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ABSTRACT

Background. Hypoxia-inducible factor (HIF)-1 is involved in the regulation of hypoxic
preconditioning in cardiomyocytes. Under hypoxic conditions, HIF-1a accumulates
and is translocated to the nucleus, where it forms an active complex with HIF-1f3 and
activates transcription of approximately 60 kinds of hypoxia-adaptive genes. Micro-
tubules are hollow tubular structures in the cell that maintain cellular morphology
and that transport substances. This study attempted to clarify the role of microtubule
structure in the endonuclear aggregation of HIF-1a following hypoxic preconditioning
of cardiomyocytes.

Methods. Primary rat cardiomyocytes were isolated and cultured. The cardiomyocyte
culture system was used to establish a hypoxia model and a hypoxic preconditioning
model. Interventions were performed on primary cardiomyocytes using a microtubule-
depolymerizing agent and different concentrations of a microtubule stabilizer. The
microtubule structure and the degree of HIF-1a nuclear aggregation were observed by
confocal laser scanning microscopy. The expression of HIF-1a in the cytoplasm and
nucleus was detected using Western blotting. Cardiomyocyte energy content, reflected
by adenosine triphosphate/adenosine diphosphate (ATP/ADP), and key glycolytic
enzymes were monitored by colorimetry and high-performance liquid chromatography
(HPLC). Reactive oxygen species (ROS) production was also used to comprehensively
assess whether microtubule stabilization can enhance the myocardial protective effect
of hypoxic preconditioning.

Results. During prolonged hypoxia, it was found that the destruction of the microtubule
network structure of cardiomyocytes was gradually aggravated. After this precondition-
ing, an abundance of HIF-1a was clustered in the nucleus. When the microtubules
were depolymerized and hypoxia pretreatment was performed, HIF-1a clustering
occurred around the nucleus, and HIF-1a nuclear expression was low. The levels of
key glycolytic enzymes were significantly higher in the microtubule stabilizer group
than in the hypoxia group. Additionally, the levels of lactate dehydrogenase and ROS
were significantly lower in the microtubule stabilizer group than in the hypoxia group.
Conclusion. The microtubules of cardiomyocytes may be involved in the process
of HIF-1a endonuclear aggregation, helping to enhance the anti-hypoxic ability of
cardiomyocytes.
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INTRODUCTION

The hypoxia-induced injury of cardiomyocyte is a major cause of preoperative and death
in patients with coronary heart disease (Rossini et al., 2014). In 1986, Murry, Jennings

& Reimer (1986) proposed the concept of hypoxic Preconditioning (HPC), namely,
that repeated exposure to brief periods of hypoxic in advance can reduce subsequent
cardiomyocyte injury caused by long-term ischemia. HPC has a close relationship with
Hypoxia-inducible factor (HIF-1). HIF-1 is a nuclear transcription factor of cardiomyocytes
that is expressed under hypoxic conditions (Shohet ¢ Garcia, 2007). Hypoxia can activate
many hypoxia adapted genes improve the anti-hypoxia ability of cardiomyocytes. The
present study has clarified that HIF-1 is a heterodimer transcription factor consisting of
o and P subunits (Tuomainen & Tavi, 2017). When hypoxia occurs, HIF-1a accumulates
in the cytoplasm before being transferred to the nucleus and associating with f subunits
to form the HIF-1af} complex, thus activating downstream hypoxia responsive genes,
such as erythropoietin (EPO), vascular endothelial growth factor (VEGF), and glucose
transferase (Glut-1) (Tuomainen ¢ Tavi, 2017). These hypoxia-responsive genes can all
increase the blood supply to myocardial tissue, improve the energy metabolism after
myocardial ischemia, reduce the myocardial infarction area, and protect the myocardium
as a result (Jain et al., 2013; Kim, Rhim ¢ Lee, 2011; Ong & Hausenloy, 2012). HIF-1a
nuclear translocation is a key step in the activation of endogenous myocardial protection
mechanisms by HIF-1. Unfortunately, the specific mechanism and factors influencing
HIF-1a nuclear translocation have not yet been fully elucidated.

Microtubules are hollow tubular structures in the cell and are composed of 2 subunits:
the a and [ subunits. In addition, they are also involved in the formation of a variety of
microtubule associated proteins (MAPs) that aid in microtubule function (Miragoli et al.,
2016). Cardiomyocyte microtubules are distributed parallel to the distribution of muscle
fibers and are wrapped around the nucleus (Kumarapeli & Wang, 2004). Additionally, they
are distributed throughout the cytoplasm in the cardiomyocytes, with one end connected
to the nucleus and the other end connected to the muscle cytoplasm (Robison & Prosser,
2017). These distribution characteristics play an important role in maintaining the normal
morphology and position of the nucleus (Xiaodong et al., 2015). Microtubules also maintain
cell morphology as an intracellular material transport pathway. It has been reported that
many important transcription factors, such as p53, androgen receptor, thyroxin and
glucocorticoid receptor 3, may be directly combined with nerve cell microtubules and
expressed prokaryotically throughout the microtubule structure (Jiang ef al., 2015). Once
the microtubule network structure is lost, the levels of key glycolytic factors also decrease
significantly.

