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Abstract: Alcohol abuse increases the incidence of cerebral accidents, which correlates with cerebrovascular struc-
tural changes. The present study was designed to observe the cerebrovascular remodeling of drinking rats with 
light microscopy and transmission electron microscopy (TEM). Short-term alcohol administration induced apparent 
amplification of perivascular spaces around small vessels in brain tissue, while long-term administration caused 
pathological changes of basilar arteries (BAs), including endothelial exfoliation, inner elastic lamina (IEL) fragmenta-
tion and thickening of tunica media and adventitia. In addition, the relationship between cerebrovascular remod-
eling and MMP-2 and MMP-9 synthesized by endothelial cells and vascular smooth muscle cells was explored by 
immunohistochemistry. The two protein expression in cerebral vessels changed dynamically, peaking at 1-2 weeks 
after treatment, and decreasing as treatment continued. These results suggest that MMP-2 and MMP-9 may play 
a significant role in blood-brain barrier disruption after alcohol abuse. But the chronic changes of cerebral arteries 
resulted from drinking are not coincident with time course of MMP-2 and MMP-9 expression in situ.
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Introduction

Alcohol abuse has been proved increase risk of 
cerebrovascular events [1-4] by changing cere-
bral blood flow [5, 6], increasing blood pressure 
(BP) [7, 8] and disrupting the blood-brain barri-
er (BBB) [9, 10]. The mechanisms, such as oxi-
dative stress [9], ion channel [11] and apopto-
sis [12] caught the attention of scientists. But 
the morphological changes of cerebral vessels 
have not been systematically described. In the 
present study, we compared the morphological 
features of cerebral vessels between control 
and alcoholic rats, with specific staining, trans-
mission electron microscope (TEM) and immu-
nohistochemistry (IHC). We found alcohol abu- 
se induced vascular remodeling, involved both 
cells and the extracellular matrix (ECM).

MMPs are a family of zinc-binding proteolytic 
enzymes that can degrade structural proteins 
of ECM and have an important role on tissue 
remodeling. MMPs are synthesized by diverse 
cell types including mesenchymal cells, macro-
phages, monocytes, and fibroblasts. But MMPs 

expressed in vascular wall cells are always 
ignored. We focused on MMP-2 and MMP-9 
synthesized by endothelial cells (ECs) and vas-
cular smooth muscle cells (VSMCs) after drink-
ing and their correlation with pathological 
changes of cerebral vessels.

Materials and methods

Experimental animals

This study was approved by the Institutional 
Review Board for Animal Experiments at Hebei 
Medical University. In alcoholic group, alcoholic 
beverage (56% v/v, Hongxing, Beijing) was 
injected into the stomach of Sprague-Dawley 
(SD) male rats (220 g ± 10 g) using a blunt 
tipped needle. The injection was processed two 
times each day at interval of over 10 hours, and 
the rats were starved 4 hours before each injec-
tion. Increasing dose of alcoholic beverage was 
administered until the end of the 3rd week, and 
then the full dose (1.2 ml/100 g, 56% v/v) was 
supplied. The control animals were given water 
instead. Systolic blood pressure (BP) was mea-
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sured weekly using the tail-off method with no- 
ninvasive BP monitor (LE5001 Pressure Meter). 

Blood alcohol concentration (BAC)

Six rats were treated with 1.2 ml/100 g of 56% 
v/v alcoholic beverage, and their blood samples 
were collected at the baseline and 0.5 h, 1 h, 2 
h, 3 h, 6 h, 12 h after treated. BCA was esti-
mated by headspace gas chromatography 
(Agilent Technologies).

Tissue preparation

The rats were anesthetized with 10% chloraldu-
rat (0.4 ml/100 g, i.p) and then decapitated. 
The whole brain with basilar artery (BA) was 
removed and preserved in the fixation solution 
for 48 h. Serial coronal paraffin sections were 
used for Weigert elastic fiber staining, Masson’s 
trichrome staining and IHC. 

The whole brain for TEM with basilar artery was 
removed and immersed immediately into 4°C 
4% glutaric dialdehyde. With the aid of a stereo-
microscope, the BA and brain tissue were care-
fully dissected free from each brain and pre-
served in 4°C 4% glutaric dialdehyde. Ultrathin 
sections were observed with TEM (H-7500, 
Hitachi, Japan).

