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Abstract

Metabolic abnormalities in pulmonary endothelial cells are implicated in pulmonary hypertension (PH) while increasing evidence
shows the influence of diabetes on progressing PH. In this study, we examined the effect of type 2 diabetes on hypoxia-induced
PH and investigated its molecular mechanisms using hypoxia-induced diabetic male mice. Chronic hypoxia led to a more severe
PH in type 2 diabetic mice than in control mice. Next, we compared gene expression patterns in isolated pulmonary endothelial
cells (MPECs) from control mice in normoxia (CN), diabetic mice in normoxia (DN), control mice exposed to hypoxia (CH), and dia-
betic mice exposed to hypoxia (DH). The results showed that expression levels of 27 mRNAs, out of 92 mRNAs, were signifi-
cantly different among the four groups. Two glycolysis-related proteins, GAPDH and HK2, were increased in MPECs of DH mice
compared with those in DN or CH mice. In addition, the levels of pyruvate and lactate (glycolysis end products) were significantly
increased in MPECs of DH mice, but not in CH mice, compared with MPECs of CN mice. Augmentation of glycolysis by terazosin
exacerbated hypoxia-induced PH in CH mice but not in DH mice. On the contrary, inhibiting GAPDH (a key enzyme of the glyco-
lytic pathway) by koningic acid ameliorated hypoxia-induced PH in DH mice but had no effect in CH mice. These data suggest
that enhanced glycolysis in diabetic mice is involved in severe hypoxia-induced PH, and glycolysis inhibition is a potential target
to reduce the severe progression of PH in patients with diabetes.

NEW & NOTEWORTHY Increasing evidence shows that diabetes exacerbates the progression of pulmonary hypertension; how-
ever, its molecular mechanisms are understudied. In this study, we revealed that augmented glycolysis in diabetic pulmonary en-
dothelial cells is involved in the development of severe PH in diabetes. Inhibition of glycolysis could be a therapeutic strategy
for treating pulmonary hypertension in patients with diabetes.

diabetes complications; glucose tolerance; glycolysis; lung endothelial cell; pulmonary hypertension

INTRODUCTION

Diabetes is a global health issue characterized by hypergly-
cemia with profound alterations in the cardiovascular system.
Major vascular complications caused by diabetes include cor-
onary artery disease, cerebrovascular disease, peripheral arte-
rial disease, retinopathy, and nephropathy (https://www.cdc.
gov/diabetes/complications/index.html). There is growing
evidence showing that diabetes also increases the risk of com-
plications in the lung (1), such as pulmonary hypertension
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(PH) (2-4), chronic obstructive pulmonary disease (5), idio-
pathic pulmonary fibrosis (6, 7), and asthma (8).

PH is a progressive disease of pulmonary arteries and
arterioles with increased pulmonary vascular resistance
(PVR). The primary cause of increased PVR is a severe nar-
rowing of vessels in the lung due to excessive proliferation
of pulmonary arterial smooth muscle cells (SMCs) (9, 10)
and augmented pulmonary arterial contraction (11, 12).
Endothelial dysfunction also leads to PH by triggering
vascular remodeling and increasing vascular tone due to
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decreased endothelium-dependent relaxation in pulmo-
nary arteries (13-17). The persistent rise in PVR and subse-
quent increase in right ventricular afterload result in the
right ventricle (RV) hypertrophy, right-sided heart failure,
and death if untreated (18, 19). Therefore, it is critical to
understand the molecular mechanisms of pulmonary en-
dothelial dysfunction in PH.

Endothelial dysfunction is a hallmark of diabetic macro
and microangiopathies (20). Thus, it is natural to anticipate
that hyperglycemia-induced endothelial dysfunction is asso-
ciated with the development of PH. Over the past decades, a
close relationship between diabetes and PH has been estab-
lished. A systematic review and meta-analytical data show
that maternal diabetes increases the risk of PH in newborns
(21), and comorbidity of PH is observed in patients with dia-
betes (22, 23). The survival rate in patients with PH with dia-
betes is worse than in those without diabetes (3, 24-26).
An unbiased phenome-wide association study indicates that
diabetes is a significant risk factor for increased pulmonary
arterial pressure (PAP) and RV stress (27). We reported
that diabetic patients with pulmonary arterial hypertension
(PAH) exhibited aggravated right ventricular remodeling
and increased RV afterload compared with nondiabetic
patients with PAH (28).

The data from animal experiments also support these
clinical observations. Type 1 diabetic (T1D) rats induced
by high-dose streptozotocin (STZ) exhibit increases in PAP
accompanied by RV remodeling (29, 30). Zucker diabetic
fatty rats [a spontaneous type 2 diabetic (T2D) rat model]
show increased PAP, RV hypertrophy, and media thicken-
ing in pulmonary arteries (PAs) (31). Db/db mouse (a mon-
ogenic T2D mouse model) displays decreased compliance
in perfused lungs, although there is no significant change
in basal PAP (20). Endothelium-dependent relaxation in
PAs is attenuated due to enhanced production of NADPH
oxidase-derived superoxide in T1D rats (32). In our previ-
ous study, we demonstrated that T2D mice induced by a
high-fat diet with low-dose STZ or spontaneous T2D mice
(KK.Cg-Ay/J, a polygenic T2D mouse model) increased the
sensitivity and susceptibility to hypoxia, evidenced by
higher levels of right ventricle systolic pressure (RVSP) in
T2D mice than their controls after chronic hypoxia expo-
sure (33). We now extend these observations to investigate
the molecular mechanisms contributing to the increased
susceptibility to chronic hypoxia-mediated PH in diabetic
mice. Our data suggest that increased glycolysis in endo-
thelial cells (ECs) contributes to exacerbating RVSP in dia-
betic mice exposed to hypoxia, and inhibition of glycolysis
could be a potential therapeutic approach to minimize the
risk of PH in patients with diabetes.

