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Hypoxia induced apoptosis of rat gastric mucosal cells by activating autophagy through HIF-1α/TERT/mTORC1 pathway
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Abstract: The pathogenesis of high altitude-related gastric mucosal injury remains poorly understood, this study aimed to investigate the role of autophagy in hypoxia-induced apoptosis of rat gastric mucosal cells. Rats were randomized into four groups which were maintained at an altitude of 400 m (P) or received no treatment (H), autophagy inducer rapamycin (H+AI) or autophagy inhibitor 3-MA (H+AB) at an altitude of 4,300 m for 1, 7, 14 and 21 days, respectively, and the morphology, ultrastructure, autophagy, and apoptosis of gastric mucosal tissues were examined. Gastric mucosal epithelial cells CC-R039 were cultured under conditions of normoxia, 2% O2 (hypoxia), or 2% O2+anti-mTORC1 for 0, 24, 48, and 72 h, respectively, and the autophagy and apoptosis were analyzed. CC-R039 cells were transfected with siHIF-1α, siTERT, or siRNA and the autophagy was examined. The results showed that the exposure to hypoxia increased the autophagy and apoptosis of gastric mucosal cells in rats, and apoptosis was aggravated by rapamycin treatment but alleviated by 3-MA treatment. Increased duration of hypoxia from 0 to 72 h could increase the autophagy and apoptosis but decrease the proliferation of gastric mucosal cells. Inhibition of mTORC1 with rapamycin led to further increase in apoptosis and even substantial cell death, and inhibition of HIF-1α and TERT increased mTORC1 expression and reduced autophagy. Moreover, the inhibition of HIF-1α reduced TERT expression. In conclusion, hypoxia could induce apoptosis of rat gastric mucosal cells by activating autophagy through HIF-1α/TERT/mTORC1 pathway.
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Abbreviations



	3-MA:
	3-methyladenine



	HIF-1α:
	Hypoxia-inducible factor 1α



	LC3-II:
	Microtubule-associated protein light chain 3-II



	mTORC1:
	Mammalian target of rapamycin complex 1



	TERT:
	Telomerase reverse transcriptase




Introduction

The incidence of gastric mucosal injury is high even in the early period of hypoxia with symptoms of gastric mucosal erosion, ulcer, and some life-threatening conditions such as massive hemorrhage from the upper gastrointestinal tract (Netzer et al., 2013; Wu et al., 2007). Exposure to hypoxia at high altitude can increase the permeability of gastric mucosa and make individuals susceptible to bacterial translocation and systemic inflammatory response syndrome, and some individuals may develop potentially fatal multiple organ dysfunction syndrome (Khanna et al., 2019). Therefore, hypoxia-induced damage to gastric mucosal cells may cause maladaptation to high altitudes. However, the pathogenesis of high altitude-related gastric mucosal injury remains poorly understood.

Autophagy is a lysosome-dependent cellular catabolic process by which cytoplasmic components are isolated from the rest of the cell within double-membraned structures known as autophagosomes, which subsequently fuse with lysosomes for the degradation (Mostowy, 2013). Autophagy often occurs at a low level to maintain cellular homeostasis under physiological conditions but could accelerate in response to harmful stimuli such as oxygen deprivation (Zhang et al., 2020). However, it is important to note that hypoxia-induced autophagy differs substantially across cellular contexts, as it may promote cell survival under mild hypoxic conditions but apoptosis under severe hypoxic conditions (Mazure and Pouysségur, 2010). In this study, we aimed to investigate the role of autophagy in the apoptosis of gastric mucosal cells of rats exposed to high-altitude hypoxia and to explore the underlying molecular mechanism.

Materials and Methods

Animals

This study was approved by the Ethical Committee of Qinghai Provincial People’s Hospital (Approval No. 2017-16, approval date January 16, 2017). A total of 104 male Wistar rats (weight 180–200 g) were provided by the Experimental Animal Center of Medical College of Xi’an Jiaotong University (Xi’an, China) and were housed in a room with controlled temperature at 25 ± 1°C and a 12 h light/dark cycle.

The rats were randomized into four groups (N = 8) and then were maintained at an altitude of 400 m (P) or received no treatment (H), autophagy inducer rapamycin (H+AI) or autophagy inhibitor 3-MA (H+AB) at an altitude of 4300 m for 1, 7, 14, and 21 days, respectively. Rats in the H+AI and H+AB groups were intraperitoneally injected with rapamycin (1 mg/kg) and 3-MA (2 mg/kg) once a day for consecutive 21 days, respectively, while other rats were injected with an equal volume of PBS. The gastric mucosal tissues were collected from the greater curvature of the stomach after the rats were euthanized with sodium pentobarbital (dose > 50 mg/kg).

