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Abstract. Stroke is a life‑threatening disease that results in 
significant disability in the human population. Despite the 
advances in current stroke therapies, a host of patients do not 
benefit from the conventional treatments. Thus, more effective 
therapies are required. It has been previously reported that 
leucine‑rich‑α2‑glycoprotein 1 (LRG1) is crucial during the 
formation of new blood vessels in retinal diseases. However, 
the function of LRG1 in the brain during the neovessel 
growth process following ischemic stroke has not been 
fully elucidated and the mechanism underlying its effect on 
angiogenesis remains unclear. The purpose of the current 
study was to demonstrate whether LRG1 may promote angio-
genesis through the transforming growth factor (TGF)‑β1 
signaling pathway in ischemic rat brain following middle 
cerebral artery occlusion (MCAO). In the present study, the 
spatial and temporal expression of LRG1, TGF‑β1, vascular 
endothelial growth factor (VEGF) and angiopoietin‑2 (Ang‑2) 
were detected in ischemic rat brain following MCAO using 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR), western blot analysis and immunohistochemistry. 
CD34 immunohistochemistry staining was used as an indicator 
of microvessel density (MVD). The RT‑qPCR and western 
blotting results revealed that the levels of LRG1 and TGF‑β1 
mRNA and protein expression were significantly increased as 
early as 6 and 12 h after MCAO (P<0.05), respectively, peaked 
at 3 days and persisted at significantly higher level until 14 days, 
in comparison with the control group. Additionally, VEGF and 
Ang‑2 were also increased following MCAO. Furthermore, 
the immunohistochemistry results suggested that the MVD 
was increased following MCAO. In addition, the results also 

revealed that the percentage of LRG1‑positive cells was posi-
tively correlated with the percentage of TGF‑β1‑positive cells, 
and the percentage of LRG1‑positive and TGF‑β1‑positive cells 
had a positively correlation with the MVD. Taken together, the 
present study indicated that LRG1 may promote angiogenesis 
through upregulating the TGF‑β1 signaling pathway in isch-
emic rat brain following MCAO. This may provide a potential 
therapeutic target for the treatment of ischemic stroke. 

Introduction

Stroke, a life‑threatening condition, is the second leading 
cause of death worldwide (1). With the advancement of thera-
peutic strategies, the relative rate of mortality from stroke has 
declined. However, it still carries a considerable emotional 
and economic burden. Brain repair following stroke requires 
various processes, including neurogenesis, angiogenesis and 
synaptogenesis in the areas around the infarction (2‑4). The 
formation of new blood vessels by angiogenesis is a key feature 
of stroke. Previously, a multitude of essential angiogenic 
inducers, including angiopoietin‑2 (Ang‑2), vascular endo-
thelial growth factor (VEGF), fatty acid binding protein‑4, 
glucose‑6‑phosphate isomerase and neuropilin‑1, were 
reported to promote neovascularization following stroke (5‑7).

Leucine‑rich α2‑glycoprotein 1 (LRG1) was initially iden-
tified as a secreted glycoprotein in human serum by Haupt and 
Baudner (8) in 1977. It consists of a single polypeptide chain, 
which includes two intrachain disulfide bonds with 312 amino 
acid residues  (9). LRG1 is a highly conserved member of 
leucine‑rich repeat (LRR) family of proteins, several of which 
are involved in protein‑protein interactions, signaling transduc-
tion, cell adhesion, cell survival, cell apoptosis, cell metastasis, 
DNA transcription, DNA repair and RNA processing (10‑13). 
Zhang et al (14) reported that LRG1 was involved in the inhibi-
tion of hepatocellular carcinoma (HCC) metastasis and may 
function as a novel metastasis suppressor in HCC. Addition-
ally, the function of LRG1 in tumors was investigated, and 
indicated that LRG1 was associated with multiple types of 
tumor, including ovarian cancer, glioblastoma and squamous 
cell lung cancer (15‑18). Furthermore, certain previous studies 
reported that LRG1 is involved in various diseases, including 
inflammatory diseases, heart failure, arterial stiffness, endo-
thelial dysfunction and peripheral arterial disease  (19‑23). 
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Previously, LRG1 expression in the brain during aging and 
neurodegenerative diseases, including idiopathic normal 
pressure hydrocephalus, Parkinson's disease with dementia, 
dementia with Lewy bodies, progressive nuclear palsy and 
Alzheimer's disease was investigated (24,25). LRG1 was also 
considered as a novel biomarker of neurodegenerative disease 
in human cerebrospinal fluid and may cause neurodegenera-
tion in mouse cerebral cortex (24,25).

