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A B S T R A C T   

Aims: We have previously demonstrated protection against obesity, metabolic dysfunction, atherosclerosis and 
cardiac ischemia in a hypoxia-inducible factor (HIF) prolyl 4-hydroxylase-2 (Hif-p4h-2) deficient mouse line, 
attributing these protective effects to activation of the hypoxia response pathway in a normoxic environment. We 
intended here to find out whether the Hif-p4h-2 deficiency affects the cardiac health of these mice upon aging. 
Methods and results: When the Hif-p4h-2 deficient mice and their wild-type littermates were monitored during 
normal aging, the Hif-p4h-2 deficient mice had better preserved diastolic function than the wild type at one year 
of age and less cardiomyocyte hypertrophy at two years. On the mRNA level, downregulation of hypertrophy- 
associated genes was detected and shown to be associated with upregulation of Notch signaling, and espe-
cially of the Notch target gene and transcriptional repressor Hairy and enhancer-of-split-related basic helix-loop- 
helix (Hey2). Blocking of Notch signaling in cardiomyocytes isolated from Hif-p4h-2 deficient mice with a 
gamma-secretase inhibitor led to upregulation of the hypertrophy-associated genes. Also, targeting Hey2 in 
isolated wild-type rat neonatal cardiomyocytes with siRNA led to upregulation of hypertrophic genes and 
increased leucine incorporation indicative of increased protein synthesis and hypertrophy. Finally, oral treat-
ment of wild-type mice with a small molecule inhibitor of HIF-P4Hs phenocopied the effects of Hif-p4h-2 defi-
ciency with less cardiomyocyte hypertrophy, upregulation of Hey2 and downregulation of the hypertrophy- 
associated genes. 
Conclusions: These results indicate that activation of the hypoxia response pathway upregulates Notch signaling 
and its target Hey2 resulting in transcriptional repression of hypertrophy-associated genes and less car-
diomyocyte hypertrophy. This is eventually associated with better preserved cardiac function upon aging. 
Activation of the hypoxia response pathway thus has therapeutic potential for combating age-induced cardiac 
hypertrophy.   

1. Introduction 

Cardiovascular diseases are the leading cause of death on a global 
scale [1], and cardiac impairments of varying etiology are estimated to 
affect over 37 million people [2]. Heart failure is commonly caused by 
chronically increased cardiac workload, leading to a loss of 

cardiomyocytes or pressure overload due to hypertension. In response to 
increased loading, the heart undergoes pathophysiological processes, 
characterized by structural and functional remodeling of the myocar-
dium, such as cardiomyocyte hypertrophy and fibrosis [3,4]. 

The prevalence of heart failure increases dramatically upon aging 
[5], and increased arterial stiffness [6], elevated blood pressure [7], 
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decreased inotropic responsiveness, reduced diastolic filling and endo-
thelial dysfunction [8] have all been suggested to contribute to the 
decline in cardiac function during physiological aging [9]. Several 
distinct molecular pathways contribute to cardiac remodeling; sustained 
inflammation due to upregulated cytokine release leads to fibroblast 
proliferation and metalloproteinase activation [10]. In addition, 
increased oxidative stress and altered energy metabolism both support 
hypertrophic and fibrotic processes [11]. 

The hypoxia response pathway has evolved to ensure the survival of 
cells at low oxygen concentrations [12,13], the major regulator of this 
response being the hypoxia-inducible factor (HIF) [14]. Activation of 
this pathway increases oxygen supply via upregulation of genes associ-
ated with angiogenesis and erythropoiesis, and decreases the tissues’ 
demand for oxygen via reprogramming of energy metabolism towards 
anaerobic glycolysis at the expense of oxidative phosphorylation. HIF is 
regulated by the hypoxia-inducible factor prolyl 4-hydroxylases (HIF- 
P4Hs, also known as PHDs and EGLNs), enzymes that function as 
cellular oxygen sensors preventing the stabilization of HIF under nor-
moxic conditions [12]. Many of the processes involved in cardiac 
remodeling, such as inflammation, oxidative stress and altered energy 
metabolism, are mediated by HIF [15]. 

