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BACKGROUND: Alveolar hypoxia is protective in the context of cardiovascular and ischemic heart disease; however, the un-
derlying mechanisms are incompletely understood. The present study sought to test the hypothesis that hypoxia is cardio-
protective in left ventricular pressure overload (LVPO)-induced heart failure. We furthermore aimed to test that overlapping
mechanisms promote cardiac recovery in heart failure patients following left ventricular assist device-mediated mechanical
unloading and circulatory support.

METHODS AND RESULTS: We established a novel murine model of combined chronic alveolar hypoxia and LVPO following
transverse aortic constriction (HXTAC). The HXTAC model is resistant to cardiac hypertrophy and the development of heart
failure. The cardioprotective mechanisms identified in our HXTAC model include increased activation of HIF (hypoxia-inducible
factor)-1a—mediated angiogenesis, attenuated induction of genes associated with pathological remodeling, and preserved
metabolic gene expression as identified by RNA sequencing. Furthermore, LVPO decreased Tbx5 and increased Hsd11b1
mRNA expression under normoxic conditions, which was attenuated under hypoxic conditions and may induce additional
hypoxia-mediated cardioprotective effects. Analysis of samples from patients with advanced heart failure that demonstrated
left ventricular assist device—-mediated myocardial recovery revealed a similar expression pattern for TBX5 and HSD11B17 as
observed in HXTAC hearts.

CONCLUSIONS: Hypoxia attenuates LVPO-induced heart failure. Cardioprotective pathways identified in the HXTAC model might
also contribute to cardiac recovery following left ventricular assist device support. These data highlight the potential of our
novel HXTAC model to identify hypoxia-mediated cardioprotective mechanisms and therapeutic targets that attenuate LVPO-
induced heart failure and mediate cardiac recovery following mechanical circulatory support.
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the world with about half of patients dying within ported improved survival for patients with coronary ar-
Syears of the initial diagnosis. As such, there is  tery disease who live at high altitude being continuously
an urgent unmet need to discover new therapies. To  exposed to lower barometric pressure resulting in lower
identify novel pathways for therapeutic intervention, we partial pressure of inspired oxygen.'-® Furthermore,

Heart failure (HF) is the major cause of death in focused on intriguing epidemiological studies that re-
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RESEARCH PERSPECTIVE
What Is New?

We present a novel murine model of combined
chronic alveolar hypoxia and left ventricular
pressure overload following transverse aortic
constriction (HXTAC), which is resistant to the
development of heart failure.

e Cardioprotective pathways identified in the
HXTAC model might also contribute to cardiac
recovery following left ventricular assist device-
mediated ventricular mechanical unloading.

What Question Should Be Addressed

Next?

e The HXTAC model might serve as a novel tool to
identify therapeutic targets that attenuate both
left ventricular pressure overload-induced heart
failure and mediate cardiac recovery following
mechanical circulatory support.

Nonstandard Abbreviations and Acronyms

FAO fatty acid oxidation

FiO, fraction of inspired oxygen

HIF-1ax hypoxia-inducible factor-1a

Hsd11b1 Hydroxysteroid 11-beta
dehydrogenase 1

HxSham hypoxia/sham surgery

HXTAC Hypoxia/transverse aortic
constriction

LVPO left ventricular pressure overload

NxSham normoxia/sham surgery

NxTAC normoxia/transverse aortic
constriction

TAC transverse aortic constriction

Thbx5 T-box transcription factor 5

TCA cycle tricarboxylic acid cycle

alveolar hypoxia attenuates HF following acute isch-
emic injury in mice and promotes cardiac recovery in
patients following myocardial infarction.*® However,
the underlying mechanisms of hypoxia-mediated car-
dioprotection are incompletely understood.

The HIF (hypoxia-inducible factor)-1 transcription
factor complex consists of an oxygen-insensitive (-
subunit and an oxygen-sensitive a-subunit, which is
hydroxylated under normoxic conditions and targeted
for degradation.® The HIF-1 complex regulates gene
expression of various RNA species, including mRNAs
and noncoding RNAs that posttranscriptionally regulate
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the expression of target transcripts.”® Transgenic over-
expression of HIF-1a attenuates HF following myocar-
dial infarction in mice.® Furthermore, HIF-1 mediates
cardioprotection that is induced by ischemic precon-
ditioning to protect the heart against reperfusion-
mediated injury.’® Transverse aortic constriction (TAC)
is a commonly used rodent model to mimic clinical ar-
terial hypertension, aortic valve stenosis, and the evo-
lution of left ventricular (LV) pressure overload (LVPO)
and progressive LV hypertrophy toward HF with re-
duced ejection fraction."" Several mouse models with
both loss-of-function and gain-of-function HIF-1a gene
mutations have been subjected to LVPO; however,
the results have not been consistent.="® Importantly,
aforementioned animal models do not reflect HIF-1o—
independent adaptations at high altitude and alveolar
hypoxia. Thus, the effect of alveolar hypoxia in the con-
text of LVPO is not known. We therefore developed a
novel murine model of combined chronic alveolar hy-
poxia by reduced fraction of inspired oxygen (FiO,) and
LVPO induced by TAC (HXTAC).

Similar to alveolar hypoxia, left ventricular assist
devices (LVADs) promote cardiac recovery.%6-20
LVADs induce ventricular mechanical unloading and
circulatory support. LVADs are commonly used as a
temporary intervention for patients with advanced HF
awaiting heart transplantation (bridge to transplant) or
as a lifetime therapy when transplant is not an option
(destination therapy). Interestingly, a subset of pa-
tients with chronic HF will improve cardiac structure
and function (LVAD-mediated myocardial recovery)
following LVAD support (LVAD responders), ranging
from 5% to 60% (average of =15%) depending on
patient population characteristics, which include HF
pathogenesis, duration of disease, age at LVAD im-
plantation, kidney function, and LV dilation.'®="® The
mechanisms contributing to the LVAD-mediated myo-
cardial recovery in these patients are the subject of
intensive investigation.!

