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Abstract

Background: Pulmonary hypertension (PH) is a progressive disease characterized by obstructive pulmonary vascular remodeling, for
which no curative therapies effectively reverse disease progression. This study investigated whether N-myc downstream-regulated gene
2 (NDRG2) drives PH pathogenesis by regulating mitochondrial dynamics. Methods: NDRG?2 expression was examined in two rat
models of PH (SuHx and MCT). Functional studies using NDRG2 knockdown and overexpression in PASMCs assessed phenotypic
switching, proliferation, migration, mitochondrial morphology, and bioenergetics. The NDRG2-DRP1 interaction was investigated via
co-immunoprecipitation and immunofluorescence. An in vivo rescue experiment was performed using intratracheal AAV9-shNDRG2
delivery in SuHx rats. Results: NDRG2 was significantly upregulated in PASMCs from PH rats, hypoxic human PASMCs, and patients
with PH. NDRG2 knockdown attenuated, while its overexpression exacerbated, hypoxia-induced phenotypic switching, proliferation, and
migration of PASMCs. Mechanistically, NDRG?2 directly interacted with DRP1 and specifically promoted its activating phosphorylation
at Ser616, leading to excessive mitochondrial fission, ATP depletion, and oxidative stress. These pathogenic effects were abolished by
concurrent DRPI knockdown. In vivo, NDRG2 knockdown ameliorated hemodynamic indices, right ventricular hypertrophy, pulmonary
vascular remodeling, and exercise capacity in SuHx rats. Conclusions: NDRG2 drives PH progression by promoting DRP1-mediated
mitochondrial fission and vascular remodeling. The NDRG2-DRP1 axis represents a candidate pathway for therapeutic exploration in
PH.

Keywords: NDRG2 protein; dynamin-related protein 1; hypertension; pulmonary; mitochondrial dynamics; genetic vectors; vascular
remodeling

1. Introduction

Pulmonary hypertension (PH) is a life-threatening
pulmonary vascular disorder characterized by pathologi-
cal pulmonary vascular remodeling and lumen obstruction,
leading to a persistent increase in pulmonary vascular re-
sistance and ultimately resulting in right-sided heart failure
[1-3]. Although current therapies (e.g., endothelin receptor
antagonists and prostacyclin analogues) can partially alle-
viate vasoconstriction, they generally fail to effectively halt
or reverse structural vascular remodeling [4—6]. Therefore,
exploring novel targets capable of directly reversing vascu-
lar remodeling is of great importance.

Excessive proliferation, migration, and phenotypic
switching of pulmonary arterial smooth muscle cells
(PASMCs) from a contractile to a synthetic secretory phe-
notype are considered central cellular mechanisms driving
pulmonary vascular remodeling and lumen occlusion [7].

N-myc downstream-regulated gene 2 (NDRG2) is a
member of the N-myc downstream-regulated gene family,
which possesses an o/ hydrolase domain and has been
demonstrated to be widely involved in regulating key pro-
cesses such as stress responses, cell proliferation, and mi-
gration [8,9]. NDRG2 expression is upregulated under var-
ious stress conditions, including hypoxia and cerebral is-
chemia, yet its expression pattern exhibits significant cell-
type specificity. For instance, hypoxia promotes NDRG2
expression via direct binding of HIF-1« to its promoter in
A549 cells [10], whereas hypoxia-induced miR-346 exerts
an inhibitory effect in cells such as OS-RC-2 [11]. Our pre-
vious study established a crucial role for NDRG!1 in pro-
moting pulmonary vascular remodeling in PH [12]. Given
the high homology between NDRG2 and NDRG1, we hy-
pothesize that NDRG2 may play a similar role. Further-
more, supporting this notion, NDRG2 has been reported to
participate in the progression of various cardiovascular dis-
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eases, such as cardiac remodeling in models of myocardial
ischemia—reperfusion injury [13,14] and heart failure [15].
However, despite these suggestive associations, the specific
role and mechanism of NDRG2 in PH remain unknown.

