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Mitochondrial fission and aWarburg phenotype of increased
cellular glycolysis are involved in the pathogenesis of pulmo-
nary hypertension (PH). The purpose of this study was to
determine whether increases in mitochondrial fission are
involved in a glycolytic switch in pulmonary arterial endothe-
lial cells (PAECs). Mitochondrial fission is increased in PAEC
isolated from a sheep model of PH induced by pulmonary
overcirculation (Shunt PAEC). In Shunt PAEC we identified
increases in the S616 phosphorylation responsible for dynamin-
related protein 1 (Drp1) activation, the mitochondrial redis-
tribution of Drp1, and increased cellular glycolysis. Reducing
mitochondrial fission attenuated cellular glycolysis in Shunt
PAEC. In addition, we observed nitration-mediated activation
of the small GTPase RhoA in Shunt PAEC, and utilizing a
nitration-shielding peptide, NipR1 attenuated RhoA nitration
and reversed the Warburg phenotype. Thus, our data identify a
novel link between RhoA, mitochondrial fission, and cellular
glycolysis and suggest that targeting RhoA nitration could have
therapeutic benefits for treating PH.

Congenital heart defects with increased pulmonary blood
flow (PBF) are associated with the development of increased
pulmonary vascular reactivity and pulmonary hypertension
(PH) (1–3). In the postnatal period, the presence of large
communications at the level of the ventricles (e.g., ventricular
septal defect) or great vessels (e.g., truncus arteriosus) exposes
the pulmonary circulation to abnormal elevations in blood
flow and pressure, which results in progressive structural and
functional abnormalities of the pulmonary vasculature
(2, 4–12). While there have been advances in the under-
standing of some aspects of the pathobiology of many etiol-
ogies of pulmonary vascular disease (PVD), such as defining
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the importance of alterations in NO-signaling (13–19), a deep
understanding of the inducing and regulatory pathways
involved in PVD remain poorly understood. Furthermore,
current therapies are limited to augmenting the NO-cGMP or
prostacyclin cascades or blocking the ET-1 cascade. Thus,
disease severity is targeted and not disease pathobiology.
Metabolic reprogramming is a critical component of PH
(20, 21). We, and others, have shown that, like cancer, the
development of PVD relies on metabolic reprogramming to
favor glycolysis (22–43). Furthermore, we have identified a
causal link between this metabolic reprogramming and the
development of the hyperproliferative endothelial phenotype
in our lamb model of increased PBF (24). This link is, in part,
because proliferating cells have different metabolic needs than
nonproliferating ones (44); in addition to generating ATP,
proliferating cells must also produce biosynthetic precursors
such as nucleic acids and lipids required for cell division
(45, 46). Utilizing our ovine model of a congenital heart defect
with increased PBF and pressure (Shunt), we have linked the
disruption of mitochondrial function and the stimulation of
aerobic glycolysis, i.e., the Warburg effect, to the development
of endothelial dysfunction (24, 47–50) and increased remod-
eling (51, 52) in this setting. The mechanisms by which
pathologic mechanical forces produce metabolic reprogram-
ming need to be better understood.

Mitochondria are highly dynamic organelles, forming
elongated tubes through fusion and, through fission, splitting
into small, less connected mitochondria (53). Fusion permits
mixing the contents between mitochondria and may protect
the mitochondria (54). The mitochondrial guanosine triphos-
phatases mitofusin (Mfn)-1 and -2 and the optic atrophy 1
protein (OPA-1) regulate mitochondrial fusion. Fission occurs
through the GTPase activity of dynamin-related protein 1
(Drp1). Drp1 is present in the cytosol and translocates to the
mitochondria when activated. Drp1 assembles into oligomeric
structures that mechanically constrict and fragment the
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Fission & glycolysis
mitochondria (55). The seminal work of Archer’s group has
shown that increased mitochondrial fission in the smooth
muscle cells correlates with the development of advanced
forms of PH through the activation of Drp1 (56, 57). Although
both a Warburg phenotype and an increase in mitochondrial
fission are associated with PH development, it is unclear
whether there is a mechanistic link between the two processes.
Thus, in this study, we focused on determining a causal link
between increases in mitochondrial fission and increases in
glycolysis using pulmonary arterial endothelial cells isolated
from our Shunt lamb model of PH (Shunt PAEC). Our data
demonstrate that mitochondrial fission is increased in Shunt
PAEC, which correlates with increased Drp1 activity and a
Warburg phenotype. Increasing mitochondrial fusion by
inhibiting Drp1 or the adenoviral-mediated overexpression of
MFN2 could decrease cellular glycolysis in Shunt PAEC.
Furthermore, we identified increased RhoA-ROCK signaling,
Figure 1. Pulmonary arterial endothelial cells (PAECs) isolated from lambs
PAECs isolated from three pairs of Control and Shunt lambs and mitochondri
chondrial network dynamics. Our data indicate that there are significant decrea
junctions (D) in PAEC isolated from Shunt lambs, indicative of increased mito
levels are unchanged in Shunt PAEC, pS616Drp1 (F) and the pS616Drp1:total Drp
to normalize protein loading. Immunofluorescence microscopy shows increases
activated phosphorylated form, pS616Drp1, in the mitochondria of Shunt PAEC
Drp1 increases in peripheral lung tissue prepared from 4-week-old Shunt, com
used to normalize protein loading. The scale bar represents 10 μm. Data are
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mediated via nitrated RhoA, as being responsible for the
activation of Drp1 via increases in pS616 and showed that
decreasing RhoA nitration using the shielding peptide NipR1
(58) decreased mitochondrial fission, reduced cellular glycol-
ysis, and restored mitochondrial function.
Results