We have generated a mouse line that is hypomorphic for HIF-P4H-2, 
the major isoenzyme regulating HIF stability [16]. These mice express 
differing levels of wild-type Hif-p4h-2 mRNA in their tissues, the knock- 
down in the heart being 92% [16,17]. The life span of these mice is not 
affected by the systemic long-term inactivation of Hif-p4h-2 [18], they 
are metabolically healthier than their wild-type littermates and are 
protected against obesity and metabolic dysfunction [19], atheroscle-
rosis [20], cardiac [16,17] and skeletal muscle ischemia [21], and 
alcoholic and non-alcoholic fatty liver diseases [22,23]. We have pre-
viously reported altered Notch signaling associated with upregulated 
HIF-signaling in the spleens of Hif-p4h-2 deficient mice [24]. Interest-
ingly, hypoxia has been shown to block the differentiation of myogenic 
progenitor cells via HIF1α and elevated expression of Notch signaling 
and the downstream Notch genes [25]. These results gave us the 
incentive to study the link between HIF and Notch signaling pathways in 
more detail in the heart. We show here that Hif-p4h-2 deficient mice are 
protected against age-induced cardiac hypertrophy and deterioration of 
diastolic function. Mechanistically, we found that HIF stabilization 
activated Notch signaling and its target gene Hairy and enhancer-of- 
split-related basic helix-loop-helix (Hey2), resulting in transcriptional 
repression of hypertrophic genes in the heart. We also found that this 
outcome can be phenocopied by a small-molecule inhibitor of HIF-P4Hs, 
indicating the translational potential of this finding. 

2. Methods 

2.1. Animal experiments 

All animal experiments were conducted according to the ARRIVE 
guidelines and 3R rules for animal experimentation, the national regu-
lations for the usage and welfare of laboratory animals and the guide-
lines laid down in Directive 2010/63/EU of the European Parliament. 
The experiments were approved by the National Animal Experiment 
Board of Finland (license numbers ESAVI-6154 and ESAVI-8179). 

The genetically modified Hif-p4h-2gt/gt mice used here were gener-
ated with a GeneTrap targeting vector introduced into intron 1 of the 
Hif-p4h-2 gene, as previously described [16], and gender-matched wild- 
type littermates were used as controls in all the experiments. The mice 
were housed at the Laboratory Animal Center of the University of Oulu 
on a 12 h light/dark cycle and at a constant temperature of 21–22 ◦C. 
The mice were fed a standard rodent diet ad libitum (Teklad 
T.2018C.12, Envigo). 

To evaluate the effect of aging on cardiac remodeling, a cohort of 
male Hif-p4h-2gt/gt mice and their wild-type littermates were allowed to 
age in their cages, during which time their well-being was monitored 

daily in groups of 2–5 for as long as possible until separated due to 
fighting or being the last one to survive [18]. The mice were sacrificed 
by CO2 inhalation and cervical dislocation when they reached a humane 
endpoint (body weight loss of 20%, reduced body temperature, inac-
tivity or immobility, hunched posture with a matted or unkempt coat, a 
bleeding skin ulcer or rash, excessive abdominal swelling or increased 
respiratory effort) and their hearts were collected for analysis. Addi-
tional cohorts of mice were sacrificed at selected time points as indicated 
in the results and figure legends. Age-matched cohorts were used for all 
the analyses. 

Cohorts of wild-type C57BL/6NCrl mice (Charles River, Germany) 
were treated with a small-molecule HIF-P4H inhibitor FG-4539 (Fibr-
oGen Inc.), which was dissolved in 1 M Meglumine (FibroGen Inc.) or 
vehicle (1 M Meglumine). A dose of 60 mg/kg was administered orally 
three times a week for 6 weeks, after which the mice were sacrificed and 
their hearts were collected. 

2.2. Cell experiments 

Cardiac cells from the hearts of 3-month-old male Hif-p4h-2gt/gt mice 
and their wild-type littermates were fractioned and the ventricular 
myocytes were isolated as described [17,26]. Briefly, the mouse was first 
deeply anesthetized with isoflurane and the heart was rapidly excised. 
The heart was then cannulated through the aorta and retrograde 
perfusion was performed with Hepes-buffered Tyrode’s solution sup-
plemented with 0.1% collagenase type II (Worthington) and 2,3-butan-
dione-monoxime. Ventricular tissue was homogenized and the myocytes 
were collected with low-speed centrifugation (18g for 2 min) and frozen 
at − 70 ◦C. After low-speed centrifugation to pellet myocytes, the su-
pernatant was collected and centrifuged at 300 g for 5 min to pellet fi-
broblasts and endothelial cells. The cells were then resuspended in PBS, 
2 mM EDTA and 2% FBS and filtered through a 70 μm nylon mesh (BD 
Falcon). Endothelial cells were isolated immunomagnetically with 
mouse CD31 (BD Biosciences) microbeads with MS columns and a 
VarioMACS separator (Miltenyi Biotec). The CD31-positive endothelial 
fraction and the CD31-negative fibroblast fraction were frozen at 
− 70 ◦C. 