Wang et al (26) reported that, as a novel angiogenic factor, 
LRG1 was significantly elevated in models of retinal neovas-
cularization and expression was restricted almost exclusively 
to the vasculature system. Increased LRG1 was also observed 
in a mouse model of choroidal neovascularization compared 
with control groups, whereas antibody blockade of LRG1 
reduced lesion sizes during the progression of choroidal 
neovascularization (26). The results suggested that LRG1 was 
a potential therapeutic target for the treatment of macular 
degeneration  (26). Furthermore, the investigation demon-
strated that LRG1 promoted neovascularization through the 
transforming growth factor (TGF)‑β1 signaling pathway in 
pathological blood vessel formation (26). In addition, LRG1 
overexpression induced cell migration and bound to TGF‑β1 
in endothelial venules (27). The previous studies indicated that 
LRG1 may be a potential therapeutic target for pathological 
de novo blood vessel formation. However, whether LRG1 has 
a critical role in the brain during angiogenesis following isch-
emic stroke and the mechanism underlying its promotion of 
neovascularization is remains unknown. In the present study, 
the changes of LRG1, TGF‑β1, VEGF and Ang‑2 a rat model 
of middle cerebral artery occlusion (MCAO) were determined. 
The results demonstrated that LRG1 may promote angiogen-
esis through upregulating the TGF‑β1 signaling pathway in 
ischemic rat brain after MCAO.

Materials and methods

Animals and MCAO. Adult male Sprague‑Dawley rats 
weighing 200‑250  g were purchased from the Center for 
Experimental Animals, the Second Affiliated Hospital of 
Harbin Medical University (Harbin, China). Animals were 
housed at a controlled temperature (23˚C) and humidity (50%), 
under a 12‑h light/dark cycle with access to food and water 
ad libitum throughout the experiment. All experiments were 
approved by the Institutional Animal Care and the Ethics 
Committee of Harbin Medical University.

Rats were divided randomly into 2 groups: the control and 
MCAO groups. In the control group (n=6), no surgical proce-
dure was performed. For the rat model of MCAO, rats were 
anesthetized with 10% chloral hydrate (400 mg/kg; intraperito-
neal injection; Zhanyun Institute of Biotechnology, Shanghai, 
China) and a line model (diameter=0.234 mm) was inserted 
into the internal carotid artery to block the middle cerebral 
artery as previously described (28). Brain tissue collection 
was performed postoperatively at 2 h, 6 h, 12 h, 1 day, 3 days, 
7 days and 14 days (n=6 at each time point) to collect infarcted 
brain samples for quantitative polymerase chain reaction 
(qPCR), western blot analysis and immunohistochemical 
staining at each time interval. The rats were anesthetized and 
sacrificed with 10% chloral hydrate (800 mg/kg; intraperito-
neal injection) at each of the time points, and the rat brain was 

perfused with 4% paraformaldehyde (Zhanyun Institute of 
Biotechnology).

