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ORIGINAL INVESTIGATION
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Abstract 

Background: Type 2 diabetes (T2D) is associated with coronary microvascular dysfunction, which is thought to 
contribute to compromised diastolic function, ultimately culminating in heart failure with preserved ejection frac‑
tion (HFpEF). The molecular mechanisms remain incompletely understood, and no early diagnostics are available. We 
sought to gain insight into biomarkers and potential mechanisms of microvascular dysfunction in obese mouse (db/
db) and lean rat (Goto‑Kakizaki) pre‑clinical models of T2D‑associated diastolic dysfunction.

Methods: The microRNA (miRNA) content of circulating extracellular vesicles (EVs) was assessed in T2D models 
to identify biomarkers of coronary microvascular dysfunction/rarefaction. The potential source of circulating EV‑
encapsulated miRNAs was determined, and the mechanisms of induction and the function of candidate miRNAs were 
assessed in endothelial cells (ECs).

Results: We found an increase in miR‑30d‑5p and miR‑30e‑5p in circulating EVs that coincided with indices of coro‑
nary microvascular EC dysfunction (i.e., markers of oxidative stress, DNA damage/senescence) and rarefaction, and 
preceded echocardiographic evidence of diastolic dysfunction. These miRNAs may serve as biomarkers of coronary 
microvascular dysfunction as they are upregulated in ECs of the left ventricle of the heart, but not other organs, in db/
db mice. Furthermore, the miR‑30 family is secreted in EVs from senescent ECs in culture, and ECs with senescent‑like 
characteristics are present in the db/db heart. Assessment of miR‑30 target pathways revealed a network of genes 
involved in fatty acid biosynthesis and metabolism. Over‑expression of miR‑30e in cultured ECs increased fatty acid 
β‑oxidation and the production of reactive oxygen species and lipid peroxidation, while inhibiting the miR‑30 fam‑
ily decreased fatty acid β‑oxidation. Additionally, miR‑30e over‑expression synergized with fatty acid exposure to 
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Background
Type 2 diabetes (T2D) is characterized by system-
wide metabolic changes, including insulin resistance 
and hyperglycemia [1]. Individuals with T2D have an 
elevated risk of developing heart failure (HF) [2, 3]. 
Indeed, > 40% of patients hospitalized with HF have 
T2D [4]. Heart failure includes both HF with reduced 
ejection fraction (HFrEF) and HF with preserved ejec-
tion fraction (HFpEF), with the latter being the pre-
dominant condition observed in T2D patients [5]. 
HFpEF is characterized by the stiffening of the left 
ventricle and impaired relaxation of the heart during 
diastole [6]. Notably, echocardiographic imaging has 
revealed that ~ 50% of diabetics without cardiac symp-
toms have measurable diastolic dysfunction, suggest-
ing that there exists significant undiagnosed pathology 
in the diabetic population [7]. With a paucity of effec-
tive biomarkers for early detection, timely treatment 
of diastolic dysfunction and HFpEF remains a major 
challenge [8]. Notably, the EMPEROR-Preserved study 
recently reported that the SGLT2 inhibitor, empagli-
flozin, can reduce HF hospitalization and cardiovascu-
lar death in HFpEF patients with and without diabetes 
by ~ 21% [9]. This is the first drug that has been shown 
to be effective in the T2D HFpEF population. While 
this provides some optimism, we still lack a mechanis-
tic understanding of HFpEF initiation and progression, 
hindering further progress.

Dysfunction of the coronary microvasculature has 
been implicated as a culprit in HFpEF. For example, 
HFpEF patients have defective coronary flow reserve 
(CFR) and increased microvascular resistance [10], and 
a reduction in the density of the microvasculature in the 
left ventricle [11]. Furthermore, microvascular dysfunc-
tion detected via compromised CFR is associated with 
the development of diastolic dysfunction and future risk 
of HFpEF [12]. While the mechanisms of microvascu-
lar dysfunction in HFpEF are poorly understood, T2D is 
associated with systemic inflammation, oxidative stress, 
cellular senescence and metabolic dysfunction, which 
can promote endothelial cell (EC) activation and vascular 
dysfunction [13].

Endothelial fatty acid (FA) metabolism may contribute 
to microvascular pathology, although the mechanisms 
have not been fully defined. In healthy conditions, ECs 
predominantly utilize glycolysis (~ 85%) for ATP produc-
tion, with only minor contributions from FA β-oxidation 
(FAO) (~ 5%) and glucose oxidation [14]. In T2D, eleva-
tions in circulating levels of triglyceride-rich lipoproteins 
and saturated FAs [15], together with insulin resistance, 
enhances the utilization of FAs as a fuel source in cardio-
myocytes, with detrimental consequences including lipo-
toxicity [16]. In the endothelium, excess FAs can promote 
FAO and this is associated with a myriad of detrimen-
tal effects, including insulin resistance, mitochondrial 
dysfunction, reactive oxygen species (ROS) production 
and oxidative stress, endoplasmic reticulum (ER) stress, 
inflammation, apoptosis, lipotoxicity, decreased eNOS 
activity and defective vasodilatory function [14, 17–20].