Specific staining 

Weigert elastic fiber staining and Masson’s tri-
chrome staining were performed using stan-
dard protocol. The average areas of BA were 
surveyed by a pathologic image analysis sys-
tem (Cellsen Standard). The area of the lumina 
(A1) was measured from the inner boundary of 
tunica intima, and the gross area of the cross-

section (A2) was from the external boundary of 
tunica adventitia. The area of the wall (A3) was 
calculated with A1 and A2 (A3 = A2 - A1). The 
ratio of wall and lumina was achieved with A1 
and A3 (the ratio = A3/A1).

Immunohistochemistry

These tissues were incubated respectively with 
antibodies against rat MMP-2 (Eptomics) and 
MMP-9 (Eptomics) overnight at 4°C. After 
rinsed with PBS, the sections were incubated 
for 1 h with the secondary antibody (Zhonghan 
Goldenbridge Biotech), and were subsequently 
incubated with avidin and horseradish peroxi-
dase (HRP)-conjugated biotin (Zhonghan 
Goldenbridge Biotech) for 30 min. Finally, 0.1 
mg/ml 3,3’-diaminobenzidine (DAB) reagent 
(Tiangen Biotech) was applied to sections for 5 
min. In order to identify immunostaining, the 
sections were counterstained with haematoxy-
lin. The number of MMP-2 and MMP-9-stained 
small vessels in each section was counted (per 
400 × view field) in five view fields. Two inde-
pendent observers who were blinded to the 
experimental conditions performed counts and 
calculated the average number of positive 
vessels.

Cell culture

Human brain microvascular endothelial cells 
(HBMECs) (Sciencell) and human brain vascular 

Figure 1. BCA versus time profiles of alcoholic bever-
age (1.2 ml/100 g of 56% v/v). BCA got the peak 
after 1 h, and then decreased gradually.

Figure 2. Systolic BP changes in control and alco-
holic groups. Systolic BP increased gradually in alco-
holic group, and was significantly different from that 
in control group since the 10th week. *P < 0.05 vs. 
control.
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smooth muscle cells (HBVSMC) (Sciencell) were 
grown in 25 cm2 flasks until 80% confluent. 
Cells were treated with 200 mM alcohol (Sigma) 
for different lengths of time. 

Western blotting

Cell extracts were loaded, separated by SDS-
PAGE and transferred to NT membranes. The 
membranes were incubated overnight at 4°C 
with anti-MMP-2 (Epitomics), MMP-9 (Epitomics) 
and GAPDH (Genetex.) antibodies. Then, incu-
bation with the secondary antibodies was per-
formed. The secondary antibodies were bound 
to the fluorophore which underwent excitation 
by light. The emitted light was then detected by 
an imager (Odyssey).

Statistical analysis

The data were expressed as mean ± SEM. The 
biochemical data were analyzed statistically by 
one-way ANOVA with SPSS statistical software. 
Statistical significance was set at P < 0.05.

Results

BCA

After alcoholic beverage treatment, BCA inc- 
reased rapidly, and peaked to (225.06 ± 43.10) 
mg/dL at 1 h. And then BCA decreased gradu-
ally to (25.37 ± 18.21) mg/dL at 12 h (Figure 
1).

Systolic BP changes

Systolic BP fluctuated smoothly in the control 
group, while it was profoundly increased in 
alcoholic rats. A significantly increase in systol-
ic BP was observed in the rats with alcoholic 
beverage treatment for 10-12 weeks compared 
to the control rats (P < 0.05). The Systolic BP at 
the end of 12 week treatment was (135.6 ± 
6.9) mmHg (P < 0.01) (Figure 2). 

Morphological changes of BAs

With Weigert staining (Figure 3A, 3B), elastic 
fibers were stained in purple. With Masson’s tri-

Figure 3. Morphological images of BAs of control (A, C) and alcoholic (B, D) rats. Weigert staining (A, B), illustrating 
elastin (purple), showed the IEL fragmentation (arrow) after chronic alcohol abuse. Masson’s trichrome staining (C, 
D), illustrating collagen (blue), SMCs (red) and red cells (orange), showed SMCs hyperplasia and collagen increase 
in tunica adventitia. Scale bar: 50 μm.
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chrome staining (Figure 3C, 3D), SMCs were 
stained in red, collagen was blue, and red cells 
were orange. Specific staining showed the BAs 
had a typical character of resistance arteries. 
There was a sharp, solid and undulate IEL in the 
internal layer. There were a few elastic fibers, 
not elastic lamina, in tunica media and adventi-
tia. The tunica media had 3-5 layers of VSMCs. 
In control rats, IEL appeared as a thick continu-
ous and compact layer (Figure 3A). But in alco-
holic rats, local IEL appeared as separate thin-
ner elastic fibers (Figure 3B). The SMCs in 
tunica media and collagen in adventitia were 
increased in alcoholic rats compared with con-
trol (Figure 3C, 3D). The ratio between vascular 

wall and lumina area was increased after 
chronic drinking (Table 1). 

