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HIGHLIGHTS

� Most CHD cases are attributed to

nongenetic factors, whereas the

mechanisms underlying nongenetic

factor–induced CHDs are elusive.

Maternal diabetes is one of the nonge-

netic factors inducing CHDs.

� The study reveals an innovative

epigenetic mechanism underlying

maternal diabetes–induced CHDs.

� Maternal diabetes-activated transcription

factor FoxO3a increases miR-140 and

miR-195, which in turn represses Mfn1 and

Mfn2, leading to mitochondrial fusion

defects and CHDs.

� Two mitochondrial fusion activators,

teriflunomide (an FDA-approved drug)

and echinacoside (a naturally occurring

compound), increase the expression level

of Mfn1 and Mfn2, restore mitochondrial

fusion, and prevent CHD formation. These

2 activators show potential value in pre-

venting CHDs in diabetic pregnancy.
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ABBR EV I A T I ON S

AND ACRONYMS

CHDs = congenital heart

defects

CK2a0 = casein kinase 2 a0

subunit

GFP = green fluorescent

protein

Mfn1 = mitofusin 1

miRNA = microRNA

Mito-PAGFP = mitochondrial

matrix-targeted

photoactivable green

fluorescent protein

mRNA = messenger RNA

STZ = streptozotocin

Tg = transgenic
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SUMMARY
Most congenital heart defect (CHD) cases are attributed to nongenetic factors; however, the mechanisms un-

derlying nongenetic factor–induced CHDs are elusive. Maternal diabetes is one of the nongenetic factors, and

this study aimed to determine whether impaired mitochondrial fusion contributes to maternal diabetes–induced

CHDs and if mitochondrial fusion activators, teriflunomide and echinacoside, could reduce CHD incidence in

diabetic pregnancy. We demonstrated maternal diabetes-activated FoxO3a increases miR-140 and miR-195,

which in turn represses Mfn1 and Mfn2, leading to mitochondrial fusion defects and CHDs. Two mitochondrial

fusion activators are effective in preventing CHDs in diabetic pregnancy. (J Am Coll Cardiol Basic Trans Science

2024;9:303–318) © 2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
T he United States has the highest in-
fant mortality rate, which is the
basic measure of public health,
among developed countries.1 Congenital heart de-
fects (CHDs) are the most common cause of infant
death.2 Furthermore, CHDs are the most prevalent
birth defects, occurring in approximately 4 to 10 per
1,000 live births.2 Epidemiological studies in CHD
prevention suggest a controversial effect of maternal
folic acid supplementation,3,4 which is the only effec-
tive intervention to prevent neural tube defects,
another type of potentially fatal birth defect. Howev-
er, a mechanism-based means of preventing CHDs is
still lacking.

Human epidemiological studies have demon-
strated that the major contributing factors to the
occurrence of CHDs are nongenetic factors.2,5 Among
all nongenetic factors that cause CHDs, maternal
diabetes is the major factor.2,6 The rate of CHDs in
infants born to mothers with diabetes is approxi-
mately 4 to 6 times higher than mothers without
diabetes.6-8 More than 60 million women of repro-
ductive age worldwide have diabetes, and this num-
ber will likely double by 2030 due to the current
global epidemic of obesity.9 Even under the best
clinical care, women with diabetes are still 3 to
4 times more likely to have a child with CHDs than
women without diabetes.10 Thus, given these in-
cidences and the lack of means to prevent CHDs, its
occurrence is an unmet clinical need, and therefore
uncovering the cellular and molecular events under-
lying its development will aid in the identification of
effective preventions.

Here, using a maternal diabetes mouse model of
CHDs, we show that this pathology occurs due to
activation of the transcription factor FoxO3a, which
stimulates expression of miR-140 and miR-195 that, in
turn, represses mitofusin 1 (Mfn1) and mitofusin 2
(Mfn2) expression, respectively. Treating this model
with 2 activators of mitochondrial fusion, teri-
flunomide, a U.S. Food and Drug Administration
(FDA)-approved drug, and echinacoside, a natural
compound, we found prevention of CHDs. This
amelioration correlated with re-expression of Mfn1
and Mfn2, improved mitochondrial dynamics and cell
proliferation, and reduced apoptosis. Thus, pharma-
cological restoration of mitochondrial fusion may be
an effective approach to reduce the risk of CHDs
resulting from diabetic pregnancy.

METHODS

THE MODEL OF MATERNAL DIABETES-INDUCED

CHDs. All animal procedures were approved by the
Institutional Animal Care and Use Committee of the
University of Maryland School of Medicine. The
mouse diabetic embryopathy model has been
described previously.11-13 Detailed information is
included in the Supplemental Appendix.