Reverse transcription‑qPCR (RT‑qPCR). Total mRNA was 
extracted from control or ischemic rat brains using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) according to the manufacturer's instructions. 
The purity of mRNA samples was detected using the Nano-
Drop 2000 spectrophotometer (Thermo Fisher Scientific, Inc., 
Wilmington, DE, USA). cDNA was synthesized using the Tran-
scriptor First Stand cDNA Synthesis kit (Roche Diagnostics, 
Basel, Switzerland). qPCR was performed using SYBR Green 
(Roche Diagnostics) on a thermocycler. The primers used are 
listed as follows: LRG1, forward 5'‑GCA​TCA​AGG​GAG​AAC​
CCTGT‑3', reverse  5'‑CGT​GCT​TCC​CTT​AAC​CGACT‑3'; 
TGF‑β1, forward  5'‑CAG​TGG​CTG​AAC​CAA​GGAGA‑3', 
reverse  5'‑GGA​AGG​GTC​GGT​TCA​TGTCA‑3'; VEGF, 
forward 5'‑CTG​CTC​TCT​TGG​GTG​CACT‑3', reverse 5'‑ATA​
CAC​TAT​CTC​ATC​GGG​GTACT‑3'; Ang‑2. forward 5'‑TTG​
CGA​CCC​CTT​CAA​CTCTG‑3', reverse  5'‑CCC​TTG​GGC​
TTG​GCA​TCATA‑3'; GAPDH, forward  5'‑GCA​TCT​TCT​
TGT GCA​GTGCC‑3', reverse  5'‑TAC​GGC​CAA​ATC​CGT​
TCACA‑3'. The samples were amplified out using a Smart 
Cycler (Cepheid, Inc., Sunnyvale, CA, USA) as follows: 
Denatured at 95˚C for 2 min, 40 cycles of amplification (95˚C 
for 20 sec, 60˚C for 30 sec and 72˚C for 20 sec), and a final 
extension at 72˚C for 10 min. Expression data were normalized 
to GAPDH mRNA expression. Data were calculated using the 
2‑ΔΔCq method (29).

Western blotting. Tissues were obtained from control or 
ischemic rat brains (n=6/group) and total cell lysates were 
prepared using lysis buffer (Beyotime Institute of Biotech-
nology, Haimen, China). Protein concentration was measured 
using the bicinchoninic acid method with bovine serum 
albumin (Baoman Institute of Biotechnology, Shanghai, 
China) as the standard (30). Equal amounts (50‑100 µg) of 
whole cell lysates were resolved by 8‑12% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis and transferred 
to polyvinylidene difluoride membranes (EMD Millipore, 
Billerica, MA, USA). The membrane was blocked with 
TBS‑0.1% Tween  20 (TBS‑T) containing 5% skim milk 
at room temperature for 1  h. The membrane was then 
incubated with monoclonal mouse anti‑mouse LRG1 (1:50; 
cat. no. sc‑390920), polyclonal rabbit anti‑human TGF‑β1 
(1:100; cat. no. sc‑146), polyclonal rabbit anti‑human Ang‑2 
(1:200; cat. no. sc‑20718) and monoclonal mouse anti‑human 
VEGF (1:200; cat.  no.  sc‑7269) primary antibody (Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA) diluted in 
blocking solution at 4˚C overnight and washed with TBS‑T 
three times every 10 min, followed by incubation with goat 
anti‑mouse or goat anti‑rabbit secondary antibody (1:2,000; 
cat.  nos.  sc‑2031 and sc‑2030, respectively; Santa Cruz 
Biotechnology, Inc.) at room temperature for 1 h. Subsequent 
to washing in TBS‑T, the protein bands were visualized using 
enhanced chemiluminescence kits (Beyotime Institute of 
Biotechnology). Blots were stained with monoclonal mouse 
anti‑human β‑actin antibody (1:1,000; cat. no. TA‑09; Zhong-
shan Biotechnology Co., Ltd., Beijing, China) as an internal 
control for the amount of target proteins. Band intensity of 
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each sample was determined using a UVP iBox 500 imaging 
system (UVP, Inc., Upland, CA, USA)

