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Intensive glycemic control is insufficient for reducing the risk
of heart failure among patients with diabetes mellitus (DM).
While the “hyperglycemic memory” phenomenon is well docu-
mented, little is known about its underlying mechanisms. In
this study, a type 1 DM model was established in C57BL/6
mice using streptozotocin (STZ). Leptin receptor-deficient
(db/db) mice were used as a model of type 2 DM. A type 9 ad-
eno-associated virus was used to overexpress or knock down
miR-320 in vivo. Diastolic dysfunction was observed in the
type 1 DM mice with elevated miR-320 expression. However,
glycemic control using insulin failed to reverse diastolic
dysfunction. miR-320 knockdown protected against STZ-
induced diastolic dysfunction. Similar results were observed
in the type 2 DM mice. In vitro, we found that miR-320 pro-
moted CD36 expression, which in turn induced further miR-
320 expression. CD36 was rapidly induced by hyperglycemia
at protein level compared with the much slower induction of
miR-320, suggesting a positive feedback loop of CD36/miR-
320 with CD36 protein induction as the initial triggering event.
In conclusion, in DM-induced cardiac injury, miR-320 and
CD36 mutually enhance each other’s expression, leading to a
positive feedback loop and a sustained hyperlipidemic state
in the heart.

INTRODUCTION

The global diabetes prevalence in 2019 was estimated to be 9.3% (463
million people) and is expected to rise to 10.2% (578 million) by 2030
and 10.9% (700 million) by 2045." Patients with diabetes mellitus
(DM) have a high risk of developing heart failure, even after adjusting
for coronary artery disease or hypertension. This has led to the
increased recognition of a distinct disease process defined as diabetic
cardiomyopathy (DCMP).*” The onset and progression of DCMP are
complex and involve early diastolic dysfunction, cardiac hypertrophy,
ventricular dilation, and systolic dysfunction. They can occur inde-
pendent of a recognizable cause, such as myocardial ischemia.” Left
ventricular diastolic dysfunction is one of the first signs of DCMP
prior to the development of irreversible systolic dysfunction.”
Clinically, heart failure with preserved ejection fraction (HFpEF),
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characterized by diastolic dysfunction, may also present as an early
stage of DCMP, reinforcing the importance of mechanistic investiga-
tion and the critical need for effective intervention.*”

Pathological mechanisms that contribute to DCMP include metabolic
disturbances, insulin resistance, formation, and crosslinking of
advanced glycation end-products, mitochondrial damage, oxidative
stress, inflammation, and cell death.*’ Hyperglycemia is regarded
as a causal event in diabetes-induced cardiac dysfunction. However,
most clinical trials focusing on intensive blood glucose control have
achieved very limited success in cardiac protection,'® which indicates
that transient hyperglycemia might exert long-lasting heart damage,
even after blood glucose levels return to normal. This phenomenon
is referred to as “hyperglycemic” or “metabolic” memory.'" Although
the hyperglycemic memory phenomenon is well established, the un-
derlying molecular mechanisms remain largely unknown.'>

MicroRNAs (miRNAs) are short RNA molecules that are 19-25 nu-
cleotides in size and regulate the post-transcriptional silencing of
target genes.'” A single miRNA can target hundreds of mRNAs and
influence the expression of multiple genes often involved in a func-
tionally related pathway.'* Numerous cardiac miRNAs are crucial
modulators of various cardiovascular diseases such as heart failure
and DCMP.>'>'® At the cellular level, miRNA-targeted genes are
involved in multiple pathophysiological processes critical for cardiac
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remodeling such as mitochondrial homeostasis, reactive oxygen spe-
cies (ROS) generation, Ca?* perturbation, apoptosis, fibrosis, and
neurohormone secretion.'”” ' A recent study identified 316 dysregu-
lated miRNAs in the hearts of streptozotocin-induced DM mice.’
Glycemic control could not rescue the expression pattern of certain
hyperglycemia-induced miRNAs in the diabetic heart.” This raised
the question of the potential role of miRNAs in the pathogenesis of
DCMP after blood glucose level normalization.

In previous studies, we investigated the functional properties of
several subcellular localized miRNAs in various cardiovascular dis-
eases’’ > and found that cytoplasmic miR-21 protects against
DCMP-induced diastolic dysfunction by targeting gelsolin.”* Overex-
pression of cytoplasmic miR-30c represses BECN1 expression and
improves cardiac function in diabetic mice.”> Additionally, mito-
chondria-targeted miR-21 lowers blood pressure in spontaneously
hypertensive rats by upregulating mitochondrial translation.”®
Finally, nuclear miR-320 contributes to diabetes-induced cardiac
dysfunction by activating the transcription of the fatty acid (FA)
metabolic gene CD36, leading to lipotoxicity in the heart.””

While miR-320 is a CD36 transcriptional activator, unexpectedly, the
cardiac CD36 overexpression seems to increase miR-320 expression
in turn,” implying that miR-320 and CD36 might form a positive
feedback loop. In the current study, we attempted to determine
whether this feedback loop really exists and its role in HFpEF, the
early and irreversible DCMP stage. Our results showed that
miR-320 promoted CD36 expression, and in turn, CD36 was able
to increase miR-320 expression. This vicious cycle led to sustained
elevation of free fatty acid (FFA) uptake and myocardial lipotoxicity
even after normalization of hyperglycemia.

RESULTS

Glycemic control using insulin could not rescue streptozotocin-
induced diabetic diastolic dysfunction

To confirm the presence of hyperglycemic memory in the animal
models, we first analyzed the temporal pattern of hyperglycemic effect
on cardiac performance (Figure S1A). Streptozotocin (STZ) treatment
steadily increased the circulating glucose levels in C57BL/6] mice
(Figures 1A and S2A). Cardiac performance was evaluated using echo-
cardiography at 4, 8, and 12 weeks after STZ treatment, respectively.
Although the systolic function remained normal during the observation
period, analysis of E/A and E/E’ ratios showed clear diastolic dysfunc-
tion 8 weeks after hyperglycemic episode (Figures 1B and S2B, Table S1).
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Subsequently, we investigated whether glycemic control using insulin
could rescue or prevent the occurrence and progression of diastolic
cardiac dysfunction in STZ-induced diabetic mice. Clinically, insulin
remains the fundamental treatment for both type 1 DM (T1DM) and
type 2 DM (T2DM) patients, especially for those with very high levels
of glucose, and oral hypoglycemic agents are less effective. Therefore,
in this study, insulin was selected for glycemic control instead of other
hypoglycemic agents. Hyperglycemia was induced by STZ for 8 weeks,
followed by 4 weeks of insulin treatment (Figures 1C, S1B, and S2C).
As shown in Figures 1D and 1E, compared with the non-insulin
treated mice, the diastolic function at the end of experimental period
did not improve with insulin (Figures 1D, 1E, and S2D), indicating
that glycemic control by insulin was unable to reverse the established
diastolic dysfunction in the diabetic model. Systolic function re-
mained unaltered in the three experimental groups (Tables S2 and
S3, Figures S2E and S2F).

