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Abstract: Autophagy is ubiquitous in all forms of heart failure and cardioprotective miR-133a is attenuated in hu-
man heart failure. Previous reports from heart failure patients undergoing left ventricular assist device (LVAD) im-
plantation demonstrated that autophagy is upregulated in the LV of the failing human heart. Studies in the murine
model show that diabetes downregulates miR-133a. However, the role of miR-133a in the regulation of autophagy
in diabetic hearts is unclear. We tested the hypothesis that diabetes exacerbates cardiac autophagy by inhibiting
miR-133a in heart failure patients undergoing LVAD implantation. The miRNA assay was performed on the LV of 15
diabetic (D) and 6 non-diabetic (ND) heart failure patients undergoing LVAD implantation. Four ND with highly up-
regulated and 5 D with highly downregulated miR-133a were analyzed for autophagy markers (Beclinl, LC3B, ATG3)
and their upstream regulators (mTOR and AMPK), and hypertrophy marker (beta-myosin heavy chain) by RT-qPCR,
Western blotting and immunofluorescence. Our results demonstrate that attenuation of miR-133a in diabetic hearts
is associated with the induction of autophagy and hypertrophy, and suppression of mTOR without appreciable differ-
ence in AMPK activity. In conclusion, attenuation of miR-133a contributes to the exacerbation of diabetes mediated
cardiac autophagy and hypertrophy in heart failure patients undergoing LVAD implantation.
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Introduction independent of coronary artery disease or valve

defect in the heart [7], and is associated with

The incidence of diabetes is rapidly increasing
[4, 2] and accounts for ~30% of heart failure
patients [3]. It exacerbates the risk of heart fail-
ure if accompanied by other heart disease
[3-5]. As per The National Diabetes Statistics
Report released on June 10, 2014 (American
Diabetes Association), 29.1 million people
(9.3% of population) were reported to have dia-
betes in United States, which accounts for
$245 million of health care costs per year [6].
This number was dramatically increased from
25.8 million (8.3% of population) in 2010 sug-
gesting that there is a dire need to elucidate
the mechanism(s) of diabetes mediated cardi-
ac complications. Diabetic cardiomyopathy is

the activation of myocardial autophagy [8].
Autophagy is a lysosome mediated catabolic
process, where aged and damaged cytoplasmic
organelles, and defective proteins are seques-
tered, degraded, and recycled for ATP genera-
tion [9]. It is initiated with the induction of
Beclinl that forms a double membrane cres-
cent shape structure called the autophago-
phore, which with the help of microtubule-asso-
ciated protein 1 light chain 3 B (LC3B) and
autophagy related 3 (ATG3) forms a double
membrane vesicle called the autophagosome.
The autophagosome fuses with the lysosome to
form an autolysosome, where cytoplasmic com-
ponents are degraded by lysosomal enzymes
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Table 1. The demographics of diabetic and non-dia-
betic patients used for association of attenuation of
miR-133a with cardiac autophagy

Patients Diabetic Non-diabetic
Number 5 4

Age 55.0 + 8.34 60.75 £ 3.88
Male 5 3
Female 0 1

BMI 29.0+1.49 33.4+5.22
LDL 72.25 +6.32 65.75 + 2.59
HDL 27.75 £ 2.59 40.0 + 7.61
Triglycerides 95.25 +29.71 75.25 + 16.83
Glucose 130.6 £ 11.64 108.0 £ 6.82
Hemoglobin A1C 6.76 + 0.09 6.33 £ 0.09
LV Mass 170.4 + 12.73 185.0 £ 25.10
CHF Peptide 669.25 + 170.45 914.25 + 378.21
Diastolic dysfunction 80% 50%

% EF Average 12-17 13.75-18.75
History of tobacco 75% 80%

There are no significant relationships between any pairs of vari-
ables (p > 0.05). Diastolic dysfunction was present to a greater
extent in diabetic patients. H11, H12, H23 and H25 were not
prescribed statins, whereas H13 and H23 were non-smokers. BMI
= body mass index, LDL = low density lipid, HDL = high density
lipid, LV = left ventricle, CHF = chronic heart failure, EF = ejection
fraction.