Immunohistochemical staining. Tissue samples from control 
or ischemic rat brains were fixed in 4% formalin at 25˚C 
for 36 h and embedded in paraffin, then were cut into 4 µm 
thick sections. Paraffin sections were dewaxed with xylene 
and rehydrated by graded concentrations of ethanol. Then 
endogenous peroxidase was blocked by 0.3% hydrogen 
peroxide for 10 min. The sections were rehydrated with EDTA 
(pH 9.0) at 120˚C for 2 min and cooled for 40 min at room 
temperature. Subsequent to blocking for 30 min with bovine 
serum albumin, primary antibody to monoclonal mouse 
anti‑mouse LRG1 (1:50; cat. no. sc‑390920), polyclonal rabbit 
anti‑human TGF‑β1 (1:100; cat. no. sc‑146), polyclonal rabbit 
anti‑human Ang‑2 (1:200; cat. no. sc‑20718) and monoclonal 
mouse anti‑human VEGF (1:200; cat. no. sc‑7269) primary 
antibody (Santa Cruz Biotechnology, Inc.) and CD34 (1:200; 
cat. no. ab185732; Abcam, Cambridge, MA, USA) were incu-
bated overnight at 4˚C in humidified chambers (Santa Cruz 
Biotechnology, Inc.). The goat anti‑mouse/rabbit secondary 
antibody (cat. no. PV‑9000; Zhongshan Biotechnology Co., 
Ltd., Beijing, China) was incubated for 30  min at room 
temperature. Diaminobenzidine was then used to detect posi-
tive staining (cat. no. ZLI‑9017, Zhongshan Biotechnology Co., 
Ltd.,). Then sections were counterstained with hematoxylin. 
Sections were viewed under a light microscope and images 
were captured with a CCD camera (DMI6000B; Leica Micro-
systems GmbH, Wetzlar, Germany) using imaging‑processing 
software (LAS AF6000; Leica Microsystems GmbH). The 
mean percentage of positively‑stained cells in 5 high power 
fields per sample (magnification, x200) of each group was used 
as the final value.

Microvessel density (MVD) analysis. CD34 staining was 
performed as an indicator of MVD. The density of microves-
sels was assessed according to the criteria proposed by 
Weidner et al (31). Any endothelial cells or endothelial cell 
clusters brown‑stained in the cytoplasm were considered as a 
countable microvessel. The average number of microvessels in 
5 high‑power fields/sample (x200 magnification) of each group 

were used as the final value. The assessments were performed 
by a single pathologist who was blinded to the data.

Statistical analysis. SPSS 13.0 (SPSS, Inc., Chicago, IL, USA) 
was used for the statistical analysis. The data are presented 
as the mean ±  standard deviation. Differences among the 
means were analyzed using one‑way analysis of variance and 
Student‑Newman‑Keuls method. Spearman rank correlation 
coefficient test analysis was performed to examine the correla-
tions between LRG1, and TGF‑β1, Ang‑2, VEGF and MVD. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Expression of LRG1 was increased in ischemic rat brain 
following MCAO. To demonstrate whether LRG1 was involved 
in angiogenesis in ischemic rat brain following MCAO, the 
spatial and temporal expression of LRG1 was detected. The 
results revealed that LRG1 mRNA was significantly increased 
compared with the level in the control as early as 6 h (P<0.05), 
peaked at 3  days after MCAO, then gradually decreased, 
however the level of LRG1 at 14 days remained significantly 
higher than the control groups (P<0.05; Fig. 1A). The level 
of LRG1 protein was significantly elevated compared with 
the control at 6 h (P<0.05), reached a maximum at 3 days, 
persisting at a higher level compared with the control until 
14 days after MCAO (P<0.05; Fig. 1B). The immunohisto-
chemistry staining indicated that LRG1 protein was located 
in the cellular nucleus (Fig. 1C). LRG1 was expressed in the 
endothelial cells of microvessels, and also in the astrocyte‑like 
cells (Fig. 1C). Furthermore, the percentage of LRG1‑positive 
cells was significantly higher than the control at 12 h in the 
ischemic penumbra of the rat brain following MCAO (P<0.05), 
peaked at 3 days and gradually declined to the normal level at 
14 days (Table I).

Expression of TGF‑β1 is upregulated in ischemic rat brain 
following MCAO. To detect whether TGF‑β1 is associated 
with angiogenesis in rat brain following MCAO, the spatial 
and temporal expression of TGF‑β1 was examined. The results 

Table I. Percentage of LRG1, TGF‑β1, VEGF, Ang‑2‑positive cells and MVD in ischemic penumbra of rat brain at different time 
points following middle cerebral artery occlusion.

