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Reversal of Pulmonary Hypertension in a
Human-Like Model: Therapeutic Targeting of
Endothelial DHFR

Priya Murugesan, Yixuan Zhang," Yuanli Huang,” Nobel Chenggong Zong; Ji Youn Youn, Wenhui Chen, Chen Wang®,
Joseph Loscalzo(®, Hua Cai

BACKGROUND: Pulmonary hypertension (PH) is a progressive disorder characterized by remodeling of the pulmonary vasculature
and elevated mean pulmonary arterial pressure, resulting in right heart failure.

METHODS: Here, we show that direct targeting of the endothelium to uncouple eNOS (endothelial nitric oxide synthase) with
DAHP (2,4-diamino 6-hydroxypyrimidine; an inhibitor of GTP cyclohydrolase 1, the rate-limiting synthetic enzyme for the
critical eNOS cofactor tetrahydrobiopterin) induces human-like, time-dependent progression of PH phenotypes in mice.

RESULTS: Critical phenotypic features include progressive elevation in mean pulmonary arterial pressure, right ventricular
systolic blood pressure, and right ventricle (RV)/left ventricle plus septum (LV+S) weight ratio; extensive vascular remodeling
of pulmonary arterioles with increased medial thickness/perivascular collagen deposition and increased expression of
PCNA (proliferative cell nuclear antigen) and alpha-actin; markedly increased total and mitochondrial superoxide production,
substantially reduced tetrahydrobiopterin and nitric oxide bioavailabilities; and formation of an array of human-like vascular
lesions. Intriguingly, novel in-house generated endothelial-specific dihydrofolate reductase (DHFR) transgenic mice (tg-EC-
DHFR) were completely protected from the pathophysiological and molecular features of PH upon DAHP treatment or hypoxia
exposure. Furthermore, DHFR overexpression with a pCMV-DHFR plasmid transfection in mice after initiation of DAHP
treatment completely reversed PH phenotypes. DHFR knockout mice spontaneously developed PH at baseline and had no
additional deterioration in response to hypoxia, indicating an intrinsic role of DHFR deficiency in causing PH. RNA-sequencing
experiments indicated great similarity in gene regulation profiles between the DAHP model and human patients with PH.

CONCLUSIONS: Taken together, these results establish a novel human-like murine model of PH that has long been lacking in
the field, which can be broadly used for future mechanistic and translational studies. These data also indicate that targeting
endothelial DHFR deficiency represents a novel and robust therapeutic strategy for the treatment of PH.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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monary disorder characterized by the remodeling right ventricular (RV) hypertrophy, and ultimately right

Pulmonary hypertension (PH) is a severe cardiopul-  progressive increase in pulmonary vascular resistance,
of the small pulmonary blood vessels, resulting in a heart failure."? Endothelial cells (ECs) and nitric oxide
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Novelty and Significance

What Is Known?

« Pulmonary hypertension (PH) is a severe and devastat-
ing cardiorespiratory disease with limited therapeutic
options leading to regression.

+ Current clinical strategies improve symptoms of the
disease but do not halt progression.

* No human-like preclinical model is available to enable
rapid translational studies.

What New Information Does This Article

Contribute?

* Our studies establish a human-like murine model of
PH with phenotypic and genetic features simulating
human PH, enabling in-depth mechanistic and transla-
tional studies of PH.

» Our findings demonstrate a critical intermediate role
for endothelial dihydrofolate reductase (DHFR) defi-
ciency in the development of PH. DAHP (2,4-diamino
6-hydroxypyrimidine) or hypoxia exposure induced PH
in mice, which was completely prevented in endothelial

DHFR transgenic mice (tg-EC-DHFR). DHFR knock-
out mice displayed spontaneous PH that was not
affected by additional hypoxia exposure.

* Our findings demonstrate that gene therapy with
DHFR after initiation of PH completely reversed prog-
ress of PH.

» These studies show that targeting endothelial DHFR
deficiency may represent a novel and robust therapeu-
tic strategy for the treatment of PH.

PH is a severe and devastating cardiorespiratory dis-
ease. Limited human-like preclinical models are avail-
able for mechanistic and translational studies. In the
present study, we for the first time established a murine
model of PH that is human-like in both phenotypic and
molecular features, enabling in-depth studies of PH.
Our findings also demonstrate a critical intermediate
role of endothelial DHFR deficiency in the develop-
ment of PH, which can be targeted to effectively treat
and regress PH.

Nonstandard Abbreviations and Acronyms

BMPR2  bone morphogenetic protein receptor
type 2

DAHP 2,4-diamino 6-hydroxypyrimidine

DEG differentially expressed gene

DHFR dihydrofolate reductase

EC endothelial cell

eNOS endothelial nitric oxide synthase

ET-1 endothelin-1

GTPCHI  GTP cyclohydrolase 1

IL-6 interleukin-6

mPAP mean pulmonary arterial pressure

NO nitric oxide

PCNA proliferative cell nuclear antigen

PDES5 phosphodiesterase b

PH pulmonary hypertension

RV right ventricular

RVSP right ventricular systolic blood pressure

SMA smooth muscle a-actin

WT wild-type

(NO) derived from the pulmonary endothelium?® are rec-
ognized as major regulators of vascular function in the
pulmonary circulation, while endothelial dysfunction is
involved in the imbalanced production of vasoconstrictors
and vasodilators and of activators and inhibitors of smooth
muscle cell growth and migration,* as well as in the gen-
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eration of a prothrombotic vascular (micro)environment®
Endothelial dysfunction has been implicated as a primary
cause of idiopathic PH,? and hyperproliferative ECs con-
tribute to advanced lesion formation.” Therapies target-
ing the NO-cGMP signaling pathway have been used
as pulmonary vasodilators and antithrombotic agents
to improve vascular perfusion, hemodynamics, func-
tional status, and symptoms in patients with PH. These
include inhaled NO, PDED (phosphodiesterase B5) inhibi-
tors (sildenafil and tadalafil), and cGMP agonists (rio-
ciguat)®'" The other two classes of drugs target ET-1
(endothelin-1) and prostacyclin to improve vascular func-
tion. None of these treatments, however, targets vascu-
lar remodeling, the later stage of the disease, which is
necessary to mitigate the more profound consequences
of the disease and effectively stop or regress PH. None
of these treatments has the advantageous effects of
targeting dihydrofolate reductase (DHFR), as we show
in the present study, to alleviate oxidative stress at the
same time of improving NO-mediated vasodilation and
protecting against vascular remodeling.

One of the major limitations of mechanistic and thera-
peutic studies of PH is the lack of a preclinical or human-
like animal model of PH that replicates the human
disease.”? Of note, monocrotaline and chronic hypoxia
are two well-studied and widely used animal models of
PH. These models are considered to recapitulate the first
phase of the disease and, therefore, used for development
of drugs targeting vasoconstriction rather than those that
target the progressive remodeling phase of PH. Addi-
tional animal models include combinations of several
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interventions, such as exposure to monocrotaline with
left pneumonectomy or injection of Sugen (SU5416) fol-
lowed by hypoxia. Other potential approaches are based
on genetic manipulation, for example, overexpression of
calcium-binding protein (S100A4/Mts1) or IL-6 (inter-
leukin-6), or deletion of BMPR2 (bone morphogenetic
protein receptor type 2).'3'* Despite their widespread
use, the experimental PH community recognizes that
these animal models do not recapitulate human disease
with adequate fidelity. The monocrotaline model offers
advantages in highlighting the contributions of pulmo-
nary artery injury characterized by endothelial damage,
in situ thrombosis, perivascular inflammation, fibrosis,
and the development of pulmonary edema.'®'® Plexi-
form lesions are seen if monocrotaline is administered to
pneumonectomized rats or in combination with chronic
hypoxia.'® However, monocrotaline may exert direct tox-
icity on the heart or other organs via endothelial toxicity,
making it difficult to isolate the effects of pressure over-
load from other direct toxic effects on the right ventricle.
In addition, the plasma cytokine profile of monocrotaline-
induced PH in rodents does not match well with that
of human pulmonary arterial hypertension (PAH).'® The
SUB416-hypoxia mouse model displays severe pulmo-
nary vascular remodeling even in the absence of chronic
hypoxia.'” However, the degree of vascular remodeling
in mice is not the same as in human disease, lacking
neointima formation.'® In addition, the PH phenotype is
reversed upon return to normoxia,'® and severe RV fail-
ure is not a feature of the model.?° Hence, to facilitate
molecular mechanistic and translational studies of PH, it
is critical to establish novel human-like animal models of
the disease.

Accumulating evidence has demonstrated that eNOS
(endothelial nitric oxide synthase) cofactor tetrahydrobi-
opterin (H,B) plays a critical role in determining eNOS
coupling/uncoupling activity. When tetrahydrobiopterin
bioavailability is low consequent to oxidative inactiva-
tion and a deficiency in its salvage enzyme DHFR, elec-
trons are diverted to molecular oxygen rather than to
L-arginine, transforming eNOS into a superoxide anion-
generating pro-oxidant enzyme, denoted as uncoupled
eNOS?'"™" This transformation of eNOS has been
observed in several in vitro models, animal models, and
human patients with cardiovascular diseases, including
hypertension, aortic aneurysms, atherosclerosis, diabetic
vascular complications, cardiac ischemia reperfusion
injury, and heart failure.?'*" In view of the critical role of
endothelial dysfunction in initiating the pathophysiologi-
cal processes of PH, we hypothesize that uncoupling of
eNOS might have a direct causal role in the development
of PH, which might be used to establish an animal model
that resembles human PH or idiopathic PH.

