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Abstract:

Background: Pulmonary arterial hypertension (PAH) is a progressive disease with limited therapeutic
options. Based on the therapeutic effects of sodium dichloroacetate (DCA) on PAH, we aimed to explore the
effects and potential mechanism of DCA in MCT-induced rat model of PAH.

Methods: The rat model of PAH was established by a single subcutaneous injection of monocrotaline
(MCT)(60 mg/kg). Tirty male Sprague Dawley rats at the age of 6 weeks (150 g to 160 g) were randomized
for five groups. Control group (normal saline 100 mg/kg i.p. daily), MCT group (normal saline 100 mg/kg
1.p. daily), MCT+lactate group (lactate 500 mg/kg i.p. weekly), MCT+DCA group (DCA100 mg/kg i.p.
daily), MCT+DCA+lactate group (DCA 100 mg/kg i.p. daily+lactate 500 mg/kg i.p. weekly), were
administered from the 7th day after MCT injection. After 28th day, hemodynamic parameters, histological
changes of the pulmonary arterial vessels and right ventricle (RV), glycolysis and lactate metabolism, the
expression of H3K 18la/HistoneH3, HIF-a and PDH-Ela were assessed.

Results: DCA attenuated MCT-induced PAH, with significant reductions in RV systolic pressure,
pulmonary artery wall thickness and RV hypertrophy. DCA treatment alleviated significantly the glycolysis
and lactate metabolism in MCT-induced PAH model rats. DCA treatment significantly reduced the
expression of HIF-a, PDH-Ela, and the level of H3K 18la/HistoneH3 in the MCT-induced PAH model rats.
Conclusions: DCA alleviates MCT-induced PAH, potentially by inhibiting the HIF-o/PDH-E1la axis, which
leads to reduced glycolysis and subsequent histone H3K 18 lactylation (H3K18la).

Keywords: Pulmonary arterial hypertension, glucose metabolism, metabolic reprogramming,
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Introduction

Pulmonary arterial hypertension is a progressive
life-threatening cardiopulmonary vascular disease
involving various pathological mechanisms,
including  hypoxia, cellular  metabolism,
inflammation,  abnormal  proliferation  and
apoptosis. Specifically, metabolism has attracted
the most attention. Glucose metabolism is
essential to maintain the cardiopulmonary
vascular function. In 1924, Warburg et al (1)
observed an interesting phenomenon, in which
tumor cells exhibited a preference for glycolysis

to promote proliferation, regardless of the
presence of sufficient oxygen. This phenomenon
for energy supply that requires neither oxygen nor
mitochondria is known as the 'Warburg effect' and
is characterized by high glucose uptake, lactate
secretion and anaerobic energy production(2).
Similar to cancer, The Warburg effect is a
contributing factor to PAH, as its characteristic
features, such as high glucose uptake, lactate
secretion, and anaerobic energy production, are
associated with PAH (3, 4). Numerous studies
have investigated the relationship between
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abnormal glucose metabolism and development of
PAH to facilitate its treatment.

During glycolysis, large amounts of lactate are
produced as an energy source to maintain cellular
metabolism. Histone lysine lactylation has been
shown to be caused by lactate accumulation and
regulated by lactate levels. The regulation of gene
expression by lactate through histone lactylation
modification is a newly discovered epigenetic
modification, and a novel post-translational
modification (PTM) has been identified in human
and mouse core histones(5). Histone lactylation is
involved in many cellular processes, including
translation, metabolism, recombination, and repair
(6). Mechanically, lactate is used as a substrate to
generate lactyl-CoA for lysine lactylation on
histones, a process that regulates gene expression
in a variety of pathophysiological conditions(7).
Meanwhile, in terms of transcription and antigenic
variation, chromatin repression or induction is
determined by the PTM status of core histones(8).