The present study used our novel HXTAC model to
test whether alveolar hypoxia is cardioprotective in the
context of LVPO and to delineate hypoxia-mediated
cardioprotective pathways. Based on cardioprotective
mechanisms that are mediated by alveolar hypoxia
and LVAD support, we aimed to investigate whether
overlapping mechanisms exist that promote cardiopro-
tection in the HXTAC model and contribute to cardiac
recovery in patients with HF following LVAD-mediated
mechanical unloading and circulatory support.

METHODS

The data that support the findings of this study are
available from the corresponding author on reason-
able request.
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Animal Experiments

Mice were on a pure C57BL/6J genetic background
and were randomly assigned to the experimen-
tal groups outlined in Figure 1A based on allocation
in cages after weaning by animal caretaker staff.
Studies were performed in male animals. Mice were
housed in cages supplemented with nesting mate-
rial with a 14-hour light/10-hour dark cycle at 22 °C.
Animal well-being was monitored according to score
sheets with predefined measures, including breath-
ing, coat, motility, and reaction to stimuli. For tissue
harvest, mice were euthanized by cervical dislocation
under isoflurane anesthesia. Studies were performed
in accordance with protocols approved by local
state authorities (Niedersachsisches Landesamt flr
Verbraucherschutz und Lebensmittelsicherheit, proto-
col number 18/2999), which conform to the Guide for
the Care and Use of Laboratory Animals published by
the US National Institutes of Health.

Transverse Aortic Constriction

LVPO was induced by TAC in 9-week-old mice.??
Mice were subcutaneously pretreated with 1 mg/kg
buprenorphine (Bayer, Leverkusen, Germany) and
5mg/kg carprofen (Cp-Pharma, Burgdorf, Germany).
Anesthesia was induced with 5% isoflurane, sus-
tained with 2% isoflurane, and monitored by toe
pinching. Eye care solution was applied to prevent
corneal injury and mice were placed in the supine
position on a heating pad (37 °C). Mice were orally
intubated and mechanically ventilated using a rodent
ventilator (Hugo Sachs Elektronik, March-Hugstetten,
Germany). Following horizontal skin incision at the
level of the suprasternal notch, the transverse aortic
arch was visualized through a median sternotomy.
Next, the transverse aortic arch was ligated using
a 6-0 silk suture that was tightened around a blunt
25-G needle, which was placed between the innomi-
nate artery and the left common carotid artery. The
needle was quickly removed, leaving a discrete re-
gion of stenosis. The chest and overlying skin were
closed. Animals received metamizole (1A Pharma,
Holzkirchen, Germany) in the drinking water (200 mg/
kg) for 4days total, starting the day before surgery.
The sham procedure was performed identically, ex-
cept no suture was placed around the aortic arch.

Hypoxia Experiments

Mice were housed under normoxic (21% oxygen in
room air) or hypoxic conditions in a hypoxia chamber
(BioSpherix, Parish, NY, USA) to mimic lower partial
pressure of inspired oxygen present at high altitude.
To avoid hypobaropathy, FiO, was decreased in the
hypoxia chamber by 1%/day from 21% to 12% and
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was followed by a continuous exposure of 12% oxy-
gen, which mimics an altitude of ~4200 m above sea
level (Figure 1A). Following acclimatization for the du-
ration of 1week, mice housed under hypoxic condi-
tions were subjected to LVPO by TAC (HXTAC group) or
to sham surgery (HxSham group). Mice continuously
housed under normoxic conditions post sham sur-
gery (NxSham group) or TAC (NXTAC group) served as
controls (Figure 1A). FiO, in the hypoxia chamber was
automatically adjusted by ventilation and controlled
by an OxyCycler controller (BioSpherix). Soda lime
(Drager Medizintechnik, Libeck, Germany) and acti-
vated charcoal (Roth, Karlsruhe, Germany) were used
for the removal of CO, and ammonia. CO, concentra-
tion was monitored to not exceed 10000 ppm (Fuehler
Systeme, Nurnberg, Germany).?® Mice housed under
hypoxic conditions received food and water ad libitum.
Because hypoxia exposure decreases food intake in
mice, mice housed under normoxic conditions were
given equivalent amounts of food with unrestricted ac-
cess to water (pair-feeding).*

Doppler Velocity Measurements

Peak velocity of the right and left carotid artery was
determined to assess TAC-induced pressure gradient.
Measurements were performed following anesthesia
with isoflurane (1%—2%) and using a 20 MHz Doppler
probe coupled to a Vevo 3100 echocardiograph
(VisualSonics Inc., Toronto, Ontario, Canada) 2days
post surgery.®*

Transthoracic Echocardiography
High-resolution 2-dimensional transthoracic echo-
cardiography was performed using an MX 400 trans-
ducer coupled to a Vevo 3100 echocardiograph.
Two-dimensional B-mode images and endocardial
silhouettes were traced manually. Ejection frac-
tion was determined in long-axis projection using
the VevoStrain software (VisualSonics Inc., Toronto,
Ontario, Canada). LV end-diastolic area and LV
end-systolic area were determined in long-axis par-
asternal projections. Fractional area change was cal-
culated as [(LV end-diastolic area — LV end-systolic
area)/LV end-diastolic area]x100. Echocardiographic
data and measurements of TAC-induced pressure
gradient were obtained from sedated mice for the
2-day time point following anesthesia with isoflurane
(1%—-2%). Echocardiographic examinations were per-
formed 2 and 4 weeks post surgery in nonsedated
mice. The difference in anesthesia protocols ema-
nates from the longer duration for measurements of
TAC-induced pressure gradients, which were per-
formed together with echocardiographic exams at
the 2-day time point.
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Hemodynamic Studies

