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Summary

Hypoxia can cause basement membrane (BM) degradation in
tissues. Matrix metalloproteinase 9 (MMP-9) is involved in various
human cancers as well as BM degradation by downregulating
type 1V collagen (COL4). This study investigated the role of MMP-
9 in hypoxia-mediated BM degradation in rat bone marrow based
on its regulation of collagen type IV alpha 1 chain (COL4A1).
Eighty male rats were randomly divided into four groups based
on exposure to hypoxic conditions at a simulated altitude of
7,000 m, control (normoxia) and 3, 7, and 10 days of hypoxia
exposure. BM degradation in bone marrow was determined by
transmission electron microscopy. MMP-9 levels were assessed by
western blot and real-time PCR, and COL4A1l levels were
assessed by western blot and immunohistochemistry.
Microvessels BMs in bone marrow exposed to acute hypoxia were
observed by electron microscopy. MMP-9 expression increased,
COL4A1 protein expression decreased, and BM degradation
occurred in the 10-, 7-, and 3-day hypoxia groups compared with
that in the control group (all P<0.05). Hypoxia increased MMP-9
levels, which in turn downregulated COL4A1, thereby increasing
BM degradation. MMP-9 upregulation significantly promoted BM
degradation and COL4A1 downregulation. Our results suggest
that MMP-9 is related to acute hypoxia-induced BM degradation
in bone marrow by regulating COL4A1.
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Introduction

Hypoxia is a state of low oxygen content and
reduced pressure in tissues [1-3]. Depending upon the
tissue type, the metabolic demands, and the adaptability
of the tissue to hypoxia, the response to hypoxia can have
effects ranging from substantial adaptation to tissue
damage [4, 5]. Tissue hypoxia can be caused by one of
three general abnormalities: hypoxemia, impaired oxygen
delivery to tissues, and impaired tissue oxygen
extraction/utilization [6]. In particular, acute hypoxia is
characterized by hypoxemia leading to exacerbated injury
of multiple organs such as heart, lung, pancreas,
including bone marrow[7-10], and these changes can lead
to basement membrane (BM) degradation in bone
marrow [11].

Matrix metalloproteinases (MMPs) are a family
of zinc-dependent endopeptidases with more than
20 different members [12, 13]. In particular, MMP-9
plays a crucial role in regulating angiogenesis and BM

degradation under hypoxic conditions [14, 15]. MMP-9
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upregulation is often observed in different malignant
tumors and has been shown to promote metastasis and
invasion by inducing angiogenesis and BM degradation
[16-18]. Further, MMP-9 functions in the degradation of
COL4 [16,19-22]. Therefore, we hypothesized that
MMP-9 upregulation is associated with acute hypoxia-
induced BM degradation. To adapt to a hypoxic
environment, the body can induce hypoxia-regulated
genes, such as MMP-9 and vascular endothelial growth
factor, which cause microvascular changes in the body,
including degradation of the vascular BM [23].

The BM is composed of multiple proteins, and
is COL4, which accounts for
approximately 50 % of the basal part of the membrane

the most abundant

and thus has an important biological function. COL4
forms a stable super molecular structure with laminin and
other components, thereby acting as a stent to ensure the
stability of the BM, and its function is mediated by the
interaction between the BM and cells [24,25]. In addition,
COLA4 includes many subunits, and its core function is
mainly attributed to COL4A1, which is also the most
studied gene in COL4 [26,27]. Recently, worldwide
research on COL4AL1 has focused on its role in vascular
diseases.

Gould et al. [28] found that the loss of the
COL4AT1 gene could negatively affect the composition
and expression of COL4, resulting in the abnormal
development and structure of small blood vessels, which
lead to the degradation of vascular BMs. Interestingly, an
experimental study on a rat model of subarachnoid
hemorrhage showed bleeding at different time points in
the lateral cortex and altered distributions and contents of
MMPs, and in the experimental group, the BM was
damaged within 24~72 h after subarachnoid hemorrhage
and showed increased blood-brain barrier (BBB)
permeability, decreased COL4, and increased MMP-9
expression, which eventually led to neurogenic oedema
and death [29].

A comparative study on rat bone [30] showed
that simulating the low oxygen levels that occur in
plateau areas resulted in increased MMP-9 expression in
rat bone marrow, increased vascular BM degradation,.
Further validation of chronic hypoxia-induced MMP-9
levels showed degradation of vascular basilemma and
confirmed that low oxygen conditions and increased
MMP-9 are closely related to the degradation of BM.
Electron microscopy experiments revealed that under
hypoxic conditions, significant differences occurred in
the degradation of the microvascular BM of rat bone

marrow compared with that under normoxic conditions,
and these changes included a decreased thickness of the
vascular BM and lack of uniformity.