Increased mitochondrial fission is associated with increased
cellular glycolysis in PAEC isolated from shunt lambs

We evaluated three pairs of PAECs isolated from Control
and Shunt lambs using fluorescent microscopy to examine
changes in mitochondrial morphology (Fig. 1A). The mito-
chondrial aspect ratio (Fig. 1B) and the number of branches
(Fig. 1C) and junctions (Fig. 1D) are all lower in PAEC isolated
from Shunt compared with Control lambs, indicating more
mitochondrial fission. Western blot analysis further confirmed
with pulmonary hypertension exhibit increased mitochondrial fission.
a labeled with MitoTracker (A) were analyzed to examine changes in mito-
ses in the mitochondrial aspect ratio (AR, B), the number of branches (C), and
chondrial fission. Western blot analysis shows that, although total Drp1 (E)
1 ratio (G) are increased. Representative images are shown. β-Actin was used
in the localization of the mitochondrial fission protein Drp1 (H and I), and its
(J and K). Western blot analysis shows that the ratio of pS616Drp1 to total

pared with Control lambs (L). Representative images are shown. β-Actin was
mean ± SE. *p < 0.05 versus Control PAEC or Control lung.



Fission & glycolysis
that, although the total Drp1 protein expression level was not
altered (Fig. 1E), the activating phosphorylation of Drp1 at
S616 was significantly higher in Shunt PAEC (Fig. 1F)
increasing the pS16Drp1:Drp1 ratio (Fig. 1G). Further immu-
nofluorescence analysis identified increased colocalization of
total Drp1 (Fig. 1, H and I) and pS616Drp1 (Fig. 1, J and K)
with the mitochondria in Shunt PAEC. We also observed an
increase in the pS616Drp1: total Drp1 ratio in peripheral lung
tissue extracts prepared from Shunt lambs, indicating that the
increase in Drp1 activation we observed in cultured PAEC is
recapitulated in the whole lung (Fig. 1L). Differences in
expression between the whole lung and isolated PAECs may be
due to increased Drp1 expression in other cell types. The in-
crease in mitochondrial fission in Shunt PAEC was also
correlated with decreased mitochondrial membrane potential
(Fig. 2A) and increased generation of mitochondrial reactive
oxygen species (mt-ROS) (Fig. 2B). The increase in mt-ROS
was associated with increased HIF1α protein levels (Fig. 2C)
and higher basal glycolysis(Fig. 2D). Although the addition of
the Drp1 inhibitor, mdivi-1, did not change any of the three
measured parameters of mitochondrial fission in PAEC from
Control lambs (Fig. 3A), it increased the mitochondrial aspect
ratio (Fig. 3B) and the number of branches (Fig. 3B) and
junctions (Fig. 3B) in Shunt PAEC indicative of a decrease in
mitochondrial fission. Mdivi-1 treatment also restored the
mitochondrial membrane potential (Fig. 3C), reduced mt-ROS
levels (Fig. 3D), and decreased HIF1α protein levels (Fig. 3E) in
Figure 2. Evidence of mitochondrial dysfunction and increased
glycolysis in pulmonary arterial endothelial cells (PAECs) isolated from
lambs with pulmonary hypertension. The mitochondrial membrane po-
tential is decreased in Shunt PAEC (A) and mt-ROS levels are increased (B),
indicating mitochondrial dysfunction. Western blot analysis shows that the
glycolysis activating transcription factor HIF1α protein levels are increased
in Shunt PAEC (C). Representative images are shown. β-Actin was used to
normalize protein loading. The increase in HIF1α correlates with increased
basal glycolysis determined using a Seahorse analyzer and the glycolysis
stress test (D). Data are mean ± SE. *p < 0.05 versus Control PAEC.
Shunt PAEC, indicating a restoration of mitochondrial func-
tion. The reductions in HIF1α induced by mdivi-1 resulted in a
decrease in cellular glycolysis in Shunt PAEC (Fig. 3, F–I).
These data indicate that increased generation of mitochondrial
ROS, mitochondrial dysfunction, and cellular glycolysis are
closely related to mitochondrial fission.