We then explored whether insulin could prevent the onset of diastolic
dysfunction (Figures 1F, S1C, and S2G). Insulin treatment was initi-
ated 4 weeks after STZ treatment when diastolic function was still
normal (Figures 1G, S2H, and S2I, Table S4). However, in mice
that were administered insulin 4 weeks earlier, diastolic dysfunction
still occurred 8 weeks after STZ treatment (Figures 1H and S2H-
S2], Table S5).

These findings suggested that after 4 weeks of hyperglycemic stress,
insulin treatment was no longer able to prevent or reverse diastolic
dysfunction, indicating that hyperglycemia memory has been estab-
lished 4 weeks after the hyperglycemic stress.

miR-320 knockdown protected against STZ-induced diastolic
dysfunction

Glycemic control is unable to completely restore the hyperglycemia-
induced miRNA landscape alterations to normal levels in the diabetic
heart.” We speculated that hyperglycemic memory in diabetic hearts
might be mediated by specific miRNAs. By reviewing data from pre-
viously published studies, three miRNAs (miR-34, miR-320, and
miR-221) were identified as hyperglycemia-related miRNAs out of
the candidate miRNAs.»***" "> These three miRNAs were dysregu-
lated not only in both human and mouse diabetic hearts, but also
in both type 1 and type 2 diabetic hearts (Figure 2A). The expression
of these three miRNAs was measured in the heart of STZ-induced
diabetic mice; miR-320 was the most abundant (Figure 2B). Consis-
tent with a previous report,” the induced miR-320 expression in the

Figure 1. Glycemic control by insulin was unable to rescue STZ-induced diabetic diastolic dysfunction

(A) Time course analysis of blood glucose levels in random-fed state 4, 8 , and 12 weeks after STZ treatment, respectively. N = 8. (B) Echocardiographic analysis of E/A ratio
and E/E’ ratio in STZ-induced diabetic mice after 4, 8, and 12 weeks of hyperglycemia, respectively. N = 8. (C) Time course analysis of blood glucose levels in random-fed
state in control, STZ, and STZ + insulin treatment groups for 12 weeks. N = 8. (D) Echocardiographic analysis of E/A ratio and E/E’ ratio 8 weeks after STZ treatment prior to
glycemic control by insulin. dp/dt min: peak instantaneous rate of LV pressure decrease. N = 8. (E) Echocardiographic and hemodynamic analysis of diastolic function
markers 12 weeks after STZ treatment with 4 weeks glycemic control by insulin. N = 8. (F) Time course analysis of blood glucose levels in random-fed state in control, STZ,
and STZ + insulin treatment groups for 8 weeks. N = 8. (G) Echocardiographic analysis of E/A ratio and E/E’ ratio 4 weeks after STZ treatment prior to glycemic control by
insulin. N = 8. (H) Echocardiographic and hemodynamic analysis of diastolic function markers 8 weeks after STZ treatment with 4 weeks glycemic control by insulin. N = 8.
(A)-(H) *p < 0.05, **p < 0.01, **p < 0.001; (B) Student’s t test; (D), (E), (G), and (H) one-way ANOVA.
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diabetic heart was not normalized by insulin treatment (Figure 2C).
Moreover, miR-320 was increased in cardiomyocytes (CMs) but
not in non-CMs in the STZ-induced mice (Figures S3A and S3B).
These features prompted us to further investigate miR-320’s role in
hyperglycemic memory in the pathogenesis of DCMP.

Using the recombinant adeno-associated virus (rAAV, type 9)
system, an miR-320 mimic or inhibitor designed with a tough decoy
structure (TUD) was delivered into the mouse heart. Four weeks
after STZ treatment, when the diastolic dysfunction was still normal,
insulin pump and different AAVs were delivered, including rAAV-
miR-320, rAAV-miR-320 TUD, and rAAV-green fluorescent protein
(GFP) (Figures S1D and S3C). After an additional 4 weeks, the mice
treated with rAAV-miR-320 TUD showed improved diastolic func-
tion compared with the STZ controls; the mice treated with insulin
did not (Figures 2D and 2E). No significant changes in the systolic
function were detected between the experimental groups (Figure 2F,
Table S6). Consistent with our previous findings,”” STZ-induced lipid
accumulation in cardiomyocytes and cardiac hypertrophy was atten-
uated by rAAV-miR-320 TUD administration (Figures 2G and 2H).
However, interstitial fibrosis was not affected by either miR-320 TUD
or miR-320 AAV treatment (Figure S3F). rAAV-miR-320 overex-
pression did not show any detectable effects on cardiac function
(Figures 2D-2F, Table S6; see details in discussion section).

miR-320 knockdown protected against diastolic dysfunction in
db/db mice

We used db/db mice, a well-established rodent model for T2DM and
its complications, to investigate the role of miR-320 in hyperglycemic
memory. The detailed animal process is presented in the supple-
mental information (Figures SIE and S4A). Similar to STZ-induced
TIDM, insulin treatment decreased the blood glucose levels in
db/db mice but failed to reverse the increase in miR-320 levels and
diastolic dysfunction (Figures 3A-3C, Table S7). In contrast, miR-
320 TUD treatment improved cardiac diastolic function, reduced car-
diac lipid accumulation, and attenuated cardiac hypertrophy in db/db
mice (Figures 3B-3F). miR-320 TUD had no significant effect on
interstitial fibrosis in db/db mice (Figure S4D).