Degradation of the vascular BM is related to
COLA4AL1 destruction. As the main component of COL4,
COLA4AL is closely related to the biological function of
MMP-9. Therefore, we hypothesized that MMP-9 can
degrade the vascular BM by regulating COL4A1 under
different durations of hypoxic exposure.

To further define how oxygen deprivation over
different durations is associated with the degradation
mechanism of vascular basilemma, we exposed rats to
simulated plateau conditions of 7,000 meters above sea
level for 3, 7, and 10 days. We then examined the bone
marrow at the three different times and determined how
of hypoxia affect MMP-9 and
COLA4AL levels and BM degradation in bone marrow.

different durations

Methods

Animals

Specific pathogen-free (SPF) male Sprague
Dawley (SD) rats weighing 200 + 20 g were purchased
from the Animal Centre of Xi’an Jiaotong University,
China (Grant No. SCXK (Shan) 2018-005). This
experimental protocol (P-SL-202102) was approved by
the Institutional Animal Care and Use Committee of
Affiliated Hospital of Qinghai
complied with the animal management rules of the

University, and it

Chinese Ministry of Health. All rats were housed at an
ambient temperature of 18 + 2 °C and relative humidity
of 40-60 % throughout the experiment, and they were fed
a standard pellet diet and provided water ad libitum.

Reagents and instrumentation

The anti-COL4Al antibody (1:200, PB9099)
was purchased from Boster Bio, China. Anti-MMP-9
(# ab38898) and anti-B-actin (# ab8229) antibodies were
obtained from Abcam (Cambridge, MA, USA). The
forward and reverse primers for MMP-9 and GAPDH
were designed using Primer 3 and synthesized by Jinsirui
Co., Ltd. (Nanjing, China). The miRNeasy Mini Kit was
purchased from Qiagen (Hilden, Germany). The
PrimeScript RT reagent kit (catalogue no. #RR036A) and
TB Green Premix Ex Taq (catalogue no. #RR820A) were
purchased from TaKaRa Bio (Shiga, Japan). ProLong
Gold antifade reagent (P36931) was obtained from
Invitrogen (Carlsbad, CA, USA). The acute hypoxia rat
model was established in an automatically adjusted low-
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pressure hypobaric chamber (DYC-300; Guizhou Fenglei
Oxygen Chamber Co., Ltd., Guizhou, China).

Establishment of the animal model

In total, eighty rats were randomly divided into
four groups (n = 20 rats per group), namely, a control
group and three treatment groups based on the duration of
exposure to hypoxic conditions: 3, 7, and 10 days. The
rats in the control group were kept under normoxic
conditions for 28 days. All rats except those in the control
group were maintained continuously in a hypobaric
chamber for the indicated time periods [31-33] under the
same pressure and oxygen concentration as that at an
altitude of 7,000 m. All rats were housed at an ambient
temperature of 18 + 2 °C and relative humidity
of 40-60 % throughout the experiment, and they were fed
a standard pellet diet and provided water ad libitum [1].

Collection of blood samples

The rats were anaesthetized using urethane
(1.0 g/kg) and sacrificed by bleeding the abdominal aorta.
Blood samples were collected for routine tests using
a blood cell analyzer obtained from Mindray Biomedical
Electronics Co., Ltd. (BC-5000Vet, Shenzhen, China),
and the red blood cell (RBC), hemoglobin (HD),
hematocrit (HCT), and erythrocyte counts were recorded.

Collection of bone marrow samples

The thigh bones of the rats were extracted,
homogenized, and centrifuged with 15 ml of 0.9 %
normal saline at 3,00 x g for 5 min, and then the extracts
were filtered to collect the bone marrow. A portion of
each bone marrow sample was flash-frozen in liquid
nitrogen and stored at -80 °C for RNA and protein
extraction. The remaining samples were fixed in 4 %
and 25%
immunohistochemistry staining and transmission electron

paraformaldehyde glutaraldehyde for

microscopy (TEM).

