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Abstract: Chronic exposure to high altitudes causes pathophysiological cardiac changes
that are characterized by cardiac dysfunction, cardiac hypertrophy, and decreased energy
reserves. However, finding specific pharmacological interventions for these pathophysio-
logical changes is challenging. In this study, we identified tetramethylpyrazine (TMP) as a
promising drug candidate for cardiac dysfunction caused by simulated high-altitude expo-
sure. By utilizing hypobaric chambers to simulate high-altitude environments, we found
that TMP improved cardiac function, alleviated cardiac hypertrophy, and reduced myocar-
dial injury in hypobaric hypoxic mice. RNA sequencing showed that TMP also upregulated
heart-contraction-related genes that were suppressed by hypobaric hypoxia exposure.
Mechanistically, TMP inhibited hypobaric hypoxia-induced cardiac Ca?*/calmodulin-
dependent kinase II (CaMKII) activation and exerted cardioprotective effects by inhibiting
CaMKIL Our data suggest that TMP application may be a promising approach for treating
high-altitude-induced cardiac dysfunction, and they highlight the crucial role of CaMKII in
hypobaric hypoxia-induced cardiac pathophysiology.
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1. Introduction

Over 140 million individuals around the world reside at altitudes above 2500 m, where
chronic hypobaric hypoxia poses challenges to the health of highland residents. Chronic
exposure to high altitude causes cardiac pathological changes, as indicated by investigative
studies. The cardiac stroke volume declined to 80% of its value at sea level when measured
at a high altitude [1]. The stroke volume reached its maximum capacity earlier under
hypoxia compared to normoxia [2]. The decreased stroke volume may be owing to the
reduced left ventricular (LV) end-diastolic volume. However, the left ventricular ejection
fraction remained largely unchanged upon ascending to the plateau [1]. Thus, the left
ventricular diastolic function is impaired, while the systolic function is largely retained
under high-altitude hypoxia [3,4]. The pathological changes in the right heart are more
prominent than those in the left heart. These changes manifest as a dilated right ventricular
(RV) cavity, hypertrophy, and reduced right ventricular function [5-7]. Hypoxic pulmonary
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hypertension, caused by the contraction of pulmonary arterioles, may partially account
for the pathological changes in the right heart [8]. Thus, right ventricular hypertrophy
is a consequence rather than a direct effect of hypoxia [9]. In summary, chronic high-
altitude exposure results in cardiac dysfunction, RV dilation, RV hypertrophy, compromised
energy reserves, and pulmonary hypertension [4,7,10]. However, there are still no effective
treatment strategies for cardiac dysfunction induced by high-altitude exposure.

Tetramethylpyrazine/ligustrazine (TMP) is among the characteristic alkaloids isolated
from Ligusticum chuanxiong Hort., a medicinal herb with a long history of common use
in China. TMP exerts therapeutic effects against a variety of diseases, such as myocardial
ischemia, atherosclerosis, ischemic cerebrovascular diseases, Alzheimer’s disease, spinal
cord injury, and hepatic fibrosis [11-15]. Moreover, TMP has been demonstrated to alleviate
hypoxia-induced injuries: TMP ameliorates hypoxia-induced cardiomyocyte apoptosis
through inhibiting the HIF-1«/JNK/p38 signaling mediated increase in pro-apoptotic
proteins [16], provides synergistic protection with borneol for brain microvascular en-
dothelium cells injured by hypoxia [17], and exhibits neuroprotective effects on primary
hippocampal neurons exposed to hypoxia [12]. However, whether TMP ameliorates the
cardiac dysfunction induced by hypobaric hypoxia exposure remains largely elusive.

CaMKII (Ca?* /calmodulin-dependent kinase 1), a serine/threonine protein kinase,
promotes the phosphorylation of its substrates upon activation. CaMKII is activated and
phosphorylated at threonine 287 by the binding of calcified calmodulin (Ca?*/CaM) to
its regulatory domain [18]. Thus, the increased intracellular Ca?* is the main reason for
CaMKII activation. The isoform 6 is the predominant isoform of CaMKII in the heart [19].
The excessive activation of CaMKII is associated with various cardiovascular diseases, such
as heart failure [20], myocardial hypertrophy [21], myocardial ischemic diseases [22-25],
and arrhythmia [26,27]. Inhibition or ablation of CaMKII significantly alleviates these
diseases predominantly by improving cardiac function or alleviating cardiac hypertrophy.
For example, inhibiting CaMKII restores Ca?* load in the sarcoplasmic reticulum and,
thus, improves myocardial contractility in failing human myocardium [28,29]. Ablation
of CaMKII in mice significantly relieves stress overload-induced myocardial hypertrophy
by preventing sarcoplasmic reticulum Ca?* leakage or by dephosphorylating histone
deacetylase 4 (HDAC4) [20,30]. Additionally, CaMKIl is also involved in other intracellular
processes such as inflammation, myocyte apoptosis, and metabolism [31-33]. Recent
studies demonstrated that CaMKII is activated under hypoxia to increase sodium and
potassium current, which may contribute to hypoxic ventricular arrhythmia [34,35]. Thus,
CaMKlIl is activated by hypoxia and contributes to a pathological cardiac state.

This study aimed to investigate the therapeutic effects of TMP on cardiac dysfunction
induced by chronic hypobaric hypoxia in simulated high-altitude environments and to
explore the potential role of CaMKII in this process. Our study supports the notion that
TMP is a promising candidate for treating high-altitude-induced cardiac dysfunction.

