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A B S T R A C T

Tetrahydrobiopterin (BH4) shows therapeutic potential as an endogenous target in cardiovascular diseases.
Although it is involved in cardiovascular metabolism and mitochondrial biology, its mechanisms of action are
unclear. We investigated how BH4 regulates cardiovascular metabolism using an unbiased multiple proteomics
approach with a sepiapterin reductase knock-out (Spr−/−) mouse as a model of BH4 deficiency. Spr−/− mice
exhibited a shortened life span, cardiac contractile dysfunction, and morphological changes. Multiple proteomics
and systems-based data-integrative analyses showed that BH4 deficiency altered cardiac mitochondrial oxidative
phosphorylation. Along with decreased transcription of major mitochondrial biogenesis regulatory genes, in-
cluding Ppargc1a, Ppara, Esrra, and Tfam, Spr−/− mice exhibited lower mitochondrial mass and severe oxidative
phosphorylation defects. Exogenous BH4 supplementation, but not nitric oxide supplementation or inhibition,
rescued these cardiac and mitochondrial defects. BH4 supplementation also recovered mRNA and protein levels
of PGC1α and its target proteins involved in mitochondrial biogenesis (mtTFA and ERRα), antioxidation (Prx3
and SOD2), and fatty acid utilization (CD36 and CPTI-M) in Spr−/− hearts. These results indicate that BH4-
activated transcription of PGC1α regulates cardiac energy metabolism independently of nitric oxide and suggests
that BH4 has therapeutic potential for cardiovascular diseases involving mitochondrial dysfunction.

1. Introduction

Heart failure is a major cause of death and recurrent hospitalization.
Despite the use of several therapies, including pharmacological an-
tagonists such as angiotensin-converting enzyme inhibitors, angiotensin
receptor blockers, and β-blockers and implantation of devices such as

pacemakers and defibrillators, the 5-year mortality rate is still around
50% [1]. As heart failure is closely related to increased oxidative stress
and mitochondrial dysfunction, restoring mitochondrial function has
emerged as a promising therapeutic strategy [2]. Recently, the Q-
SYMBIO trial showed that mitochondria-targeting coenzyme Q10
treatment improves the survival rate of chronic heart failure patients.
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Although this trial has clinical limitations, it demonstrates the potential
of mitochondria-targeting therapy [3].

Tetrahydrobiopterin (BH4) is a multifunctional cofactor implicated
in the regulation of nervous, immune, and cardiovascular systems that
acts as a combined enzymatic cofactor, nitric oxide synthesis (NOS)
cofactor, and scavenger of reactive oxygen species (ROS) [4]. However,
BH4 is also susceptible to oxidation and is reduced by high levels of
oxidative stress [4]. Low levels of BH4 are associated with a broad
range of cardiovascular diseases including hypertension, hypertrophy,
and ischemic heart disease in animal models and human patients [4,5].
We previously demonstrated that BH4 deficiency increases ROS gen-
eration and mitochondrial dysfunction independent of nitrogen oxide
(NO) in the amoeba system, whereas BH4 treatment reverses these
abnormalities [6]. Although existing evidence suggests a link between
BH4 and regulation of mitochondrial function [7], little is known about
the effects of BH4 on mitochondria-mediated heart energy metabolism.
Therefore, it is important to determine whether BH4 plays a role in
cardiac function and mitochondrial energy metabolism and elucidate
the underlying mechanisms.

Sepiapterin reductase (SPR) is a rate-limiting enzyme that catalyzes
the final step of BH4 biosynthesis. We previously found that Spr−/−

mice exhibit BH4 deficiency in the liver and brain, dwarfism, and im-
paired body movements and are suitable for studying the physiological
and clinical consequences of BH4 deficiency [8]. However, no studies
have examined cardiac and mitochondria function using this mouse
model.

As systemic proteomic analysis is an unbiased approach to identi-
fying novel biological mechanisms, we performed systems-based in-
tegrative data analysis to investigate systematic changes in the cardiac
mitochondrial proteome of Spr−/− mice and organized identified pro-
teins into specific cardiovascular metabolic pathways affected by BH4
deficiency. We demonstrated that BH4 is required for proper mi-
tochondrial function, energy provision, ROS regulation, and contractile
function in cardiac muscle using Spr−/− mice. We further demonstrated
that BH4 enhances PGC1α transcription and stimulates cardiovascular
energy metabolism signaling pathways.

2. Methods

2.1. Experimental animals and drug treatment

Animal studies conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996) and was approved by the
Inje Medical University Institutional Animal Care and Use Committee
(approval number 2011-049).

Five-week-old male Spr−/− mice and same-aged male C57BL/6J
wild-type (WT) controls were used to study the mechanism of BH4
deficiency [8]. Five-week-old male eNOS knock-out (KO) mice were
provided by Dr. Goo Taeg Oh (Ewha Women's University, Seoul, Re-
public of Korea). All mice were kept in a specific pathogen-free facility
with controlled temperature (20–24 °C) and humidity (40–70%), a 12-h
light cycle, and free access to standard laboratory chow and tap water.

For the functional rescue and survival study, three-week-old Spr−/−

mice were treated for up to 4 weeks with intraperitoneal (i.p.) bolus
injections of 100 μl vehicle (normal saline), BH4 (20mg/kg/day;
Cayman Chemical, Ann Arbor, MI), or diethylenetriamine NONOate
(0.4 mg/kg/day; Cayman Chemical) as a source of NO. The NOS in-
hibitor nitro-L-arginine methyl ester hydrochloride (L-NAME, Sigma-
Aldrich, 50mg/kg/day i.p. bolus injection) was co-administered with
BH4 to exclude NO-dependent effects of BH4.

2.2. H&E staining and electron microscopy

To assess changes in cardiac tissue histology, hematoxylin and eosin
(H&E) staining was performed on formalin-fixed cardiac tissue from WT

and Spr−/− mice. Isolated heart tissue was fixed in 10% poly-
formaldehyde, embedded in paraffin wax, and cut into 4-μm sections
that were stained with H&E. Stained sections were characterized mor-
phologically under an optical microscope at 500× magnification.
Transmission electron microscopy was used to detect morphological
differences between WT and Spr−/− mouse cardiac mitochondria [9].