Immunohistochemistry staining for COL4A41

Paraffin
immunohistochemical analysis using the SP-HRP kit
(SP-900; ZSGB Biotechnology Co. Ltd., Beijing, China).
Antigen site retrieval was accomplished by a microwave

sections  were  prepared  for

heat-mediated method and incubation with 10 mmol/l
citrate buffer (pH 6) for 10 min. The subsequent
procedure was performed according to the manufacturer’s
instructions as follows: sections were incubated in 3 %
hydrogen peroxide for 10 min, washed three times (3 min

each) with 0.01 mmol/l PBS (pH 7.4), and blocked with
goat serum. Then, the sections were incubated for 14 h at
4 °C with rabbit anti-COL4A1 (1:200, PB9099; Boster
Bio) antibody in 0.3 % Triton PBS
(0.01 mmol/l). Next, the sections were washed with PBS
three

primary

times (3 min each) and incubated with
a biotinylated goat anti-rabbit secondary antibody for
15 min at 37 °C. After rinsing for 9 min in PBS, the
sections were incubated with horseradish peroxidase-
conjugated streptavidin for 15 min at 37 °C, and then they
were washed again with PBS for 9 min. The reaction
product was visualized using diaminobenzidine for
10 min at room temperature, and then the sections were
stained with hematoxylin for 20 s. Images were acquired
at 200x magnification, and the integrated optical density
and area of protein expression were measured with Image
Pro Plus software (Media Cybernetics, Rockville, MD,
USA) and used to calculate the mean optical density

value.

Transmission electron microscopy

BM degradation in bone marrow was examined
by TEM. Tissues were fixed with 3 % buffered
glutaraldehyde and stored in a refrigerator overnight
(4 °C). Thereafter, they were rinsed in 0.1 M phosphate
buffer and post-fixed for 2 h with 1 % osmium tetroxide
in 0.125 M sodium cacodylate buffer, dehydrated in
increasing concentrations of ethanol (30-100 %), rinsed
in acetone, and embedded in Araldite. Ultrathin sections
(500-nm thickness) were stained with uranyl acetate and
lead citrate and examined using a Tecnai Spirit Bio
TWIN electron microscope (FEI Company, Hillsboro,
OR, USA).

Real-time quantitative PCR

Total RNA was extracted from frozen bone
marrow samples using the miRNeasy Mini Kit and
quantified using a NanoDrop. cDNA was synthesized
using the TaKaRa PrimeScript RT reagent kit. The
mRNA expression of MMP-9 was determined using TB
Green Premix Ex Taq (TaKaRa) on an ABI 7500
Real-time PCR system (Bio-Rad, Hercules, CA, USA).
The primers wused were as follows: MMP-9
forward: 5'-GCATCTGTATGGTCGTGGCT-3’, reverse:
5'-TGCAGTGGGACACATAGTGG-3'; GAPDH for-
ward: 5-AGTGCCAGCCTCGTCTCATA-3',
5'-GAACTTGCCGTGGGTAGAGT-3'.
expression was calculated using the 2"**“ method, and all

reverse:
Relative gene

values were normalized to the housekeeping gene
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GAPDH. The PCR was programmed as follows: 95 °C
for 10 min; 40 cycles of 95 °C for 10 s; 60 °C for 30 s;
72 °C for 30 s; and 72 °C for 5 min. All samples were
examined in triplicate. The primers used to amplify the
expression of MMP-9 are presented in Table 1.

Western blotting

The protein expression of COL4A1 and MMP-9
in bone marrow was determined by western blotting.
Proteins were isolated from frozen bone marrow tissues
by homogenization in RIPA buffer containing 1 mmol/l
PMSF, and then centrifugation at 11,000 x g for 10 min
at 4 °C was performed to collect the supernatant. The
protein  concentration was measured using the
bicinchoninic acid assay, with bovine serum albumin as a
standard sample. Proteins were resolved using 10 %
SDS-PAGE and transferred to polyvinylidene difluoride

membranes, and then the membranes were blocked with

Table 1. MMP-9 and primers

5 % non-fat milk for 1 h and then incubated with anti-
COL4ALI (1:1000) and anti-B-actin (1:300) antibodies at
4 °C overnight. Next, the membranes were incubated
with goat anti-mouse/anti-rabbit IgG  secondary
antibodies (1:20,000) for 1 h at ambient temperature and
detected with an enhanced chemiluminescence kit (ECL,
Biyuntian Biotech Institute, Shanghai, China).

Statistical analysis

The results were analyzed using SPSS 19.0
software (SPSS, Inc., Chicago, IL, USA) and expressed
as the mean + SD for normally distributed data.
Differences between groups were analyzed by one-way
analysis of variance (ANOVA), followed by the Student—
Newman—Keuls test and Dunnett’s multiple comparison
test. A value of P<0.05 was considered statistically
significant.