On the contrary, aberrant mitochondrial fragmenta-
tion has been identified as a significant contributor to PH,
exacerbating vascular remodeling by promoting the prolif-
eration, migration, and phenotypic switching of PASMCs,
whereas the inhibition of this process confers therapeu-
tic benefits [16—18]. This pathological mitochondrial fis-
sion event is primarily regulated by the post-translational
modifications of dynamin-related protein 1 (DRP1): phos-
phorylation of DRP1 at serine 616 (Ser616) promotes its
translocation to mitochondria and initiates fission, whereas
the phosphorylation at serine 637 (Ser637) exerts an in-
hibitory effect [16,19]. Given the central role of NDRG2
in regulating cellular signaling pathways, we hypothesize
that NDRG2 may influence mitochondrial dynamics, and
thereby contribute to PH progression, by perturbing the bal-
ance of DRP1 phosphorylation.

Based on this background, this study was conducted
to systematically address three core questions: (1) to de-
termine whether NDRQG2 is involved in the pathogenesis
and progression of PH; (2) to investigate the molecular
mechanism by which NDRG2 promotes vascular remod-
eling, specifically examining whether it acts by regulating
DRP1 phosphorylation-mediated mitochondrial fragmenta-
tion; and (3) to evaluate the potential therapeutic value of
targeting NDRG?2 for ameliorating pathological vascular re-
modeling.

2. Materials and Methods
2.1 Animal Studies

All experimental procedures involving animals were
approved by the Animal Ethics Committee of Ningbo Uni-
versity (Approval No.: AEWC-NBU20250371). Twenty-
four male Sprague—Dawley (SD) rats (aged 6—8 weeks and
weighing 180-220 g) were housed under standard labo-
ratory conditions and randomly allocated to four experi-
mental groups (n = 6 per group): normoxia control, nor-
moxia + AAV9-shNDRG2, hypoxia + Sugen 5416 (SuHx),
and SuHx + AAV9-shNDRG2. For genetic knockdown,
the rats received an intratracheal instillation of adeno-
associated virus 9 (AAV9) encoding short hairpin RNA
against NDRG2 (AAV9-shNDRG2; 1.75 x 10'3 viral
genomes/mL; GeneChem, Shanghai, China) under isoflu-
rane (3%) anesthesia. Briefly, a soft catheter was inserted
into the trachea, and 25 pL of the viral suspension was ad-
ministered [20]. The rats were maintained in an upright po-
sition for 1 min post-instillation to facilitate lung distribu-
tion and allowed a 2-week recovery for viral expression.

The PH model was subsequently induced. The rats in
the SuHx and SuHx+AAV9-shNDRG2 groups were housed
in a hypoxic chamber (10% O, Oxycycler A84XOV; Bio-
Spherix, Parish, NY, USA), with CO5 maintained below

3% using soda lime. On the first day of hypoxia, these rats
received a single intraperitoneal injection of Sugen 5416
(20 mg/kg; Bio-Techne, America) dissolved in vehicle. The
rats in the control groups were maintained under normoxia
(21% Oy) throughout the experiment. The body weight and
health status were monitored weekly. At the study end-
point, all rats were euthanized under sodium pentobarbital
anesthesia (150 mg/kg, i.p.).

The exercise capacity was evaluated using a motorized
treadmill. After acclimatization, the test commenced at 10
m/min, with speed increasing by 5 m/min every 5 min un-
til exhaustion or a maximum of 30 min. The total running
distance was recorded [21].

Following euthanasia, the heart and lung tissues were
harvested. The right ventricle (RV) was dissected and
weighed separately from the left ventricle plus septum
(LV + S) to calculate the RV hypertrophy index (RVHI =
RV/[LV + S]). The right lung was snap-frozen for molec-
ular analysis. The left lung was inflation-fixed with 4%
paraformaldehyde (PFA, P0099-3L, Beyotime, Shanghai,
China), processed for paraffin embedding, and sectioned (5
pm). Hematoxylin and eosin (H&E)-stained sections were
used to quantify the wall thickness (%) of pulmonary arte-
rioles in vessels with an external diameter of 50-150 pum,
calculated as (medial wall thickness/external diameter) x
100. After acclimatization, the rats were randomly allo-
cated to experimental groups using a computer-generated
random number sequence. Investigators performing hemo-
dynamic measurements and all quantitative histological and
morphological analyses were blinded to the group identity
of the animals and samples. Personnel responsible for ani-
mal treatment, virus delivery, and tissue collection were not
blinded due to the nature of the procedures.

2.2 Hemodynamic Assessment

RV hemodynamics were assessed via direct catheter-
ization before euthanasia. Under anesthesia (sodium
pentobarbital, 40 mg/kg, i.p.), the right external jugular
vein was cannulated with a heparinized PE-50 catheter
(Taimeng, Chengdu, China). The catheter was advanced
into the RV under continuous-pressure monitoring (BL-
420N; Taimeng, Chengdu, China). RV systolic pressure
(RVSP) was recorded in real time and used as a surrogate
for pulmonary arterial systolic pressure.