2. Results
2.1. Chronic Hypobaric Hypoxia Impairs Right Ventricular Function

To study the effect of high-altitude exposure on cardiac function, we established a
chronic hypobaric hypoxic mouse model by housing adult male (6-week-old) C57BL /6 mice
in a hypobaric chamber (47 kPa, equivalent to the atmospheric pressure at 6000 m) for
4 weeks. Normoxic control adult mice were maintained in a sea-level environment for a
similar period. Body weights, echocardiographic parameters, and hemodynamics were
collected following the 4-week exposure. Compared to the normoxic mice (27.84 £ 0.40 g),
the hypobaric hypoxic mice had a reduced body weight (24.72 & 0.82 g), as determined
by an unpaired Student’s f-test (p = 0.009) (Figure 1A). We further measured the heart
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weight/body weight ratio (HW/BW), an indicator of the relative size of the heart. The
normoxic mice had an average HW/BW of 0.0052 £ 0.00016. Meanwhile, the hypobaric
hypoxic mice had an increased average HW/BW (0.0075 £ 0.00040). The difference in
HW/BW between the two groups was significant (p = 0.0005; unpaired Student’s t-test)
(Figure 1B). To evaluate the influence of hypobaric hypoxia on heart function, we measured
the right ventricular fractional area change (RVFAC), a surrogate measurement of the
RV ejection fraction, on an apical four-chamber view via echocardiography. Compared
to the normoxic mice (0.43 £ 0.066), the hypobaric hypoxic mice had a decreased RV-
FAC (0.22 £ 0.035), as determined by an unpaired Student’s t-test (p = 0.0218), indicating
that chronic hypobaric hypoxia impaired right ventricular systolic function (Figure 1C,I).
We further detected the tricuspid annular plane systolic excursion (TAPSE) on an apical
four-chamber view, another indicator of RV systolic function. The average TAPSE of the
normoxic mice was 1.14 + 0.18 mm. Compared to the normoxic mice, the hypobaric
hypoxic mice had a significantly decreased average TAPSE of 0.65 & 0.029 mm (p = 0.0189,
unpaired Student’s t-test) (Figure 1D). We further detected the end-diastolic right ventricu-
lar internal diameter (RVIDd), which is an indicator of the degree of the right ventricular
enlargement, on the parasternal short-axis section view. The average RVIDd of the hypo-
baric hypoxic mice was 2.72 = 0.15 mm, which was longer than that of the normoxic mice
(1.78 = 0.11 mm), as analyzed by unpaired Student’s t-test (p = 0.0018) (Figure 1E). Thus,
hypobaric hypoxic exposure resulted in the enlarged right ventricle. The cardiac output
(CO) showed no difference between the normoxic mice and the hypobaric hypoxic mice,
as determined by unpaired Student’s t-test (p = 0.246) (Figure 1F). We further measured
the right ventricular systolic pressure (RVSP) and right ventricular end-diastolic pressure
(RVEDP) of the normoxic mice and the hypobaric hypoxic mice by means of right heart
catheterization. The hypobaric hypoxic mice exhibited elevated RVSP (17.72 & 1.79 mmHg)
compared to the normoxic mice (12.28 4= 0.19 mmHg), as analyzed by unpaired Student’s
t-test (p = 0.0394) (Figure 1G). The elevated RVSP reflects the increased right ventricular
afterload of the hypobaric hypoxic group. However, the RVEDP showed no significant
difference between the normoxic mice and the hypobaric hypoxic mice (p = 0.0776, unpaired
Student’s t-test) (Figure 1H). Hypobaric hypoxic mice also exhibited pulmonary vascular
remodeling compared with the normoxic control after 4 weeks of hypobaric hypoxic ex-
posure (Figure 1]). Taken together, these findings indicate that hypobaric hypoxia impairs
right ventricular function and results in pulmonary vascular remodeling.

2.2. TMP Improves Cardiac Function and Alleviates Myocardial Injury in Hypobaric
Hypoxic Mice

As TMP is widely used in treating ischemic cardiovascular diseases, we speculated
that TMP might alleviate the cardiac dysfunction induced by chronic hypobaric hypoxia
exposure. To test our hypothesis, we treated mice with saline (Hypoxia) or TMP at different
doses of 5 mg/kg (TMP5), 20 mg/kg (TMP20), and 100 mg/kg (TMP100) by means of
daily gavage for 4 weeks during hypobaric hypoxia exposure. The normoxic control adult
mice treated with saline (Normoxia) were maintained in a sea-level environment for a
similar period. Enalapril was chosen as the positive control, as enalapril is reported to
ameliorate hypobaric hypoxia-induced right ventricular hypertrophy and fibrosis [36].
The mice of the Ena group were treated with 20 mg/kg enalapril by means of daily
gavage for 4 weeks during hypobaric hypoxia exposure. Echocardiographic parameters
and serum biochemicals were detected following the 4-week treatment. The average
RVFAC of the Ena (0.46 + 0.11), TMP5 (0.50 + 0.08), TMP20 (0.48 + 0.10), or TMP100
(0.48 £ 0.11) groups was significantly higher than that of the Hypoxia group (0.26 £ 0.095),
as determined by one-way ANOVA with Dunnett’s multiple comparisons test (p < 0.05)
(Figure 2A). Thus, the TMP treatment improved the right ventricular systolic function
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under hypobaric hypoxia. We further detected TAPSE on an apical four-chamber view via
echocardiography. Compared with the Hypoxia group (0.72 £ 0.18 mm), the average TAPSE
of the TMP5 (1.07 £ 0.16 mm) or the TMP20 (1.05 £ 0.14 mm) groups was significantly
elevated (Dunnett’s test, p < 0.01), indicating that TMP treatment improved TAPSE under
hypobaric hypoxia (Figure 2B). Thus, TMP improves right ventricular systolic function.
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Figure 1. Chronic hypobaric hypoxia impairs right ventricular function. Six-week-old male mice were
kept in a hypobaric chamber with pressure at about 47 kPa (hypoxia) or in a sea-level environment
(normoxia) for four weeks. The following data were collected: (A) Body weights of normoxic and
hypobaric hypoxic mice (n = 5 per group); (B) Heart weight/body weight ratios of normoxic and
hypobaric hypoxic mice (n = 5 per group); (C-E) Measurements of the RVFAC (C), TAPSE (D),
and RVIDd (E) by means of echocardiography in normoxic (n = 4) and hypobaric hypoxic (1 = 5)
mice; (F) Measurements of CO by means of echocardiography in normoxic and hypobaric hypoxic
mice (n = 3 per group); (G,H) The RVSP (G) and RVEDP (H) measured by means of right heart
catheterization in normoxic and hypobaric hypoxic mice (n = 3 per group); (I) Representative images
of end-diastolic areas of the right ventricle on an apical four-chamber view; (J) Representative images
of pulmonary arterioles in normoxic and hypobaric hypoxic mice. The vascular wall thickness was
slightly increased in hypobaric hypoxic mice. Scale bars in upper images: 200 pum; scale bars in lower
images: 50 um. Data are shown as the mean =+ s.d. Statistical analyses in (A-H) were performed with
unpaired Student’s t-tests.
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Figure 2. TMP improves cardiac function and alleviates myocardial injury in hypobaric hypoxic mice.
Mice were treated with saline, enalapril (20 mg/kg), or TMP at different doses (5, 20, or 100 mg/kg)
by means of daily gavage for 4 weeks during hypobaric hypoxia exposure, named a Hypoxia group,
Ena group, TMP5 group, TMP20 group, and TMP100 group, respectively; Normoxic mice treated with
saline for 4 weeks served as a control, named a Normoxia group. The following data were collected
after the 4-week experiment: (A-D) Measurements of the RVFAC (A), TAPSE (B), RVIDs (C), and
RVIDd (D) by means of echocardiography in these groups (1 = 3 to 6 per group); (E) Representative