[9, 10]. An elevated level of cardiac autophagy
is common in heart failure both in murine mod-
els [11-13] and human patients [14-16]. It is
documented that in human heart failure
patients undergoing mechanical unloading with
a left ventricular assist device (LVAD), autopha-
gy markers are upregulated [15]. However, the
contribution of diabetes on the level of cardiac
autophagy in these patients is unclear.

Recently, it is demonstrated that differential
regulation of microRNAs (miRNAs) in end-stage
failing hearts is associated with LVAD unload-
ing [17]. MiRNAs are a newly emerging class of
endogenous, evolutionary conserved, tiny, non-
coding regulatory RNAs that modulate gene
expression by either mMRNA degradation (if seed
sequences of the miRNA perfectly match with
the mRNA) or translational repression [18-20].
MiRNAs have emerged as a therapeutic target
for cardiovascular diseases [19, 21]. There are
more than 800 miRNAs in the heart and sever-
al dozens of them are differentially expressed
in the failing heart [22]. However, miR-133a is
the most abundantly expressed miRNA in the
human myocardium [21]. MiR-133a is a muscle
specific miRNA, which is expressed both in car-
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diac and skeletal muscle. There are two
alleles of miR-133a, namely miR-133a-1
and miR-133a-2. Both are exactly identical
in their sequences but are located on chro-
mosome 18 and chromosome 2, respec-
tively. MiR-133a differs from miR-133b (an
isotype) by two nucleotides and the expres-
sion of the latter in only skeletal muscle
[23, 24].

Diabetes has been shown to be a miRNA
associated disease [23] with the majority of
the miRNAs being attenuated in the diabet-
ic heart [25], and miR-133a is one of them
[25-27]. It is a cardioprotective miRNA that
prevents pathological remodeling by inhibit-
ing cardiac hypertrophy [28] and fibrosis
[29, 30]. It also regulates beta-adrenergic
activity in the heart by regulating several
genes in the beta-adrenergic signaling cas-
cade [31]. Although several miRNAs are
implicated in the regulation of autophagy
[11, 32-34], the role of miR-133a in the
regulation of cardiac autophagy is unclear.
Therefore, the goal of this study was to
determine whether: 1) Diabetes exacer-
bates cardiac autophagy in heart failure
patients undergoing LVAD implantation; 2)
Cardiac levels of miR-133a are associated
with the levels of autophagy in diabetic heart
failure patients; and 3) Diabetes augments car-
diac hypertrophy in failing human hearts.

Methods
Patient population and tissue procurement

Tissue collection protocols, procedures and
archival in the Nebraska Cardiovascular
BioBank and Registry were duly approved by
the Institutional Review Board (IRB) of The
University of Nebraska Medical Center under
strict ethical guidelines. All studies conducted
on patient samples followed the declaration of
Helsinki. Thoroughly informed written consent
for the collection and use of tissue samples
was obtained from individual patients prior to
donation. The LV apex tissue from patients who
underwent implantation were collected and
flash frozen in liquid nitrogen until use. Patient’s
samples were then grouped into diabetic and
non-diabetic. Detailed patient demographics
are presented in Table 1. LV apex tissue sam-
ples from 23 heart failure patients (20 male, 3
female) in a cohort who presented with class IV
New York Heart failure were also assessed.
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RNA isolation and RT-gPCR assay

The total RNA was isolated by standard Trizol
(Life Technology, USA) method. High quality
RNA (A260/280 > 1.8 and 260/230 > 1.8) was
used for cDNA preparation using iScript™
Reverse Transcription Supermix (Bio-Rad
Laboratories, USA). The cDNA was amplified by
thermal cycler (Bio-Rad Laboratories, USA) with
an initial denaturation at 95°C for 5 minutes,
and then 35 cycles of denaturation at 95°C for
30 seconds, annealing at 55°C for 45 seconds,
extensionat 72°Cfor45°Cseconds, andfinal ex-
tension at 72°C for 5 minutes. The 18S oligo-
nucleotide primer was used as endogenous
control. The primer sequences from 57-3” are
as follows: Beclinl, Forward- GCTCCATTACTTA-
CCACAGC, and Reverse- CCCAGTGACCTTCAGT-
CTT, LCB, Forward- GATACAAGGGTGAGAAGCAG,
and Reverse- GAGATTGGTGTGGAGACG; 18S,
Forward- GTAGTTCCGACCATAAACGAT, and Re-
verse- GCTATCAATCTGTCAATCCTG.