Primer Sequence (5°-3’) Length
MMP-9 F 5-GCATCTGTATGGTCGTGGCT-3' 112 bp
MMP-9 R 5-TGCAGTGGGACACATAGTGG-3’ 112 bp
GAPDH-F 5-AGTGCCAGCCTCGTCTCATA-3’ 201bp
GAPDH-R 5'-GAACTTGCCGTGGGTAGAGT-3’ 201bp

Table 2. Characteristics of the acute hypoxia rat model

Index Control (n =10) 3 days (n =10) 7 days (n =10) 10 days (n =10)

RBC (% 10"/L) 7.90 £ 0.68 8.63 £0.42° 9.18 +0.43° 9.71+0.31°

Hb (g/L) 170.00 = 12.17 183.12 +14.21° 201.23 + 14.89° 217.77 £12.10°

HCT (%) 39.78 £4.19 44.83 + 4.90° 49.75 +3.00° 5591 +£497°
Results MMP-9 was upregulated in the hypoxic rat bone marrow

Characteristics of the acute hypoxia rat model

An acute hypoxia rat model was established in the
3-, 7-, and 10-day groups. Rats with acute hypoxia showed
typical symptoms, including cyanosis in the mucous
membrane of the lips, tongue, ears, palms, and soles of the
feet compared to the rats in the control group. In addition,
on day 3, the RBCs, Hb, and HCT were increased
compared to that in the control group (P<0.05; Table 1).
On day 7, the RBCs, Hb, and HCT were increased
compared to that in the 3-day group (P<0.05, Table 1). On
day 10, the RBCs, Hb, and HCT were increased compared
to that in the 7-day group (P<0.05, Table 2).

Western blot analysis showed that the MMP-9
levels in the hypoxia groups were significantly higher
than those in the control group (P<0.05, Fig. 1). MMP-9
expression is 0.84+0.13 in the 3-day group which was
significantly higher than 0.59+0.19 in the control group.
Furthermore, MMP-9 expression is 1.13+0.83 in the
7-day group which was significantly higher than that in
the 3-day group, and MMP-9 expression is 1.46=0.10
which was significantly increased in the 10-day group
compared to that in 7-day group. (P<0.05, Fig. 1A).

In addition, RT-PCR showed that the mRNA
expression of MMP-9 was significantly increased in the
hypoxia groups compared to that in the control group
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(P<0.05, Fig. 1B). MMP-9 gene expression is 1.26+0.27
in the 3-day group which was significantly higher than
0.9140.10 in the control group. Moreover, MMP-9 gene
expression is 1.58+0.09 in the 7-day group which was
significantly higher than that in the 3-day group, and
1.8940.19 which was
significantly increased in the 10-day group compared to
that in 7-day group. (P<0.05, Fig. 1B).

MMP-9 gene expression is

COL4A1 was decreased in the bone marrow of acute
hypoxia rats

Western blot analysis showed that the COL4A1
levels in the bone marrow samples from the hypoxia
groups were lower than those from the control group
(P<0.05, Fig. 2A). The expression of COL4Al is
0.94+0.16 in the 3-day group which was lower than
1.36+0.17 in the control group, and the expression of
COL4ALl is 0.69+0.14 in the 7-day group which was
lower than that in the 3-day group, while the expression
of COL4A1 is 0.454+0.08 in the 10-day group which was
lower than that in the 7-day group (P<0.05, Fig. 2A).

The morphology of the BM was analyzed by
immunohistochemical staining, which showed an even
and continuous BM and increased COL4A1 expression in
the control group compared to that in the hypoxia groups.
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In contrast, in the hypoxia groups, immunohistochemistry
showed a thinner and more uneven BM, with the extent
of BM damage progressively increasing in the 3-, 7-, and
10-day groups. Image Pro-Plus 6.0 software was used for
quantitative analysis. The average optical density (AOD)
of 5 high magnification scopes was calculated. The
expression of COL4A1 is 0.14+0.01 in the 3-day group
which was lower than 0.17+0.00 in the control group, and
the expression of COL4Al is 0.12+0.01 in the 7-day
group which was lower than that in the 3-day group,
while the expression of COL4Al is 0.09+0.01 in the
10-day group which was lower than that in the 7-day
group (P<0.05, Fig. 2B).