images of RVIDd measurement on a parasternal short-axis section view in normoxic and hypobaric
hypoxic mice in these groups; (F,G) Measurements of serum CK-MB (F) and «-HBDH (G) using
colorimetric assay kits with a cobas c311 analyzer in these groups (n = 3 to 5 per group); (H,I) Mea-
surements of serum cTNI (H) and NT-proBNP (I) using ELISA kits in these groups (n =5 to 9 per
group). Data are shown as the mean =+ s.d. Statistical analyses in (A-D,F-I) were performed with

one-way ANOVA with Dunnett’s multiple comparisons test.
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Then, we measured the end-systolic right ventricular internal diameter (RVIDs) and
RVIDd, indicators of the size of the right ventricular cavity, on the parasternal short-axis
section view via echocardiography. The average RVIDs of the Ena (1.14 £ 0.19 mm), TMP5
(1.01 £ 0.34 mm), TMP20 (0.98 +£ 0.31 mm), or TMP100 (0.87 £ 0.15 mm) groups was shorter
than that of the Hypoxia group (1.51 £ 0.22 mm), as determined by one-way ANOVA with
Dunnett’s multiple comparisons test (p < 0.05) (Figure 2C). Moreover, the average RVIDd of
the TMP5 (1.46 £ 0.16 mm), TMP20 (1.59 & 0.31 mm), or TMP100 (1.42 & 0.44 mm) groups
was shorter than that of the Hypoxia group (2.07 £ 0.29 mm), as determined by one-way
ANOVA with Dunnett’s multiple comparisons test (p < 0.05) (Figure 2D,E). These results
demonstrate TMP alleviates right ventricular enlargement.

We further detected the content of myocardial injury markers creatine kinase-MB
(CK-MB), a-hydroxybutyrate dehydrogenase (x-HBDH), and cardiac troponin I (cInl) in
mouse serum. Although the average CK-MB content of the Hypoxia group did not sig-
nificantly increase compared with that of the Normoxia group (Dunnett’s test, p = 0.1074),
the enalapril (243.6 & 78.38 U/L), 5 mg/kg TMP (229.3 + 127.10 U/L), 20 mg/kg TMP
(131.17 £ 90.68 U/L), or 100 mg/kg TMP (146.3 = 55.57 U/L) treatments reduced average
CK-MB content compared to saline treatment (503 £ 134.55 U/L) in hypobaric hypoxic
mice (Dunnett’s test, p < 0.01) (Figure 2F). We further analyzed the «-HBDH content of
these groups. The average ax-HBDH content of the Hypoxia group (681.25 & 275.81 U/L)
increased compared with that of the Normoxia group (355 £ 78.90 U/L), as determined
by Dunnett’s test (p < 0.01), indicating that hypobaric hypoxia resulted in myocar-
dial injury (Figure 2G). The Ena (204 4+ 72.15 U/L), TMP5 (169 + 57.38 U/L), TMP20
(150 +103.32 U/L), or TMP100 (105 + 30.62 U/L) group had reduced serum o-HBDH
content compared to the Hypoxia group (681.25 & 275.81 U/L) (Dunnett’s test, p < 0.01),
demonstrating that TMP treatment alleviated hypobaric hypoxia-induced myocardial
injury (Figure 2G). We next measured serum cTnl content using an enzyme-linked
immunosorbent assay (ELISA). Similarly, the average cTnl content of the Hypoxia
group (276.30 & 10.69 pg/mL) increased compared with that of the Normoxia group
(178.89 &+ 16.42 pg/mL) (Dunnett’s test, p < 0.001). The enalapril (228.73 & 11.62 pg/mL),
5mg/kg TMP (253.11 & 9.30 pg/mL), 20 mg/kg TMP (243.83 & 5.38 pg/mL), or 100 mg/kg
TMP (223.13 £ 7.30 pg/mL) treatments reduced average cTnl content compared to saline
treatment (276.30 & 10.69 pg/mL) in hypobaric hypoxic mice (Dunnett’s test, p < 0.001)
(Figure 2H). These results demonstrated TMP reduces hypobaric hypoxia-induced my-
ocardial injury. Hypoxia results in the release of brain natriuretic peptides (BNPs) and
amino-terminal pro-brain natriuretic peptides (NT-proBNP), which are indicators of cardiac
function. Thus, we next determined NT-proBNP levels in these groups. The average NT-
proBNP content of Hypoxia group (44.76 = 1.63 pg/mL) was higher than that of Normoxia
group (30.10 & 1.88 pg/mL ), as determined by Dunnett’s test (p < 0.001), demonstrating
that hypobaric hypoxia impaired cardiac function. The Ena (37.38 &+ 1.17 pg/mL), TMP20
(40.34 + 0.77 pg/mL), or TMP100 (37.41 + 1.70 pg/mL) groups had reduced NT-proBNP
content compared to the Hypoxia group (44.76 £ 1.63 pg/mL) (Dunnett’s test, p < 0.001),
indicating TMP treatment ameliorated hypobaric hypoxia-induced cardiac dysfunction
(Figure 2I).

Collectively, these results provide evidence that TMP improves RV function, relieves
RV enlargement, and alleviates myocardial injury in hypobaric hypoxic mice.

