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A B S T R A C T

Endothelial nitric oxide synthase (eNOS) and oxidative stress are critical to embryonic coronary artery devel-
opment. Maternal diabetes increases oxidative stress and reduces eNOS activity in the fetal heart. Sapropterin
(Kuvan®) is an orally active, synthetic form of tetrahydrobiopterin (BH4) and a co-factor for eNOS with anti-
oxidant properties. The aim of the present study was to examine the effects of sapropterin on fetal coronary
artery development during pregestational diabetes in mice. Diabetes was induced by streptozotocin to adult
female C57BL/6 mice. Sapropterin (10mg/kg/day) was orally administered to pregnant mice from E0.5 to
E18.5. Fetal hearts were collected at E18.5 for coronary artery morphological analysis. Sapropterin treatment to
diabetic dams reduced the incidence of coronary artery malformation in offspring from 50.0% to 20.6%.
Decreases in coronary artery luminal diameter, volume and abundance in fetal hearts from diabetic mothers,
were prevented by sapropterin treatment. Maternal diabetes reduced epicardial epithelial-to-mesenchymal
transition (EMT) and expression of transcription and growth factors critical to coronary artery development
including hypoxia-inducible factor 1a (Hif1a), Snail1, Slug, β-catenin, retinaldehyde dehydrogenase 2 (Aldh1a2),
basic fibroblast growth factor (bFGF) and vascular endothelial group factor receptor 2 (Vegfr2) in E12.5 hearts.
Additionally, eNOS phosphorylation was lower while oxidative stress was higher in E12.5 hearts from maternal
diabetes. Notably, these abnormalities were all restored to normal levels after sapropterin treatment. In con-
clusion, sapropterin treatment increases eNOS activity, lowers oxidative stress and reduces coronary artery
malformation in offspring of pregestational diabetes. Sapropterin may have therapeutic potential in preventing
coronary artery malformation in maternal diabetes.

1. Introduction

Diabetes is a global health concern. In 2013, approximately 21.4
million pregnancies worldwide were affected by diabetes, of which 16%
were pregestational diabetes [1]. Women with pregestational diabetes
are at an increased risk of having a child with a congenital heart defect
(CHD) [2]. Hypoplastic coronary artery disease (HCAD) is a congenital
abnormality characterized by a marked decrease in luminal diameter
and length of one or more major branches of coronary arteries [3–6].
HCAD can be asymptomatic at birth but are often associated with
myocardial infarction and sudden cardiac death under physical exertion
later in life [7,8]. In the clinic, newborns are screened for many forms of

CHDs, however, coronary artery branches are not reliably imaged using
non-invasive tools perinatally [9]. HCAD is a rare form of congenital
coronary artery malformations (CAMs) including anomalous origins of
the left and right coronary arteries, single coronary artery, and cor-
onary artery fistula, which collectively affect ~1% of the general po-
pulation [10,11]. While the clinical etiology of congenital coronary
artery anomalies is undefined, we have recently shown that pregesta-
tional diabetes results in CAMs in the fetal heart of offspring in mice
[12].

The heart is the first functional organ to form during embryogenesis,
and vascularization in the primitive heart initiates at E9.5 in the
proepicardial organ [13,14]. Cells from this primitive structure migrate
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to cover the surface of myocardium, forming an epicardium, which is
fully formed by E12.5. These cells then undergo coordinated epithelial-
to-mesenchymal transition (EMT) and become epicardial-derived cells
(EPDCs) [14]. EPDCs migrate to the subepicardial space and differ-
entiate into vascular smooth muscle cells, endothelial cells and ad-
ventitial fibroblasts, all which are needed to form coronary vessels [14].
The endocardium and sinus venosus also contribute to this coronary
plexus, and a complete coronary network is established by E15 [15,16].
A misstep in any of these processes including alterations in gene ex-
pression, cell proliferation and epicardial EMT may result in coronary
artery malformations.

Hyperglycemia-induced reactive oxygen species (ROS) is not con-
ducive to heart and coronary artery development as it oxidizes car-
diogenic and angiogenic molecules. Endothelial nitric oxide synthase
(eNOS) is critical to embryonic heart development as nitric oxide (NO)
regulates transcription factor expression, progenitor cell growth and
EMT [17]. In fact, eNOS−/- mice display hypoplastic coronary arteries
and postnatal myocardial infarction [18]. Tetrahydrobiopterin (BH4) is
a co-factor for eNOS, and an antioxidant. It stabilizes the enzyme dimer
and allows arginine binding [19]. Under oxidative stress, BH4 levels
decline, eNOS is uncoupled and unable to form NO, instead generating
superoxide [20]. Although BH4 improves eNOS coupling and vascular
endothelial function in diabetes [21], the ability of BH4 to regulate
coronary artery development in the fetal heart is not known. The FDA-
approved drug, sapropterin dihydrochloride (Kuvan®), is a stable, orally
active, synthetic form of BH4. In the present study, we aim to determine
the effects of sapropterin on coronary artery development under preg-
estational diabetes in mice. Our hypothesis was that sapropterin treat-
ment improves epicardial EMT and reduces CAMs during pregestational
diabetes.