BM degradation occurred in the bone marrow of acute
hypoxia rats

The BM of microvessels in the bone marrow
were observed by TEM (Fig. 3). The control group
showed a thick and continuous BM, whereas the hypoxia
groups showed an uneven and thin BM with increased
degradation. The BM thickness in the 3-day group was
significantly higher than that in the other hypoxia groups,
whereas the BM thickness in the 10-day group was
significantly lower than that in the other groups.
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Fig. 1. MMP-9 protein (@) and mRNA (b) expression were increased in the bone marrow of rats with acute hypoxia. Control: control
group; 3 days: acute hypoxia for 3 days; 7 days: Acute hypoxia for 7 days; 10 days: acute hypoxia for 10 days. Results are presented
as the mean + SEM (n = 6 rats per group). *P<0.05 vs. Control, AP<0.05 vs. 7 days.
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Fig. 2. Expression of MMP-9 at different hypoxia time. (@) Immunohistochemical staining of COL4A1 in bone marrow (magnification:
400x). Red arrows indicate COL4A1-positive staining. (b) Western blot showing the protein expression of COL4A1. Control: control
group; 3 days: acute hypoxia for 3 days; 7 days: acute hypoxia for 7 days; 10 days: acute hypoxia for 10 days. Results are presented
as mean + SEM (n = 6 rats per group). *P<0.05 vs. Control, AP<0.05 vs. 7 days.

Control 3 days

10 days

7 days

Fig. 3. Ultrastructural analyses of the basement membrane (BM). Representative photomicrographs of BM from one randomly selected
slide per group. Scale bar = 500 nm. BM degradation was higher in the acute hypoxia groups than in the control group Control: control
group; 3 days: acute hypoxia for 3 days; 7 days: acute hypoxia for 7 days; 10 days: acute hypoxia for 10 days. Red arrows indicate the

BM of micro-vessels.

Discussion

Our study revealed five major findings: (1) rats
developed erythropoiesis under hypoxic conditions; (2)
the BM showed significant pathological changes (BM
degradation) in the bone marrow microvessels of under
acute hypoxia after 3, 7, and 10 days; (3) COL4Al,
BM, was
downregulated in the hypoxia groups, and the level of

which is a major component of the
downregulation was consistent with the extent of BM
degradation; (4) acute hypoxia induced the upregulation
of MMP-9 in bone marrow; and (5) the MMP-9 and
COLA4AL levels in the bone marrow of acute hypoxia rats
of BM

were positively correlated to the extent

degradation.

Hypoxia exposure can cause a variety of
lead to BM
degradation, such as increased blood viscosity, which is

vascular pathological changes that
consistent with the results of previous studies [36, 37]. In
our previous study, we found that chronic hypoxia
induced degradation of rat bone marrow microvascular
BM and was closely related to high MMP-9 expression
[30]. In this study, the degradation of vascular BM in the
bone marrow of rats was increased and that the thickness
of the vascular BM was decreased after exposure to
hypoxic conditions for different durations compared with
that in the normoxic group.

The COL4A41 gene is located on chromosome
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13g34, and it gene encodes the collagen type IV alpha
protein 1, an essential component of the vascular BM
[38]. Previous studies [13, 28, 39] have shown that the
mechanism underlying microvessels BM degradation in
certain diseases, such as cancer and stroke, involves
COL4A1, which regulates the progression of tumor
metastasis. However, the role of COL4Al
hypoxia-mediated microvessels BM degradation has not

in acute

been previously reported and the mechanism underlying
acute hypoxia-mediated microvessels BM degradation
has not been studied. Our results indicated that MMP-9
expression was upregulated in the anoxic group;
moreover, degree of the rat bone marrow microvascular
BM degradation, as observed by electron microscopy,
was found to be consistent with the level of MMP-9,
which is consistent with previous studies [40,41]. BM
destruction is an essential step in tumor progression and
supports tumor invasion and metastasis by promoting
angiogenesis [42].

Our study found that under different anoxic
conditions, the BM of bone marrow microvessels in rats
was degraded, COL4Al expression was decreased, and
the BM degradation level was consistent with the level of
COLA4ALl. The role of COL4Al in the degradation of
hypoxia-mediated microvascular BM has not been
previously reported and the mechanism of hypoxia-
mediated microvascular BM degradation has not been
previously studied.

Our results showed that by regulating the
expression of COL4Al, MMP-9 was related to the
degradation of BM in the bone marrow of hypoxic rats.
The regulatory effect of MMP-9 on COL4Al in the
process of hypoxia-mediated microvascular BM
degradation was analyzed here for the first time. We also
found that in the hypoxic treatment groups, rat bone
marrow BM degradation was the most serious in the
10-day group, in which the content of COL4A1 was the
lowest and the expression of MMP-9 was the highest,
BM degradation was relatively slight in the 3-day group,
in which the content of COL4Al was high and the
expression of MMP-9 was the lowest.
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