Extracellular vesicles (EVs) are increasingly recog-
nized for their utility as circulating biomarkers of disease, 
including in diabetic cardiomyopathy [21]. EVs include 
exosomes (30–150  nm in diameter, produced by multi-
vesicular bodies that are released by all cells), microvesi-
cles (150–1000 nm, which bud off the plasma membrane 
preferentially as a result of cellular stress), and apoptotic 
bodies (1–5  µm, produced by apoptotic cells) [22, 23]. 
Secreted EVs contain molecular cargo (eg. protein, DNA, 
lipid, mRNA, lncRNA and miRNA) that can be taken up 
by neighbouring cells through binding, fusion, or endo-
cytosis, altering recipient cellular function [21]. EVs can 
also be released into the circulation, where they can com-
municate with distant cells [24]. The abundance and type 
of EVs, along with their contents (including miRNA), vary 
during disease progression [25], thus providing a poten-
tial circulating biomarker to assess underlying health 
conditions. In the current study, we sought to identify 
early circulating biomarkers of HFpEF pathology by pro-
filing circulating EV-encapsulated miRNAs. We found 
that miR-30 family members are upregulated in plasma 
EVs in rodent models of T2D, prior to the development 
of diastolic dysfunction, and that cardiac ECs with senes-
cent-like characteristics may be the source of these EVs. 
Additionally, we determined that miR-30 enhances FAO 

down‑regulate the expression of eNOS, a key regulator of microvascular and cardiomyocyte function. Finally, knock‑
down of the miR‑30 family in db/db mice decreased markers of oxidative stress and DNA damage/senescence in the 
microvascular endothelium.

Conclusions: MiR‑30d/e represent early biomarkers and potential therapeutic targets that are indicative of the 
development of diastolic dysfunction and may reflect altered EC fatty acid metabolism and microvascular dysfunction 
in the diabetic heart.

Keywords: Endothelial cell, Microvasculature, Diabetes, Extracellular vesicle, microRNA, Biomarker, Diastolic 
dysfunction, Heart failure with preserved ejection fraction
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in ECs, which promotes oxidative stress and suppresses 
eNOS expression. Finally, knock-down of miR-30 in db/
db mice reduced markers of oxidative stress and DNA 
damage/senescence in the coronary microvasculature. 
Our findings therefore suggest that miR-30 is a putative 
biomarker and effector of microvascular dysfunction in 
HFpEF pathogenesis.

Methods
A complete description of Methods is included in the 
Additional File 1: Data supplement.

Experiments involving animals
All animal use protocols (AUPs) for mouse and rat 
experiments were approved by the Animal Care Com-
mittees at the University Health Network (Toronto) and 
St. Michael’s Hospital (Toronto), respectively, and adhere 
to the Canadian Council on Animal Care (CCAC) guide-
lines and the NIH Guide for the Care and Use of Labo-
ratory Animals. For mouse experiments, inhaled 0.5–3% 
isoflurane vapour was used for procedures. For eutha-
nasia, mice were given > 5% isoflurane with a vaporizer 
until respiration ceased and were then exsanguinated 
under anesthesia. For mice that were not needed for 
experiments, mice were given inhaled 0.5–3% isoflurane 
followed by  CO2 asphyxiation (fill rate of 20–30% vol-
ume/minute) under anaesthesia. For rat experiments, 
isoflurane at 0.5–1% was inhaled during anaesthesia for 
echocardiography and pressure–volume loop analyses. 
All rats were euthanized following cardiac catheteriza-
tion, while under anaesthesia (2% isoflurane) via cervical 
dislocation.

Statistical analysis
All experiments were performed at least 3 independent 
times on biological replicates unless otherwise stated. 
The exact number of replicates is stated in the figure 
legends or indicated in the figures as individual data 
points. Data plots depict the mean ± standard error of 

the mean unless stated otherwise. Statistical analysis was 
performed in GraphPad Prism (version 9.2.0) using an 
unpaired two-sided Student’s t-test for pairwise compari-
sons, or One-Way ANOVA with Holm-Sidak’s multiple 
comparisons test for multiple comparisons, unless stated 
otherwise. For all figures, *, ** and *** indicate p < 0.05, 
p < 0.01 and p < 0.001, respectively.

Results
Cardiac microvascular rarefaction precedes 
the development of diastolic dysfunction in pre‑clinical 
T2D models
T2D in humans and animal models is associated with 
EC dysfunction and microvascular rarefaction in the 
left ventricle of the heart [26]. This is thought to impact 
cardiac function, resulting in impaired relaxation dur-
ing diastole [11]. We characterized cardiac function in 
two genetic models of T2D. Leptin-receptor mutant mice 
(Leprdb/db; also known as db/db) are obese and hypergly-
cemic (Fig. 1A), while Goto-Kakizaki (GK) rats are lean 
and hyperglycemic (Additional File 1: Fig. S1B). Echocar-
diography was performed in diabetic (db/db) mice and 
non-diabetic controls (db/ +) at 8 and 14  weeks of age 
with traditional and strain measurements. As measured 
by echocardiographic analysis of strain, significant dias-
tolic dysfunction was present in db/db mice at 14 weeks 
of age, but not at 8 weeks of age, suggesting that defec-
tive diastolic relaxation occurs at later stages of disease in 
db/db mice (Fig. 1B). Pressure–volume (PV) loop analy-
sis corroborated these findings at 14 weeks, as indicated 
by altered dP/dt- (Fig. 1C) and Tau logistic (Fig. 1D) val-
ues. Systolic function was normal at 14  weeks, as dem-
onstrated by unchanged ejection fraction (EF), fractional 
shortening (FS), LV mass and LV diastolic volume (Addi-
tional File 1: Fig. S1A). Heart rate (HR) was also not sig-
nificantly different at 14  weeks (Additional File 1: Fig. 
S1A). Cardiac function was similarly assessed in lean 
diabetic GK rats and wild-type Wistar (WS) controls 
at 28  weeks of age, a relatively advanced stage of T2D. 