Mice were pretreated by intraperitoneal injection of
2 mg/kg butorphanol (Cp-Pharma, Burgdorf, Germany)
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and subcutaneous injection of 5mg/kg carprofen.
Anesthesia was induced with 3% isoflurane, sus-
tained with 2% to 3% isoflurane, and monitored by toe
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Figure 1. Hypoxia attenuates adverse left ventricular remodeling and heart failure following transverse aortic constriction.
A, Experimental setup with gradual induction of alveolar hypoxia. B, Representative B-mode transthoracic echocardiography images
at end-systole in long-axis projection 4 weeks post surgery. The dashed line indicates left ventricular end-systolic area (LVESA), scale
bars: 2mm. C and D, Contractile function determined by ejection fraction 2days (#) and 4 weeks (#, &) post surgery. E and F, LVESA
2days (#) and 4weeks (#, $, &) post surgery. G, Heart weights normalized to tibia length 4weeks post surgery (#, $). H through J,
mRNA expression of heart failure markers Actal, normalized to Rps16 (#) Myh7/Myh6 (#), and Nppa normalized to Rps16 (#) 4 weeks
post surgery presented as fold change vs NxSham. K through M, Representative hematoxylin and eosin (H&E), wheat germ agglutinin
(WGA), and Elastica van Gieson (EvG) stains (scale bars: 50 um each) and stereological quantification of mean cross-sectional area of
cardiomyocytes (#, $) and fibrotic tissue (#) 4 weeks post surgery. Data are reported as mean+SEM. Two-way ANOVA was performed
to analyze differences after TAC by FiO,, followed by Holm-Sidak post hoc analysis (# P<0.05 for TAC, $ P<0.05 for FiO,, and & P<0.05
for the interaction between TAC and FiO,). FiO, indicates fraction of inspired oxygen; HxSham, hypoxia/sham surgery; HXTAC, hypoxia/
transverse aortic constriction; NxSham, normoxia/sham surgery; NXTAC, normoxia/transverse aortic constriction; and TAC, transverse

aortic constriction.

pinching. Mice were placed in the supine position on a
heating pad (37 °C), orally intubated, and mechanically
ventilated. Following horizontal skin incision at the level
of the xyphoid process, the chest was subsequently
opened by lateral incisions until the diaphragm was vis-
ible from beneath. Next, the diaphragm was opened,
the LV apex was punctured using a 25-G needle, and
a 1.4 F microtip pressure catheter (Millar Instruments,
Houston, TX, USA) was inserted into the LV cardiac
apex.?® LV hemodynamic parameters were recorded
using the LabChart software (ADInstrument Ltd.
Oxford, UK). LV developed pressure was determined
as the difference between LV systolic pressure and LV
end-diastolic pressure. Mice were euthanized by cervi-
cal dislocation after completion of measurements.

Histological and Immunohistological
Analysis
For details see Data S1.

Measurement of Mitochondrial Oxygen
Consumption

Mitochondria were isolated from LV tissue and mito-
chondrial oxygen consumption was determined using
a Clark-type oxygen electrode (Strathkelvin, North
Lanarkshire, Scotland) as previously described.?%2"

Mitochondrial Enzyme Activity Assays
Citrate synthase and hydroxyacyl-coenzyme A dehy-
drogenase enzyme activities were measured as pre-
viously described using a Synergy HT multidetection
microplate reader (BioTek Instruments, Winooski, VT,
USA) with a total reaction volume of 200 uL.?8

Measurement of Mitochondrial DNA
Content

DNA was extracted from LV tissue using DirectPCR
Lysis Reagent (Viagen Biotech, Inc., Los Angeles,
CA, USA) containing 0.8 ug/uL Proteinase K (Merck,
Darmstadt, Germany) according to the manufacturers’
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instructions, which was followed by ethanol precipita-
tion. DNA was dissolved in 50uL of 10mmol/L Tris—
HCI (pH 8.0). Next, 10 ng of total DNA was subjected
to quantitative polymerase chain reaction analysis. The
mitochondrial DNA content relative to nuclear DNA
content was determined using the following primers:
mitochondrial DNA-encoded cytochrome ¢ oxidase
1: forward 5-ACTATACTACTAACAGACCG-3', reverse
5-GGTTCTTTTTTTCCGGAGTA-3'; and nuclear DNA-
encoded cyclophilin A: forward 5-ACACGCCATAA
TGGCACTGG-3, reverse 5-CAGTCTTGGCAGTG
CAGAT-3'.

Hemoglobin Analysis

Blood samples were collected by submandibular
bleed and hemoglobin analysis was performed using
an ABL800 FLEX blood gas analyzer (Radiometer
Medical ApS, Brenshgj, Denmark).

Immunoblotting Analysis
For details see Data S1.

RNA Sequencing and Quantitative
Reverse Transcription-Polymerase Chain
Reaction/HXTAC Model

For details see Data S1.

Human Subjects

For details see Data S1. Studies were approved by the
institutional review board (protocol number #30622) of
the Utah Cardiac Recovery Program (UCAR; University
of Utah Health & School of Medicine, Intermountain
Medical Center, and Salt Lake City VA Medical Center,
Salt Lake City, UT). All patients provided informed con-
sent before participation.