Studies have reported that damaged microtubule structures might lead to decreased
expression of the HIF-1a protein and its associated downstream hypoxia-responsive
proteins or signaling pathways in tumor cells and some hypoxic cells (Duyndam et al.,
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2007; Escuin, Kline & Giannakakou, 2005). Considering the above results, we proposed
the following scientific hypotheses that cardiomyocyte microtubules may play a key role
in the nuclear translocation of HIF-1a, and the stabilization of microtubule structure
can enhance the resistance of myocardial HPCs to hypoxia injury. To clarify the above
hypotheses, we cultivated primary cardiomyocytes, established a hypoxia injury model
in cardiomyocytes through hypoxia preconditioning, and attempted to clarify the role
of microtubule structure in HIF-1a nuclear translocation by observing the intracellular
distribution of HIF-1a with immunofluorescence staining.

MATERIALS AND METHODS

Primary cardiomyocyte culture

This research was performed in accordance with the guidelines formulated by the Animal
Welfare Act of Xinjiang Medical University and the Care and Application Guideline of
Experimental Animals of Xinjiang Medical University. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the First Affiliated Hospital of Xinjiang
Medical University (Permit Number: IACUC-20130217059). Animals were housed in an
environment with a constant temperature and light/dark cycles and with access to water
and food. The male and female Sprague Dawley (SD) rats used in this study were given
standard rodent chow.

Separation of primary cardiomyocytes

SD rats were selected within 24 h of birth and were anesthetized with 5% of isoflurane
and then subjected to cervical dislocation. After disinfection, rat hearts were removed
via thoracotomy and immediately rinsed three times with precooled PBS, after which
the atrium was removed. The rest of the ventricles were cut into 0.5 m3-sized blocks,
which were placed into a centrifuge tube before 2 ml 0.125% trypsin was added. Then, the
samples were digested in a water bath at 37 °C for 8 min. The supernatant was aspirated,
and M199 culture medium containing 15% fetal bovine serum was added to terminate
digestion. Two milliliters of 0.125% trypsin were added to the block and allowed to digest
for 8 min, and then the supernatant was aspirated; this procedure was repeated until the
block was digested and the cells were separated. The collected supernatant was centrifuged
at 1,000 rpm for 10 min to collect the cells, which were then cultivated in a CO; incubator
(5% CO3, 95% air, 37 °C) for 1 h. Differential adhesion was used to remove fibroblasts,
which were seeded into the corresponding culture plate. Then, cells were cultivated in a
CO; incubator (5% CO;,, 95% air, 37 °C) (Malhotra et al., 2002; Yu et al., 20165 Zheng et
al., 2015). The culture medium was changed every other day. BrdU (0.1 mM) was added
two days in advance to inhibit the growth of fibroblast cells. The isolated cardiomyocytes
were randomly grouped for experiments three days after processing.

Hypoxic injury and preconditioning of primary myocytes and
grouping

To induce hypoxia injury, the buffer (0.9 mM NaH,PO,4, 6 mM NaHCO3, 1.8 mM CaCl,,
1.2 mM MgSOy, 20 mM, HEPES, 98 mM NaCl, 10 mM KCI, pH 6.8) was saturated

Guo et al. (2017), PeerdJ, DOI 10.7717/peerj.3662 3/18


https://peerj.com
http://dx.doi.org/10.7717/peerj.3662

Peer

with a gas mixture with low-oxygen concentration (94% N3, 5% CO; and 1% O,) for 30
min, and then it was used to replace the normal M199/EBSS medium (HyClone, Logan,
UT, USA) in the culture flasks. Cells were incubated in the low-oxygen buffer (MIC101;
Billups-Rothenberg, San Diego, CA, USA) for 6 h, after which the low oxygen buffer was
replaced with normal medium and the cells were incubated in a normal environment for
1 h. To produce HPC, the buffer described previously was saturated with a gas mixture
with low-oxygen concentration for 30 min, and then used to replace the normal medium.
Cells were incubated in the low-oxygen buffer for 1 h, and then switched to a normal
medium and incubated in a normal environment for 1 h. This low/normal oxygen cycle
was repeated three times (Zheng et al., 2015).

All experimental groups were placed in a CO; incubator (5% CO;, 95% air, 37 °C)
for 2 days and were then divided into the following groups: (1) N group: normal culture
of cardiomyocytes that were not treated with hypoxia preconditioning, (2) H group:
cardiomyocytes that were allowed to recover at normal oxygen levels after 6 h of hypoxia,
(3) HPC group: cardiomyocytes that were treated with hypoxia injury after hypoxia
preconditioning and were subjected to hypoxia injury for 6 h, (4) HT group: paclitaxel
(Sigma, St. Louis, MO, USA) was added into the culture medium at final concentrations
of 5 wmol/L (HT5), 10 pmol/L (HT10), or 15 pmol/L (HT15), and cells were exposed to
hypoxia for 6 h, (5) HC group: colchicine (Sigma, St. Louis, MO, USA) was added into the
culture medium at a final concentration of 10 wmol/L for 6 h, and then cells were exposed
to hypoxia. HPC 4+ HT10 group: cardiomyocytes that were treated with hypoxia injury
for 6 h after hypoxia preconditioning and paclitaxel was added into the culture medium
at final concentrations of 10 wmol/L. The number of cardiomyocytes were determined
in each group according to the content of each test. In Result 1, each group was divided
into nine samples. In Result 2, each group had nine samples. In Result 3, there were seven
samples in each experimental group. In Result 4, each group had three samples. In Result
5, each experiment was divided into 12 samples.