Administration of DAHP (2,4-diamino
6-hydroxypyrimidine) into mice to uncouple eNOS
directly via inhibition of GTP cyclohydrolase 1 (GTPCH],
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rate-limiting synthetic enzyme for tetrahydrobiopterin)
resulted in progressively and markedly elevated mean
pulmonary arterial pressure (mPAP) and RV systolic
blood pressure (RVSP), and increased expression of
proliferative cell nuclear antigen (PCNA) and alpha-actin
in pulmonary blood vessels; extensive vascular remodel-
ing characterized by a full spectrum of human PH-like
lesions of medial thickening, intimal thickness, plexiform
lesions, aneurysm-like lesions, anarchous growth of cells
that completely obliterate the vascular lumen, bud-like
lesions covered by an endothelial layer, and disorganized
stalk-like lesions comprising hyperchromatic and oval
cells inside the lumen of pulmonary arteries and recana-
lized lesions; and accompanying features of reduced
tetrahydrobiopterin and NO bioavailabilities, increased
eNOS uncoupling activity, and increased total and mito-
chondrial superoxide production. Importantly, we have
generated a novel strain of mice that overexpress DHFR
specifically in ECs, endothelial specific DHFR transgenic
mice (tg-EC-DHFR), and found that these animals were
remarkably protected from PH development in response
to both DAHP administration or hypoxia exposure, with
all of the pathophysiological and molecular features
fully attenuated, indicating a robust therapeutic effect
on PH of targeting the DHFR-eNOS axis. Importantly,
DHFR overexpression with pCMV-DHFR plasmid trans-
fection in mice after initiation of DAHP administration
completely reversed PH phenotypes, further confirming
a robust therapeutic effect of DHFR overexpression on
regression of PH.

Of note, DHFR knockout mice displayed elevated
mPAP and RVSR, with all of the pathophysiological and
molecular features of PH simulating DAHP-treated mice.
Hypoxia exposure to DHFR knockout mice showed no
significant additional impact, indicating an intrinsic role
of DHFR deficiency in triggering the development of PH.
To further examine the potential similarity between the
DAHP model and human PH, we compared gene regula-
tion profile in lung samples of human patients with PH
collected during transplantation, to those of mice given
DAHP treatment or hypoxia exposure. The data indicate
that comparing to the hypoxia model, the gene regulation
profile in the novel DAHP-induced PH model is much
more similar to that of human patients with PH. Taken
together, these data demonstrate that targeting endo-
thelial DHFR represents a novel and robust therapeutic
strategy for the treatment of PH.

METHODS

Data Availability

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request. For all the expanded Materials and Methods, see
Supplemental Material.
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RESULTS

DAHP Administration Induces Robust, Dose-
Dependent Increases in mPAP and RVSP, and
RV Hypertrophy

We hypothesized that DAHP inhibition GTPCHI triggers
eNOS uncoupling and is directly causal of PH. DAHP
is a selective inhibitor of GTPCHI, which has been
documented to inhibit GTPCHI specifically resulting
in reduced tetrahydrobiopterin bioavailability.*> There
has been some evidence that PH is accompanied by
eNOS dysfunction and restoration of eNOS function
is beneficial*®**; however, a direct causal role of eNOS
uncoupling in the development of PH has not been
established or fully characterized. Therefore, we hypoth-
esized that DAHP administration may create a novel
murine model for PH that simulates human disease via
direct targeting of the endothelium, which is known to
be dysfunctional in idiopathic PH.*®4¢ Indeed, data indi-
cate that DAHP-induced PH has a more similar profile
of gene regulation compared with human disease than
the hypoxia model of PH (see RNA-sequencing data
below); and that DAHP-treated mice develop classical
features of hemodynamic dysfunction (Figure 1) and
a full spectrum of typical vascular lesions as seen in
human patients (Figure 2).

To fully characterize the PH phenotypes in DAHP-
treated mice, we first examined impact on hemody-
namic parameters of DAHP administration in mice. As
shown in Figure 1A, mPAP was substantially increased

Therapeutic Targeting of Endothelial DHFR for PH

in mice treated with 10-mmol/L DAHP for 3 weeks
(18.9510.96 versus 36.45+3.86 mm Hg for control
versus DAHP; P=0.003), 6 weeks (18.95+0.96 versus
43.11£1.20 mm Hg for control versus DAHP; P=0.002),
and 9 weeks (18.95+0.96 versus 41.80+1.756 mm Hg
for control versus DAHP; P=0.004). These data indi-
cate a time-dependent response to DAHP administra-
tion in terms of mPAP elevation from 3 to 9 weeks.
Moreover, data presented in Figure 1B indicate that
RVSP was also substantially increased in mice treated
with 10-mmol/L DAHP for 3 weeks (26.79+£2.74 ver-
sus 40.83+£098 mm Hg for control versus DAHP;
P=0.0044), 6 weeks (26.79£2.74 versus 43.90+2.28
mm Hg control versus DAHP; £=0.0100), and 9 weeks
(26.79£2.74 versus 52.08+2.01 mm Hg control ver-
sus DAHP; P=0.0009). The changes in RVSP were
also time-dependent. Furthermore, DAHP induced RV
hypertrophy as evidenced by an increased RV/(LV+S)
weight ratio of 0.299£0.009 (n=b) compared with
0.257£0.002 (n=4) in the control group (P=0.014;
Figure 1C).

DAHP Administration Induces Extensive
Pulmonary Arterial Remodeling and

Pulmonary Fibrosis

The lungs from DAHP-treated mice were freshly isolated
and examined for histological alterations. All of the his-

tological and immunohistochemical data from wild-type
(WT) mice, mice of EC-specific DHFR overexpression
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Figure 1. DAHP (2,4-diamino 6-hydroxypyrimidine) treatment induces robust pulmonary hypertension phenotypes in mice:

hemodynamics data.

9- to 12-wk-old C57BL/6 male wild-type (WT) mice were exposed to DAHP (10 mmol/L) in the drinking water for 3, 6, and 9 wk. Hemodynamic
parameters, including mean pulmonary artery pressure (mPAP) and right ventricular systolic pressure (RVSP), were measured by an open chest
method in intubated mice connected to a respirator under anesthesia. A, mPAP in control and DAHP-treated groups at different time points,
indicating time-dependent elevation in mPAP in response to DAHP treatment. All data are presented as meant+SEM. n=6, 7, 8, and 6 for control,
DAHP 3w, DAHP 6w, and DAHP 9w, respectively. £=0.003 for DAHP 3w vs control; A=0.002 for DAHP 6w vs control; and A=0.004 9w vs
control. B, RVSP in control and DAHP-treated groups at different time points, indicating time-dependent elevation in RVSP in response to DAHP
treatment. All data are presented as mean+SEM. n=6, 7, 8, and 6 for control, DAHP 3w, DAHP 6w, and DAHP 9w, respectively. £=0.0044

for DAHP 3w vs control; P=0.0100 for DAHP 6w vs control; and £<0.0009 for DAHP 9w vs control. C, Right ventricle (RV)/left ventricle

plus septum (LV+S) ratio in control and DAHP-treated groups at 3-wk time point, indicating RVH in response to DAHP treatment. All data are
presented as mean=SEM. n=4 and 5 for control and DAHP 3w, respectively. ~=0.014 vs control.
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Figure 2. DAHP (2,4-diamino
6-hydroxypyrimidine) treatment
induces substantial medial
remodeling and formation of a full
spectrum of human disease-like
vascular lesions in the mouse lung.
9- to 12-wk-old C57BL/6 wild-type

(WT) male mice were exposed to DAHP
(10 mmol/L) in the drinking water for

9 wks and harvested for histological
analysis with Hematoxylin and Eosin Stain
(H&E). Black arrows indicate obviously
remodeled pulmonary blood vessels. The
types of the vascular lesions include (1)
media thickening, (2) intima thickening,
(3) plexiform lesion (an aneurysm-like
pattern), (4) cross-sectional view of

an aneurysm-like lesion adjacent to its
parent artery, (5) plexiform lesion showing
anarchous growth of cells that completely
obliterates the vascular lumen, (6) bud-like
lesion is covered by an endothelial layer,
(7) disorganized stalk-like structures
comprising hyperchromatic and oval cells
inside the lumen of a pulmonary artery, (8)
cross-sectional view of a small pulmonary
artery showing a bud-like small cluster of
hyperchromatic and oval cells, and (9) to
(12) recanalized plexiform lesions.