These findings suggested that while glycemic control by insulin failed,
miR-320 inhibition protected against diastolic dysfunction in both
T1DM and T2DM mouse models.

CD36/miR-320 positive feedback loop in cardiomyocytes
CD36 is a key downstream target gene of miR-320-mediated tran-
scriptional activation in the nucleus.”” However, the mechanisms un-

Molecular Therapy: Nucleic Acids

derlying miR-320 upregulation in DCMP remain unknown. Cardiac
CD36 overexpression increased the expression of miR-320 in vivo,”’
implying that miR-320 and CD36 might form a positive feedback
loop. In this study, CD36 overexpression indeed increased miR-320
expression, whereas CD36 knockdown decreased miR-320 levels in
cultured cardiomyocytes (Figures 4A and 4B).

To illustrate the specific molecular mechanism of CD36-mediated
miR-320 activation, we screened the potential transcription factors
(TFs) that could directly enhance miR-320 transcription using the
JASPAR (JASPAR CORE vertebrates collection [2022])*° and
TRANSFAC 2.0 database. SP1, GATA4, C-MYC, SMAD, and RXR
were identified as potential factors that can target the promoter
regions of miR-320 in humans, mice, and rats. Only SP1 levels
significantly increased in our study after high-glucose treatment in
cardiomyocytes (Figure 4C). In vivo analysis showed that SP1 expres-
sion increased in the STZ and db/db models (Figures S5A-S5C).
Moreover, SP1 expression increased miR-320 expression in cardio-
myocytes (Figure 4D), which is in line with previous observations
in the endothelial cell.** CD36 overexpression also increased SP1
expression (Figure 4E). Thus, CD36 increases miR-320 expression
by activating SP1. Furthermore, we observed that CD36-induced
miR-320 expression was abolished by SP1 knockdown (Figures 4F
and 4G), indicating that the CD36 regulation of miR-320 was SP1
dependent.

Next, we investigated the mechanism by which CD36 increases SP1
expression. CD36 can accelerate ROS generation in macrophages.™
ROS activates SP1 through the PKC/MAKP pathway in tubular
epithelial cells.”” We attempted to determine whether the CD36-
ROS-SP1 axis also exists in myocytes. We found that CD36-mediated
activation of SP1 expression was abolished by the ROS scavenger
N-acetylcysteine (NAC) in myocytes (Figure 4H).

We observed an increase in cardiac miR-320 and CD36 protein levels
8 weeks after STZ treatment in vivo. Moreover, this increase was not
abolished by 4 weeks of glycemic control using insulin (Figures 2C
and 4I). A similar result was also observed in T2DM db/db mice
(Figure S4E). These data indicated the presence of a CD36/miR-320
positive feedback loop in hyperglycemic myocytes (Figure 4J).
Consistent with this schematic diagram, we found that SP1 was
able to regulate CD36 expression under prolonged treatment condi-
tions when miR-320 was pre-modulated by SP1 in advance
(Figures S5D and S5E). A feedback loop of miR-320 and CD36 was
also observed in primary neonatal rat ventricular myocytes
(Figures S6A and S6B).

Figure 2. miR-320 knockdown protected against diastolic dysfunction induced by STZ treatment

(A) Strategy for identifying diabetes-related miRNAs in human and animal models. (B) Quantitative real-time PCR analysis of miR-320, miR-34a, and miR-221 levels in diabetic
heart 4 weeks after STZ treatment in comparison with controls. N = 4. (C) Quantitative real-time PCR analysis of miR-320 levels in the heart from control, diabetes without
glycemic control, and diabetes with glycemic control groups. N = 4. (D)—(F) Echocardiographic and hemodynamic analysis in different groups. dp/dt max and dp/dt min, peak
instantaneous rate of LV pressure increase and decrease, respectively. N = 8-10. (G) Cardiac lipid deposition detected by oil red staining in different groups. N = 5-6. (H)
Cardiomyocytes visualization and size quantitation by H&E staining in different groups. N = 5-6. (A)-(H) *p < 0.05, **p < 0.01, ***p < 0.001; (B) Student’s t test; (C)—(H) one-way

ANOVA.
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CD36 induction initiated the CD36/miR-320 feedback loop

during the early hyperglycemic stage

Next, we attempted to identify the initial trigger in the CD36/miR-320
positive feedback loop. Time course analysis of CD36 and miR-320
expression in the heart of STZ-treated mice indicated that CD36 up-
regulation preceded the increase in miR-320 (Figures 5A and 5B).
Specifically, CD36 significantly increased 2 weeks after the hypergly-
cemic induction, whereas an miR-320 increase was observed only
after 4 weeks of STZ administration (Figures 5A and 5B). This sug-
gested that CD36 induction may be the initial trigger in the CD36/
miR-320 positive feedback loop. However, we noted that 2 weeks after
the hyperglycemic induction, the CD36 mRNA level did not increase,
indicating that the CD36 protein upregulation at 2 weeks after STZ
administration was achieved by post-transcriptional regulation (Fig-
ure 5C). In vitro, high-glucose treatment rapidly induced CD36 pro-
tein expression as early as within 6 h of treatment, but it did not affect
CD36 mRNA expression until 48 h later (Figures 5D and 5E). To
further investigate how high-glucose stress induced CD36 expression
in the early stage, we performed polysome profiling analysis, which is
the gold standard for studying translational regulation in AC-16 cells.
We detected small and large ribosome fractions, as well as mono-
somes, on a 10%-50% sucrose gradient, which was characterized by
18S and 28S rRNAs distribution and representative ribosomal pro-
teins (RPS3 and RPL4) in the expected fractions (Figure 5F). We
also detected potential polysome fractions near the bottom of the
gradient (fractions 11 and 12) that could be converted to monosomes
by RNase I treatment (Figure 5F). By quantitative real-time PCR
quantification of CD36 mRNA and plotting the data according to
the percentage distribution on the gradient, we found that increased
CD36 mRNA was associated with putative polysome fractions from
high-glucose-treated cells relative to loading controls (Figures 5G
and 5H). These data suggested that glucose stress enhanced CD36
translation at an early stage.