For cell culture, cardiomyocytes were isolated from the hearts of 3- 
month-old male Hif-p4h-2gt/gt mice and their wild-type littermates as 
described [26] and resuspended in minimum essential medium (αMEM) 
supplemented with 5% FBS, insulin-transferrin‑selenium (Invitrogen), 
10 mM 2,3-butandione-monoxime, 2 mM L-glutamine and penicillin- 
streptomycin (Sigma), plated onto laminin-coated plates at a density 
of 1.5 × 104 cardiomyocytes/cm2 and incubated at 37 ◦C in a humidified 
atmosphere containing 2% CO2. After myocyte attachment, the plates 
were washed with cultivation medium to remove nonadherent cells and 
8 μM gamma-secretase inhibitor (Calbiochem) or vehicle (0.06% DMSO) 
was added. The cells were incubated for 20 h, washed with Tyrode’s 
solution and frozen at − 70 ◦C. 

For cell culture, the cardiac fibroblasts were plated in DMEM/F12 
(Invitrogen) supplemented with 10% FBS, 2 mM L-glutamine and 
penicillin-streptomycin, and cultivated at 37 ◦C in humidified atmo-
sphere containing 5% CO2. On the following day the debris was removed 
by means of repeated medium changes, after which a fibroblast medium 
with 8 μM gamma-secretase inhibitor or vehicle (0.06% DMSO) was 
added. The medium was changed after 2 days and the cells were incu-
bated in the presence of inhibitor/vehicle for an additional 2 days and 
then washed with PBS and frozen at − 70 ◦C. 

Neonatal rat ventricular cardiomyocytes were isolated from 2 to 4 
day-old Sprague-Dawley rats [26], which were sacrificed by quick 
decapitation. The ventricles were digested in 2 mg/ml collagenase type 
II (Worthington), 50 μM CaCl2 in PBS. Cells were first preplated in 
DMEM/F12, 20% FBS supplemented with penicillin-streptomycin for 2 
h to remove fibroblasts. Nonattached cells were collected, plated at 
175000 cells/cm2 in DMEM/F12, 10% FBS, penicillin-streptomycin and 
cultivated overnight at 37 ◦C in humidified atmosphere containing 5% 
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CO2. Then, cells were transfected with Hey2 siRNA (Silencer Select 
#4390771, ID s139178, Ambion) or control siRNA (Silencer Select 
Negative Control 1, #4390843, Ambion) (100 nM) with jetOPTIMUS 
transfection reagent (2.2 μl/ml, Polyplus Transfection) and incubated 
for 24 h. Thereafter, cells were treated with 20 ng/ml bFGF (Peprotech) 
for 24 h. Cells were rinsed with PBS and frozen at − 70 ◦C for RNA 
extraction. Tritium [3H]-labelled leucine was used to measure protein 
synthesis. Neonatal rat ventricular cardiomyocytes cultured in 24-well 
plates were supplemented 24 h after the siRNA transfections with 
[3H]-leucine (1 μCi/ml, PerkinElmer) in DMEM/F12, 0.25% bovine 
serum albumin, 1 nM T3, 2.8 mM sodium pyruvate, insulin-trans-
ferrin‑selenium, penicillin-streptomycin and incubated for 24 h. FGF 
was added to cells 2 h before [3H]-leucine. The cells were then processed 
for measurement of incorporation of [3H]-leucine by Tri-Carb 2900TR 
liquid scintillation counter (Perkin Elmer) [27]. 

2.3. Echocardiography 

For the analyses of cardiac function and dimensions, transthoracic 
echocardiography was performed with a Vevo 2100 high frequency, 
high resolution ultrasound imaging system (Fujifilm-Visualsonics), 
using an MS-550D linear array transducer (40 μm axial, 90 μm lateral 
resolution) as described [28]. The mice were anesthetized with iso-
flurane (4% for induction and 1.8% for maintenance) and the left ven-
tricular internal diameter in systole (LVID;s) and diastole (LVID;d) and 
the thicknesses of the interventricular septum (IVS) and posterior wall 
(LVPW) were measured. LV fractional shortening (FS), the ejection 
fraction (EF) and the LV mass were calculated from the M-mode image 
with Vevo Lab (v.3.0) analytic software. 

2.4. Histological analyses 

Formalin-fixed paraffin-embedded hearts were cut to five- 
micrometer sections, which were stained with Massons’ trichrome 
staining, viewed with a Leica DM LB2 or Olympus BX51 microscope and 
photographed with a Leica DFC 320 or Olympus DB71 camera. The 
amount of fibrosis and the cross-sectional area of cardiomyocytes were 
quantified from five 20 x fields of the Masson’s trichrome-stained sec-
tions with Fiji (ImageJ), Nikon NIS-Elements BR 2.30 or Adobe Photo-
shop CS5 Magnetic Lasso Tool. 