Paclitaxel can stabilize the microtubule structure, so it was used to depolymerize
microtubules. Colchicine is the depolymerizing agent for structure and is able to
depolymerize microtubules while inhibiting cell proliferation and division (Teng et al.,
2012); however, very few cardiomyocytes of new-born rats have the ability to divide. In
addition, the proliferation of most cardiomyocytes of new-born rats only occurs within
48 h of birth. In our model, we added colchicine to all groups after 48 h, thereby removing
the influence of colchicine on the cardiomyocyte cell cycle. In addition, we added BrdU
to inhibit the cell division of fibroblasts; nevertheless, it had little effect on cardiomyocyte
division.

Immunofluorescence assay of cardiomyocyte microtubules and
HIF-1a

We used an anti-rat a-microtubulin antibody (Thermo Fisher Scientific; Waltham, MA,
USA) and an anti-rat HIF-1 antibody (Thermo Fisher Scientific; Waltham, MA, USA)

as primary antibodies and FITC- and tetramethylrhodamineisothiocyanate (TRITC)-
conjugated antibodies (Jackson Immuno-Research, West Grove, PA, USA) as secondary
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antibodyes. Nuclei were counterstained with 4’, 6-diamidino-2-phenylindole (DAPI;
Biotium, Hayward, CA, USA). The experiment used an LSCM510 META laser confocal
scaning microscope for observation and Image]J software to measure and analyze the red
and green fluorescence intensity of individual cells. The fluorescence intensity of each
normoxic cell was set to a value of 1.0, and the hypoxia group was the comparison group.
Cardiomyocytes were cultured on coverslips (10-mm diameter) and stained, and the
coverslips were divided into five fields. One intact cardiomyocyte was randomly selected
from each field for photography and analysis. Three cells were analyzed from each coverslip,
and three coverslips were analyzed for each group; thus, nine cardiomyocytes were observed
and analyzed for each group.

Determination of ATP and ADP content

Perchloric acid and high performance liquid chromatography (HPLC) were used to
determine ATP and ADP levels (Napolitano ¢ Shain, 2005). Cardiomyocytes were added
into 50% perchloric acid to lyse the cells; centrifugation was performed for the cell lysates
under the conditions of 4 °C and 12,000 rpm for 30 min. The supernatant was transferred
to a new centrifuge tube and 2.5 M K,CO3 was added, the pH was adjusted to 6.5, and the
solution was centrifuged for 30 min under the same conditions. Then, the supernatant was
immediately collected for analysis. High-performance liquid chromatography was used as
the determination method. The detection conditions were as follows: the analytical column
used was HYPERSIL CI8 5u; the column length was 250 mm; the column diameter was
4.6 mm; the mobile phase was 0.005 mol/L pH 6.0 H,POy; and the detector was UV 254
nm (H,;POy). The column speed was 0.9 ml/min; the sample volume was 20 ul; the analysis
time lasted 10 min. The results were expressed as ug/g protein. To ensure the consistency,
each experiment was run in duplicate, and each group was evaluated six times (n=12).

Determination of lactate dehydrogenase (LDH), hexokinase (HK), and
pyruvate kinase (PK) levels in culture supernatants

PFK was measured based on the methods of (Napolitano ¢ Shain, 2005). LDH, HK
and PK were measured with an enzyme-linked immunosorbent assay, which was
performed according to the instructions provided in the kit (Nanjing Jiancheng Biotech,
Nanjing, China). The results were analyzed with a Beckman DC-7 ultraviolet-visible light
spectrophotometer. Each experiment was repeated twice, and six samples were analyzed
for each group (n=12).

Determination of HIF-10 protein expression

HIF-1a protein in the nucleus and cytoplasm was detected. Western blotting referenced to
our previous research methods. Cardiomyocytes were rinsed with pre-cooled phosphate
buffer saline (PBS) for 1-2 times. Myocardial nucleoprotein and cytoplasm proteins
(KeyGen Company, Nanjing, China) were extracted according to the nucleoprotein and
cytoplasm protein kits. After BCA method was used to measure protein concentration,
protein loading buffer was added, and boiled in the boiling water for 5 min, and
persevered in a refrigerator at —20 °C. Each group of myocardial protein samples was
given electrophoresis, trans-membrane and blocking. After blocking, prepared primary
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antibody buffer, HIF-1a (1:1,000), and p-actin (1:1,000) were added and cultured at

4 °C overnight. Secondary antibody buffer (1:1,000) was added and cultured at room
temperature for 2 h. Developer A and B were mixed and 1mL mixture was loaded on the
membrane. DOC Gel 2,000 gel imaging system (Bio-Rad, Hercules, CA, USA) was used to
calculate the integral optical density of target protein and compare it with f3-actin.

Statistical analysis

All data were expressed as the mean =+ standard deviation (x &= SD). Hemodynamic indexes
were compared using a one-way analysis of variance with repeated measures (repeated
measures ANOVA). Student’s t-test and ANOVA were calculated with SPSS 17.0 statistical
software. P < 0.05 was considered statistically significant.