(tg-EC-DHFR) (Figure 3), and DHFR knockout mice are
systematically presented together in Figures 4D-4G and
5A-5F

Importantly, the DAHP-treated PH mice progres-
sively displayed various types of histological changes
in the pulmonary blood vessels that followed features
defined at the 6th World Symposium on Pulmonary
Hypertension,*” which simulated human disease. Lim-
ited human studies suggest that it takes some time
to develop plexiform lesions after the establishment
of significantly severe PAH.*8%° As shown below, mice
with early-stage PH (3 weeks after DAHP treatment)
displayed medial wall thickening in small pulmonary
arteries (<200 um in diameter). In addition to this
change, mice of later-stage PH (9 weeks after DAHP
treatment) displayed a full spectrum of vascular lesions
as seen in the human disease, including the following
(Figure 2): (1) medial thickening, (2) neointima forma-
tion/thickening, (3) plexiform lesions (an aneurysm-like
pattern), (4) a cross-sectional view of an aneurysm-like
lesion adjacent to its parent artery, (5) plexiform lesion
showing anarchous growth of cells that completely
obliterate the vascular lumen, (6) bud-like lesion cov-
ered by an endothelial layer, (7) disorganized stalk-like
structures comprising hyperchromatic and oval cells
inside the lumen of a pulmonary artery, (8) a cross-
sectional view of a small pulmonary artery showing a
bud-like small cluster of hyperchromatic and oval cells,
and (9) to (12) recanalized lesions.

Circulation Research. 2024;134:351-370. DOI: 10.1161/CIRCRESAHA.123.323090

Transgenesis of DHFR in the Endothelium
Protects Against PH in DAHP and Hypoxia
Models, While DHFR Knockout Mice Display PH
Phenotypes

We and others have demonstrated that endothelial
DHFR plays a key role in preserving eNOS coupling
activity to attenuate hypertension, aortic aneurysms,
and diabetic vascular complications.21-24275234-41 \\e
have generated a novel endothelial-specific DHFR
transgenic mouse strain (tg-EC-DHFR) to investigate
the potential therapeutic effect on PH of endothelial-
specific DHFR overexpression in vivo (Figures. 3A-3F).
The production construct and the geneotyping results
are presented in Figures 3A and 3B respectively. To
confirm endothelial-specific transgenesis, we isolated
ECs from the aortas and found significant upregulation
of DHFR expression in the EC fraction but not in the EC
denuded aortic rings (Figures 3C-3D; P=0.0374). Fur-
thermore, immunohistochemical staining also showed
EC-specific overexpression of DHFR (Figure 3E), again
confirming successful transgenesis of DHFR in ECs in
tg-EC-DHFR mice. In addition, tetrahydrobiopterin bio-
availability in isolated pulmonary ECs in tg-EC-DHFR
mice was markedly increased (Figure 3F; P=0.0326).
We did not find any significant differences in body
weight, behavior, or activity of the animals compared
with WT mice. The tg-EC-DHFR mice were born follow-
ing a normal gestational period and grew normally into
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Figure 3. Generation and characterization of endothelial-specific dihydrofolate reductase (DHFR) transgenic mice.

A Linearized construct including cadherin 5 promoter (endothelial cell [EC] specific), HA-tagged mouse DHFR (coding region), and poly A.
Genotyping primers (arrows) were designed to separate DHFR transgene from endogenous DHFR. B, Genotyping results from endothelial-
specific DHFR transgenic male mice (tg-EC-DHFR) and wild-type (WT) littermates. NC, water as the negative control. C, Representative Western
blots and quantitative data indicating endothelial-specific overexpression of DHFR in mouse aortas of tg-EC-DHFR mice. eNOS (endothelial nitric
oxide synthase) was absent in the denuded aortas indicating successful separation of ECs. D, Grouped quantitative data of DHFR expression

in aortic EC fractions normalized to p-actin. All data are presented as meantSEM. n=7 and 6 for WT and tg-EC-DHFR, respectively. £=0.0374
for tg-EC-DHFR vs WT control. E, Inmunohistochemical staining of DHFR in aortic tissues. Arrows indicate enhanced DHFR staining in the
endothelial layer of the mouse aortas of the tg-EC-DHFR mice, confirming endothelial-specific overexpression of DHFR. F, High-performance
liquid chromatography (HPLC) determined tetrahydrobiopterin (H,B) levels in pulmonary endothelial cells isolated from tg-EC-DHFR mice and
WT littermates, indicating functional restoration of H,B bioavailability in tg-EC-DHFR mice. All data are presented as meantSEM. n=4 and 4 for
WT and tg-EC-DHFR, respectively. P=0.0326 for tg-EC-DHFR vs WT control.

adulthood with no detectable abnormalities compared
with WT mice.

In addition to formation of human-like vascular
lesions as in PH patients (Figure 2), DAHP treated
mice developed characteristics of vascular remodeling.
In WT mice exposed to DAHP treatment, the medial
walls of the pulmonary arterioles were markedly thick-
ened compared with control mice. Consistently, the
percentage medial thickness in blood vessels that
have an external diameter <200 pm was significantly
increased in the DAHP group (568.37£5.76) compared
with the control group (25.91£2.96; P=0.007 for the
DAHP model and P=0.019 for the hypoxia model). The
percentage medial thickness in blood vessels that have
an external diameter of 50 to 100 ym was significantly
increased in the DAHP group (71.55+2.566) compared
with the control group (33.324£3.89; P=0.020). The
percentage medial thickness in blood vessels that have
an external diameter of 100 to 200 um was also sig-
nificantly increased in the DAHP group (54.55+3.17)

356  February 16,2024

compared with the control
P=0.020).

Toinvestigate the effects of endothelial-specific DHFR
overexpression on the development of PH, we assessed
the physiological parameters of PH in tg-EC-DHFR mice
and WT C57BL/6 mice treated with DAHP (10 mmol/L,
3 weeks) or hypoxia (10% oxygen, 3 weeks). We found
that tg-EC-DHFR mice displayed completely attenu-
ated mPAP in response to either DAHP administration
or hypoxia treatment (Figure 4A; P=0.027 for the DAHP
model and P=0.033 for the hypoxia model, respectively).
The tg-EC-DHFR mice were also protected from devel-
oping elevated RVSP (Figure 4B; P=0.050 for the DAHP
model and P=0.088 for the hypoxia model with marginal
significance), as well as increased RV/(LV+S) ratio (Fig-
ure 4C; P=0.047 for the DAHP model and P=0.006 for
the hypoxia model), in response to either DAHP adminis-
tration or hypoxia exposure.

In parallel experiments, DHFR knockout mice were
generated in-house, as recently published.®3" Intriguingly,

group (30.30£0.05;
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Figure 4. Endothelial-specific overexpression of dihydrofolate reductase (DHFR) in mice protects against development of
pulmonary hypertension (PH) and vascular remodeling induced by DAHP (2,4-diamino 6-hydroxypyrimidine) or hypoxia, while
DHFR knockout (KO) mice display robust PH phenotypes with no additional deterioration in response to hypoxia exposure.

9- to 12-wk-old wild-type (WT) male mice and tg-EC-DHFR male mice were exposed to DAHP (10 mmol/L) in the drinking water or 10%
hypoxia for 3 wk, while DHFR KO mice were exposed to 10% hypoxia for 3 wk. Hemodynamic parameters, including mean pulmonary artery
pressure (MPAP) and right ventricular systolic pressure (RVSP), were measured by an open chest method in intubated mice connected to a
respirator under anesthesia and then the mice harvested for histological analyses. A, mPAP in WT control group, WT DAHP group, tg-EC-DHFR
control group, tg-EC-DHFR DAHP group, hypoxia group, tg-EC-DHFR hypoxia group, DHFR KO group, and DHFR KO hypoxia groups. B,
RVSP in experimental groups as in (A). C, Right ventricle (RV)/left ventricle plus septum (LV+S) ratio in experimental groups as in (A). All data
are presented as mean£SEM. For (A through C), n=4, 4, 4, 5, 6, 4, 3, and 3 for columns from left to right. Precise Pvalues are labeled for all
comparisons as in the figure. D, Representative Hematoxylin and Eosin Stain (H&E) images showing reversal of lung vascular remodeling of
medial thickness in tg-EC-DHFR mice exposed to DAHP or hypoxia, and phenotypes of vascular remodeling of medial thickness in DHFR KO
mice at baseline and no additional effects with hypoxia exposure. E, Percentage medial thickness in vessels <200 pm in external diameter (ED).
All data are presented as mean=SEM. n=5, 7, 4, 5, 7, 5, 3, and 3 for columns from left to right. Precise P values are labeled for all comparisons as
in the figure. F and G, Percentage medial thickness calculated in differently sized arterioles categorized as 50- to 100-ym ED and 100- to 200-
pm ED. All data are presented as mean£SEM. For F and G, n=3, 6, 4, 5, 5, 7, 3, and 3 for columns from left to right. Precise Pvalues are labeled
for all comparisons as in the figure.
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we found that DHFR knockout mice displayed robust phe-
notypes of PH as evidenced by elevated levels of mPAP,
RVSP, and RV/(LV+S) ratio compared with WT C57BL/6
mice (Figures 4A-4C; P=0.034 for mPAR, P=0.034 for
RVSP, and P=0.034 for the RV/(LV+S) ratio, respectively).
These data indicate an intrinsic role of DHFR deficiency in
the development of PH. Additional features of PH in this
strain of mice are described in the following. There are
no additional significant changes in mPAP and RVSP in
DHFR knockout mice exposed to hypoxia, indicating that
DHFR deficiency alone is sufficient to induce a similar PH
phenotype as hypoxia, and the responses of hypoxia are
mediated intrinsically by DHFR deficiency (Figure 4A and
4B; A=0.606 for mPAP and P=0.439 for RVSP, indicating
no difference between DHFR knockout mice and DHFR
knockout mice exposed to hypoxia). Furthermore, hypoxia
produced no significant increase in the RV/(LV+S) ratio in
DHFR knockout mice (Figure 4C; P=0.827).