STATISTICAL ANALYSIS. All experiments were
repeated in triplicate. Specifically, for immunostain-
ing, 3 embryonic samples from 3 L were stained for
each group and average signal intensity was calcu-
lated. For immunoblotting, 1 embryonic heart from
1 litter in each group was used for 1 run. Each
experiment was repeated 3 times with 3 embryonic
hearts from 3 different litters in each group. For
reverse-transcriptase quantitative polymerase chain
reaction, 3 embryonic hearts from different litters in
each group were analyzed. Data are presented as the
mean � SD. Student’s t-test was used for 2-group
comparison. One-way analysis of variance with
Tukey’s post hoc test for multiple pairwise compari-
sons was used for comparisons of more than 2 groups.
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CHD incidence is presented as count with percentage
and compared using chi-square test. Differences were
considered statistically significant when P < 0.05.

RESULTS

PHARMACOLOGICAL ACTIVATION OF MITOCHONDRIAL

FUSION AMELIORATES CHDs. Heart cells, especially
cardiomyocytes, are enriched in mitochondria.14

Mitochondrial fusion and fission dynamics play an
important role in the regulation of cardiomyocyte
viability.15 Because abrogating mitochondrial fusion
leads to CHDs16 similar to those observed in diabetic
pregnancy,17 mitochondrial morphology and fusion
were examined in cardiomyocytes of embryonic
mouse hearts from normal healthy dams and those
with maternal diabetes induced before mating by
treatment with streptozotocin (STZ). Under nondia-
betic conditions, mitochondria in embryonic car-
diomyocytes exhibited tubular morphology, whereas
maternal diabetes triggered fragmented and small
spherical mitochondria (Figure 1A). The sizes of
mitochondria in cardiomyocytes from embryos
exposed to maternal diabetes were significantly
smaller than those from nondiabetic dams (Figure 1A).
Mitochondrial fusion and fission modulate mito-
chondrial morphology dynamics.18 The proteins Mfn1
and Mfn2 are essential for mitochondrial fusion, and
dynamin-related protein 1 (Drp1) induces mitochon-
drial fission.18 Maternal diabetes was associated with
lower Mfn1 and Mfn2 expression in the developing
heart compared with nondiabetic controls but did not
affect Drp1 expression (Figure 1B). These findings
suggest that maternal diabetes represses mitochon-
drial fusion leading to reduced mitochondrial sizes.
Because the double ablation of Mfn1 and Mfn2 in the
developing heart results in complex CHDs and
lethality at middle gestation,16 we hypothesized that
reduced levels of Mfn1 and Mfn2, and the consequent
repression of mitochondrial fusion, are responsible
for maternal diabetes-induced CHDs.

We assessed mitochondrial fusion in primary car-
diomyocytes from embryonic day 12.5 (E12.5) hearts
using our validated assay that monitors the redistri-
bution of mitochondrial matrix-target photoactivable
green fluorescent protein (mito-PAGFP).19 Time-lapse
imaging showed the mito-PAGFP intensity in car-
diomyocytes from nondiabetic dams began to be
significantly reduced at an average of 10 minutes and
diminished at 15 minutes after green fluorescent
protein (GFP) photoactivation (Figures 1C and 1D),
indicating active mitochondrial fusion because of
the diffusion of mito-PAGFP into non-GFP
mitochondria.19 The first mitochondrial fusion
event, defined at the time of mito-PAGFP flow into a
non-GFP mitochondrion (Figure 1E), occurred at 2 mi-
nutes post-photoactivation in the nondiabetic group.
In contrast, the mito-PAGFP intensity in car-
diomyocytes from diabetic dams remained un-
changed during the entire 20-minute imaging period
and mitochondrial fusion did not occur in these cells
(Figures 1C and 1D). Treatment with the mitochondrial
fusion activator teriflunomide,20 an FDA-approved
drug for treating relapsing multiple sclerosis,
restored Mfn1 and Mfn2 expression and mitochon-
drial fusion suppressed by maternal diabetes
(Figures 1C to 1F, Supplemental Figure 1A). Teri-
flunomide did not further accelerate mitochondrial
fusion under nondiabetic conditions, and mitochon-
drial fusion appeared to reach the maximum level
(Figures 1C and 1D). Consequently, teriflunomide
significantly ameliorated CHD formation under dia-
betic conditions (Figures 1G and 1H, Supplemental
Table 1). Another mitochondrial fusion activator
echinacoside,21 a naturally occurring small molecule
compound, also restored Mfn1 and Mfn2 expression
(Figure 1I, Supplemental Figure 1B) and mitochondrial
sizes (Figure 1J), and alleviated maternal diabetes–
induced CHDs (Figure 1K, Supplemental Table 2).