Histological analysis

Gastric mucosal tissues were fixed with 4% paraformaldehyde, dehydrated in graded alcohols, cleared in xylene, and embedded in paraffin. Subsequently, paraffin-embedded tissues were sectioned and stained with hematoxylin for 10–30 min. After destaining, slides were re-stained with 0.5% eosin (alcoholic), and the morphology of gastric mucosal tissues was observed under the microscope.

Ultrastructure analysis

Gastric mucosal tissues were fixed with 2.5% glutaraldehyde at 4°C for over 2 h, washed three times with phosphate buffer, fixed with 1% osmic acid for 2 h, washed again with phosphate buffer, dehydrated in graded alcohols, and embedded in epoxy resin (Epon 812). After polymerization, semi-thin sections were cut and stained with toluidine blue. Then, ultrathin sections of 50–70 nm were cut using an ultramicrotome and stained with lead citrate and uranyl acetate, and the ultrastructure and autophagy of gastric mucosal tissues were observed under the transmission electron microscope (Hitachi, Japan).

Cell culture and treatment

Rat gastric mucosal epithelial cells (CC-R039) were cultured in six-well plates until 95% confluence, and rapamycin, a specific inhibitor of mTORC1 (final concentration of 200 μM), was added. Cells were cultured in 2 mL of complete medium in six-well plates for about 24 h until 90% confluence. Then, cells were transfected with small interfering RNA (siRNA), including HIF-1α siRNA, TERT siRNA, and the negative control siRNA (all purchased from Invitrogen, USA), using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer’s instructions.

Flow cytometry

CC-R039 cells were exposed to hypoxia for 0, 24, 48, and 72 h, respectively, and apoptosis was examined by using Annexin V-PE/7 AAD apoptosis kit (BD Biosciences, USA). About 1 × 106 suspended cells were collected and re-suspended in 200 μL of PBS. After that, 5 μL of Annexin V-PE and 5 μL of 7-AAD were added and incubated in the dark at 4°C for 30 min. Next, propidium iodide (PI) solution was added, and DNA content was determined using a flow cytometer to determine the percentage of cells at different cycles and cell apoptosis using NovoExpress software.

Immunofluorescence staining

CC-R039 cells were washed with PBS, fixed with 4% paraformaldehyde, rinsed with 1 mL of 0.5% Triton X-100 at room temperature for 20 min, washed with PBS, and blocked with 1 mL of 5% BSA at 37°C for 1 h. After that, cells were incubated with primary antibodies for Beclin-1 and LC3 (Abcam, USA) overnight at 4°C, and then with FITC-labeled goat anti-rabbit secondary antibody at 37°C for 1 h. Then, cells were blocked with 300 μL of anti-fluorescence quenching sealing solution containing DAPI, and the localization and distribution of Beclin-1 and LC3 were observed under a fluorescence microscope (Leica, Germany).

Western blot analysis

The total proteins were extracted for protein quantification, and 20 μg proteins were loaded per well for electrophoresis on 8% polyacrylamide gel, transferred to membranes, blocked with 5% defatted milk at room temperature, and washed with PBST. Then, the membranes were incubated with primary antibodies (all from Abcam, USA) overnight at 4°C, washed three times with PBST, and then incubated with HRP-labeled secondary antibody at room temperature for 1 h, and visualized by using enhanced chemiluminescence (ECL) kit. The grey values were analyzed using TANON GIS software.

Statistical analysis

Data were expressed as mean ± standard deviation (SD) and analyzed by SPSS 19.0. Multiple-group differences were analyzed by single-factor analysis of variance, followed by post-hoc Bonferroni test for pairwise comparison. P < 0.05 was considered statistically significant.

Results

Morphology of gastric mucosal tissues

HE-staining showed that rats exposed to hypoxia for 1 day (H1) and 7 days (H7) exhibited gastric gland rupture, inflammatory cell infiltration and bleeding, H14 group exhibited some hypertrophic cells, while the H21 group exhibited indistinct cellular boundaries, nuclear pyknosis and apoptosis. Inflammatory cell infiltration, gastric mucosal bleeding, gastric gland rupture, indistinct cellular boundaries, nuclear pyknosis and apoptosis were observed in rats treated with rapamycin but become increasingly severe in H+AI14 and H+AI21 groups. Gastric gland rupture occurred in all rats treated with 3-MA (H+AB), and inflammatory cell infiltration occurred only in H+AB7, H+AB14 and H+AB21 groups (Fig. 1A). Collectively, these results indicated that the exposure to hypoxia resulted in progressive deterioration of gastric mucosal injury, which can be aggravated by rapamycin but alleviated by 3-MA.
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Figure 1: High-altitude hypoxia induced autophagy of rat gastric mucosal cells. (A) Morphology of gastric mucosal tissues. (B) Ultrastructure and autophagy of gastric mucosal cells. P, control; H, hypoxia; H+AI, hypoxia plus rapamycin treatment; H+AB, hypoxia plus 3-MA.