MATERIALS AND METHODS

Animal Models

Male C57BL/6NHsd mice were purchased from ENVIGO
(Placentia, CA). Inducible T2D mice were generated by feed-
ing a high-fat diet (60% kcal from fat, ENVIGO) with a single
injection of low-dose STZ (75 mg/kg, ip) at the age of 6 wk
(33, 34). Control and inducible T2D mice were randomly
assigned into four groups: control mice in normoxia (CN),
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diabetic mice in normoxia (DN), control mice exposed to hy-
poxia (CH), and diabetic mice exposed to hypoxia (DH). At
the age of 18 wk (12 wk after T2D induction), hypoxic groups
were placed in a hypoxic chamber (10% O,) for 4 wk. Male
TALLYHO/Jng (TH) mice were purchased from the Jackson
Laboratory and bred in our animal facility. TH mice are poly-
genic T2D models, and male TH mice exhibit hyperglycemia,
hyperinsulinemia, dyslipidemia, and obesity (35-37). C57BL/
6 mice were used as wild-type (Wt) controls according to the
company’s guidelines. Wt and TH mice were randomly
assigned into four groups: Wt mice in normoxia (WN), TH
mice in normoxia (TN), Wt mice exposed to hypoxia (WH),
and TH mice exposed to hypoxia (THH). TH mice were fed
with a regular laboratory diet. At the age of 6 wk, TH mice in
the hypoxic group were exposed to hypoxia for 4 wk.
Terazosin (TZ, 10 pg/kg, sc) (38) and koningic acid (KA, 110.4
ug/kg, sc) (39, 40) were administered using an osmotic mini-
pump (ALZET, Cupertino, CA. Cat. No. 2004) for 4 wk. The
age was matched between diabetic and control mice. Male
mice were used in this study due to the difference in the
onset of hyperglycemia and diabetic complications between
male and female mice (41, 42). We will consider investigating
the effect of sex differences on diabetes-induced severe PH
in future studies.

All experimental protocols used in this study were
approved by the Institutional Animal Care and Use
Committee (IACUC) at The University of Arizona (UA) and
the University of California, San Diego (UCSD) and con-
formed to the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health.
The universities have been certified by the Public Health
Service with Animal Welfare Assurance numbers, A3248-
01 (UA) and A3033-01 (UCSD). The approved IACUC proto-
col numbers for this study are 14-520 (at UA) and S18185
(at UCSD). The laboratory personnel who conducted
experiments took all the training required for animal
handling and were certified by the IACUC. At least two
investigators repeated the experiments to confirm the
reproducibility. We conducted experiments in a blinded
fashion wherever possible and set proper controls for ev-
ery experimental plan.

Metabolic Characterization

An oral glucose tolerance test (OGTT) was performed as
described previously (33, 43). After fasting the mice for 6 h,
the glucose levels at the baseline were measured (0 min).
The mice were then orally given glucose (2 g/kg body wt).
Blood glucose levels were measured 15, 30, and 60 min after
glucose administration. Lipid fractions in the plasma were
measured using kits (FUJIFILM Holdings America Corp.).
Plasma insulin level was measured using a kit from ALPCO
Diagnostics (Salem, NH).

Assessment of RV Hemodynamic Parameters

Right ventricular systolic pressure (RVSP, a surrogate
measure of pulmonary arterial systolic pressure) and
Fulton index were measured to evaluate the development
and progression of PH (17, 33, 44). Mice were anesthetized
with 1% isoflurane mixed in 100% O, using an animal anes-
thesia system (Harvard Apparatus, Holliston, MA). A PVR-
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Figure 1. Chronic hyperglycemia exacerbates the development of pulmonary hypertension. Oral glucose tolerance test (OGTT, A) and area under the
curve (AUC, B). Normoxia-exposed control mice (CN, npyice = 7), normoxia-exposed diabetic mice (DN, npyice = 7), hypoxia-exposed control mice (CH,
Nmice = 8), and hypoxia-exposed diabetic mice (DH, nnmice = 8). C: body weight (BW). D: typical record of right ventricle pressure (RVP). E: right ventricle
systolic pressure (RVSP). F: Fulton index. C, E-F: CN, Npice = 5; DN, Npice = 5; CH, Niice = 6; DH, Npice = 6. *P < 0.05 vs. CN, #P < 0.05 vs. DN, §P <
0.05 vs. CH. OGTT (G) and AUC (H). Normoxia-exposed wild-type mice (WN), normoxia-exposed TALLYHO/Jng mice (TN), hypoxia-exposed wild-type
mice (WH), and hypoxia-exposed TALLYHO/Jng mice (THH). l: BW. J: RVP. K: RVSP. L: Fulton index. WN, Nmice = 7; TN, Nmice = 6; WH, Npice = 8; THH,
Nmice = 6. ¥*P < 0.05 vs. WN, #P < 0.05 vs. TN, §P < 0.05 vs. WH. Statistical comparisons between time-response curves in A and G were made by two-
way ANOVA with post hoc test (Bonferroni’s multiple comparisons test). In other figures, one-way ANOVA was used for multiple comparisons, followed

by Bonferroni’s post hoc test, after the data passed a normality test. If the
used. Data are presented as means + SD.