MiRNA assay

For the miRNA-133a assay, RNA was isolated
from LV apex tissue using the mirVana™ miRNA
Isolation Kit (Life Technology, USA). The RNA
quality and quantity was determined by
NanoDrop 2000 ¢ (Thermo Scientific Inc., USA)
and RNAs with 260/280 ~2 and 260/230 ~2
were used for miR-133a assay. U6 SnRNA was
used as endogenous control for miR-133a. The
RT-gPCR was performed using Tagman primers
specific for miR-133a (Assay ID-002246) and
U6 SnRNA (assay ID: 001973) (Life Technology,
USA). The thermal cycle was initial denaturation
at 95°C for 15 minutes, and then 40 cycles of
denaturation at 95°C for 15 seconds, anneal-
ing and extension at 60°C for 60 seconds. The
Bio-Rad CFX gPCR instrument was used for
RT-gPCR and the data was analyzed by BioRad
CFX Manager 3.0 software (Bio-Rad Labo-
ratories, USA).

Protein isolation and Western blot analysis

Protein was extracted from whole snap frozen
LV tissues. Tissues were crushed in RIPA buffer
(Boston BioProducts, USA) in liquid nitrogen
using mortal and pastel, transferred into an
Eppendorf tube, centrifuged at 3,000 xg, and
supernatant collected. Proteins were quantified
by Pierce™ BCA Protein Assay Kit (Pierce
Biotechnology, USA). Western blotting was per-
formed following standard protocol. Briefly,
equal amounts (40 ug) of each whole protein
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lysate were loaded on a SDS-PAGE gel. After gel
electrophoresis, they were transferred onto
nitrocellulose membrane and incubated with
5% non-fat dried milk in TBS for 1 hr at room
temperature. The membrane is incubated with
primary antibodies (dilution; 1:1000) for LC3B
(cat #2775), and Beclin-1 (cat #3783) from Cell
Signaling Technology, USA, and B-actin (cat
#Sc-47778, Santa Cruz Biotechnology, USA) for
overnight at 4°C with constant rocking. HRP
conjugated secondary antibodies were diluted
1:4000 and incubated at room temperature for
2 h. The membranes were developed using
Clarity Western ECL substrate (cat #170-5061,
Bio-Rad Laboratories, USA) using a Molecular
Imager Chemi-Doc™ XRS version 3.0 (Bio-Rad
Laboratories, USA). The relative band intensity
was quantified using the Bio-Rad Image lab
software.

Histology and immunohistochemistry

Tissue samples were embedded in OCT com-
pound and 5 pM cryosections were obtained
using the CryoStar NX50 (Thermo Scientific,
USA). Immunohistochemistry was performed
for B-MHC (Cat #172967, dilution; 1:500,
Abcam) using standard protocol. In brief, sec-
tions were fixed in ice cold methanol for 10 min-
utes at -20°C and rehydrated in PBS. Then they
were blocked in 1% BSA in TBS followed by
washing and incubation with the primary anti-
body. Anti-rabbit Alexa Fluor4d88 secondary
(Cat #A21441, Life Tech, USA) was used at a
1:1000 dilution. Sections were mounted by
Fluoromount-G mounting medium (Cat# 0100-
01, Southern Biotech, USA) and covered under
coverslip. Images were captured by EVOS Cell
Imaging Systems (Life Technology, USA).

WGA staining

The cryosections were hydrated by dipping in
1xPBS. The sections were fixed in 4% parafor-
maldehyde for 40 minutes and washed with
PBS. A concentration of 5 yg/mL WGA solution
was used to stain the cell boundaries. Sections
were counter stained with DAPI for nuclear
staining and mounted by Fluoromount-G.
Stained sections were observed under fluores-
cent microscope (EVOS, Life Technology, USA)
and the number of the cardiomyocytes per unit
area was counted using EVOS Imaging System.