2.3 Histopathological Examination

For immunofluorescence analysis, 5-pm lung sections
were deparaffinized, rehydrated, and subjected to antigen
retrieval. The sections were blocked with 5% bovine serum
albumin (BSA) and incubated overnight at 4 °C with pri-
mary antibodies against a-smooth muscle actin (a-SMA) or
NDRG2 (1:150, ab174850; Abcam, Cambridge, UK). Af-
ter washing, the sections were incubated with Alexa Fluor
488—conjugated secondary antibodies (1:500; Invitrogen,
Carlsbad, CA, USA). The nuclei were counterstained with

&% IMR Press


https://www.imrpress.com

Table 1. Antibodies for western blot analysis.

Antibody Cat. No. Producer  Dilution ratio
Anti-NDRG2 Ab174850  Abcam 1:1000
Anti-DRP1 Ab184247  Abcam 1:2000
Anti-p-DRP1 (Ser616)  Ab614755  Abcam 1:2000
Anti-p-DRP1 (Ser637) ADb193216  Abcam 1:2000
Anti-MFN1 Ab221661 Abcam 1:2000
Anti-MFN2 Ab124773 Abcam 1:1000
Anti-OPA1 Ab157457 Abcam 1:1000
Anti-FN1 Ab45688 Abcam 1:1000
Anti-Col 1 Ab6308 Abcam 1:2000
Anti-a-SMA #19245 CST 1:5000
Anti-S-actin AF7018 Affinity 1:5000

4’ 6-diamidino-2-phenylindole (DAPI). The images were
acquired using a fluorescence microscope (DM1000; Le-
ica, Wetzlar, Germany). At least six biological replicates
per group were analyzed.

2.4 Cell Culture and Treatments

Human pulmonary arterial smooth muscle cells
(HPASMC:s; #3110, Sciencell, Carlsbad, CA, USA) were
cultured in smooth muscle cell medium (#1101; ScienCell)
at 37 °C with 5% COs. Following is the example of the
statement for cell lines: All cell lines were validated by STR
profiling and tested negative for mycoplasma. Experiments
used cells at passages 2—6. For stable NDRG?2 knockdown,
the cells were transduced with lentiviral vectors encoding
short hairpin RNA (shRNA) against NDRG2 (shNDRG2;
GeneChem). The targeting sequence was as follows: 5'-
CCGGGAGGACATGCAGGAAATCATTCTCGAGAAT
GATTTCCTGCATGTCCTCTTTTTG-3'. A nontargeting
shRNA (shRandom) served as the control. The cells were
infected at a multiplicity of infection of 20 in the presence
of 8 pg/mL polybrene for 24 h, followed by selection with
2 pg/mL puromycin for 72 h. For hypoxia treatment, the
transduced cells were exposed to 1% O in a tri-gas incuba-
tor for 24 h. This condition was selected based on previous
study showing that it robustly induced PASMC dysfunction
[22].

2.5 Immunofluorescence Staining

The fixed and permeabilized HPASMCs were blocked
with 5% BSA (ST023-50g, Beyotime, Shanghai, China)
and incubated with primary antibodies against the translo-
case of outer membrane 20 (TOMM?20; 1:200; ab186735,
Abcam) or co-incubated with anti-NDRG2 and anti-
dynamin-related protein 1 (DRP1; 1:200; ab184247, Ab-
cam) antibodies.  After incubation with fluorophore-
conjugated secondary antibodies, the nuclei were stained
with DAPI. The confocal images were captured using a
Zeiss LSM 880 microscope (Carl Zeiss AG, Oberkochen,
Germany). Specificity was confirmed using isotype and
secondary antibody—only controls.
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2.6 Cell Proliferation and Migration Assays

Cell proliferation was assessed using 5-ethynyl-2’-
deoxyuridine (EdU) incorporation and cell counting kit-8
(CCK-8) assays. For the EdU assay, the cells were pulsed
with 10 uM EdU for 2 h, fixed, and detected using a
Click-iT kit (K10761; APExbio, Houston, TX, USA). EdU-
positive nuclei were counted. For the CCK-8 assay, the
cells were seeded in 96-well plates, and the absorbance at
450 nm was measured 2 h after adding CCK-8 reagent at
the indicated time points.