2. Materials and methods

2.1. Animals

C57BL/6 wild-type mice were purchased from Jackson Laboratory
(Bar Harbour, Maine), and a breeding program was implemented to
generate postnatal and fetal mice. All animals used in this study were
handled according to the National Institute of Health Guide for the Care
and Use of Laboratory Animals (8th edition, 2011). All procedures were
approved by the Animal Care Committee at Western University, fol-
lowing the Canadian Council on Animal Care guidelines.

2.2. Induction of diabetes and sapropterin treatment

Diabetes was induced to six to eight-week old female C57BL/6 mice
by streptozotocin (STZ, 50mg/kg body weight, I.P.) injections for five
consecutive days, as previously described [22,23]. STZ was dissolved in
a sterile saline solution at the time of administration, with sterile saline
as vehicle controls. Non-fasting blood glucose levels were measured one
week following the last injection using a glucose meter (One Touch
Ultra2, LifeScan Canada, Burnaby, BC). Mice with blood glucose levels
above 11.0mmol/L were considered to be diabetic and subsequently
bred with adult wild-type male mice. A vaginal plug indicated em-
bryonic day 0.5 (E0.5) and the pregnant female mice were placed in a
cage with littermates. A subset of the diabetic dams received a 10mg/
kg per body weight oral dose of sapropterin dihydrochloride (Kuvan®,
BioMarin Pharmaceutical Inc., Novato, CA, USA) each day of gestation.
Sapropterin dihydrochloride was dissolved in water and combined with
a small amount of peanut butter. Blood glucose levels, food and water
intake were monitored throughout pregnancy.

2.3. Histological and immunohistochemical analysis

To analyze coronary artery development and resulting vasculature,
embryos were harvested at E12.5 and E18.5 for morphological and

immunohistochemical analyses. Briefly, the thoraces of embryos were
isolated and fixed in 4% paraformaldehyde overnight. The samples
were dehydrated, paraffin embedded and subsequently serial sectioned
into 5-μm sections. Prior to immunostaining, antigen retrieval was
conducted in citric acid buffer (0.01mol/L, pH 6.0) for 12min at 94 °C
using a microwave (BP-111; Microwave Research & Applications, Inc.,
Carol Stream, IL). The following primary antibodies were applied and
incubated overnight; anti-α-smooth muscle actin (1:3,000, mus mono-
clonal, Sigma-Aldrich A2547, Lot 032M4822), biotinylated lectin-1
(1:250, Bandeiraea Simplicifolia, Sigma-Aldrich L2380, Lot
054M4086V), anti-sex-determining region Y protein antibody (1:200,
mus monoclonal, Santa Cruz SC-398567, Lot J1316), anti-Wt1 (1:300,
rb polyclonal, Santa Cruz SC-192, Lot F0513), anti-E-cadherin (1:200,
goat polyclonal, Santa Cruz SC-31020, Lot D2413), and anti-phospho-
histone H3 (pHH3) (1:500, rb polyclonal, Abcam ab5176, Lot
GR72823-1), followed by either biotinylated goat anti-rabbit IgG
(1:500) or biotinylated donkey anti-goat IgG (1:500), for 1 h. Signals
were amplified through the ABC reagent (Vector Laboratories), which
enabled visualization by 3-3′ diaminobenzidine tetrahydrochloride
(DAB, Sigma). Counterstaining was performed with Mayer's
Hematoxylin (Thermo Scientific, Waltham, MA), and images were
captured with a light microscope (Observer D1, Zeiss). To analyze
coronary artery volume and branching, the AMIRA software (FEI
Visualization Sciences Group) was used to create three-dimensional
reconstructions of α-smooth muscle actin stained sections 25-μm apart.
A ratio of coronary artery to myocardial volume was obtained using the
AMIRA software. Counts of coronary arteries, capillaries, and coronary
progenitor cells were taken from a minimum of three heart sections and
normalized to the myocardium.