At later time points, mRNA and protein levels of CD36 had increased
in vivo and in vitro (Figures 5C and 5E). These data suggested that
while CD36 was upregulated by a translational mechanism at the
early stage of the hyperglycemic response, transcriptional mecha-
nisms may also be involved after prolonged hyperglycemic treatment.
Therefore, the early induction of CD36 may serve as a triggering fac-
tor in the CD36/miR-320 regulatory loop.

Loss of Ago2 mediated the early induction of CD36 by
hyperglycemia

Considering the potential translational regulation of CD36 in the
early stage of hyperglycemia, we tested whether Ago2, a core RNA-
induced silencing complex (RISC) component that usually negatively
regulates gene expression at translational levels, was involved in this

Molecular Therapy: Nucleic Acids

process. We observed a significant decrease in Ago2 expression in car-
diomyocytes after 3 h of high-glucose treatment (Figure 6A). An
in vivo study also revealed a decrease in cardiac Ago2 levels in
early-stage diabetes (Figures 6B and 6C). To identify the cause-and-
effect relationship between the Ago2 loss and CD36 induction,
Ago2-specific siRNA was used to knock down Ago2 expression.
Ago2 knockdown increased CD36 protein levels without affecting
its mRNA expression (Figures 6D and 6E). This suggested that hyper-
glycemia might inhibit Ago2 expression, leading to CD36 mRNA
detachment from Ago2/RISC, which in turn activates CD36 transla-
tion (Figure 6F). RNA immunoprecipitation (RIP)-Ago2 confirmed
this hypothesis by showing the decreased binding of CD36 mRNA
to Ago2 in cardiomyocytes treated with high glucose (Figure 6G).

The detailed mechanism underlying the hyperglycemia-induced
Ago2 loss in the early stage of diabetes is still unknown. The Ago2
mRNA levels were not affected by hyperglycemia (Figure 6H). In
addition, Ago2 translation activity remained invariant in the early
stage of high glucose treatment (Figure S7A). We then detected
Ago2 secretion into the plasma or cell culture supernatant. Ago2 pres-
ence in the cell culture supernatant was increased after 3 h of hyper-
glycemia treatment and returned to the baseline after 12 h (Figure 6I).
Increased secretion of Ago2 into the circulation during diabetes was
also observed in diabetic human plasma (Figure 6], Table S8).
Furthermore, we isolated exosomes from human plasma and found
that Ago2 was detectable in the exosomes (Figure S8, Table S9). More-
over, considering that Ago2 ubiquitination plays a central role in its
turnover,”® Ago2 degradation was studied by detecting ubiquitin
level. We observed an upregulation of the ubiquitinated Ago2 protein
with high-glucose treatment (Figure 6K). Furthermore, high-glucose-
induced Ago2 downregulation was abolished by pretreatment with
MGI132, a potent inhibitor of the ubiquitin-protease pathway
(Figure 6L).

These data suggested that during the early stage of diabetes, CD36
translational upregulation was likely achieved by the Ago2 reduction,
which might be due to the increased secretion to the extracellular
space and enhanced degradation by the ubiquitin-protease pathway.

DISCUSSION

The present findings, coupled with our previous study,”” suggested
the existence of a positive feedback loop involving miR-320 and
CD36 in the onset and continuing manifestation of the DCMP
phenotype (Figure S9). Specifically, our previous study revealed that
miR-320 translocated to the nucleus to enhance CD36 transcription,
which promotes FAA uptake and myocardial lipid deposition, even-
tually leading to DCMP. The current study demonstrated a positive
regulatory loop between CD36 and miR-320, with CD36 induction

Figure 3. miR-320 knockdown protected against diastolic dysfunction in db/db mice

(A) Time course analysis of random-fed blood glucose levels in wild-type (WT), db/db-control, db/db-rAAV-GFP, db/db-rAAV-miR-320, db/db-rAAV-miR-320-TuD, db/db-
insulin groups. N = 8. (B)-(D) Echocardiographic and hemodynamic analysis of wild-type mice and db/db mice in different groups. dp/dt max and dp/dt min, peak
instantaneous rate of LV pressure increase and decrease, respectively. N = 7-10. (E) Cardiac lipid deposition detected by oil red staining in different groups. N = 5-6. (F)
Cardiomyocytes visualization and size quantitation by H&E staining in different groups. N = 5-6. (A)—(F) “*p < 0.01, **p < 0.001; (A)—(F) one-way ANOVA.
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as an early trigger that later induced miR-320 expression. In addition,
CD36 increase in the early stage of DCMP was likely mediated by the
decreased Ago2 protein involved in targeted degradation. Once
established, this feedback loop persisted even after the normalization
of hyperglycemia in the diabetic model, which may explain the hyper-
glycemic memory phenomenon in the diabetic heart. Our in vivo
study showed that rAAV-miR-320 TUD-mediated inhibition of
miR320 restored cardiac diastolic function, serving as a potential
therapeutic strategy for treating DCMP.

As early as 1990, Roy et al. coined the term “metabolic memory” by
demonstrating the poor reversibility of diabetic complications after
the normalization of glucose levels. In cultured human endothelial
cells, high-glucose-induced fibronectin and collagen IV overexpres-
sion remained detectable after replating and multiple cell divisions
in the presence of normal glucose concentrations. They concluded
that hyperglycemia might be responsible for these events through
the induction of self-perpetuating changes in gene expression.’’
Over the ensuing years, their hypothesis has received growing
experimental support; multiple cellular mechanisms such as
advanced glycation, lipotoxicity, oxidative stress, mitochondrial
dysfunction, histone acetylation, and methylation may confer sus-
tained modifications to genes and proteins implicated in diabetic
complications.”*™*" Our study provides new insights into the
potential mechanisms of hyperglycemic memory, involving a positive
feedback loop between miR-320 and the FFA transport gene CD36.
CD36 is a scavenger receptor that functions in high-affinity tissue up-
take FFAs and contributes to lipid accumulation and metabolic
dysfunction under excessive fat supply.** Lipotoxicity is a process
by which lipid accumulation in non-adipose organs results in oxida-
tive stress, mitochondrial dysfunction, and apoptosis, leading to
cellular and tissue dysfunction."** Sustained CD36 elevation may
be responsible for the continued cardiac dysfunction through the in-
duction of self-perpetuating changes in gene expression. miR-320
knockdown inhibited this regulatory loop and effectively rescued
the diastolic dysfunction in type 1 and type 2 diabetic mice.