Cell migration was evaluated using Transwell cham-
bers. HPASMCs (1 x 10%) in serum-free medium were
placed in the upper chamber, with 10% fetal bovine serum
as a chemoattractant placed in the lower chamber. After 24
h, the migrated cells were fixed, stained with crystal violet,
and counted.

2.7 Western Blot Analysis

Cell lysates were prepared using RIPA buffer.
Proteins (20 pg) were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis, transferred to
polyvinylidene fluoride membranes, and probed with spe-
cific primary antibodies (Table 1), followed by horseradish
peroxidase—conjugated secondary antibodies. The signals
were detected by enhanced chemiluminescence and quan-
tified with Image] (version 1.52, National Institutes of
Health, Bethesda, MD, USA).

2.8 Co-Immunoprecipitation

HPASMC lysates (500 pg) from hypoxic cells were
incubated with anti-NDRG2 antibody overnight, followed
by incubation with Protein A/G beads. The immunocom-
plexes were washed, eluted, and analyzed by Western blot-
ting. Control immunoglobulin G was used to confirm speci-
ficity.

2.9 Statistical Analysis

The data were presented as mean =+ standard devia-
tion. Cell-based experiments comprised at least three in-
dependent biological replicates. The animal sample size
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Fig. 1. NDRG2 was upregulated in experimental pulmonary hypertension rat models. (A) Representative images of heart and lung
tissues from the indicated groups. Top row: Whole-heart gross morphology. Second row: H&E staining of cardiomyocytes. Third row:
Immunofluorescence staining of pulmonary vessels for a-SMA (red) and NDRG2 (green). Bottom row: H&E staining of pulmonary
arterioles. Scale bars: 2 mm (whole heart), 25 pm (cardiomyocytes), 10 pm (pulmonary vessels, immunofluorescence), and 20 um
(pulmonary vessels, H&E). (B-F) Quantification of RVSP (B), RVHI (C), cardiomyocyte diameter (D), arteriolar wall thickness (%) (E),
and treadmill running distance (F) for each group (n = 6). (G) Representative immunofluorescence images showing co-localization of
NDRG2 (green) and a-smooth muscle actin (a-SMA, red) in lung tissues from control and SuHx groups. Nuclei were counterstained
with DAPI (blue). Scale bar, 50 pm. (H) Representative Western blot bands and quantitative analysis of NDRG2 protein expression
in the isolated medial smooth muscle layer of pulmonary arteries from each group. ***p < 0.001. (unpaired two-tailed Student’s ¢-
test). NDRG2, N-myc downstream-regulated gene 2; H&E, Hematoxylin and eosin; a-SMA, a-smooth muscle actin; RVSP, RV systolic
pressure; RVHI, RV hypertrophy index.
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Fig. 3. NDRG2 overexpression exacerbated key pathological phenotypes in hypoxic HPASMCs. (A) Western blot analysis under
indicated conditions. (B) Proliferation detected using CCK-8 assay (n = 6). (C) Proliferation by EdU staining (red). Scale bar, 100 pm.
(D) Migration detected using the Transwell assay. Scale bar, 50 pm. (one-way ANOVA with Tukey’s test). *p < 0.05, **p < 0.01, ***p

< 0.001.

(n = 6 per group) was determined by power analysis (o =
0.05, 8 = 0.20). For each individual dataset, the normal-
ity was assessed using the Shapiro—Wilk test. For normally
distributed data, two-group comparisons were made using

an unpaired two-tailed Student ¢ test, and multiple compar-
isons using one-way analysis of variance with Tukey’s post
hoc test. The nonparametric data were analyzed using the
Mann—Whitney U test (two groups) or the Kruskal-Wallis
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test with Dunn’s correction (multiple groups). A p value
less than 0.05 indicated a statistically significant difference.
All analyses were performed using GraphPad Prism 9.0
(GraphPad Software, Boston, MA, USA).

3. Results

3.1 NDRG2 was Upregulated in Pulmonary Arterial
Smooth Muscle in Experimental Rats With Pulmonary
Hypertension

We established two widely used rat models to inves-
tigate the role of NDRG?2 in PH: the SuHx model and the
monocrotaline (MCT)-induced model. The model rats de-
veloped the hallmark features of PH, including significant
right ventricular hypertrophy, cardiomyocyte enlargement,
and pronounced pulmonary vascular remodeling and occlu-
sion (Fig. 1A,D,E). These pathological changes were ac-
companied by elevated RVSP and RVHI (Fig. 1B,C), as
well as impaired exercise tolerance (Fig. 1F), confirming
successful establishment of the model.