2.3. Measurement of cardiac BH4 concentration

Cardiac tissue was homogenized in 5 μl/mg extraction buffer con-
taining 50mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.1M KCl, 1 mM DTT,
and 0.2 mM phenylmethylsulfonyl fluoride. Homogenates were cen-
trifuged at 12,000g for 20min at 4 °C. Supernatants were subjected to
differential oxidation in acidic (0.4mol/l trichloroacetic acid) or alka-
line (0.4mol/l NaOH) solutions containing 1% I2/2% KI in 0.2M tri-
carboxylic acid (TCA) or 1% I2/2% KI in 0.2M NaOH for 1 h in the
dark. After centrifugation, 20 μl supernatant was injected into a high-
performance liquid chromatography (HPLC) system with a fluorescence
detector. Excitation and emission wavelengths of 350 and 450 nm, re-
spectively, were used to detect fluorescent BH4 and its oxidized species.

2.4. Measurement of cardiac Spr activity

Reactions were performed in phosphate buffer (0.1 mol/l, pH 7.5)
containing a final concentration of 0.1mmol/l sepiapterin, 0.2 mmol/l
NADPH, and 5 μg cardiac tissue lysate. Enzymatic reactions were con-
ducted at 37 °C for 2 h in the dark, and the biopterin conversion rate
was used as an index of Spr activity. The reaction was stopped by in-
cubation in 10 μl iodine solution containing 2% K/1% I2 in 1M HCL for
10min in the dark. Precipitated proteins were removed by centrifuga-
tion at 13,000g for 10min at room temperature. Excess iodine was
quenched by adding 25 μl 2% ascorbic acid. The resulting biopterin
content was measured with an HPLC system (Waters Spherisorb 5 ODS-
1 column, Gilson 321 model). Fluorescence was monitored with an HP
1046 fluorescent detector at 350 nm excitation and 450 nm emission
wavelengths. Flow rate was maintained at 1.2 ml/min. The chromato-
graphic profile was analyzed using EZstart chromatography software
(Shimadzu).

2.5. Echocardiography measurement

Echocardiographic measurement with the high-resolution echo-
cardiograph system Vivid 7 (GE Healthcare) was used to detect cardiac
structure alterations and cardiac function in vivo using an i13L-15MHz
probe. We obtained measurements of M-mode intraventricular septum
(IVS), left ventricular internal diameter (LVID), left ventricular pos-
terior wall (LVPW), end diastolic volume (EDV), end systolic volume
(ESV), stroke volume (SV), ejection fraction (EF), and fractional
shortening (FS) in conscious mice. All data and images were saved and
analyzed on an EchoPAC PC (GE Healthcare).

2.6. Isolation and purification of myocardial mitochondria

After sacrifice, mouse hearts were rapidly removed, washed, and
homogenized using a medium fitting glass-Teflon Potter-Elvehjem
homogenizer in ice-cold mitochondrial isolation buffer (MIB) con-
taining 50mM sucrose, 200mM mannitol, 5 mM potassium phosphate,
1 mM EGTA, 5mM MOPS, 0.1% BSA (w/v), and a protease inhibitor
cocktail, and pH was adjusted to 7.4. The resulting homogenate was
centrifuged at 1000g for 10min at 4 °C to remove nuclei and cell debris.
The supernatant was centrifuged at 10,000g for 10min at 4 °C to pre-
cipitate mitochondria, which were washed with 5ml ice-cold MIB and
centrifuged again at 10,000g for 10min at 4 °C. Isolated mitochondria
were used for mitochondrial functional analysis including oxygen
consumption, adenosine triphosphate (ATP) production assay, complex
activity assays, and ROS production assay. For mitochondria proteomic
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analysis, isolated mitochondria pellets were further purified by gentle
homogenization in 5ml 19% Percoll in MIB for purification on a Percoll
density gradient. This gradient was prepared by careful stepwise
layering of 3ml 52%, 3ml 42%, and 3ml 31% Percoll solutions in a
centrifuge tube. Crude mitochondrial fractions (containing 19%
Percoll) were layered on top of the Percoll density gradient and cen-
trifuged at 100,000g for 1 h at 4 °C. The major band at the interface of
the 52% and 42% Percoll solutions was collected, diluted with three
volumes of MIB, and centrifuged twice at 15,000g for 10min [10].

2.7. Permeabilization of cardiac fiber

Permeabilization of cardiac fiber was performed as previously de-
scribed [11]. Briefly, the left ventricles of isolated hearts were dissected
to 10–25mg wet weight tissue. Dissected tissue was further mechani-
cally separated into a final 1–3mg wet weight fiber bundle by sharp
forceps. The fiber bundle was incubated in preservation solution
(2.77mM CaK2EGTA, 7.23mM K2EGTA, 20mM imidazole, 0.5mM
dithiothreitol, 20mM taurine, 50mM K-MES, 6.56 MgCl2, 5.7 mM ATP,
14.3 mM phosphocreatine, pH 7.1) with 50 μg/ml saponin for 20min
on ice. The fiber bundle was rinsed three times with MiR05 buffer
(0.5 mM EGTA, 3mM MgCl2.6H2O, 20mM taurine, 10mM KH2PO4,
20mM HEPES, 1 g/l BSA, 60mM potassium-lactobionate, 110mM su-
crose, pH 7.1, adjusted at 30 °C). Permeabilized fiber (1–3mg) was used
for in situ oxygen consumption measurement.

2.8. Proteome analysis

Two-dimensional gel electrophoresis mass spectrometry (2DE-MS)
[12] and one-dimensional liquid chromatography tandem mass spec-
trometry (LC-MS/MS) proteome analysis [13] were performed to
identify differentially expressed proteins (DEPs) in the cardiac mi-
tochondria of WT and Spr−/− mice.