2.4. Analysis of 4-hydroxynonenal and NO levels

To analyze lipid peroxidation, as an indication of oxidative stress,
and NO levels in embryonic hearts, E12.5 ventricles from all four
groups were harvested and embedded in FSC22 frozen section media
(Leica). Samples were cryosectioned (CM1950, Leica) into 8 μm thick
sections, and immunostained with 4-hydroxynonemal (4-HNE) anti-
body (1:300, 2 h, goat polyclonal, ABM Y072093, Lot AP1217), to in-
dicate lipid peroxidation, or incubated with 4-amino-5-methylamino-
2′,7′-difluororescein (DAF-FM) diacetate (5 mM, Invitrogen D23844,
Lot 895268), to indicate NO levels. The 4-HNE immunostain was fol-
lowed by CY3-conjugated anti-goat IgG secondary antibody (1:1000;

Table 1
Specific primer sequences for real-time PCR analysis.

Gene Accession no. Product Size Primer Sequence

Hif1-α NM_001313919 237 F: CAGCCTCACCAGACAGAGCA
R: GTGCACAGTCACCTGGTTGC

Snail1 NM_011427.3 133 F: CACACGCTGCCTTGTGTCT
R: GGTCAGCAAAAGCACGGTT

Slug NM_011415.2 161 F: CAACGCCTCCAAGAAGCCCA
R: GAGCTGCCGACGATGTCCAT

Aldh1a2 NM_009022.4 219 F: GGCAGCAATCGCTTCTCACA
R: CAGCACTGGCCTTGGTTGAA

β-catenin NM_001165902.1 178 F: CTTGGCTGAACCATCACAGAT
R: AGCTTCCTTTTTGGAAAGCTG

bFgf NM_008006.2 174 F: CAAGGGAGTGTGTGCCAACC
R: TGCCCAGTTCGTTTCAGTGC

Vegfa NM_001025257.3 194 F: GATTGAGACCCTGGTGGACAT
R: TCTCCTATGTGCTGGCTTTGG

Vegfr2 NM_001363216.1 189 F: GGCGGTGGTGACAGTATCTT
R: CTCGGTGATGTACACGATGC

Tbx18 NM_023814.4 199 F: GAGCAGCAACCCGTCTGTGA
R: GGGACTGTGCAATCGGAAGG

28S NR_003279.1 178 F: GGGCCACTTTTGGTAAGCAG
R: TTGATTCGGCAGGTGAGTTG

F: forward primer; R: reverse primer.
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Jackson Immunoresearch). Probing with DAF-FM for 45min was fol-
lowed by a 30min incubation in PBS. Signals were detected using
fluorescence microscopy (Observer D1, Zeiss, Oberkochen, Germany).
Using a fixed exposure time, a minimum of 4 images were captured per
heart, and fluorescence intensity per area of myocardium were mea-
sured using AxioVision Software (Zeiss, Oberkochen, Germany).

2.5. Assessment of epicardial EMT using ex vivo heart explant culture

To assess epicardial EMT, ventricles of E12.5 embryonic hearts from
non-diabetic dams were harvested and cultured on a collagen gel matrix
for 96 h. To prepare the collagen matrix, 1 mg/mL type I rat tail col-
lagen (BD Bioscience) was added to 2x M199 media (M5017; Sigma)
containing 5mM D-glucose or 30mM D-glucose in a 24-well plate. The
casted collagen wells were hydrated with 500 μL 1x M199 media plus
10% FBS and insulin-transferrin-selenium, with or without 0.1mM BH4
(Sigma), and 5mM or 30mM D-glucose. E12.5 ventricles were isolated
in sterile saline, placed centrally in a well containing the set collagen
matrix and media, and incubated at 37 °C for 4 days. Images were
captured with a phase contrast microscope (Zeiss, Oberkochen,
Germany), and spindle-shaped cell outgrowth distance was quantified.

2.6. Western blotting for eNOS and Akt phosphorylation

Ventricular myocardial tissue from E14.5 hearts, isolated in PBS,
was used to analyze eNOS and Akt activity. Briefly, 30 μg of protein
from isolated ventricular tissue was separated via 10% SDS-PAGE and
transferred to a nitrocellulose membrane. Blots were probed with an-
tibodies against p-NOS3 (Ser1177; 1:1000, rb polyclonal, Cell Signaling
9571S, Lot 7), NOS3 (1:1000, rb polyclonal, Santa Cruz SC-654, Lot
G2414), p-Akt (Ser473; 1:5000, rb polyclonal, Cell Signaling 9271, Lot
19), Akt (1:5000, rb polyclonal, Cell Signaling 9272, Lot 22), and α-
actinin (1:5000, mus monoclonal, Sigma-Aldrich A7811, Lot
029K4844). Washed blots were probed with horseradish perox-
idase–conjugated secondary antibodies (1:2500; Bio-Rad). The signal
was detected using enhanced chemiluminescence and quantified by
densitometry.