Ultrastructural changes of cerebral vessels

The ECs of control rats, in both capillaries and 
basilar arteries, had affluent organelle and 
microvillus (Figure 4A, 4C). The perivascular 
space around capillaries was enlarged after 2 
week alcohol treatment (Figure 4B). Normal IEL 
appeared a thick lamina (Figure 4C). After alco-
holic beverage-treatment, the vessels were 
structurally different from control group. The 
cristae of mitochondria in ECs disrupted and 
dissolved (Figure 4B), and both microvillus and 

Table 1. The Area of BAs Cross-section (n = 6)
A1 (μm2) A2 (μm2) A3 = A2-A1 (μm2) A3/A1

Con 6516.488 ± 845.12 17579.210 ± 1289.87 11062.722 ± 1039.91 1.695 ± 0.061
Alcoholic 5871.814 ± 793.33 18317.725 ± 1197.68 12445.911 ± 938.17 2.119 ± 0.046*

A1: the area of vascular lumina. A2: the area of vascular cross-section. A3: the area of vascular wall. *p < 0.05 vs con.

Figure 4. TEM images of capillaries (A, B) and BAs (C, D) of control (A, C) and alcoholic (B, D) rats. Amplification of 
perivascular spaces (asterisk) were occurred at the 2nd week after treatment (B). Subendothelial vacuoles (black 
arrow) and separated IEL were shown at the end of 12 week alcohol treatment (D). And SMCs broke through into 
elastic fibers (white arrow). Cap: capillaries (A, B) × 20 k, (C, D) × 5 k.
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pinocytosis vesicles were decreased (Figure 
4B, 4D). At the end of 12 week treatment, vacu-
oles were observed between ECs and IEL. IEL 
appeared as separate thinner layers, and SMCs 
protruded into these layers (Figure 4D).

Protein expression of MMP-2 and MMP-9 in 
cerebral vessels

MMP-2 and MMP-9 were rarely found in capil-
laries, small veins and basilar arteries without 
alcoholic beverage-treatment (Figures 5A, 5E, 
and 7A). After treatment, MMP-2 and MMP-9 
were observed in capillaries and small veins 

also transiently increased in cultured HBMECs 
with alcohol treatment (Figure 8). Neither 
MMP-2 nor MMP-9 was detected in HBVSMCs 
(not shown). 

Discussion

Alcohol is the most commonly used and abused 
drug in the world. Deleterious alcohol-related 
health effects attributed to the internal organ 
toxicity include vascular injury. We established 
the model of alcoholic rats with alcoholic bever-
ages purchased from market, which was close 
to the development of alcoholic intoxication in 

Figure 5. Expression of MMP-2 (A-D), MMP-9 (E-H) in small vessels of rat cerebral cortex. Rarely MMP-2 (A) and 
MMP-9 (E) expressed in control rats. As alcoholic beverage treated, both proteins expressed at 1st and 2nd week, ac-
companied with amplification of perivascular spaces (B, C, F, G). There were few positive vessels at 4th week (D, H). 
The images at the corner were magnifications from the area in the frames. Scale bar: 50 μm.

Figure 6. Quantitation of MMP-2, MMP-9 expression in small vessels of rat ce-
rebral cortex after alcoholic beverage treatment (per × 400). MMP-2 expression 
peaked at the 1st week, and MMP-9 at the 2nd week. *P < 0.05 vs. con.

(Figure 5B, 5C, 5F, 5G). 
MMP-2 expression peaked 
at the 1st week (Figures 5B 
and 6), and MMP-9 at the 
2nd week (Figures 5G and 
6) paralleling apparent 
amplification of perivascu-
lar spaces. As treatment 
progressed, the expres-
sion decreased. MMP-2 or 
MMP-9-positive vessels 
could be hardly observed 
at the end of the 4th week 
(Figure 5D, 5H). MMP-2, 
not MMP-9, was expressed 
in the ECs of subarachnoid 
arteries after 1-2 week 
treatment (Figure 7B). 
MMP-2 protein level was 
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vessels. The peak of BCA in our model was 
225.06 ± 43.1 mg/dL. After chronic alcoholic 
consumption, both vascular wall cells and ECM 
were involved in the histological changes of 
BAs. 