2.9. Quantification of protein abundance and identification of remodeled
metabolic pathways

To estimate the abundance of mt proteins isolated from three Spr−/

− and two WT mouse hearts, we employed label-free quantitative
proteomic analysis using the differential absolute protein expression
measurement (APEX) technique [14]. The relative protein abundance
ratio was calculated by dividing mt protein abundance in Spr−/− mice
by that in WT mice. Quantified mt proteome sets were validated
through systems-based data-integrative analysis.

To identify remodeled pathways in Spr−/− mice, we mapped our
quantified mt proteins onto biological pathways compiled from the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database [15]. We
calculated an enrichment value [E(Mi)] to measure the existence of
DEPs in a given pathway as an indicator of pathway remodeling. We
randomly permutated the existence of proteins 10,000 times to obtain a
null E(Mi) distribution for each pathway map (Mi) and assumed Gaus-
sian distributions. A pathway was considered to be remodeled if its p-
value was< 0.01.

2.10. In vitro SPR knock-down

Lentiviral transduction particles containing mouse SPR shRNA was
purchased from Sigma-Aldrich (SHCLNV-NM_011467). HL-1 cells, a
cardiomyocyte cell line, were kindly provided by Dr. William Claycomb
(Louisiana State University Health Science Center, New Orleans, LA)
and were cultured as previously described [16]. To generate cell lines
with stable knock-down of SPR, HL-1 cells, (2× 105 cells in a 6-well
plate) were infected with shRNA lentiviral transduction particles and
hexadimethrine bromide at a final concentration of 8 μg/ml. Cells were
incubated for 4 h, after which the medium containing lentiviral parti-
cles was removed. After 24 h, infected cells were selected by culture in

the presence of puromycin (1 μg/ml). Selected clones were maintained
in medium containing puromycin (0.1 μg/ml).

2.11. Mitochondrial function analysis

To estimate mitochondria functional integrity, we compared ΔΨm
between WT and Spr−/− mice using the mitochondrial membrane-
specific fluorescent probe tetramethylrhodamine ethyl ester perchlorate
(TMRE) [9]. Mitochondrial oxygen consumption was determined using
an Oxygraph 2-k (Oroboros Instrument, Innsbruck, Austria) [11].
Complex I, II, III, and IV activities were measured in frozen isolated
mitochondrial hearts using a 96-well plate-based assay. Complex I, II,
and IV activities were determined using the Complex I, II, and IV En-
zyme Activity Microplate Assay Kit (MitoSciences. OR. USA) following
the manufacturer's recommended protocol and settings. Complex III
activity was determined using a modified MitoTOX™ OXPHOS Complex
III Activity Kit (MitoSciences). Data are presented as mOD/min [17].
ATP concentration was measured in cardiac tissue homogenates as
previously described [9]. Mitochondrial ROS production was assessed
in isolated mitochondria using specific fluorescence probes and flow
cytometry [18].

2.12. Statistical analysis

All results are expressed as mean ± standard error of the mean
(SEM). Differences between two groups were analyzed using unpaired,
two-tailed Student's t-tests. Differences between more than two groups
were analyzed using one-way analysis of variance (ANOVA) followed
by Bonferroni post hoc tests. In all analyses, p < 0.05 was considered
statistically significant. All analyses were performed using Origin 8.0
(OriginLab, Northampton, MA, USA).

*An expanded Experimental Procedures is available in the online
Supplementary information.

3. Results

3.1. Cardiac damage and contractile dysfunction induced by BH4
deficiency

Compared with WT mice, Spr−/− mice showed significant growth
retardation (Fig. 1A), reduced physical activity (Movie S1), reduced
SPR activity (Fig. 1B), reduced cardiac BH4 concentration (Fig. 1C),
and a markedly shortened life span (Fig. 1D).

BH4 deficiency modified cardiac morphology and contractility.
Heart and muscle fiber size were significantly decreased in Spr−/− mice
(Fig. 1Ea–d and F), with muscle fiber degeneration and lymphocytic
infiltration observed in Spr−/− cardiac muscle (Fig. 1Ee–f). Markers of
tissue damage and heart failure (i.e., lactate dehydrogenase level and
Nppa and Nppb expression) [19] were elevated in Spr−/− mice (Fig. 1G
and H). Spr−/− mice had impaired cardiac contractility (Fig. 1I–K).
Specifically, assessment of left ventricular (LV) geometry showed de-
creased systolic indices, including reduced IVSs and increased LVIDs
(Fig. 1I). Due to contractile dysfunction, ESV was increased and SV was
decreased (Fig. 1J) in Spr−/− hearts. Spr−/− hearts also showed ab-
normal LV systolic functional parameters, including decreased EF and
FS rate (Fig. 1K). These results indicate that BH4 deficiency induces
severe LV systolic dysfunction.

3.2. Systems analysis of differentially expressed mitochondrial proteins in
Spr−/− mice

Phenotypic alterations are associated with changes in protein ex-
pression [20]. To characterize differences in protein expression levels
between WT and Spr−/− mitochondria, we used quantitative multiple
proteomic analysis to compare abundances of mt proteins. Mitochon-
drial proteins obtained from heart tissue of Spr−/− and WT mice were
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identified using 2DE-MS and LC-MS/MS analysis. 2DE-MS identified 30
mitochondrial DEPs, which were mainly related to the oxidative
phosphorylation system (OXPHOS; Fig. 2Aa), fatty acid metabolism
(Fig. 2Ab), amino acid metabolism (Fig. 2Ac), carbohydrate metabolism
(Fig. 2Ad), post-translational modifications (Fig. 2Ae), and the cytos-
keleton (Fig. 2Af) (Supplementary Table S1).