1030 Millar catheter (Millar Instruments, Houston, TX)
was inserted into the RV through the right external jugular
vein. Hemodynamic parameters were collected via the Lab
Chart software (AD Instruments, Inc., Springs, Colorado).
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data did not pass the normality test, a nonparametric Kruskal-Wallis test was

After experiments, the RV free wall was separated from the
left ventricle (LV), and Fulton index {RV/(LV + septum), a
determinant of right ventricular hypertrophy due to
increased afterload} was assessed.
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Table 1. Lipid profile of control and diabetic mice

CN (Nmice = 5) DN (Nmice = 5) CH (Nmice = 5) DH (Nmice = 5)
TC, mg/dL 63.1£11.0 178.6 +36.8* 52.2+9.5# 169.3+£19.9*§
HDL, mg/dL 47.4+8.2 90.1+15.8* 40.1£8.6# 94.4+6.7*§
TG, mg/dL 18.6+4.4 48.0+28.2* 14.8+£1.2# 32.8+7.5§
LDL/VLDL, mg/dL 12.0+7.4 78.9+27.6* 8.2+13# 68.4£18.9*§
Insulin, ng/mL 0.75+0.04 1.63+0.65* 0.72£0.03# 0.83+0.04#

Data are presented as means = SD. n shows the number of mice. CH, hypoxia-exposed control mouse; CN, normoxia-exposed control
mouse; DH, hypoxia-exposed diabetic mouse; DN, normoxia-exposed diabetic mouse; HDL, plasma high-density lipoprotein; LDL,
plasma low-density lipoprotein; TC, plasma total cholesterol; TG, plasma triglyceride; VLDL, plasma very low-density lipoprotein. *P <
0.05 vs. CN. #P < 0.05 vs. DN. §P < 0.05 vs. CH. After the data passed a normality test, one-way ANOVA was used for multiple compari-
sons, followed by Bonferroni post hoc test. If the data did not pass the normality test, a nonparametric test (Kruskal-Wallis) was used.

Mouse Pulmonary Endothelial Cell Isolation

Mouse pulmonary endothelial cells (MPECs) were isolated,
as previously described (17, 33). Dissected mouse lung tissues
were digested with M199 containing 2 mg/mL collagenase I
and 0.6 U/mL dispase II. The cell suspension was incubated
with CD3l-coated Dynal magnetic beads (Thermo Fisher
Scientific) for 1 h at 4°C. ECs attached to the beads were cap-
tured by a Dynal magnet (Thermo Fisher Scientific). The pu-
rity of cells is >90%.

qPCR

MPECs were freshly isolated from mice and stored at —80°C
before the next step. RNA was isolated from MPECs using
miRNeasy kit (QIAGEN, Chatsworth, CA), and cDNA was syn-
thesized using RT2 First Strand Kit (QIAGEN). To assess multi-
ple gene levels, we made a custom gPCR plate (RT>Profiler
PCR Arrays, QIAGEN) using 92 selected genes. The 384-well
plate consists of quadruple 96 genes, and 96 genes include 92
selected genes plus four genes for loading and plate controls
(Supplemental Table S1). The genes critical for endothelial func-
tions were chosen based on the following criteria: @) endothe-
lium-derived relaxing and contracting factors and their
regulators; b) modifiers of cytosolic, mitochondrial, and endo-
plasmic reticulum calcium concentrations; and c) regulators of
EC proliferation/migration/apoptosis. qPCR was conducted
according to the manufacturer’s instructions. The efficiency
correlated ACt method was used to determine the level, in arbi-
trary units, of each mRNA relative to Actb. Any exclusion deci-
sion was supported by Grubbs’ test. One-way ANOVA was used
for multiple comparisons, followed by Bonferroni’s multiple
comparisons test as a post hoc test.

Western Blot Analysis

Freshly isolated MPECs were lysed, and proteins were sepa-
rated using SDS-PAGE. The primary antibody information is
listed in Supplemental Table S2. The expression levels of the
proteins were normalized to the corresponding Actin signal.

Pyruvate and Lactate Assay

Pyruvate and lactate levels were determined using a
Fluorometric Assay Kit from Biovision (Cat. No. K609, and
K607, Milpitas, CA). MPECs were homogenized, and super-
natant was collected for the study. The protein concentra-
tion was measured using Bradford Assay and adjusted
among the samples. The fluorescence intensity (Ex/Em =
535/587 nm) was measured using a fluorescent plate reader.
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Statistical Analysis

We conducted data analysis in a blinded fashion wherever
possible and set proper controls for every experimental plan.
The mouse number and independent experiment number
are described in the figure legends. Statistical analysis was
performed using GraphPad Prism 9.1 (La Jolla, CA). After the
data passed a normality test, the two-tailed Student’s ¢ test
was used to compare two groups, and one-way ANOVA was
used for multiple comparisons, followed by Bonferroni post
hoc test. If the data did not pass the normality test, a non-
parametric test (Mann-Whitney for two groups, Kruskal-
Wallis for multiple comparisons) was used. Statistical com-
parisons between time-response curves were made using
two-way ANOVA with Bonferroni post hoc test. Differences
were considered to be statistically significant when P < 0.05.
Data are presented as mean = SD.

