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Abstract

Background: The age-dependent sporadic form of PD is characterized by the degeneration of dopaminergic 
(DA) neurons in the Substantia Nigra (SN), gliosis, and vascular changes. Vascular changes may contribute to the 
onset of the disease and exacerbate the neurodegenerative process, as some vascular changes occur before the 
onset of neuronal loss. To demonstrate the anti-neuroinϐlammatory efϐicacy of a new compound, a water-soluble 
form of dihydroquercetin (DHQ-WF), we studied the structural changes of microcirculatory vasculature, astroglial 
GFAP, and vascular endothelial growth factor –A (VEGF-A) mRNA expression in the SN of young and old rats after 
unilateral nigral treatment by lipopolysaccharide (LPS) and oral administration of DHQ-WF.

Materials and methods: The experiments were performed on 18 young (8 weeks - 10 weeks old; 250 
g - 320 g) and 18 old (18 months - 19 months old; 390 g - 450 g) male Vistar rats. Young and adult rats from 
the experimental groups were stereotactically injected with 2 μL LPS solution (LPS from Escherichia coli; 0,01 
μL/mL) into one side of the SN. Control young and old rats were similarly injected with 2 μL sterile saline. Half 
of the animals in both the control and experimental groups (6 animals in each group) received a 2 ml solution 
containing DHQ-WF at a concentration of 3 mg/ml orally every day. After 8 weeks, brains were harvested and serial 
cryostat sections were prepared for histochemical (FITC-labeled tomato lectin), immunohistochemical (anti-GFAP 
Antibody, Cy3 Conjugate) staining, and real-time PCR (mRNA VEGF-A).

Results: Eight weeks after LPS injection into the SN, a signiϐicant excess of areas occupied by cell bodies and 
processes of astroglial cells, the density of microcirculatory vessels, and mRNA VEGF-A expression was observed in 
old animals compared to control old animals and young LPS-treated rats.  Oral administration of DHQ-WF to LPS-
treated rats resulted in a signiϐicant reduction of these parameters in old animals.

Conclusion: Injection of LPS into rat SN induces neuroinϐlammation and vascular angiogenesis, maximally 
expressed in old animals.  Administration of DHQ-WF for 8 weeks signiϐicantly reduces these LPS-induced changes. 
DHQ-WF may be an effective treatment for reducing the effects of neuroinϐlammation in the aging brain.

alterations can contribute to disease onset and aggravate the 
neurodegenerative process as some vascular changes already 
occur before the onset of neuronal loss or behavioral deϐicits 
in animal models of the respective disease [7,8]. Previous 
studies have reported changes in SN vascularization in PD 
patients and animal models of PD [9,10]. Similarly, aging is 
known to cause changes in angiogenesis in the brain and other 
tissues [11]. 

Vascular Endothelial Growth Factor ( VEGF) is a key 

Introduction
Aging is a major risk factor for several neurodegenerative 

diseases [1], including Parkinson’s disease (PD) [2], which is 
characterized by progressive degeneration of dopaminergic 
(DA) neurons the in the substantia nigra compacta (SNc) 
[3]. The neurodegenerative process is preceded by chronic 
neuroinϐlammation characterized by gliosis [4] as well as 
vascular changes, disruption of the Blood-Brain Barrier (BBB), 
and abnormalities in cerebral blood ϐlow [5,6]. Vascular 
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mediator of angiogenesis and vascular permeability [12,13], 
and is thought to be involved in aging-induced vascular 
changes observed in PD and PD animal models [10,14].

In recent years, researchers have increasingly focused on 
the potential use of plant polyphenolic secondary metabolites 
as antioxidant and anti-inϐlammatory agents, particularly 
taxifolin (3, 5, 7, 3, 3, and 4-pentahydroxy ϐlavanone), also 
known as Dihydroquercetin (DHQ). DHQ has been conϐirmed 
to exhibit various pharmacological activities, including anti-
inϐlammation and regulation of oxidative stress effects [15]. 
An in vitro study has shown that taxifolin is able to inhibit LPS-
induced activation of the mRNA and protein levels of inducible 
nitric oxide synthase (iNOS) and VEGF [16]. The water-soluble 
form of dihydroquercetin (DHQ-WF) demonstrated an even 
more pronounced neuroprotective effect under in vitro 
conditions [17].