To enhance the accuracy, reliability, and coverage of proteomics
analyses, we performed parallel LC-MS/MS proteomics. We matched,
on average, 4908 LC-MS/MS peptide spectra to 204 proteins with a
95% confidence level (Supplementary Table S2). Our approach to
measuring protein abundance and identifying reliable mitochondrial
proteins is depicted in Fig. 2B. To measure protein abundance, we
employed label-free quantitative proteomic analysis based on the ob-
servation that the number of LC-MS/MS spectra is associated with the
abundance of the corresponding protein [21]. For the spectral counting
approach, protein abundance was estimated by dividing the number of
LC-MS/MS spectra from all peptides corresponding to a given protein
by the number of all LC-MS/MS spectra for all proteins in the experi-
ment (see Methods and Supplementary information). The estimated
protein abundances of the proteome sets had excellent reproducibility
(Fig. 2C). Pairwise comparisons of the three Spr−/− mt proteome sets
showed an average Pearson's correlation coefficient of 0.86 (Fig. 2C,
dark blue), whereas those between the two WT mt proteome sets
averaged 0.90 (Fig. 2C, light blue). We measured the abundance ratios
of 176 proteins by comparing Spr−/− and WT mt proteome sets (Sup-
plementary Table S3). The protein abundance ratio was defined as the
median of six abundance ratios (see Supplementary information). We

confirmed the reliability of the protein abundance ratio through com-
parisons between independent 2DE-MS and LC-MS/MS analyses.
Twenty of the 30 proteins identified in the 2DE-MS analysis matched
those obtained from the label-free quantitative proteomic analysis
(Fig. 2D).

Next, we used a systems-based data-integrative approach to eval-
uate our proteome set. Because data from proteomic analysis only
provide isolated protein information, presumably with some false po-
sitives [22], we used a data-integrative approach to identify reliable mt
proteins. We compared our proteome set with previously characterized
mt proteome sets from mouse hearts [23,24] and confirmed that 98%
(172 of 176) proteins matched known mt proteins (Fig. 2E, Supple-
mentary Table S4). We investigated the physical and/or functional as-
sociations of these 172 proteins based on the notion that protein pairs
that physically interact or share similar functions tend to be located in
the same subcellular organelle [25]. We identified 164 reliable mt
proteins that were physically and/or functionally associated with each
other (Supplementary Table S5). To select DEPs, we examined the
fraction of proteins according to protein abundance ratios. The ex-
pression levels of 55 proteins changed> 1.5-fold in Spr−/− mice and
were thus defined as DEPs (Fig. 2F), whereas the remaining proteins
were classified as non-differentially expressed proteins (NEPs).

3.3. Remodeled mitochondrial metabolic pathways in Spr−/− mice

Proteins rarely act alone but rather interact with other proteins and
comprise specific pathways responsible for various biological processes

Fig. 1. Altered cardiac tissue morphology and contractility in Spr−/− mice. (A) Phenotypic characterization of Spr−/− and WT mice (scale bar: 1 cm). (B) SPR
activity in the heart. (C) BH4 concentration in the heart. (D) Survival rate. (E) Cross-sectional (a) and longitudinal (b) H&E-stained heart sections (scale bar: 1mm)
and cardiac muscle fiber (c, d; scale bar: 25 μm). Cross-sectional muscle fiber with lymphocytic infiltration (e, f; scale bar: 25 μm). (F) Cross-sectional myocyte size
quantification. (G) Relative blood lactate dehydrogenase (LDH) level. (H) Nppa and Nppb expression. (I) LV geometry of WT and Spr−/− mice during systole (s) and
diastole (d). (J) LV volume during systole and diastole. (K) Cardiac systolic function of WT and Spr−/− mice. (A–C) and (E–K), n= 5; (D), n=7. *p < 0.05 vs. WT,
two-tailed Student's t-tests. (See also online Movie S1.)
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[26]. These associations are of particular importance for relating gen-
otype to phenotype at the molecular level. Moreover, alterations in
expression could induce remodeling of specific metabolic pathways,
leading to phenotypic differences between WT and Spr−/− mice. To
identify remodeled metabolic pathways related to differentially ex-
pressed mt proteins, we constructed a protein-pathway network (Fig. 3A
and Supplementary Table S5), a bipartite network composed of two
different types of nodes. One set was our mt proteome set, and the other
consisted of metabolic pathways compiled from the KEGG database
[15]. A protein and pathway are linked if the protein acts as a meta-
bolite or substrate in the pathway. In the resulting protein-pathway
network, 13 mt metabolic pathways appeared to be remodeled in Spr−/

− mice (red triangles in Fig. 3A). These remodeled pathways were
connected by 102 mt proteins, including 37 DEPs (dark blue circles) and
65 NEPs (light blue circles).

We also identified two biologically relevant unipartite networks
from the bipartite protein-pathway network that contained a pathway-
pathway network (Fig. 3B) and a protein-protein network (Fig. 3C). In
the pathway-pathway network (Fig. 3B), nodes indicate pathways, and
two pathways are connected if they share at least one protein. We found
that 12 of 13 identified pathways were interconnected and formed a
major network, indicating that the phenotypic alterations of Spr−/−

mice arose from the close associations of mt metabolic pathways. These
12 pathways were divided into four groups based on their biological
functions: energy production, lipid metabolism, carbohydrate metabo-
lism, and amino acid metabolism (Supplementary Table S6).

The resulting protein-protein network (Fig. 3B) consisted of 102 mt
proteins with 1541 interactions in which the number of interactions per
single protein varied from 3 to 61 depending on the specific pathway.
The OXPHOS pathway had the highest number of interactions among

the 13 remodeled pathways (Fig. 3C), with proteins interacting twice as
much as in other pathways (i.e., the 45 proteins in the OXPHOS
pathway had an average 44.76 interactions). This suggests that ex-
pression changes in OXPHOS complexes may have a major impact on
pathway remodeling in abnormal Spr−/− mitochondria.

We identified six significantly remodeled pathways in Spr−/− mi-
tochondria by measuring the enrichment of DEPs in specific pathways
(Table 1; corresponding to p-values for DEP enrichment< 0.01): the
OXPHOS pathway (KEGG:mmu00190), branched-chain amino acid
metabolism (mmu00280), TCA cycle (mmu00020), glycolysis
(mmu00010), fatty acid metabolism (mmu00071), and pyruvate me-
tabolism (mmu00620). The KEGG biological pathway “mmu00010:
glycolysis/gluconeogenesis” category includes mitochondrial and non-
mitochondrial compartment proteins, with 16 proteins related to gly-
colysis mainly located in “mitochondria” or “mitochondria and cyto-
plasm.”