Next, we searched for molecular intermediates that
mediate the teratogenicity of maternal diabetes in the
developing heart. High-glucose conditions in vitro
and maternal diabetes in vivo significantly increased
the expression of miR-195 and miR-140 (Figures 2A
and 2B). Several microRNAs (miRNAs) negatively
regulate mitochondrial fusion.22 Transgenic over-
expression of both miR-195 and miR-140 in the
developing heart mimicked the effects of maternal
diabetes on the repression of Mfn1 and Mfn2, the
blockage of mitochondrial fusion, and the induction
of CHDs (Figures 2C to 2G). Teriflunomide blocked
miR-195/140-suppressed mitochondrial fusion and
thus reduced CHD formation (Figures 2D to 2G,
Supplemental Table 3). Likewise, echinacoside sus-
tained Mfn1 and Mfn2 expression and ameliorated
CHDs induced by miR-195/140 upregulation
(Figures 2H and 2I, Supplemental Table 4). Thus,
impaired mitochondrial fusion leads to CHD forma-
tion and fusion activators can reduce the incidence of
CHDs induced by maternal diabetes and upregulation
of specific miRNAs.

FoxO3a UPREGULATES miR-195/140 AND REPRESSES

MITOCHONDRIAL FUSION. To determine how maternal
diabetes induces teratogenic miR195/miR-140
expression in the heart, we focused on the
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FIGURE 1 Mitochondrial Fusion Activators Ameliorate Maternal Diabetes–Induced CHDs
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transcription factor FoxO3a. FoxO3a is critically
involved in diabetes-induced embryonic noncardiac
anomalies.23 High-glucose conditions activated
FoxO3a by triggering its nuclear translocation in em-
bryonic cardiomyocytes (Figure 3A). Constitutively
active–FoxO3a mimicked the high-glucose–increased
Mir195 and Mir140 promoter activity, and the domi-
nant negative–FoxO3a inhibited the promoter activity
(Figures 3B and 3C). Foxo3a germline deletion in mice
abolished the maternal diabetes–increased expres-
sion of miR-195 and miR-140 (Figure 3D), reduced
CHD formation (Figures 3E and 3F, Supplemental
Table 5), restored mitochondrial lengths (Figures 3G
and 3H) and function (Figures 3I and 3J), and
reversed the downregulation of Mfn1 and Mfn2
(Figure 3K). These findings indicate that
hyperglycemia-induced activation of the transcrip-
tional factor FoxO3a leads to the upregulation of
specific miRNAs and the development of CHDs in
diabetic pregnancy by repressing mitofusion
gene expression.

miR-195 DELETION RESTORES MITOCHONDRIAL

FUSION BY DE-REPRESSING MFN2. The gain-of-
function of miR-195 and miR-140 in transgenic (Tg)
mice resembles diabetes-induced CHDs (Figures 2G
and 2I). We next aimed to determine the individual
roles of miR-195 and miR-140 in the induction of
CHDs in diabetic pregnancy using loss-of-function
approaches. Cardiomyocyte-specific Mir195 deletion
alleviated diabetes-induced CHDs (Figures 4A and 4B,
Supplemental Table 6) and cardiac cell apoptosis
(Figures 4C and 4D), and restored cell proliferation in
the embryonic hearts (Figures 4E and 4F). Because
double Tg expression of miR-195 and miR-140
inhibited mitochondrial fusion (Figures 2D to 2F), it
is plausible that miR-195 mediates the inhibitory ef-
fect of maternal diabetes on mitochondrial fusion.
Indeed, Mir195 deletion prevented maternal
diabetes–inhibited mitochondrial fusion, which was
manifested by the fast diffusion and eventual disap-
pearance of mito-PAGFP and the restoration of the
FIGURE 1 Continued

(A and J) Primary cardiomyocytes transfected with mitochondrial matrix-

(>2 mm) per area in cells (n ¼ 5). (B) Protein levels in embryonic day 12.5

regions. (D) Mito-PAGFP intensity (n ¼ 3). (E) Time to first fusion event

sections (lower). (H and K) Numbers of embryos. Data are presented as m

with Tukey’s post hoc test in D, E, F, I, and J. Chi-square test in H and

ECH ¼ echinacoside; HLHS ¼ hypoplastic left heart syndrome; LA/RA ¼ le

arteriosus; TERI ¼ teriflunomide.
first mitochondrial fusion event in cardiomyocytes
(Figures 4G and 4H). Consequently, miR-195 defi-
ciency restored mitochondrial lengths and function in
cardiomyocytes (Figures 4I and 4J).

