroRNAs as early biomarkers 
in obesity and related metabolic and cardiovascular diseases. 
Curr. Pharm. Des. 19(32), 5704–5717 (2013).

69 Park NJ, Zhou H, Elashoff D et al. Salivary microRNA: 
discovery, characterization, and clinical utility for oral cancer 
detection. Clin. Cancer Res. 15(17), 5473–5477 (2009).

70 Hanke M, Hoefig K, Merz H et al. A robust methodology 
to study urine microRNA as tumor marker: microRNA-126 
and microRNA-182 are related to urinary bladder cancer. 
Urol. Oncol. 28(6), 655–661 (2010).

71 Montecalvo A, Larregina At, Shufesky WJ et al. Mechanism 
of transfer of functional microRNAs between mouse 
dendritic cells via exosomes. Blood 119(3), 756–766 (2012).

72 Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, 
Ochiya T. Secretory mechanisms and intercellular transfer 
of microRNAs in living cells. J. Biol. Chem. 285(23), 
17442–17452 (2010).

73 Mittelbrunn M, Gutierrez-Vazquez C, Villarroya-
Beltri C et al. Unidirectional transfer of microRNA-loaded 
exosomes from T cells to antigen-presenting cells. Nat. 
Commun. 2, 282 (2011).

74 Iguchi H, Kosaka N, Ochiya T. Versatile applications of 
microRNA in anti-cancer drug discovery: from therapeutics to 
biomarkers. Curr. Drug Discov. Technol. 7(2), 95–105 (2010).

75 Kogure T, Lin WL, Yan IK, Braconi C, Patel T. Intercellular 
nanovesicle-mediated microRNA transfer: a mechanism 
of environmental modulation of hepatocellular cancer cell 
growth. Hepatology 54(4), 1237–1248 (2011).

76 Liu AY, Pascal LE, Vencio RZ, Vencio EF. Stromal-epithelial 
interactions in early neoplasia. Cancer Biomark 9(1–6), 
141–155 (2010).

77 Yang M, Chen J, Su F et al. Microvesicles secreted by 
macrophages shuttle invasion-potentiating microRNAs into 
breast cancer cells. Mol. Cancer 10, 117 (2011).

78 Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall 
JO. Exosome-mediated transfer of mRNAs and microRNAs 
is a novel mechanism of genetic exchange between cells. Nat. 
Cell. Biol. 9(6), 654–659 (2007).

••	 Demonstrates	that	exosomes	contain	stable	mRNAs	and	
miRNAs	in	the	circulation	and	suggests	that	exosome-
associated	miRNAs	may	transmit	gene	regulatory	cues	
between	cells.

79 Ismail N, Wang Y, Dakhlallah D et al. Macrophage 
microvesicles induce macrophage differentiation and 
miR-223 transfer. Blood 121(6), 984–995 (2013).



www.futuremedicine.com 667future science group

Circulating miRNAs as intercellular messengers, potential biomarkers & therapeutic targets for Type 2 diabetes    Review

80 Zhang Y, Liu D, Chen X et al. Secreted monocytic miR-150 
enhances targeted endothelial cell migration. Mol. Cell. 
39(1), 133–144 (2010).

81 Liu Y, Zhao L, Li D et al. Microvesicle-delivery miR-150 
promotes tumorigenesis by up-regulating VEGF, and the 
neutralization of miR-150 attenuate tumor development. 
Protein Cell. 4(12), 932–941 (2013).

82 Zernecke A, Bidzhekov K, Noels H et al. Delivery of 
microRNA-126 by apoptotic bodies induces CXCL12-
dependent vascular protection. Sci. Signal. 2(100), ra81 
(2009).

••	 Shows	that	apoptotic	bodies	generated	during	
atherosclerosis	are	able	to	convey	paracrine	signals	to	target	
vascular	cells	triggering	their	response.	Furthermore,	
miR-126	was	shown	to	be	transported	in	circulation	via	
apoptotic	bodies	to	recipient	cells.

83 Jansen F, Yang X, Hoelscher M et al. Endothelial 
microparticle-mediated transfer of MicroRNA-126 promotes 
vascular endothelial cell repair via SPRED1 and is abrogated 
in glucose-damaged endothelial microparticles. Circulation 
128(18), 2026–2038 (2013).

84 Mocharla P, Briand S, Giannotti G et al. AngiomiR-126 
expression and secretion from circulating CD34(+) and 
CD14(+) PBMCs: role for proangiogenic effects and 
alterations in type 2 diabetics. Blood 121(1), 226–236 
(2013).

85 Hergenreider E, Heydt S, Treguer K et al. Atheroprotective 
communication between endothelial cells and smooth muscle 
cells through miRNAs. Nat. Cell. Biol. 14(3), 249–256 
(2012).

86 Ogawa R, Tanaka C, Sato M et al. Adipocyte-derived 
microvesicles contain RNA that is transported into 
macrophages and might be secreted into blood circulation. 
Biochem. Biophys. Res. Commun. 398(4), 723–729 (2010).

87 Muller G. Take-over: multiple mechanisms of inter-
adipocyte communication. J. Mol. Cell. Biol. 3(2), 81–90 
(2011).

88 Schwarzenbach H, Nishida N, Calin GA, Pantel K. Clinical 
relevance of circulating cell-free microRNAs in cancer. Nat. 
Rev. Clin. Oncol. 11(3), 145–156 (2014).

89 Kong L, Zhu J, Han W et al. Significance of serum 
microRNAs in pre-diabetes and newly diagnosed Type 2 
diabetes: a clinical study. Acta Diabetol. 48(1), 61–69 (2011).

90 Karolina DS, Tavintharan S, Armugam A et al. Circulating 
miRNA profiles in patients with metabolic syndrome. J. 
Clin. Endocrinol. Metab. 97(12), E2271–2276 (2012).

91 Bouchie A. First microRNA mimic enters clinic. Nat. 
Biotechnol. 31(7), 577 (2013).

92 Janssen HL, Reesink HW, Lawitz EJ et al. Treatment of 
HCV infection by targeting microRNA. N. Engl. J. Med. 
368(18), 1685–1694 (2013).

93 Janssen HL, Kauppinen S, Hodges MR. HCV infection and 
miravirsen. N. Engl. J. Med. 369(9), 878 (2013).

94 Gebert LF, Rebhan MA, Crivelli SE, Denzler R, Stoffel M, 
Hall J. Miravirsen (SPC3649) can inhibit the biogenesis of 
miR-122. Nucleic Acids Res. 42(1), 609–621 (2014).

95 Elmen J, Lindow M, Silahtaroglu A et al. Antagonism of 
microRNA-122 in mice by systemically administered LNA-
antimiR leads to up-regulation of a large set of predicted 
target mRNAs in the liver. Nucleic Acids Res. 36(4), 
1153–1162 (2008).

96 Montgomery RL, Hullinger TG, Semus HM et al. 
Therapeutic inhibition of miR-208a improves cardiac 
function and survival during heart failure. Circulation 
124(14), 1537–1547 (2011).

97 Grueter CE, Van Rooij E, Johnson BA et al. A cardiac 
microRNA governs systemic energy homeostasis by 
regulation of MED13. Cell 149(3), 671–683 (2012).

98 Ohno S, Takanashi M, Sudo K et al. Systemically injected 
exosomes targeted to EGFR deliver antitumor microRNA to 
breast cancer cells. Mol. Ther. 21(1), 185–191 (2013).


	Covers
	epi.15.45
	epi.15.7
	epi.15.20
	epi.15.18