2.5. Quantitative real-time PCR (qPCR) analyses 

Total RNA was isolated from the heart and from the cardiac cells with 
an E.Z.N.A. total RNA Kit I (Omega Bio-Tek), followed by reverse 
transcription with an iScript cDNA Synthesis Kit (Bio-Rad) or with 
Transcriptor First Strand cDNA synthesis kit (Roche). qPCR was per-
formed with iTaq Universal SYBR Green Supermix #1725124 (Bio-Rad) 
in a T100 Thermal Cycler (Bio-Rad) and a CFX96 Touch Real-Time PCR 
Detection System (Bio-Rad) with specific primers. The expression levels 
in neonatal cardiomyocytes were evaluated on an ABI Prism 7700 
Sequence Detection System (Applied Biosystems) with TaqMan or SYBR 
Green chemistry. The sequences of the primer pairs are listed in Sup-
plemental Table 1 for mouse and in Supplemental Table 2 for rat. 

2.6. Western blot analyses 

For GATA4, pGATA4 and BNP thirty μg and for MEF2C hundred μg of 
total protein from heart tissue was lysed in EBC + urea buffer (50 mM 
Tris-HCl pH 7.5, 150 mM NaCl, 0.5% NP-40, 3 M urea) resolved by SDS- 
PAGE, transferred to PVDF membrane, blotted, and probed with the 
following primary antibodies: anti-GATA4 pSer105 (1:600 ab5245, 
Abcam), anti-GATA4 (1:1000 sc-9053, Santa Cruz Biotechnology), anti- 
BNP (1:500 ab236101, Abcam), anti-vinculin (1:200 V4505, Merck) and 
anti-MEF2C (1:7500 sc-313×, Santa Cruz Biotechnology) followed by a 
HRP-conjugated secondary antibody (1:5000; Bio-Rad). For blotting of 

HIF1α and HIF-P4H-2 hundred ug of total protein from heart tissue lysed 
using EBC + urea lysis buffer and was resolved by SDS-PAGE, trans-
ferred with nitrocellulose membrane, blotted and probed with anti- 
HIF1α (1:500, NB100–479 Novus Biologicals) and anti-HIF-P4H-2 
(1:500, Novus Biologicals NB100–2219)primary antibodies followed 
by HRP-conjugated secondary antibody. The Pierce ECL system (Ther-
moScientific) was used for detection. Western blot images were quan-
tified with fiji (ImageJ) software. For original blots see (Supplementary 
Fig. S1-S8). 

2.7. Statistics 

Power calculations were performed before the experiments in order 
to determine the smallest number of animals needed. The data were 
analyzed with SPSS software. Two-way ANOVA was used to analyze 
grouped data followed by Sidak’s post-hoc test for multiple compari-
sons. For comparisons between two groups, Student’s t-test was used. All 
the data are presented as mean ± standard error of the mean (SEM), 
unless otherwise stated. A P value of <0.05 was considered statistically 
significant. 

3. Results 

3.1. Downregulation of Hif-p4h-2 provides protection against age-induced 
deterioration of diastolic function and cardiac remodeling 

No significant difference in systolic or diastolic function between 
age-matched wild-type and Hif-p4h-2 deficient mice has been seen [17]. 
However, when we re-evaluated the data by comparing cardiac function 
in 4-week-old and one-year-old mice it pointed to a deterioration in 
diastolic function in the wild-type mice whereas the Hif-p4h-2 deficient 
mice were protected against this deterioration (Supplemental Fig. 1A, 
Table 1). We therefore allowed a cohort of male Hif-p4h-2 deficient mice 
and their wild-type littermates to age until a humane end-point was 
reached (on average two years). By this time the wild-type mice had 
significantly more cardiomyocyte hypertrophy (Fig. 1A) and slightly 
more fibrosis (Fig. 1B) than the Hif-p4h-2 deficient mice, differences that 
had not yet been apparent in a cohort of one-year-old mice (Fig. 1A, 
Supplemental Fig. 1B). Comparing the age-dependence of the 

Table 1 
Echocardiographic parameters of 4-week-old and 1-year-old wild-type and Hif- 
p4h-2 deficient mice.  

Variables wt 4 weeks 
(n = 6) 

wt 1 year (n 
= 4) 

gt/gt 4 weeks 
(n = 4) 

gt/gt 1 year 
(n = 4) 

LVID; 
d (mm) 

3.571 ±
0.170 

3.841 ±
0.154 

3.518 ± 0.108 3.398 ± 0.140 

LVID;s 
(mm) 

2.102 ±
0.193 

2.614 ±
0.271 

2.127 ± 0.109 2.267 ± 0.122 

LVPW; 
d (mm) 

0.691 ±
0.028 

0.651 ±
0.055 

0.648 ± 0.026 0.889 ±
0.056** 

LVPW;s 
(mm) 