2.3. TMP Alleviates Hypobaric Hypoxia-Induced Cardiac Hypertrophy

We further evaluated whether TMP reversed the cardiac morphological changes
induced by hypobaric hypoxia. Mice from the Normoxia, Hypoxia, Ena, TMP5, TMP20,
and TMP100 groups described above were euthanized after a 4-week experiment, and the
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hearts were collected (Figure 3A). To evaluate the effect of TMP treatment on hypobaric
hypoxia-induced RV hypertrophy, we conducted hematoxylin—eosin staining on cross-
sections of heart tissues and measured RV wall thickness by Image] 1.52a software. The
average RV wall thickness of the Hypoxia group (2.75 %+ 0.13) significantly increased
compared to that of the Normoxia group (1.50 & 0.46), as determined by one-way ANOVA
with Dunnett’s test (Dunnett’s test, p < 0.001), indicating hypobaric hypoxia-induced RV
hypertrophy (Figure 3B,C). Furthermore, compared to the Hypoxia group (2.75 & 0.13), the
average RV wall thickness of the TMP100 group (2.05 £ 0.27) was significantly reduced,
although the average RV wall thickness of the Ena (2.33 &+ 0.30), TMP5 (2.40 £ 0.16),
and TMP20 (2.13 & 0.25) groups had no significant changes (Dunnett’s test, p > 0.05),
indicating that TMP alleviated hypobaric hypoxia-induced RV hypertrophy at a high dose.
We next detected the cardiomyocyte cross-sectional area by wheat germ agglutinin (WGA)
staining on cross sections of the heart tissues. The cardiomyocyte cross-sectional area
was calculated by tracing the outlines of cardiomyocytes using Adobe Photoshop CS6
software. Compared to the Hypoxia group (3.15 & 0.91), the TMP20 group (2.34 £ 0.64)
had significantly reduced average cardiomyocyte cross-sectional area, as determined by
one-way ANOVA with Dunnett’s test (Dunnett’s test, p < 0.001) (Figure 3D,E), although
Ena (2.91 &£ 0.81), TMP5 (2.59 £ 0.74), and TMP100 (2.72 £ 0.86) groups had no significant
changes (Dunnett’s test, p > 0.05) (Figure 3D,E). Furthermore, hypobaric hypoxia rendered
fragmented mitochondria, which was reversed by 20 mg/kg TMP treatment, as observed
under electron microscopy (Figure 3F). Collectively, these results demonstrate that TMP
alleviates hypobaric hypoxia-induced cardiac hypertrophy at high doses.

2.4. TMP Enhances Myocardial Contraction

To investigate the molecular mechanisms underlying the effects of TMP on hypobaric
hypoxia-induced cardiac dysfunction, we conducted RNA sequencing. The mice were
treated with saline (H) or 20 mg/kg TMP (H_TMP) by means of daily gavage for 4 weeks
during hypobaric hypoxia exposure. The normoxic control adult mice treated with saline
(N) were maintained in a sea-level environment for a similar period. The mice were eu-
thanized after a 4-week experiment, and the hearts were collected for RNA sequencing
analysis. A sample classification by means of principal component analysis (PCA) of all the
detected genes showed that the three groups were separate from each other (Figure 4A).
To further characterize the differentially expressed genes from the RNA sequencing data,
we set thresholds of p < 0.05 and |10g2FC | > 1 using the DESeq2 R package (1.42.1). In
total, 1563 upregulated genes and 401 downregulated genes were identified after hypo-
baric hypoxia exposure (Figure 4B). TMP treatment resulted in 81 upregulated genes and
315 downregulated genes in hypobaric hypoxic mice (Figure 4C). A Gene Ontology (GO)
analysis of biological processes indicated that compared with the normoxia (N) group,
genes related to heart contraction and muscle contraction were sharply downregulated in
the hypobaric hypoxia (H) group, whereas the TMP intervention (H_TMP) significantly
reversed these processes (Figure 4D). A further GO analysis of cellular components showed
that hypobaric hypoxia impaired the myofibrils, contractile fibers, sarcomeres, I-bands,
Z-discs, and T-tubules of cardiac myocytes; however, these impairments were reversed by
TMP treatment (Figure 4E,F). These results indicate that TMP enhances heart contraction
and maintains the myocardial fiber structure, which explains the improvement in cardiac
function with TMP treatment under hypobaric hypoxia.



Int. J. Mol. Sci. 2025, 26, 54

8 of 20

A
Normoxia

Hﬂll T f

B

Normoxia

D

Normoxia

Hypoxia

Hypoxia

Hypoxia

Normoxia

c P =0.0364
©
S P = 0.067
Ena TMP5  TMP20  TMP100 47 S STomes
" _—
o P=0.2979
; ] — —
3 3
i e
22
RO
4
@ @ & H NN \}
Ena TMP5 TMP20  TMP100 @‘f\ < $ ¢
eo‘ Q\* ,\Q
- P =0.0798
£ 8 P = 0.0008
o
TMP5 TMP20  TMP100 S P=00693
o P =0.5686
6-

Hypoxia TMP20
L —— -

Relative myocyte area

Figure 3. TMP alleviates hypobaric hypoxia-induced cardiac hypertrophy. Mice were treated with
saline, enalapril (20 mg/kg), or TMP at different doses (5, 20, or 100 mg/kg) by means of daily gavage
for 4 weeks during hypobaric hypoxia exposure, named a Hypoxia group, Ena group, TMP5 group,
TMP20 group, and TMP100 group, respectively. Normoxic mice treated with saline for 4 weeks served
as a control, named a Normoxia group. The following data were collected after the 4-week experiment:
(A) Representative photographs of hearts derived from these groups; (B) Representative H&E staining
of the myocardial cross sections derived from these groups. Scale bar: 1 mm; (C) Statistical analysis of
the relative right ventricular wall thickness as mentioned in (B) (1 = 3 per group); (D) Representative
images of wheat germ agglutinin (WGA) staining in myocardial tissues derived from these groups.
Scale bar: 10 um; (E) Quantification of the relative cardiomyocyte cross-sectional area as mentioned
in (D) (n = 3 mice per group); (F) Representative electron microscope images of mitochondria in the
myocardial tissues derived from the Normoxia, Hypoxia, and TMP20 groups. Scale bar: 2 um. Data
are shown as the mean =+ s.d. Statistical analyses in (C,E) were performed with one-way ANOVA
with Dunnett’s multiple comparisons test.
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Figure 4. TMP enhances myocardial contraction. Hypobaric hypoxic mice were treated with saline
(H, n =3) or TMP at 20 mg/kg (H_TMP, n = 3) daily for 4 weeks during hypobaric hypoxia exposure.
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Normoxic mice were treated with saline for 4 weeks (N, = 3). (A) Unsupervised classification using
principal component analysis (PCA) on the cardiac global gene expression profiles generated via bulk
RNA sequencing. (B) Volcano plot of differentially expressed genes for the hypobaric hypoxia group
versus the normoxia group (H vs. N) (p-value < 0.05, |log2(fold change)| > 1). (C) Volcano plot
of differentially expressed genes for the TMP-treated hypobaric hypoxia group versus the control
solvent-treated hypobaric hypoxia group (H_TMP vs. H) (p-value < 0.05, |log2(fold change) | > 1).
(D) GO biological process (BP) enrichment of differentially expressed genes in H vs. N and H_TMP
vs. H. (E) GO cellular component (CC) enrichment of differentially expressed genes in H vs. N and
H_TMP vs. H. (F) Network diagram of GO CC enriched terms and linked genes. Red indicates
downregulated genes in the H vs. N cluster, and blue indicates upregulated genes in the H_TMP vs.
H cluster. The point size corresponds to the gene number.