In addition to their critical function in signal
transduction and cellular metabolism, PTMs also
play a key role in regulating protein conformation,
stability and function (6). Several factors were
associated with pulmonary arterial smooth muscle
cells (PASMCs) and pulmonary arterial
endothelial cells (PAECs) proliferation, including
lactate metabolism, oxidative stress response,
hypoxia-inducible factor 1(HIF-1) pathway and
PTMs. A number of studies have shown that
glycolysis plays a critical role in PASMC
proliferation, and inhibition of glycolysis can
inhibit PASMC proliferation and migration and
also reverse PAH in animal models (9). Chen et
al. found that mROS-mediated HIF-1a-driven
glycolysis promotes pulmonary artery remodeling.
Mechanistically, lactate accumulation increases
histone lactylation at HIF-la targets linked to
proliferative phenotype(10). Lactate serves as
substrate of H3K18 lactylation, which is also
accumulate in PAH lungs because of the hypoxic
environment and the increase of Warburg effect.
In conclusion, H3K18 lactylation is elevated in
PAH, and promoted the progress of PAH.

Pyruvate dehydrogenase (PDH), as a critical
multi-subunit enzyme, gates the entry of glucose-
derived pyruvate into the the tricarboxylic acid
(TCA) cycle, thereby acting as a negative
regulator of glycolysis in most cell types.
Dichloroacetate (DCA), an extensively studied

pyruvate mimetic, works by inhibiting pyruvate
dehydrogenase kinases (PDKs) by
competitively  binding to the variable
configuration sites of PDK1-4(11). We
hypothesized that DCA could alleviate PAH by
inhibiting pathological glycolysis and subsequent
H3K18 lactylation.

Materials and Methods
Animal Model and Treatment Plan

All animal experiments were conducted in the
SPF animal room of the Central Laboratory of
Chengdu Medical College. Tirty male Sprague
Dawley rats at the age of 6 weeks (150 g to 160 g)
were randomized for five groups : control group
(blank control group, n=6); MCT group (n=6),
where rats received intraperitoneal injections (i.p.)
of MCT (60 mg/kg) from the 1th day to the 28th
day(12, 13); MCT + Lactate group (n=06), where
rats received MCT (60 mg/kg) intraperitoneally
on day 1 and Lactate (0.5g/kg/7d) administered
intraperitoneally from day 7 to day 28;
MCT + DCA group (n=6), where rats received
MCT (60 mg/kg) intraperitoneally on day 1 and
DCA(100 mg/kg/d) administered intraperitoneally
from day 7 to day 28; MCT + DCA+ Lactate
group(n=6), where rats received MCT
(60 mg/kg) intraperitoneally on day 1, Lactate
(500 mg/kg/7d) and DCA(100 mg/kg/d)
administered intraperitoneally from day 7 to day
28. On day 28, echocardiographic measurements
were performed on all animals. The animal
feeding conditions were (22+2) °C, 21% 0,, and a
light cycle of 12h: 12h. General purpose rats were
fed synthetic feed and allowed to drink water
freely. The rats were then euthanized under deep
anesthesia (i.p. of 3% pentobarbital sodium,
100 mg/kg), and their heart and lung tissues were
collected for further analysis(14).

Doppler echocardiography measurement

Doppler echocardiography was used to identify
PAH on the 28th day of SD rats modeling. The
Doppler echocardiography parameter "Pulmonary
Artery Acceleration Time" (PAAT) is considered
as an echocardiographic indicator of PAH(15),
which is negatively correlated with the invasive
measured mean pulmonary artery pressure
(mPAP). Transthoracic echocardiography was
performed using a Vivid E9 ultrasound system
equipped with a 12-MHz transducer (GE
Healthcare). The rats were anesthetized with an
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I.p. injection of 3% sodium pentobarbital
(40 mg/kg). PAAT was measured near the
pulmonary valve on the left chest. According to
the current guidelines of the American Society of
Echocardiography, mPAP can be calculated
according to the following formula: mPAP = 72-
(0.42 x PAAT, PAAT <120 ms)(14, 16).
Following echocardiographic assessment, the rats
were sacrificed under deep anesthesia (i.p. 3%
pentobarbital sodium,100 mg/kg) (16), and the
lung and heart tissues were collected for analysis.
Echocardiographic data were analyzed using
Echopac BT11 software (v.6.5; GE Healthcare).