1.082 ±
0.050 

1.014 ±
0.085 

0.943 ± 0.042 1.240 ±
0.130* 

EF (%) 72.93 ±
3.646 

60.402 ±
6.587 

70.179 ±
5.156 

62.197 ±
4.577 

FS (%) 41.705 ±
3.077 

32.366 ±
4.755 

39.325 ±
3.954 

33.008 ±
3.503 

IVRT 16.574 ±
1.366 

22.917 ±
2.433* 

15.486 ±
0.635 

17.083 ±
0.998 

E/A 2.180 ±
0.144 

1.138 ±
0.101*** 

1.748 ± 0.149 1.340 ± 0.202 

wt, wild type; gt/gt, Hif-p4h-2 deficient; LVID, left ventricular internal diameter; 
d, diastole; s, systole; LVPW, left ventricular posterior wall thickness; EF, ejec-
tion fraction; FS, fractional shortening; IVRT, isovolumic relaxation time; E/A, 
ratio of peak velocity flow in the early diastole (E) to that in the late diastole (A). 
Statistical analysis was done using two-way analysis of variance (ANOVA) with 
post-hoc Sidak’s multiple comparison test comparing 4-week-old mice to 1-year- 
old mice inside the genotypes *P < 0.05, **P < 0.01. 
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cardiomyocyte growth pattern between the genotypes, we observed 
blunted hypertrophic growth in the hearts of Hif-p4h-2 deficient mice 
relative to the wild type (Fig. 1A). No differences between the genotypes 
were found in the amount of apoptosis or the number of proliferating 
cells in the myocardium of two-year-old mice (Supplemental Fig. 1C-D). 

On the mRNA level, significant upregulation of the HIF target genes 
Hif-p4h-3 and Lactate dehydrogenase A (Ldha) and downregulation of 
the hypertrophy-associated gene GATA binding protein 4 (Gata4) were 
detected in the 6- and 12-month-old Hif-p4h-2 deficient hearts compared 
with wild type (Fig. 2A). GATA transcription factors, especially GATA4, 
are known to be important in the regulation in cardiac hypertrophy in 
adulthood and in aging [29,30]. Also, non-significant downregulation 
was seen on Natriuretic peptide type A (Nppa) and B (Nppb) and the 
fibrosis-associated Fibroblast growth factor 2 (Fgf2) mRNA (Fig. 2A). On 
protein level, downregulation of HIF-P4H-2 and normoxic stabilization 
of HIF1α were observed in the hearts of the Hif-p4h-2 deficient mice 
(Fig. 2B). Also, the hypertrophy-associated GATA4, both total and serine 
105-phosphorylated GATA4, and BNP proteins were significantly 
downregulated in the hearts of the Hif-p4h-2 deficient mice relative to 
wild type (Fig. 2C). Given the synergistic role between GATA4 and MEF2 
we studied the levels of the latter, too. A slight reduction in the mRNA 
level of Mef2c was detected in the Hif-p4h-2 deficient hearts relative to 
wild type while no difference was seen in the protein levels between the 
genotypes (Supplemental Fig. 2). 

3.2. Upregulation of the transcriptional repressor Hey2 is associated with 
downregulation of hypertrophic genes 

In an earlier study with Hif-p4h-2 deficient mice we saw extra-
medullary erythropoiesis in the spleens and while studying a panel of 
erythropoiesis-related genes, alterations in the Notch signaling associ-
ated gene expression [17]. Therefore, trying to find out the mechanism 
behind the changes seen in the heart of the Hif-p4h-2 deficient mice, we 
now studied Notch signaling in their hearts. Cardiac cells from 3-month- 
old mice were fractionated to endothelial cell, cardiomyocyte and 
fibroblast populations. The analyzed purity of the populations was 
excellent for cardiomyocytes and cardiac fibroblasts while the endo-
thelial cell fraction contained cardiomyocyte contamination (Fig. 3A). 
In all the resident cardiac cell populations Hif-p4h-2 was significantly 