RESULTS

The effects of paclitaxel and colchicine in disrupting the
microtubular structure of cardiomyocytes

Under normoxic conditions, cultivated cardiomyocytes exhibited a complete
reticular microtubular structure and clearly visible microtubules around membranes
(Figs. 1A=1C). As the duration of hypoxia injury increased, the microtubular structure
suffered increasingly serious damage, and the fluorescence intensity gradually weakened
(Figs. 1D—1F, H group). The HC group acquired a disordered, broken, and unevenly
distributed microtubular structure after 1 h of hypoxia injury. As the duration of hypoxia
injury lengthened, the extent of injury to the microtubular structure was exacerbated
(Figs. 1D=1F, HC group). In the HT group, treatment with increasing paclitaxel
concentrations caused the fluorescence intensity of microtubulin to gradually increase
relative to hypoxia alone. After 1 h or 3 h of hypoxia, the fluorescence intensity of
microtubulin in the group treated with 5 pmol/L paclitaxel did not differ significantly
from that of the hypoxia group; however, after 6 h of hypoxia injury, the microtubulin
fluorescence intensity in the cardiomyocytes treated with all other concentrations and
times was significantly higher than that in the hypoxia group.

The low dose of paclitaxel (5 pmol/L) could slightly prevent the microtubule injury
caused by hypoxia, and the stabilization function increased with the rising paclitaxel
concentration. For instance, after treatment with 15 pmol/L paclitaxel, the microtubule
fluorescence intensity increased remarkably; however, although the fluorescence intensity
of the microtubules in the paclitaxel-treated group was relatively high, it appeared to
change the structure of the microtubules, causing uneven sheet distribution within the
endochylema and patchy aggregations of microtubulin in the cytoplasm (Figs. 1D-1F,
HT15 group). In the groups cultured under normal conditions, the changes in microtubular
structure that occurred with different concentrations of paclitaxel were similar to the above
changes; however, the microtubular structure was clearer than that in the hypoxia group
and exhibited a higher fluorescence intensity.

The influence of hypoxia preconditioning on microtubular structure
Hypoxia preconditioning has a protective effect on cardiomyocytes; however, it is not yet
known what changes occur in microtubules during this process. First, it was observed
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Figure 1 The influence of paclitaxel and colchicine on microtubular structure in cardiomyocytes ex-
posed to different durations of hypoxia. Note: (A) positive control; (B) negative control; (C) microtubule
fluorescence staining with an anti-rat-microtubulin antibody under normal culture conditions (normoxic
cardiomyocytes), o-microtubulin (green); (D-R) Fluorescence of the microtubular structure after 1, 3,
and 6 h of hypoxia; (H) hypoxia injury group, HC, colchicine group (10 pumol/L group); HT5, low-dose
paclitaxel group (5 pmol/L group), HT10, mid-dose paclitaxel group (10 pumol/L group), HT15, high-
dose paclitaxel group (15 pwmol/L group). S, Nine cardiomyocytes were selected randomly from each
group to detect the relative fluorescence intensity; the fluorescence intensity of the microtubules from nor-
mally cultivated cells was set to a value of 1.0, and experimental values were normalized with respect to the
normoxic value. Paclitaxel at a concentration of 10 umol/L could prevent the hypoxia-induced injury of
microtubular structure. Values indicate means and SD, #=9. *P < 0.05 vs. H group.

that the microtubular structure in normal cardiomyocytes (control group) appeared to
have a grid arrangement, with uniform staining and clearly visible microtubules around
the membrane (Fig. 2A). After cardiomyocytes were exposed to hypoxia for 6 h, the
microtubular structure became indistinct, the grid structure was extensively damaged and
unstained vacuoles were observed in some areas (Fig. 2B). The fluorescence intensity was
reduced relative to that in the normal culture group (p < 0.05).
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Figure 2 The influence of hypoxia preconditioning on microtubular structure injury in cardiomy-
ocytes. (A) Cardiomyocytes in normal culture; (B) Cardiomyocytes exposed to hypoxia for 6 h; (C) car-
diomyocytes exposed to 2-h hypoxia, 2-h reoxygenation and then 6 h of hypoxia; (D) Cardiomyocytes
were treated with 10 pumol/L paclitaxel for 12 h, then exposed to hypoxia preconditioning and hypoxia in-
jury; (E) The fluorescence intensities of microtubular structures in all intervention groups were analyzed
using Image-Pro Plus software. Nine cardiomyocytes were randomly selected to detect the relative fluo-
rescence value of the microtubular structure. The fluorescence intensity in the normal group was set to a
value of 1.0. Values indicate the means and SD; n=9. *P < 0.05 vs. H group.

The injury to the microtubular structure was less than that observed after hypoxia injury
alone, featuring less obvious uneven staining, fewer broken structures, and no contracted
cells. The fluorescence intensity was significantly higher than that in the hypoxia injury
group (Fig. 2C). This showed that hypoxia preconditioning could enhance the stability
of the microtubular structure. After treatment with the microtubule stabilizer paclitaxel
(10 pmol/L) in combination with hypoxia preconditioning, the microtubular structure
of cardiomyocytes was complete, exhibiting continuous and uniform staining similar
to that observed for normal microtubules, with the fluorescence intensity apparently
higher than that in the hypoxia injury group (Fig. 2D). This revealed that hypoxia
preconditioning combined with paclitaxel (10 pmol/L) prevented microtubular structure
injury in cardiomyocytes better than treatment with paclitaxel or preconditioning alone.