All pathways were interconnected by 36 DEPs (Fig. 3D). The OX-
PHOS pathway appeared to be the most remodeled, with 33.3% of all
DEPs (12 of 36 DEPs) and around twice as many DEPs as in the other
identified pathways (Table 1). In addition, six DEPs were located at
complex I (Fig. 3E), suggesting that this complex is a primary target
and/or source of environmental and endogenous oxidative stress
causing mitochondrial dysfunction [27].

3.4. Altered mitochondrial morphology and oxidative phosphorylation
induced by BH4 deficiency

To determine the consequences of metabolic pathway remodeling
due to BH4 deficiency, we analyzed several aspects of the mitochon-
drial biogenesis and OXPHOS pathways. Nuclear and mitochondrial

Fig. 2. Multi-proteomics approach to identify cardiac mitochondrial DEPs in Spr−/− mice. (A) Silver-stained 2DE gels from WT (top) and Spr−/− (bottom) mice.
Enlarged images of significantly reduced proteins in Spr−/− compared with WT mice and their biological categories according to the Clusters of Orthologous Groups
of proteins algorithm: oxidative phosphorylation (a), fatty acid metabolism (b), amino acid metabolism (c), carbohydrate metabolism (d), post-translational mod-
ifications and chaperones (e), and cytoskeleton (f). (B) Flow diagram of procedure to measure protein abundance and reliably identify mitochondrial proteins. (C)
Reproducibility of protein abundance. Comparison of mitochondrial proteomic sets between Spr−/− (dark blue) and WT (light blue) mice. (D) Similar expression
patterns were observed using label-free quantitation (red) and 2DE analysis (blue). (E) Relative contributions of other mouse heart mitochondrial proteomic sets. (F)
Distribution of protein abundance ratios.
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transcriptional regulators tightly modulate mitochondrial biogenesis,
transcription of mtDNA, and translation of mRNA. We evaluated mRNA
expression levels of important regulators of mitochondrial biogenesis
(Ppargc1a, Ppara, and Esrra), modulators of mtDNA transcription and
mRNA translation (Tfam, Tfb1m, Tfb2m, Ssbp1, Polrmt, and Tufm),
regulators of mitochondrial protein import and stabilization (Phb1,
Phb2, and Immt), and a mtDNA quantitative marker (mt-Cytb) (Fig. 4A).
BH4 deficiency reduced gene expression of all regulators of mitochon-
drial biogenesis and three modulators of mtDNA transcription and
mRNA translation (Tfam, Ssbp1, and Polrmt).

Consistent with the transcriptional deficiency of several genes reg-
ulating the biogenesis of mitochondria, Spr−/− mice had fewer cardiac
mitochondria and altered intra-mitochondrial structure. Compared
with the dark, dense, intact mitochondria in control tissue (Fig. 4Ba–b),
mitochondria in Spr−/− cardiac tissue had pale matrices and shortened,
disorganized cristae displaced to the periphery (Fig. 4Bc–d) in electron
microscopic images. The number and total volume of cardiac mi-
tochondria in Spr−/− mice were decreased to approximately 60% and
53%, respectively, of WT values (Fig. 4B–C). Spr−/− hearts showed
higher proportions of abnormal mitochondria showing disrupted cristae

Fig. 3. Remodeled mitochondrial metabolic pathways in Spr−/− mice. (A) Protein-pathway network of mitochondria (mt). Nodes represent mt proteome set (circles)
and mt metabolic pathways (red triangles). DEPs and NEPs are colored dark blue and light blue, respectively. Significantly remodeled pathways are labeled. (B)
Pathway-pathway mitochondrial network. Node size represents the number of associated proteins. (C) Protein-protein mitochondrial network. Node size corresponds
to the number of proteins sharing the same pathway. (D) Six significantly remodeled pathways in Spr−/− mice shown as red triangles. (E) The maximally remodeled
OXPHOS pathway. DEPs involved in five OXPHOS complexes are tabulated.

Table 1
Significantly remodeled pathways in Spr−/− mitochondria.

Pathway KEGG ID Number of identified proteins Number of DEPs DEP enrichment (p-value)

Oxidative phosphorylation 190 45 12 3.53E−09
Branched-chain amino acid metabolism 280 19 7 2.86E−09
TCA cycle 20 19 4 3.77E−04
Glycolysis 10 16 8 5.53E−21
Fatty acid metabolism 71 15 4 9.95E−05
Pyruvate metabolism 620 12 4 6.26E−06
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(Fig. 4C) and small fragmented mitochondria (< 0.1 μm2; Supplemen-
tary Fig. 1).

We directly tested the proteomics-derived hypothesis that BH4 de-
ficiency results in cardiac mitochondrial OXPHOS dysfunction. The
oxygen consumption rate (OCR) in Spr−/− mice was significantly de-
creased in both permeabilized cardiac tissue (Fig. 4D) and isolated
cardiac mitochondria (Fig. 4E). In the presence of 5mM glutamate and
malate (state 4 respiration), the OCR of Spr−/− mice was significantly
reduced to 70% and 21% of WT cardiac tissue and isolated mitochon-
dria, respectively. Additionally, the OCR of Spr−/− cardiac tissue and
mitochondria in state 3 respiration (stimulated by adding 200 μM
adenosine diphosphate [ADP]) was 35% and 18% of WT values, re-
spectively. Consequently, the respiratory control ratio (RCR) was sig-
nificantly decreased in Spr−/− cardiac tissue and mitochondria.

Mitochondrial membrane potential (ΔΨm) was significant depo-
larized in Spr−/− mice compared with WT mice as measured by
fluorescence signal from the ΔΨm-specific probe tetramethylrhodamine
ethyl ester (TMRE; Fig. 4F). The specificity of TMRE staining was ver-
ified using 1 μM carbonylcyanide-p-trifluoromethoxyphenylhydrazone
(FCCP)-induced ΔΨm depolarization. Collectively, ΔΨm depolarization
and the suppressed OCR were associated with reduced ATP production
in Spr−/− mice (Fig. 4G). We also measured the activities of oxidative
phosphorylation Complexes I, II, and III and citrate synthase to

determine whether these complexes are primary targets of BH4 defi-
ciency and found that Spr−/− mice exhibited significantly lower com-
plex I activity (Fig. 4H). Western blot analysis revealed reduced ex-
pression of NADH dehydrogenase FeeS protein 1 (NDUFS1) in an equal
amount of isolated Spr−/− compared with WT mitochondria (Fig. 4I).
These results further demonstrate the essential role of BH4 in mi-
tochondrial energy metabolism in cardiac tissue.