Transgenesis of DHFR in the Endothelium
Prevents Vascular Remodeling in DAHP and
Hypoxia Models of PH, While DHFR Knockout
Mice Have Extensive Pulmonary Vascular
Remodeling

As shown in Figures 4D-4G, the percentage medial thick-
ness was significantly decreased in tg-EC-DHFR mice
exposed to DAHP (10 mmol/L, 3 weeks) or hypoxia
(10% oxygen, 3 weeks). The percentage medial thick-
ness in <200-pm-diameter blood vessels was markedly
attenuated in the tg-EC-DHFR group exposed to DAHP
(34.75+0.771) compared with the WT DAHP group
(568.44+£3.990; Figure 4E; P=0.007). The percentage
medial thickness in <200-um-diameter blood vessels
in the tg-EC-DHFR group exposed to hypoxia was also
significantly abrogated compared with the WT hypoxia
group (35.37+0.93 versus 44.02+2.92 for tg-EC-DHFR
hypoxia versus WT hypoxia; Figure 4E; P=0.019). The
percentage medial thicknesses in differently sized diam-
eters of blood vessels in lung tissues are presented
separately in Figure 4F and 4G. The percentage medial
thickness in 50- to 100-um-diameter blood vessels in
the tg-EC-DHFR group exposed to DAHP (3754+1.21)
was markedly attenuated compared with the WT DAHP
group (71.55+2.56; Figure 4F; P=0.006). The percent-
age medial thickness in 50- to 100-um-diameter blood
vessels (43.44£3.15) in the tg-EC-DHFR group exposed
to hypoxia was significantly abrogated compared with the
WT hypoxia group (72.01£3.52; Figure 4F; £=0.007).
Similar trends were observed for the percentage medial
thickness in 100- to 200-pm-diameter blood vessels in
the tg-EC-DHFR group exposed to DAHP (32.33+1.18)
compared with the WT DAHP group (564.55£3.17), and
for the percentage medial thickness in 100- to 200-pm-
diameter blood vessels in the tg-EC-DHFR group exposed
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to hypoxia (31.62+2.73) compared with the WT hypoxia
group (56.60£2.97; Figure 4G; P=0.006 and P=0.006
for the DAHP model and the hypoxia model, respectively).
The tg-EC-DHFR control group showed no significant dif-
ferences compared with WT controls (Figures 4D-4G).

Of note, DHFR knockout mice (47.95+2.10) showed
a significantly increased percentage of medial thick-
ness in <200-um-diameter blood vessels compared
with- WT controls (25.91+£2.96; Figure 4D and 4E;
P=0.025). Similarly, the percentage medial thickness in
B50- to 100-pm-diameter blood vessels was also much
higher in DHFR knockout mice (68.87£2.96) compared
with WT controls (33.3243.89; Figure 4F; P=0.050 at
marginal significance). The percentage medial thick-
ness in 100- to 200-pum-diameter blood vessels in the
DHFR knockout mice was also significantly increased to
42.70+£3.91 versus 30.30£0.05 for the WT group (Fig-
ure 4G; P=0.046). As discussed above, hypoxia had no
additional impact on DHFR knockout mice in terms of
PH phenotypes featured here for the vascular remod-
eling (Figures 4D-4G; P=0.127, P=0.827, and P=0.513
for the DHFR knockout hypoxia group comparing with
the DHFR knockout group in terms of medial thickness
for the groups of <200, 50-100, and 100-200 um,
respectively), indicating an intermediate role for DHFR
deficiency in hypoxia-induced PH.

To examine potential lung vascular muscularization
and cell proliferation in DAHP-treated mice, lung sections
were stained with antibodies specific for SMA (smooth
muscle a-actin) and PCNA (proliferative cell nuclear
antigen; for proliferating cells). Inmunohistological analy-
sis of lung tissues revealed vascular muscularization as
evidenced by increased SMA-positive staining in DAHP-
treated mouse pulmonary arterioles. The fluorescent
intensity of SMA in the lung sections was significantly
increased in the DAHP group (32.36+1.36) compared
with the control group (17.011+2.12; Figure bA and 5B;
P=0.034). Likewise, the fluorescent intensity of PCNA
was markedly elevated in the DAHP group (24.30+1.62)
compared with the control group (11.97+2.54; Figure bA
and bB; P=0.021), indicating increased cell proliferation.

The expression of SMA by DAB staining in the lung
sections was also significantly increased in the DAHP
group (9.356£0.39 versus 2.73£0.07 for the DAHP
group versus the control group; P=0.011; Figure 5C
and BD). A similar trend was seen for PCNA using DAB
staining (5.98+0.99 versus 0.80£0.05 for the DAHP
group versus the control group), as shown in Figure 5C
and 5D (P=0.021). In addition, collagen deposition as
assessed by Masson trichrome staining was found to be
markedly increased in the peribronchial and perivascular
areas in the DAHP-treated mouse lung tissue sections
(12.74+0.53 versus 3.82+0.61 for the DAHP group ver-
sus control group; Figure 5E and 5F; P=0.009).

Similar to the attenuating effects on mPAP, RVSF,
and RV/(LV+S) ratio as discussed earlier, the increased
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Figure 5. Endothelial-specific overexpression of dihydrofolate reductase (DHFR) in mice prevents cell proliferation,
muscularization, and fibrosis of pulmonary blood vessels in DAHP (2,4-diamino 6-hydroxypyrimidine) and hypoxia-induced
pulmonary hypertension models, while DHFR knockout (KO) mice display features of extensive vascular remodeling with no
additional responses to hypoxia exposure.

9- to 12-wk-old wild-type (WT) male mice and tg-EC-DHFR male mice were exposed to DAHP (10 mmol/L) in the drinking water or 10%
hypoxia for 3 wk, while DHFR KO male mice were exposed to 10% hypoxia for 3 wk. At the end of the experimental protocol, mice were
harvested for immunofluorescent and immunohistochemical analyses with corresponding antibodies for determination of SMA (smooth muscle
a-actin) or PCNA (proliferative cell nuclear antigen) expression, and Masson’s trichrome staining for assessment of fibrosis. A, (Continued)
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Figure 5 Continued. Representative images of pulmonary blood vessels i
immunofluorescent antibodies (x40 magnification). B, Quantification of fluo

mmunostained for SMA (red) and PCNA (green) with
rescent intensity of SMA and PCNA expression in lung sections of

each experimental group. All data are presented as mean=SEM. n=4, 5, 4, 4,7, 5, 3, and 3 for columns from left to right for SMA expression.

n=4, 4, 4,5,5,5, 3, and 3 for columns from left to right for PCNA expressio

n. Precise Pvalues are labeled for all comparisons as in the figure.

C, Representative images of pulmonary blood vessels immunostained for SMA and PCNA using 3, 3 -diaminobenzidine (DAB) substrate (brown;
%60 and x20 magnifications). D, Quantification of percentage area (DAB) of SMA and PCNA expression in lung sections of each experimental
group. All data are presented as mean+SEM. n=4, 6, 4, 4, 3, 5, 3, and 3 for columns from left to right for SMA expression. n=4, 4, 4, 5, 5, 5, 3, and
3 for columns from left to right for PCNA expression. Precise Pvalues are labeled for all comparisons as in the figure. E, Representative images

of Masson'’s trichrome staining show collagen deposition (blue) in perivascul

ar and peribronchial areas of lung sections of each experimental

group. F, Percentage fibrosis in lung sections of each experimental group. All data are presented as meantSEM. n=5, 5, 4, 5, 5, 5, 3, and 3 for
columns from left to right for collagen deposition. Precise P values are labeled for all comparisons as in the figure.

expression of SMA and PCNA in the DAHP model
was abrogated in lung sections of tg-EC-DHFR mice
exposed to DAHP (Figures BA-5D, P=0.014 for SMA
IF, A~=0.014 for PCNA IF, A~=0.011 for SMA-DAB, and
P=0.014 for PCNA DAB, respectively). Likewise, the
increased expression of SMA and PCNA in the hypoxia
model was attenuated in lung sections of tg-EC-DHFR
mice exposed to hypoxia (Figures 5A-5D, P=0.088 for
SMA IF, P=0.076 for PCNA IF with marginal significance,

360  February 16, 2024

P=0.025 for SMA-DAB, and ~=0.009 for PCNA DAB,
respectively). However, the expression of SMA and
PCNA was increased in lung sections of DHFR knock-
out mice compared with  WT controls (Figures 5A-5D;
P=0.034 for SMA IF, P=0.034 for PCNA IF, P=0.034
for SMA-DAB, and P=0.034 for PCNA DAB, respec-
tively). Similar to the observations above, DHFR knockout
mice exposed to hypoxia showed no additional regula-
tions compared with unexposed DHFR knockout mice at
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baseline, indicating that DHFR deficiency mediates these
characteristic changes in the hypoxia model. Consistently,
Masson's trichrome staining for collagen deposition indi-
cated decreased fibrosis in the perivascular and peribron-
chial areas of the lung sections of tg-EC-DHFR mice
after DAHP or hypoxia exposure compared with the cor-
responding WT groups (Figure BE and 5F; P=0.016 for
the DAHP model and F=0.028 for the hypoxia model).
By contrast, increased fibrosis in the perivascular and
peribronchial areas of the lung sections was observed
in DHFR knockout mice (Figure 5E and 5F; P=0.025),
while no additional changes in DHFR knockout mice
exposed to hypoxia (Figure 5E and 5F; P=0.513).