Increasing mitochondrial fusion reduces cellular glycolysis in
PAEC isolated from shunt lambs

To further investigate the mechanism underlying the
increased mitochondrial fission in Shunt PAEC, we evaluated
changes in the mitochondrial fusion proteins, MFN1 and
MFN2. MFN2, but not MFN1, protein levels were significantly
reduced in Shunt PAEC (Fig. 4, A and B). Using an adenoviral
expression vector to increase MFN2 expression in Shunt
PAEC (Fig. 4C) we were able to increase the mitochondrial
aspect ratio and the number of branches and junctions in
Shunt PAEC (Fig. 4, D–G), indicative of increased mitochon-
drial fusion. The increased fusion was associated with a
reduced cellular glycolytic capacity (Fig. 4, H–K) and a reduced
glycolytic ATP production rate (Fig. 4L). The decrease in
glycolysis was associated with increases in mitochondrial
membrane potential (Fig. 4M), reduced mt-ROS levels
(Fig. 4N), and decreased HIF1α protein levels (Fig. 4O). These
results again support the conclusion that the disruption in
mitochondrial fusion and fission balance in Shunt PAEC un-
derlies the glycolytic phenotype.

Nitration-mediated activation of RhoA is involved in the
increased mitochondrial fission in PAEC isolated from shunt
lambs

In Shunt PAEC, NOx levels are decreased (Fig. 5A) while
cellular superoxide levels (Fig. 5B) are increased. These
changes correlated with increased peroxynitrite levels in Shunt
PAEC (Fig. 5C). We have previously shown that the upstream
regulator of ROCK, RhoA, is activated by nitration (58, 59).
Activated ROCK can phosphorylate Drp1 at S616 and stimulate
its activity (60, 61). Thus, we next investigated nitration-
mediated activation of RhoA-ROCK signaling as the mecha-
nism underlying the activation of Drp1. Both RhoA nitration
(Fig. 5D) and RhoA activity (Fig. 5E) are increased in Shunt
PAEC. RhoA nitration (Fig. 5F) and RhoA activity (Fig. 5G) are
also increased in the lung tissue of Shunt lambs, indicating that
changes in RhoA nitration and activity are recapitulated in the
whole lung. In Control PAEC, the adenoviral-mediated over-
expression of a constitutively active mutant of RhoA (RhoA
Q63L, CA-RhoA, Figure 6, A and B) increased pDrp1S616

levels (Fig. 6C). It also increased the mitochondrial aspect ratio
and the number of branches and junctions, indicative of
increased mitochondrial fission (Fig. 6, D–G). Active RhoA
also decreased the mitochondrial membrane potential
(Fig. 6H), increased mt-ROS levels (Fig. 6I), and increased
HIF1α protein levels (Fig. 6J). These changes correlated with
increased cellular glycolysis (Fig. 6, K–N).

We next investigated whether specifically targeting the
nitration of RhoA using our previously described nitration
J. Biol. Chem. (2023) 299(4) 103067 3