Statistical Analysis

Data are expressed as mean+SEM. For murine stud-
ies, data sets were analyzed by 2-way ANOVA for
multigroup comparisons with Holm-Sidék post hoc
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analysis to determine significance levels between
surgery and FiO,. Whenever possible, investigators
were blinded to group allocation during experiments
performed and further analyses. Only mice that sur-
vived until the predefined time point of tissue harvest
were included in molecular analyses. Sample size for
murine studies was determined based on our previ-
ous experience with murine LVPO models following
TAC surgery and gene profiling by RNA sequenc-
ing.2"2930 Analysis of RNA sequencing data from pa-
tients with advanced HF was performed based on
data availability using a previously published data
set.?0 Statistical analyses were performed using
GraphPad Prism software version 8.0 (GraphPad
Software, San Diego, CA) and for RNA sequencing
data as described in detail in Data S1. Grubbs’ test
was used to identify outliers in data sets. For all anal-
yses, a P value of <0.05 was considered significantly
different. P values for significant differences are indi-
cated (cutoff: P<0.05).

RESULTS

Hypoxia Attenuates TAC-Induced Adverse
LV Remodeling and HF

TAC increased hemodynamic stress independent of
FiO, as determined by peak velocity measured from
the right and left carotid arteries (Figure S1) and LV
developed pressure 3days post surgery (Table S1).
Hypoxia increased serum hemoglobin independ-
ent of the surgery performed (Table S2). Two days
post TAC, NXTAC exhibited contractile dysfunction
as evidenced by impaired ejection fraction relative to
NxSham. NXTAC developed overt HF 4weeks post-
surgery as indicated by decreased ejection fraction,
increased LV end-systolic area (Figure 1B through 1F,
Table S3), cardiac hypertrophy as indicated by an in-
crease in heart weight/tibia length ratio (Figure 1G and
Table S4), increased mMRNA expression of HF mark-
ers (Figure 1H through 1J), and evidence of adverse
remodeling including cellular hypertrophy and fibro-
sis (Figure 1K through 1M). Importantly, these effects
were attenuated in HXTAC. HxSham exhibited no overt
cardiac phenotype compared with NxSham con-
trols (Figure 1B through 1M and Tables S1, S3, S4).
Stereological analysis showed no increase in cardio-
myocyte count in HxSham relative to NxSham hearts
(data not presented), thus indicating no cardiomyocyte
proliferation in mice housed under hypoxic conditions
under basal conditions. Interestingly, proapoptotic,
autophagic, and mitophagic signaling was not differ-
ent between groups (Figure S2). Together, these data
demonstrate that hypoxia exposure attenuates TAC-
induced adverse LV remodeling and HF.

J Am Heart Assoc. 2024;13:e033553. DOI: 10.1161/JAHA.123.033553
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Hypoxia Promotes HIF-1o Expression and

Angiogenesis

Both LVPO and HIF-1 induce angiogenesis, which pre-
serves contractile function post TAC.">3' To test whether
the beneficial effects of hypoxia under LVPO condi-
tions are transduced by increased HIF-1 transcriptional
activity and angiogenesis, we measured HIF-1a protein
abundance and mRNA expression of its transcriptional
target Vegfa, a master regulator of angiogenesis. At the
2-week time point, HIF-1a protein expression was in-
creased in the NXTAC and the HxSham groups relative
to NxSham with a further increase in the HXTAC group
compared with NXTAC. No difference in HIF-1c expres-
sion between groups was observed for the 3-day and
4-week time points (Figure 2A and 2B). Vegfa mRNA
expression was increased in HxSham hearts at the
4-week time point and trended to further increase in
HXTAC relative to NXTAC (+40.3%, P=0.077). No differ-
ence in Vegfa mRNA expression between groups was
detected 3days and 2weeks post surgery (Figure 2C).
Hypoxia increased the number of capillaries per area
under Sham conditions (HxSham versus NxSham:
+22.8%) with a further increase post TAC (HXTAC ver-
sus HxSham: +24.2%, Figure 2D and 2E). These data
suggest that hypoxia promotes cardioprotective ef-
fects under hypoxic conditions, at least in part, by in-
creasing angiogenesis.

Hypoxia Attenuates the Transcriptional
Response of Pathological Remodeling
and Preserves Post-TAC Metabolic Gene
Expression

To comprehensively assess the cardioprotective
mechanisms in the HXTAC model, we performed differ-
ential gene expression analysis by bulk RNA sequenc-
ing using LV tissue. The experiment was performed
at the 3-day time point representing an early phase in
ventricular remodeling when contractile function was
similar following TAC in normoxic and hypoxic groups
(Figure 1C and Tables S1 and S3). Principal compo-
nent analysis and differential gene expression analysis
revealed that gene expression patterns for NxSham
and HxSham hearts were relatively similar, whereas
samples for NXTAC and HXTAC exhibited distinct clus-
ters (Figure 3A and Data S2). We detected a total of
2378 genes that were induced and 1267 that were
repressed in the NXTAC compared with the NxSham
group (cutoff: |log, fold change| >0.6 and P<0.05).
Similarly, 1577 genes were induced and 1078 were re-
pressed in the HXTAC relative to HxSham group (cutoff:
log, fold change| >0.6 and P<0.05; Figure 3B). Gene
expression was robustly different between groups, as
shown by heatmap (Figure 3C). To identify hypoxia-
regulated cardioprotective transcripts, we next focused
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Figure 2. Hypoxia induces HIF-1a expression and angiogenesis.

A and B, Representative immunoblots in left ventricular homogenates and densitometric quantification of HIF-1a protein expression
normalized to vinculin 3days (&), 2 weeks (#, $), and 4 weeks post surgery. C, Vegfa mRNA expression normalized to Rps16 3days (#),
2weeks (&), and 4 weeks (#, $) post surgery. D and E, Quantification of capillary density per area and representative images 4 weeks
post surgery (#, $; scale bars: 30um). Arrows indicate organized capillaries. Data are reported as mean+SEM and as fold change
relative to NxSham at the same time point post surgery. Two-way ANOVA was performed to analyze differences after transverse
aortic constriction (TAC) by fraction of inspired oxygen (FiO,), followed by Holm-Sidak post hoc analysis (# P<0.05 for TAC, $ P<0.05
for FiO,, and & P<0.05 for the interaction between TAC and FiO,). HIF-1a indicates hypoxia-inducible factor-1a; HxSham, hypoxia/
sham surgery; HXTAC, hypoxia/transverse aortic constriction; NxSham, normoxia/sham surgery; NXTAC, normoxia/transverse aortic

constriction; and WGA, wheat germ agglutinin.

on genes that have been associated with adverse re-
modeling and myocardial energetics.®?