Right Ventricular Hypertrophy Measurement

To evaluate the right ventricular hypertrophy
index (RVHI), rats were sacrificed under deep
anesthesia (i.p. 3% Pentobarbital Sodium, 100 mg
/ kg), and the heart tissue was collected and
weighed. Atrium and external blood vessels were
carefully removed from the isolated heart using
0.9% normal saline. The weights of both right
ventricle (RV) and left ventricle (LV) plus septum
(S) were recorded(12, 17). The RVHI was
calculated by [RV/(LV + S)](18).

H&E and Masson Staining

After fixation in 4% paraformaldehyde for 48 h,
the lung tissue was embedded in paraffin and cut
into 5 pm tissue sections. H&E and Masson
staining of paraffin-embedded sections of lung
tissues were performed to evaluate pathologic
changes and collagen fiber hyperplasia under light
microscopy. The ratio of vascular wall thickness
and the ratio of the vascular wall area in the
middle and small arterioles with an outer diameter
of 50-150 pm were measured by using an image
analyzing system (Image-Pro Plus, Media
Cybernetics, Silver Spring, MD, USA).
Simultaneously, Pulmonary vascular remodeling
was evaluated by the percentage of the thickness
of the vessel wall (WT%), the percentage of the
vessel wall area (WA%) and the percentage of
vascular lumen area ( LA%). WT% =[2 x (blood
vessel outer diameter-blood vessel inner
diameter)] / (blood vessel outer diameter) x 100%;
WA% = (total area of blood vessel-blood vessel
Internal area) / total area of blood vessel x 100%;
LA% = (blood vessel Internal area) / total area of
blood vessel x 100% (19). For each animal, over
10 randomly chosen vessels that were nearly
round or oval in shape were measured and

averaged by an observer blinded to the
experimental groups.

Measurement of Lactate Levels

The blood sample was collected from the heart at
theend of the experiment to measure the amount
of lactate. The levels of lactate were measured
using ELISA kits according to the manufacturer’s
instructions.

Western Blot Analysis

For western blotting, after protein electrophoresis
in each group, after separation with 10% SDS-
PAGE, the target protein was transferred to PVDF
membrane and blocked with 5% skim milk for
2 h. Proteins were incubated overnight at 4 °C
with the following antibodies: anti-GAPDH
(A19056, abclonal, China; 1:10,000), anti-MCT1
(bs-10249R, Bioss, China; 1:1000), anti-MCT4 (
sc-376140, Santa Cruz, USA; 1:1000), anti-HIF-a
(sc-13515, Santa Cruz, USA; 1:1000), anti-PDH-
Ela (bs-4034R, Bioss, China; 1:1000), anti-
HistoneH3 (A17562, abclonal, China; 1:1000),
anti-H3K18la ( A21214, Abcam; 1:1000).
Horseradish ~ peroxidase-labeled  anti-mouse
antibody or anti-rabbit antibody (abclonal, China;
1:1000) was used as the secondary antibody
incubated at room temperature for 2h. The
membranes were visualized with enhanced
chemiluminescence reagent (Thermo Science,
Waltham, MA, USA) and Image J software
(Bethesda, USA, National Institutes of Health)
were used to quantize the grayscale values.
Protein levels were normalized to GAPDH.

Statistical Analysis

Statistical software SPSS 20.0 and GraphPad
Prism 8.0 were used to analyze the experimental
results. All results were expressed as mean = SD.
Statistical comparisons One-way ANOVA
followed by a post-hoc test. Probability
values<5%  (P<0.05) were  considered
significant.

Results

Effects of DCA on cardiac function in MCT-
induced PAH model rats.