Figure 3. Attenuating mitochondrial fission reduces mitochondrial dysfunction and cellular glycolysis in pulmonary arterial endothelial cells
(PAECs) isolated from lambs with pulmonary hypertension. PAECs were treated or not with the Drp1 inhibitor, mdivi-1 (100 μM, 24 h), then the
mitochondria were labeled with MitoTracker, and effects on mitochondrial fission were analyzed. Mdivi-1 exposure does not change the aspect ratio (AR),
branches, and junctions counts in Control PAEC (A), but increases the AR and the number of mitochondrial branches and junctions in Shunt PAEC (B),
indicative of increased mitochondrial fusion. Mdivi-1 also increases the mitochondrial membrane potential in Shunt PAEC (C) and decreases mt-ROS levels
(D). Western blot analysis shows that HIF1α protein levels are decreased by mdivi-1 in Shunt PAEC (E). Representative images are shown. β-Actin was used to
normalize protein loading. Mdivi-1 also decreases cellular glycolysis in Shunt PAEC (F), as evidenced by decreases in basal (G), reserve (H), and maximal (I)
glycolytic capacity. The scale bar represents 10 μm. Data are mean ± SE. *p < 0.05 versus untreated Shunt PAEC.
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shielding peptide, NipR1 (58, 59) could attenuate the increases
in mitochondrial fission and cellular glycolysis in Shunt PAEC.
Although the addition of the NipR1 did not change any of the
three measured parameters of mitochondrial fission in PAEC
from Control lambs (Fig. 7A), it increased the mitochondrial
aspect ratio and the number of branches and junctions
(Fig. 7B) in Shunt PAEC indicative of a decrease in mito-
chondrial fission. Western blot analysis demonstrated that the
NipR1-mediated decrease in mitochondrial fission in Shunt
PAEC was associated with reduced RhoA nitration (Fig. 7C)
and RhoA activity (Fig. 7D). NipR1 also reduced the p-S616

Drp1:Drp1 ratio (Fig. 7E). NipR1 increased the mitochondrial
membrane potential (Fig. 7F) while mt-ROS (Fig. 7G) and
HIF1α protein levels (Fig. 7H) were reduced. Moreover, the
total cellular ATP production rate was increased (Fig. 7I). This
was associated with decreased ATP generation from glycolysis
(Fig. 7J). In contrast, ATP generation from oxidative phos-
phorylation (OXPHOS) was increased (Fig. 7K). Together,
these data provide compelling evidence that nitration-
mediated RhoA activation is essential for increasing mito-
chondrial fission and cellular glycolysis during PH
development.
4 J. Biol. Chem. (2023) 299(4) 103067
Discussion
Over the last decade, we, and others, have shown that, like

cancer, the development of pulmonary vascular disease relies
on metabolic reprogramming to favor glycolysis (22, 23, 26, 28,
30, 62–64). Furthermore, we have identified a causal link be-
tween this metabolic reprogramming and the development of
the hyperproliferative endothelial phenotype in our lamb
model of increased PBF (24). This link is, in part, because
proliferating cells have different metabolic needs than non-
proliferating cells (44); in addition to generating ATP, prolif-
erating cells must also produce biosynthetic precursors such as
nucleic acids and lipids required for cell division (45, 46).
Transformed cells therefore frequently exhibit altered bio-
energetic flux patterns. An example is aerobic glycolysis,
wherein glucose is converted into lactate even under normoxic
conditions (65, 66). Importantly, aerobic glycolysis has been
observed in highly proliferative but nontransformed cells,
including smooth muscle and endothelial cells in PH (25, 40).
The work presented here adds to our knowledge of the
mechanisms underlying this glycolytic switch in PH by iden-
tifying excess mitochondrial fission as an essential upstream
event. Our data implicate increased HIF-1α signaling in the