Taken together, these data demonstrate a robust
and innovative protective role of endothelium-specific

Therapeutic Targeting of Endothelial DHFR for PH

DHFR overexpression in preserving vascular structure
and function to attenuate vascular remodeling and PH
development in both DAHP and hypoxia models of PH.
Complementarily, a deficiency in DHFR is intrinsically
causal to vascular remodeling and PH.

DAHP Administration Reduces NO
Bioavailability and Increases total Superoxide
and Mitochondrial Superoxide Production
Endothelial NO bioavailability was assessed in mouse
lungs in situ by fluorescent imaging using the NO-
specific fluorescent probe 4-Amino-b-Methylamino-

2'7'-Difluorofluorescein Diacetate (DAF-FM DA). The
image analysis of lung sections stained with DAF-FM
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Figure 6. Endothelial-specific overexpression of dihydrofolate reductase (DHFR) in mice prevents nitric oxide (NO) deficiency
and increased total and mitochondrial superoxide production, while DHFR knockout (KO) mice display features of increased
total and mitochondrial superoxide production and reduced NO bioavailability as in DAHP (2,4-diamino 6-hydroxypyrimidine)-
treated mice and show no additional effects with hypoxia exposure.

9- to 12-wk-old wild-type (WT) male mice and tg-EC-DHFR male mice were exposed to DAHP (10 mmol/L) in the drinking water or 10%
hypoxia for 3 wk, while DHFR KO male mice were exposed to 10% hypoxia for 3 wk. At the end of the experimental protocol, mice were
harvested for analyses of NO bioavailability, and total and mitochondrial superoxide production. Representative images of fluorescent signals of
(A) 4-Amino-5-Methylamino-2.7"-Difluorofluorescein Diacetate (DAF-FM DA) for NO, (B) Dihydroethidium (DHE) for total superoxide, and (C)
MitoSOX for mitochondrial superoxide, in WT and tg-EC-DHFR mice treated with DAHP or hypoxia, and in DHFR KO mice with and without
hypoxia exposure. D, Quantitative data of DAF-FM DA fluorescent signals. All data are presented as meantSEM. n=5, 5, 4, 3, 7, 5, 3, and 3 for
columns from left to right. Precise P values are labeled for all comparisons as in the figure. E, Quantitative data of DHE fluorescent signals. All
data are presented as meant+SEM. n=5, b, 4, 5, 5, 5, 3, and 3 for columns from left to right. Precise P values are labeled for all comparisons as in
the figure. F, Quantitative data of MitoSOX fluorescent signals. All data are presented as mean=SEM. n=5, 5, 4, 5, 5, 5, 3, and 3 for columns from
left to right. Precise P values are labeled for all comparisons as in the figure.

Circulation Research. 2024;134:351-370. DOI: 10.1161/CIRCRESAHA.123.323090 February 16,2024 361

(—]
=
o
—
==
—
=
m
oW
m
==
=
()
==




-
=]
=
=
Ll
)
(7]
o=
—
=
=
=
=
S

%202 ‘Gz yore | uo Aq Bio'sfeuno feye/:dny wouy papeojumoq

Murugesan et al

DA showed decreased NO bioavailability in the DAHP
group (25.3242.78 versus 53.82+5.39 for the DAHP
group versus control group; Figures 6A and 6D;
P=0.016). We next determined the effects of DAHP on
total and mitochondrial superoxide production in lung
tissue sections. Total superoxide in lung tissue sections
was determined using dihydroethidium (DHE) fluores-
cent imaging. DHE staining detects intracellular super-
oxide, which has been further validated using electron
spin resonance (ESR) in the following. Results shown
in Figures 6B and 6E indicate that the DHE fluores-
cent intensity was markedly increased in the DAHP
group (44.3915.57) compared with the control group
(18.78+1.58, P=0.009).

We have previously shown that the mitochondrion lies
downstream of uncoupled eNOS to mediate the develop-
ment of hypertension and aortic aneurysm.®537 To evaluate
mitochondrial dysfunction and its potential contribution
to the enhanced intracellular superoxide generation in
the lung tissue of PH mice, mitochondrial superoxide
generation was detected using MitoSOX red fluorescent
probe. As shown in Figures 6C and 6F, DAHP treatment
significantly increased mitochondrial superoxide produc-
tion in the lung (561.78+1.568 versus 30.78%1.76 for the
DAHP group versus the control group; P=0.009). These
results indicate increased mitochondrial ROS production
downstream of uncoupled eNOS, which was accompa-
nied by reduced NO bioavailability.

Transgenesis of DHFR in the Endothelium
Preserves NO Bioavailability While Reducing
Superoxide Generation in DAHP and Hypoxia
Models of PH

Transgenesis of DHFR is anticipated to reverse eNOS
uncoupling, which will lead to restored NO bioavailability.
Therefore, we next determined effects of DHFR trans-
genesis on NO bioavailability in lung tissue sections. As
shown in Figures 6A-6F, fluorescent staining was utilized
to detect NO production (DAF-FM DA), total superoxide
(DHE) and mitochondrial superoxide production (Mito-
SOX). Compared with the DAHP- or hypoxia-treated WT
group, the NO fluorescent intensity was much higher
in the tg-EC-DHFR mice exposed to either DAHP or
hypoxia (Figures 6A and 6D; P=0.053 for the DAHP
model and P=0.062 for the hypoxia model with marginal
significance). DHFR knockout mice, however, displayed
significantly lower NO fluorescent intensity (Figures 6A
and 6D; P=0.025). Of note, DAF-FM DA fluorescent
imaging labels diffusible NO at various locations of dif-
ferent cell types, among which only the staining on blood
vessels/ECs is relevant to vascular regulations and impli-
cations in the development of PH. In contrast, quantita-
tive analyses of DHE and MitoSOX fluorescent imaging
of lung sections from tg-EC-DHFR DAHP and tg-EC-
DHFR hypoxia groups showed decreased levels of total
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and mitochondrial superoxide production compared with
the corresponding WT groups (Figures 6B, 6C, 6E and
6F; P=0.028 and P=0.009 for comparison of DHE
intensities in DAHP and hypoxia models, respectively,
and F=0.009 and P=0.009 for comparison of MitoSOX
intensities in DAHP and hypoxia models, respectively),
indicating protective effects of endothelium-targeted
DHFR transgenesis on eNOS/endothelial function. Of
note, DHFR knockout mice showed significantly higher
DHE and MitoSOX fluorescent intensities and lowered
DAF-FM DA fluorescent intensity for increased super-
oxide production and reduced NO bioavailability (Fig-
ures 6A-6F; P=0.025 for comparison of DHE intensities
and P=0.025 for comparison of MitoSOX intensities). In
addition, we observed eNOS uncoupling activity in both
DAHP and hypoxia models of PH by electron spin reso-
nance (ESR) analysis, as shown in Figures 7A-7B and
described in the following. The tetrahydrobiopterin bio-
availability determined by high-performance liquid chro-
matography (HPLC) was also deficient in DAHP and
hypoxia-treated mice (Figures 7A-7B).

Transgenesis of DHFR in the Endothelium
Restores Tetrahydrobiopterin Bioavailability and
Recouples eNOS in DAHP and Hypoxia Models
of PH

DAHP administration inhibits GTPCHI to induce tet-
rahydrobiopterin - deficiency and subsequent uncou-
pling of eNOS. Under normal conditions when eNOS is
coupled, the addition of the eNOS inhibitor L-NG-Nitro
arginine methyl ester (-NAME) will increase the mea-
sured superoxide production, as eNOS is producing
NO to scavenge superoxide; however, when eNOS is
uncoupled and producing superoxide, its inhibition will
lead to a decrease in measured superoxide. We, there-
fore, examined whether eNOS was uncoupled in DAHP-
induced PH in mice and whether endothelial-specific
overexpression of DHFR recoupled eNOS in both DAHP
and hypoxia models of PH. Electron spin resonance was
used to examine eNOS uncoupling activity as previ-
ously published,?'**! in DAHP - and hypoxia-treated WT
mice, and tg-EC-DHFR mice (Figure 7A), as well as in
DHFR knockout control mice and DHFR knock out mice
exposed to hypoxia (Figure 7A). While eNOS uncou-
pling activity was markedly increased in DAHP (super-
oxide levels: 19.63£3.13-pmol/L per min/mg protein)
or hypoxia-exposed groups (29.33+3.63-umol/L per
min/mg protein) compared with controls (9.00£0.28-
pm/min per mg protein), it was completely reversed in
tg-EC-DHFR control (12.03+1.84-pmol/L per min/
mg protein), tg-EC-DHFR DAHP (5.20+0.28-umol/L
per min/mg protein), and tg-EC-DHFR hypoxia
(9.70£1.98-pmol/L per min/mg protein) groups (Fig-
ure 7A). The measurements made without L-NAME,
shown in white bars with red dots, indicate that DAHP
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Figure 7. Endothelial-specific overexpression of dihydrofolate reductase (DHFR) restores tetrahydrobiopterin (H,B)
bioavailability and recouples eNOS (endothelial nitric oxide synthase) in DAHP (2,4-diamino 6-hydroxypyrimidine) and hypoxia-

induced pulmonary hypertension models.