Time	 LRG1+ (%)	 TGF‑β1+ (%)	 VEGF+ (%)	 Ang‑2+ (%)	 MVD

Control	 52.64±11.35	 6.24±3.23	 12.21±6.68	 15.12±6.08	 9.83±3.71
2 h	 53.19±6.68	 6.06±2.88	 27.36±9.18a	 29.84±10.99	 10.63±2.09
6 h	 55.11±12.73	 14.51±4.44	 37.11±7.08a	 38.28±10.21a	 10.77±3.69
12 h	 59.02±7.98a	 22.02±3.99a	 54.24±13.13a	 36.87±6.72a	 13.20±3.54a

1 days	 63.65±13.37a	 39.59±6.14a	 56.98±14.17a	 46.78±9.90a	 21.53±4.22a

3 days	 68.43±6.05a	 66.90±9.66a	 76.23±7.37a	 57.30±9.22a	 26.63±4.18a

7 days	 66.38±7.22a	 58.05±7.91a	 71.36±6.86a	 38.11±6.98a	 24.83±5.06a

14 days	 56.77±11.31	 45.77±10.00a	 57.46±11.75a	 32.74±6.58a	 14.83±3.30a

aP<0.05 vs. control; LRG1, leucine‑rich‑α2‑glycoprotein 1; TGF‑β1; transforming growth factor‑β1; VEGF, vascular endothelial growth fac-
tor; Ang‑2, angiopoietin‑2; MVD, microvessel density. 
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demonstrated that TGF‑β1 mRNA was significantly increased 
at 12 h compared with the control (P<0.05) and reached a 
maximum at 3 days after MCAO, persisting at a significantly 
higher level until 14 days (P<0.05; Fig. 2A). TGF‑β1 protein 
was significantly upregulated at 12  h compared with the 
control (P<0.05), peaked at 3 days after MCAO, and remained 
a significantly higher level until 14 days (P<0.05; Fig. 2B). The 
immunohistochemistry staining indicated that TGF‑β1 protein 
was distributed to the cellular nucleus (Fig. 2C). Compared 
with the control group, the percentage of TGF‑β1‑positive cells 
was significantly increased at 12 h (P<0.05), peaked at 3 days 
in the ischemic penumbra of the rat brain following MCAO, 
persisted at a significantly higher level at 7 day (P<0.05) and 
gradually decreased until 14 days (Table I).

Expression of angiogenic factors, VEGF and Ang‑2, are 
elevated in ischemic rat brain following MCAO. As the angio-
genic factors, the spatial and temporal expression of VEGF and 
Ang‑2 were examined in ischemic rat brain following MCAO. 
The results suggested that VEGF mRNA was significantly 

elevated compared with the control levels as early as 6 h 
(P<0.05), reached a peak at 12 h, and remained a significantly 
higher level until 1 day after MCAO (P<0.05), then decreased 
gradually (Fig. 3A). VEGF protein was significantly increased 
compared with the control at 12 h (P<0.05), peaked at 1 days, 
persisted at a higher level until 7 days (P<0.05), then declined 
to the normal level (Fig. 3B). Immunohistochemistry demon-
strated that VEGF protein was predominantly located in the 
cellular cytoplasm of neuron‑like and glial‑like cells in the 
ischemic penumbra of the rat brain (Fig. 3C). Compared with 
the control group, the percentage of VEGF‑positive cells was 
significantly higher in the ischemic penumbra of the rat brain 
at 2 h after MCAO (P<0.05), reached a maximum at 3 days 
and remained at a significantly higher level at 14 days (P<0.05; 
Table I).

The results also revealed that Ang‑2 mRNA was signifi-
cantly increased at 1 day after MCAO compared with the 
control (P<0.05), reached a maximum at 3 d and remained a 
higher level at 7 days after MCAO (P<0.05), then gradually 
declined to the normal baseline (Fig. 3A). The Ang‑2 protein 

Figure 1. Changes of LRG1 mRNA and protein in ischemic rat brain following MCAO. (A) Expression of LRG1 mRNA in ischemic rat brain at different time 
points following MCAO. (B) Expression of LRG1 protein in ischemic rat brain at different time points following MCAO and graph presenting the LRG1 protein 
expression relative to β‑actin at different time points following MCAO (n=6 per group). Values are presented as the mean ± standard deviation. *P<0.05 vs. ctrl.
(C) Immunohistochemical staining for LRG1 protein in the ischemic boundary area of rat brain at the different time points after MCAO (n=6 per group). LRG1, 
leucine‑rich‑α2‑glycoprotein 1; Ctrl, control; MCAO, middle cerebral artery occlusion.