Figure 4. Overexpression of MFN2 attenuates mitochondrial fission and reduces cellular glycolysis in pulmonary arterial endothelial cells (PAECs)
isolated from lambs with pulmonary hypertension. Western blot analysis was used to evaluate protein levels of MFN1 (A) and MFN2 (B) in PAEC isolated
from Control and Shunt lambs. Although MFN1 levels are unchanged between Control- and Shunt-PAEC (A), MFN2 levels are significantly decreased in
Shunt PAEC (B). Representative images are shown. β-Actin was used to normalize protein loading. Increasing MFN2 expression using an adenoviral
construct (C) increases the aspect ratio (AR) and the number of mitochondrial branches and junctions in Shunt PAEC (D–G), indicative of increased
mitochondrial fusion. Increasing MFN2 expression also attenuates cellular glycolysis (H) as evidenced by decreases in basal (I), reserve (J), and maximal (K)
glycolytic capacity as well as reducing the glycolytic ATP production rate (L). Increasing MFN2 expression enhances the mitochondrial membrane potential
in Shunt PAEC (M) and decreases mt-ROS levels (N). Western blot analysis shows that HIF1α protein levels are decreased (O). Representative images are
shown. β-Actin was used to normalize protein loading. The scale bar represents 10 μm. Data are mean ± SE. *p < 0.05 versus Control PAEC or nontransduced
Shunt PAEC.
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glycolytic phenotype likely driven by increases in mt-ROS (24).
HIF-1α upregulation is a characteristic of a proliferative cell
phenotype and strongly links aerobic glycolysis to hyper-
proliferation in PH (67). In this study, we demonstrated that
Shunt PAECs have a high level of basal glycolysis compared
with PAECs isolated from Control lambs. This is reversed
when mitochondrial fission is reduced either through Drp1
inhibition or overexpression of MFN2. Interestingly, we found
that, in addition to Drp1 activation, MFN2 expression was
decreased in Shunt PAEC. It is unclear how this occurs but is
likely secondary to the increased mechanical forces that the
endothelial layer is exposed to due to the presence of the
aortopulmonary shunt in vivo. However, proteasomal
Figure 5. Increased oxidative and nitrative stress in pulmonary arterial
tension. NOx levels were measured in PAEC isolated from Control and Shun
paramagnetic resonance analysis shows that superoxide levels are increase
determined via the measurement of oxidation of dihydrorhodamine (DHR) 123
Shunt PAEC (D). Representative images are shown. β-Actin was used to normali
blot analysis shows that nitrated RhoA is increased in peripheral lung tissue p
sentative images are shown. β-Actin was used to normalize protein loading. Rh
Shunt lambs (G). Data are mean ± SE. *p < 0.05 versus Control PAEC or Contr
degradation may be involved (68) since proteasomal activity is
increased in Shunt lambs (69). Further studies will be required
to evaluate this possibility. MFN-2 was initially known as
“hyperplasia suppressor gene,” due to its antiproliferative effect
when overexpressed (70, 71). Thus, mitochondrial fusion is an
underappreciated regulator of cell proliferation. Thus, the
decrease in mitochondrial fusion is likely involved in endo-
thelial cell hyperproliferation associated with PH via the
modulation of cellular glycolysis. This possibility is supported
by the fact that Shunt PAECs are hyperproliferative (72).

Mitochondria are present in a complex network structure
that undergoes cycles of fission and fusion in response to
various stimuli resulting in mitochondrial joining or
endothelial cells (PAECs) isolated from lambs with pulmonary hyper-
t lambs (A). There is a decrease in NOx levels in Shunt PAEC (A). Electron
d in Shunt PAEC (B). Peroxynitrite levels are also higher in Shunt PAEC,
(C). Western blot analysis shows that RhoA nitration (ni-RhoA) is increased in
ze protein loading. RhoA activity is also increased in Shunt PAEC (E). Western
repared from 4-week-old Shunt-, compared with Control-lambs (F). Repre-
oA activity also increases in peripheral lung tissue prepared from 4-week-old
ol lamb lung tissue.

J. Biol. Chem. (2023) 299(4) 103067 5



Figure 6. Increasing RhoA activity mimics a Shunt phenotype in pulmonary arterial endothelial cells (PAECs) isolated from Control lambs. PAECs
isolated from Control lambs were transduced with an adenoviral construct expressing a constitutively active RhoA mutant (RhoAQ63L, CA-RhoA). Western
blot analysis confirmed overexpression of RhoA (A). RhoA activity was also increased (B). Western blot analysis shows that pS616Drp1 levels are increased in
CA-RhoA expressing PAEC (C). The mitochondria were labeled with MitoTracker (D) were analyzed to evaluate changes in mitochondrial fission. There is a
decrease in the aspect ratio (AR) (E) as well as the number of branches (F) and junctions (G) in CA-RhoA-expressing PAEC indicative of increased mito-
chondrial fission. The mitochondrial membrane potential decreases in CA-RhoA-expressing PAEC (H), and mt-ROS levels increase (I). Western blot analysis
shows that HIF1α protein levels are increased in CA-RhoA-expressing PAEC (J). Representative Western blot images are shown. β-Actin was used to
normalize protein loading. CA-RhoA overexpression also increases cellular glycolysis (K) as evidenced by increases in basal (L), reserve (M), and maximal (N)
glycolytic capacity. The scale bar represents 10 μm. Data are mean ± SE. *p < 0.05 versus nontransduced PAEC.