downregulated with only 5–18% of the wild-type Hif-p4h-2 mRNA 
remaining (Fig. 3B-D). The HIF target genes Ldha and Adrenomedullin 
(Adm) were upregulated in the cardiomyocytes, and the Notch ligands 
Jagged 1 (Jag1), Jagged 2 (Jag2) and Delta-like 4 (Dll4) together with 
the Notch receptor Notch2 were significantly upregulated by 42%, 23%, 
27% and 27%, respectively, in the cardiomyocytes of the Hif-p4h-2 
deficient mice relative to their wild-type littermates (Fig. 3B). No 
upregulation of HIF target genes or Notch receptors or ligands was 
detected in the fibroblast or endothelial cell populations, but instead 
Notch signaling was downregulated in the fibroblasts (Fig. 3C-D). 
Interestingly, one established Notch target gene, Hey2, was upregulated 
in all the cell populations by 50% in cardiomyocytes and fibroblasts and 
by 150% in endothelial cells (Fig. 3B-D). To find out whether the 
upregulation of this known transcriptional repressor might be a mech-
anism for the downregulation of the hypertrophy-associated genes in the 
heart, we treated isolated cardiomyocytes and cardiac fibroblasts with a 
gamma-secretase inhibitor (GSI) to prevent Notch signaling. This led to 
reversal of the phenotype in the wild-type cardiomyocytes: significant 
downregulation of Hey2 and upregulation of Nppb mRNAs were 
observed with no effect on HIF target genes (Fig. 3E). The same phe-
nomenon was observed in cardiomyocytes from the Hif-p4h-2 hearts, 
although the effect was not as robust (Fig. 3F). In cardiac fibroblasts GSI- 
treatment downregulated Hey2 mRNA in both genotypes reaching sig-
nificance in wild type but no effect on the expression of fibrotic genes 
was detected (Supplemental Fig. 3A-B). To further dissect the mechanism, 
we targeted Hey2 in isolated wild-type rat neonatal cardiomyocytes with 
siRNA and challenged the cells with FGF for 24 h. Downregulation of 
Hey2 mRNA by 35% associated with significant 29% and 48% upregu-
lation of Nppb and Nppa mRNA, respectively, and 33% but statistically 
non-significant upregulation of Gata4 mRNA (Fig. 3G). Analysis for 
protein synthesis by measuring [3H]-leucine incorporation to cellular 
proteins in wild-type rat neonatal cardiomyocytes treated with FGF 
showed an increase following Hey2 siRNA treatment compared to con-
trol (Fig. 3H). 

3.3. Inhibition of HIF-P4H with a small-molecule inhibitor reduces 
cardiomyocyte hypertrophy in wild-type mice 

To find out whether the downregulation of hypertrophy-associated 

Fig. 1. Protection against age-induced cardiac remodeling in Hif-p4h-2gt/gt mice. (A) Histological evaluation of Masson’s trichrome-stained hearts and age- 
dependence of cardiomyocyte cross-sectional area (μm2) in wild-type (wt) and Hif-p4h-2gt/gt (gt/gt) mice. 6-month-old males, n = 6 wt, 6 gt/gt; 1-year-old males, 
n = 7 wt, 7 gt/gt; 2-year-old males, n = 19 wt, 7 gt/gt). (B) Fibrotic area as a percentage of total area. Two-way ANOVA with Sidak’s post-hoc test was used for 
statistical analysis between genotypes and inside age groups for panel A. Student’s 2-tailed t-test was used for statistical analysis for panel B. #P < 0.05, ###P <
0.001 within genotypes; *P < 0.05 between genotypes, ns = not significant. Means ± SEM are indicated on all the graphs. 
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genes in the hearts of Hif-p4h-2 deficient mice could also be achieved by 
pharmacological inhibition, we treated wild-type C57BL/6NCrl mice 
with the small-molecule pan-HIF-P4H inhibitor FG-4539 (FibroGen 
Inc.), which led to downregulation of the hypertrophy-associated Gata4 
and Nppb mRNAs (Fig. 4A). While evaluating cardiomyocyte hypertro-
phy from a histology standpoint, we observed significantly smaller 
cardiomyocytes in the group of wild-type mice treated with FG-4539 
compared with those treated with the vehicle (Fig. 4B). No interstitial 
fibrosis was detected in the hearts of vehicle or FG-4539-treated wild- 
type mice, nor was there any difference in the expression of fibrotic 
genes between the groups (Fig. 4A). 

4. Discussion 

A highly conserved intercellular Notch signaling pathway is essential 
for the development and homeostasis of multicellular organisms, as this 
regulates cell fate determination during development [31–33] and is 
also crucial for coordinating the signaling crosstalk between cell line-
ages during cardiogenesis, thus participating in the determination of 
cardiac cell fate and the morphogenesis of cardiac structures [34]. Notch 
regulates heart regeneration in zebrafish [35] and there are also some 
indications of it being involved in mammalian cardiac repair [34]. 
Notch proteins are cell surface receptors that act as transcriptional 
regulators [31,33,36,37], and one Notch target gene, the Hey2 tran-
scription factor, is a major transducer of Notch signaling [38], 

functioning as a transcriptional repressor and having a critical role in 
cardiac development. Knock-down of Hey2 in mice leads to septum 
defects, persistent foramen ovale and tricuspid valve stenosis [39–41] 
and it has also been shown to lead to a massive postnatal cardiac hy-
pertrophy with high lethality in early life [40]. Direct targeting of Notch 
signaling by overexpression of Jag1 has also been shown to have pro-
tective effect against transverse aortic constriction-induced cardiac hy-
pertrophy [42]. Here, we show the involvement of Notch in HIF 
signaling to counteract cardiac deterioration in aging. 