RESULTS

Diabetes Exacerbates Hypoxia-Induced PH

We first investigated how diabetic mice respond to chronic
hypoxia. Our inducible T2D mice exhibited hyperglycemia,
abnormal glucose tolerance, increased body weight, hyperin-
sulinemia, and dyslipidemia (Fig. 1, A-C, and Table 1); this
model is close to human type 2 diabetes induced by Western
diet (34, 43). Four-week hypoxic exposure partially improved
glucose tolerance and significantly decreased body weight in
both control (CH) and T2D (DH) mice compared with nor-
moxia-exposed mice (CN and DN); however, the degree of
glucose tolerance was still worse in DH mice than in CN and
CH mice (Fig. 1, A and B). Hypoxia did not affect the level of
lipid fractions in control and diabetic mice, while DH mice
showed a significant decrease in insulin levels compared
with DN mice (Table 1). Importantly, DH mice developed
more severe PH than the CH mice, evidenced by the signifi-
cant increase in RVSP in DH mice compared with CH mice
(Fig. 1E). Fulton index was higher in CH compared with CN,
and there was no statistical difference in Fulton index
between CH and DH (Fig. 1F).

To confirm the effects of hyperglycemia on PH develop-
ment, we used TH mice (a spontaneous T2D mouse model)
to repeat the experiment. Normoxia-exposed TH mice (TN)
displayed abnormal glucose tolerance accompanied by
increased body weight (Fig. 1, G, H and I). In line with the
data of inducible T2D mice, glucose tolerance was markedly
improved in hypoxia-exposed TH mice (THH) than TN mice
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but still worse in THH than wild-type mice exposed to nor-
moxia (WN) and hypoxia (WH) (Fig. 1G). Mice exposed to
chronic hypoxia (WH and THH) significantly increased
RVSP and Fulton index. Notably, the hypoxia-induced
increase in RVSP was significantly greater in THH than in
WH mice (Fig. 1K), whereas Fulton index was not signifi-
cantly changed in THH compared with WH (Fig. 1L). These
results suggest that chronic hyperglycemia makes mice
prone to hypoxia-induced PH.

Identification of Genes Altered by Hypoxia and Diabetes

We previously demonstrated that pulmonary endothelial
dysfunction is associated with the development of hypoxia-
induced PH (17, 33). To define the molecular mechanisms by
which diabetes accelerates endothelial damage in hypoxia-
induced PH mice, we conducted semi-unbiased gene screen-
ing experiments. Ninety-two genes were selected based on
their critical roles in endothelial functions (Supplemental
Table S1). We compared mRNA levels of these genes in
MPECs isolated from CN, CH, DN, and DH mice using real-
time PCR. Among the 92 genes, 27 genes showed statistical
significance among the four groups (Fig. 2). The significant
genes are related to 1) cell apoptosis (Bakl, Bax, Casp2, Dnmll,
Epasl, Gapdh, Hk2, Mapk3, Spl, and Trp53), 2) glycolysis
(Gapdh and Hk2), 3) endothelium-dependent relaxations
(Atp2a3, Cat, Ednrb, Gjal, Gja4, Kcnn3, Kcnn4, Nos2, Nox4,
Ptgsl, Ptgs2, and Sod2), 4) handling of cytosolic [Ca?™"], mito-
chondrial [Ca?* ], and endoplasmic reticulum [Ca?*] (Atp2a3
and Hk2), and 5) angiogenesis (Akt2, Fik1, Flt4, Mapk3, Pak2,
Pecaml, and Vegfa). Flt1, Flk4, Gapdh, Kcnn3, Nos2, Pecaml,
and Spl levels were significantly upregulated in CH mice com-
pared with CN mice. Increased Flt4 and Kcnn3 levels in CH
mice were significantly decreased in DH mice. On the other
hand, Kcnn4 and Ptgs2 mRNA levels were reduced in CH
mice compared with CN mice, and Kcnn4 was dramatically
increased in DH mice compared with CH mice. Based on the
comparison between CH and DH mice, the expression levels
of Akt2, Bakl, Ednrb, Epasl, Hk2, Kcnn4, Ptsgl, Sod2, and
Vegfa were significantly higher in DH mice than in CH mice,
and Flt4, Gjal, and Kcnn3 levels were lower in DH mice than
CH mice. As we saw significant differences in apoptosis- and
glycolysis-related genes in DH mice (compared with CH
mice), we next conducted experiments to confirm protein lev-
els of the genes related to apoptosis and glycolysis.

Hypoxia and Hyperglycemia Regulate Expression Levels
of Glycolysis-Related Proteins, but Not Apoptosis-
Related Proteins in MPECs

Bakl, Bax, and Bcl-xL regulate mitochondria-mediated ap-
optosis; Bakl and Bax are proapoptotic proteins, and Bcl-xL
acts as an antiapoptotic protein. Although Bakl mRNA level
was altered by hypoxia and hyperglycemia, there was no sig-
nificant difference in protein expression levels of Bakl

among the four groups (i.e., CN, CH, DN, and CH mice)
(Fig. 3A). The ratio of Bax/Bcl-xL is commonly used to char-
acterize apoptosis in cells. Hypoxia exposure significantly
decreased Bax/Bcl-xL ratio in CH mice because of an exten-
sive increase in Bcl-xL (Fig. 3, B-D). CASP2 and p53 are also
pro-apoptotic proteins; however, there was no significant
difference among the four groups (Supplemental Fig. S1). It
is well known that hypoxia increases GAPDH, and we also
observed a significant increase in GAPDH in CH and DH
mice compared with CN and DN (Fig. 3E). The protein level
of HK2 was significantly decreased in DN and CH mice com-
pared with CN mice. In contrast, HK2 level was significantly
increased in DH mice compared with DN and CH mice
(Fig. 3F). These data suggest that the activated signaling
pathway related to glycolysis is involved in the development
of severe PH in diabetic mice.