The autophagy of gastric mucosal cells

The changes in the ultrastructure and autophagy of gastric mucosal cells were observed under the electron microscope (Fig. 1B). We found the mitochondria in the cytoplasm but no autophagic structures in the H1 group. However, lipid droplets and autophagic structures were observed occasionally in the H7 group. In the H14 group, gastric mucous cells were arranged disorderly, accompanied by the aggregation and margination of the chromatin, mitochondrial swelling, and the formation of autophagic structures. In the H21 group, the intercellular space increased with the formation of autophagic structures in the cytoplasm. In rats treated with rapamycin, gastric mucous epithelial cells were arranged in a single layer with irregularly shaped nuclei and visible autophagic structures. In the H+AI14 and H+AI21 groups, most cells showed swelling and necrosis, but no autophagic or apoptotic structures were observed in the cytoplasm. In rats treated with 3-MA, gastric mucous epithelial cells were arranged disorderly, and the mitochondria were slightly swollen with the absence of autophagic structures. In the H+AB21 group, autophagic structures were occasionally observed with the absence of apoptotic cells.

The protein levels of Beclin-1, LC3-II, P53, Bcl-2, Caspase-3, and Caspase-9 in gastric mucosal tissues were analyzed by Western blot analysis (Figs. 2A and 2B). We found a time-dependent increase in Beclin-1 and LC3-II levels in rats exposed to hypoxia. Compared with the H group, Beclin-1 and LC3-II levels were upregulated by rapamycin treatment but downregulated by 3-MA treatment. The levels of P53, Caspase-3 and Caspase-9 increased, while the Bcl-2 level decreased with increased exposure to hypoxia. However, rapamycin treatment led to a significant increase in the levels of P53, Caspase-3 and Caspase-9 but a significant decrease in Bcl-2 level, while 3-MA treatment led to opposite effects. These data indicated that the exposure to high-altitude hypoxia resulted in progressive autophagy and deterioration of gastric mucosal injury, which can be aggravated by rapamycin but alleviated by 3-MA.
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Figure 2: The levels of Beclin-1, LC3-II, P53, Bcl-2, Caspase-3, and Caspase-9 in gastric mucosal tissues. (A) Levels of Beclin-1 and LC3-II. (B) Levels of P53, Bcl-2, Caspase-3, and Caspase-9. Data were expressed as mean ± SD (N = 3). *P < 0.05 vs. P; ΔP < 0.05 vs. H at the same time; #P < 0.05 vs. H and H+AI at the same time.

Hypoxia induced apoptosis of CC-R039 cells

The apoptosis and cell cycle of CC-R039 cells cultured under hypoxia for 0, 24, 48, and 72 h were assayed by flow cytometry (Figs. 3A and 3B). The results showed that increased duration of hypoxia led to a significant increase in the apoptosis rate, and apoptosis rate was further increased by mTORC1 inhibitor rapamycin. Moreover, the percentage of cells in the G0/G1 phase increased and the percentage of cells in the S phase decreased with increased duration of hypoxia. Compared with cells exposed to hypoxia, treatment with rapamycin resulted in a further increase in the percentage of cells in the G0/G1 phase.

In addition, we detected the levels of Beclin-1, LC3-II, P53, Bcl-2, Caspases-3, and Caspases-9 in CC-R039 cells exposed to hypoxia. Western blot analysis showed that the levels of Beclin-1 and LC3II increased as the duration of hypoxia increased in both H and H+anti-mTORC1 groups, and the increase was enhanced in the latter group. Similarly, increasing the duration of hypoxia increased the levels of P53, Caspases-3 and Caspases-9, and reduced Bcl-2 levels in both H and H+anti-mTORC1 groups (Figs. 3C and 3D). These results suggested that hypoxia could induce apoptosis of gastric mucosal cells and inhibit the transition of the cell cycle from G0/G1 phase to S phase, and the inhibition of mTORC1 by rapamycin could further induce apoptosis and inhibit the proliferation of gastric mucosal cells.