BH4 deficiency also led to an imbalance in ROS dynamics. We
measured mitochondrial ROS levels in the presence or absence of an-
timycin A, a specific inhibitor of mitochondrial complex III. Baseline
mitochondrial ROS levels were 296% higher in Spr−/− mice than in WT
mice, and antimycin A treatment increased ROS generation 3.7 times
faster in Spr−/− mice than in WT mice (Fig. 4J). Furthermore, com-
pared with WT mice, Spr−/− mice showed 2.75-fold higher levels of 8-
hydroxydeoxyguanosine (8OhdG) released from damaged mtDNA
(Fig. 4K).

3.5. Rescue of heart and mitochondrial abnormalities in Spr−/− mice by
BH4 supplementation

To clarify whether mitochondrial dysfunction in Spr−/− mice is
directly related to BH4 deficiency or is an indirect effect of Spr KO, we
investigated the effect of BH4 supplementation in Spr−/− mice (Spr−/

Fig. 4. Impaired mitochodrial biogenesis and oxidative phosphorylation induced by BH4 deficiency. (A) Real-time PCR results of major mitochondrial biogenesis
regulatory genes. (B) Representative electron micrographs of cardiac tissue from WT (n=3; a, b) and Spr−/− (n=3; c, d) mice at different magnifications (a, c:
6000×; b, d: 15,000×). Scale bars, a and c: 1 μm; b and d: 0.5 μm. Arrows indicate mitochondria with pale matrices and shortened, disorganized cristae displaced to
the periphery. (C) Mitochondrial volume in cross-sectional cardiac tissue (left) and proportion of abnormal mitochondria (right). n=3mice/group; 5 images/mouse;
*p < 0.05 vs. WT. (D) Mitochondrial OCR in permeabilized cardiac tissue. Respiration rates with glutamate and malate (G/M; state 4) and glutamate, malate, and
ADP (state 3) (left) and RCR (state4/state3) (right). (E) OCR in isolated mitochondria. Respiration rates with glutamate, malate, and ADP (left) and RCR (right). (F)
Basal levels of mitochondrial membrane potential (ΔΨm) and FCCP-induced depolarization in TMRE-stained isolated cardiac mitochondria. (G) ATP concentration in
cardiac tissue. (H) Oxidative phosphorylation complex (Cx) I, II, and III and citrate synthase (CS) activity in isolated cardiac mitochondria. (I) NDUFS1 in isolated
cardiac mitochondria. Translocase of the outer membrane (TOM) and voltage-dependent anion channel (VDAC) served as internal controls. a.u., arbitrary units. (J)
Baseline and antimycin A (Anti A)-induced mitochondrial ROS production levels. (K) Oxidative mtDNA damage. n=5 mice/group. *p < 0.05 vs. WT, two-tailed
Student's t-tests (A, C, D, E, G, H, I, J, and K), two-way ANOVA followed by Bonferroni post hoc tests (F).
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−/BH4). Supplementation for 2 weeks with exogenous BH4 (20mg/kg/
day, i.p.) significantly increased the body size and weight of Spr−/−

mice (Fig. 5A) and extended their life span (Fig. 5B). Cardiac systolic
dysfunction recovered after BH4 supplementation (Fig. 5C–D). Sup-
pression of mitochondrial OCR (Fig. 5E) and reduced ΔΨm (Fig. 5F)
were significantly reversed in Spr−/−/BH4 mice. BH4 supplementation
also reduced ROS production (Fig. 5G).

BH4 couples with eNOS to produce NO. However, in the heart,
unlike other tissues, eNOS is not involved in basal mitochondrial bio-
genesis [28]. To test the involvement of an NO effect in our model, we
assessed the effect of NO supplementation in Spr−/− mice via treatment
with diethylenetriamine NONOate (Spr−/−/NO) [29]. NO supple-
mentation failed to rescue the abnormalities of Spr−/− mice, including
growth retardation (Fig. 6A), mitochondrial protein expression
(Fig. 6B), OCR (Fig. 6C), membrane potential (Fig. 6D), and ROS pro-
duction (Fig. 6E). Additionally, we tested whether treatment with the
NOS inhibitor L-NAME inhibited the effect of BH4 supplementation on
mitochondrial and cardiac functions [30]. The beneficial effects of BH4
supplementation on mitochondria and heart were not attenuated by L-
NAME treatment (Fig. 6F–I). We also compared cardiac mitochondrial
function between WT and eNOS−/− mice, but no significant mi-
tochondrial differences were observed (Fig. 6J–N). These results sug-
gest that mitochondrial dysfunction in Spr−/− mice is primarily due to
BH4 deficiency independent of NO.

3.6. Increased transcription and translation of PGC1α by BH4
supplementation

To identify the molecular mechanism of BH4-mediated mitochon-
drial biogenesis and functional regulation, we tested whether BH4
regulates transcription or translation of PGC1α, a master regulator of
mitochondrial biogenesis and OXPHOS. BH4 supplementation mark-
edly enhanced mRNA expression of Ppargc1a, Ndufs1, Tfam, and Sod2,
which were significantly reduced in Spr−/− mice (Fig. 7A), indicating
that BH4 activates mitochondrial biogenesis and OXPHOS at the gene
transcription level. We further examined the expression of major reg-
ulators of mitochondrial biogenesis and OXPHOS at the protein level
and found that PGC1α, mtTFA, ERRα, and NDUFS1 levels in Spr−/−

hearts were markedly decreased, whereas BH4 supplementation re-
covered the expression of these proteins (Fig. 7B). BH4 supplementa-
tion not only recovered protein levels under a pathological condition
but also enhanced the expression levels of PGC1α, NRF1, and mtTFA
under a healthy condition (Fig. 7C). As PGC1α regulates enzyme sys-
tems involved in ROS scavenging [31], we measured protein expression
levels of major mitochondrial antioxidant proteins, including peroxir-
edoxin 3 (Prx3), superoxide dismutase 2 (SOD2), and glutathione per-
oxidase 1 (Gpx1), and found that Prx3 and SOD2 were decreased in
Spr−/− mice. Notably, BH4 treatment rescued Prx3 and SOD2 expres-
sion but not Gpx1 expression (Fig. 7D).