In addition to reprogramming cellular energy metabolism and 
inducing erythropoiesis and angiogenesis, activation of the HIF/hypoxia 
response also influences the maintenance of an undifferentiated cell 
state. Hypoxia has been shown to block the differentiation of both 
neuronal and myogenic progenitor cells via HIF1α and elevated 
expression of the downstream Notch genes Hes1 and Hey2 [25]. Inter-
estingly, with genetic knock-down of Hif-p4h-2 leading to stabilization 
of HIF1α, we observed upregulation of Hey2 in all the major cardiac cell 
lineages used here. 

The transcription factor GATA4 plays an important role in cardiac 
development and hypertrophy (reviewed e.g. in [29]). Age-dependent 
increase in GATA4 phosphorylation at Ser105 associated with 
increased cardiac hypertrophy in wild-type mice has been reported 
earlier [30]. In a study using mouse embryonic stem cells with knock- 
down of Hey1/2, the hypertrophy-associated genes Gata4/6 and Nppa 
were similarly upregulated, while the promoter activity of the Gata4/6 

Fig. 2. Downregulation of hypertrophy-associated GATA4 and BNP in Hif-p4h-2gt/gt hearts. (A) Levels of the selected HIF target, hypertrophic and fibrotic mRNAs in 
the cardiac tissue of Hif-p4h-2gt/gt mice analyzed by qPCR shown as a percentage of the wild-type (wt) mean. β-actin (Actb) was used as reference gene for qPCR. 
Individual values for the Hif-p4h-2gt/gt group are shown. (B) Western blot showing HIF-P4H-2 knockdown and HIF1α stabilization in the hearts of the Hif-p4h-2gt/gt 

mice under normoxic conditions. β-actin (ACTB) was used as a loading control. (C) Western blots of Ser105 phosphorylated GATA4 (pGATA4), GATA4 and B-type 
natriuretic peptide (BNP) expression in the heart and their quantification. Vinculin was used as a loading control. The mean for the wild type is taken as 100% in the 
graphs. Individual values are shown. In Fig. (A) n = 10/group, (C) n = 4/group. Student’s 2-tailed t-test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P 
< 0.001. Means ± SEM are indicated on all the graphs. 
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target gene Nppa was inhibited by Hey1, Hey2 and HeyL [43]. Protein 
interaction studies suggested that the effects were mediated by direct 
binding of Hey2 to GATA4 and GATA6 proteins and blocking of their 
transcriptional activity [43]. In another study with a mouse line with 
myocardium-specific overexpression of Hey2, marked attenuation of the 
hypertrophic response to an α-adrenergic agonist, phenylephrine, was 
shown [44], and the Nppa, Nppb and Myh7 genes were suppressed in 
cardiomyocytes, indicating that the hypertrophy-associated genes are 
repressed by Hey2. In addition, HEY2 was shown to bind directly to 
GATA4 in a coimmunoprecipitation assay and to inhibit the binding of 
GATA4 to its recognition sequence within the Nppa promoter [44]. 
Taken together, these data would indicate that Hey2 functions as an 
antihypertrophic gene through GATA4. Likewise, we observed in our 
model of Hif-p4h-2 deficient mice, that upregulation of Hey2 was asso-
ciated with downregulation of hypertrophic GATA4. As we followed 
these mice during their normal aging [18], we also observed protection 
against the development of cardiac hypertrophy and deterioration of 
diastolic function. Moreover, downregulation of Hey2 in wild-type rat 
cardiomyocytes resulted in upregulation of hypertrophy associated 
mRNAs and hypertrophic growth of the cells. Our results are summa-
rized in the schematic Fig. 5. It is notable, however, that the interplay 
between HIF/hypoxia and Notch signaling is not yet fully understood. It 
has been suggested that hypoxia affects Notch signaling with differential 
transactivation activity depending on the level of hypoxia, upregulating 

Notch signaling in the presence of severe hypoxia and downregulating it 
in mild hypoxia [45]. As the hypoxia response in our model is not 
activated by oxygen deprivation but a genetic defect or a pharmaco-
logical inhibitor, it is a pseudohypoxic state, which limits the interpre-
tation of the results as far as the level of hypoxia in concerned. 
Furthermore, it has been shown in HEK293T cells that the proteins HEY1 
and HEY2 are also capable of repressing HIF1α-driven expression of the 
hypoxia response element (HRE) reporter and thus HIF1α-induced gene 
expression. This supports the hypothesis that HIF upregulates HEY fac-
tors which in turn limit the expression of HRE-responsive genes [46]. 