  A   B

  C
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was significantly upregulated at 1 day compared with the 
control (P<0.05), peaked at 3 days after MCAO, persisting at 
a significantly higher level until 7 days (P<0.05), and declined 
to the baseline (Fig.  3B). Immunohistochemistry demon-
strated that Ang‑2 protein was predominantly located in the 
cellular cytoplasm of neuron‑like and glial‑like cells in the 
ischemic penumbra (Fig. 3D). Furthermore, the percentage of 
Ang‑2‑positive cells was significantly higher in the ischemic 
penumbra of the rat brain at 6 h after MCAO compared with 
the control (P<0.05), reached a peak at 3 days, still persisted 
at a significantly higher level until 14 days (P<0.05; Table I).

Formation of blood vessels in response to the ischemic 
rat brain following MCAO. Ischemic rat brains at the 
different time points after MCAO (n=6 per group) were 
paraffin‑embedded and formalin‑fixed. Sections (4 µm thick) 
from the brain tissues were used to detect the expression of 
CD34 protein. CD34 staining was performed as an indicator 
of MVD (Fig. 4A). The average number of microvessels in 
5 high‑power fields/sample (x200 magnification) of each 

group was used as the final value. The results indicated 
that the mean value of MVD was significantly increased 
compared with the control at 12 h (P<0.05), reached a peak 
at 3 days, and remained a significantly increased level until 
14 days (P<0.05; Fig. 4B).

Using Spearman correlation analysis, the immuno-
histochemistry results demonstrated that the percentage 
of LRG1‑positive cells was positively correlated with the 
percentage of TGF‑β1‑positive, VEGF‑positive, Ang‑2‑posi-
tive cells and the MVD (Table II). Furthermore, the results 
also suggested that TGF‑β1‑positive cells had a positively 
correlation with the percentage of VEGF‑positive cells and the 
MVD (Table II). In addition, the percentage of VEGF‑positive 
cells and the percentage of Ang‑2‑positive cells were positively 
correlated with the MVD (Table II).

Discussion

Stroke is subdivided into ischemic, intracerebral putic hemor-
rhagic and subarachnoid hemorrhagic stroke (32). It is a serious 

Figure 2. Changes of TGF‑β1 mRNA and protein in ischemic rat brain following MCAO. (A) Expression of TGF‑β1 mRNA in ischemic rat brain at different 
time points following MCAO. (B) Expression of TGF‑β1 protein in ischemic rat brain at different time points following MCAO and a bar graph presenting the 
TGF‑β1 protein expression relative to β‑actin at different time points following MCAO (n=6 per group). Values are presented as the mean ± standard deviation. 
*P<0.05 vs. ctrl. (C) Immunohistochemical staining for TGF‑β1 protein in the ischemic boundary area of rat brain at the different time points after MCAO (n=6 
per group). TGF‑β, transforming growth factor; Ctrl, control; MCAO, middle cerebral artery occlusion.

  A   B

  C
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cause of human mortality and disability. Opening the collat-
eral circulation and recovering the perfusion of blood flow in 
the ischemic penumbra following stroke plays is crucial for 
protecting the structure and function of the ischemic brain 
tissue  (33,34). Therefore, it is important to investigate the 
mechanisms of angiogenesis following stroke.

A novel angiogenic factor, LRG1, is a highly conserved 
member of the LRR family of proteins. It is a secreted glyco-
protein. The LRR structure of LRG1 has been proposed to be 
important for its biological function (20). It regulates diverse 
biological processes, including cell proliferation, cell apop-
tosis, cell mobility and cell adhesion (10,11,13).

Figure 3. Changes of VEGF and Ang‑2 mRNA and protein in ischemic rat brain following MCAO. (A) Expression of VEGF and Ang‑2 mRNA in ischemic 
rat brain at different time points following MCAO. (B) Expression of VEGF and Ang‑2 protein in ischemic rat brain at different time points following MCAO 
and bar graph presenting the VEGF and Ang‑2 protein expression relative to β‑actin at different time points following MCAO (n=6 per group). Values are 
presented as the mean ± standard deviation. *P<0.05 vs. ctrl. (C) Immunohistochemical staining for VEGF protein in the ischemic boundary area of rat brain 
at the different time points after MCAO (n=6 per group). (D) Immunohistochemical staining for Ang‑2 protein in the ischemic boundary area of rat brain at 
the different time points after MCAO (n=6 per group). VEGF, vascular endothelial growth factor; Ang‑2, angiopoietin‑2; Ctrl, control. MCAO, middle cerebral 
artery occlusion.