Hypoxia attenuated the transcriptional response
that characterizes adverse LV remodeling post TAC
(Figure 4), including the myosin isoform switch from «a
myosin heavy chain (Myh6) to f myosin heavy chain
(Myh7), which is a hallmark of TAC-induced HF.®3
We identified 11 genes associated with pathological
remodeling that were induced and 9 that were re-
pressed in the NXTAC relative to the NxSham group.
Interestingly, 9 transcripts were repressed (4 induced)
in the HXTAC relative to the NXTAC group (cutoff; false

J Am Heart Assoc. 2024;13:e033553. DOI: 10.1161/JAHA.123.033553

discovery rate <0.1 each; Figure 4). LVPO is charac-
terized by decreased fatty acid oxidation (FAO) and
increased glycolytic flux.®*3% We identified 16 FAO
genes that were repressed in the NXTAC relative to
NxSham group. Acs/5 and Acs/4 were the only sig-
nificantly induced FAO genes in the same compari-
son. Importantly, FAO gene expression was relatively
preserved in HXTAC relative to HxSham hearts with 2
genes significantly induced and 4 genes significantly
repressed. Interestingly, expression of Hadh, Acadm,
and Cpt1b, which are critical for myocardial FAO, was
decreased in NXTAC relative to NxSham hearts, and
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Figure 3. Gene expression 3days post surgery as determined by RNA sequencing.

A, Principal component analysis to visualize global gene expression clusters by surgery and fraction of inspired oxygen (FiO,; n=6).
Crosses indicate the center of the corresponding clusters. B, Venn diagram illustrating the number of altered transcripts (cutoff: |log,
fold change| >0.6 and P<0.05). C, Heatmap of RNA sequencing count data corresponding to the 100 genes with the greatest variance
across samples. Data are clustered by row after applying the regularized log transformation function in DESeg2. HxSham indicates
hypoxia/sham surgery; HXTAC, hypoxia/transverse aortic constriction; NxSham, normoxia/sham surgery; and NXTAC, normoxia/

transverse aortic constriction.

this effect was not observed in LVPO under hypoxic
conditions. Under normoxic conditions, 6 tricar-
boxylic acid (TCA) cycle genes (ie, Cs, Dist, Ogadh,
Sdha, Acol, and Idh3a) were decreased post TAC,
whereas no TCA cycle transcript was increased.

J Am Heart Assoc. 2024;13:e033553. DOI: 10.1161/JAHA.123.033553

Similar to the expression pattern observed for FAO
genes, TCA genes were relatively preserved for the
comparison HXTAC versus HxSham (1 increased/1
decreased, cutoff: false discovery rate <0.1 each;
Figure 5A). Interestingly, Cs, Dist, Sdha, Acol, and
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Figure 4. Hypoxia attenuates the transverse aortic constriction-induced transcriptional response of pathological

remodeling 3days post surgery.

Data are presented as mean values for the comparisons as indicated (n=6). Blue and red bars indicate down- and upregulated,
respectively. Black bars are not regulated (cutoff: false discovery rate <0.1). FC indicates fold change; HxSham, hypoxia/sham
surgery; HXTAC, hypoxia/transverse aortic constriction; NxSham, normoxia/sham surgery; and NXTAC, normoxia/transverse aortic

constriction.

Idh3a expression was not decreased post TAC under
hypoxic conditions. A total of 9 glycolytic genes were
increased and 8 were decreased for the compar-
ison NXTAC versus NxSham. Our analysis identified
8 glycolytic transcripts that were increased for the
comparison HXTAC versus HxSham (2 decreased)
and 7 glycolytic transcripts that were increased (2 de-
creased) in HXTAC relative to NXTAC hearts (Figure 5A).
In the absence of the superimposed stressor of TAC
and as indicated by the comparison HxSham versus
NxSham, alveolar hypoxia had no impact on HIF-1a
target gene expression involved in glucose oxida-
tion, including GLUT1 (glucose transporter 1, Sic2af),
hexokinase 2 (Hk2), and Gapdh, which is supported
by our cumulative distribution analysis (Figure S3).

J Am Heart Assoc. 2024;13:e033553. DOI: 10.1161/JAHA.123.033553

Expression of PGC (peroxisome proliferator-activated
receptor-y coactivator)-1a (Ppargcia), a master reg-
ulator of mitochondrial biogenesis and gene expres-
sion, was not different between groups (Figure 5B).
MRNA expression of pyruvate dehydrogenase kinase
4 (Pdk4), which phosphorylates pyruvate dehydroge-
nase and inhibits glucose oxidation, was decreased in
the NXTAC and HxSham groups relative to NxSham.
No statistical significant difference was detected in
the HXTAC relative to the NXTAC and HxSham groups
(Figure 5C).