(See figure on next page.)
Fig. 1 Diabetic mice develop diastolic dysfunction accompanied by microvascular rarefaction in the left ventricle. A Fasting blood glucose levels 
and body weight in db/db mice and db/ + controls at 6, 10 and 14 weeks of age. n = 4–5 mice per group. ** and *** indicate p < 0.01 and p < 0.001, 
respectively, for db/db vs. db/ + controls at the specified timepoint using an unpaired t‑test. B Longitudinal and radial strain analysis at 8 and 
14 weeks in db/db mice and db/ + controls. * and ** indicate p < 0.05 and p < 0.01, respectively for db/db vs. db/ + controls at the specified timepoint 
using an unpaired t‑test. C Pressure–Volume (PV) loop analysis at 14 weeks in db/db mice and db/ + controls, depicting the dP/dt maximum 
(dP/dt +) and minimum (dP/dt‑) values. * indicates p < 0.05 for db/db vs. db/ + using an unpaired t‑test. D Tau measurements, indicative of the 
exponential decay of the ventricular pressure during isovolumetric relaxation, from PV loop analysis at 14 weeks in db/db mice and db/ + controls. 
* indicates p < 0.05 for db/db vs. db/ + using an unpaired t‑test. E 2‑photon confocal microscopy of cardiac microvasculature in the left ventricle 
as assessed by CD31 immunofluorescence at 4, 8 and 14 weeks in db/db mice and db/ + controls. The top images are CD31 immunofluorescence 
and the bottom are the skeleton outlines of the microvasculature. Representative images are shown. Scale bar = 45 μm. F Quantification of 
microvascular density, as assessed by measurement of microvascular area, total vessel length, and mean lacunarity in 4‑, 8‑ and 14‑week db/db 
and db/ + control mice. Each data point represents the mean of multiple fields of view from one mouse. *, ** and *** indicate p < 0.05, p < 0.01 and 
p < 0.001, respectively for the specified comparisons using ANOVA with Holm‑Sidak multiple comparisons test. NS = not significant. All data in the 
figure depict mean ± SEM
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Echocardiographic analysis of strain (Additional File 1: 
Fig. S1C) and PV loop analysis (Additional File 1: Fig. 
S1D, E) revealed the presence of diastolic dysfunction in 
GK rats at this time-point. No defects in systolic param-
eters were observed (Additional File 1: Fig. S1F). The db/

db mouse model and the GK rat model therefore repre-
sent obese and lean T2D-associated diastolic dysfunction 
models, respectively.

We next assessed microvascular density in the left 
ventricle in db/db mice and non-diabetic db/ + controls 
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at 4, 8 and 14  weeks using 2-photon confocal micros-
copy of CD31-stained sections. We observed a signifi-
cant decrease in total vessel area and total vessel length, 
as well as an increase in mean lacunarity, a measure of 
the spaces between microvessels, at 8 and 14 weeks, but 
not at 4  weeks (Fig.  1E, F). Importantly, microvascular 
rarefaction was first evident at 8  weeks in db/db mice, 
a time-point that preceded overt diastolic dysfunction. 
Coronary microvascular density was likewise reduced 
in 28-week GK rats compared to Wistar controls (Addi-
tional File 1: Fig. S2), a time-point that was coincident 
with diastolic dysfunction.

Pre‑clinical models of T2D‑associated diastolic dysfunction 
have altered circulating extracellular vesicle characteristics
To identify potential circulating biomarkers of diastolic 
dysfunction, we first determined whether the size and/or 
concentration of circulating EVs were altered during the 
progression of T2D in mouse and rat models. Circulating 
EVs were isolated from equal volumes of plasma using 
ExoQuick reagent. Nanoparticle tracking analysis (NTA) 
revealed a significant increase in EV size in 8  week db/
db mice and an increase in both size and concentration 
at 14 weeks compared to their respective db/ + controls 
(Fig. 2A, B). Similarly, there was an increase in size and 
concentration of EVs in the plasma of GK rats compared 
to Wistar controls at 28 weeks (Additional File 1: Fig. S3). 
The presence of EVs was confirmed in db/db and con-
trol db/ + samples at 14  weeks via western blotting for 
the EV markers CD63, CD81 and TSG101 (Fig. 2C). The 
EV preparation had minimal staining for the ER marker 
Calnexin, as expected. EVs were also visualized by cryo-
transmission scanning electron microscopy in db/db and 
control samples at 14 weeks (Fig. 2D). Taken together, EV 
characteristics are altered in the circulation of T2D mod-
els, prior to, and coincident with, diastolic dysfunction.

miRNAs are differentially abundant in circulating 
EVs in pre‑clinical models of T2D‑associated diastolic 
dysfunction
We next profiled the miRNA content of circulating 
plasma EVs. We used a SYBR Green quantitative reverse 
transcriptase PCR (qRT-PCR) miRNA array to measure 
84 miRNAs—chosen based on their presence in serum, 
plasma, and other extracellular bodily fluids, and their 
differential regulation in disease, including diabetes and 
heart disease (Additional File 2: Table S1). We identified 
16 dysregulated miRNAs (10 up-regulated and 6 down-
regulated) in EVs from db/db mice at 14 weeks compared 
to db/ + controls (Fig.  3A, Additional File 1: Fig. S4A). 
This time-point was chosen because of the presence of 
significant coronary microvascular rarefaction and dias-
tolic dysfunction. To validate these findings, we utilized 

an independent methodology on a distinct set of EV sam-
ples from db/db mice and db/ + controls at 14 weeks. A 
microfluidics platform that utilizes locked nucleic acid 
(LNA) primer sets to simultaneously measure 96 miR-
NAs (Additional File 2: Table S1) confirmed that 7 of the 
16 miRNAs identified using the SYBR Green array plat-
form, including miR-25-3p, miR-30e-5p and miR-92a-3p 
were differentially abundant (Fig.  3B, Additional File 1: 
Fig. S4B). In addition, the microfluidics platform revealed 
that miR-30d-5p was differentially regulated, but other 
miR-30 family members (miR-30a, b, c) were unchanged 
(Fig. 3B, Additional File 1: Fig. S4B and data not shown). 
To determine which of these miRNAs might be similarly 
dysregulated in an independent model of T2D-associated 
diastolic dysfunction, we assessed miRNAs in EVs iso-
lated from the plasma of GK rats at 28 weeks using qRT-
PCR miRNA arrays (Fig. 3C, Additional File 1: Fig. S4C). 
Importantly, several miRNAs were similarly increased in 
circulating EVs in both mouse and rat models of T2D-
associated diastolic dysfunction, including miR-25-3p, 
miR-30d-5p, miR-30e-5p and miR-92a-3p (Fig.  3A–C). 
Validation of the expression of miR-30e-5p using qRT-
PCR confirmed the upregulation of this miRNA in dis-
tinct plasma EV samples from both mouse and rat 
models of T2D (Fig. 3D, E).