9- to 12-wk-old wild-type (WT) male mice and tg-EC-DHFR male mice were exposed to DAHP (10 mmol/L) in the drinking water or 10%
hypoxia for 3 wk, while DHFR knockout (KO) male mice were exposed to 10% hypoxia for 3 wk. At the end of the experimental protocol, mice
were harvested for high-performance liquid chromatography (HPLC) determination of H,B bioavailability and electron spin resonance (ESR)
determination of eNOS uncoupling activity. A, ESR determined eNOS uncoupling activity in WT mice and tg-EC-DHFR mice exposed to DAHP or
hypoxia, indicating prevention of eNOS uncoupling in DAHP or hypoxia-treated tg-EC-DHFR mice. eNOS was also uncoupled in DHFR KO mice
at baseline with no significant additional effects in response to hypoxia exposure. All data are presented as meantSEM. n=4, 4, 4, 4,5,5, 6, 6, 7,
7,5, 5, 3, and 3 for columns from left to right. Precise P values are labeled for all comparisons as in the figure. L-NG-Nitro arginine methyl ester
(L-NAME). B, HPLC determined H,B bioavailability in lung tissues of WT mice and tg-EC-DHFR mice exposed to DAHP or hypoxia, indicating
preservation of H,B bioavailability in DAHP or hypoxia-treated tg-EC-DHFR mice, and in WT mice and DHFR KO mice exposed to hypoxia,
indicating H,B deficiency in DHFR KO mice and modest additional effects with hypoxia that matches minor additional uncoupling of eNOS in
DHFR KO mice. All data are presented as mean+SEM. n=8, 4, 7, 4, 6, 5, 5, and 4 for columns from left to right. Precise P values are labeled for all

comparisons as in the figure.

treatment or hypoxia exposure significantly increased
total superoxide production in the WT lung tissue samples
(P=0.019 and A=0.0001 for DAHP and hypoxia groups,
respectively). The measurements made with L-NAME, as
shown in the white bars with green dots, are performed to
assess the uncoupling state of eNOS. These data indicate
that eNOS uncoupling activity in the lung, as reflected
by L-NAME-dependent superoxide production, was sig-
nificantly increased in both DAHP and hypoxia models
of PH. These phenotypes were completely reversed
in tg-EC-DHFR groups exposed to DAHP or hypoxia
because measurements in the presence no longer indi-
cates a significant amount of superoxide production
(P=0.154 or P=0.136 for tg-EC-DHFR mice exposed
to DAHP or hypoxia). Notably, similar to other features
of PH described above, DHFR knockout mice displayed

Circulation Research. 2024;134:351-370. DOI: 10.1161/CIRCRESAHA.123.323090

L-NAME sensitive eNOS uncoupling activity at baseline
(P=0.043), indicating an intrinsic role of DHFR deficiency
in PH development.

The upregulation in endothelial DHFR in tg-EC-
DHFR mice is anticipated to result in improved tetrahy-
drobiopterin bioavailability and recoupling of eNOS via
DHFR-dependent regeneration of tetrahydrobiopterin.
We, therefore, determined levels of bioavailable tetra-
hydrobiopterin using HPLC. While tetrahydrobiopterin
bioavailability was markedly diminished in DAHP treated
group (8.5412.70-pmol/mg protein) or hypoxia-exposed
group (16.3812.48-pmol/mg protein) compared with
controls (26.29£2.36-pmol/mg protein; P=0.007 or
P=0.014 for DAHP or hypoxia group), it was completely
preserved in tg-EC-DHFR controls (31.48%1.94-pmol/
mg protein), tg-EC-DHFR DAHP (23.35£2.97-pmol/
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Figure 8. Overexpression of dihydrofolate reductase (DHFR) after initiation of pulmonary hypertension (PH) reverses PH
development in DAHP (2,4-diamino 6-hydroxypyrimidine)-treated mice.

9- to 12-wk-old wild-type (WT) C57BL/6 mice were injected with pCMV-DHFR plasmid every other day from the eighth day after the first DAHP
treatment and harvested after 3 wk. A, Mean pulmonary artery pressure (mPAP) in control and DHFR plasmid—treated groups that were exposed
to DAHP, indicating the reversal of PH phenotype by DHFR overexpression after initiation of PH. All data are presented as mean+SEM. n=3, 3, 6,
and 6 for columns from left to right. B, Right ventricular systolic pressure (RVSP) in control and DHFR plasmid—treated groups that were exposed
to DAHP, indicating reversal of PH phenotype by DHFR overexpression after initiation of PH. All data are presented as mean+SEM. n=3, 3, 6,
and 6 for columns from left to right. Precise Pvalues are labeled (Continued)
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mg of protein; P=0.021 versus WT DAHP group), and
tg-EC-DHFR hypoxia (33.63+£2.89-pmol/mg of protein;
P=0.011 versus WT hypoxia group) groups (Figure 7B).
This restoration was accompanied by the complete
recoupling of eNOS in these animals (Figure 7A). Data
in Figure 7B also indicate reduced levels of tetrahydrobi-
opterin in DHFR knockout mice (12.75+1.44-pmol/mg
protein; P=0.005).

Reversal of PH by Overexpression of DHFR
After Initiation of DAHP Treatment

We have performed additional experiments to overex-
press DHFR in the DAHP model after initiation of PH
and found that it was markedly effective in fully reversing
the PH phenotypes. WT C57BL/6 mice were injected
(iv) of pCMV-DHFR plasmid from the eighth day after
the first DAHP treatment, and the mice were injected
every other day till harvest at the end of 3 weeks. As
shown in Figure 8A, mPAP was substantially increased
in mice treated with 10-mmol/L DAHP for 3 weeks
(20.95+1.66 versus 44.22+5.17 mmHg for control
versus DAHP; FP=0.050). This effect was fully reversed
in mice injected with pCMV-DHFR plasmid to overex-
press DHFR (256.30£2.59 versus 44.22+5.16 mm Hg
for pCMV-DHFR plasmid with DAHP versus DAHP;
P=0.020; Figure 8A). Likewise, as shown in Figure 8B,
RVSP was substantially increased in mice treated with
10-mmol/L DAHP for 3 weeks (35.22+1.66 versus
48.63%b.17 mm Hg for control versus DAHP; P=0.050
with marginal significance). This effect was fully reversed
in mice injected with pCMV-DHFR plasmid to overex-
press DHFR (30.60£2.31 versus 48.63+5.17 mm Hg
for pCMV-DHFR plasmid with DAHP versus DAHP;
P=0.020).

Data in Figure 8C indicate that eNOS uncoupling
activity was increased in mice treated with DAHP for
3 weeks (9.80+0.70-umol/L per min/mg protein ver-
sus 18.71+£2.16-pymol/L per min/mg protein for control
versus DAHP). This effect was fully reversed in mice
injected with pPCMV-DHFR plasmid to overexpress
DHFR (5.38+1.18-pymol/L per min/mg protein versus

Therapeutic Targeting of Endothelial DHFR for PH

18.71£2.16-umol/L per min/mg protein for pCMV-
DHFR plasmid control versus DAHP) and mice injected
with pPCMV-DHFR plasmid that exposed to DAHP
(7.4240.85 versus 18.71£2.16 for pCMV-DHFR plas-
mid with DAHP versus DAHP). Likewise as described
earlier, L-NAME (L-NG-Nitro arginine methyl ester) sen-
sitive superoxide production/eNOS uncoupling activity
was documented in the DAHP group (P=0.001), while
this response was fully reversed in mice overexpressed
DHFR with pCMV-DHFR plasmid (P=0.113 for no
difference between conditions with/without L-NAME)
(Figure 8C). In the control group, L-NAME inhibits NO
production from coupled eNOS, resulting in increased
measurable superoxide (P=0.036). We also deter-
mined the levels of bioavailable tetrahydrobiopterin
using HPLC. While the tetrahydrobiopterin levels were
markedly diminished in the DAHP group, it was com-
pletely preserved in the pCMV-DHFR plasmid-treated
group (Figure 8D). Tetrahydrobiopterin was substan-
tially decreased in mice treated with DAHP for 3 weeks
(26.83£3.64 versus 9.59+3.51 pmol/mg of protein
for control versus DAHP; P=0.025). This effect was
fully reversed in mice injected with the pCMV-DHFR
plasmid to overexpress DHFR (21.156+£2.16 versus
9.59+3.51 pmol/mg of protein for pCMV-DHFR plas-
mid with DAHP versus DAHP; £=0.028) Figure 8D.
As shown in Figures 8E and 8H, NO bioavailability was
also fully restored by DHFR overexpression after ini-
tiation of PH (P=0.050 for DAHP versus control and
P=0.020 for pCMV-DHFR plasmid with DAHP versus
DAHP), while total and mitochondrial superoxide levels
were fully attenuated by DHFR overexpression after
initiation of PH (Figures 8F and 8l for total superoxide
production, P=0.050 for DAHP versus control with mar-
ginal difference, and A=0.020 for pCMV-DHFR plas-
mid with DAHP versus DAHP; and Figures 8G and 8J
for total mitochondrial superoxide production, ~=0.050
for DAHP versus control with marginal difference, and
P=0.020 for pCMV-DHFR plasmid with DAHP versus
DAHP). Indeed, in these mice, DHFR was successfully
overexpressed in the lung tissues as shown in the rep-
resentative Western blot (Figure 8K).