2.7. Real-time RT-PCR analysis

Total RNA was extracted from E12.5 hearts using TRIzol reagent
(Invitrogen). 200 ng of RNA was reverse transcribed using the Maloney
murine leukemia virus reverse transcriptase and random primers.
Evergreen qPCR MasterMix (Applied Biological Systems, Vancouver,
BC) was used to conduct Real-time PCR on cDNA. Primers were de-
signed for HIF-1α, Aldh1a2, β-catenin, bFGF, Vegfa, Vegfr2, Slug,
Snail1, and Tbx18 using the Primer3 software v4.1.0 (Table 1). Samples
were amplified for 35 cycles using the Eppendorf Realplex (Hamburg,
Germany). mRNA levels were extrapolated using a comparative CT

method by normalizing to 28S-Ribosomal RNA.

2.8. Statistical analysis

Data are shown as mean ± SEM. A two-way analysis of variance
(ANOVA) was used for multiple group comparisons between diabetic
and control dams with and without sapropterin treatment, and their
interactions, followed by the Bonferroni post-hoc test (GraphPad
Software, Version 5, La Jolla, CA, USA). The incidence of coronary
artery malformations was assessed with Chi-square test. Differences
were regarded significant with P < 0.05.

3. Results

3.1. Sapropterin reduces coronary artery malformations in offspring of
diabetic mice without altering blood glucose levels

The present study was conducted using the same model of preges-
tational diabetes previously employed [12,22,23]. A week following
STZ administration, diabetes was confirmed by measuring non-fasting
blood glucose levels. Female mice with>11mmol/L blood glucose
were considered diabetic and bred with normal males. The glycemic
state of the diabetic dam steadily increased from 15.9 ± 4.9mmol/L at
E0.5 to 25.1 ± 4.4mmol/L by E18.5 (Table 2). The diabetic dams fed
with sapropterin during gestation displayed a similar increase in hy-
perglycemia, gradually reaching 26.9 ± 5.2mmol/L at the end of
pregnancy. Of note, treatment with sapropterin did not affect blood
glucose levels in either the control or diabetic groups. A daily dose of
insulin was administered to a cohort of diabetic dams throughout ge-
station, which normalized their elevated blood glucose levels (Table 2).

Half of all fetuses from untreated diabetic dams examined at E18.5
displayed CAM. This ratio was significantly reduced to 20.6% with
sapropterin treatment (Table 2). Furthermore, 36.8% of fetal hearts
presented with both CHD and CAM. Sapropterin effectively prevented
the dual defect occurrence, as no hearts from the offspring of sa-
propterin-treated diabetic dams had both CHD and CAM. No CAMs or
CHDs were found in either of the control groups or the insulin treat-
ment groups, indicating that any vascular abnormalities seen were in-
duced by diabetes and not a teratogenic effect of STZ. Finally, CAM
incidence or the effectiveness of sapropterin treatment did not show
any bias towards the male or female sex (Table 2).

3.2. Sapropterin diminishes diabetes-induced fetal hypoplastic coronary
arteries and restores capillary density

Hearts with hypoplastic coronary arteries have marked decreases in
vessel number and luminal diameter [12]. Immunostaining with α-
smooth muscle actin and biotinylated lectin-1 was used to identify
hypoplastic coronary arteries and capillaries, respectively in E18.5
hearts. The left coronary artery originating from the aortic orifice in
fetuses from diabetic dams was significantly smaller in luminal dia-
meter than control (P < 0.01, Fig. 1A and E). Similarly, the diameter
of the right ventricular coronary artery in offspring from diabetic dams

Table 2
Effects of sapropterin (BH4) on nonfasting maternal blood glucose levels and incidence of CAMs in E18.5 hearts during pregestational diabetes.

Litters (n) Control Diabetes BH4 Diabetes + BH4 Diabetes + Insulin

3 9 4 5 3

Blood glucose at E0.5 (mmol/L) 7.5 ± 1.8 15.9 ± 4.9* 8.0 ± 0.6 16.8 ± 4.2† 6.2 ± 0.8
Blood glucose at E18.5 (mmol/L) 7.5 ± 0.6 25.1 ± 4.4** 9.1 ± 1.0 26.9 ± 5.2†† 7.6 ± 0.7
CAM/total fetuses (n) 0/14 19/38* 0/23 7/34† 0/20
Males: CAM/total fetuses (n) 0/14 9/38* 0/23 3/34 0/20
Females: CAM/total fetuses (n) 0/14 10/38* 0/23 4/34 0/20
CAMs (%) 0.0 50.0 0.0 20.6 0.0