To determine whether the identified miRNAs might 
be early markers of HFpEF pathogenesis, we measured 
their levels across multiple time points in db/db mice 
and their respective db/ + controls. We found that miR-
30e-5p (Fig.  3F) and several other miRNAs (Additional 
File 1: Fig. S5) were induced as early as 8  weeks of age, 
preceding the development of diastolic dysfunction, but 
coincident with coronary microvascular rarefaction. In 
contrast, miR-25-3p was induced only at later stages (i.e. 
14 weeks). We did not detect changes in miR-92a-3p in 
these samples (Additional File 1: Fig. S5). Taken together, 
we identified several miRNAs that were elevated in EVs 
at early stages of HFpEF pathogenesis, and in particu-
lar, miR-30d-5p and miR-30e-5p were induced in both 
mouse and rat models of T2D-associated microvascular 
rarefaction and diastolic dysfunction.

miR‑30d and miR‑30e are upregulated in cardiac 
endothelium in T2D mice
Circulating EVs can originate from circulating cells and 
various tissue sources. To define the potential origin of 
circulating EV miRNAs that were elevated in T2D mice, 
we measured miR-25-3p, miR-30e-5p and miR-92a-3p in 
a variety of tissues, including heart, brain, kidney, spleen, 
liver, skeletal muscle and visceral white adipose tissue at 
14 weeks of age (Fig. 4A and Additional File 1: Fig. S6). 
We also measured miR-30e-5p in circulating periph-
eral blood cells (Fig.  4A). Interestingly, miR-30e-5p was 
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significantly upregulated in the left ventricle of the heart 
and was down-regulated in liver but was not altered in 
other tissues (Fig. 4A). MiR-25-5p and miR-92a-3p were 
not differently expressed across tissues, although levels 
trended upwards in several tissues (Additional File 1: Fig. 

S6). We next isolated ECs from the left ventricle of the 
heart using fluorescence-activated cell sorting of  CD31+ 
cells and confirmed the enrichment of Pecam1 mRNA 
(an EC marker) in these samples (Fig.  4B). Importantly, 
we observed a significant upregulation of miR-30d-5p 
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and miR-30e-5p in db/db  CD31+ cardiac ECs, but not in 
 CD31− cells (Fig. 4C). Additionally, we used miRNAscope 
to visualize miR-30e-5p expression in the left ventricle 
in 14-week-old db/db and control db/ + mice. Expres-
sion was enriched in the microvascular endothelium and 
endocardium of db/db mice, with lower levels of expres-
sion in non-endothelial cells (Fig. 4D). Staining for miR-
30e-5p was lower in db/ + control mice. Taken together, 
these results imply that cardiac ECs from diabetic mice 
may be a source of circulating miR-30d/e-containing EVs, 

suggesting that circulating levels of this miRNA may be 
indicative of microvascular dysfunction in the heart.

Senescent ECs have elevated production and secretion 
of miR‑30d and miR‑30e
We next sought to assess the potential mechanisms of 
miR-30d/e up-regulation in the endothelium of diabetic 
mice. To this end, we exposed cultured ECs to conditions 
that mimic the diabetic microenvironment (Fig.  5A). 
This included 24  h treatment with pro-inflammatory 
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cytokines (10  ng/ml TNFα), high glucose (25  mM of 
D-glucose), a combination of TNFα and 25 mM D-Glu-
cose, or long chain free FAs (40 μM of palmitate). How-
ever, none of these stimuli induced miR-30d/e expression 

(Fig.  5A). Since senescence has been implicated in dia-
betic microvascular pathology [27–30], and previous 
studies in cancer cells have shown that DNA damage 
and senescence pathways can induce miR-30e expression 
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(31, 32), we induced senescence in cultured ECs by expo-
sure to ionizing radiation (IR) or treatment with etopo-
side (ETOP), which drive oxidative stress- and DNA 
damage-dependent senescence [33, 34]. Senescence was 
confirmed by staining for senescence-associated β-gal 
activity and expression of CDKN1A (p21) and CDKN2A 
(p16) (Fig. 5B) [35]. Senescence-inducing stimuli robustly 
increased the expression of miR-30d and miR-30e in ECs 
and promoted their secretion in EVs (Fig. 5A).

We next sought to further establish if the ECs in the 
diabetic heart have senescent-like characteristics. To 
this end, we measured CDKN1A (p21) mRNA levels in 
 CD31+ cells isolated from db/db and control db/ + hearts 
at 14  weeks of age and found a twofold increase in 
expression in diabetic ECs (Fig.  5C). We also assessed 
levels of 4-hydroxy-2-nonenal (4-HNE), a lipid peroxi-
dation product that is produced from n-6 polyunsatu-
rated FAs in highly oxidative environments and which 
has been implicated in driving cellular senescence [34]. 
Levels of 4-HNE were highly upregulated in microvascu-
lar ECs in the left ventricle of db/db mice at both 8 and 
14 weeks of age (Fig. 5D). Furthermore, we assessed lev-
els of phospho-H2A.X (Ser139), also known as γH2A.X, 
a marker of DNA damage, telomere shortening and cel-
lular senescence [36, 37]. Levels of γH2A.X were mark-
edly elevated at 8 and 14 weeks of age in the endothelium 
of db/db mice (Fig. 5E). Taken together, these results are 
suggestive of microvascular dysfunction and senescent-
like characteristics in the endothelium of the left ventri-
cle in diabetic mice, as early as 8 weeks of age, prior to 
the development of diastolic dysfunction. Thus, oxida-
tive stress, DNA damage and senescence pathways may 
be involved in the induction of miR-30d/e expression and 
secretion from diabetic ECs.