Immunofluorescence staining revealed robust co-
localization of NDRG2 with the smooth muscle marker a-
smooth muscle actin (a-SMA) in the pulmonary vascular
wall, with signal intensity markedly increased in SuHx rats
(Fig. 1G). Consistent with this, Western blot analysis of iso-
lated pulmonary arterial medial layers demonstrated a sig-
nificant upregulation of NDRG2 protein in both SuHx and
MCT models compared with controls (Fig. 1H). We ana-
lyzed publicly available transcriptomic data from patients
with PH to assess the translational relevance of our find-
ings. In the dataset GSE221511 [23], NDRG2 mRNA ex-
pression was significantly upregulated in PASMCs isolated
from patients with thromboembolic PH compared with cells
from normal controls (p < 0.05). This observation aligned
with our results from rodent models and supported the po-
tential clinical relevance of NDRG2 upregulation in human
PH pathophysiology.

3.2 NDRG2 Drove Hypoxia-Induced Phenotypic
Modulation, Proliferation, and Migration of Pulmonary
Arterial Smooth Muscle Cells

We next elucidated the functional role of NDRG2 in
HPASMCs. Hypoxia treatment led to a time-dependent
increase in NDRG2 expression, which peaked at 24 h
(Fig. 2A); this time point was thus used for subsequent ex-
periments.

The knockdown of NDRG2 with specific shRNA
(Fig. 2B) attenuated hypoxia-induced phenotypic switch-
ing from a contractile to a synthetic secretory phenotype
(Fig. 2B), and suppressed cell proliferation (Fig. 2C,D)
and migration (Fig. 2E). On the contrary, NDRG2 overex-
pression under hypoxia (Fig. 3A) exacerbated phenotypic
switching (Fig. 3A), potentiated proliferation (Fig. 3B,C),
and enhanced migration (Fig. 3D). These data establish
NDRG?2 as a key driver of pathological HPASMC behav-
ior under hypoxic conditions.
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3.3 NDRG2 Bound to DRPI to Promote Pathogenic
Mitochondrial Fission

As hypoxia disrupts cellular metabolism, we as-
sessed the impact of NDRG2 on bioenergetics. Hy-
poxia reduced adenosine triphosphate (ATP) generation
and increased reactive oxygen species (ROS) production in
HPASMC:s, both of which were rescued by NDRG2 knock-
down (Fig. 4A,B).

Given the central role of mitochondria in energy pro-
duction, we examined mitochondrial morphology. Stain-
ing for the mitochondrial marker TOM20 revealed that
hypoxia induced extensive mitochondrial fragmentation,
which was prevented by NDRG2 depletion (Fig. 4C). Al-
though NDRG?2 knockdown did not alter the total protein
levels of key mitochondrial dynamics regulators (MFNI1,
MEFN2, OPAl, and DRPI1) (Fig. 4D), Co-IP using an
anti-NDRG2 antibody confirmed an interaction between
NDRG2 and DRP1 (Fig. 4E), which was further supported
by their strong subcellular co-localization (Fig. 4F).

We then investigated DRP1 activation. Hypoxia pro-
moted the phosphorylation of DRP1 at the Ser616 activa-
tion site and suppressed phosphorylation at the inhibitory
Ser637 site. NDRG2 knockdown specifically abrogated
hypoxia-induced DRP1 Ser616 phosphorylation without
impacting Ser637 (Fig. 4G). Since Ser616 phosphoryla-
tion facilitates DRP1 translocation to mitochondria, we as-
sessed this event and found that hypoxia-enhanced mito-
chondrial localization of DRP1 was markedly reduced upon
NDRG?2 knockdown (Fig. 4H). These results demonstrated
that NDRG?2 interacted with DRP1 and specifically pro-
moted its phosphorylation at the Ser616 activation site un-
der hypoxia. The specific upstream kinase responsible for
this effect remains to be identified. However, the afore-
mentioned findings establish NDRG2 as a key regulator of
DRP1 activation in this setting.