Figure 8 Continued. for all comparisons as in the figure. C, Electron spin resonance determined eNOS (endothelial nitric oxide synthase)
uncoupling activity in control and DHFR plasmid—treated groups that were exposed to DAHP, indicating reversal of eNOS uncoupling by
DHFR overexpression after initiation of PH. All data are presented as meantSEM. n=4, 4, 6, 6, 6, 6, 6, and 6 for columns from left to right.
Precise Pvalues are labeled for all comparisons as in the figure. D, HPLC determined tetrahydrobiopterin (H,B) bioavailability in lung tissues
of control and DHFR plasmid—treated groups that were exposed to DAHP, indicating reversal of H,B bioavailability by DHFR overexpression
after initiation of PH. All data are presented as mean+=SEM. n=5, 3, 5, and 6 for columns from left to right. Precise Pvalues are labeled for all
comparisons as in the figure. Shown are representative images of fluorescent signals of (E) DAF-FM DA, (F) DHE, and (G) MitoSOX staining
for the detection of nitric oxide (NO) production (green) and total and mitochondrial superoxide generation (red), respectively, in control and
DHFR plasmid-treated groups that were exposed to DAHP. H, Quantitative data of DAF-FM DA fluorescent signals. All data are presented
as meantSEM. I, Quantitative data of DHE fluorescent signals. All data are presented as mean+SEM. n=3, 3, 6, and 6 for columns from left
to right. Precise Pvalues are labeled for all comparisons as in the figure. J, Quantitative data of MitoSOX fluorescent signals. All data are
presented as meantSEM. n=3, 3, 6, and 6 for columns from left to right. Precise P values are labeled for all comparisons as in the figure.
These data indicate the reversal of NO deficiency and increased total and mitochondrial superoxide generation by DHFR overexpression after
initiation of PH. K| Representative Western blots indicating DHFR was successfully overexpressed in the lung tissues by transfection with

DHFR plasmid.
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RNA-Sequencing Analysis in DAHP and
Hypoxia Models of PH and Patients With

PH Indicates a Greatly More Similar Gene
Regulation Profile Between the DAHP Model
and the Human PH

To compare the DAHP model with the hypoxia model in
regard to their resemblance to human PH, we analyzed
the transcriptomes of lung tissues isolated from both
mouse models of PH and human patients with PH using
RNA-seq. We collected lung tissues from 10 healthy
control donors (8 men and 2 women, aged 44.0£3.3
years) and lung explants from 12 patients with pulmo-
nary arterial hypertension (PAH) (undergoing lung trans-
plantation at the China-Japan Friendship Hospital: 9
men and 3 women, aged 57.6£3.5 years; echo estimated
sPAP, 63.41£5.71 mm Hg). As shown in Figure 9, 4548
differentially expressed genes (DEGs) were identified
in patients with PH compared with donor controls. We
collected lung tissues for RNA-seq from control, DAHP-
treated, and hypoxia-exposed mice (3 animals for each
group). Compared with the control mice, hypoxia treat-
ment induced 439 DEGs in mice, 123 of which over-
lapped with human DEGs (Figure 9). Three weeks of

Mbusé o
Hypoxia (439)

Figure 9. Venn diagram illustrating the total number and the
overlap of differentially expressed genes (DEGs) identified
from RNA-seq analyses of lung tissues from patients with
pulmonary hypertension (PH) and from DAHP (2,4-diamino
6-hydroxypyrimidine) and hypoxia-treated mouse models.
The DEGs from RNA-seq analyses were compared between patients
with PH and donor controls, and between DAHP or hypoxia-induced
PH mice and control mice. A<0.05 was considered significant. A total
number of 4648, 733, and 439 DEGs were identified by RNA-seq
analyses in patients with pulmonary arterial hypertension (PAH)
(PAH, n=12 vs controls, n=10), DAHP-treated mice (=3 each), and
hypoxia-treated mice (n=3 each), respectively. Note that the overlap
of DEGs between human PH and hypoxia model is 123, whereas the
overlap between human PH and DAHP model is 325, indicating that
the DAHP model displayed more similar gene regulatory profiles as in
patients with human PH.
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DAHP treatment resulted in 733 DEGs in mice, 325 of
which overlapped with human DEGs (Figure 9). In addi-
tion, we identified 23 DEGs that are common among the
3 comparative groups of human PAH, and DAHP and
hypoxia models of PH. Based on the results of Ingenuity
Pathway Analysis (QIAGEN), we grouped the 325 DEGs
into different disease and function-related pathways.
These data clearly demonstrate that the mouse DAHP
model shares greatly more DEGs with human PH than
the hypoxia model.

DISCUSSION

The most significant advancements of the current study
are (1) establishment of a novel murine model of PH
that simulates human disease; (2) demonstration of a
novel therapeutic role of endothelial-specific targeting of
DHFR for PH, along with definition of an intrinsic role of
DHFR deficiency in causing PH; and (3) demonstration
of a robust effect of DHFR overexpression on the com-
plete regression of PH in both novel and classical models
of PH. By targeting the endothelium directly with DAHP
administration to induce uncoupling of eNOS, we found
that DAHP-treated mice developed time-dependent
increases in mMPAP and RVSPE, and a full spectrum of vas-
cular lesions that simulate human disease. The animals
also displayed phenotypes of increased total superoxide
and mitochondrial superoxide production and uncou-
pling of eNOS with reduced NO and tetrahydrobiopterin
bioavailabilities. More intriguingly, we demonstrated that
endothelial-specific DHFR transgenic mice (tg-EC-
DHFR) were completely protected from PH develop-
ment in both DAHP and hypoxia-induced models of PH,
as evidenced by abrogated mPAP and RVSPF, attenuated
ROS production, preserved NO bioavailability, restored
eNOS coupling activity, and ultimately diminished vascu-
lar remodeling and formation of a full spectrum of vascu-
lar lesions compared with the DAHP- or hypoxia-treated
WT mice. DHFR knockout mice, by contrast, exhibited
obvious PH phenotypes as in DAHP or hypoxia models,
demonstrating an intrinsic role of DHFR deficiency in
causing PH. In addition, DHFR knockout mice exposed
to hypoxia exhibited similar phenotypes as DHFR KO
mice, which indicates no additional effects of hypoxia
further validating an intermediate role of DHFR defi-
ciency in PH development. In addition, overexpression of
DHFR after initiation of PH with pCMV-DHFR plasmid
transfection revealed robust reversal effects on PH phe-
notypes, including improved hemodynamics, attenuated
ROS production, preserved NO and tetrahydrobiopterin
bioavailabilities, restored eNOS coupling activity, and
complete abrogation of pulmonary vascular remodeling
including formation of all of the vascular lesions in both
DAHP and hypoxia models. Importantly, RNA-seq analy-
ses of lung samples from patients with human PH and
DAHP and hypoxic models indicated greater similarity in

Circulation Research. 2024;134:351-370. DOI: 10.1161/CIRCRESAHA.123.323090
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Figure 10. A novel murine model of pulmonary hypertension (PH) that simulates human disease of PH and endothelial-specific
targeting of dihydrofolate reductase (DHFR) as a novel and robust therapy for PH.

DAHP (2,4-diamino 6-hydroxypyrimidine) induces inhibition of GTP cyclohydrolase 1 (GTPCHI) and eNOS (endothelial nitric oxide synthase)
uncoupling activity, resulting in mitochondrial dysfunction, persistent oxidative stress, and endothelial dysfunction. This leads to the development of
PH that is human-like in pathophysiological features characterized by a full spectrum of vascular lesions as observed in patients with human PH.
DAHP induces significant elevations in mean pulmonary arterial pressure (mPAP) and right ventricular systolic blood pressure (RVSP), extensive
vascular remodeling, nitric oxide (NO) deficiency, increased total and mitochondrial superoxide production, and the formation of typical human-like
vascular lesions in the lung. Endothelial-specific DHFR transgenesis in tg-EC-DHFR mice is robustly effective in abolishing all pathophysiological
phenotypes and molecular changes of PH induced by DAHP or hypoxia exposure. DHFR knockout (KO) mice display PH phenotypes at baseline
that is comparable to DAHP and hypoxia models, and there is no additional effect with hypoxia exposure, indicating an intrinsic role of DHFR
deficiency in mediating the development of PH. Therefore, targeting DHFR specifically in the endothelium proves to be an innovative and robust

Oxidative Stress
DHFR-KO mice

eNOS Endothelial Dysfunction
uncoupled

therapeutic strategy for PH. H,B indicates tetrahydrobiopterin; and WT, wild type.

gene regulation profiles between the DAHP-induced PH
model (versus the hypoxia-induced model of PH) and
human patients with PH. Thus, our data not only establish
a novel human-like murine model of PH that can be used
broadly for mechanistic and translational studies but also
demonstrate a novel and robust therapeutic potential of
targeting endothelial DHFR for the treatment and rever-
sal of PH. These findings and concepts are graphically
illustrated in Figure 10.