miR‑30d/e regulate fatty acid biosynthesis and metabolism 
genes in ECs
To uncover the potential function of miR-30d-5p and 
miR-30e-5p in the endothelium, we performed KEGG 
pathway analysis of target genes using prediction soft-
ware (DIANA-miRPath v3.0 with Tarbase v7.0) [38]. 
This revealed a significant over-representation of genes 
involved in fatty acid biosynthesis and metabolism path-
ways in humans (Fig. 6A). Predicted miR-30d/e binding 
sites were identified in a number of genes involved in 
fatty acid biosynthesis and metabolism pathways, includ-
ing FADS1, FADS2, ELOVL5, ACSL1, ACSL4, CPT2, 
HSD17B12 and FASN. Fatty acid biosynthesis and fatty 
acid metabolism were also significantly enriched in 
mice, with Ascl6, Elovl5 and Fasn being predicted targets 
(Additional File 1: Fig. S7). We used miRTarBase v8.0 [39] 
to examine whether these targets have previously been 
validated and found experimental evidence that ELOVL5, 

ACSL4 and HSD17B12 are targeted by the miR-30 family 
in human cells. As miR-30d and miR-30e differ by only 
two nucleotides, which are outside of the seed sequence, 
they are predicted to target nearly identical sets of genes.

To confirm whether the predicted target genes are 
indeed regulated, we overexpressed miR-30e using a 
miRNA mimic or knocked-down the miR-30 family 
using a miR-30 family locked nucleic acid (LNA) inhibi-
tor in cultured human umbilical vein ECs (HUVEC) and 
then exposed the cells to 40  µM palmitate to activate 
fatty acid metabolic pathways. qRT-PCR and western 
blotting were used to assess expression of miR-30 target 
genes (Fig. 6B–F). We first confirmed the efficiency and 
specificity of miR-30 over-expression and knock-down 
(Fig.  6B). Compared to control mimic transfection, 
ECs transfected with the miR-30e mimic had robust 
increases in miR-30e, but not miR-30d, confirming the 
specificity of the qRT-PCR reagents (Fig. 6B). Transfec-
tion with a miR-30 family LNA inhibitor significantly 
decreased miR-30e levels by ~ 55–60%, but there was 
a more modest ~ 30% reduction in miR-30d, which did 
not reach statistical significance (Fig.  6B). In unstimu-
lated cells, over-expression of miR-30e repressed the 
expression of ELOVL5, mRNA but not other predicted 
target genes (Fig. 6C; Additional File 1: Fig. S8A). How-
ever, palmitate stimulation led to the induction of the 
mRNAs encoding the majority of the fatty acid biosyn-
thesis/metabolism genes that were identified as poten-
tial miR-30 targets, and their expression was blunted 
in the presence of miR-30e mimic (Fig.  6C; Additional 
File 1: Fig. S8A). Western blotting confirmed the miR-
30e-dependent repression of two of the predicted tar-
gets, FADS1 and ELOVL5, at the protein level (Fig. 6D). 
Meanwhile, despite the partial knock-down of the 
miR-30 family, several predicted targets (e.g. FADS2, 
ELOVL5, FASN) were increased at the mRNA level in 
unstimulated cells, and additional target genes were sig-
nificantly elevated or showed a trend towards increased 
expression in palmitate-stimulated cells transfected 
with miR-30 inhibitor (Fig.  6E; Additional File 1: Fig. 
S8B). The up-regulation of FADS1 and ELOVL5 in miR-
30 knock-down cells was confirmed at the protein level 
by western blotting (Fig. 6F). Taken together, our results 
reveal that miR-30 regulates a network of fatty acid bio-
synthesis/metabolism genes in ECs.

miR‑30e enhances fatty acid β‑acid oxidation, promoting 
oxidative stress and EC dysfunction in vitro
Since miR-30d/e regulate fatty acid biosynthesis and 
metabolism pathway components, we investigated the 
impact of modulating miR-30 levels on EC responses to 
exposure to free fatty acids (FFAs). Notably, circulating 
levels of FFAs, including palmitate, are greatly elevated 
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in T2D, and can drive EC dysfunction [15, 19]. Recently, 
lipid droplets were shown to dynamically form and dis-
assemble in ECs following exposure to FFAs [40]. We 
transfected HUVEC with control or miR-30e mimic and 
assessed lipid droplet formation by BODIPY staining 
after a 24 h exposure to 40 μM palmitate or 40 μM oleate 
(Additional File 1: Fig. S9A). In cells transfected with 
control mimic, oleate stimulated lipid droplet formation, 
but palmitate did not, consistent with previous studies 
[40]. Interestingly, miR-30e mimic transfection increased 
lipid droplet formation even in vehicle-treated cells, and 
this was further enhanced in palmitate and oleate-treated 

cells. This suggests that miR-30e may enhance storage of 
FAs in lipid droplets. Lipid droplets protect the endothe-
lium from lipotoxicity [40], which can induce ER stress 
[41]. We measured the spliced isoform of XBP1 as an 
index of endoplasmic reticulum (ER) stress [42]. While 
palmitate treatment increased sXBP1 levels, modulation 
of miR-30 did not significantly impact these levels (Addi-
tional File 1: Fig. S9B).