We further showed that miR-195 could directly
reduce mitochondrial lengths by decreasing Mfn2
expression. Although an miR-195 mimic replicated
the high-glucose–reduced mitochondrial lengths in
cardiomyocytes, an miR-195 inhibitor blocked the
shortening of mitochondrial lengths in high-glucose
conditions (Figures 5A and 5B). A pull-down assay
using biotin-labeled miR-195 demonstrated the direct
binding of miR-195 to Mfn2 messenger RNA (mRNA)
(Figures 5C and 5D), and miR-195 and Mfn2 mRNA
were coenriched in the AGO2 RNA-induced silencing
complex in embryonic hearts exposed to maternal
diabetes (Figure 5E). However, we did not identify
any miR-195 binding sites in Mfn1 mRNA. The miR-
195 mimic resembled high-glucose conditions in
repressing Mfn2 mRNA expression, and the miR-195
inhibitor blocked the high-glucose–induced inhibi-
tion of Mfn2 expression (Figure 5F). Deletion of
miR-195 in the heart reversed the decrease in Mfn2
protein and mRNA levels in embryos exposed to
maternal diabetes (Figure 5G). These findings estab-
lish that the inhibition of Mfn2 by miR-195 and
miR-195 deficiency in cardiomyocytes is sufficient to
block the teratogenicity of diabetes and the mito-
chondrial fusion inhibition elicited by maternal
diabetes.

miR-140 DEFICIENCY REMOVES THE BLOCKAGE OF

MFN1 AND MITOCHONDRIAL FUSION. miR-140
binds to Mfn1 mRNA in its 30 untranslated region
(Figures 6A and 6B). miR-140 and Mfn1 mRNA were
coenriched in the mRNA degradation AGO2 complex
under maternal diabetic conditions (Figure 6C), sug-
gesting that Mfn1 is an miR-140 target. miR-140
deletion blocked the downregulation of Mfn1 at both
the mRNA and protein levels in embryonic hearts
exposed to diabetes (Figure 6D). Because miR-140
degrades Mfn1, it should inhibit mitochondrial
targeted photoactive green fluorescent protein (mito-PAGFP) and percentage of mitochondria

(E12.5) hearts (n ¼ 3). (C) mito-PAGFP in primary cardiomyocytes. Red circles: photoactivated

(n ¼ 5). (F and I) Messenger RNA levels in E12.5 hearts (n ¼ 3). (G) Heart vessels (upper) and

ean � SD in A, B, D, E, F, I, and J. Student’s t-test in A and B. One-way analysis of variance

K. *P < 0.05, **P < 0.01, ***P < 0.001. AO ¼ aorta; CHD ¼ congenital heart defect;

ft/right atrium; LV/RV¼ left/right ventricle; PA ¼ pulmonary artery; PTA ¼ persistent truncus
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FIGURE 2 Mitochondrial Fusion Activators Reduce CHDs Induced by miR-195/140 Transgenic Overexpression

MicroRNA (miRNA) levels in primary cardiomyocytes (n ¼ 3) (A) and in embryonic day 12.5 (E12.5) hearts (B) (n ¼ 3). (C and H) mRNA levels in E12.5 hearts (n ¼ 3).

(D) Time-lapse images of mitochondrial matrix-targeted photoactive green fluorescent protein (mito-PAGFP) in primary cardiomyocytes. (E) mito-PAGFP fluorescence

intensity (n ¼ 3). (F) Time to first mitochondrial fusion event (n ¼ 5). (G and I) Numbers of E17.5 embryos. Data are presented as mean � SD in A, B, C, E, F, and H. One-

way analysis of variance with Tukey’s post hoc test in A, C, E, F, and H. Student’s t-test in (B). Chi-square test in G and I. *P < 0.05, **P < 0.01, ***P < 0.001.

dTg ¼ miR-195 and miR-140 double transgenic; WT ¼ wild-type; other abbreviations as in Figure 1.
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FIGURE 3 FoxO3a Upregulates miR-140/195 and Represses Mitochondrial Fusion
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FIGURE 3 Continu
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fusion, leading to mitochondrial fragmentation.
Indeed, the effect of an miR-140 mimic resembled
high-glucose conditions, as the mitochondrial lengths
were reduced. In addition, an miR-140 inhibitor ab-
lated mitochondrial length shortening in embryonic
cardiomyocytes under high-glucose conditions
(Figures 6E and 6F). The inhibition of mitochondrial
fusion was abrogated by miR-140 deletion, which was
manifested by faster dispersal of mito-PAGFP and a
shorter time to reach the first mitochondrial fusion
event in cardiomyocytes from diabetic dams
compared with nondiabetic dams (Figures 6G and 6H).
Consequently, miR-140 deletion reduced the inci-
dence of CHDs in diabetic pregnancy (Figure 6I,
Supplemental Table 7), and recovered cell prolifera-
tion and survival in the developing heart
(Supplemental Figures 2A to 2C). Thus, miR-140 me-
diates the teratogenic effect of maternal diabetes by
suppressing mitochondrial fusion leading to forma-
tion of CHDs.