3.4 NDRG?2 Regulated Smooth Muscle Cell Pathology
Through DRP1

We performed rescue experiments to definitively es-
tablish DRP1 as the key downstream effector of NDRG2.
The knockdown of DRP1 (Fig. 5A) reversed the exacer-
bating effects of NDRG2 overexpression on phenotypic
switching (Fig. 5A), proliferation (Fig. 5B,C), and migra-
tion (Fig. 5D) under hypoxia. These results demonstrated
that NDRG2 drove HPASMC dysfunction primarily in a
DRP1-dependent manner.

3.5 In Vivo Knockdown of NDRG?2 Ameliorated
Experimental Pulmonary Hypertension

Finally, we assessed the preventive potential of target-
ing NDRQG2 in vivo. Rats received intratracheal AAV9-
shNDRG2 to knock down lung NDRG2 expression 2
weeks before initiation of SuHx treatment, allowing eval-
uation of whether NDRG?2 inhibition could attenuate dis-
ease development. The intratracheal delivery of AAV9-
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shNDRG2 efficiently knocked down NDRG2 expression
in the lungs of SuHx rats (Fig. 6A,H). This intervention
markedly attenuated disease progression, as evidenced by
reduced right ventricular hypertrophy (Fig. 6B), inhibition
of pulmonary vascular remodeling (Fig. 6D,E,F), and lower
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RVSP (Fig. 6C). Consequently, the exercise capacity of
treated rats was significantly improved (Fig. 6G). Further-
more, NDRG2 knockdown reversed the pathological phe-
notypic switching of smooth muscle cells in isolated pul-
monary arteries (Fig. 6H).
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4. Discussion

Our study identified NDRG2 as an additional mem-
ber of the NDRG family involved in pulmonary vascular
remodeling in PH, demonstrating its crucial role in regulat-
ing mitochondrial dynamics. We established that NDRG2
acted as a molecular switch in pathological PASMCs, link-
ing hypoxic stress to mitochondrial fission and metabolic
dysregulation through direct interaction with DRP1 and
precise modulation of its phosphorylation status. This path-
way ultimately drove disease progression. Our findings not
only provide novel insights into PH pathogenesis but also
reveal a potential therapeutic target.

The biological functions of NDRG2 are highly con-
text dependent, varying by cell type and pathological set-
ting, with reported roles spanning from cytoprotection to
disease promotion [24,25]. This functional diversity is re-
flected in its variable response to hypoxia across various
cell lineages, thereby underscoring the complexity of its
regulation [26]. Our data definitively showed that NDRG2
is upregulated and exerts a net pro-pathogenic effect in
hypoxic PASMCs, aligning with its characterization as a
stress-responsive gene. Notably, our previous work identi-
fied a pro-remodeling function for its homolog NDRGI in
PH [12]. The congruent pathogenic role of NDRG2 high-
lighted in this study points to a conserved importance of
the NDRG protein family in pulmonary vascular pathol-
ogy. A comparative analysis suggests that both NDRGI
and NDRG2 may converge on disrupting mitochondrial
homeostasis; however, NDRG1 has also been implicated
in modulating additional pathways such as PI3K—Akt sig-
naling. This indicates a shared nodal role in metabolic
dysregulation, alongside isoform-specific mechanisms that
may collectively drive vascular remodeling. Furthermore,
our in vitro studies employed a sustained 1% O exposure
to robustly elicit cellular responses. In human PH, vascu-
lar cells may experience more moderate or intermittent hy-
poxia. Future studies investigating the threshold and dy-
namics of NDRG2 induction and DRP1 activation across
a range of oxygen tensions may be valuable to better un-
derstand how this pathway engages across the spectrum of
hypoxic stress relevant to clinical disease.