[image: images][image: images]

Figure 3: Autophagy and apoptosis of CC-R039 cells cultured under hypoxia. (A) Cell apoptosis rate. (B) Cell cycle distribution. (C) Levels of mTORC1, Beclin-1 and LC3-II. (D) Levels of P53, Bcl-2, Caspases-3, and Caspases-9. P: control; H: 2% O2; H + anti-mTORC1: 2% O2 + specific inhibitor of mTORC1. Data were expressed as mean ± SD (N = 3). *P < 0.05 vs. P and 0 h; ∆P < 0.05 vs. H at the same time.

HIF-1α knockdown inhibited the autophagy of CC-R039 cells

The localization and distribution of autophagy-specific proteins Beclin-1 and LC3 in CC-R039 cells were observed under a fluorescence microscope (Figs. 4A and 4B). The expression levels of Beclin-1 and LC3 increased as the duration of hypoxia increased. In addition, their expression levels were upregulated in CC-R039 cells exposed to hypoxia for 24, 48, and 72 h, but downregulated in CC-R039 cells transfected with si-HIF-1α.
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Figure 4: Autophagy of CC-R039 cells cultured under hypoxia after HIF-1α knockdown. (A) Localization and distribution of Beclin-1. (B) Localization and distribution of LC3. P: control; H: 2% O2; H + siHIF-1α: 2% O2 + small interfering RNA for siHIF-1α.

In CC-R039 cells exposed to hypoxia, as the duration of hypoxia increased the expression of mTORC1 decreased and the expression of Beclin-1 and LC3II increased. However, transfection with siHIF-1α activated mTORC1 and decreased Beclin-1 and LC3II expression. In addition, the expression levels of HIF-1α and TERT were upregulated in cells exposed to hypoxia but downregulated in cells transfected with siHIF-1α (Figs. 5A and 5B). These results indicated that knockdown of HIF-1α under hypoxic conditions could inhibit autophagy by activating mTORC1.
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Figure 5: The levels of mTORC1, Beclin-1, LC3II, HIF-1α, and TERT in CC-R039 cells after HIF-1α knockdown. (A) Levels of Beclin-1 and LC3II. (B) Levels of mTORC1, HIF-1α, and TERT. Data were expressed as mean ± SD (N = 3). *P < 0.05 vs. P and 0 h; ΔP < 0.05 vs. H at the same time.

TERT knockdown inhibited the autophagy of CC-R039 cells

Because the upregulation of HIF-1α can induce TERT expression under hypoxic conditions, TERT may be a potential downstream target of HIF-1α. We found that the expression of Beclin-1 and LC3 in CC-R039 cells increased as the duration of hypoxia increased. Compared with the control group, the expression levels of Beclin-1 and LC3 were upregulated in cells exposed to hypoxia but downregulated in cells transfected with siTERT (Figs. 6A and 6B).
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Figure 6: Autophagy of CC-R039 cells cultured under hypoxia after TERT knockdown. (A) Localization and distribution of Beclin-1. (B) Localization and distribution of LC3. P: control; H: 2% O2; H + siTERT: 2% O2 + small interfering RNA for TERT.

Western blot analysis showed that increased duration of hypoxia led to the downregulation of mTORC1 expression and the upregulation of Beclin-1 and LC3II expressions in CC-R039 cells. However, Beclin-1 and LC3II were downregulated while mTORC1 was upregulated in cells transfected with siTERT, indicating that knockdown of TERT could reduce autophagy by activating mTORC1 under hypoxic conditions. Increasing the duration of hypoxia also increased HIF-1α and TERT expression, but transfection with siTERT led to no significant change in HIF-1α expression (Figs. 7A and 7B). Collectively, these results suggested that knockdown of TERT under hypoxic conditions could inhibit autophagy by activating mTORC1, and TERT might be a downstream target of HIF-1α.
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Figure 7: The expression of mTORC1, Beclin-1, LC3II, HIF-1α and TERT in CC-R039 cells after TERT knockdown. (A) Levels of Beclin-1 and LC3II. (B) Levels of mTORC1, HIF-1α, and TERT. Data were expressed as mean ± SD (N = 3). *P < 0.05 vs. P and 0 h; ΔP < 0.05 vs. H at the same time.

Discussion

Hypoxia can induce oxidative stress and increase apoptosis of gastric mucosal cells, leading to various hypoxia-related gastric mucosal injuries (Liu et al., 2013). In this study, our results showed that increasing the duration of hypoxia could increase the apoptosis injury of gastric epithelial cells in vitro and in vivo.