  A

  B

  C

  D
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Wang  et  al  (26) reported that LRG1 expression was 
significantly increased during retinal neovascular remodeling 
of mouse eye compared with in the normal mouse retina. 
The study also observed that the expression of LRG1 was not 
restricted to the mouse retina, but also expressed in the vascu-
lature of mouse choriocapillaries (26). Consistent with the data, 
the study reported that LRG1 was expressed in the vessels of 
retina, breast, skin and intestine in normal adult human at a low 
level (26). Based on the previous study, LRG1 was declared as a 
novel regulator of neovascularization with expression restricted 
almost exclusively to the vasculature system (26). Thus, it was 

speculated that LRG1 may be involved in the regulation of 
angiogenesis following stroke. To demonstrate whether LRG1 
is involved in cerebral ischemia, the current study detected 
LRG1 expression in ischemic rat brain at 2 h, 6 h, 12 h, 1 day, 
3 days, 7 days and 14 days after MCAO. The results suggested 
that LRG1 mRNA and protein were significantly upregulated 
as early as 6 h after MCAO and peaked at 3 days, persisting at 
a significantly higher level compared with control until 14 days 
(Fig. 1A). In addition to increased LRG1 expression, the mean 
value of MVD was also significantly increased (Fig. 4A). The 
above results indicated that LRG1 may promote de novo blood 

Figure 4. Formation of neovascularization in ischemic rat brain at the different time points following MCAO. (A) Brain sections were immunostained for CD34 
to count the the number of microvessels. (B) Bar graph presents the density of microvessels in rat brain at different time points following MCAO. Microvessels 
were counted from 5 fields of the ischemic penumbra area under a microscope at x200 magnification (n=6 per group). *P<0.05 vs. ctrl. MCAO, middle cerebral 
artery occlusion; Ctrl, control.

  A

  B

Table II. Correlations of LRG1, TGF‑β1, VEGF, Ang‑2‑positive cells and MVD in ischemic penumbra of rat brain following 
middle cerebral artery occlusion.

Parameter	 LRG1+%	 TGF‑β1+%	 VEGF+%	 Ang‑2+%	 MVD

LRG1+%	 ‑	 0.002a	 0.001a	 0.015a	 0.000a

TGF‑β1+%	 ‑	 ‑	 0.000a	 0.071	 0.000a

VEGF+%	 ‑	 ‑	 ‑	 0.058	 0.000a

Ang‑2+%	 ‑	 ‑	 ‑	 ‑	 0.021a

aP<0.05. Spearman correlation analysis was used to analyze the correction among the proteins. LRG1, leucine‑rich‑α2‑glycoprotein 1; TGF‑β1; 
transforming growth factor‑β1; VEGF, vascular endothelial growth factor; Ang‑2, angiopoietin‑2; MVD, microvessel density.
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formation in ischemic rat brain following MCAO. The blood 
formation will benefit the recovery of blood flow in the ischemic 
penumbra, which may protect the ischemic brain from injury. 
Thus, the data of the current study further indicated that LRG1 
may protect the ischemic brain by recovering the blood flow due 
to the formation of novel blood in the ischemic penumbra.

LRG1 expression has diverse cellular locations, including 
the nucleus, cytoplasm, plasma membrane, extracellular matrix, 
serum and cerebrospinal fluid (12,14,20). Nakajima et al (35) 
reported that LRG1 is distributed throughout the entire brain. 
Double staining of CD31 and LRG1 revealed marked expres-
sion of LRG in the capillaries, and the cells expressing LRG1 
exhibited similar morphology to astrocytes (35). The results 
of the present investigation revealed that LRG1 protein was 
predominantly located in the cellular nucleus of ischemic rat 
brain (Fig. 1C). LRG1 was not only expressed in vasculature 
system, but also in astrocyte‑like cells. The results were in 
accordance with the previous study (35). Thus, we hypothesize 
that in ischemic rat brain after MCAO, the expression of LRG1 
was significantly increased in endothelial and astrocyte cells, 
and secreted into the extracellular environment, then involved in 
the regulation of angiogenesis and protected the ischemic brain.