Based on our results from the RNA sequenc-
ing experiment, we next assessed the impact of
alveolar hypoxia and LVPO on mitochondrial ener-
getics. Mitochondrial state Il oxygen consumption
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Figure 5. Hypoxia attenuates the transcriptional response of metabolic genes 3days post transverse aortic constriction.
A, Expression of transcripts involved in fatty acid oxidation, tricarboxylic acid (TCA) cycle, and glycolysis 3days post surgery presented as
mean values for the comparisons as indicated (n=6). Blue and red bars indicate down- and upregulated, respectively. Black bars indicate
not regulated (cutoff: false discovery rate <0.1). B and C, mRNA expression of Ppargcla and Pdk4 (#, $) normalized to Gapdh ($) 3days
post surgery as determined by quantitative reverse transcription-polymerase chain reaction (QPCR) analysis. D and E, Mitochondrial state
Il oxygen consumption with pyruvate (#, $, & and palmitoyl-carnitine each combined with malate as substrates 3days post -surgery. F,
Citrate synthase enzyme activity in left ventricular (LV) tissue 3days, 2weeks (#), and 4 weeks (#) post surgery. G, Hydroxyacyl-coenzyme
A dehydrogenase (HADH) enzyme activity in LV tissue 3days, 2weeks (#, $) and 4 weeks (#, $) post surgery. H, Mitochondrial DNA content
in LV tissue 3days, 2weeks (#) and 4 weeks post surgery. Data are presented as mean values + SEM. Two-way ANOVA was performed to
analyze differences after TAC by fraction of inspired oxygen (FiO,), followed by Holm-Sidak post hoc analysis (# P<0.05 for TAC, $ P<0.05
for FiO,, and & P<0.05 for the interaction between TAC and FiO,). HxSham indicates hypoxia/sham surgery; HXTAC, hypoxia/transverse
aortic constriction; NxSham, normoxia/sham surgery; and NXTAC, normoxia/transverse aortic constriction.

with pyruvate/malate as substrates was increased
in the HxSham compared with the NxSham group.
Interestingly, no difference between the HXTAC and the
NXTAC group was detected using the same substrate

J Am Heart Assoc. 2024;13:e033553. DOI: 10.1161/JAHA.123.033553

combination (Figure 5D). Mitochondrial oxygen con-
sumption with palmitoyl-carnitine/malate as sub-
strates, activity of the mitochondrial enzymes citrate
synthase, mitochondrial DNA content, and abundance
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of proteins involved in mitochondrial dynamics were
not different between groups. Hydroxyacyl-coenzyme
A dehydrogenase enzymatic activity was not differ-
ent between groups at the 3-day time point; how-
ever, it was decreased in the NXTAC compared with
the NxSham group at the 2-week and 4-week time
points. Furthermore, we detected a statistically sig-
nificant decrease in the HxSham compared with the
NxSham group with no further decrease for the com-
parison HXTAC versus HxSham at the 4-week time
point (Figure 5E through 5H and Figure S4). Oxidative
stress was assessed by 4-HNE (4-hydroxynonenal)
and MnSOD (mitochondrial superoxide dismutase)
protein expression. No statistically significant differ-
ence between groups was detected at the time points
investigated (Figure S5). Together, these data identify
a transcriptional program by which hypoxia attenu-
ates pathological remodeling and preserves metabolic
gene expression in LVPO that is independent of mito-
chondrial energetics and oxidative stress, which might
attenuate the onset of HF in HXTAC hearts.

Identification of Potential Mechanisms
that Attenuate HF in the HXTAC Model

and May Mediate Myocardial Recovery
Following LVAD Support

Our data raise the intriguing question of whether the
mechanisms by which alveolar hypoxia attenuates
LVPO-induced HF in mice also mediate cardiac recov-
ery of a subset of patients following LVAD support. To
identify genes that are either protective or adverse in
both the HXTAC model and following LVAD-mediated
myocardial recovery, we compared the RNA sequenc-
ing data set from the HXTAC model with transcriptom-
ics from patient samples that were obtained from the
LV apical core at the time of LVAD implantation.?® To
identify potential protective transcripts, we focused
our analysis on genes that were decreased in LVAD
non-responders compared with LVAD responders,
decreased under normoxic conditions post TAC, and
increased in HXTAC relative to NXTAC. To identify po-
tential adverse transcripts, we focused on genes that
were increased in LVAD non-responders relative to
LVAD responders, increased post TAC under normoxic
conditions, and decreased in HXTAC relative to NXTAC
(Figure 6A). After applying these selection criteria and
following quantitative polymerase chain reaction verifi-
cation of murine HXTAC model samples, we identified
T-box transcription factor 5 (TBX5, Tbx5) as a potential
protective and Hydroxysteroid 11-beta dehydrogenase
1 (HSD11B1, Hsd11b1) as a potential adverse tran-
script (Figure 6B through 6E). Both transcripts have
been associated with the pathogenesis of HF.%6-4°
Together, these data suggest that transcripts that cor-
relate with attenuation of HF in the HXTAC model might

J Am Heart Assoc. 2024;13:e033553. DOI: 10.1161/JAHA.123.033553
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also regulate pathways that contribute to recovery in a
subset of patients following LVAD-mediated circulatory
support (Figure 6B through 6E).

DISCUSSION

Hypoxia-mediated cardioprotective mechanisms in
the context of cardiovascular and ischemic heart dis-
ease are incompletely understood. The present study
describes the novel HXTAC model to identify alveolar
hypoxia-mediated cardioprotective mechanisms in the
context of LVPO. Interestingly, hypoxia-mediated car-
dioprotective pathways identified in the HXTAC model
might also contribute to cardiac recovery following
LVAD-mediated mechanical circulatory support in pa-
tients with advanced HF.