Finally, we evaluated whether this same protection could also be 
achieved by a small-molecule inhibitor of HIF-P4Hs making this 
approach feasible for human patients suffering from cardiac 
hypertrophy. 

The HIF-P4Hs can be inhibited by orally administrated small mole-
cules leading to HIF stabilization and activation of the hypoxia response 
in normoxia. The first-in-class HIF-P4H inhibitor, roxadustat, has been 
approved in China and Japan for the treatment of renal anemia of 
chronic kidney disease while vadadustat, molidustat and daprodustat 
are in phase III clinical trials. In animal models, inhibition of HIF-P4Hs 
has proved promising for the treatment of metabolic dysfunction [19] 
and HIF-P4H inhibitors have been shown to be associated with reduced 
serum total cholesterol and LDL cholesterol levels in clinical trials for 
anemia [47]. The pharmacologic potential of the HIF-P4H inhibitors in 
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Fig. 3. Notch signaling is upregulated in Hif-p4h-2 deficient cardiac cells while inhibition of Notch signaling upregulates hypertrophic responses. (A) qPCR analysis 
of the mRNA expression levels of Col1a1, aMHC and Tie2 in pools of fractioned cardiac cells for indication of their purity. mRNA expression levels of Hif-p4h-2, 
selected HIF targets and the Notch receptors and ligands in (B) cardiomyocytes, (C) cardiac fibroblasts and (D) endothelial cells measured by qPCR (hearts from n = 6 
wt, n = 6 Hif-p4h-2gt/gt mice). Inhibition of Notch signaling with a gamma-secretase-inhibitor (GSI) in (E) wild-type cardiomyocytes (n = 8, the cardiomyocytes were 
extracted from 4 individual mice) and (F) Hif-p4h-2gt/gt (gt/gt) cardiomyocytes (n = 7, the cardiomyocytes were extracted from 4 individual mice). β-actin (Actb) was 
used as reference gene for panels A-F. (G) Downregulation of Hey2 and upregulation of hypertrophy associated genes in Hey2 siRNA treated rat neonatal car-
diomyocytes treated with FGF. (N = 11/group. Groups were combined from samples in two individual experiments of n = 5/group and n = 6/group in which the cells 
were extracted and pooled from total of 11 and 16 rats, respectively). 18 s or RPL23 were used as reference genes for panel G. (H) Rate of protein synthesis measured 
using [3H]-leucine incorporation in rat neonatal cardiomyocytes treated with FGF was upregulated following treatment with Hey2 siRNA compared to control (ctrl) 
(N = 8/group. Cells were extracted and pooled from 13 rats). Student’s 2-tailed t-test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001. Means ±
SEM are shown. Individual values for the Hif-p4h-2gt/gt group are shown in A-D. The wild-type (wt), vehicle or control (ctrl) mean was taken as 100% in the graphs. 
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cases of healthy cardiac aging needs to be studied further. In this study, 
treatment of wild-type mice with oral dosing of FG-4539 for six weeks 
led to upregulation of Hey2 and downregulation of Gata4 and Nppb and 
to a significantly smaller cardiomyocyte cross-sectional area as also 
observed with the genetic model. Our data are different from recently 
published results where endothelial cell specific loss of HIF-P4H-2 
induced cardiac hypertrophy and fibrosis in a HIF2α-dependent 
manner [48]. This model differs from ours where the Hif-p4h-2 defi-
ciency is present in all cardiac cell types (and globally), offering a po-
tential explanation for the difference in the outcome. 

We recognize that there are limitations in this study. First, we have 
not used a direct cardiac hypertrophy model. In the future this phe-
nomenon could be studied for example in a pressure overload model. 
Due to the chosen aging model evaluation of changes, such as hyper-
trophy, may have been masked by other aging-associated confounding 
effects compared to a direct disease model in young animals. Second, 
blocking of the Notch signaling was performed with a GSI inhibitor 
which was chosen for this experiment due to proven viability and 
availability. Although GSIs are widely used, in addition to Notch they 
also affect multiple other proteins and may therefore have unspecific 
effects [49]. In future, a more direct method could be used when eval-
uating the intricate pathway between hypoxia and Notch signaling. 

In conclusion we propose that activation of hypoxia response 
pathway could potentially protect the heart from age-induced hyper-
trophic changes through activation of the Notch signaling and upregu-
lation of Hey2 resulting in downregulation of the hypertrophy associated 
genes. As similar effects were seen with small molecular inhibition of 
HIF-P4Hs this opens a potential novel pathway for future research with 
HIF-P4H inhibitors in treatment and prevention against cardiac 
hypertrophy. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.yjmcc.2021.12.003. 
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