We next tested whether miR-30 regulates endog-
enous or exogenous FA β-oxidation (FAO) through 
measurement of the cellular oxygen consumption 
rate (OCR) with Seahorse XF Analyzer. MiR-30e 
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n = 3 independent experiments with 3 technical replicates. *** indicates p < 0.001 for miR‑30e mimic vs. control mimic using an unpaired t‑test. C 
Representative Seahorse tracing of OCR in control and miR‑30 knock‑down ECs. Basal and maximal respiration of exogenous FA was reduced by 
miR‑30 knock‑down. Error bars depict 2–3 technical replicates from a representative experiment. * indicates p < 0.05 for the specified comparisons 
using ANOVA with Holm‑Sidak multiple comparisons test. Technical replicates were averaged and the value at each timepoint for basal and 
maximal respiration was used for paired statistical analyses (n = 3). D Quantification of exogenous FA oxidation in ECs with miR‑30 knock‑down. 
n = 3 independent experiments with 3 technical replicates. * indicates p < 0.05 for miR‑30 inhibitor vs. control inhibitor using an unpaired t‑test. E 
Measurement of reactive oxygen species (ROS) in ECs transfected with control or miR‑30e mimic exposed to palmitate. Basal and palmitate‑induced 
ROS production was increased in miR‑30e over‑expressing cells. Data is relative to the unstimulated control for each independent experiment. *, 
** and *** indicate p < 0.05, p < 0.01 and p < 0.001, respectively, for the specified comparisons using ANOVA with Holm‑Sidak multiple comparisons 
test. NS = not significant. F 4‑HNE measurements in vehicle or palmitate stimulated ECs transfected with control or miR‑30e mimic. Data is relative 
to the unstimulated control for each independent experiment. * and ** indicate p < 0.05 and p < 0.01, respectively for the specified comparisons 
using ANOVA with Holm‑Sidak multiple comparisons test. G qRT‑PCR measurement of eNOS/NOS3 mRNA in cultured ECs transfected with control 
or miR‑30e mimic in the presence or absence of palmitate. Data is relative to the unstimulated control for each independent experiment. ** 
and *** indicate p < 0.01 and p < 0.001, respectively, for the specified comparisons using ANOVA with Holm‑Sidak multiple comparisons test. H 
Representative western blot demonstrating a reduction in eNOS protein in ECs over‑expressing miR‑30e and exposed to palmitate. Densitometry 
is included below from n = 5 independent experiments (mean ± SEM). I qRT‑PCR measurement of eNOS/NOS3 mRNA in the left ventricle of db/
db mice and db/ + controls at 8 and 14 weeks of age. Data is relative to the mean of control samples at 8 weeks of age. * indicates p < 0.05 for the 
specified comparison using ANOVA with Holm‑Sidak multiple comparisons test. All data in the figure depict mean ± SEM
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overexpression significantly increased basal and max-
imal mitochondrial oxidation of exogenous palmi-
tate, but did not affect endogenous FAO (Fig.  7A, B), 
while knockdown of the miR-30 family significantly 
decreased basal and maximal oxidation of exogenous 
palmitate (Fig.  7C, D). This data suggests that miR-
30 promotes FAO in ECs. Utilization of FAs as a fuel 
source has previously been implicated in the genera-
tion of ROS and oxidative stress [17, 43]. Measure-
ment of ROS using CellROX revealed that miR-30e 
over-expression enhanced ROS production in cells 
exposed to palmitate (Fig. 7E). The presence of oxida-
tive stress was confirmed by measurement of 4-HNE, 
a lipid peroxidation product that is formed in highly 
oxidative environments, which revealed enhanced lev-
els in miR-30e over-expressing cells exposed to pal-
mitate (Fig.  7F). ROS production and oxidative stress 
is associated with impairment of endothelial nitric 
oxide synthase (eNOS) expression and activity [44, 
45]. Importantly, miR-30e overexpression reduced 
eNOS/NOS3 mRNA expression basally, and exposure 
to palmitate resulted in an even greater reduction, both 
at the level of mRNA (Fig.  7G) and protein (Fig.  7H). 
Finally, we measured eNOS/NOS3 mRNA levels in 
the left ventricle from 8- and 14-week db/db and con-
trol db/ + mice. Despite the vascular rarefaction that 
occurs at 8 weeks of age, levels of eNOS/NOS3 mRNA 
were unchanged, suggesting that there may be a com-
pensatory increase in expression in ECs to maintain 
cardiac function. However, eNOS/NOS3 mRNA lev-
els were significantly decreased in 14-week-old db/db 
mice, consistent with the impaired cardiac function at 
this stage (Fig. 7I). Taken together, these results reveal 
that miR-30e increases FAO and oxidative stress and 
impairs endothelial function in cultured ECs exposed 
to exogenous palmitate.

Knock‑down of the miR‑30 family reduces oxidative 
stress and DNA damage in the coronary microvascular 
endothelium of diabetic mice
To determine whether miR-30 up-regulation medi-
ates microvascular dysfunction in  vivo, we injected db/
db mice with miR-30 family LNA inhibitor or control 
LNA inhibitor, at 5, 6 and 7  weeks of age and assessed 
vascular density and organization, oxidative stress 
(4-HNE) and DNA damage/senescence (phospho-H2A.X 
(Ser139), i.e. γH2A.X) at 8 weeks of age (Fig. 8A). There 
was no effect on weight gain in db/db mice injected 
with miR-30 family LNA inhibitor compared to con-
trol LNA inhibitor (Fig.  8B). Visualization of miR-30e 
by miRNAscope revealed a decrease in expression in 
the endothelium of mice injected with miR-30 fam-
ily LNA inhibitor (Fig.  8C). Assessment of micro-
vascular density revealed a trend towards improved 
vascular network coverage (i.e., an increase in vessel area 
and a reduction in lacunarity) in db/db mice with miR-
30 knock-down, but this did not reach statistical sig-
nificance (Fig. 8D). We also noted a significant decrease 
in the number of phospho-H2A.XSer139+ (γH2A.X+)  
endothelial cells and a decrease in 4-HNE staining inten-
sity in the microvascular endothelium in db/db mice 
injected with miR-30 family LNA inhibitor compared to 
control LNA inhibitor (Fig.  8E). Thus, miR-30 plays an 
important role in coronary microvascular dysfunction 
in diabetic mice by regulating oxidative stress and DNA 
damage/senescence in the endothelium.