The efficacy of DCA in the treatment of PAH was
evaluated by measuring mPAP and the cardiac-
related indices, the efficacy of lactate in the
treatment of PAH was evaluated by measuring
mPAP and the cardiac-related indices. The mPAP

CURRENT SCIENCE

CS 5 (4), 4295-4304 (2025) 4297



CURRENT SCIENCE

Qi Wu et al.

in the MCT group and MCT+Lactate group were
significantly higher than that in the control group
(p<0.01); the mPAP in the MCT+Lactate group
was significantly higher than that in the MCT
group (p<0.01). But the mPAP in the
MCT+DCA group was significantly lower than
that in the MCT group (p <0.01); the mPAP in the
MCT+Lactate+tDCA group was significantly
lower than that in the MCT+Lactate group
(p<0.01). (Fig. 1D)

MCT treatment led to significant increases in the
cardiac-related  indices  (right  ventricular
hypertrophy index, right ventricular anterior wall
thickness at diastole, right ventricular anterior
wall diameter in diastole, right ventricular anterior
wall thickness at systole and right ventricular
anterior wall diameter in systole) compared with
the control group (p<0.01), indicating right
ventricular  hypertrophy. Meanwhile, lactate
treatment  exacerbated  significantly  right
ventricular hypertrophy compared with the MCT

Control MCT

>
chocar diography

E

x @
m

(@]

HE ;

RVAWs (cm)
RVIDd (cm)

MCT+Lactate MCT + DCA

group (p<0.01). However, the cardiac-related
indices in the MCT+DCA group was significantly
lower than that in the MCT group (p<0.01); the
cardiac-related indices in the MCT+Lactate+DCA
group was significantly lower than that in the
MCT+Lactate group (p<0.01), indicating DCA
treatment alleviated right ventricular
hypertrophy.(Fig. 1A, 1B, 1E, 1F,1G, 1H,1I)

Observed under a light microscope, the
myocardial cells of MCT group and MCT+Lactate
group were significantly hypertrophic, the
intersections of myocardial fibers were enlarged,
broken and disordered in  arrangement,
meanwhile, inflammatory cell infiltration could be
observed compared with the control group.
However, DCA treatment alleviated significantly
morphology of cardiomyocytes in the MCT+DCA
group and MCT+Lactate+DCA group compared
with the MCT group and the MCT+Lactate group,
respectively. (Fig. 1C).
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Figure 1. (A) Structural changes in the right ventricle of the rats measured by ultrasound. (B) HE
staining of the heart. (C) HE staining of myocardium. (D) mPAP quantitative analysis. (E) RVHI
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guantitative analysis. (F) RVAWd quantitative analysis. (G) RVIDd quantitative analysis. (H) RVIDd
quantitative analysis.(I) RVI Ds quantitative analysis. **P<0.01 vs. control. *P<0.01 vs. MCT.
"P<0.01 vs. MCT+Lactate; MCT: monocrotaline; mPAP, pulmonary arterial pressure; RVHI: right
ventricular hypertrophy index; RVAWd: right ventricular anterior wall thickness at diastole;
RVAWSs: right ventricular anterior wall diameter in diastole; RVIDd: right ventricular anterior wall
thickness at systole; RVIDs: right ventricular anterior wall diameter in systole.

Effects of DCA on the remodeling of
pulmonary vascular in MCT-induced PAH
model rats.