Data are mean ± SEM. Blood glucose levels were analyzed by one-way ANOVA followed by Tukey's test. The incidence of CAM was analyzed by χ2 test. CAM,
coronary artery malformation. *P < 0.05, **P < 0.01 vs. respective controls. †P < 0.05, ††P < 0.05 vs. diabetes.
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was also smaller than control (P < 0.001, Fig. 1B and F). Sapropterin
treatment prevented this diabetes-induced reduction in luminal dia-
meter of the left and right coronary arteries (P < 0.05, Fig. 1A, B, E
and F). Sapropterin treatment also rescued a maternal diabetes-induced
decrease in coronary artery abundance within the ventricular myo-
cardium (P < 0.01, Fig. 1C and G). Interestingly, strong α-smooth
muscle actin staining was noted in hearts from diabetic dams
throughout the myocardium at E18.5, suggesting a delayed maturation
of cardiomyocytes. Finally, immunostaining of lectin-1 marking en-
dothelial cells revealed a reduced capillary density in the ventricular
myocardium of E18.5 hearts from diabetic dams comparted to controls,
which was restored to normal with sapropterin treatment (P < 0.05,

Fig. 1D and H). Coronary arteries were reconstructed in 3-dimensions to
illustrate branching and extrapolate volume measurements. Fig. 2A
shows a notable decrease of coronary artery arborisation in E18.5
hearts from diabetic dams. The typical branching patterns were re-
stored in offspring from diabetic mothers treated with sapropterin, re-
sulting in normalization of the coronary artery volume to myocardial
volume ratio (P < 0.01, Fig. 2B). In addition, the volume of the ven-
tricular myocardium was significantly lower in E18.5 hearts of off-
spring of diabetic dams, compared to control (P < 0.01, Fig. 2C). This
decrease was restored to normal with sapropterin treatment (P < 0.05,
Fig. 2C).

Fig. 1. Effects of sapropterin (BH4) on coronary artery malformations induced by pregestational diabetes. Representative histological sections of E18.5 hearts
from offspring of control and diabetic dams with and without BH4 treatment. α-smooth muscle actin staining of vascular smooth muscle cells specifying the left (A)
and right (B) coronary artery, with arrows indicating diameter of the artery lumen measurements. (C) α-smooth muscle actin staining for total number of coronary
arteries throughout the ventricular and septal myocardium. (D) Biotinylated lectin-1 immunostaining marking endothelial cells forming myocardial capillaries in the
right ventricle. (E–H) Analysis of left (E) and right (F) coronary artery diameter, coronary artery abundance (G) and capillary density (H). n = 7–9 per group,
*P < 0.05, **P < 0.01 and ***P < 0.001 vs. untreated control, †P < 0.05 and ††P < 0.01 vs. untreated diabetes. Scale bars represent 50, 20, 200 and 20 μm in
A, B, C and D, respectively.
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3.3. Sapropterin regulates coronary artery progenitor proliferation and EMT

To determine if diabetes-induced perturbations in coronary artery
formation could give rise to the hypoplastic phenotype seen at E18.5,
and whether sapropterin affected coronary artery precursors, epicardial
proliferation and EMT were examined at E12.5. The epicardium is the
source of coronary artery progenitors, which migrate from this epi-
thelial layer via EMT into the myocardium [24]. Immunostaining for
phosphorylated histone H3 (pHH3), marking cells undergoing division,
revealed less proliferation, reduced cell density, a loosely attached
epicardium in hearts from diabetic dams compared to controls
(P < 0.01, Fig. 3A and D). Sapropterin treatment restored the number
of pHH3+ cells to almost control levels and rescued epicardial de-
tachment (Fig. 3A). Concurrent with these changes in proliferation, a
significantly greater number of E-cadherin+ epicardial cells were found
in embryonic hearts from diabetic dams, which was abrogated by sa-
propterin treatment (P < 0.01, Fig. 3B and E). To determine the
number of cells actively going through the process of EMT, im-
munostaining for the transcription factor Wt1 was conducted and
showed significantly fewer positive cells in the epicardium and sub-
epicardium in E12.5 hearts from diabetic dams compared to controls
(P < 0.05, Fig. 3D). These abnormalities were also prevented by sa-
propterin treatment (P < 0.05, Fig. 3D, F-G).

3.4. Tetrahydrobiopterin normalizes high glucose-impaired epicardial EMT
ex vivo

To further investigate the ability of sapropterin to restore epicardial
EMT and thereby prevent diabetes-induced CAMs, effects of BH4 on
EPDC migration was studied ex vivo under high glucose conditions. The
ventricular myocardium of E12.5 hearts from control dams was isolated
and cultured on collagen gel in both high glucose (30mmol/L) and
normal glucose (5mmol/L) conditions for 4 days (Fig. 4A). The out-
growth radius of spindle shaped cells from the explanted heart tissue

was measured. The data shows that high glucose impaired EPDC mi-
gration through the collagen matrix with significantly shorter out-
growth distance compared to normal glucose (P < 0.01, Fig. 4A). The
addition of 0.1 mmol/L BH4 restored the distance travelled by the
spindle-shaped EPDCs to normal levels (P < 0.05, Fig. 4A and B).