Statistical analyses

Student t-test analyses are performed for
mRNA, protein and cellular expression of miR-
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Figure 1. Expression of miR-133a in the left ventricle of non-diabetic (ND) and diabetic (D) heart failure patients.
A. Expression of miR-133a in the diabetic and non-diabetic coded heart failure patients represented by colors (red
is downregulated and green is upregulated). B. RT-gPCR of miR-133a normalized to U6 showing the differential
expression of miR-133a between and amongst ND and D hearts. n = 15 for D and 6 for D. Ci. Five D (H2, H5, H7,
H23, H25) and four ND (H11, H12, H13 and H15) hheart failure patients were selected for investigating the specific
role of miR-133a in the regulation of autophagy and hypertrophy in diabetic hearts. The values are represented as
the mean + S.E. and expressed as fold change over H11. Cii. The average expression of miR-133a in the D and ND
samples from Ci. The values are represented as mean * S.E. and expressed as fold change over ND. D. The average
percentage ejection fraction of the four ND and five D patients from Ci. The values were mean + S.E. E. The average
left ventricle (LV) mass of the four ND and five D patients from Ci. The values are mean * S.E.

133a, Beclinl, LC3B, and B-MHC; and number and percentage ejection fraction. Pearson cor-
of the cardiomyocytes per unit area, LV mass, relation test was used to evaluate the correla-
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Figure 2. Cardiac level of Beclinl is upregulated with attenuation of miR-133a in diabetic heart failure patients.
Ai. RT-gPCR analysis of left ventricle (LV) of the non-diabetics, ND (H11, H12, H13 and H15) and diabetics, D (H2,
H5, H7, H23, H25) heart failure patients. The values are presented as the mean + SE and is represented as fold
change over H11. Aii. The average level of Beclinl in the four ND and five D patients from Ai. The values are mean
+ SE and is represented as fold change over ND. B. Western blot analysis of Beclinl from LV of above non-diabetics
and diabetic heart failure patients. Top, representative bands of Beclinl and actin (loading control). Bottom, the
densitometric analyses of bands to show the relative Beclinl expression in diabetic (D) and non-diabetic (ND) pa-
tients. The black horizontal bar represents the mean of all samples from ND and D groups. C. Top, representative
immunohistochemistry of Beclinl from D (H11) and ND (H23) patients. Bottom, bar graph of arbitrary Beclinl pixel
intensity from samples in Ai. Scale bar: 200 ym.

tion between the different groups. The values
are expressed as the mean + S.E, and P < 0.05
is considered statistically significant.

Results

Cardiac miR-133a is differentially expressed
in the LV of diabetic and non-diabetic heart
failure patients

To determine the association of miR-133a with
cardiac autophagy, we first measured the levels
of miR-133a in all the heart failure samples. It
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is obvious that miR-133a did not show a clear
pattern and is differentially regulated in both
diabetic and non-diabetic failing hearts (Figure
1A, 1B). This differential expression may be
attributed variations in the physiological condi-
tions as reflected in the patient demographics
shown in Table 1. It is germane to mention here
that the up-, and down-regulation of miR-133a
is represented as the fold change with respect
to a diabetic heart failure patient denoted by
the coded symbol H8. It is demonstrated that
miR-133a is downregulated in failing human
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Figure 3. Cardiac level of LC3B is upregulated with attenuation of miR-133a in diabetic heart failure patients. Ai. RT-
qPCR analysis of left ventricle (LV) of non-diabetic, ND (H11, H12, H13 and H15) and diabetic, D (H2, H5, H7, H23,
H25) heart failure patients. The bar graph represents fold change over H11 sample. The values are mean + SE. Aii.
The average level of LC3B in the four ND and five D patients from Ai. The values are mean + SE and is represented
as fold change over ND. B. Western blot analysis of LC3B from LV of above ND and D heart failure patients. Top,
representative bands of LC3B-Il and actin (loading control). Bottom, the densitometric analyses of bands to show
the relative LC3B expression in D and ND samples. The black horizontal bar represents the mean of all samples
from ND and D groups. C. Top, representative immunohistochemistry of LC3B from D (H11) and ND (H23) patients.
Bottom, bar graph of arbitrary LC3B pixel intensity from samples in Ai. Scale bar: 200 um. Di. Western blot analysis
of ATG3 from LV of above ND and D heart failure patients. Top, representative bands of ATG3 and actin (loading
control). Bottom, the densitometric analyses of bands to show the relative ATG3 expression in D and ND samples.
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The values are mean + SE and is represented as fold change over ND. Dii. RT-qPCR analyses of ATG3 in the same
samples mentioned in Di and represented as relative value of 18s. The black horizontal bar represents the mean

of all samples from ND and D groups.