Pathological changes in pulmonary arteries in the
MCT group included notable narrowing of vessel
lumens and intima-media thickening along with
marked arterial remodeling(Fig. 2A). WT% and
WA% of MCT+DCA group and
MCT+Lactate+DCA group alleviated
significantly compared with the MCT group and
the MCT+Lactate group, respectively (p<0.01,
Fig. 2B, 2C). Meanwhile, LA% of MCT+DCA
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group and MCT+Lactate+DCA group decreased
significantly compared with the MCT group and
the MCT+Lactate group, respectively (p<0.01,
Fig. 2D), indicating DCA treatment alleviated
significantly pulmonary vascular remodeling. In
addition, WT% and WA% of MCT+Lactate group
higher significantly compared with the MCT
group (»<0.01, Fig. 2B, 2C), LA% of
MCT+Lactate group increased significantly
compared with the MCT group and the MCT
group (p<0.01, Fig. 2D), indicating lactate
treatment led to significant increases in the
pulmonary vascular remodeling.
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Figure 2. (A) HE staining of the pulmonary artery. (B) WT quantitative analysis. (C) WT
quantitative analysis. (D) LA quantitative analysis. **P<0.01 vs. control. *P<0.01 vs. MCT. **P<0.01
vs. MCT+Lactate; MCT: monocrotaline; WT%: the percentage of vascular wall thickness; WA%:
the percentage of vascular wall area; LA%: the percentage of vascular lumen area.

Effects of DCA on the glycolysis and lactate
metabolism in MCT-induced PAH model rats.

Rather than entering the TCA cycle, pyruvate is
converted into lactate by cytosolic lactate
dehydrogenases (LDHSs) in highly glycolytic cells
of the PAH patients and animal models of
PAH(20, 21). Finally, as a result of enhanced
glycolysis, microenvironments become
acidification with increased lactate production.
Our latest research shows MCT treatment led to
significant increases in the lactate levels compared

with the control group (p<0.01, Fig. 3B), the
lactate levels of MCT+DCA group decreased
significantly compared with the MCT group
(p<0.01, Fig. 3B). The export and uptake of
lactate are dependent on monocarboxylate
transporters (MCTs), MCT1 and MCT4 transport
lactate across the cell membrane. MCT1 primarily
mediates lactate influx, whereas MCT4 is
responsible for lactate efflux. the expression of
MCT1 and MCT4 were closely related to the
degree of glycolysis(22). the expression of MCT1
and MCT4 in MCT+DCA group and
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MCT+Lactate+DCA group decreased
significantly compared with the MCT group and
the MCT+Lactate group, respectively (p<0.01,

Fig. 3A, 3C, 3D). indicating DCA treatment
alleviated significantly the glycolysis and lactate
metabolism in MCT-induced PAH model rats.
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Figure 3. (A) Representative Western blot bands. (B) The lactate levels quantitative analysis. (C)
The expression of MCT1 quantitative analysis. (D) The expression of MCT4 quantitative analysis.
**P<0.01 vs. control. “P<0.01 vs. MCT. **P<0.01 vs. MCT+Lactate; MCT: monocrotaline; MCT1:

monocarboxylate transporter 1; MCT4: monocarboxylate transporter 4.

Promoted downregulation of H3K18la through
HIF-o/PDH-Ela signal blocking may be
involved in the remodeling of pulmonary
vascular of MCT-induced PAH model rats by
DCA.

the expression of HIF-o and PDH-Ela in
MCT+DCA group and MCT+Lactate+DCA
group decreased significantly compared with the
MCT group and the MCT+Lactate group,

respectively (p<0.01, Fig. 4B, 4C). Meanwhile,
the expression of H3K18la/HistoneH3 in
MCT+DCA group and MCT+Lactate+tDCA
group decreased significantly compared with the
MCT group and the MCT+Lactate group,
respectively (p<0.01, Fig. 4D). indicating DCA
treatment promoted downregulation of H3K18la
through HIF-o/PDH-E1a signal blocking in MCT-
induced PAH model rats.
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Figure 4. (A) Representative Western blot bands. (B) The expression of HIF-a quantitative
analysis. (C) The expression of PDH-1a quantitative analysis. (D) The expression of
H3K18la/HistoneH3 quantitative analysis. **P<0.01 vs. control. *P<0.01 vs. MCT. **P<0.01 vs.
MCT+Lactate; MCT: monocrotaline.