3.5. Sapropterin restores expression of coronary vessel development and
growth genes

Pregestational diabetes has been shown to alter gene expression in
the developing heart [12,22,25]. To determine if the expression of key
transcriptional regulators and signaling molecules responsible for epi-
cardial EMT, angiogenesis, differentiation and growth were affected by
maternal diabetes and sapropterin treatment, qPCR analysis was per-
formed on E12.5 hearts. The mRNA levels of Hif-1α, Snail1, Slug,
Aldh1a2, β-catenin, bFGF, Vegfr2, and Tbx18 were significantly lower in
hearts from diabetic dams compared to controls (P < 0.05, Fig. 5A–F,
H-I). Treatment with sapropterin significantly improved the expression
levels of Hif-1α, Snail1, Aldh1a2, β-catenin, bFGF and Vegfr2 (P < 0.05,
Fig. 5A–F and H).

3.6. Sapropterin inhibits oxidative stress and restores Akt/eNOS activity
and NO levels

To assess levels of oxidative stress in the developing myocardium,
immunofluorescent staining of 4-hydroxynonenal (4-HNE), a product of
lipid peroxidation, was conducted on E12.5 hearts. Quantification of
red fluorescence intensity indicated higher levels of myocardial 4-HNE
in offspring from diabetic dams compared to controls (P < 0.05,
Fig. 6A and B). Sapropterin administration to diabetic dams sig-
nificantly reduced lipid peroxidation (P < 0.05, Fig. 6B). Next, we
assessed the effects of pregestational diabetes on Akt and eNOS activity
in E14.5 hearts. Western blotting was used to analyze the phosphory-
lated and total amounts of Akt and eNOS (Fig. 6C). Fetal hearts from

Fig. 2. Effects of sapropterin (BH4) on coronary
artery volume at E18.5. (A) Frontal views of 3D
reconstructions of the coronary arteries with super-
imposed myocardium. (B) Total coronary artery vo-
lume normalized to myocardial volume. n = 4 hearts
per group. **P < 0.01 vs. untreated control,
††P < 0.01 vs. untreated diabetes.

A. Engineer, et al. Nitric Oxide 94 (2020) 9–18

13



Fig. 3. Effects of sapropterin (BH4) on epicardial cell proliferation and markers of EMT in E12.5 hearts. (A) Representative images of immunostaining for
phosphorylated histone H3 marking proliferating cells (red arrows), (B) E-cadherin (brown staining) representing cell-to-cell adhesion, and (C) Wt1+ cells (brown
staining) indicating EMT. Quantification of pHH3+ cells (D), E-cadherin+ cells (E) in the epicardium, and Wt1+ cells in the epicardium (F) and subepicardium (G).
n = 3–6 hearts per group, *P < 0.05, **P < 0.01 vs. untreated control, †P < 0.05, ††P < 0.01 vs. untreated diabetes. Scale bars are 20 μm.

Fig. 4. Effects of BH4 on epicardial EMT ex
vivo. (A) Representative images of epicardial
cell outgrowth and EMT from E12.5 heart ex-
plants grown on a collagen matrix in normal
(5mM) and high (30mM) glucose conditions
with and without BH4 (0.1 mM). Dashed line
indicated the border of the migrated cells. (B)
Measurements of the average distance travelled
by epicardial cells. (C) Quantification of spindle
shaped cells (epicardial-derived cells, EPDCs)
that have undergone EMT. *P < 0.05,
**P < 0.01. n= 3–5 explants per group from
five litters.
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diabetic dams had significantly lower levels of p-Akt and p-eNOS
compared to controls, without any major changes in total protein levels
(P < 0.001, Fig. 6C–E). Phosphorylation of both enzymes was re-
covered to control levels with sapropterin treatment (P < 0.05,
Fig. 6C–E). To assess NO levels in E12.5 hearts, a fluorescence probe
DAF-FM diacetate was used. Quantification of green fluorescence in-
tensity of DAF-FM indicated lower myocardial NO levels in the off-
spring of diabetic dams compared to control (P < 0.01, Fig. 7A and B).
Sapropterin administration to diabetic dams significantly increased NO
levels in the fetal heart (P < 0.01, Fig. 7B).