RESTORING MFN1 OR MFN2 EXPRESSION ABROGATES

THE TERATOGENICITY OF MATERNAL DIABETES. The
Tg overexpression of Mfn1 in the developing heart
prevented the shortening of mitochondrial lengths
(Figure 7A) and reversed the inhibition of the
dispersal of mito-PAGFP and the first mitochondrial
fusion event in cardiomyocytes (Figures 7B to 7D).
There was a significant reduction in CHDs in embryos
exposed to diabetes under the condition of Mfn1 Tg
overexpression (Figures 7E and 7F, Supplemental
Table 8). Furthermore, Mfn1 overexpression blunted
maternal diabetes–induced caspase 3 cleavage and
cell apoptosis (Figures 7G and 7H). This was particu-
larly true in the outflow tract, which is critical for
cardiac septation. Mfn1 overexpression also blocked
the formation of CHDs under the conditions of
miR-140 and miR-195 overexpression (Figure 7I,
Supplemental Table 9), suggesting that maintaining
the proper level of Mfn1 is essential for normal car-
diac morphogenesis.
ed

taining in primary cardiomyocytes and quantification of fluorescence intensity

omoter-driven luciferase reporter activity in H9C2 cells (n¼ 3). (D) MicroRNA (

and sections (lower). (F) Numbers of E17.5 embryos. (G) Representative image

5). (I and J) Flow cytometry analysis and ratios of fluorescence intensity (red/

mean� SD in A, B, C, D, H, J, and K. Student’s t-test in A. One-way analysis of v

**P < 0.01, ***P < 0.001. DM ¼ diabetes mellitus; ND ¼ nondiabetic; TSS ¼
igures 1 and 2.
Similarly, Tg overexpression of Mfn2 also signifi-
cantly reduced the incidence of CHDs in diabetic
pregnancy (Supplemental Figure 3A, Supplemental
Table 10), suggesting that Mfn1 and Mfn2 are redun-
dant for mitochondrial fusion during cardiac
development.

DISCUSSION

It is conventionally accepted that organ development
is orchestrated from the cell nucleus and that the
mitochondria simply follow along; however, a recent
study demonstrated that mitochondria orchestrate
developmental events of the mouse heart, and the
disturbance of mitochondrial function contributes to
CHD formation.16 Mitochondrial dynamics are gov-
erned by fusion and fission events essential for
proper heart development.16 Mitochondria fuse via
the function of Mfn1 and Mfn2. Deleting the Mfn1 and
Mfn2 genes in early heart muscle cells results in
severely underdeveloped hearts.16 Furthermore,
mouse embryonic stem cells missing Mfn2 and Opa1
(optic atrophy protein 1), a mitochondrial fusion
facilitator, do not develop into beating car-
diomyocytes.16 Reduced mitochondrial fusion
resulting from Mfn1 and Mfn2 deletion disrupts
several signaling pathways implicated in CHDs.16 This
evidence suggests that altered mitochondrial dy-
namics drive cardiac dysmorphogenesis.

Impaired mitochondrial fusion leads to mito-
chondrial dysfunction and subsequently alters car-
diac morphogenesis. Mitochondrial dysfunction is
an evident cellular defect in cardiomyocytes
exposed to maternal diabetes.17,24 Intrinsic abnor-
malities are present in cardiomyocytes derived from
inducible pluripotent stem cells of patients with
CHDs that lack an underlying genetic cause,25 sug-
gesting that cell development is a key factor in
cardiac morphogenesis. These cellular organelle de-
fects continue to persist after the establishment of
CHDs and may contribute to sustainable
in nuclei (n ¼ 3). FoxO3a binding sites on the Mir195 (B) and Mir140

miRNA) levels in embryonic day 12.5 (E12.5) hearts (n¼ 3). (E) E17.5

s of primary cardiomyocytes. (H) Percentage of mitochondria (>2 mm)

green) in primary cardiomyocytes (n ¼ 3). (K) Protein levels (n ¼ 3).

ariance with Tukey’s post hoc test in B, C, D, H, J, and K. Chi-square

transcription start site; VSD ¼ ventricular septum defect; other
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FIGURE 4 miR-195 Deletion Restores Mitochondrial Fusion
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FIGURE 4 Continu
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cardiomyocyte dysfunction in patients with CHD.
The present study illustrates for the first time that
maternal diabetes increases 2 key miRNAs that
impair mitochondrial fusion and enhance mito-
chondrial fragmentation in mouse embryonic car-
diomyocytes in vitro and in vivo.