2.5. TMP Inhibits Hypobaric Hypoxia-Induced CaMKII Activation in Mouse Heart

The serine/threonine protein kinase CaMKII is activated by Ca?* and has been shown
to be involved in several pathological cardiac conditions. CaMKII activation mediates the
hypoxia-induced increase in the late sodium current [35]. Thus, we detected the phos-
phorylation levels of CaMKII} in the heart tissues of normoxic and hypobaric hypoxic
mice. Indeed, compared to 4-week normoxic exposure, 4-week hypobaric hypoxic exposure
increased the phosphorylation levels of CaMKIIS in the heart, indicating that CaMKIId
was activated by hypobaric hypoxia (Figure 5A). Daily TMP treatment at 20 mg/kg dur-
ing 4-week hypobaric hypoxic exposure (Hypoxia + TMP) significantly decreased the
CaMKIId phosphorylation levels in heart tissues compared to saline treatment during
hypobaric hypoxic exposure (Hypoxia + Saline) (Figure 5B), demonstrating that TMP in-
hibits hypobaric hypoxia-induced CaMKII$ activation. As CaMKII activation facilitated
hypertrophy-related gene transcription [31], we further examined the levels of the hyper-
trophic gene Nppb in the heart tissues by means of qPCR. Compared to 4-week normoxic
exposure (1.07 & 0.13), 4-week hypobaric hypoxic exposure (5.15 + 1.64) increased the
Nppb transcription levels in the heart (Tukey’s test, p < 0.01), indicating that hypobaric
hypoxia increased hypertrophy-related gene transcription (Figure 5C). Daily TMP treat-
ment at 20 mg/kg during 4-week hypobaric hypoxia exposure (1.68 & 0.84) significantly
decreased the Nppb transcription levels compared to the saline treatment during hypobaric
hypoxia exposure (5.15 & 1.64), as determined by one-way ANOVA with Tukey’s multiple
comparisons test (Figure 5C). These results demonstrate that TMP decreases hypobaric
hypoxia-induced CaMKII activation in mice hearts.

2.6. TMP Improves Cardiac Function Through Inhibiting CaMKII Activation in Hypobaric
Hypoxic Mice

As CaMKII is a major determinant of cardiac function, we next examined whether
TMP improved cardiac function in a CaMKII-dependent manner. KN93 is a cell-permeable,
reversible, and competitive inhibitor of CaMKII [37]. Thus, we utilized KN93 to study the
role of CaMKII in hypobaric hypoxic mouse hearts and determine whether TMP exerted
an effect through CaMKII. The mice were treated with saline (Ctrl), 10 mg/kg TMP (TMP),
1.5 mg/kg KN93 (KN93), or both 10 mg/kg TMP and 1.5 mg/kg KN93 (TMP_KN93) daily
during normoxia or hypobaric hypoxia exposure for 4 weeks. The TMP solution was given
by gavage, while the KN93 solution was given by intraperitoneal injection. Saline was
given to mice to ensure that each mouse was given the same amount of solvent.
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Figure 5. TMP inhibits hypobaric hypoxia-induced CaMKII activation in mouse hearts. (A) Mice
were exposed to normoxia or hypobaric hypoxia for 4 weeks, after which they were euthanized, and
the expressions of p-CaMKII5, CaMKII5, and GAPDH in heart tissues were detected by Western blot
analysis (n = 5 mice per group). (B) Mice were treated with saline (Hypoxia + Saline) or 20 mg/kg
TMP (Hypoxia + TMP) during 4-week hypobaric hypoxia exposure. Mice treated with saline during
4-week normoxia (Normoxia + Saline) served as a negative control. The expressions of p-CaMKII,
CaMKIIS, and GAPDH in heart tissues from these mice were detected by Western blot analysis (n = 3
or 4 mice per group). (C) Relative mRNA levels of Nppb in heart tissues from mice mentioned in (B)
(n = 3 to 4 mice per group). Data are shown as the mean =+ s.d. Statistical analyses in (C) were
performed with one-way ANOVA with Tukey post hoc tests.

Under normoxia, TMP or KN93 had no effect on RVFAC, as determined by two-
way ANOVA with Holm-Sidak’s multiple comparisons test (p > 0.05) (Figure 6A). Under
hypobaric hypoxia, the TMP group (0.39 + 0.08) or the KN93 group (0.42 + 0.09) had
increased average RVFAC compared to the Ctrl group (0.22 % 0.09), as determined by
two-way ANOVA with Holm-Sidak’s multiple comparisons test (p < 0.01) (Figure 6A),
demonstrating that CaMKII inhibition improves right ventricular systolic function under
hypobaric hypoxia. Moreover, under hypobaric hypoxia, compared to the KN93 group
(0.42 = 0.09), the TMP_KNO93 group (0.38 £ 0.06) had similar average RVFAC (Holm-
Sidak’s test, p > 0.05), demonstrating that TMP treatment did not further increase the
RVFAC when utilized together with KN93 compared to KN93 alone; thus, TMP improves
right ventricular systolic function in a CaMKII-dependent manner (Figure 6A). We further
measured TAPSE in these groups. Under normoxia, TMP or KN93 had no effect on TAPSE,
as determined by two-way ANOVA with Holm-Sidak’s multiple comparisons test (p > 0.05)
(Figure 6B). Under hypobaric hypoxia, the TMP group (1.18 &+ 0.24 mm) had an increased
average TAPSE compared to the Ctrl group (0.89 £ 0.10 mm) (Holm-Sidak’s test, p < 0.05).
However, KN93 at 1.5 mg/kg (1.12 & 0.15 mm) had no obvious effect on TAPSE compared to
saline (0.89 & 0.10 mm) under hypobaric hypoxia (Holm-Sidak’s test, p > 0.05), which might
be caused by insufficient KN93 dose (Figure 6B). We next determined the RVIDd in these
groups. Under normoxia, TMP or KN93 had no effect on RVIDd, as determined by two-
way ANOVA with Holm-Sidak’s multiple comparisons test (p > 0.05) (Figure 6C). Under
hypobaric hypoxia, the TMP group (1.59 £ 0.28 mm) or the KN93 group (1.48 & 0.23 mm)
had decreased average RVIDd compared to the Ctrl group (1.98 & 0.06 mm), as determined
by two-way ANOVA with Holm-Sidak’s multiple comparisons test (p < 0.01) (Figure 6C,D),
demonstrating that CaMKII inhibition alleviated right ventricular enlargement under
hypobaric hypoxia. Moreover, under hypobaric hypoxia, compared to the KN93 group
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(1.48 £ 0.23 mm), the TMP_KN93 group (1.65 & 0.26 mm) had similar average RVIDd
(Holm-Sidak’s test, p > 0.05), demonstrating TMP treatment did not further decrease the
RVIDd when utilized together with KN93 compared to KN93 alone; thus, TMP relieves right
ventricular enlargement in a CaMKII-dependent manner (Figure 6C,D). Taken together,
these results demonstrate that TMP improves cardiac function through inhibiting CaMKII
activation in hypobaric hypoxic mice.
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Figure 6. TMP improves cardiac function by inhibiting CaMKII activation in hypobaric hypoxic
mice. The mice were treated with saline (Ctrl), 10 mg/kg TMP (TMP), 1.5 mg/kg KN93 (KN93),
or both 10 mg/kg TMP and 1.5 mg/kg KN93 (TMP_KN93) daily during normoxia or hypobaric
hypoxia exposure for 4 weeks. The following data were collected: (A-C) Measurements of the
RVFAC (A), TAPSE (B), and RVIDd (C) by means of echocardiography in the Ctrl, TMP, KN93, and
TMP_KNO93 groups after 4-week normoxia or hypobaric hypoxia exposure (1 = 3 to 7 per group);
(D) Representative images of RVIDd measurement on a parasternal short-axis section view in these
groups described in (C); Data are shown as the mean + s.d. Statistical analyses in (A-C) were
performed with two-way ANOVA with Holm-Sidak’s multiple comparisons test.