Wang et al (26) reported that in vitreous samples of human 
subjects with proliferative diabetic retinopathy, in addition to 
increased LRG1 protein expression, TGF‑β1 protein level was 
also significantly upregulated. Furthermore, with increased 
LRG1 gene expression, the TGF‑β1 mRNA transcript level 
was also concomitantly elevated in the models of choroidal 
and retinal neovascularization  (26). Takemoto  et  al  (36) 
reported that LRG1 potentiated the effect of TGF‑β1 in Lewis 
lung carcinoma cells. Furthermore, LRG1 was implicated as 
an upstream regulator of the TGF‑β1 signaling pathway in 
non‑small‑cell lung carcinoma (37). In addition, LRG1 has a 
strong affinity with TGF‑β1 in high endothelial venules (27). 
These data indicated that LRG1 may act as a modulator of 
the TGF‑β signaling pathway. This prompted us to investigate 
whether LRG1 was involved in angiogenesis via the TGF‑β 
signaling pathway in ischemic rat brain following MCAO. In 
the present study, TGF‑β1 mRNA and protein were signifi-
cantly increased compared with the control at 12 h and reached 
a maximum at 3 days after MCAO, persisting at a significantly 
higher level until 14 days (Fig. 2A and B). Consistent with 
increased LRG1 expression, TGF‑β1 expression was also 
significantly elevated. This indicated that in ischemic rat brain 
following MCAO, LRG1 may protect the ischemic rat brain 
from injury through promoting angiogenesis via upregulating 
the TGF‑β1 signaling pathway.

Wang  et  al  (26) demonstrated that in the presence of 
TGF‑β1, LRG1 binds to activin A receptor like type 1 (ALK1), 
a TGF‑ β signaling pathway receptor, and activated its down-
stream mediators, Smads (26,38), which are involved in the 
angiogenesis by inducing the expression and secretion of 
vascular growth factors, including VEGF and Ang‑2 (39,40). 
Angiogenic factors, VEGF and Ang‑2, promote the prolifera-
tion of endothelial cells and the initiation of angiogenesis (41). 
In the current study, the levels of VEGF and Ang‑2 mRNA 
and protein expression were significantly increased at 12 h 
and 1 day in ischemic rat brain after MCAO, with the peak at 
1 day and 3 days, respectively. Then they gradually declined 
to the baseline. Therefore, we hypothesize that the expression 

of LRG1 was upregulated in endothelial and astrocyte‑like 
cells and secreted during the angiogenesis process following 
cerebral ischemia. Additionally, LRG1 bound to the TGF‑β1 
receptor, ALK1, and activated Smads downstream. Then, the 
ischemic brain secreted angiogenic factors, including VEGF 
and Ang‑2, which promoted angiogenesis.

A recent publication implied that LRG1 was positively 
correlated with TGF‑β receptor 1 in cardiac fibrosis (19). In 
the current study, using Spearman correlation analysis, the 
immunohistochemistry results revealed that the percentage of 
LRG1‑positive cells was positively correlated with the percentage 
of TGF‑β1‑positive cells. Furthermore, the percentage of 
LRG1‑positive and TGF‑β1‑positive cells had a positively corre-
lation with the MVD (Table II). The results further indicated 
that LRG1 may promote angiogenesis through upregulating the 
TGF‑β1 signaling pathway. The immunohistochemistry results 
were consistent with the RT‑qPCR and western blot results.

In summary, the results of the present study indicated that 
in ischemic rat brain following MCAO, LRG1 expression was 
increased in astrocyte‑like cells and secreted from cells, then 
may have promoted the de novo blood vessel formation by 
inducing the expression angiogenic factors, including VEGF 
and Ang‑2, through upregulating TGF‑β1 signaling. In order 
to fully identify the mechanisms that LRG1 regulating the 
angiogenesis in ischemic brain, future studies are required.
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