The IEL has been suggested a key component 
of the arterial wall to modulate vascular tone 
and diameter. It also represents a flexible bar-
rier between the endothelium and inner SMCs. 
EC proliferation [13] and SMC migration [14-16] 
are dependent on IEL. Elastic laminate frag-
mentation and elastin degradation are obser- 
ved in the progress of aging [17], aneurysm 
[18] and hypertension [19-22]. Partridge [23] 
found disruption of the elastic fibers in tunica 

media of aorta after 72 week alcohol consump-
tion. This present study suggested chronic alco-
hol abuse could also lead to IEL injury of BA.

Besides of IEL fragmentation, the wall: lumen 
ratio increasing was another feature of vascu-
lar remodeling caused by alcohol intoxication, 
which might be resulted from SMC hyperplasia 
in tunica media and collagen deposition in tuni-
ca adventitia. Other studies had similar results 
[24]. These events induced losing of elasticity 
and stiffening of arteries [25].

MMPs, a family of zinc-dependent extracellular 
proteinase, are believed to cause disorganiza-
tion of the vascular wall. MMPs were consis-

Figure 7. Expression of MMP-2 in subarachnoid arteries. There were no expression in control group (A), and endo-
thelial expression in alcoholic group after 2 week-treatment (B). Scale bar: 50 μm.

Figure 8. Expression of MMP-2 and MMP-9 in HBMECs. A. Western blot analysis of MMP-2 and MMP-9 expression. 
B. Quantitation of expression. *P < 0.05 vs. con.
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tently associated with atherosclerosis and 
lesion vulnerability [26-29]. Arteries with tem-
poral arteritis had clearly enhanced immunos-
taining for MMP-9 compared with normal arter-
ies, and MMP-9 was specifically localized to the 
regions of IEL disruption [30]. Up-regulation of 
MMP-2 activity was coincident with the degra-
dation of vascular elastin components and pro-
liferation of SMCs in vascular injury [16, 23].

The protein level and activity of MMP-2 and 
MMP-9 could be affected by alcohol. Intra- 
peritoneal alcohol treatment increased MMP-9 
activity in the hippocampus and prefrontal cor-
tex [31]. Lieber-DeCarli liquid diet for 72 weeks 
increased MMP-2 activity in aorta [23]. Both 
protein level and activity of MMP-9 was elevat-
ed in serum of alcohol abusers [32]. In this 
study, however, only MMP-2 expressed in ECs 
of intracranial arteries after 1-2 week treat-
ment, which was not in concordance with the 
time course of vascular remodeling. We sup-
posed that MMP-2 and MMP-9 expression in 
vascular wall were not the capital factor to vas-
cular remodeling induced by alcohol. The 
remodeling might related with other factors, 
such as proteinases in blood circulation, toxici-
ty of alcohol and acetaldehyde, and hyperten-
sion. The systolic BP was confirmed to signifi-
cantly increase after chronic drinking in both 
our and others’ studies [8]. Hypertension and 
remodeling of resistance arteries might be 
each other’s essential prerequisites.

Interestingly, the relationship between BBB dis-
ruption and expression of MMP-2 and MMP-9 
was more definite. Drinking for 1-2 weeks, the 
rats appeared obvious vasogenic edema, paral-
leling with transient up-regulation of MMP-2 
and MMP-9. MMPs-mediated disruption of BBB 
has proved in diverse diseases, such as sub-
arachnoid hemorrhage, cerebral ischemia and 
diabetes [28-30]. Alcohol could elevate MMPs 
expression and activity in a PTK-dependent 
manner [10], followed by tight junction proteins 
disruption [31, 32]. The tight junction proteins, 
such as ZO, occludin and claudin, were consid-
ered as the key components of BBB. We also 
studied the two protein expression in the iso-
lated cells. Neither MMP-2 nor MMP-9 was 
detected in HBVSMCs. In HBMECs, MMP-2 
expression, not MMP-9, increased transiently 
after alcohol treatment. Shapira [33] found 
that in rat head trauma model, the brain edema 
after chronic alcohol pretreatment was not 

more serious than that after acute alcohol pre-
treatment. This result is possible to be associ-
ated with the reduction of the proteinase after 
long-term alcohol treatment. 

According to expression patterns of MMP-2 and 
MMP-9 in vascular wall cells, ECs were the pri-
mary origin of vascular MMP-2 and MMP-9 
after alcohol treatment, and MMP-2 might play 
a more important role on vascular pathological 
change.

In summary, short-term alcohol abuse results 
in BBB injury, which is closely related with 
MMP-2 and MMP-9 synthesized by ECs. Long-
term alcohol abuse leads to endothelial exfolia-
tion, IEL fragmentation, and inward remodeling, 
which is a complicated process, not mainly 
dependent on MMP-2 and MMP-9 in vascular 
wall.
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