2.7. TMP Alleviates Cardiac Hypertrophy Through Inhibiting CaMKII Activation in Hypobaric
Hypoxic Mice

We further examined whether TMP alleviates cardiac hypertrophy in a CaMKII-
dependent manner. Mice from the Ctrl, TMP, KN93, and TMP_KN93 groups described
above were euthanized after 4-week normoxic or hypobaric hypoxic exposure, and
the hearts were collected (Figure 7A). We further conducted hematoxylin—eosin stain-
ing on cross-sections of heart tissues and measured RV wall thickness by Image] soft-
ware (Figure 7B). Under normoxia, TMP or KN93 had no effect on RV wall thick-
ness, as determined by two-way ANOVA with Holm-Sidak’s multiple comparisons test
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(p > 0.05) (Figure 7C). Under hypobaric hypoxia, the TMP group (1.13 & 0.21) or the KN93
group (1.16 £ 0.05) had decreased average RV wall thickness compared to the Ctrl group
(1.62 £ 0.12), as determined by two-way ANOVA with Holm-Sidak’s multiple compar-
isons test (p < 0.01) (Figure 7C), indicating that CaMKII inhibition alleviated hypobaric
hypoxia-induced RV hypertrophy. Moreover, under hypobaric hypoxia, compared to the
KN93 group (1.16 +£ 0.05), the TMP_KN93 group (1.14 £ 0.21) had similar average RV wall
thickness (Holm-Sidak’s test, p > 0.05) (Figure 7C), demonstrating that TMP treatment did
not further decrease the RV wall thickness when utilized together with KN93 compared to
KN93 alone; thus, TMP alleviates hypobaric hypoxia-induced cardiac hypertrophy through
inhibiting CaMKII activation.
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Figure 7. TMP alleviates cardiac hypertrophy by inhibiting CaMKII activation in hypobaric hypoxic
mice. Mice were treated with saline (Ctrl), 10 mg/kg TMP (TMP), 1.5 mg/kg KN93 (KN93), or both
10 mg/kg TMP and 1.5 mg/kg KN93 (TMP_KNO93) daily during normoxia or hypobaric hypoxia
exposure for 4 weeks. The following data were collected after 4-week experiment: (A) Representative
photographs of hearts derived from these groups; (B) Representative H&E staining of the myocardial
cross sections derived from these groups. Scale bar: 1 mm; (C) Statistical analysis of the relative right
ventricular wall thickness (RVW) as mentioned in (B) (1 = 4 to 8 per group). Data are shown as the
mean = s.d. Statistical analyses in (C) were performed with two-way ANOVA with Holm-Sidak’s
multiple comparisons test.

3. Discussion

TMP exerts therapeutic effects against a variety of cardiovascular diseases, such as
atherosclerosis, myocardial ischemia, arrhythmia, and dilated cardiomyopathy [14,38—40].
The pharmacological effects of TMP include antioxidant, anti-inflammatory, anti-platelet,
and anti-apoptotic effects [41-43]. Nevertheless, there have been no previous clues indica-
tive of the possible effect of TMP on high-altitude-induced cardiac dysfunction. In this
study, we observed the benefits of TMP treatment to mouse hearts under simulated high-
altitude hypobaric hypoxia, with protective effects against RV dysfunction, RV dilation,
and cardiac hypertrophy.
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Excessive CaMKII activation can contribute to dilated cardiomyopathy, myocardial
hypertrophy, heart failure, myocardial ischemia, and arrhythmia through a variety of
processes. The inhibition of CaMKII results in enhanced contractility in the isolated my-
ocardium of a failing heart. The mechanism involves restoring the Ca?* load in the sar-
coplasmic reticulum [28]. However, the role of CaMKII in hypobaric hypoxia-induced
cardiac dysfunction remains elusive. In this study, we found that CaMKII phosphorylation
was increased in mouse hearts after chronic hypobaric hypoxia exposure, demonstrating
that CaMKII is activated by such exposure. Although we did not further investigate the
underlying mechanism, we speculate that chronic 3-adrenergic activation might contribute
to CaMKII phosphorylation as high-altitude exposure results in activation of the adren-
ergic system, which increases intracellular Ca?* levels, leading to calcified calmodulin
(Ca?*/CaM) binding to CaMKII [25,44,45]. By utilizing the CaMKII inhibitor KN93, we
found that CaMKII inhibition protected mice from decreased contractile function and
cardiac hypertrophy under chronic hypobaric hypoxia. Thus, we uncovered a function
of CaMKII in controlling cardiac function and hypertrophy under chronic hypobaric hy-
poxia, and we suggest CaMKII as a potential target for cardiac dysfunction induced by
high-altitude exposure.

As a calcium antagonist, TMP prevents intracellular calcium overload by blocking
the entry of extracellular calcium or by inhibiting the release of intracellular calcium
stores [46—48]. As intracellular calcium is a key activator of CaMKII, we speculate that TMP
might inhibit CaMKII activation by suppressing intracellular calcium overload. However,
the exact mechanism still needs further investigation.