Pyruvate and Lactate Levels Are Increased in MPECs
Isolated from Hypoxia-Exposed T2D Mice

As GAPDH and HK?2 levels are significantly increased in
MPECs in DH mice, we expect that glycolysis might be aug-
mented in MPECs from DH mice. Enhanced glycolysis
increases pyruvate production and lactate accumulation in
the cells (45); therefore, we measured pyruvate and lactate
levels in MPECs isolated from CN, DN, CH, and DH mice.
The pyruvate level was significantly higher in DH mice than
in CN and CH mice (Fig. 4A). The lactate level was also
increased in DH mice (Fig. 4B), suggesting that glycolysis is
enhanced in pulmonary ECs in DH mice.

Stimulation of Glycolysis with Terazosin Further
Increases RVSP in Hypoxia-Exposed Control Mice, but
Not in Hypoxia-Exposed Diabetic Mice

Next, we examined whether excess glycolysis would affect
hypoxia-induced PH. Terazosin (TZ) is a Food and Drug
Administration-approved oy-adrenoceptor blocking agent
used to treat high blood pressure and prostatic hyperplasia.
It is also known to activate phosphoglycerate kinase 1
(PGK1); therefore, it stimulates glycolysis (38). TZ (10 pg/kg)
or saline (vehicle) was administered to mice for 4 wk using
an osmotic minipump. At the end point, we conducted
OGTT to evaluate the effect of TZ on the diabetic status and
RVSP for the development of hypoxia-induced PH. TZ
administration did not alter glucose tolerance (Fig. 5, A and
B) and body weight (Fig. 5C) in hypoxia-exposed control
mice (CH-TZ) and diabetic mice (DH-TZ) compared with ve-
hicle-administered hypoxia-exposed control (CH) and dia-
betic (DH) mice. TZ administration significantly increased
RVSP in CH mice (comparison between CH and CH-TZ,
Fig. 5F). In contrast, TZ administration did not affect RVSP
in DH mice (comparison between DH and DH-TZ, Fig. 5G),
suggesting that the enhanced glycolysis seen in diabetic
mice might be the independent risk factor of hypoxia-

Figure 2. Genes with altered mRNA levels by chronic hypoxia and hyperglycemia treatment. mMRNA was isolated from mouse pulmonary endothelial
cells (MPECs), and real-time PCR was used to determine mRNA levels. A: Akt2. B: Bak1. C: Bax. D: Casp2. E: Cat. F: Dnm1l. G: Ednrb. H: EpasT. I: FIk1. J:
Fit4. K: Gapdh. L: Gjal. M: Gja4. N: Hk2. O: Kcnn3. P: Kcnn4. Q: Mapk3. R: Nos2. S: Nox4. T: Pak2. U: Pecaml. V: Ptgs1. W: Ptgs2. X: Sod2. Y: Sp1. Z:
Trp53. AA: Vegfa. nyice > 5 per group. *P < 0.05 vs. CN, #P < 0.05 vs. DN, §P < 0.05 vs. CH. Any exclusion decision was supported by Grubbs’ test.
One-way ANOVA was used for multiple comparisons, followed by Bonferroni’s multiple comparisons test as a post hoc test. The genes presented here
are statistically significant among the four groups with one-way ANOVA (P < 0.05). The significance shown in each figure is the result of Bonferroni’s
multiple comparisons test as a post hoc test. Data are presented as means + SD.
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Figure 3. Chronic hypoxia and hyperglycemia differentially affect the pro-
tein expression of HK2 and GAPDH. The protein levels of apoptosis- and
glycolysis-related genes are compared among four groups. Protein sam-
ples were isolated from MPECs. A: Bak1. B: Bax. C: Bcl-xL. D: Bax/Bcl-xL. E:
GAPDH. F: HK2. npice > 4 per group. *P < 0.05 vs. CN, #P < 0.05 vs. DN,
§P < 0.05 vs. CH. After the data passed a normality test, one-way ANOVA
was used for multiple comparisons, followed by Bonferroni post hoc test.
If the data did not pass the normality test, a nonparametric test (Kruskal—
Wallis) was used. Data are presented as means + SD. MPECs, mouse pul-
monary endothelial cells.
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induced PH. Fulton index was slightly, but significantly,
increased in DH-TZ mice compared with DH mice.

Inhibition of Glycolysis via Koningic Acid Administration
Prevents Aggravated Hypoxia-Induced PH in Diabetic
Mice

To test our hypothesis that excess glycolysis in diabetic
mice exacerbates hypoxia-induced PH, we inhibited glycoly-
sis using koningic acid (KA, a GAPDH inhibitor). We admin-
istered KA in mice using an osmotic minipump at 110.4 pg/
kg (sc) (39, 40) for 4 wk. KA administration did not affect the
diabetic status and body weight, evidenced by no difference
in OGTT and body weight between DH and KA-administered
DH mice (DH-KA) (Fig. 6, A-C). However, DH-KA mice
exhibited a significant decrease in RVSP compared with DH
mice, and the level of RVSP was close to CH mice (Fig. 6, E
and G). There was no significant difference in Fulton index
between DH and DH-KA mice (Fig. 6H). KA did not affect
RVSP and Fulton index in CH mice (Fig. 6, F and H). We also
measured pyruvate concentration in MPECs and found that
MPECs from DH-KA mice showed a significant decrease in
pyruvate levels compared with MPECs from DH mice
(Fig. 6I). These data suggest that increased glycolysis in dia-
betic mice is one of the causes of severe hypoxia-induced PH
in diabetic mice.