The loss of mitochondria function in whole-body KO mice could be
affected by various neurohormonal factors including dopamine or

Fig. 5. Rescue of cardiac and mitochondrial dysfunction in Spr−/− mice by BH4 supplementation. (A) Phenotypic characterization (a, scale bar: 1 cm), body weight
(BW, b), and heart weight (HW, c). (B) Survival rates. (C) Echocardiograms. (D) EF and FS. (E) Relative OCR. (F) Mitochondrial inner membrane potential. (G) Basal
and antimycin A (Anti-A)-induced ROS level in isolated cardiac mitochondria. Data are expressed as mean ± SEM. *p < 0.05 vs. WT, #p < 0.05 vs. Spr−/−,
ANOVA with Bonferroni post hoc tests.
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tyrosine hydroxylase, as BH4 is an essential conversion cofactor for
these proteins [4]. To test whether the observed cardiac mitochondrial
dysfunction was a direct result of BH4 deficiency or arose from systemic
modulation, we assessed mitochondrial function and proteomic al-
terations in mouse cardiac HL-1 cells with knocked-down SPR (shSpr).
After this silencing treatment, we confirmed reduced Spr mRNA levels
and BH4 levels with quantitative real-time PCR and HPLC, respectively
(Fig. 7E). Similar to the in vivo mouse model, shSpr cells showed lower
protein levels of PGC1α, mtTFA, and NDUFS1. Twenty-four hours of
BH4 supplementation (20 μM) successfully recovered the expression of
all tested proteins (Fig. 7F).

Another important role of PGC1α in cardiac and skeletal muscle is
the regulation of free fatty acid utilization via transcriptional regulation
of CD36 and carnitine palmitoyltransferase 1 (CPT1) as well as the
determination of muscle fiber type [32,33]. BH4 deficiency reduced
expression of CD36 and CPT1 in both heart and skeletal muscle and
reduced expression of troponin I, a marker of mitochondria-enriched
slow-twitch muscle fibers, in skeletal muscle (Supplementary Fig. 2).

These results suggest that BH4 regulates transcription of PGC1α and
metabolism regulatory proteins including NRF-1, ERRα, and mtTFA
(mitochondrial biogenesis and OXPHOS) and Prx3 and MnSOD (anti-
oxidant system), which collectively regulate cardiac energy metabolism
(Fig. 7G).

4. Discussion

The aim of this study was to determine the biological role of BH4 in
the regulation of cardiac energy metabolism. We demonstrated, for the

first time, that chronic BH4 deficiency disrupts transcription of PGC1α
and related energy metabolism-regulating genes involved in mi-
tochondrial biogenesis (NRF-1, ERRα, and mtTFA) and the antioxidant
system (Prx3 and MnSOD), causing severe mitochondrial and cardiac
dysfunction.

BH4 deficiency led to morphological and functional defects in the
hearts of transgenic Spr−/− mice. Because the heart has a high energy
demand, proper ATP generation via mitochondrial oxidative phos-
phorylation is necessary to maintain dynamic cardiac activity. In this
context, the contractile dysfunction in Spr−/− mice might reflect ab-
normal cardiac mitochondrial function. Although our previous study
suggests that BH4 deficiency impairs mitochondrial function in
Dictyostelium discoideum in an eNOS-independent manner [6], the un-
derlying mechanism was unclear. However, the present multiple pro-
teomics and systemic analysis approach revealed a strong correlation
between BH4 and mitochondrial OXPHOS.

Consistent with the results of proteomics, Spr−/− mice showed re-
duced mitochondrial biogenesis with impaired OXPHOS function as
demonstrated by ΔΨm depolarization, suppressed oxygen consumption,
decreased ATP production, and increased oxidative stress. OXPHOS
complex I activities were significantly suppressed as shown by reduced
expression of NDUFS1, a representative subunit of complex I, in mi-
tochondria of Spr−/− mice. Mutation or deficiency in complex I is the
most common respiratory chain defect and increases susceptibility to
oxidative stress, suggesting that it could be a primary target in BH4
deficiency [34,35].

Together, the results of BH4, NONOate, and L-NAME supple-
mentation clarify that the biological role of BH4 in mitochondrial

Fig. 6. No effect of NO supplementation on mitochondrial dysfunction in Spr−/− mice. (A) Phenotypic characterization (scale bar: 1 cm). (B) Relative mRNA
expression ratio of selected genes. (C) Relative OCR of isolated cardiac mitochondria. (D) Relative mitochondrial membrane potential (ΔΨm). (E) Basal and anti-
mycin A (Anti-A)-induced ROS level in isolated cardiac mitochondria. (F) Relative OCR of isolated cardiac mitochondria. (G) Relative ΔΨm. (H) Basal and Anti-A-
induced ROS level in isolated cardiac mitochondria. (I) Left ventricular contractility. (J) Phenotypic characterization (scale bar: 1 cm). (K) Mitochondrial morphology
(scale bars, top: 1 μm, bottom: 100 nm). (L) OCR. (M) Relative ΔΨm. (N) Relative ROS production. Data are expressed as mean ± SEM. *p < 0.05 vs. WT,
#p < 0.05 vs. Spr−/−, n=5 mice/group, ANOVA with Bonferroni post hoc tests (B–L), two-way ANOVA with Bonferroni post hoc tests (M, N).
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biogenesis and cardiac metabolism is NO-independent. BH4 couples
with eNOS to produce NO. However, unlike in other tissues, eNOS is not
involved in basal mitochondrial biogenesis in the heart [28]. When we
treated Spr−/− mice with diethylenetriamine NONOate, we found that
this NO supplementation failed to rescue their abnormalities. Likewise,
inhibition of NOS via treatment with L-NAME did not abolish the
beneficial effects of BH4 supplementation on mitochondrial and cardiac
functions. In addition, cardiac mitochondrial function was similar be-
tween WT and eNOS KO mice. Consistent with these findings, recent
studies suggest an NO-independent role of BH4 in cardiovascular and
neuronal systems [6,7,36,37].