T1DM is characterized mainly by insulin-dependent hyperglycemia,
whereas T2DM involves insulin resistance associated with obesity and
hyperlipidemia in skeletal muscle and hepatic tissues.”® STZ treat-
ment is a well-recognized approach to induce T1IDM by destroying
pancreatic B cells.**® We showed that the CD36 and miR-320 feed-
back loop contributed to the DCMP progression in T1DM, even after
hyperglycemia had normalized. For T2DM, although other mecha-
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nisms such as insulin resistance and inflammation are also involved,
clinical guidelines strongly recommend glycemic control to reduce
the burden of long-term diabetic complications.””*" In this study,
we showed that insulin failed to do this, whereas miR-320 knockdown
effectively rescued diastolic dysfunction in type 2 diabetic mice. How-
ever, considering the coexistence of multiple cardiovascular risk fac-
tors in T2DM, other mechanisms such as “hyperlipemia memory”
and/or “hyperinsulinemia memory” may be involved in the DCMP
progression in T2DM and require further studies. Another issue
that needs to be addressed is whether the “hyperglycemia memory”
is a side effect of insulin treatment. We have performed islet trans-
plantation on STZ-induced T1DM mice and observed progression
of cardiac dysfunction (unpublished data), indicating that “hypergly-
cemia memory” indeed existed. Although a large number of new anti-
diabetic agents such as sodium-glucose cotransporter-2 inhibitors are
effective in reducing cardiac events, insulin was still selected in this
study for glycemic control. This is because insulin remains the funda-
mental treatment for TIDM and T2DM patients, especially in whom
oral hypoglycemic agents are ineffective in reducing glucose levels
and those with contraindications to non-insulin antidiabetic agents,
such as severe diabetic nephropathy and gestational diabetes.**’
Therefore, exploring the mechanisms of “hyperglycemia memory”
using insulin for glycemic control may have clinical implications
for patients with type 1 and type 2 diabetes.

Although frequently referred to in clinical studies,” > “hyperglyce-
mia memory” is not widely used in basic research, due to the
following: (1) lack of well-established animal models and (2) unestab-
lished follow-up time after hyperglycemia normalization in animal
models. The follow-up times in human studies (usually years or de-
cades) are yet to be extended to animal studies. This is a major chal-
lenge in studying "hyperglycemia memory" in animal models for the
entire research community. We selected several observed time points
(4, 8, and 12 weeks) for our study based on our experience; however,
we were unable to rule out the possibility that "hyperglycemia mem-
ory" was the delayed structural change in the myocardium. Therefore,
further studies are required to establish an appropriate follow-up time
for animal studies that is comparable to that of patients with diabetes.

Clinically, heart failure with preserved ejection fraction (HFpEF) has
emerged as a significant issue in patients with DM. Despite the lack of
consensus on the pathophysiology of the disease, both American and
European heart failure guidelines have based the HFpEF diagnostic
criteria on clinical parameters, including preserved EF and diastolic

Figure 4. The CD36/miR-320 positive feedback loop in cardiomyocytes

(A) Western blotting analysis of CD36 protein levels in AC-16 cells transfected with pcDNA-CD36 or si-CD36. (B) Quantitative real-time PCR analysis of miR-320 in AC-16
cells transfected with p)cDNA-CD36 or si-CD36. N = 6. (C) Western blotting analysis of TFs levels in AC-16 cells treated with high glucose (high glucose: 33.3 mM; control
glucose: 5.5 mM). (D) Quantitative real-time PCR analysis of miR-320 in AC-16 cells transfected with pcDNA-SP1. N = 6. (E) Western blotting analysis of SP1 protein levels in
AC-16 cells transfected with pcDNA-CD36. N = 3. (F) Western blotting analysis of CD36 and SP1 in AC-16 cells transfected with pcDNA-CD36 under si-NC or si-SP1
conditions. (G) Quantitative real-time PCR analysis of miR-320 in in AC-16 cells transfected with p)cDNA-CD36 under si-NC or si-SP1 conditions. N = 3. (H) Western blotting
of SP1 protein levels in AC-16 cells transfected with pcDNA-CD36 under NAC (N-acetyl cysteine) or control treatment. N = 3. (I) Western blotting analysis of cardiac CD36
protein levels in diabetic mice 8 weeks after STZ treatment with 4 weeks glycemic control by insulin. N = 4. (J) A model to illustrate the positive feedback loop between CD36
and miR-320. (A)-(J) *p < 0.05; (B)—(E) Wilcoxon signed-rank test; (G)—(l) one-way ANOVA.
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parameters evaluated using echocardiography or catheterization.”*
Therefore, we focused on evaluating cardiac diastolic function in
DCMP. There are several mechanisms that result in phenotypical
HFpEF, including increased myocardial collagen deposition,
impaired cardiac metabolism and substrate utilization, myocardial
steatosis (lipid accumulation), altered insulin signaling-induced pro-
tein kinase C activation, advanced glycated end-product deposition,
and impaired endothelial nitric oxide production.”>> In our study,
we did not observe any changes in myocardial fibrosis following
miR-320 knockdown. We observed increased cardiac lipid accumula-
tion in the heart of diabetic mice, which was alleviated by miR-320
knockdown, suggesting that the miR-320-CD36 loop may influence
diastolic dysfunction of DCMP by promoting cardiac lipid
accumulation.