DISCUSSION

Other investigators and we reported that precondition-
ing of diabetes worsens the progress of PH in patients (3, 21,
22, 26, 28, 46) and PH animal models (20, 29, 31-33). The
World Health Organization classifies pulmonary hyperten-
sion into five different types: Group 1: pulmonary arterial
hypertension; Group 2: pulmonary hypertension due to left
heart disease; Group 3: pulmonary hypertension due to
lung disease; Group 4: pulmonary hypertension due to
chronic blood clots in the lungs; and Group S: pulmonary
hypertension due to unknown causes. There are more
reports showing the effect of diabetes preconditioning on
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Figure 4. Pyruvate and lactate levels are increased in MPECs isolated
from DH mice. A: pyruvate levels in MPECs isolated from CN, CH, DN, and
DH mice. npmice = 8 per group. B: lactate levels in MPECs isolated from CN,
CH, DN, and DH mice. nyice = 5 per group. *P < 0.05 vs. CN and §P <
0.05 vs. CH. One-way ANOVA was used for multiple comparisons, fol-
lowed by Bonferroni post hoc test. Data are presented as means + SD.
CH, hypoxia-exposed control mouse; CN, normoxia-exposed control
mouse; DH, hypoxia-exposed diabetic mouse; DN, normoxia-exposed dia-
betic mouse; MPECs, mouse pulmonary endothelial cells.

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00305.2023 - www.ajplung.org

Downloaded from journals.physiology.org/journal/ajplung at Univ of CaliforniaLos Angeles (149.142.103.215) on July 9, 2026.


http://www.ajplung.org

() PULMONARY HYPERTENSION IN TYPE 2 DIABETES

A OGTT B C BW
700 = 700 - 50 =
Q
S 600~ = 600
£ 40
§:500- --L~-.l 'g'gw* 3 500 E % gf
=3 4004 - B 400 - 30-
55400 —a-cHl#|¥e[,| £ oy Wl
-ggsoo- -+o-DHIS #y ;300- 20-
o 2004 —CH-1Z 1& S 200- &
m 100 - -o- DH'TZ < 100 = 10
0 T T T T 0 T 1 B . — —
0 15 %0 60 NN N N R o ¢1,
D
CN DN CH-TZ DH-TZ
50 50 50
S 40 40 40
E
é 30 30 30
% 20 20 20
10 10 10
0 0 0
1s
E F o
RVSP Control Diabetic Fulton Index 1
50 = *# *§# 30 = 30 - 0.5= *.#
*# oz p=0.035 oz ' woy XH
40— ; & 85 § 80 v __ 0.4+ # %
) x § 20+ & § 20+ ? = &
T 30- E & cf _E_ £ 0.3+ Be
-
E 204 B 82 27 ti‘ vV  =.-
£ E 10+ ‘i‘ c € 10 >
10+ SE SE 0.1+
o< a O«
0 1 1 1 1 1 1 0 1 1 0 ] ] 0.0 1 1 1 L] L] L]
0\\ 0@ 0?‘ \’\ »\1« :\1/ o‘e‘ ;(1/ 0‘?‘ :\1/ o\\ 06 0‘(\ 0‘?‘ ;\1* :\1/
‘<\ ot o N X o

Figure 5. Stimulating glycolysis by terazosin exacerbates hypoxia-induced PH in control mice but not in diabetic mice. A: OGTT. Hypoxia-exposed tera-
zosin (TZ)-treated control mice, CH-TZ; hypoxia-exposed TZ-treated diabetic mice, DH-TZ. B: AUC. C: BW. D: RVP. E: RVSP. F: change of RVSP by TZ
treatment in CH mice (AmmHg from CN). G: change of RVSP by TZ treatment in DH mice (AmmHg from CN). H: Fulton index. Nmice = 5 per group. *P <
0.05vs. CN, #P < 0.05 vs. DN, §P < 0.05 vs. CH, &P < 0.05 vs. DH, and P < 0.05 vs. CH-TZ. Statistical comparison between time-response curves in A
was made by two-way ANOVA with Bonferroni post hoc test. In B, C, E, and H, one-way ANOVA followed by Bonferroni post hoc test was performed. In
F and G, two-tailed Student’s t test was used to compare two groups. Data are presented as means + SD. AUC, area under the curve; CH, hypoxia-
exposed control mouse; CN, normoxia-exposed control mouse; DH, hypoxia-exposed diabetic mouse; DN, normoxia-exposed diabetic mouse; RVP,

right ventricle pressure; RVSP, right ventricle systolic pressure.

the prevalence and progression of PH in Group 1 patients
(22, 26, 28, 46, 47); however, patients in other PH classes
are also susceptive to diabetes (3, 4, 21). In this study, we
investigated the molecular mechanisms by which diabetes
exacerbates hypoxia-induced PH (Group 3 PH mouse
model) using diabetic mice. The main findings of our
study are: 1) diabetic mice exhibit a greater increase in
RVSP after hypoxia exposure compared with control mice,
2) glycolysis-related genes are dysregulated in MPECs
from hypoxia-exposed diabetic mice, and 3) inhibition of
GAPDH (a key enzyme of the glycolytic pathway) in dia-
betic mice prevents exacerbated increase in RVSP after hy-
poxia exposure.