As an underlying mechanism of BH4-mediated mitochondrial bio-
genesis and functional regulation, we found that BH4 regulated ex-
pression levels of PGC1α, ERRα, and mtTFA, which are key transcrip-
tional regulators of mitochondrial biogenesis and oxidative
phosphorylation [38,39]. BH4 deficiency decreased levels of PGC1α
mRNA and protein by approximately 90% and 50%, respectively. Im-
portantly, BH4 treatment almost completely restored PGC1α expression
to a level similar to that in WT mice. The observed Spr−/− mitochon-
drial and cardiac phenotypic dysfunctions were similar to those of
cardiac- and skeletal muscle-specific PGC1α/β-null mice [40]. Al-
though decreased PGC1α is a common signature of acquired cardiac
disease, mice deficient in PGC1α or β alone do not exhibit an overt
cardiac phenotype under normal conditions [40]. However, these mice
showed strong sensitivity to oxidative stress, hypertrophic stimulation,
and aging and readily developed cardiac dysfunction [41]. ERRα is an
important regulator of energy metabolism and induces expression of
genes with roles in fatty acid oxidation, the TCA cycle, oxidative
phosphorylation, and mitochondrial biogenesis [42]. Also, PGC1α
regulates the activity and transcription of ERRα [42]. Consistently, we
found reduced levels of ERRα, SOD2, CD36, and CPT1 proteins along

with reduced PGC1α levels in Spr−/− mice. Thus, our results suggest
that reduced levels of PGC1α, ERRα, and mtTFA collectively impair
normal mitochondrial biogenesis and OXPHOS, which exacerbated BH4
deficiency-induced oxidative stress in Spr−/− mice. In addition to its
role in mitochondrial biogenesis, PGC1α is a multifunctional protein
that regulates transcription of antioxidant and free fatty acid utilization
proteins [31,32]. Thus, we hypothesize that BH4 deficiency reduced the
expression of downstream targets of PGC1α, including ERRα Prx3,
SOD2, CD36, and CPT1. Reduced levels of these proteins were asso-
ciated with impairments in the antioxidant system and energy meta-
bolism in Spr−/− mice, which disrupted mitochondrial and cardiac
functions. Furthermore, by decreasing levels of troponin I, a marker of
mitochondria-enriched slow-twitch muscle fibers, BH4 deficiency may
affect muscle fiber type determination and weaken physical activity via
the PGC1α signaling pathway [33].

Together, our results suggest that BH4 regulates transcription of
PGC1α and metabolism regulatory proteins, including NRF-1 and
mtTFA (mitochondrial biogenesis and OXPHOS), Prx3 and MnSOD
(antioxidant system), and ERRα, CD36, and CPTI-M (fatty acid oxida-
tion), which collectively regulate cardiac energy metabolism.
Accumulating evidence suggests that mitochondria are promising
therapeutic targets in heart failure, with the recovery of PGC1α-medi-
ated energy metabolism being a key target of mitochondria-targeted
therapy [2]. Thus, our findings indicate that BH4 may have therapeutic
potential for treating heart failure by enhancing mitochondrial function
via transcriptional regulation of PGC1α.

Despite its beneficial effects on various cardiovascular diseases in
animal models, in clinical settings, BH4 has been mainly used for pa-
tients with hyperphenylalaninemia, a genetic disorder involving total
biopterin and BH4 deficiency [4]. Recent clinical studies suggest that
the ratio of BH4/BH2 (i.e., reduction and oxidation forms of BH4,

Fig. 7. Inreased transcription of PGC1α and mitochondrial metabolism regulatory proteins by BH4 supplementation. (A) Relative mRNA level of selected genes in the
heart. (B) Representative immunoblots of mitochondrial biogenesis- and OXPHOS-related proteins and relative expression levels. β-tubulin was used as an internal
control. (C) Representative immunoblots of selected proteins and relative expression level in WT (Con) and BH4-treated WT mice. GAPDH was used as an internal
control. (D) Representative immunoblots of antioxidant proteins and relative expression levels. β-tubulin was used as an internal control. (E) Relative SPR mRNA
level and BH4 concentration in control (shCon) and SPR-silenced HL-1 cells (shSpr). (F) Protein expression levels of PGC1α, mtTFA, and NDUFS1. (G) Schematic
diagram of mechanisms. *p < 0.05 vs. WT, #p < 0.05 vs. Spr−/−, n=3 experiments, ANOVA followed by Bonferroni post hoc tests (A, B, D), Student's t-tests (E,
F).
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respectively) is an important marker of non-genetic cardiovascular
diseases, including hypertensive type-2 diabetes [43] and coronary
artery disease [5]. In particular, hearts from patients with coronary
artery disease exhibit normal GCH1 and QDPR expression but decreased
BH4 levels and BH4/BH2 ratios, suggesting the importance of non-
transcriptional regulation of BH4 synthesis [5]. This clinical evidence
could encourage the application of BH4 to treat various cardiovascular
diseases. Our results suggest that BH4 treatment improves cardiac
function not only by enhancing eNOS signaling but also by altering
PGC1α-mediated mitochondrial metabolism.

5. Conclusion

In conclusion, our results demonstrate a prominent role for and
underlying mechanisms of BH4 in the regulation of heart function and
cardiac mitochondrial homeostasis. BH4 deficiency may be a risk factor
for cardiac dysfunction, and the maintenance of optimal BH4 levels has
therapeutic potential for cardiovascular diseases associated with mi-
tochondrial dysfunction.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.07.018.
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