Table 2. Correlationship of miR-133a with mRNA of different genes in diabetic versus non-diabetic

hearts failure patients

LC3B Beclinl LV mass DF CHF peptide  Milrinone Glucose HgbA1C

miR-133a

cc -0.502 -0.109 0.276 -0.127 0.189 0.040 -0.223 -0.361

P-value 0.168 0.780 0.472 0.745 0.653 0.918 0.565 0.339
LC3B

CcC 0.715 0.063 0.111 -0.079 -0.545 -0.046 0.287

P-value 0.030 0.872 0.776 0.851 0.129 0.905 0.453
Beclinl

CcC 0.222 -0.190 0.233 -0.875 -0.372 0.303

P-value 0.566 0.625 0.579 0.001 0.324 0.428
LV mass

cc -0.149 -0.209 -0.307 0.119 0.417

P-value 0.703 0.619 0.422 0.761 0.265
DF

cC 0.101 0.158 0.647 0.512

P-value 0.811 0.685 0.059 0.159
CHF peptide

cc -0.110 -0.015 0.070

P-value 0.796 0.971 0.868
Milrinone

cc 0.200 -0.344

P-value 0.606 0.364
Glucose

cC 0.619

P-value 0.075

The number of samples are 9 for all except for CHF peptide, where the sample size is 8. CC = correlation co-efficient. LV mass
= left ventricular mass, DF = diastolic function, CHF peptide = Congestive heart failure peptide (measurement of Brain Natri-
uretic Peptide), Milrinone = a drug for heart failure patients that improves heart rate and contractility, HgbA1C = Hemoglobin
A1C, mTOR = mammalian target of rapamycin, AMPK = 5 "Adenosine monophosphate (AMP) activated protein kinase.

hearts as compared to healthy hearts [28].
Since miR-133ais attenuated in diabetic hearts
[26, 27], we selectively analyzed the failing
hearts from four ND and five D patients, where
miR-133a is comparatively up-, and down-regu-
lated, respectively (Figure 1Ci). The significant
downregulation of miR-133a is found in the
selected diabetic patients (Figure 1Cii).

Both D and ND patients are at end-stage heart
failure as they underwent LVAD. Therefore, no
significant difference was expected in their car-
diac dysfunction. The percentage ejection frac-
tion and LV mass were compared between four
ND and five D heart failure patients and they
were very similar in both groups (Figure 1D and
1E).
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Cardiac autophagy markers are upregulated in
diabetic heart failure patients

To determine the specific association of miR-
133a with cardiac autophagy, we measured
the levels of cardiac autophagy markers,
Beclinl and LC3B. The analyses of mRNA lev-
els revealed variations within the D and ND
groups. However, cumulative data showed a
trend of upregulation of Beclinl in D as com-
pared to the ND (Figure 2Ai, 2Aii). Similarly,
Western blot results showed a trend of upregu-
lation of Beclinl protein in diabetic failing
hearts (Figure 2Bi, 2Bii). The cellular levels of
Beclinl correlated with the protein expression
(Figure 2C). The augmented expression of
Beclinl in the D group, where miR-133a was
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Table 3. Correlationship of different cardiac proteins in diabetic versus non-diabetic heart failure