Inducible T2D mice and spontaneous T2D mice (TH mice)
display increased sensitivity or susceptibility to hypoxia-
induced PH (Fig. 1). This result aligns with our previous

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00305.2023 - www.ajplung.org

report using genetically modified T2D mice (KK. Cg-Ay/J
mice) (33). Although RVSP was significantly increased in hy-
poxia-exposed diabetic (DH) mice compared with hypoxia-
exposed control (CH) mice, Fulton index was not altered by
diabetic preconditioning. The possible reason for further
increase in RVSP or more severe hypoxia-induced PH in dia-
betic mice without changing Fulton index would be 1) RV hy-
pertrophy was maximally developed by hypoxia exposure;
therefore, further increase in RVSP seen in diabetic mice
could not alter Fulton index, 2) the change of Fulton index
would take more time after elevated RVSP in diabetic mice,
and 3) the RV underwent decompensated hypertrophy or
dilated RV cardiomyopathy in diabetic mice with hypoxia-
induced PH. This is a unique phenomenon requiring further
experiments to identify the relation between RVSP and
Fulton index in diabetes.
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Figure 6. Chronic administration of GAPDH inhibition by koningic acid decreases RVSP in DH mice but not in CH mice. OGTT (4) and AUC (B). Hypoxia-
exposed koningic acid (KA)-treated control mice, CH-KA; hypoxia-exposed KA-treated diabetic mice, DH-KA. C: BW. D: RVP. E: RVSP. F: change of RVSP by
KA treatment in CH mice (AmmHg from CN). G: change of RVSP by KA treatment in DH mice (AmmHg from CN). H: Fulton index. A, B, D—F; CN, Nmice = 10;
DN, Nmice = 8; CH, Nnice = 9; DH, Npice = 10; CH-KA, Npice = 10; DH-KA, npice = 10. I: pyruvate concentration in MPECs. CN, Npice = 5; DN, Nmice = 4; CH,
Nmice = 5; DH, Nmice = 5; CH-KA, Npice = 5; DH-KA, Npice = 5. #P < 0.05 vs. CN, #P < 0.05 vs. DN, §P < 0.05 vs. CH, &P < 0.05 vs. DH, and tP < 0.05 vs.
CH-KA. Statistical comparison between time-response curves in A was made by two-way ANOVA with Bonferroni post hoc test. In B, E, H, and /, one-way
ANOVA followed by Bonferroni post hoc test was performed. For C, a nonparametric Kruskal-Wallis test with Dunn’s post hoc test was used. In F and G,
two-tailed Student’s t test was used to compare two groups. Data are presented as means + SD. AUC, area under the curve; CH, hypoxia-exposed control
mouse; CN, normoxia-exposed control mouse; DH, hypoxia-exposed diabetic mouse; DN, normoxia-exposed diabetic mouse; RVP, right ventricle pressure;
RVSP, right ventricle systolic pressure.

We have reported that endothelial function was attenu- hypoxia and/or hyperglycemia, we selected four genes
ated in DH mice compared with CH mice (33); therefore, we involved in cell apoptosis (Bakl, Bax, Casp2, and Trp53) and
aimed to identify the genes altered in DH mice compared two genes related to glycolysis (Gapdh and Hk2) for further
with CH mice in this study. Among 27 genes altered by validation of their protein expression levels. Bax/Bcl-xl ratio
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in MPECs was significantly decreased in CH mice compared
with CN mice (Fig. 3), whereas Casp2 and p53 levels were not
changed (Supplemental Fig. S1). These data suggest that hy-
poxia makes endothelial cells more resistant, or adaptive, to
apoptosis. It is well characterized that smooth muscle cells
from PH animal models and patients with PH are prolifera-
tive and apoptosis resistant. However, the expression levels
of pro- and antiapoptotic peptides in the lung or pulmonary
ECs during PH are still controversial in the literature. We
have previously reported that Bax/Bcl-xl ratio and/or p53 lev-
els are increased in the lungs of mice with hypoxia-induced
PH (48) and rats with Sugen/hypoxia-induced severe PH
(49). Wakasugi et al. (50), however, showed a significant
decrease in p53 protein levels in the lungs of mice with hy-
poxia-induced PH. We do not have a good explanation for
the difference between current and previous studies; one of
the potential reasons for the different results is that the gene
expression levels obtained from the lung samples could be
influenced by other cell types, including an unignorable
number of epithelial cells. Therefore, identifying mRNA/pro-
tein levels in isolated pulmonary ECs would give us more
accurate assessments of endothelial-specific alteration
induced by hypoxia. The timing of sampling is also critical.
Breault et al. (51) indicated that endothelial apoptosis is
enhanced at the early stage of PH, while ECs become more
apoptosis-resistant at the late stage of PH.

There is increasing evidence showing that abnormal gly-
colysis is involved in the development of PH (52). ®FDG
uptake is a useful indicator of tissue glycolysis, and it has
been reported that ®FDG uptake in the lung is signifi-
cantly increased in patients with idiopathic PAH and
rats with monocrotaline-induced PH (53). Pulmonary arte-
rial remodeling is an important pathological feature in
patients with PAH and animals with severe experimental
PH, and enhanced proliferation and metabolic shift from
oxidative phosphorylation to glycolysis in pulmonary arte-
rial smooth muscle cells (PASMCs) are indicated as impor-
tant causes for pulmonary vascular remodeling in PAH/PH
(54, 55). Pyruvate, a final product of glycolysis, is catalyzed
by pyruvate dehydrogenase (PDH) into acetyl-CoA that
drives oxidative phosphorylation in the mitochondria.
Pyruvate dehydrogenase kinase (PDK) is a kinase enzyme
that inactivates PDH. It has been reported that the expres-
sion of PDK is significantly increased in PASMCs isolated
from patients with idiopathic PAH and animals with ex-
perimental PH. Inhibition of PDK by dichloroacetate sig-
nificantly attenuates PASMC proliferation and ameliorates
experimental PH in animal models (55, 56); whether
dichloroacetate is indeed effective in treating PAH in
patients is currently undergoing clinical trial. Altered gly-
colytic protein expression and/or activity is reported in
pulmonary ECs, fibroblasts, and inflammatory cells in
patients with PAH and animals with experimental PH (57—
61). Xu et al. (57) reported a significant increase in glyco-
lytic rate in pulmonary arterial ECs from patients with idi-
opathic PAH, and this phenomenon has been observed by
other investigators as well (58, 59). Increased lactate for-
mation is observed in fibroblasts isolated from hypoxia-
exposed bovine and patients with PAH (60) and macro-
phages isolated from Sugen/hypoxia-induced PH rats and
hypoxia-induced PH mice.