4. Discussion

The current study displays the efficacy of the FDA-approved drug
sapropterin dihydrochloride (Kuvan®) in reducing congenital

malformations of coronary arteries induced by a clinically relevant
model of pregestational diabetes. In accordance with our previous
studies [12], CAMs were observed in the offspring of diabetic female
mice. These CAMs manifest as hypoplastic coronary arteries, with
marked decreases in luminal diameter and abundance, which translates
to an overall reduction in the volume of coronary vasculature. We show
that daily sapropterin administration to diabetic dams prevents hypo-
plastic coronary arteries, restores myocardial coronary arborisation and
increases capillary density. Additionally, sapropterin decreases oxida-
tive stress, and increases Akt/eNOS activity, NO levels, and epicardial
EMT, leading to normal coronary artery development.

Recently, we have shown the effectiveness of sapropterin in pre-
venting CHDs in the offspring of diabetic mice [23]. Sapropterin
treatment throughout gestation to diabetic dams decreased the in-
cidence of CHDs in their offspring from 59.4% to 26.5%, despite dams

Fig. 5. Effects of sapropterin (BH4) on
gene expression of transcription and
growth factors critical to coronary ar-
tery development in E12.5 hearts of off-
spring from diabetic and control dams.
mRNA levels were analyzed by qPCR. (A-F,
H and I) The expression of Hif-1α, Snail1,
Slug, Aldh1a2, β-catenin, bFGF, Vegfr2 and
Tbx18 were significantly decreased under
maternal diabetes. All (A-F, H) were re-
stored to control levels by BH4 treatment
except Slug and Tbx18 (C and I). (G and J)
Vegfa and eNOS expression was not sig-
nificantly changed. n = 4–7 hearts per
group. *P < 0.05, **P < 0.01 vs. un-
treated control, and †P < 0.05,
††P < 0.01 vs. untreated diabetes.
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having a comparable hyperglycemic status [23]. No major CHDs were
reported in the treatment group, and insulin administration completely
prevented the presence of malformations [23]. Correspondingly, our
previous work show that N-acetylcysteine (NAC) treatment in the same
model of pregestational diabetes, significantly reduced the incidence of
CHDs and CAMs from 58.1% to 16.3% and from 46.6% to 6.0%, re-
spectively [12,22]. In fact, only 3% of fetal hearts from diabetic dams
treated with NAC showed dual congenital heart and coronary artery
anomalies [12]. In the present study, sapropterin treatment completely
prevented the presence of both a CHD and CAM within the same heart,
and significantly reduced CAM incidence from 50.0% to 20.6%. Whe-
ther sapropterin and NAC have an additive or synergistic effect in
preventing CHDs and CAMs remains to be determined in future studies.

STZ is commonly used in animal models of diabetes to induce
congenital malformations [12,22,23,25]. Following STZ administration
in our study, the glycemic levels of female mice steadily rose
throughout pregnancy. Daily insulin treatment, the clinical gold-stan-
dard for controlling hyperglycemia in diabetes [26], to a cohort of these
diabetic mice normalized blood glucose levels. Interestingly, no CAMs
were seen with insulin treatment, indicating that STZ does not have
teratogenic effects on coronary artery development, and the defects
seen in non-insulin treated STZ cohort are due to hyperglycemia. Unlike
insulin, sapropterin did not affect blood glucose levels of the diabetic
dam, suggesting that its beneficial effects are independent of maternal
glucose levels. Clinically, a male predominance of coronary artery
anomalies has been reported [27,28]. In the present study, the in-
cidence of pregestational diabetes-induced CAMs did not show a sex
bias and sapropterin treatment was equally effective in both females
and males. Of note, in dams with blood glucose exceeding 30mmol/L,
fetuses harvested at E18.5 were 69% females, suggesting that more
males with CAMs may have succumbed to maternal diabetes, which
may explain a lack of sex difference in the incidence of CAMs in our
study.

The epicardium is a major source of coronary arteries during

embryonic heart development. Between E11.5 and E12.5 many cells in
the epicardium undergo EMT and delaminate, forming EPDCs [14,29].
These EPDCs migrate into the myocardium and differentiate into vas-
cular smooth muscle cells, endothelial cells and perivascular fibro-
blasts, and form coronary arteries [13]. Wt1 is the master regulator of
epicardial EMT, and transcriptionally controls the expression of many
mediators of EMT such as Snail1, Aldh1a2 and E-cadherin [30,31]. In
mice deficient of Wt1, epicardial cells fail to undergo EMT, resulting in
null coronary artery formation [32]. In the present study, consistent
with our previous work [12], pregestational diabetes decreased epi-
cardial and subepicardial expression of Wt1, and inhibited epicardial
cell proliferation and EMT in the developing heart. We also showed
lower mRNA levels of many drivers of EMT including, Snail1, Slug, and
Aldh1a2, and increased expression of E-cadherin. Notably these
changes were restored to control levels with sapropterin treatment.
Interestingly, BH4 has been shown to increase cell proliferation in
retinal microvascular endothelial cells, mesangial (smooth muscle) cells
of the kidney, and human vascular endothelial cells (HUVECs), and
promote cell migration and tubulogenesis [33–35]. Consistent with
these studies, we showed a pro-angiogenic effect of sapropterin in the
fetal heart of diabetic pregnancies in the present study.