miRNAs are critically involved in virtually all as-
pects of cardiac development and disease.26 miR-1
overexpression disrupts mouse embryonic heart
development,27 and miR-133a overexpression in car-
diomyocytes leads to decreased cell proliferation and
the formation of cardiac septation defects.28 The
present study demonstrates that the upregulation of
miR-140 and miR-195 mediates the teratogenicity of
maternal diabetes leading to CHDs. During develop-
ment, miR-140 is predominantly expressed in
embryonic chondrocytes.29 miR-140 induces car-
diomyocyte apoptosis via the intrinsic mitochondrial
pathway.14 In contrast to miR-140, miR-195 is
expressed early in the developing human heart.30

miR-195 inhibits cell proliferation and induces
apoptosis by repressing multiple prosurvival
proteins.31,32 Multiple lines of evidence suggest that
miR-140 and miR-195 always work together. They
both trigger mitochondrial dysfunction,14,31 partici-
pate in stem cell aging,31 and are elevated in adult
heart diseases.33 In agreement with the coherence
between these 2 miRNAs, we found that deleting the
mir140 gene or the mir195 gene significantly amelio-
rated maternal diabetes–induced CHDs, and that
overexpressing these 2 miRNAs in the heart mimicked
maternal diabetes in inducing CHDs.

The transcription factor FoxO3a is activated by
maternal diabetes.23 FoxO3a upregulates miRNAs in
cancer cells.34 In the present study, FoxO3a tran-
scriptionally induced miR-140 and miR-195 expres-
sion and thus inhibited mitochondrial fusion in
embryonic cardiomyocytes. FoxO3a reduces the size
of cardiomyocytes in rats.35 FoxO3a is a cell death
trigger that acts through the mitochondrial apoptosis
pathway in conditions of heart failure and
ed

onic day 17.5 (E17.5) heart vessels (upper) and sections (lower). (B) Numbers

¼ 3). p-H3-positive cells in E9.5 hearts (E) and the quantification (F) (n ¼ 3

) intensity in primary cardiomyocytes (n ¼ 3). (H) Time to first mitochondria

percentage of mitochondria (>2 mm) per area in cells (n ¼ 9). (J) Flow cytom

tes (n ¼ 3). Data are presented as mean � SD in D, F, G, H, I, and J. Chi-square

. *P < 0.05, **P < 0.01, ***P < 0.001. OFT ¼ outflow tract; other abbrevia
hypertrophy.36,37 Our previous study indicated that
the deletion of FoxO3a could inhibit maternal
diabetes–induced apoptosis in cardiac progenitor
cells in vivo.38 Here, we showed that Foxo3a gene
deletion ameliorates maternal diabetes–induced
CHDs by suppressing mitochondrial fragmentation
and dysfunction. Thus, we reveal the downstream
effectors of FoxO3a, miR-140 and miR-195, in defec-
tive heart development.

Mitochondrial fusion, a prosurvival event, main-
tains mitochondrial homeostasis by removing
dysfunctional mitochondria.39,40 Cells lacking both
Mfn1 and Mfn2 have completely fragmented mito-
chondria with no detectable mitochondrial fusion.40

Mitochondrial fusion is important for the mainte-
nance of mitochondrial morphology, cell growth,
membrane potential, and respiration.39 Reduced
fusion could be a key factor contributing to diabetes-
or miRNA-induced mitochondrial dysfunction.
Maternal diabetes induces cellular dysfunction in
cells required for cardiac septation leading to
CHDs.17,24 Enhanced mitochondrial fusion stimulates
cell proliferation by promoting cell cycle progres-
sion.41 Cells with double knockout of Mfn1 and Mfn2
proliferate much slower than their corresponding
wild-type counterparts.42 Here, we showed that
reduced Mfn1 and Mfn2 expression cause cellular
dysfunction and alterations in cardiac septation
leading to CHDs under conditions of maternal dia-
betes exposure and miRNA overexpression.

Small molecule drugs are the pillars of traditional
medicine. Teriflunomide, a small molecule com-
pound, is approved by the FDA for use in the treat-
ment of multiple sclerosis; however, studies also
showed that teriflunomide could activate mitochon-
drial fusion. One study indicated that teriflunomide
upregulates mitofusins and also induces mitochon-
drial elongation by depletion of the cellular
pyrimidine pool secondary to the inhibition of dihy-
droorotate dehydrogenase.20 Another study indicated
that teriflunomide increases Mfn2 transcriptional
of E17.5 embryos. TUNEL-positive cells in E9.5 hearts (C) and the

). (G) Mitochondrial matrix-targeted photoactive green fluorescent

l fusion event (n ¼ 9). (I) Representative images of primary

etry analysis and ratios of fluorescence intensity (red/green) in

test in (B). One-way analysis of variance with Tukey’s post hoc test

tions as in Figures 1 to 3.