The central mechanistic advance of our work is the de-
lineation of the NDRG2-DRP 1-mitochondrial fission axis.
Mitochondrial fragmentation is a well-established driver
of PH pathogenesis [27,28], facilitating vascular remod-
eling by promoting PASMC proliferation and conferring
resistance to apoptosis [17,29]. DRP1 serves as the mas-
ter regulator of mitochondrial fission, with its activity pre-
dominantly controlled by opposing post-translational mod-
ifications: activating phosphorylation at Ser616 and in-
hibitory phosphorylation at Ser637 [16,30]. We found that
NDRG?2 specifically enhanced DRP1 phosphorylation at
the Ser616 activation site via a direct molecular interac-
tion, without altering total DRP1 levels or the phosphory-
lation status at Ser637. This selective effect suggests that
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NDRG?2 interfaces with upstream regulators specific to the
Ser616 pathway (e.g., ERK1/2 or CDK1), thereby shifting
the phosphorylation balance decisively toward activation to
drive pathological fission. This modification is crucial for
DRP1 activation and its subsequent translocation to mito-
chondria. Consequently, we placed NDRG2 at a pivotal
regulatory node, directly governing the DRP1 activation
switch to transduce extracellular hypoxic cues into intra-
cellular metabolic pathology, evidenced here by bioener-
getic failure (reduced ATP levels) and oxidative stress (ROS
accumulation). Based on this observed dysfunction, we
predicted that NDRG2 overexpression also impaired mito-
chondrial respiratory function, leading to reduced oxygen
consumption rates and compromised membrane potential.
Direct measurement of these parameters in future studies
can provide a more detailed resolution of the metabolic al-
terations downstream of the NDRG2-DRP1 axis. These
pathological changes collectively propel the proliferation
and migration of PASMCs.

Despite these insights, our study had certain limita-
tions. First, our mechanistic conclusions were derived pri-
marily from studies on PASMCs. Although this focused
approach allowed detailed dissection of the NDRG2-DRP1
axis, we acknowledge that PH is a multicellular disease in-
volving endothelial dysfunction, fibroblast activation, and
immune cell infiltration. Our in vivo AAV9-mediated
knockdown was not cell specific, and thus the therapeu-
tic effects observed might have resulted from NDRG?2 in-
hibition in multiple cell types. The contribution of NDRG2
within nonsmooth muscle vascular cells to PH pathogene-
sis remains an important area for future investigation. Sec-
ond, the precise upstream mechanism whereby NDRG?2 fa-
cilitates DRP1 Ser616 phosphorylation remains to be fully
elucidated. Although our study established the functional
consequence of this modification, identifying the responsi-
ble kinase(s) is a key remaining question. NDRG2 may act
as a scaffold to recruit specific kinases known to phospho-
rylate DRP1 at Ser616 (e.g., ERK1/2, CDK1, or PKC§) or
may modulate the activity of counteracting phosphatases.
Definitively identifying these upstream effectors using ap-
proaches such as phospho-proteomic screening or targeted
genetic/pharmacologic intervention represents an essential
and immediate future direction arising from this study.
Third, validating NDRG2 upregulation and its correlation
with disease severity in lung tissues from patients with PH
may be essential to underscore the translational potential of
our findings. Fourth, our in vivo studies were conducted
exclusively in male rats. Given the established sexual di-
morphism in PH incidence and progression, future investi-
gations should include both sexes to determine the general-
izability and potential sex-specific nuances of the NDRG2—
DRP1 pathway. Furthermore, although our localized intra-
tracheal delivery of AAV9-shNDRG2 aimed to minimize
systemic exposure, a comprehensive assessment of poten-
tial off-target effects and the consequences of long-term

11


https://www.imrpress.com

NDRG?2 inhibition in other organs may be crucial consid-
erations for future therapeutic development. Finally, from
a translational perspective, our in vivo intervention demon-
strated the preventive potential of NDRG?2 inhibition when
administered prior to disease induction. It is important to
note that this paradigm models a preventive strategy. While
the central role of the NDRG2-DRP1 axis in sustaining mi-
tochondrial fission and PASMC dysfunction suggests that
its inhibition could also ameliorate established pathology,
future studies explicitly evaluating the efficacy of NDRG2-
targeted therapies initiated after the full establishment of PH
are needed to define their potential for disease reversal.

5. Conclusions

In summary, our study identified NDRG2 as a key
upstream regulator driving pathological mitochondrial fis-
sion and vascular remodeling in PH. We demonstrated that
NDRG?2 was upregulated in hypoxic PASMCs and experi-
mental PH models, where it promoted a synthetic secretory
phenotype, proliferation, and migration. Mechanistically,
NDRG?2 directly interacted with DRP1 to specifically en-
hance its phosphorylation at Ser616, leading to excessive
mitochondrial fission, bioenergetic dysfunction, and oxida-
tive stress. Crucially, the genetic inhibition of NDRG2
in vivo ameliorated hemodynamic and structural patholo-
gies in rats with SuHx-induced PH. These findings delin-
eate a novel NDRG2-DRP1 axis central to PH pathogene-
sis in preclinical models, thereby nominating this pathway
for further mechanistic and translational research (Graphi-
cal Abstract).
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