The impact of high altitude and atmospheric hy-
poxia on the development of cardiovascular disease
has been investigated in epidemiological studies with
some reporting protective effects for alveolar hypoxia
and others opposing this.*42 Parameters that contrib-
ute to the outcome of these studies include environ-
mental and genetic factors, access to health care, the
duration of high altitude exposure, and ethnicity. These
factors, which are very difficult to distinguish from
those that are attributable exclusively to high altitude,
have not been adequately addressed in the design and
analysis of some of the previous studies and thus might
have confounded the results.*?> A study investigating
the Swiss National Cohort Study Group, which com-
prises a relatively homogeneous population with ac-
cess to universal health care, reported a reduced risk
for high altitude exposure on coronary heart disease
and stroke mortality." A follow-up study using the same
cohort showed that the beneficial effect of high altitude
on ischemic heart disease persisted after adjusting for
environmental factors.® Similarly, high altitude is benefi-
cially associated with ischemic heart disease mortality
in a US study population after adjusting for sociodemo-
graphic factors, exposure to solar radiation, migration,
and smoking.*® In the present study, mice exposed
to hypoxia were subjected to TAC, which mimics hy-
pertension and aortic valve stenosis in humans. One
potential caveat to be acknowledged is the immedi-
ate onset of LVPO post-TAC that is in contrast to the
slow disease progression in humans."" The identified
hypoxia-mediated cardioprotective mechanisms in the
HXTAC model include increased angiogenesis, atten-
uated pathological remodeling, and preserved meta-
bolic gene expression as identified by gene profiling.

A previous study reported increased cardiac regen-
eration in adult mice following myocardial infarction that
were subjected to severe hypoxia with 7% FiO,. The
identified mechanisms include impaired mitochondrial
oxidative metabolism, which decreases cardiomyocyte

11
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Figure 6. Commonly regulated transcripts in the HXTAC model and patients with
cardiac recovery following left ventricular assist device-mediated circulatory
support.

A, Methodological approach for the identification of transcripts that are either protective
or adverse in both LVAD-mediated mechanical circulatory support and the HXTAC model.
B and C, mRNA expression of Tbx5 ($, &) and Hsd11b1 (&) normalized to Gapdh 3days
post surgery as determined by quantitative reverse transcription-polymerase chain
reaction (qQPCR) analysis. Data are reported as mean+SEM and as fold change relative
to NxSham at the same time point post surgery. Two-way ANOVA was performed to
analyze differences after transverse aortic constriction (TAC) by fraction of inspired
oxygen (FiO,), followed by Holm-Sidak post hoc analysis ($ P<0.05 for FiO, and & P<0.05
for the interaction between TAC and FiO,). D and E, mRNA expression of TBX5 and
HSD11B1 in preNR relative to preR as determined by RNA sequencing. Data are reported
as mean+SEM. HxSham indicates hypoxia/sham surgery; HXTAC, hypoxia/transverse
aortic constriction; LVAD, left ventricular assist device; NxSham, normoxia/sham surgery;
NXTAC, normoxia/transverse aortic constriction; preR, LVAD responders (ie, recovery);

and preNR, LVAD non-responders (ie, no recovery post LVAD implantation).

reactive oxygen species production and promotes
cardiomyocyte proliferation. Furthermore, alveolar
hypoxia promotes cardiac regeneration in patients fol-
lowing myocardial infarction.® The present study uses
a relatively mild hypoxia protocol with 12% FiO,. Our
stereological analysis revealed no increase in cardio-
myocyte count in HxSham relative to NxSham hearts,
which indicates that mild hypoxia attenuates LVPO-
induced HF by mechanisms that are independent of
cardiomyocyte proliferation. Similarly, mild hypoxia with
10% FiO, had only modest effects on cardiomyocyte
proliferation and did not improve contractile function
following myocardial infarction.* Our study suggests
that mild hypoxia exposure (12% FiO,) has no impact
on oxidative stress (Figure S5). Of note, mild hypoxia
as used in the present study better reflects the adap-
tations of individuals living at high altitude. Severe hy-
poxia (7% FiO,), which is equivalent to chronic hypoxia
at the summit of Mount Everest, is poorly tolerated by

J Am Heart Assoc. 2024;13:e033553. DOI: 10.1161/JAHA.123.033553

mice over longer time periods and increases mortality
after 3weeks of exposure.* Together, these data indi-
cate that different mechanisms mediate the protective
effects of mild and severe hypoxia.

HIF-1 transcriptional activity is increased under hy-
poxic conditions and mediates energetic gene expres-
sion.® HIF-1a mediates the expression of Sic2a? and
glycolytic enzymes, including Hk2, which shift carbon
substrate flux from the TCA cycle to the lactate de-
hydrogenase A reaction to preserve energy supply at
low oxygen concentrations. The subsequent reduc-
tion in flux through the mitochondrial electron trans-
port chain and oxidative phosphorylation decreases
mitochondrial reactive oxygen species production.**
Importantly, these mechanisms have mainly been de-
scribed in vitro.*5=4" Gene expression analysis revealed
no impact of hypoxia on HIF-1a target gene expression
under nonstressed conditions; however, increased
HIF-1a—mediated transcription post TAC independent
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of FiO,. One potential mechanism for this observation
are the immediate adaptations post TAC that might
increase HIF-1a transcriptional activity independent of
HIF-1a protein expression (Figure 2A and 2B).

The temporary increase in HIF-1a protein expression
2weeks post TAC (Figure 2A and 2B) is similar to a pre-
vious study reporting increased HIF-1 activity between
3days and 14 days post TAC that might be critical for
the adaptive mechanism to LVPO."? The difference in
the time course of HIF-1 activity and expression be-
tween this earlier study and our study might result from
the variable responses of mice subjected to LVPO that
are secondary to differences in genetic background
or differences in surgical protocols.'? In the present
study, the increase in Vegfa mRNA expression and in-
creased capillary density 4weeks post surgery sug-
gests cardioprotective HIF-1a—mediated angiogenesis
in HXTAC hearts (Figure 2). LVPO decreases mitochon-
drial substrate oxidation and increases glycolytic flux,
which is in concert with the present study reporting a
repression of mitochondrial FAO and TCA cycle genes
post-TAC under normoxic conditions.®*3% We identified
a PGC-1a—independent transcriptional program by
which hypoxia preserves metabolic gene expression
post-TAC, which might attenuate HF in HXTAC hearts
(Figure 5A and 5B). Interestingly, mitochondrial ener-
getics was not different in the HXTAC compared with
the NXTAC group (Figure 5D through 5H). The early
induction of glycolytic genes together with preserved
TCA and FAO gene expression provides a potential
mechanism for attenuated future onset of HF in HXTAC
hearts. It is of great interest to assess cardiac sub-
strate use in the HXTAC model, which is the subject of
future studies.