The effects of the changes in microtubular reticular structure on
HIF-1a endonuclear localization in hypoxic cardiomyocytes

The goal of these experiments was to identify the role of microtubules in the HIF-1a nuclear
entry process by altering microtubular structure with microtubule stabilizing agents and
depolymerizing agents. Immunofluorescence staining of the microtubules, a-tubulin and
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Figure 3 The influence of the changes in the microtubular structure of cardiomyocytes on HIF-10 en-
donuclear translocation. Note: (A) cells were labeled with a-tubulin and HIF-1a and then visualized with
secondary antibodies conjugated to FITC (green) and tetramethyl-rhodamine isothiocyanate (TRITC,
red), and then the nuclei were stained with 4’, 6-diamidino-2-phenylindole (DAPI, blue); (B, I) cardiomy-
ocytes exposed to hypoxia for 6-h hypoxia; (C, J) colchicine group (HC group); (D, K) cardiomyocytes
exposed to 2-h hypoxia, 2-h reoxygenation and then 6 h of hypoxia (HPC group); (E, L) cardiomyocytes
were treated with 5 pumol/L paclitaxel for 12 h and hypoxia injury (HT5 group); (F, M) cardiomyocytes
were treated with 10 pumol/L paclitaxel for 12 h and hypoxia injury (HT10 group); (G, N) cardiomyocytes
were treated with 10 pumol/L paclitaxel for 12 h and hypoxia injury (HT15 group); (H, O) cardiomyocytes
were treated with 10 pumol/L paclitaxel for 12 h, then exposed to hypoxia preconditioning and hypoxia in-
jury (HPC 4+ HT10).

HIF-1a in normally cultured cells revealed that the microtubules appeared in a clear grid,
with a uniform distribution in the cytoplasm and clear microtubular structure near the
cytomembrane; moreover, low HIF-1a expression was observed (Fig. 3A).

After the cells were exposed to hypoxia for 6 h, the microtubules were indistinct and
exhibited a disorganized microtubular structure; HIF-1a was expressed in the cytoplasm
and nucleus (Fig. 3B). Treatment with a microtubule depolymerizing agent and hypoxia
injury caused microtubules to become indistinct, unclear, broken, and severely damaged.
HIF-1a appeared to be restricted around the nucleus and was rarely localized within
the nucleus, illustrating that the damaged microtubular structure affected HIF-1a
accumulation within the nucleus (Fig. 3B). In the colchicine group, HIF-1a localized
around the nucleus (Fig. 3C). Hypoxia preconditioning attenuated the hypoxia-induced
injury to the microtubular structure, and extensive HIF-1a staining appeared in the nucleus
and was rarely present within the cytoplasm, revealing that hypoxia preconditioning could
stabilize microtubular structure and promote HIF-1a localization in the nucleus (Fig. 3D).

Treating cardiomyocytes with different concentrations (5 pmol/L, 10 pmol/L, and
15 pmol/L) of the microtubule stabilizing agent paclitaxel before hypoxia injury revealed
that maximum HIF-1a localization in the nucleus occurred in the 10 wmol/L paclitaxel
group (Fig. 3F). The group treated with 15 pmol/L paclitaxel exhibited higher fluorescence
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intensity, but the localization pattern changed to a sheet-shaped structure. Although
amount of HIF-1a localized in the nucleus was relatively high, a large amount of HIF-1a
aggregated around, but did not enter, the nucleus, which revealed that a high dose of
paclitaxel could cause the microtubular structure to become disordered, thus affecting
the HIF-1a nuclear translocation process (Fig. 3G). HIF-1a staining in the Hypoxia
preconditioning and 10 pmol/L paclitaxel-treated cells showed relatively intense staining.
The staining, while more intense around the nucleus (Fig. 3H).

The effects of microtubule reticular changes on HIF-1a protein
content

This study detected HIF-1a protein in nucleus and cytoplasm, respectively, and calculated
the ratio of nucleus to cytoplasm HIF-1a protein. We found that it was significantly higher
in the HPC group, H group, HT5 group, HT10 group and the HPC + HT10 group than
that of the H group, suggesting that after hypoxia pre-treatment and/or taxol intervention,
nucleus HIF-1a expression was increased while cytoplasmic HIF-1a expression was declined
in cardiomyocytes. The ratio of nucleus to cytoplasmic HIF-1a was significantly higher in
the HPC + HT10 group than that of HPC group and HT10 group, suggesting that hypoxia
pre-treatment combined with middle concentration of taxol can promote HIF-1a to enter
into nucleus. The ratio of nucleus to cytoplasmic HIF-1a expression was significantly lower
in HC group than those of the HPC group, H group, HT5 group, HT10 group and the
HPC + HT10 group, suggesting that after colchicine injured microtubules, a large amount
of HIF-1a protein gathered in the cytoplasm while a small amount entered into the nucleus
(Figs. 4A—4E).