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00305.2023 - www.ajplung.org

Glucose is first catalyzed by hexokinases in the glycolysis
pathway. Hexokinases have five isoforms and pulmonary
ECs predominantly express HK1 and HK2. Hyperglycemia
decreased HK2 protein expression (Fig. 3) due partly to the
compensatory mechanism of excess glucose level (62, 63).
HK2 level was also reduced by hypoxia (Fig. 3 and
Supplemental Table S3); however, HK1 levels remained high
(Supplemental Fig. S2 and Supplemental Table S3), resulting
in no significant change in endothelial glycolysis in hypoxia-
exposed control mice (Fig. 4).

GAPDH is a critical enzyme in glycolysis, which catalyzes
glyceraldehyde-3-phosphate to glycerate-1,3-bisphosphate.
KA is a selective GAPDH inhibitor via its binding to the
Cys149 residue in the catalytic site of GAPDH (64). We found
that inhibition of GAPDH by KA significantly decreased RVSP
in hypoxia-exposed T2D mice, but not in hypoxia-exposed
control mice, suggesting that diabetes precondition makes
mice more prone to hypoxia-induced PH via augmenting en-
dothelial cell glycolysis. In our study, glycolysis inhibition by
KA did not affect RVSP levels in control mice after hypoxia ex-
posure (Fig. 6). Hypoxia exposure in control mice also showed
no difference in pyruvate and lactate production in MPECs
compared with those in normoxia-exposed control mice
(Fig. 4). These data suggest that endothelial glycolysis might
not contribute to the development of hypoxia-induced PH in
control mice. On the contrary, Cao et al. (58) reported that hy-
poxia exposure increased endothelial glycolysis via increasing
Pfkfb3 in pulmonary ECs; therefore, inhibition of Pfkfb3 in
ECs partially reduced RVSP in hypoxia-exposed control mice.
Based on RNAseq data previously conducted in our laboratory
(17), the mRNA level of Pfkfb, including Pfkfb3, in MPECs
from hypoxia-exposed mice was not significantly different
from MPECs from normoxia-exposed mice (Supplemental
Table S3). Further study is required to explain the difference
of Pfkfb expression pattern in different studies.

The TZ data support our hypothesis that increased glycol-
ysis by hyperglycemia (i.e., DH mice) further exacerbates PH
in CH mice (Fig. 5). We used TZ as a glycolysis enhancer in
this study; however, TZ is commonly used as an o, adrener-
gic receptor antagonist and reduces systemic pressure. If TZ
affects pulmonary vascular resistance as an o; adrenergic re-
ceptor antagonist rather than a glycolysis enhancer, we
should see a decrease in RVSP but not the increase in RVSP
we observed in CH mice. Therefore, the effect of TZ as an oy
adrenergic receptor on pulmonary circulation might be
masked by increased pulmonary resistance caused by
enhanced endothelial glycolysis. The detailed mechanisms,
however, require additional experiments.

The limitation of this study is that we administered the
inhibitors systematically, which affects many cell types,
including SMCs. SMC remodeling and increased contrac-
tion are the cause of hypoxia-induced PH in control mice;
however, we previously reported that the increased RVSP
in hypoxia-exposed diabetic (DH) mice compared with hy-
poxia-exposed control (CH) mice is not caused by SMC
dysfunction, but via endothelial dysfunction (33). Isolated
MPECs from DH showed increased glycolysis compared
with CH (Fig. 4), and KA administration in DH mice
decreased endothelial glycolysis (Fig. 6). Therefore, the
improvement of hypoxia-induced PH via KA administra-
tion in diabetic mice might be due to reduced endothelial
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glycolysis. However, there is still a possibility that KA
altered SMC functions in DH and reduced RVSP. KA is a
selective inhibitor of GAPDH, a key enzyme in a glycolytic
pathway. KA administration decreased pyruvate forma-
tion in MPECs and reduced RVSP in DH mice; therefore,
we concluded that glycolysis is involved in the severe PH
in diabetic mice. However, some might think the live mea-
surement of glycolysis is required instead of the byproduct
of glycolysis (i.e., pyruvate). In the current setting, we
encountered the difficulty of assessing glycolysis in cul-
tured MPECs after bead isolation from hypoxia-exposed
mice. Methodological development is required in future
studies.

In the present study, glycolysis inhibition by KA mark-
edly suppressed hypoxia-induced PH in T2D mice. These
promising preclinical findings, along with glycolytic
changes in ECs, provide a strong rationale for the clinical
testing of GAPDH inhibitors in treating PH, which
may shed new light on the treatment for severe PH in
diabetes.
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