The well-studied miR-320 has been implicated in multiple metabolic
and cardiovascular diseases. As early as 2009, miR-320 expression was
found to be decreased in hearts with ischemia/reperfusion; transgenic
mice with cardiac-specific miR-320 overexpression showed increased
apoptosis and infarction size, while miR-320 knockdown reduced the
infarction size.”® Another study demonstrated that miR-320a induces
diabetic nephropathy via inhibiting MafB,”” mediates doxorubicin-
induced cardiotoxicity by targeting the vascular endothelial growth
factor signaling pathway, and contributes to atherogenesis by aug-
menting multiple risk factors and downregulating serum response
factor (SRF).”**®* In DCMP, miR-320 upregulation in the heart of
high-fat diet-, db/db-, and STZ-treated mice acts in the nucleus to
enhance CD36 transcription, contributing to cardiac dysfunction.”’”
Furthermore, this study demonstrated that glycemic control does
not restore hyperglycemia-induced alterations in miR-320 expres-
sion, indicating a potential miR-320 role in hyperglycemic memory.
In contrast with insulin treatment, miR-320 knockdown protected
against the onset of diastolic dysfunction in the STZ-treated mice.
We observed only mild miR-320 upregulation (between 1.5- and
2-fold) in the heart of STZ-treated mice. Considering that cardiac
cells are a mixture of multiple cell types, we isolated CMs and non-
CMs, and we found that miR-320 upregulation was specifically de-
tected in CMs; but a trend of decreased miR-320 expression was
observed in non-CMs in the STZ-treated mouse hearts. A previous
study showed that in mice with transverse aortic constriction
(TAC)-induced heart failure, miR-320 overexpression in CMs exacer-
bated cardiac dysfunction, whereas miR-320 overexpression in car-
diac fibroblasts (CF) alleviated cardiac fibrosis and hypertrophy.>
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In diabetic hearts, it is possible that CF-localized miR-320 may be
protective against cardiac performance. However, CF-localized
miR-320 did not seem to participate in the CD36/miR-320 loop
because miR-320 was localized in the cytoplasm®” and was therefore
unable to induce CD36 transcription.

We found that miR-320 TUD-mediated inhibition rescued diastolic
dysfunction, and miR-320 mimic expression did not further exacer-
bate diastolic dysfunction in the diabetic mouse heart. This was
possibly due to the following: (1) miR-320 expression may require
more time to exhibit its effect; (2) miR-320 is necessary but not suf-
ficient for the formation of the feedback loop. Moreover, despite clear
upregulation of a single myocytes area in diabetic mice, we did not
detect significant morphological changes in whole heart sections be-
tween various groups (Figures S3E and S4C). This was possibly
because the wall thickness of the whole heart section was determined
by (1) the area of single myocytes and (2) the number of myocytes. In
fact, myocyte apoptosis was dramatically increased in diabetic
hearts.”” Therefore, an increase in the area of a single myocyte may
not affect the overall hypertrophy in the whole heart section because
of the decrease in myocytes numbers.

In the positive feedback loop, we concluded that CD36 was the initi-
ation factor because increased CD36 protein expression in early DM
was consistent with enhanced CD36 translation as detected by poly-
some analysis, but it was not coupled with increased mRNA levels.
We observed a decreased Ago2 level in the early hyperglycemia stages
both in vivo and in vitro, which seemed to directly regulate CD36 pro-
tein translation based on targeted knockdown results. Ago2-mediated
CD36 translational regulation might be contributed by other
unknown miRNAs. At later stages of diabetes, Ago2 protein levels re-
turned to normal, and CD36 protein and mRNA levels were upregu-
lated, possibly resulting from miR-320-mediated transcriptional
activation.

In this study, we found that Ago2 was secreted outside of cells in dia-
betes. Previous studies have also detected Ago2 in cell culture media
and human blood plasma.(’o’(" Moreover, Ago2 translocates into exo-
somes, a critical process for Ago2-bound miRNAs, such as let-7a,
miR-100, and miR-320a, to transport into extracellular exosomes
from cancer cells.>*” In cardiovascular diseases, composition changes
in exosomes under pathological conditions contribute to disease devel-
opment. Exosomes did not affect cardiac function in any unifying

Figure 5. CD36 was the initial factor of CD36/miR-320 positive feedback loop at the early stage of hyperglycemia

(A) Time course analysis of CD36 protein levels in diabetic mice 2, 4, and 8 weeks after STZ treatment. N = 3. (B) Time course analysis of relative miR-320 levels in diabetic
mice 2, 4, and 8 weeks after STZ treatment. N = 4. (C) Time course analysis of relative CD36 mRNA levels in diabetic mice 2, 4, and 8 weeks after STZ treatment. N = 3. (D)
Time course analysis of CD36 protein levels in AC-16 cells after 3, 6, 12, 24, and 48 h of high glucose. N = 3. (E) Time course analysis of relative CD36 mRNA levels in AC-16
cells after 3, 6, 12, 24, and 48 h of high glucose. N = 4. (F) Polysome profiling. Representative ribosomal proteins (RPS3 and RPL4) on individual gradient fractions were
detected by western blotting, and specific rRNA, mRNA transcripts were quantified by quantitative real-time PCR. The assignment of small and large ribosomal subunits,
monosomes, and putative polysomes was based on the distribution of both rRNAs and protein. The putative polysome fractions were characterized by RNase | treatment.
The relative abundance of individual transcripts in each fraction was presented as the percentage of the total fraction. (G)-(H) The association of the CD36 mRNA with putative
polysome fractions (fraction 11 and 12) in response to 6 h of high glucose treatment (HG-6h). N = 4. (A)-(H) *p < 0.05, **p < 0.01, ***p < 0.001; (A)—(E) one-way ANOVA; (H)

Student’s t test. High glucose: 33.3 mM; control glucose: 5.5 mM.
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direction, and their functions were largely dependent on the contained
miRNAs or proteins. Some exosome components were cardio-protec-
tive (such as miR-21-5p), while others were detrimental (such as
miR-21-3p and miR-320) for cardiac function.®*®® However, the role
of exosomal Ago2 in cardiovascular diseases has not been elucidated.
It is possible that exosomal Ago2 secreted from myocytes together
with specific Ago2-bound miRNA collectively regulate the function of
other cardiac cells (cardiac fibroblasts and cardiac endothelial cells) or
other tissues during diabetes-induced complications. Further studies
are needed to reveal the complicated crosstalk between different cells
or tissues mediated by exosomal Ago2 and bound miRNAs. Apart
from secretion into the cell culture supernatant by high glucose, Ago2
degradation through the ubiquitin-proteasome pathway also increased.
The correlation between increased Ago2 secretion and degradation also
requires further study.

In summary, our findings reveal that in DCMP, miR-320 and CD36
mutually enhance the expression of one another, leading to a positive
feedback loop and possible hyperglycemic memory in cardiomyocytes.
We demonstrated that miR-320 inhibition could rescue diastolic
dysfunction in diabetic mice. These findings provide proof-of-concept
evidence of a potential therapeutic strategy for the treatment of DM-
induced cardiac dysfunction by targeting miR-320.