Discussion
Summary of key findings
Here we observe that miR-30d and miR-30e are upregu-
lated in circulating plasma EVs in obese and lean rodent 
models of T2D that display diastolic dysfunction. Impor-
tantly, we find that miR-30e (as well as several additional 

Fig. 8 Inhibition of miR‑30 decreases oxidative stress and DNA damage in microvascular endothelial cells in db/db mice. A Schematic of 
experimental set‑up. Control or miR‑30 family LNA inhibitor was injected intradermally in db/db mice at 5, 6 and 7 weeks of age and hearts 
were harvested at 8 weeks of age. Control (db/ +) mice were injected with PBS at the same time‑points. B Weights were measured at the time 
of injections, revealing normal weight gain in db/db mice injected with miR‑30 inhibitor. C Confocal imaging of miRNAscope of miR‑30e in left 
ventricles from db/db mice injected with control or miR‑30 family LNA inhibitor. Arrowheads indicate expression in cells that are presumed to be 
endothelial cells based on morphology and anatomy. Representative images are shown. Scale bar = 50 μm. D 2‑photon confocal microscopy of 
cardiac microvasculature in the left ventricle as assessed by CD31 immunofluorescence at 8 weeks of age in db/db mice (injected with control or 
miR‑30 family LNA inhibitor) (right panels) and controls (db/ +) (left panel). The top images are CD31 immunofluorescence and the bottom are the 
skeleton outlines of the microvasculature. Representative images are shown. Scale bar = 45 μm. Quantification of microvascular density, as assessed 
by measurement of microvascular area, total vessel length, and mean lacunarity (right). Each data point represents the mean of multiple fields of 
view from one mouse. * indicates p < 0.05 for the specified comparisons. E Representative images of immunofluorescent staining for pH2A.X (S139) 
and CD31 (top) and 4‑HNE and CD31 (bottom) in the left ventricle in db/db mice (injected with control or miR‑30 family LNA inhibitor) (right panels) 
and controls (db/ +) (left panel) at 8 weeks of age. Scale bar = 22 μm. Arrowheads indicate examples of 4‑HNE+ or pH2A.X+ ECs. Quantification 
of pH2A.X+;CD31+ double‑positive ECs, 4‑HNE+;CD31+ double‑positive ECs and 4‑HNE intensity in ECs is shown to the right. Each data point 
represents the mean of multiple fields of view from one mouse. *, ** and *** indicates p < 0.05, p < 0.01 or p < 0.001, respectively for the specified 
comparisons. All data in the figure depict mean ± SEM

(See figure on next page.)
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miRNAs) are up-regulated in circulating EVs at early 
stages of disease pathogenesis in db/db mice, coincident 
with coronary microvascular dysfunction and rarefac-
tion, but preceding the development of diastolic dysfunc-
tion. Notably, miR-30d/e are up-regulated in the cardiac 
endothelium in db/db mice, but are not induced in other 
organs, suggesting that the circulating levels of these 
miRNAs may reflect, at least in part, their induction and 

secretion from dysfunctional cardiac microvasculature. 
We demonstrate that activation of senescence pathways 
in ECs leads to the production and secretion of miR-
30d/e in EVs and that the coronary microvasculature 
has senescent-like characteristics. Furthermore, we dis-
cover that miR-30 regulates exogenous FAO in cultured 
ECs, promoting oxidative stress, lipid peroxidation and 
endothelial dysfunction (i.e., reduced eNOS expression) 
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and that inhibition of the miR-30 family in vivo reduces 
markers of oxidative stress and DNA damage/senescence 
in the coronary microvasculature of db/db mice. Thus, 
the induction of miR-30d/e in cardiac endothelium may 
contribute to microvascular dysfunction and diastolic 
dysfunction in diabetes by enhancing FAO (See Fig.  9). 
Our findings reveal that miR-30d/e serve as potential 
biomarkers of diabetes-induced diastolic dysfunction in 
pre-clinical models, and this should be further assessed 
in human diabetic cohorts.

miR‑30 regulates FA metabolism in endothelial cells
Altered metabolism is implicated in T2D-associated car-
diac dysfunction, but most prior work has focused on 
cardiomyocytes, where increased reliance on FAs as a 
fuel source is detrimental [46–48]. Less is known about 
whether metabolic changes in the endothelium contrib-
ute to cardiac dysfunction. Microvascular ECs transport 
FAs from the blood into the underlying parenchyma 
(including cardiomyocytes), but ECs can also transiently 
store FAs in lipid droplets to protect the cell from ER 
stress, and following lipolysis, FAO can be used as an 
energy source [40]. In ECs, FAO also contributes to the 
generation of dNTPs that are essential for proliferation 
[49] and is used to maintain redox homeostasis [50]. 
Our study reveals that miR-30 can promote lipid drop-
let formation and FAO in ECs. The miR-30-dependent 
increase in FAO may be detrimental, as this is associated 
with increased oxidative stress, lipid peroxidation, DNA 

damage and decreased eNOS expression. Augmented 
FAO in the endothelium may be especially damaging in 
the setting of T2D, where circulating triglyceride and FAs 
are highly elevated [15]. The enhancement in FAO could 
in part be due to the suppression of numerous genes 
that are involved in FA biosynthesis by miR-30d/e. This 
may in turn shift FA metabolic pathways towards stor-
age and β-oxidation. This is consistent with a prior study 
that showed antagonism between FA biosynthesis and 
β-oxidation in the liver [51]. Our data shows that the 
miR-30 family plays a role in regulating how ECs handle 
FFA, potentially altering the metabolic response in the 
setting of T2D.