The influence of hypoxia preconditioning combined with microtubule
stabilization on cardiomyocyte injury and energy generation

The previous sections indicated that hypoxia preconditioning can stabilize the microtubular
structure, which plays a key role in HIF-1 nuclear translocation. Therefore, this study sought
to verify whether stabilization of the microtubular structure can enhance the myocardial
protective effect. First, it was discovered that LDH content was significantly higher after
hypoxia injury. LDH content was significantly reduced by hypoxia preconditioning
and paclitaxel, and the lowest LDH content was observed after treatment with hypoxia
preconditioning combined with paclitaxel intervention, with the LDH content in this
group being significantly lower than that in the hypoxia injury group (Table 1).

The trends in the data were very similar for PK, HK, and PFK. The cellular PK, HK,
and PFK content increased significantly after hypoxia injury of cardiomyocytes. Thus,
the cellular PK, HK, and PFK content in the hypoxia preconditioning combined with the
paclitaxel group not only was the highest but also was significantly higher than that in all
the other groups (Table 1).

The ATP level indicates the ability of cardiomyocytes to generate energy. The ATP
content in all the hypoxia injury groups decreased gradually, whereas the ATP content in
the groups treated with hypoxia preconditioning combined with paclitaxel intervention
was higher than that in the hypoxia preconditioning group and the paclitaxel group.

In contrast to the changes in ATP content, the ADP content in all the hypoxia injury
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Figure 4 Effect of microtubule reticular changes on HIF-1 protein content. (A) Expressions of HIF-1a
in the nucleus. (B) Expressions of HIF-1a in the cytoplasm. (C) Relative protein levels for HIF-1a quan-
tified in the nucleus. (D) Relative protein levels for HIF-1a quantified in the cytoplasm. (E) Ratio of nu-
cleus HIF-1a to cytoplasm HIF-1a. The data showed that after hypoxia pre-treatment and/or taxol inter-
vention, nucleus HIF-1a expression was increased while cytoplasmic HIF-1a expression was declined in-
cardiomyocytes. After colchicine intervention, the nuclear/cytoplasmic ratio of HIF-1a was lower, sug-
gesting that after colchicine injured microtubules, HIF-1a protein gathered in the cytoplasm instead of
entering into the nucleus. #P < 0.05 vs. N group; *P < 0.05 vs. HPC group. AP < 0.05 vs. HT 10 group.

Table 1 The influence of hypoxia preconditioning combined with microtubule stabilization on cardiomyocyte injury and energy generation.
The LDH content of cardiomyocytes (IU/g protein, mean & SD) was detected after treatment with different interventions for 12 h. The PFK (IU/g
protein, mean £ SD), ATP, and ADP (mg/g protein, mean & SD) content. E-F, The PK and HK content (IU/g protein, mean = SD). The above
data showed that paclitaxel could enhance the myocardial protective effect of hypoxia preconditioning.

LDH ADP ATP PK HK PFK ROS
N 262.34 88.80"" 4.75 4 0.621%" 26 4 1.12%" 13.41 + 1.50%" 15.33 + 1.30>" 21 £ 1.41%0 2.39 4 0.45""
H 1663 = 155.8"° 14.91 & 1.08"< 11.58 & 099" 479.5 + 39.64">° 138.9 + 18.90° 175.7 + 11.39"¢ 7.70 & 0.68”¢
HPC 759.6 £ 132.7° 12.41 4 0.79%° 18.41 & 1.16>° 687.7 £ 55.30° 133.7 & 12.54° 215.4 + 9.74° 3.90 + 0.31°
HT5 1088.9 £ 122,350 12,33 £ 1.30%¢ 12.83 £ 1.02¢ 803.2 & 51.28"° 141.3 + 13.03° 154.5 & 11.42"¢ 6.25 £ 0.2350¢
HT10 956.0 = 135.5° 13.50 = 0.52%°¢ 15.41 & 0.90*¢ 879.6 £ 65.79° 152.8 & 6.16° 181.2 4 9.81"¢ 5.10 £ 0.3350¢
HT15 1091.5 £ 162.8>°  15.83 £ 1.58%>¢  10.50 & 1.50"¢  683.3 = 87.68"¢ 133.9 + 12.39° 139.4 + 16.78"¢ 6.25 & 0.170>¢
HPC + HT10 393.7 + 13095759 583 +0.71%>4 2316 4+ 152575 1106.8 + 85.64""5¢  205.1 4+ 12,1157 263.8 4+ 13.8257%4 3,20 + 0.49%D>54

Notes.

2Significantly different from the H group.
bSignificantly different from the HPC group.
“Significantly different from the N group.
dSignificantly different from the HT10 group.
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groups was significantly elevated, whereas the level of ADP rose markedly in the hypoxia
preconditioning combined with the paclitaxel intervention group (Table 1).

Oxygen free radicals and lipid peroxidation are the initiation factors of myocardial
damage. We found that the content of ROS was decreased after hypoxic preconditioning,
which indicated that hypoxic preconditioning could effectively reduce the amount of
ROS produced by hypoxic injury. After the stabilization of the microtubule structure,
ROS production was also reduced, which might also play a role in myocardial protection.
(Table 1).