Cardiac muscle cells are enriched in mitochondria (35% of their cell volume) due to the
high energy demands of the heart. A majority of the ATP generated through oxidative phos-
phorylation is required to sustain the Ca?*-dependent contraction of cardiomyocytes [49].
Consequently, the maintenance of mitochondrial homeostasis is crucial for proper heart
function. In this study, we found that chronic hypobaric hypoxia exposure dramatically
altered the mitochondrial morphology in mouse hearts, characterized by a disordered
arrangement and reduced mitochondrial size (Figure 3F), which may contribute to the im-
pairment in cardiac function under hypobaric hypoxia. Indeed, previous studies indicated
that chronic hypobaric hypoxia led to a decrease in the size of mitochondria and an increase
in their number in adult rats, and it also modestly reduced electron transfer chain com-
plex activity [50]. Moreover, hypoxia damages mitochondrial components, compromises
cellular energy storage, and influences mitochondrial dynamics and the mitochondrial
cell death pathways [51]. CaMKII activation has been reported to result in the opening of
mitochondrial permeability transition pores (mPTPs) and increased reactive oxygen species
production, indicating that activated CaMKII causes mitochondrial injury [52]. Thus, acti-
vated CaMKII may be one contributor to mitochondrial impairment in hypobaric hypoxic
mouse hearts. However, future works should be performed to elucidate whether CaMKII-
mitochondrion signaling exists and causes cardiac dysfunction in hypobaric hypoxic mouse
hearts.

Overall, we propose a model in which TMP protects against hypobaric hypoxia-
induced cardiac dysfunction by inhibiting CaMKII overactivation. TMP not only improves
cardiac function but also alleviates myocardial injury and cardiac hypertrophy in hypobaric
hypoxic mice. This discovery suggests that TMP is a promising drug candidate for treating
cardiac dysfunction induced by high-altitude exposure.
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4. Materials and Methods
4.1. Animals

The C57BL/6 ] mice used in this study were bred in a pathogen-free environment. All
the animal experiments adhered to the ethics of animal research. For the hypobaric hypoxia
exposure, 6-week-old male mice were kept in a hypobaric chamber with the pressure at
about 47 kPa (equivalent to the atmospheric pressure at 6000 m) for 4 weeks. For the
TMP (Macklin, Shanghai, China, T819555) or enalapril (Macklin, E830566) treatments, mice
were administered with TMP or enalapril dissolved in saline at the indicated dose daily by
gavage during normoxic or hypobaric hypoxic exposure. For the KN93 (MCE, HY-15465)
treatment, mice were intraperitoneally injected with KN93 dissolved in 0.5% DMSO at
1.5 mg/kg/day. The vehicle control groups were given an equivalent volume of saline or
0.5% DMSO.

4.2. Echocardiography

The mice were shaved with depilatory creams and then anesthetized with 3% isoflu-
rane (RWD, R510-22-10) in a chamber. The anesthesia states were maintained with 1.5%
isoflurane, administered through a mask. The mice were laid on a platform with all four
limbs linked to electrocardiogram electrodes. The echocardiographs were detected using
a VINNO 6LAB real-time ultrasound scanner. The echocardiograph at the apical four-
chamber view was obtained by placing the probe at the apex of the mouse’s heart, with the
probe’s mark point facing the mouse’s left forelimb. The outlines of the RV end-diastolic
area and RV end-systolic area were traced at the apical four-chamber view, and the RVFACs
were calculated using the following formula: (RV end-diastolic area—RV end-systolic
area)/(RV end-diastolic area) x 100%. The TAPSE was obtained by placing the sampling
line on the lateral tricuspid annulus and tracking the displacement of the tricuspid annulus
from end-diastole to end-systole at the apical four-chamber view. The echocardiograph at
the parasternal short-axis view was obtained by placing the probe in a parasternal position,
with the probe’s mark pointing toward the 3 o’clock direction. The RVID was measured at
an apical four-chamber view using Adobe Photoshop software. The CO was measured and
calculated using methods described in the literature [53].

4.3. Hemodynamic Measurements

Mice were given 2-3% isoflurane gas and fixed on a mouse plate. A median incision
was made after neck skin preparation, and approximately 0.6 cm of the external jugular
vein was freed. The upper vein was ligated with surgical thread. A polyethylene catheter
was connected to a pressure sensor, which was then connected to a Data Acquisition System
(PowerLab, AD instruments, New South Wales, Australia). A syringe with heparin saline
was connected to the system using a tee tube to flush the tube and prevent coagulation. A
“V” incision was gently cut into the external jugular vein, and the catheter tip was guided
along the “V” incision into the vein. The catheter was fixed by means of ligation of the
lower vein. The catheter was advanced into the right ventricle to obtain the right ventricular
end-diastolic pressure (RVEDP) and the right ventricular systolic pressure (RVSP).

4.4. RNA Sequencing and Data Analysis

The transcriptomic alterations were detected by means of RNA sequencing. Mice were
kept under normoxic or hypobaric hypoxic conditions and gavaged with control solvent
or TMP (20 mg/kg) daily for 4 weeks. Heart tissues from the mice were then collected
for total RNA extraction using TRIzol reagents (15596026, Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA). Sequencing library preparation and RNA sequencing were
performed using Illumina platforms at Novogene Technology Company (Beijing, China).
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After data quality control using Fastp (version 0.23.1), HISAT2 (version 0.1.6-beta) was
used to map clean reads to the mouse genome. The differentially expressed genes (DEGs)
were selected with p < 0.05 and [1og2FC | > 1 as the thresholds using DEseq2 (version 1.5.3).
GO enrichment analyses of the biological processes and cellular components of the DEGs
were performed using the R package clusterProfiler (version 4.10.0).

4.5. Measurement of Myocardial Injury Markers

The mice were anesthetized, and their blood was collected. The serum was retained
after blood centrifugation. The CK-MB and «-HBDH contents in serum were detected using
a CK-MB colorimetric assay kit (07190808190, Roche, Basel, Switzerland) and an x-HBDH
colorimetric assay kit (06750036190, Roche, Basel, Switzerland) with cobas c311 analyzer
(Roche, Basel, Switzerland), following the established protocols. The concentrations of
NT-proBNP (MM-0558M2, MEIMIAN, Yancheng, Jiangsu, China) and ¢TNI (MM-46632M1,
MEIMIAN, Jiangsu, China) were detected using enzyme-linked immunosorbent assay
(ELISA) kits. Briefly, 10 uL of serum was added to the coated wells of the ELISA plate,
followed by incubation at 37 °C for 30 min. The wells were washed five times, and HRP-
conjugated enzyme reagent was added. After incubation at 37 °C for another 30 min,
the wells were washed five times, and chromogenic solutions A and B were added. The
plate was incubated at 37 °C for 10 min for color development. The reaction was stopped
by adding the stop solution, and the optical density (OD) values were measured on a
microplate reader (VICTOR X, PerkinElmer, Waltham, MA, USA) within 15 min.