MATERIALS AND METHODS

Ethics

All animal studies were conducted with the approval of the Animal
Research Committee of Tongji Medical College and in accordance
with the NIH Guide for the Care and Use of Laboratory Animals
(ethics permit number: TJH-201904010). To avoid the potential effects
of sex differences, male C57BL/6] mice, db/db mice on C57BL/Ks back-
ground, and control C57BL/Ks mice (GemPharmatech, Nanjing,
China) were used. Because of the possible effects of estrogens on the
heart, only adult male mice were used for all experiments. Mice were
anesthetized with intraperitoneal injections of a mixture of xylazine
(5 mg/kg) and ketamine (80 mg/kg), and all efforts were made to mini-
mize suffering.

Human plasma

Human plasma was studied according to a protocol approved by the
Clinical Research Committee of Tongji Medical College (ethics
permit number: NCT03461107). The study conformed to the princi-
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ples outlined in the Declaration of Helsinki (2000). Five patients with
diabetes and five controls were recruited in the study and provided
informed consent. Patients with diabetes were selected based on a
fasting plasma glucose concentration of >7.0 mmol/L.

STZ treatment

STZ (Sigma-Aldrich, Shanghai, China) was dissolved in sodium cit-
rate buffer (pH = 4.5) to a concentration of 8 mg/mL. C57BL/6]
mice (8-week-old males) were deprived of food overnight and then
injected intraperitoneally with 40 mg/kg STZ for 5 consecutive
days. The control mice were injected with an equivalent volume of so-
dium citrate buffer as previously suggested.” Blood glucose levels in
the tail veil of all experimental mice were measured using a blood
glucometer (OneTouch Verio Vue, OneTouch, Shanghai, China); a
range of >13.3 mmol/L was considered diabetic. The mice were
sacrificed via cervical dislocation. The detailed experimental proced-
ures are presented in Figure S1.

Insulin pump implantation and subcutaneous insulin injection

The STZ-induced diabetic mice in the blood glycemic control group
were anesthetized with 1% pentobarbital and implanted with an Alzet
Mini-Osmotic Pump 1004 (Durect, Cupertino, CA),3 which was sup-
plemented with insulin aspart injection (NovoRapid FlexPen, Novo
Nordisk, Bagsvaerd, Denmark). Db/db mice in the blood glycemic
control group were subcutaneously injected with 2 U/kg of insulin
67

glargine once a day.”” Detailed information on the animal studies is

shown in the Figure S1.

rAAV administration

rAAVs (type 9) containing miR-320, miR-320 TUD, or GFP were
prepared by triple plasmid co-transfection in HEK293T cells as pre-
viously described.”” The rAAV-D(+) vector (double-stranded rAAV
vector plasma), adenovirus helper plasmid phelper, and packaging
plasmid pXX9 were kindly provided by Dr. Xiao.”>* For the in vivo
experiments, control or STZ-treated mice were randomly divided into
different groups: NS (1X PBS), rAAV-GFP, rAAV-miR-320, rAAV-
miR-320 TUD. Db/db mice and their litter controls were also divided
into several groups, including the four mentioned. rAAV viruses car-
rying 1x10"" vector copies dissolved in 100 pL of 1 x PBS were
administrated by a one-time tail vein injection into the STZ or db/
db mouse model. The detailed numbers for each group are presented
in the figure legends (Figure S1 legend).

Figure 6. Loss of Ago2 mediated the early induction of CD36 by hyperglycemia

(A) Time course analysis of Ago2 protein levels in AC-16 cells after 3, 6, 12, 24, and 48 h of high glucose. N = 3. (B) Time course analysis of Ago2 protein levels from heart in
diabetic mice 2, 4, and 8 weeks after STZ treatment. (C) Quantitative analysis of Ago2 protein levels in diabetic mice. N = 3. (D) Quantitative real-time PCR analysis of CD36
mRNA levels in AC-16 cells transfected with si-Ago2. N = 6. (E) Western blotting analysis of CD36 in AC-16 cells transfected with si-Ago2. N = 3. (F) A model illustrating how
Ago2 reduction stimulated CD36 translation. (G) Left: quantitative real-time PCR analysis of total CD36 mRNA level in AC-16 cells after 6 h of hyperglycemia. N = 6; Right:
quantitative real-time PCR analysis of CD36 mRNA immunoprecipitated from AC-16 cells with anti-Ago2 after 6 h of hyperglycemia. N = 6. (H) Time course analysis of relative
Ago2 mRNA levels in AC-16 cells after 3, 6, 12, and 24 h of high glucose. N = 3. () Immunoprecipitation of Ago2 protein from cell culture supernatant with anti-Ago2 after 3, 6,
12, and 24 h of hyperglycemia on AC-16 cells. N = 3. (J) Immunoprecipitation of Ago2 protein with anti-Ago2 antibody from plasma of diabetic patients. (K) Ubiquitinated Ago2
levels in AC-16 cells after 3, 6, 12, and 24 h of high glucose (HG). (L) Western blotting analysis of Ago2 in AC-16 cells treated with MG132 after 3, 6, 12, and 24 h of high
glucose. (A)-(L) RIP: RNA immunoprecipitation. High glucose: 33.3 mM. Control glucose: 5.5 mM. *p < 0.05, *p < 0.01; (A), (C), (H), and (l) one-way ANOVA; (D) and (G)

Wilcoxon signed-rank test; (E) Student’s t test.
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Cell culture and transfection

HEK293 and AC 16 cells from ATCC (Manassas, VA, Designation No.
PTA-1500) were maintained in H-DMEM supplemented with 10% FBS
at 37°C in a 95% air and 5% CO, atmosphere. ACI16 cells were incu-
bated with normal (5 mM) or high (33 mM) glucose for 3 h, 6 h, 12
h, 24 h, and 48 h and then collected. miRNA mimics, siRNAs, and rela-
tive controls were purchased from RiboBio (Guangzhou, China), the
catalog numbers are listed in Table S10. Transfection with miR-320
mimics (100 nM), siRNAs (100 nM), and relative controls (100 nM)
was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA),
according to the manufacturer’s recommendations. Specifically,
serum-free complexes using a DNA (pg) to Lipofectamine 2000 (uL) ra-
tio of 1:3 were prepared for plasmid DNA transfection; for miRNA or
siRNA, complexes containing 100 pmol RNA and 3uL Lipofectamine
2000 were prepared. The medium was changed 6 h after transfection.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from cells or frozen tissues using TRIzol fol-
lowed by reverse transcription with the SuperScript III First Strand
Synthesis Kit (Life Technologies, Carlsbad, CA, USA). Real-time
PCR assays were performed according to the manufacturer’s instruc-
tions using the SYBR Select Master Mix (Life Technologies, Carlsbad,
CA) on a 7900HT FAST Real-Time PCR System (Life Technologies,
Carlsbad, CA).*® All reactions were performed in triplicates.