DISCUSSION

We first consolidated altered microtubular structures of cardiomyocytes with the
microtubule stabilizing agent paclitaxel and the microtubule-depolymerizing agent
colchicine and then observed their effects on microtubular structures in cultured
cardiomyocytes. Colchicine can cause the dissociation of microtubules and inhibit the
polymerization of free tubulin (Pimperl et al., 2016), while paclitaxel can stabilize the
microtubule structure to achieve aggregation and can antagonize the depolymerizing effect
of colchicine (Ehler & Perriard, 2000). This study found that hypoxia could depolymerize
myocardial microtubules and damage the microtubule reticular structure; This study set
up different hypoxia injury times (1 h, 3 h, 6 h). As the time of hypoxia injury gradually
prolonged, the damage of microtubule structure became more and more serious, and the
fluorescence value of tubulin decreased gradually.

Microtubule depolymerizing agents can significantly increase the damage to the
microtubule structure and cause the reticular distribution of microtubules to disappear.
An appropriate concentration (10 pM) of paclitaxel can better maintain the reticular
structure of microtubules in the early hypoxic stage and improve the damage to the
myocardial microtubule reticular structure caused by hypoxia. Although high doses
(15 uM) of paclitaxel can promote tubulin polymerization, excessive polymerization can
change the normal reticular structure and destroy the dynamic balance of microtubules
under physiological conditions. This study found that a period of time of early stage
(1-3 h) after hypoxia, 10 uM paclitaxel can maintain normal microtubule structure of
cardiomyocytes and as such, cardiomyocytes damage is minimum. However, this protective
effect gradually diminished with the aggravation of hypoxia. However, the microtubule
stabilization function of 5 uM paclitaxel is slightly weaker, which can resist microtubule
disruption due to hypoxia only in the early stage of hypoxia when microtubule damage is
weaker, which can also slow cardiomyocytes injury.

Hypoxia preconditioning refers to the exposure of cells to a repeated and brief hypoxic
stimulus that can trigger and mobilize the intrinsic self-protection ability of cells to
prevent a variety of subsequent physiological and pathological changes (Dou et al.,
20165 Selvaraj et al., 2016; Xu et al., 2016). In 1995, Webster et al. observed that transient
hypoxia preconditioning can protect rat cardiomyocytes from long-term anoxic injury,
providing evidence of the feasibility of preconditioning research at the cellular level.
The mechanism underlying hypoxia preconditioning may involve various factors, such
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as the expression of hypoxia-responsive genes, vascular remodeling, changes in energy
metabolism, and resistance to oxidative stress, among others (Webster, 1997; Zhang et al.,
2016). Microtubules, as an important cellular structure in cardiomyocytes, play a vital role in
cardiomyocyte function. In subsequent experiments, we explored the influence of hypoxia
preconditioning on the microtubule structure in cardiomyocytes. We observed more
complete microtubule structure in the hypoxia preconditioning group than in the simple
hypoxia injury group. In addition, a comparison of the relative fluorescence value of tubulin
also showed that the fluorescence intensity of tubulin in the hypoxia preconditioning group
was higher than that in the hypoxia injury group. These results suggested that hypoxic
pretreatment can stabilize the structure of microtubules in cardiomyocytes.

Next, we observed how changes in the microtubule structure influence the nuclear
translocation of HIF-1a. Our early results showed that HIF-1a is one of the important
nuclear transcription factors that initiate endogenous myocardial protection (Zheng et al.,
2015). Generally, HIF-1a protein was rapidly degraded under normal oxygen condition
via ubiquitin-proteasome system mediated by protein von HippelLindau (PVHL), while
anoxic environment prevented this degradation, thus inducing the accumulation of HIF-10;
accumulated HIF-1a in plasma will enter nucleus and combine with 3 subunit, triggering
down-stream hypoxia adaptive genes, which can enhance the adaptability of myocardium
to hypoxia (Dou et al., 2016). The focus of this article is to uncover the influence factors for
the expression of HIF-1a in nucleus from cytoplasm under hypoxia state. Microtubules
run through entire cardiomyocytes in a double helix structure, with one end connecting
with nucleus and the other end in cytoplasm (Xiaodong et al., 2015). The distribution
characteristics of microtubules play an important role in maintaining the normal form
and position of nucleus (Hasan et al., 2006). Microtubules also have important functions
of information transfer and material transport (Ehler ¢ Perriard, 2000). The information
molecule in cardiomyocyte cytoplasm is transferred through sarcolemma, microtubules,
and nucleus (Xiaodong et al., 2015). Therefore, we are naturally interested in the potential
relationship between HIF-1a and the cardiomyocyte microtubule. There is no direct
evidence about whether the changes of the microtubule structure of cardiomyocytes can
modulate the dislocation of HIF-1a in nucleus.