Akt and eNOS are critical for proper heart development. In fact,
Akt1/3 double knockout mice exhibit CHDs and early neonatal lethality
[36]. We have previously shown that eNOS-deficient mice display
major cardiac defects including ASD, VSD and hypoplastic coronary
arteries [18,37,38]. Diabetes impairs eNOS function. For example,
eNOS Ser1177 phosphorylation is decreased in the heart of diabetic
patients [39] and eNOS is uncoupled with a lower dimer to monomer
ratio in E12.5 hearts from diabetic dams, indicating decreased eNOS
activity [23]. In the present study, maternal diabetes induces significant
reductions in Akt and eNOS phosphorylation as well as NO levels in
fetal hearts, which were restored by sapropterin treatment. eNOS-de-
rived NO is a key signaling molecule involved in proliferation, differ-
entiation, EMT and ROS handling [17]. High levels of 4-

Fig. 6. Effects of sapropterin (BH4) on oxi-
dative stress and Akt/eNOS phosphorylation
in fetal hearts. (A) Representative immuno-
fluorescence images of 4-hydroxynonenal
staining for lipid peroxidation in the ventricular
myocardium at E12.5. (B) Quantification of 4-
HNE red immunofluorescence signal. (C)
Representative Western blots for phosphorylated
and total levels of Akt and eNOS with α-actinin
as a loading control in E14.5 hearts. (D and E)
Densitometric analysis of phosphorylated to
total protein levels of Akt (D) and eNOS (E).
n = 4 hearts per group. ***P < 0.001 vs. un-
treated control, †P < 0.05 and ††P < 0.01 vs.
untreated diabetes.
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hydroxynonenal, a marker of lipid peroxidation, reduces eNOS phos-
phorylation in bovine aortic endothelial cells by decreasing cellular
BH4 bioavailability [40]. In our study, sapropterin treatment in diabetic
dams significantly reduced ROS and 4-hydroxynonenal levels in fetal
hearts. These findings suggest that sapropterin prevents hyperglycemia-
induced oxidative stress and maintains redox balance and eNOS func-
tion in the developing heart.

A notable observation from immunohistochemical analysis is α-
SMA positive staining in cardiomyocytes in addition to coronary ar-
teries in E18.5 hearts of offspring from diabetic mothers. During early
cardiogenesis, immature cardiomyocytes express α-SMA and as cardiac
development progresses, α-SMA is eventually replaced by cardiac actin
isoforms [41,42]. The persistent α-SMA expression in cardiomyocytes
and smaller heart size at E18.5 in offspring of pregestational diabetes
suggest that maternal diabetes delays fetal heart maturation, which is
also prevented by sapropterin treatment.

The present study is limited to simulate type 1 diabetes. In pregnant
women, the prevalence of pregestational type 2 diabetes is rapidly in-
creasing in recent years [43]. The effects of type 2 diabetes on CAMs
remain to be investigated in future studies. Additionally, coronary ar-
teries are formed from at least 3 sources of progenitors, the epicardium,
endothelial cells of sinus venosus and the endocardium [14–16]. The
present study examined the changes of epicardial progenitors, which is
considered a major contributor to coronary arteries [14]. Whether the
other two sources of coronary progenitors are affected by pregestational
diabetes and/or sapropterin requires further investigation.

In conclusion, oral treatment with the FDA-approved drug sa-
propterin dihydrochloride (Kuvan®), a stable, synthetic form of BH4,

reduces the incidence of CAMs induced by maternal diabetes in mice.
Sapropterin increases Akt/eNOS phosphorylation and NO levels, de-
creases oxidative stress in the developing heart, and promotes cell
proliferation, EMT and growth of coronary artery progenitors.
Sapropterin did not negatively affect litter size, fetal weight or heart
development in our studies [23], suggesting an excellent safety profile
in normal mouse pregnancies. Currently sapropterin is prescribed as a
phenylalanine hydroxylase activator for patients with phenylketonuria
(PKU), a genetic disorder. The potential of sapropterin as a treatment to
prevent CHDs and CAMs in the offspring of women with pregestational
diabetes needs to be tested in clinical trials.
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