4.6. Histology

Heart tissues were fixed with 4% formaldehyde for two days, and then the tissues
were dehydrated by alcohol at 70%, 80%, 90%, and 100% concentrations for 2 min each. The
tissues were then placed in xylene for 1 h and then embedded in paraffin. The embedded
tissues were sectioned using a slicer (RM2125 RTS, Leica, Wetzlar, Germany) to obtain
4 pm slices. The thin slices were floated on a warm water bath to flatten and then picked
up on a glass microscope slide. The slides were dried and immersed in xylene for 10 min
to dewax. Then, the slides were rehydrated by graded alcohols at 70%, 80%, 90%, and
100% concentrations for 2 min each. Then, the slides were stained with hematoxylin for
2 min and rinsed with water. The slides were then stained with eosin for 5 min and rinsed
with water. Then, the slides were dehydrated through a series of alcohol solutions (80%,
90%, and 100%) and cleared with xylene. Then, the slides were sealed by coverslips. The
slides were scanned by a scanner (Pannoramic DIMI, 3DHISTECH, Budapest, Hungary)
and viewed by CaseViewer2.4 software. The relative right ventricular wall thickness was
measured using Image] software. The average value of the right ventricular wall thickness
measured at ten different locations is taken as the right ventricular wall thickness for each
sample.

4.7. Wheat Germ Agglutinin (WGA) Analyses

Heart tissues were collected and fixed with 4% formaldehyde for two days, and then,
the tissues were dehydrated through a series of graded alcohol solutions (70%, 80%, 90%,
and 100% ethanol) to remove water. The tissues were then placed in xylene and embedded
in paraffin. The embedded tissues were sectioned using a slicer (Leica, RM2125 RTS). The
slides were dewaxed and dehydrated through graded alcohols. Then, the slides were
placed in the citrate solution and heated for antigen retrieval. Then, the slides were washed
twice with phosphate buffer. A stock solution of iF488-wheat germ agglutinin (G1730,
Servicebio, Wuhan, China) was diluted to 5 ug/mL by PBS, and 50 uL of diluted solution
was added to each slide. Then, the slides were protected from light and incubated for one
hour at room temperature. Then, the sections were rinsed three times with phosphate buffer
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and mounted. The sections were visualized using a microscope (Ti-E, Nikon, Tokyo, Japan).
The cross-sectional area of the cardiomyocytes was calculated by tracing the outlines of
cardiomyocytes using Adobe Photoshop software.

4.8. Transmission Electron Microscopy

Heart tissues from the mice were sectioned into small pieces (1-2 mm?) and then
fixed in a solution of 2.5% glutaraldehyde. Following this, the samples were incubated for
2h with 1% osmium tetroxide. The samples were dehydrated through a graded series of
acetone to remove water. Then, the samples were infiltrated with a mixture of resin and
acetone, after which the samples were embedded in resin and sectioned using a Leica UC
Enuity to obtain slices (70-100 nm). The slices were stained with lead citrate solution and a
50% ethanol-saturated solution of uranyl acetate for 15 min each and then observed under
a transmission electron microscope (HT7800, Hitachi, Tokyo, Japan).

4.9. Western Blots

Heart tissues were weighed, and 100 mg of tissue was added with 1 mL of RIPA lysis
buffer (P0013B, Beyotime, Shanghai, China). Then, the tissues were ground into tissue
homogenate using a homogenizer (AM100, Ants scientific instruments, Beijing, China).
The tissue homogenate was centrifuged, and the supernatant was collected for Western
blot analyses. Then, the tissue lysates were mixed with loading buffer (Servicebio, G2013)
and denatured by boiling for 10 min. The samples were loaded onto SDS-PAGE gels to
separate the proteins at 100 V, after which the proteins on the gels were transferred to PVDF
membranes at 90 mA, 3 h. After blocking with 5% skim milk for 1 h at room temperature,
the membranes were incubated with primary antibodies targeting the following proteins
for 3 h at room temperature: CaMKIIb (20667-1-AP, Proteintech, Wuhan, China) at 1:5000
dilution; p-CaMKIIS (YP0781, Immunoway, Plano, TX, USA) at 1:500 dilution; and GAPDH
(60004-1-Ig, Proteintech, Wuhan, China) at 1:5000 dilution. Then, the membranes were
incubated with HRP-conjugated secondary antibodies (ZB-2301, ZSGB-BIO, Chengdu,
China) at 1:5000 dilution and detected using an enhanced chemiluminescence (ECL) system
(SuperSignal™ West Pico PLUS, Thermo Scientific, Waltham, MA, USA) according to the
manual. The original Western Blots can be found in Supplementary Materials.

4.10. Reverse Transcription Quantitative PCR (RT-qgPCR)

A quantity of 50 mg of heart tissue was lysed with 1 mL of TRIzol reagent on ice. Every
1 mL of lysate was added with 0.2 mL of chloroform. The mixtures were centrifuged, and
the aqueous phase was retained. The RNA was precipitated by adding an equal amount of
isopropanol to the retained aqueous phase. Oligo (dT) primers that specifically bind to the
Poly (A) tail of mRNA were used to generate cDNA via PCR using a reverse transcription
assay kit (A230, Genstar, Beijing, China) with the following PCR procedure: 42 °C, 15 min;
85 °C, 5; 4 °C, 4 min. The commercial JPCR super mix (AQ631, TransGen Biotech, Beijing,
China) was used to perform quantitative PCR according to the recommended procedure
on a quantitative PCR system (CFX96, Biorad, Hercules, CA, USA) with the following
procedure: hold stage (95 °C, 3 min); PCR stage (40 cycles: 95 °C, 10's; 56 °C, 30's; 72 °C,
20 s); melt curve stage (95 °C, 10 s; 65 °C, 1 min; 65 °C to 95 °C, increment 0.5 °C/s). The
relative expression of mNppb was calculated by means of the AACt method and was nor-
malized to that of mGapdh. RT-qPCR primers: mNppb: F: GAGGTCACTCCTATCCTCTGG,
R: GCCATTTCCTCCGACTTTTCTC; mGapdh: F: AGGTCGGTGTGAACGGATTTG; R:
TGTAGACCATGTAGTTGAGGTCA.
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4.11. Statistical Analysis

The two-tailed Student’s ¢-test was used to determine the significance of differences
between the two groups. One-way ANOVA was employed to compare three or more
groups. Two-way ANOVA was used to compare three or more groups with two different
factors. GraphPad Prism 7 was used to analyze the data and draw the figures. Data are
shown as the mean =+ s.d. Error bars represent the standard deviation (s.d.) of the mean.
p < 0.05 was considered to indicate a statistically significant difference.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ijms26010054/s1.
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