Hypoxia-induced autophagy can cause cell apoptosis under conditions of severe hypoxia (Mazure and Pouysségur, 2010). Overactivation of autophagy causes the degradation of a large number of proteins and organelles (Mizushima et al., 2008). Cardiac cells may undergo apoptosis in response to exposure to hypoxia (Gong et al., 2020). Inhibiting the expression of autophagy-related proteins reduced ischemia/reperfusion induced proximal and distal tubular apoptosis and autophagy and renal failure (Chien et al., 2007). Hypoxia could also induce apoptosis of mouse spermatocyte GC-2 cells by activating autophagy (Zhou et al., 2018). The hyperactivation of autophagy is considered an important pathogenic mechanism for hypoxic-ischemic lung injury (Ye et al., 2020). Our results demonstrated that increasing the duration of hypoxia led to increased autophagy of gastric mucosal cells, and progressive aggravation of gastric mucosal apoptosis injury.

Apoptosis is a process of programmed cellular death regulated by specific genes. Autophagy often precedes apoptosis and cooperates with apoptosis to determine the fate of cells (Edinger and Thompson, 2004). Activation of autophagy may increase the apoptosis of microglial and myocardial cells in ischemia/reperfusion injury (Ouyang et al., 2016). Hypoxia can promote the apoptosis of cardiac microvascular endothelial cells by activating autophagy (Wang et al., 2016). Our study showed that as the duration of hypoxia increased, both autophagy and apoptosis of gastric mucosal cells increased and could be further aggravated by rapamycin treatment but alleviated by 3-MA treatment. Collectively, these data suggest that exposure to high-altitude hypoxia can induce the apoptosis of gastric mucosal cells by activating autophagy.

The signaling pathways involved in the regulation of autophagy remain to be elucidated. There is evidence that mTORC1 is associated with negative regulation of autophagy (Levine et al., 2011). mTORC1 is an evolutionarily conserved Ser/Thr kinase that is involved in gene transcription, protein translation, and autophagy. Upon hypoxia, autophagy is upregulated mainly by the mTORC1 signaling pathway, which is related to PI3K/Akt, HIF-1α, and ROS. HIF-1α is a specific transcription factor that plays a key role in cellular adaptation to hypoxia (Xiao et al., 2013). Hypoxia can induce autophagy through the activation of HIF-1α (Li et al., 2020). TERT is a ribonucleoprotein complex that synthesizes telomeric DNA responsible for maintaining telomere length at chromosome ends (Harley, 1994). Hypoxia can induce HIF-1α expression, which in turn can regulate TERT expression and improve telomerase activity (Nishi et al., 2004). A previous study reported that hypoxia induced HIF-1α and TERT expression (Millonig et al., 2008). It is known that mTORC1 is an interacting protein and downstream target gene of TERT, and TERT can induce basal and amino acid starvation-induced autophagy through mTORC1 (Ali et al., 2016). TERT deficiency inhibited autophagy and delayed renal recovery from ischemia-reperfusion injury in mice (Cheng et al., 2015). Inhibiting TERT can restrict autophagy-mediated nutrient supply to cancer cells (Roh et al., 2018). Under the hypoxic condition, HIF-1α could activate TERT promoter in papillary thyroid carcinoma to inhibit mTORC1 activity and activate autophagy (Song et al., 2021). Our previous study reported that mRNA and protein levels of TERT and HIF-1α were significantly higher in heart and lung tissues of rats exposed to hypoxia and increased with prolonged exposure (Wang et al., 2018). In this study, we found that knockdown of HIF-1α or TERT could activate mTORC1 and inhibit autophagy and apoptosis of gastric mucosal cells. However, knockdown of HIF-1α resulted in a significant decrease in TERT expression, while knockdown of TERT resulted in no significant change in HIF-1α expression. These results indicated that hypoxia could upregulate TERT expression by inducing HIF-1α expression in gastric epithelial cells, which in turn inhibits mTORC1 kinase activity and activates autophagy and apoptosis.

In conclusion, this is the first study to investigate the role of autophagy in hypoxia-induced gastric mucosal injury. Our results suggest that chronic exposure to severe hypoxia at high altitude induces autophagy and apoptosis of rat gastric mucosal cells through HIF-1α/TERT/mTORC1 signaling pathway. Inhibition of autophagy by interfering with HIF-1α/TERT/mTORC1 signaling pathway may be a novel therapy strategy for chronic and acute gastric mucosal injury induced by hypoxia at high altitude.
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