The present study uses a protocol of mild hypoxia
exposure, in which mice were acclimatized to hypoxia
before TAC. Our experimental setting is comparable to
a scenario, in which individuals living at high altitude
exhibit a decreased risk of cardiovascular disease.'43
The beneficial effect of mild alveolar hypoxia exposure
in patients with HF is supported by a pilot study report-
ing improved exercise time, skeletal muscle strength,
and a trend toward improved LV contractile function,
which were sustained after 1month after comple-
tion of altitude exposure. The protocol comprised 10
sessions over a period of 22days starting with a FiO,
that is comparable to an altitude of 1500 m and in-
creased by 300 m with each subsequent session until
a FiO,, which mimics a maximum altitude of 2700
m, was reached.*® Despite potential chronic altitude-
associated cardioprotective effects, the acute reduc-
tion in exercise performance under hypoxic conditions
is important to consider for future clinical studies with
patients with HF and impaired exercise capacity.*®%°
The present study excluded patients with hypertrophic
cardiomyopathy. Based on different mechanisms of
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pathogenesis that result in HF, that is, genetic disor-
ders that result in cardiac hypertrophy in patients with
hypertrophic cardiomyopathy and TAC-induced LVPO
in mice, patients with hypertrophic cardiomyopathy
were excluded from the analysis."®’

We identified Thx5 as a potential protective tran-
script in both HXTAC hearts and LVAD responders
(Figure 6). Tbx5 is a member of the T-box transcrip-
tion factor family with an essential role for physiological
cardiac and forelimb development.®? Thx5 expression
is critical for cardiac conduction system development
and function.38:3" Thx5 interacts with GATA4 to mediate
Myh6 expression, and perturbed interaction between
these 2 transcription factors causes congenital heart
defects.389354 Similarly, we observed reduced Myh6
expression post-TAC under normoxic conditions,
which was attenuated by hypoxia (Figure 4). Hsd11b1
was identified as a potential adverse transcript in the
present study (Figure 6). Hsd11b1 catalyzes the gen-
eration of glucocorticoids from their intrinsically inert
metabolites, which increases intracellular and tissue
glucocorticoid levels.%® Genetic deletion of Hsd11b1
improves outcome following ischemic injury in
mice.®%40 Importantly, the relationship between Thbx5
and Hsd11b1 in the context of LVPO and mechanical
unloading remains to be determined. Modulation of the
expression and activity of Tbx5 and Hsd71b7 might be
a promising approach to improve cardiac function in
LVPO, mechanical unloading, and circulatory support.
Together, our data highlight the potential of the HXTAC
model as a discovery tool to identify cardioprotective
mechanisms also in the context of different stressors.
This intriguing possibility is of great interest for the de-
sign of future studies.

Study Limitations

One limitation of the present study is that only male mice
have been studied. Male rodents are more susceptible
to the onset of LVPO-induced heart failure compared
with female rodents, which has been associated with
sex-specific differences in gene expression.®® Another
limitation is that gene profiling was performed in LV tis-
sue. Thus, we cannot discern the impact of LVPO and
alveolar hypoxia on gene expression in the different
cellular populations of the heart. Based on technical
limitations, transthoracic echocardiographs, Doppler
velocity measurements, and surgical procedures in the
HxSham and HXTAC groups were not performed in the
hypoxia chamber, which might have confounded the
results reported in the present study. Even though not
directly proven, it is unlikely that short-term removal of
mice from the hypoxic environment has a significant im-
pact on the results reported. This assumption is based
on the duration of chronic hypoxia exposure of up to
several weeks reported in the present study compared
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Figure 7. Summary of potential cardioprotective mechanisms in HXTAC hearts.
Changes in HXTAC relative to NXTAC hearts are summarized. HIF-1a indicates hypoxia-
inducible factor-1a; HXTAC, hypoxia/transverse aortic constriction; and NXTAC, normoxia/

transverse aortic constriction.

with the relatively short time frame that was required to
perform procedures outside the hypoxic environment.
LVPO by TAC was induced after mice were adapted to
alveolar hypoxia. It will be of interest to determine the
impact of alveolar hypoxia on the development of HF
after the induction of LVPO. These studies allow to test
additional therapeutic aspects of alveolar hypoxia and
might better reflect the clinical setting, in which thera-
peutic regimens are typically initiated after the onset of
cardiac injury.

CONCLUSIONS

In summary, we present the novel HXTAC model to
identify alveolar hypoxia-mediated cardioprotective
mechanisms. The identified mechanisms, by which hy-
poxia attenuates HF under LVPO conditions comprise
increased HIF-la—mediated angiogenesis, preserved
metabolic gene expression, and attenuated induction
of genes that are associated with pathological remod-
eling. Furthermore, we identified increased Tbx5 and
decreased Hsd11b1 expression as potential mech-
anisms that attenuate HF in the HXTAC model and

J Am Heart Assoc. 2024;13:e033553. DOI: 10.1161/JAHA.123.033553

promote LVAD-mediated myocardial recovery in HF
patients (Figure 7). These data highlight the potential of
the HXTAC model as a novel tool to discover hypoxia-
mediated cardioprotective mechanisms and potential
therapeutic targets, which might attenuate both LVPO-
induced HF and mediate cardiac recovery.
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