Beclinl LV Mass DF CHF Peptide Milrinone  Glucose HgbA1C mTOR AMPK

LC3B

cC -0.2563 -0.465 -0.006 -0.378 -0.107 -0.357 0.014 0.070 -0.688

P-value 0.512 0.207  0.987 0.356 0.784 0.346 0.971 0.858 0.040
Beclinl

CcC 0.066 0.124 0.200 -0.313 0.638 0.554 0.351 0.482

P value 0.865 0.750 0.635 0.412 0.064 0.122 0.354 0.189
LV Mass

CcC -0.149 -0.209 -0.307 0.119 0.417 0.068 0.192

P-value 0.703 0.619 0.422 0.761 0.265 0.861 0.620
DF

CC 0.101 0.158 0.647 0.512 -0.058 -0.294

P-value 0.811 0.685 0.059 0.159 0.882 0.443
CHF peptide

CcC -0.110 0.015 0.071 0.143 0.222

P-value 0.796 0.971 0.868 0.735 0.597
Milrinone

CC 0.200 -0.344 -0.208 -0.318

P-value 0.606 0.364 0.592  0.405
Glucose

CC 0.619 .348 0.054

P-value 0.075 0.359 0.890
HgbA1C

CcC 0.348 -0.186

P-value 0.359 0.632
mTOR

CC 0.223

P-value 0.564

The number of samples are 9 for all except for CHF peptide, where the sample size is 8. CC = correlation co-efficient. LV mass
= left ventricular mass, DF = diastolic function, CHF peptide = Congestive heart failure peptide (measurement of Brain Natri-
uretic Peptide), Milrinone = a drug for heart failure patients that improves heart rate and contractility, HgbA1C = Hemoglobin
A1C, mTOR = mammalian target of rapamycin, AMPK = 5 "Adenosine monophosphate (AMP) activated protein kinase.

attenuated, suggests that attenuation of miR-
133a exacerbates Beclinl in diabetic heart fail-
ure patients.

We also measured the level of LC3B as another
marker of autophagy. Interestingly, the mRNA,
protein and cellular expression of LC3B is simi-
lar to that of Beclinl in the D group (Figure 3Ai-
C). The level of ATG3, another marker of autoph-
agy was significantly upregulated in the D group
(Figure 3Di, 3Dii), suggesting that the inhibition
of miR-133a contributes to upregulation of
autophagy markers in the LV of diabetic heart
failure patients. The correlationship of miR-
133a with Beclinl and LC3B mRNA and protein
levels was also evaluated. There was a nega-
tive correlation of miR-133a with both Beclinl
and LC3B (statistically not significant), whereas
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Beclinl was positively correlated with LC3B
(statistically significant at the mRNA level) sug-
gesting that inhibition of miR-133a contributes
to the upregulation of autophagy markers in
diabetic heart failure in humans (Tables 2 and
3). There was also a positive correlation
between LC3B and AMPK proteins (statistically
significant) suggesting that AMPK is involved in
the induction of autophagy in the diabetic heart
failure patients, when miR-133a is attenuated
(Table 3). We also analyzed the correlation of
the above molecules with the LV mass, diastol-
ic dysfunction, CHF peptide, Milrinone, blood
glucose level, hemoglobin A1C, mTOR, and
AMPK. However, the majority of these parame-
ters did not achieve statistical significance dif-
ference (Tables 2 and 3) suggesting that at end
stage heart failure, both diabetic and non-dia-
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Figure 4. Activity of mTOR and AMPK in diabetic and non-diabetic heart failure patients. A. Western blotting to ana-
lyze the activity of mTOR. Top, representative blots for p-, and t- mTOR with actin as loading control. Bottom, the rela-
tive ratio of normalized p-mTOR to t-mTOR. B. Western blotting to analyze the activity of AMPK. Top, representative
blots for p-, and t- AMPK with actin as loading control. Bottom, the relative ratio of normalized p- AMPK to t- AMPK.

The values are mean + SE.

betic patients behave very similarly at the
molecular level, and there is no dramatic
change between the groups. This is also attrib-
uted to the variability between the patient’s
groups (Table 1).

Diabetes inhibits mTOR activity is the failing
hearts

It has been established that AMPK induces,
while mTOR inhibits autophagy [9]. The activi-
ties of these upstream regulators of autophagy
were determined in the ND and D groups. The
mTOR activity was suppressed in diabetic
hearts (Figure 4A). In contrast, AMPK activity
showed very little differences between ND and
D groups (Figure 4B). These data suggest that
mTOR activity could have important role in reg-
ulation of autophagy in diabetic heart failure
patients.

MiR-133a and positive impact of Milrinone
treatment on diabetic heart failure

Milrinone is a medication for heart failure
patients. It is beneficial to the heart because it
improves contractility and heart rate, acts as a
vasodilator, and decreases blood pressure [35,
36]. Our analyses showed positive but statisti-
cally insignificant correlation between miR-
133a with Milrinone treated patients (Table 2)
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indicating that improvement in cardiac function
by Milrinone treatment might be associated
with upregulation of miR-133a. Conversely, the
autophagy markers LC3B (insignificant) and
Beclinl (highly significant) are negatively corre-
lated with the level of miR-133a in Milrinone
treated patients (Table 2). Thus, the Milrinone
mediated amelioration of cardiac function is
negatively associated with the upregulation of
autophagy markers.