Figure 7. Decreasing nitrated RhoA levels reverses mitochondrial fission and reduces cellular glycolysis in pulmonary arterial endothelial cells
(PAECs) isolated from lambs with pulmonary hypertension. PAECs were treated or not with the RhoA nitration shielding peptide, NipR1 (100 ng/ml, 24
h), then the mitochondria were labeled with MitoTracker, and effects on mitochondrial fission were analyzed. NipR1 exposure does not change the aspect
ratio (AR), branches, and junctions counts in Control PAEC (A) but increases the AR and the number of mitochondrial branches and junctions in Shunt PAEC
(B), indicative of increased mitochondrial fusion. Western blot analysis confirmed NipR1 decreased nitrated RhoA levels (ni-RhoA, C) and decreased RhoA
activity (D) in Shunt PAEC. Western blot analysis also demonstrated that NipR1 decreased the pS616Drp1:total Drp1 ratio (E). NipR1 increased the mito-
chondrial membrane potential (F) and decreased mt-ROS levels (G) in Shunt PAEC. Western blot analysis showed this correlated with decreased HIF1α levels
(H). Representative Western blot images are shown. β-Actin was used to normalize protein loading. The total ATP production rate in Shunt PAEC cells was
increased by NipR1 treatment (I). This was associated with a decrease in ATP derived from cellular glycolysis (J) and an increased ATP generated by oxidative
phosphorylation (OXPHOS, K). The scale bar represents 10 μm. Data are mean ± SE. *p < 0.05 versus untreated Shunt PAEC.

Fission & glycolysis

6 J. Biol. Chem. (2023) 299(4) 103067



Figure 8. Schematic representation of enhanced mitochondrial fission–
mediated glycolysis through nitration-mediated activation of RhoA.
The increased cellular glycolysis (Warburg effect) in pulmonary hyperten-
sion (PH) is driven by increased Drp1-mediated mitochondrial fission and
enhanced HIF-1α signaling. Drp1 is activated by phosphorylation at S616.
Blocking Drp1 activity (Mdivi-1) or stimulating fusion (MFN2 overexpression)
reduces aerobic glycolysis. Drp1 S616 phosphorylation is stimulated by the
nitration-mediated activation of RhoA due to increased endothelial nitric
oxide synthase uncoupling. Blocking the nitration of RhoA with NipR1 re-
duces Drp1 activity in PH pulmonary arterial endothelial cells; this decreases
aerobic glycolysis and reverses the metabolic reprogramming.
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separation, respectively. This process is regulated by several
dynamin-like GTPases, including Drp1 (73). Fission involves
the formation of Drp1 into helical oligomers on the outer
mitochondrial membrane, which in turn causes membrane
constriction and mitochondrial fragmentation (74, 75). An
essential regulator of Drp1 activity is phosphorylation status.
Phosphorylation at S616 activates Drp1 to promote mito-
chondrial fission (76, 77). Conversely, phosphorylation of Drp1
at S637 inhibits the mitochondrial fission (76, 77). Among the
kinases known to phosphorylate, and activate, Drp1 is Rho-
kinase (ROCK) (60, 61). ROCK exists as two isoforms, 1 and
2, and is a significant player in the development of pulmonary
vascular disease through its ability to reorganize the actin
cytoskeleton. One of the major upstream activators of ROCK
is RhoA (Ras homologous GTP-binding protein A). The ca-
nonical activation of RhoA GTPase is induced through G
protein–coupled receptors or tyrosine kinases in combination
with guanine nucleotide exchange factors that stimulate the
exchange of GDP for GTP and the translocation of GTP-RhoA
to the plasma membrane. Upon translocation to the plasma
membrane, GTP-RhoA activates ROCK. We recently identi-
fied a new mechanism of RhoA activation through a protein
nitration event at Y34 that stimulates RhoA nucleotide ex-
change, independent of guanine nucleotide exchange factors
activation (58). Protein nitration events are enhanced in our
Shunt lamb model of PH (50, 78, 79). Drp1 has been shown to
be regulated by post-translational modifications other than
phosphorylation including, very recently, nitration (80). Mass
spectrometry analyses have identified two tyrosine (Y) sites
susceptible to nitration at Y628 and Y665 (80). Both sites are in
the C-terminal GTPase effector domain (GED) of Drp1. The
GED regulates Drp1 GTPase activity and Drp1 oligomer/
polymer formation (81). Nitration of these sites enhances Drp1
oligomer assembly rather than its GTPase activity (80). Thus,
we speculate that Drp1 nitration may also be involved in the
increased fission in Shunt PAEC; further studies will be
required to evaluate this possibility.