The contribution of microvascular dysfunction to diastolic 
dysfunction
Similar to studies in T2D patients [12], we found that 
coronary microvascular dysfunction precedes the devel-
opment of diastolic dysfunction. This suggests that tar-
geting the decline in microvascular dysfunction is a 
potential therapeutic approach for diastolic dysfunction 
and HFpEF. As early as 8 weeks of age, db/db mice have 
coronary microvascular rarefaction, and the endothe-
lium expresses markers of oxidative stress, DNA damage 
and senescence. Endothelial dysfunction and senescence 
accompany T2D and are likely the result of an overabun-
dance of endothelium damaging factors in the blood 
stream, including pro-oxidant molecules, glucose and 
lipids or FFAs [52, 53]. Importantly, inducing senescence 
in ECs strongly up-regulates the expression and secretion 
of miR-30d/e. This is in line with previous studies that 
have shown miR-30 up-regulation during induced- and 
replicative-senescence [54]. In addition to the inflamma-
tory pathways that are activated in senescent cells, our 
study suggests that induction of miR-30d/e in senescent 
ECs may also drive pathological FAO. Notably, previous 
studies have linked EC senescence to HFpEF-like phe-
notypes in a model of accelerated aging in mice [55] and 
removal of senescent cells improved diastolic function in 
an obese mouse model [56]. This suggests that targeting 
EC senescence may be a relevant therapeutic approach 
in T2D-associated cardiac dysfunction. Notably, inhibi-
tion of miR-30 in db/db mice reduced markers of oxi-
dative stress, and DNA damage/senescence, and there 
was a trend towards improved microvascular network 
organization. This suggests that miR-30 may be function-
ally implicated in microvascular dysfunction that leads 
to diastolic dysfunction and HFpEF, potentially through 
regulation of FAO.

Limitations and perspectives for future research
While our study has implicated miR-30 in the reg-
ulation of FA metabolism in ECs and coronary 

Fig. 9 Schematic of the role of miR‑30d/e in microvascular 
dysfunction in diabetes. Type 2 Diabetes (T2D) promotes 
microvascular dysfunction in the heart. In a mouse db/db model 
of T2D, microvascular rarefaction precedes echocardiographic 
evidence of diastolic dysfunction. The up‑regulation of miR‑30d/e 
in the endothelium of the heart is associated with induction of 
senescence‑like pathways. MiR‑30d/e can be secreted by the 
endothelium in extracellular vesicles (EVs) and detected in the 
circulation, and may serve as an early circulating biomarker of 
microvascular dysfunction. In the endothelium, miR‑30d/e target 
a number of genes involved in fatty acid biosynthesis and in turn 
enhance β‑oxidation of exogenous fatty acids. Over‑expression of 
miR‑30e results in oxidative stress, DNA damage and decreased 
levels of eNOS, which may contribute to microvascular dysfunction 
and rarefaction, ultimately contributing to diastolic dysfunction. The 
schematic was generated using Biorender
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microvascular dysfunction in diabetes, there are several 
limitations of the current work. Our cell culture experi-
ments utilized human umbilical vein endothelial cells 
(HUVECs) as a generic model of EC biology. Future 
studies should utilize cardiac microvascular ECs to 
determine whether there are any vascular bed-specific 
differences in miR-30-dependent pathways. Addition-
ally, while our study focuses on the role of miR-30d/e 
within the endothelium, the implications for miR-30d/
e-loaded EVs in cell–cell communication remains to be 
investigated.

Previous studies have revealed that circulating levels 
of miR-30 family members are increased in the early 
stages of T2D, and this miRNA family has been impli-
cated in the regulation of diverse processes, including 
glucose metabolism, insulin signaling, inflammation 
and platelet activation (reviewed in Ref. [57]). Nota-
bly, the miR-30 family is one of the most abundantly 
expressed miRNAs in the heart [58]. Several contrast-
ing studies have demonstrated that miR-30 family 
members participate in ventricular remodeling [58] and 
can have protective [59, 60] or detrimental [61] roles 
through regulation of multiple processes, including 
metabolism, pyroptosis, oxidative stress and autophagy. 
Of particular relevance, systemic inhibition of miR-30d 
in diabetic rats (high fat diet and streptozotocin model) 
can rescue systolic and diastolic function, potentially 
acting through regulation of autophagy in cardiomyo-
cytes [62]. Furthermore, SGLT2 inhibition decreased 
miR-30d expression in this model, implying that miR-
30 is detrimental in the setting of diabetes.

In contrast to these studies that have focused on 
cardiomyocytes, we found that miR-30d and miR-30e 
are induced in the endothelium of the heart in db/db 
mice and that over-expression of miR-30e in cultured 
ECs mediates elevations in FAO, oxidative stress and 
reduced eNOS expression. Furthermore, inhibition of 
miR-30 in db/db mice suppressed markers of oxidative 
stress and DNA damage/senescence in the microvascu-
lature. Because of the diverse, and potentially opposing 
roles for miR-30 in different cell types in the heart, it 
may be necessary to develop endothelial-specific deliv-
ery modalities as a therapeutic approach. Importantly, 
while we have assessed the role of miR-30 in micro-
vascular dysfunction at the early stages of T2D (i.e., 
8 weeks of age), future studies will be needed to deter-
mine if prolonged inhibition can improve diastolic dys-
function (i.e., 14 weeks of age and beyond). EC-selective 
delivery approaches would be helpful for these studies.

Finally, it is worth noting that the pre-clinical diabe-
tes models that we have used are genetic models where 
pathology develops relatively quickly. Future studies using a 
more physiological model of diabetes, such as diet-induced 

diabetes [63], will be informative to determine whether the 
mechanisms we have discovered are applicable to these 
models. Finally, it will be imperative to determine whether 
the miRNAs that we have identified could be utilized as 
early biomarkers of coronary microvascular dysfunction 
and diastolic dysfunction in human patients with T2D.
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