To test this, Colchicine can cause the dissociation of microtubules and inhibit the
polymerization of free tubulin (Pimperl et al., 2016), while paclitaxel can stabilize the
microtubule structure to achieve aggregation and can antagonize the depolymerizing effect
of colchicine (Escuin, Kline & Giannakakou, 2005). Microtubule depolymerizing agents
can significantly increase the damage to the microtubule structure and cause the reticular
distribution of microtubules to disappear. An appropriate concentration (10 pM) of
paclitaxel can better maintain the reticular structure of microtubules in the early hypoxic
stage and improve the damage to the myocardial microtubule reticular structure caused by
hypoxia. Although high doses (15 uM) of paclitaxel can promote tubulin polymerization,
excessive polymerization can change the normal reticular structure and destroy the
dynamic balance of microtubules under physiological conditions. This study found that
blindly pursuing myocardial microtubule stability cannot protect the cardiomyocytes;
instead, a certain concentration of paclitaxel can protect cardiomyocytes.
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We found that under anoxic conditions, the stability of the microtubule network
structure was consistent with the increased expression and nuclear entry of HIF-1a and
increased protein content. Further disruption or elimination of the microtubule network
structure may occur due to hypoxia or depolymerizing agents, or microtubules may
excessively polymerize due to high-dose stabilizer and an uneven distribution in the
cytoplasm; these changes can all decrease the expression and nuclear entry of HIF-1a.
The expression of HIF-1a directly affected the anti-hypoxia ability of cardiomyocytes.
Consequently, the microtubule structure directly participated in the nuclear translocation
of HIF-1a. In the third part of the results, we found that the hypoxia preconditioning was
able to stabilize the microtubule structure, which further elucidated the internal mechanism
of hypoxia preconditioning in myocardial protection.

This research evaluated the effects of the microtubule stabilizing agent on
hypoxic preconditioning effects by measuring changes in the generation of energy in
cardiomyocytes. ADP and ATP content can directly reflect the generation of energy by
cardiomyocytes. The results showed that the generation of ATP decreased significantly,
while ADP levels increased significantly in response to hypoxia. More ATP was generated
after hypoxia preconditioning combined with paclitaxel intervention than after hypoxia
injury or hypoxia preconditioning, suggesting paclitaxel combined with hypoxia
preconditioning increased the generation of energy in cardiomyocytes. In addition, we
detected the HK, PFK, and PK levels; all of these kinases are key rate-limiting enzymes
in the glycolytic pathway in cardiomyocytes and can indirectly reflect the condition
of cardiomyocyte energy metabolism (Volker, Reinitz & Knull, 1995). We found that
the HK, PFK, and PK levels increased after hypoxia injury, and the glycolytic activity
of cardiomyocytes, was significantly enhanced in early hypoxia. In the early period of
hypoxia, the activity of a key enzyme in the glycolytic pathway of cardiomyocytes increased
significantly in response to the appropriate concentration of the microtubule stabilizer,
and this level was higher than the activity of this enzyme in the simple hypoxia group.
Among the groups, the activity of the key glycolytic enzyme was the highest in the hypoxia
preconditioning and paclitaxel intervention group. We reasoned that if hypoxia damaged
the myocardial microtubule structure, then the structure and function of the mitochondria
are damaged, and the amount of energy supplied by oxidative phosphorylation is inhibited.
We also reasoned that appropriately stabilizing the microtubule structure in the case of
hypoxia preconditioning can improve myocardial energy metabolism.

Finally, we attempted to clarify whether the microtubule stabilizer can enhance hypoxia
preconditioning. The LDH level in the culture medium of cardiomyocytes is a sensitive
indicator of cardiomyocyte damage. We found that the LDH level increased significantly
in the culture medium of the simple hypoxia injury group, and the LDH level decreased
after hypoxia preconditioning. The LDH level in the groups treated with the microtubule
stabilizer and hypoxia preconditioning was lower than that in the other groups. These
results suggested that stabilizing the microtubule structure can enhance the protective
effect of hypoxia preconditioning on cardiomyocytes.

In addition, this study also observed the reactive oxygen species (ROS) changes
during hypoxia. ROS, such as superoxide anion, hydroxyl radicals (OH—), peroxyl, and
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oxygen-derived nonradical species (e.g., hydrogen peroxide (H,O;), are a group of oxygen
molecules with high activity (Chetram ¢ Hinton, 2013). During myocardial cell hypoxia,
ROS are increased, resulting in the inactivation of many important enzymes, including
the lipid membrane Na®/Ca?* pump, creatine kinase, and mitochondria dehydrogenase,
eventually leading to myocardial cell apoptosis and other effects. This study found that
the hypoxia preconditioning of cardiomyocytes and a stable microtubule structure can
significantly reduce ROS levels. Previous reports showed that PO2 cycling preconditioning
in mice and found a significant reduction in the ROS produced by the mouse diaphragm
and a consequent decrease in the fatigue of the diaphragm (Zuo et al., 2014). Zuo et al.
(2015) scholars found in another study that PO2 cycling preconditioning can protect the
diaphragm, and the mechanism involves promotion of the opening of mitochondrial ATP-
sensitive potassium channels and the closure of mPTP channels, with the ROS/Akt/ERK
signaling pathway participating in this regulation. This study only used ROS as an indicator
to reflect myocardial hypoxia injury, and the authors will evaluate the internal relationship
between microtubules and ROS in further research.

In conclusion, the microtubules of cardiomyocytes may be involved in the process of
HIF-1a endonuclear aggregation under the condition of hypoxia preconditioning, which

enhances the anti-hypoxia ability of cardiomyocytes.
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