Polysome analysis

Sucrose gradient sedimentation of the ribosome/polysome was per-
formed as previously described.”>”° Briefly, AC-16 cells were treated
with cycloheximide (100 pg/mL) and suspended in a lysis buffer on
ice for 30 min. The lysate (400 uL each) was then loaded onto a 10%-
50% sucrose gradient and centrifuged at 180,000 g for 260 min in an
SW40.1 Ti Rotor (Beckman Coulter, Fullerton, CA, USA). After centri-
fugation, 12 gradient fractions were collected for RNA and protein an-
alyses. Representative ribosomal proteins (RPS3 and RPL4) were
measured using western blotting, and specific RN As were quantified us-
ing quantitative real-time PCR. The assignment of small and large ribo-
somal subunits, monosomes, and putative polysomes was based on the
distribution of rRNAs and ribosomal proteins. To characterize the pu-
tative polysomes, the lysate was treated with 5 U/ml RNase I for 40 min
at 25°C to convert polysomes to monosomes. The relative abundance of
individual transcripts in each fraction was presented as a percentage of
the total fraction.

RNA immunoprecipitation

The cell lysis solution was immunoprecipitated with anti-Ago2 anti-
body (Abnova Corporation, Taiwan, China) or IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) using protein G Sepharose beads
(Santa Cruz Biotechnology, Santa Cruz, CA). After elution from the
beads, bound RNA was extracted with TRIzol and quantified by
real time RT-PCR.

Protein extraction and western blotting
Protein samples from cells or frozen hearts were quantified by using
bicinchoninic acid assay kit (BOSTER, Wuhan, China). For western

blotting, total cell lysate was re-dissolved by SDS-PAGE, transferred
to nitrocellulose membrane, and blocked with 5% non-fat dry milk
in TBS-T. The membrane was incubated with indicated primary anti-
body overnight at 4°C, followed by incubation with peroxidase-con-
jugated secondary antibody for 2 h, and finally developed using the
ECL system (Beyotime Institute of Biotechnology, Nanjing, China).
The antibodies used in this study are listed in Table S11. Western
blotting results were quantified by densitometry and processed with
the Image]J software (National Institutes of Health software, USA).

Transcription factor prediction

To predict TFs that bind to the promotor region of miR-320,
TRANSFAC 2.0 (http://www.gene-regulation.com/index2.html) and
JASPAR (https://jaspar.genereg.net/) databases were employed. The
5’ promoter region (approximately 0-2000 bps) of DNA was selected
for prediction.

Cardiac echocardiography

After anesthetization, echocardiography was performed with a 30-MHz
30 high-frequency scan head (VisualSonics Vevol100, VisualSonics,
Toronto, ON, Canada) as we described previously.zz’B’71 Briefly, a
parasternal long-axis B-mode image was acquired with appropriate
positioning of the scan head so that the maximum LV length could
be identified. Then a clockwise 90° rotation at the papillary muscle level
depicted the parasternal short-axis view. From this view, an M-mode
cursor was positioned perpendicular to the anterior and posterior walls
of the left ventricle, and M-mode image loops were obtained for
measurement of wall thickness and chamber dimensions. LVEF was
calculated as follows: LVEF = (left ventricular end-diastolic volume
[LVEDV] - left ventricular end-systolic volume [LVESV])/LVEDV
x100%. FS was calculated as follows: FS% = (left ventricular end dia-
stolic dimension [LVDd] -left ventricular end systolic dimensions
[LVDs])/LVDd x 100%. For evaluation of diastolic function of left
ventricle, pulse wave Doppler imaging and tissue Doppler imaging
were used as previous described.”>”” Specifically, the scan head was
positioned in an apical four-chamber view. Transmitral inflow was ob-
tained in pulse wave Doppler mode, for measuring the peak velocity of
early (E peak) and late (A peak) filling of mitral inflow. The tissue mo-
tion velocity of mitral annulus was measured in tissue Doppler mode,
which included a waveform in early diastole (E’ peak). The ratios of E
peak to A peak (E/A) as well as E peak to E’ peak (E/E") were then calcu-
lated. Each of these captured image loops included 11 to 20 cardiac cy-
cles, and data were averages from at least three cycles per loop. To
monitor left ventricular catheterization, a catheter manometer (Millar
1.4F, SPR 835, Millar Instruments) was inserted via the right carotid ar-
tery into the left ventricle. The data were continuously recorded. The
cardiac function parameters were calculated with PVAN software
(Millar 2 Instruments, Houston, TX), as described.*

Histopathology

Formalin-fixed tissues were paraffin embedded and in paraffin, cut
into 4-pm-thick sections and stained with hematoxylin and eosin
(H&E) and Sirius red. Fresh tissues embedded with cryo-embedding
media (OCT) were frozen completely, sectioned into 10-pum thickness
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using a cryotome and stained with oil red. Images were acquired using
a light microscope. Six areas were randomly selected from each sec-
tion and automatically quantified using the Image-Pro Plus software
(version 6.0; Media Cybernetics, Bethesda, MD, USA).

Statistical analysis

Data are presented as mean + SEM (n is noted in specific figure leg-
ends). All datasets were tested for normality typically using the
Shapiro-Wilk test to choose an appropriate parametric or nonpara-
metric test. Student’s t tests were performed to determine statistical
significance between two groups. One-way ANOVA combined with
Tukey’s multiple comparisons were performed for comparisons
among more than two groups. Wilcoxon signed-rank tests were
applied for nonparametric paired analysis (two groups). In all cases,
statistical significance was defined as p < 0.05.
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