The search for better preclinical models of PH con-
tinues; and yet, to date, with no success in establishing a
single model has all of the features of human disease."®°
Evidence suggests that medial hypertrophy, which is the
most consistent pathological finding in idiopathic PH due
to enhanced vascular smooth muscle cell proliferation,
can result in lumen obliteration.®" DAHP administration
induced medial thickness, particularly in the smaller ves-
sels (<200 um), in contrast to the predominance of non-
muscular arterioles in the control group. Several studies
and reviews conclude that the pathological lesions in
Sugenb416/hypoxia rats are indistinguishable from
those in human PH (summarized in reference 52); how-
ever, recent reports directly assessing the pathology con-
clude that even the SU5416-hypoxia model lesions do
not compare with the recanalized plexogenic lesions in

Circulation Research. 2024;134:351-370. DOI: 10.1161/CIRCRESAHA.123.323090

humans.'® In addition, plexiform lesions were reported to
develop via pulmonary microvascular EC proliferation in
humans and rats. To determine whether a similar pro-
cess occurs in DAHP-treated mice, we compared histo-
pathologic features and found similar plexiform lesions
and recanalized vascular lesions compared with that of
the human disease. Our results indicate that 9 weeks
of treatment with DAHP resulted in medial thicken-
ing, intimal thickness, formation of plexiform lesions,
aneurysm-like lesions, anarchous growth of cells that
completely obliterate the vascular lumen, bud-like lesions
covered by an endothelial layer, disorganized stalk-like
lesions comprising hyperchromatic and oval cells inside
the lumen of pulmonary arteries, and recanalized lesions.
For histological analyses, the middle lobe of the left lung
of all experimental groups was consistently fixed in 4%
paraformaldehyde overnight, embedded, and subjected
to H&E. The plexiform lesion is a characteristic structure
of the pulmonary arteriopathy of severe PH. Our data
indicate upregulation of SMA in the lung tissue sec-
tions of DAHP-induced PH mice. Of note, DAHP is an
effective stimulus for pulmonary arterial smooth muscle
cell (PASMC) proliferation as demonstrated by markedly
upregulated PCNA expression, consequent to eNOS
uncoupling, and a loss in NO bioavailability. Proliferative
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arrest induced by endogenous NO production has been
found in different cell types, including vascular smooth
muscle cells (VSMCs).5® Preclinical models have been
essentially used to establish the potential of NO in the
inhibition of VSMC proliferation in models of neointimal
hyperplasia and restenosis.®* Collagen accumulation
and deposition increase pulmonary arterial stiffening,
which facilitates the progression of PH and, eventually,
RV dysfunction.’® In this study, we observed a significant
increase in collagen deposition in the perivascular and
peribronchial areas of the pulmonary arteries of DAHP-
treated mice.

Because the data from the novel DAHP model have
demonstrated a critical direct causal role of eNOS uncou-
pling in the development of PH, we studied potential
therapeutic effects of endothelial-specific overexpres-
sion of DHFR using a novel in-house generated mouse
strain of tg-EC-DHFR. We have previously established
that endothelial DHFR deficiency is a major mediator of
eNOS uncoupling and eNOS uncoupling-driven patho-
genesis of vascular diseases, including hypertension,
aortic aneurysms, and diabetic vascular dysfunction.?’~*'
Indeed, our data demonstrated that tg-EC-DHFR mice
were completely protected from developing PH in
response to both DAHP and hypoxia stimulation. The
hemodynamic changes of increased mPAP and RVSP in
response to DAHP treatment or hypoxia exposure were
completely abrogated, indicating that tg-EC-DHFR mice
are unresponsive to DAHP or hypoxia-induced pulmo-
nary vasoconstriction and progressive RV hypertrophy. In
tg-EC-DHFR mice, the wall thickening was decreased in
the media of small-sized pulmonary arteries, which was
accompanied by reduced expression of SMA and PCNA.
DAHP or hypoxia-induced pulmonary collagen deposi-
tion was also attenuated in tg-EC-DHFR mice. Fluo-
rescent imaging with DAF-FM DA, DHE, and MitoSOX
revealed restored NO bioavailability and attenuated total
and mitochondrial superoxide production. Electron spin
resonance data indicated restored eNOS coupling activ-
ity, while HPLC data showed increased tetrahydrobiop-
terin bioavailability in tg-EC-DHFR mice despite DAHP
or hypoxia exposure. Therefore, recoupling of eNOS in
tg-EC-DHFR mice completely protected against devel-
opment of PH in DAHP or hypoxia-treated mice at
pathophysiological and molecular levels, indicating a
novel therapeutic option of targeting endothelial DHFR
deficiency for the treatment of PH.

More importantly, overexpression of DHFR after initia-
tion of PH resulted in a remarkable reversal of PH pheno-
types in DAHP- or hypoxia-treated mice. Mice transfected
with pCMV-DHFR plasmid following initiation of PH by
DAHP or hypoxia exposure manifested complete rever-
sal of PH phenotypes at pathophysiological and molecular
levels as described above in tg-EC-DHFR mice. Consis-
tent with the above findings, our data provide ample evi-
dence from several analyses that DHFR overexpression
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reversed PH as evidenced by improved hemodynam-
ics, restored NO and tetrahydrobiopterin bioavailabilities,
attenuated total and mitochondrial superoxide produc-
tion, and abrogated eNOS uncoupling activity, as well as
diminished vascular remodeling and formation of vascular
lesions. Thus, targeting endothelial DHFR is effective in
preventing, treating, and reversing PH in both novel and
classical murine models of DAHP- and hypoxia-induced
PH, respectively. In addition, this strategy might have broad
applicability to other genetic or nongenetic models of PH
or to patients with PH of different types derived from dif-
ferent original diseases/pathological conditions.

We have recently generated a novel strain of DHFR
knockout mice®3" and used it in the current study to
examine a potential intrinsic role of DHFR deficiency
in causing PH. Intriguingly, DHFR knockout mice dis-
played robust PH phenotypes at baseline. We observed
increased mPAP and RVSP, medial thickening, upregula-
tion of SMA and PCNA, increased collagen deposition,
reduced NO bioavailability, increased total and mitochon-
drial superoxide production, and eNOS uncoupling activ-
ity in DHFR knockout mice. These data seem to share
some similarities with our previous findings that an endo-
thelial-specific deficiency in DHFR underlies develop-
ment of systematic disorders of hypertension and aortic
aneurysms in Ang Il infused WT mice, hph-1 mice, and
apoE null mice2!23243234-41 This observation also further
aligns with the robust therapeutic effect of endothelial-
specific DHFR transgenesis in protecting against PH in
the tg-EC-DHFR mice. Of note, hypoxia treatment of the
DHFR knockout mice showed no additional worsening
in PH phenotypes, indicating an intrinsic role of DHFR
deficiency in mediating hypoxia-induced PH.

To compare similarities in gene regulation profiles
between the new DAHP model (versus the hypoxia
model) and human PH, we performed RNA-seq analyses
on lung samples isolated from DAHP and hypoxia mice,
and on explanted lung samples collected from donor
controls and PH patients undergoing transplantation
surgery. The significantly regulated genes (DEGs) from
the RNA-seq analyses were compared between patients
with PH and healthy donors or between mouse models
and control groups. The overlap of DEGs between human
PH and the hypoxia model is 123 (DEGs), whereas the
overlap between human PH and the DAHP model is 325
(DEGs), suggesting that the DAHP model has much
more similarity to human PH at the level of gene regula-
tion, in contrast to the hypoxia model. Recent studies on
RNA-seq-based expression profiles identified ZNF841,
CLASPZ and CSNK1E as some of the top genes involved
in hyperproliferative cellular processes, which is highly
relevant to vascular remodeling observed in PAH.% Our
study is the first to compare gene expression analyses
between DAHP-induced PH and human PH, and these
data provide evidence of additional characteristic fea-
tures of the human-like model of PH induced by DAHP.

Circulation Research. 2024;134:351-370. DOI: 10.1161/CIRCRESAHA.123.323090
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CONCLUSIONS

In conclusion, the present study for the first time estab-
lishes a novel murine model of PH that simulates human
PH, and a novel and robust effect of targeting endothe-
lial DHFR deficiency for the treatment and reversal of
PH. DAHP induces uncoupling of eNOS, subsequent
superoxide production and NO deficiency, and extensive
vascular remodeling and formation of typical human-
like vascular lesions in the lung, with development and
progression of PH characterized by increases in mPAF,
RVSP, and RV/(LV+S) ratio. Endothelial DHFR trans-
genesis is robustly effective in abolishing all elements
of the PH phenotype. DHFR knockout in mice, how-
ever, leads to PH phenotypes comparable to DAHP or
hypoxia model and shows no additional features when
treated with hypoxia, indicating an intrinsic role of DHFR
deficiency in causing PH. The novel human-like DAHP
model of PH would, no doubt, enable further mechanistic
and translational studies, while endothelial specific tar-
geting of DHFR deficiency represents an innovative and
robust therapeutic strategy for PH.
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