Glycated hemoglobin (HbAlc) is formed by
exposure of hemoglobin to plasma glucose and
is a biomarker of glucose concentration in the
blood for a prolonged period of time. The level
of HbA1c increases in diabetic condition [37-
39]. We found that miR-133a is negatively
associated (insignificant), whereas autophagy
markers are positively correlated (insignificant)
with HbAlc (Table 2). These results further indi-
cate that prolonged increase in blood glucose
levels may be involved in induction of autopha-
gy markers and thus the inhibition of miR-133a
that ultimately leads to cardiac dysfunction.

Diabetes exacerbates cardiac hypertrophy in
heart failure patients

To determine whether attenuation of miR-133a

exacerbates cardiac hypertrophy in failing
hearts, we measured the number of cardiomyo-
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Figure 5. Cardiac hypertrophy in diabetic hearts with suppressed miR-133a. A. Top, Representative wheat germ
agglutinin (WGA) staining of heart sections from ND (H11) and D (H23) patients. Scale bar : 100 ym. Bottom, aver-
age number of cardiomyocytes /unit area from the four ND and five D heart failure patients. The values are mean
+ SE. B. Same as A, but for B-MHC. C. Diabetes exacerbates heart failure. In the failing heart, miR-133a is down-
regulated, autophagy markers Beclinl, LC3B, and ATG3 are upregulated, and cardiomyocytes show hypertrophy. On
top of heart failure if the patient has diabetes, miR-133a will be further suppressed, and autophagy markers and

hypertrophy will be robust.

cytes/unit area using Wheat Germ Agglutinin
(WGA) staining. WGA stains cell membrane and
is widely used for the measurement of the size
of cardiomyocytes [40-43]. The analyses of
number of cardiomyocytes per unit area
between the ND and D groups revealed that
attenuation of miR-133a in diabetic hearts
increases the size of cardiomyocytes (Figure
5A). We also measured the level of B-MHC
(hypertrophy marker) by immunohistochemis-
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try, which showed a trend of upregulation in dia-
betic hearts (Figure 5B). These results rein-
force the previous reports that attenuation of
miR-133a is associated with the induction of
cardiac hypertrophy [28].

Discussion

The cardioprotective role of miR-133a in dia-
betic hearts has been previously shown to be
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limited to the inhibition of cardiac hypertrophy
and fibrosis [28, 29, 44]. Here, we report a
novel role for miR-133a in cardiac autophagy in
diabetic heart failure patients. Diabetes con-
tributes to the inhibition of miR-133a that in
turn upregulates the autophagy markers
Beclinl and LC3B, and exacerbates cardiac
hypertrophy in heart failure patients undergo-
ing LVAD implantation (Figure 5C). These
autophagy markers are elevated in heart fail-
ure patients, but after mechanical unloading
through LVAD and improvement of cardiac func-
tion, these markers are downregulated [15].
However, it is unclear how the up-, and down-
regulation of autophagy occurs in these
patients. Our findings provide insight into the
regulation of autophagy markers in diabetic
heart failure patients. We suggest that attenua-
tion of miR-133a is associated with the upregu-
lation of markers of autophagy in the heart fail-
ure patients undergoing LVAD implantation.
Also, it is plausible that after mechanical
unloading and improvement of cardiac function
the level of miR-133a is normalized, which
downregulates the markers of autophagy in
LVAD implanted hearts. The rationale behind
this is that miR-133a is downregulated in
human heart failure [28] and miR-133a is
upregulated in Milrinone treated hearts (Table
2). MiR-133a is cardioprotective and it sup-
presses pathological cardiac remodeling by
inhibiting hypertrophy [28] and fibrosis [30],
and regulating the B1-adrenergic receptor sig-
naling cascade [31]. We and others have
reported that miR-133a is downregulated in
diabetic hearts [25-27]. Although diabetes
causes cardiomyopathy independent of other
heart diseases [7], miR-133a has a similar car-
dioprotective role in the diabetic heart and miti-
gates hypertrophy [27] and fibrosis [29]. Our
results on attenuation of miR-133a (Figure 1Ci,
1Cii) and increased cardiac hypertrophy (Figure
5A, 5B) in diabetes heart failure patients are
consistent with the results from other murine
models. The elevated level of HbAlc [37-39],
and attenuation of miR-133a [25-27] in diabet-
ic hearts has been demonstrated. However, the
relationship between the two is unclear. We
found a negative correlation of miR-133a with
HbA1c (Table 2). Conversely, autophagy mark-
ers have positive correlation with HbAlc, and
miR-133a has a negative correlation with
autophagy markers (Table 2). These results
suggests that attenuation of miR-133a is asso-
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ciated with the upregulation of HbAlc, which is
positively associated with the elevation of car-
diac autophagy in diabetic hearts.