FIGURE 5 Inhibition of miR-195 Improves Mitochondrial Fusion by Upregulating Mfn2

(A) Representative images of primary cardiomyocytes. (B) Percentage of mitochondria (>2 mm) per area in cells (n ¼ 9 or 5). (C) miR-195 binding site on Mfn2 mRNA.

(D) Mfn2 mRNA level bound to biotin-labeled miR-195 (n ¼ 3). (E) miR-195 and Mfn2 mRNA in RNA co-immunoprecipitation (IP) in embryonic day 12.5 (E12.5) hearts

(n ¼ 3). (F) Mfn2 mRNA in primary cardiomyocytes (n ¼ 3). (G) Mfn2 mRNA and protein levels (n ¼ 3). Data are presented as mean � SD in B, D, E, F, and G. One-way

analysis of variance with Tukey’s post hoc test in B, F, and G. Student’s t-test in D and E. *P < 0.05, **P < 0.01, ***P < 0.001. IgG ¼ immunoglobulin G;

IP ¼ immunoprecipitation; UTR ¼ untranslated region; other abbreviations as in Figures 1 to 3.
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FIGURE 6 miR-140 Deficiency Restores Mfn1 Expression and Mitochondrial Fusion

Continued on the next page
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activity and mitofusin mRNA levels in Hela cells.43

Echinacoside, another small molecule compound, is
currently being investigated for anti-apoptotic and
neuroprotective effects.44,45 Similarly, this com-
pound also can function as a mitochondrial fusion
activator. A study found that echinacoside selectively
binds to the previously uncharacterized casein kinase
2 (CK2) a0 subunit (CK2a0) as a direct cellular target
and allosterically regulates CK2a0 conformation to
recruit basic transcription factor 3 (BTF3) to form a
binary protein complex, and then the CK2a0/BTF3
complex facilitates b-catenin nuclear translocation to
activate T-cell factor/lymphoid enhancer factor tran-
scription factors and stimulates transcription of the
mitochondrial fusion gene Mfn2.21 These findings are
consistent with our current study. We demonstrated
that teriflunomide and echinacoside, acting as mito-
chondrial fusion activators, increase the expression
levels of Mfn1 and Mfn2 and improve mitochondrial
fusion in cardiomyocytes under diabetic conditions,
and in turn, prevent CHD formation in diabetic
pregnancy. We did not observe any side effect of the 2
compounds in pregnant mice or embryos at the
adopted dosage (15 mg/kg); however, we found teri-
flunomide often caused abortion at a higher dosage
(30 mg/kg) in our preliminary study.

The STZ-induced type 1 diabetic embryopathy
mouse model, which can mimic hyperglycemia in
human maternal diabetes, is widely accepted in the
field of maternal diabetes–induced birth de-
fects.11,46,47 STZ used to induce diabetes is not a
complicating factor because STZ is cleared from the
bloodstream rapidly (serum half-life is 5 minutes with
no drug measurable by 2 hours),48 and pregnancy is
not established until 1 to 2 weeks after STZ injec-
tion.49 Insulin treatment of STZ-induced diabetic
embryopathy effectively reduces hyperglycemia and
embryonic malformations,49 indicating that hyper-
glycemia is the primary cause of teratogenicity and
that pregestational STZ injections do not cause any
toxicity to the developing embryo. In the current
study, this mouse model produced 20% to 40% CHDs,
including ventricular septum defect, persistent
FIGURE 6 Continued

(A) The miR-140 binding site on Mfn1 mRNA. (B) Mfn1 mRNA bond to bio

(n ¼ 3). (D) Mfn1 mRNA and protein levels (n ¼ 3). (E) Representative i

(n ¼ 4). (G) Mitochondrial matrix-targeted photoactivable green fluoresc

event (n ¼ 9). (I) Images of embryonic day 17.5 heart vessels (upper) and

and C. One-way analysis of variance with Tukey’s post hoc test in D, F,

Figures 1 to 5.
truncus arteriosus, transposition of the great arteries,
and hypoplastic left heart syndrome, in embryos
exposed to diabetes, whereas embryos from nondia-
betic controls had zero CHDs. Among all the CHD
cases, ventricular septum defect cases were the most
common, which is almost identical to that in
humans.6,50 In addition, we observed very few neural
tube defect cases at E17.5 when embryos were har-
vested for CHD rate determination, as well as the
infrequent cases of kidney defects and eye defects.
We used 2 miRNA modified mouse models in this
study, miR-140 global knockout and miR-195 condi-
tional knockout mice, and did not observe any cardiac
or noncardiac defects because of the deletion of each
miRNA.