Discussion

PAH is a progressive vascular disease with a high
mortality rate. It is characterized by an occlusive
vascular remodeling due to a pro-proliferative and
antiapoptotic environment in the wall of resistance
pulmonary arteries (PAs) (23, 24). 1t is
increasingly  recognized that  metabolic
abnormalities are not only present in the heart and
lungs of PAH patients but are also evident in
animal models of the disease(21, 25, 26).
Proliferating cells exhibit a cancer-like metabolic
switch where mitochondrial glucose oxidation is
suppressed, whereas glycolysis is up-regulated as
the major source of adenosine triphosphate
production. Sharma et al. found that mitochondrial
defects and impaired ATP production accelerate
lactate production through the Warburg effect,
acidifying the tumor microenvironment and
promoting cell growth and survival(27). Similar to
cancer, The Warburg effect is a contributing

factor to PAH, as its characteristic features, such
as high glucose uptake, lactate secretion, and
anaerobic energy production, are associated with
PAH (3, 4). Numerous studies have investigated
the relationship between abnormal glucose
metabolism and development of PAH to facilitate
its treatment.

Notably, in PAH patients, as well as in cell and

animal models, there is a shift in glucose
metabolism  from  complete  mitochondrial
oxidative  phosphorylation  to increased

cytoplasmic glycolysis, leading to the conversion
of glucose to pyruvate and ultimately to
lactate(28, 29). Michelakis reported that compared
to healthy lungs, patients with PAH exhibit
increased levels of pyruvate dehydrogenase kinase
(PDK), an inhibitor of pyruvate dehydrogenase
(PDH). This increase in PDK leads to enhanced
glycolysis. Treatment with the PDK inhibitor
dichloroacetate activates PDH and increases
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mitochondrial respiration, resulting in reduced
mean pulmonary artery pressure and pulmonary
vascular resistance, thereby improving lung
function(30). Interestingly, we observed that DCA
treatment not only activates PDH functionally but
also reduced the total protein level of its Ela
subunit, which was upregulated in the MCT
group. This suggests that the chronic glycolytic
stress in PAH may induce a compensatory
upregulation of total PDH protein, and DCA
treatment reverses this pathological change,
alongside its primary role as a PDK inhibitor.

Alterations in metabolism and bioenergetics have
emerged as common features in both PAH
patients and animal models(31). In this study, we
focus on the critical role of glycolysis and lactate
in the pathogenesis and progression of PAH.
Pathological conditions, such as tumors,
infections, and ischemia-reperfusion events,
facilitate  lactate entry into cells via
monocarboxylate transporter (MCT). Lactate, a
key glycolytic metabolite, is noteworthy for its
production even under fully aerobic conditions in
cancer cells—a phenomenon termed the Warburg
effect.

Historically, lactate was considered a metabolic
byproduct, but recent studies have highlighted its
role as a donor for the lactylation of histone lysine
residues(32). This lactylation can influence
epigenetic regulation by promoting chromatin-
associated gene transcription, a process known as
lactate modification(7). Lactylation significantly
impacts inflammation, fibrosis, cellular phenotype
transitions, metabolism, aging, and the
maintenance ~ of  cardiovascular  function,
demonstrating its unique and profound biological
significance(33-36). In the context of tumors,
numerous studies indicate that lysine lactylation is
associated with the development of hepatocellular
carcinoma, colorectal cancer, clear cell renal
carcinoma, and ocular melanoma(37-40). PAH
shares biological processes with tumors, such as
unchecked cell proliferation and resistance to
regulatory mechanisms, suggesting that epigenetic
dysregulation plays a significant role in PAH
development and progression(41). For instance,
recent research by Jian Chen and colleagues
demonstrated that mitochondrial reactive oxygen
species can drive the switch to glycolysis and
lactate accumulation in pulmonary artery smooth
muscle cells (PASMCs). This, in turn, leads to the

lactylation of HIF-1a target proteins and histones,
promoting PASMC proliferation and vascular
remodeling artery(9, 10). Based on this evidence,
we propose that DCA treatment inhibited
downregulation of H3K18la through HIF-0/PDH-
Ela signal blocking, thus alleviating MCT-
induced PAH.
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