We believe that we did not observe a significant
differences in the majority of cardiac parame-
ters (Figures 2-5, and Tables 1, 3) because
both diabetic and non-diabetic patients are at
end-stage heart failure. Their percentage ejec-
tion fraction (%FS) is below 20% (Figure 1D)
and LV mass is less than 200 grams (Figure
1E). There were no significant difference
between their % FS and LV mass (Figure 1D,
1E). The markers of autophagy such as Beclinl
and LC3B are downregulated in heart failure
patients undergoing LVAD implantation [15]. To
determine the contribution of diabetes on car-
diac autophagy, we evaluated autophagy with
the same markers in diabetic and non-diabetic
heart failure patients undergoing LVAD implan-
tation. To focus on the role of miR-133a, we
categorically selected diabetic hearts with
attenuated miR-133a and non-diabetic hearts
with upregulated miR-133a. Our results show
increased levels of Beclinl, LC3B (Figures
2A-3C) and additional autophagy marker ATG3
in diabetic hearts (Figure 3D). These data sug-
gest that attenuation of miR-133a contributes
to exacerbation of autophagy in the diabetic
hearts. To further analyze the contribution of
upstream regulator of autophagy, we deter-
mined the activity of AMPK-an upstream induc-
er, and mTOR-an upstream inhibitor of autopha-
gy. Our results demonstrate that mTOR activity
is suppressed in diabetic hearts (Figure 4B),
which contributes to the induction of autopha-
gy. Nevertheless, there was no difference in
AMPK activity between diabetic and non-dia-
betic hearts (Figure 4D). This suggests that
mTOR inhibition may be the major mechanism
underlying the induction of autophagy in dia-
betic hearts. Therefore, alleviation of miR-133a
suppresses mTOR to up regulate autophagy in
the diabetic heart failure patients. To validate
the role of miR-133a as anti-hypertrophy, we
measured the number of cardiomyocytes per
unit area in diabetic and non-diabetic groups.
Our results showed a decrease in the number
of cardiomyocytes per unit area suggesting car-
diac hypertrophy (Figure 5A). The data is con-
sistent for beta-MHC, a molecular marker of
cardiac hypertrophy (Figure 5B). The analyses
of data using Pearson correlation show that
miR-133a inhibits cardiac autophagy and
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hypertrophy in diabetic heart failure patients
(Tables 2, 3). This study demonstrates a novel
association of the attenuation of miR-133a and
elevation of myocardial autophagy in failing
human hearts with diabetes.

Despite advancement of medical science, a
number of diabetic patients is rapidly increas-
ing and heart failure is still the number one
cause of mortality worldwide. Diabetes is detri-
mental at two levels, 1) it is an independent
cause of cardiomyopathy, and 2) it increases
the chances of heart failure as compared to
non-diabetics. To improve the treatment
regime, we need to have innovative strategies.
MiRNAs are a novel class of non-coding RNAs
that regulate biological processes by optimizing
the level of different genes [18, 19]. MiR-133a
is anti-hypertrophy and anti-fibrotic miRNA [27-
29]. It has been involved in the regulation of
several other key biological processes such as
the regulation of beta-adrenergic receptors
[31, 44]. Here, we evaluated the role of miR-
133a in cardiac autophagy in diabetic patients
and compared them with non-diabetes patients
to elucidate that diabetes exacerbates heart
failure through attenuation of miR-133a and
induction of autophagy. Further mechanistic
studies using loss-, and gain- of function experi-
ments will provide insight on using miR-133a
as therapeutic target for diabetic heart failure.
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