Unlike neural tube defects, which can be reduced
by folate supplementation, prevention methods for
CHDs are lacking. The present study reveals a
mechanism-based method for the prevention of CHDs
induced by nongenetic factors that are primarily
causal factors in humans. Treatment of the diabetic
pregnant dams with small molecule activators of
mitochondrial fusion restored Mfn1 and Mfn2
expression at the transcriptional level and subse-
quently rescued mitochondrial fusion in car-
diomyocytes. We also uncovered the molecular
pathway that leads to the inhibition of mitochondrial
fusion in the CHD models, thus providing new targets
for the design of prevention approaches.

STUDY LIMITATIONS. The 2 mitochondrial fusion
activators were not tested in human pregnancy;
however, mechanism-based prevention needs be
developed in preclinical animal models such as those
described in the present study. Because maternal
diabetes–induced mitochondrial fusion deficit and
other functional defects are persistent in car-
diomyocytes,51 they allow us to effectively analyze
mitochondrial fusion in isolated cardiomyocytes by
transfecting a light-activated mitochondrial probe, a
reliable in vitro mitochondrial fusion detection
method. We are not aware of any in vivo method in
detecting mitochondrial fusion. Additional
tin-labeled miR-140 (n ¼ 3). (C) miR-140 and Mfn1 mRNA levels in RNA immunoprecipitation

mages of primary cardiomyocytes. (F) Percentage of mitochondria (>2 mm) per area in cells

ent protein intensity in primary cardiomyocytes (n ¼ 3). (H) Time to first mitochondrial fusion

sections (lower). Data are presented as mean � SD in B, C, D, F, G, and H. Student’s t-test in B

G, and H. Chi-square test in I. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations as in



FIGURE 7 Restoring Mfn1 Expression Abrogates the Teratogenicity of Maternal Diabetes

(A) Representative images of primary cardiomyocytes and percentage of mitochondria (>2 mm) per area in cells (n ¼ 4). (B) Time-lapse images of mitochondrial

matrix-targeted photoactivable green fluorescent protein (mito-PAGFP) in primary cardiomyocytes. (C) mito-PAGFP intensity in primary cardiomyocytes (n ¼ 3). (D)

Time to first mitochondrial fusion event (n ¼ 5). (E) Embryonic day 17.5 (E17.5) heart vessels (upper) and sections (lower). (F and I) Numbers of E17.5 embryos. (G)

Cleaved caspase-3 levels (n ¼ 3). (H) TUNEL-positive cells in E9.5 hearts and the quantification (n ¼ 3). Data are presented as mean � SD in A, C, D, G, and H. One-way

analysis of variance with Tukey’s post hoc test in A, C, D, G, and H. Chi-square test in F and I. *P < 0.05, **P < 0.01, ***P < 0.001. TGA ¼ transposition of the great

arteries; other abbreviations as in Figures 1 to 5.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: There is no

preventive measure for the most common structural birth defect,

CHDs. Most CHDs are induced by nongenetic factors. Maternal

diabetes is a major nongenetic factor that induces a 4- to 5-fold

CHD rate in the offspring. Identifying mitochondrial fusion

impairment as the cause of CHDs in diabetic pregnancy reveals a

major mechanistic insight for aiding the design of prevention for

CHDs. Testing 2 mitochondrial fusion activators in CHD animal

models can be translated to the clinic.

TRANSLATIONAL OUTLOOK 1: Repurposing FDA-approved

drugs or dietary supplementations of naturally occurring com-

pounds, which re-activates mitochondrial fusion, may ameliorate

maternal diabetes–induced CHDs.

TRANSLATIONAL OUTLOOK 2: Mitochondrial fusion

impairment may contribute to CHD formation induced by other

environmental factors. Mitochondrial fusion activators may be

applicable in prevention of other environmental factors–induced

CHDs.
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justification for our mitochondrial fusion assay is the
fact that high glucose mimics maternal diabetes in
inducing mitochondrial fusion impairment in
cultured primary cardiomyocytes. Mitochondrial
biogenesis and mitophagy, which both play pivotal
roles in the regulation of mitochondrial quality and
function, were not evaluated in the current study;
however, they might be involved in maternal
diabetes-affected embryonic hearts and it is worth-
while to be further investigated in the future.

CONCLUSIONS

We conclude that reduced mitochondrial fusion is a
key event in the formation of CHDs induced by either
miR-195/miR-140 Tg expression or exposure to a
maternal diabetic milieu. Maternal diabetes–
activated FoxO3a increases miR-140 and miR-195,
which in turn represses Mfn1 and Mfn2, leading to
mitochondrial fusion defects and CHDs. Maternal
treatment with either of teriflunomide and echina-
coside restores Mfn1 and Mfn2 expression and mito-
chondrial fusion in cardiomyocytes of embryonic
hearts exposed to diabetes, implicating that acti-
vating mitochondrial fusion could be a potent means
to prevent CHDs induced by maternal nongenetic
factors.
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