Previous work in PH has focused on the role of RhoA-
ROCK signaling as it relates to changes in vasoconstriction.
For example, in a conditional ROCK2 knockout mouse, the
increase in right ventricular systolic pressure in response to
chronic hypoxia is blunted (82). Serum ROCK2 concentrations
are significantly elevated in patients with PH (83) and the
nonspecific ROCK inhibitor, fasudil, is beneficial in both ani-
mal models of PH (84–86) and in patients with PH (87).
Interestingly, KD025, a ROCK2 inhibitor currently being
tested in clinical trials, promotes OXPHOS and decreases
glycolysis in pulmonary microvascular endothelial cells (88).
The overexpression of a constitutively active isoform of RhoA
induces mitochondrial fission and cellular glycolysis. Thus, the
beneficial effects of ROCK inhibition may not be solely related
to reductions in smooth muscle cell constriction. However,
global, nonspecific, ROCK inhibition should be approached
with caution. A prior study, using cardiac-specific ROCK1-
deficient (cROCK1−/−) and ROCK2-deficient (cROCK2−/−)
mice, found that loss of ROCK1 promoted pressure-overload-
mediated cardiac dysfunction and postcapillary PH, whereas
loss of ROCK2 had the opposite effect (89). Thus, an approach
in which there are only targeted pathologic changes would be
more desirable. Our data validate this approach using our
novel shielding peptide, NipR1 (58). This peptide is designed
to prevent the nitration of RhoA at Y34, which we have shown
to stimulate pathologic RhoA signaling (58, 59). Mechanisti-
cally, this involves enhanced GDP release and GTP reload (58).
Not only does NipR1 treatment decrease mitochondrial fission
induced cellular glycolysis but it also restores mitochondrial
function and enhances OXPHOS. However, further studies
using animal models of PH will be required to validate the
utility of NipR1 as a therapy.

In conclusion, our studies reveal for the first time that in-
creases in mitochondrial fission enhance a Warburg phenotype
in PAEC. Furthermore, the increases in mitochondrial fission
are dependent on changes in both the fission and fusion
pathways. In addition, we have identified a novel mechanism
that drives Drp1 activation through the nitration-mediated
activation of RhoA at Y34 due to endothelial nitric oxide
synthase uncoupling (Fig. 8). We speculate that preventing
RhoA nitration Y34 could be a new therapy for PH and that our
NipR1 peptide is a potential novel agent for PH.
J. Biol. Chem. (2023) 299(4) 103067 7



Fission & glycolysis
Experimental procedures

Lamb model of pulmonary hypertension associated with
increased PBF and pressure

The surgical protocol in which an 8-mm Gore-Tex vascular
graft, �2 mm in length, is anastomosed between the ascending
aorta and main pulmonary artery in anesthetized late-gestation
fetal lambs (137–141 days gestation) was carried out as
described (52). Lambs were sacrificed 4 weeks after sponta-
neous delivery (49). All animal protocols and procedures were
approved by the Committees on Animal Research of the
University of California, San Francisco (protocol number
AN196124).

Cell culture and measurement

Primary cultures of ovine PAEC were isolated and cultured
from ten 4-week-old Shunt and control lambs including three
pairs of twin lambs as described (90, 91). NOx levels were
determined in cell culture medium using a Sievers 280i Nitric
Oxide Analyzer (GE Analytical) as described (49). Results were
analyzed using the Liquid software (GE), and the resultant
NOx value represents total NO and nitrite. For the measure-
ment of superoxide generation, electron paramagnetic reso-
nance was performed as described (92). To detect the level of
cell peroxynitrite levels, the oxidation of dihydrorhodamine
123 (EMD Millipore) to rhodamine 123, in the presence of
PEG-Catalase (100 U), was measured as we have described
(79).

Adenoviral-mediated expression

A constitutively active RhoA mutant, prepared by intro-
ducing a Q63L mutation into the wildtype RhoA sequence,
was a generous gift from David Fulton (Augusta University).
Ad-MFN1 was purchased commercially (Vector Biolabs). Vi-
ruses were titered using a commercial Kit (Takara Bio) ac-
cording to the manufacturer’s instructions. PAECs were
infected as described (93) using a multiplicity of infection =
100. Cells were analyzed 48 h post infection.

Western blot analysis

Western blotting was performed using 4 to 20% SDS-
polyacrylamide gels (Bio-Rad), transferred to polyvinylidene
difluoride membranes (Bio-Rad). Reactive bands in the mem-
branes were detected using the following antibodies:
pS616Drp1, Drp1, and RhoA all from Cell Signaling Tech-
nology HIF-1α from Novus; and MFN1 and MFN2 from
Abcam. The antibody specific to RhoA nitrated at Y34 was
generated as described (94). Protein bands were visualized
using the Super Signal West Femto chemiluminescence kit
(Pierce). Bands were quantified using LI-COR Image Station
software. Membranes were reprobed with a β-actin-specific
antibody to normalize loading (Sigma).

RhoA activity

RhoA activity was detected by the Rhotekin Rho-binding
domain pulldown assay (Cell Signaling Technology) using
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the manufacturers protocol. The level of active RhoA was
measured using Western blot analysis.

Peptide synthesis

The NipR1 peptide containing the amino acid sequence 31
to 39 of RhoA fused with the cell-permeable TAT sequence
was synthesized by Peptide 2.0 Inc. NipR1 has been shown to
specifically block RhoA nitration (58, 59).

Mitochondrial bioenergetics

Mitochondrial bioenergetics were evaluated using the XF
Cell Mito Stress Test Kit in combination with a XF24 Analyzer
(both from Seahorse Biosciences) as described (90).

Cellular ATP rate analysis

To estimate changes in cellular total ATP production rates
and the ATP generated from mitochondrial OXPHOS or
cellular glycolysis we utilized an XF Real-Time ATP Rate Kit
(Seahorse Bioscience) in combination with a Seahorse XF24
analyzer according to the manufacturers guidelines. The
mitochondrial ATP production rate is calculated according to
the equation: OCRATP (pmol/min)*2(pmol O/pmolO2)*P/O
(pmol ATP/pmol O). The glycolytic ATP production rate is
calculated using the glycolytic proton efflux rate.

Fluorescent detection of mitochondrial membrane potential
and mitochondrial ROS

Mitochondrial membrane potential was determined using
tetramethylrhodamine methyl ester perchlorate, TMRM
(#I34361, ThermoFisher) and mt-ROS using MitoSOX Red
mitochondrial superoxide indicator (#M36008, ThermoFisher)
using an Olympus IX51 microscope equipped with a CCD
camera (Hamamatsu Photonics) for the acquisition of fluo-
rescent images as described (90). Average fluorescent in-
tensities (to correct for differences in cell number) were
quantified using ImagePro Plus imaging software (Media
Cybernetics).

Analysis of mitochondrial fission

Cells were labeled with 30 nM MitoTracker (#M7512,
Invitrogen) for 15 min at 37 �C; Hoechst 33342 (# R37605,
ThermoFisher) was used for nuclei staining. Low-noise and
high-sensitivity fluorescence images were then captured using
a KEYENCE BZ-X800 fluorescence microscope ×60 objective.
Mitochondrial fission morphology analysis was performed
using ImageJ/FiJi (NIH). The mitochondrial long axis and wide
axis were measured by particle analysis measurement. The
aspect ratio was calculated to represent the mitochondrial
fragmentation characteristics (95–97). Binary images were also
prepared for skeleton analysis using the ImageJ/FiJi plugin
MiNA (98).

Immunofluorescence microscopy

Cells on coverslips were fixed with 4% paraformaldehyde
(#47608, Sigma-Aldrich) for 30 min at room temperature.
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Cells were permeabilized with 0.25% Triton X-100 in PBS for
30 min at room temperature and incubated in 1% bovine
serum albumin (PBS +0.1% Tween20) to block nonspecific
antibody binding (1 h, at room temperature). TOMM20
antibody (#PA5-52843, ThermoFisher, 1:200), phospho-Drp1
(Ser616) (#3455S, Cell Signaling Technology, 1:200), and
Drp1 antibody (#5391S, Cell Signaling Technology, 1:200)
were incubated either at 4 �C, in a humidified chamber over-
night, or at room temperature for 1 h, then incubation with a
secondary antibody in 1% bovine serum albumin, for 1 h at
room temperature in the dark. The nuclei were then stained
using NucBlue probe (#R37605, ThermoFisher). Slides were
then mounted with ProLong Glass Antifade Mountant (Invi-
trogen, ThermoFisher) for observation. The preceding steps
were carried out in the dark. Cell images were acquired using
Nikon Eclipse TE2000-U microscope, with Hamamatsu digital
camera C11440, using an ×100 objective, and fluorescent im-
ages were captured with software NIS-Elements (Nikon). The
images were processed and analyzed for colocalization corre-
lation with ImagePro Plus 7.0 system (Media Cybernetics) or
ImageJ (NIH).
Statistical analysis

GraphPad Prism (GraphPad Software, version 9) was used
for statistical analyses. In each experiment we calculated the
mean ± SEM. The unpaired t test was used to calculate sta-
tistical significance. Any individual data sample greater than
two SD from the mean was excluded from analysis. A p < 0.05
was used to determine significance.
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