However, there is no data on the protective properties of 
the DHQ-WF and its mechanisms of action in PD models in 
animals of different ages. In this study, we examined VEGF 
expression, vascular remodeling, and astroglia activation 
in the SN of young and old rats in response to stereotactic 
injection of lipopolysaccharide (LPS) and subsequent oral 
administration of DHQ-WF.

Methods
Experimental design

Experiments were performed on 18 young (8 weeks 
- 10 weeks old; 250 g - 320 g) and 18 old (18 months - 19 
months old; 390 g - 450 g) Vistar male rats. All animal 
procedures were performed in accordance with the Rules of 
Laboratory Practice in Russia (Order No. 267 of the Ministry 
of Health of the Russian Federation; 19 June 2003). The 
experimental protocol fulϐilled the requirements of the EU 
Directive 2010/63/EU and was approved by the Bioethics 
Committees of Izhevsk State Medical Academy (Protocol № 
634, 11.12.2008). Using a stereotaxic device, we injected the 
2 μl LPS solution (LPS from Escherichia coli O55:B5, Sigma-
Aldrich, USA, L2880; 0.01 μl/ml) into the SN of young (n = 12) 
and old (n = 12) rats (experimental groups) and 2 μl of sterile 
saline into the SN of control young (n = 6) and old (n = 6) rats. 
Half of the animals from the experimental groups (consisting 
of 6 animals from each age group) were given 2 ml of DHQ-
VF solution (Advanced Technologies Ltd., Russia) 3 mg/ml 
orally daily. After 8 weeks, animals were euthanized, brains 
were sampled and serial cryostat sections (14 μm) were 
obtained for histochemical (FITC-labelled tomato lectin) and 
immunohistochemical (anti-GFAP Antibody, Cy3 conjugate) 
staining, and real-time PCR analysis of SN-containing 
fragments isolated from a ventral midbrain section on the LPS 
administration side (mRNA VEGF-A).

Histochemistry and immunohistochemistry

Histochemical staining of vascular endothelium was 

performed on frozen sections incubated with FITC-conjugated 
Lycopersicon esculentum (tomato) lectin (1:500,  Sigma-
Aldrich, USA; L0401). 

Immunohistochemical staining was performed using 
antibodies to GFAP conjugated to Cy3 (1: 500, Sigma-
Aldrich, USA, MAB3402C3). The study was performed in 
a Nikon Eclipse E200 ϐluorescent microscope equipped 
with a digital camera MicroPublisher 3.3. Isolectin-positive 
vessels and immunopositive cell bodies and processes were 
quantiϐied in 8 standard rectangular regions (620 x 480 mm) 
encompassing the SN of at least six brain sections per animal. 
Digitized images were enhanced for contrast to differentiate 
positive structures from background, and a thresholding 
scheme was implemented to measure immunoreactive 
areas as a percentage of the standard rectangular area using 
Image-Pro Insight 8.0 (Media Cybernetics, USA). Microvessels 
not larger than 10 μm in diameter, including capillaries and 
venules, were speciϐically selected for morphometric analysis. 
Quantitative analysis of vascular remodeling was performed 
using AngioTool [18]. 

RNA extraction and real-time quantitative reverse 
transcriptase PCR

Total RNA from the ventral midbrain slices was extracted 
with Trizol (Invitrogen, Paisley, UK) according to the 
manufacturer’s instructions. Total RNA (2 mg) was reverse 
transcribed to cDNA with deoxyribonucleotide triphosphates, 
random primers, and Moloney murine leukemia virus reverse 
transcriptase (200 U; Invitrogen). Real-time PCR was used 
to examine relative levels of VEGF-A mRNA. VEGF-A primers 
sequences were: forward GCACTGGACCCTGGCTTTAC, 
reverse CCACCAGGGTCTCAATCGGA. b-Actin was used to 
normalize the number of cDNA samples (forward TCGTG 
CGTGACATTAAAGAG, reverse TGCCACAGGATTCC ATACC). 
Experiments were performed with a CFX96 Touch Real-
Time PCR Detection System (Bio-Rad). The comparative Ct 
(threshold cycle) method was used to examine the relative 
mRNA expression

Statistical analysis 

Statistical analysis was performed using Statistica 10.0 
software (SPSS Inc., Chicago, IL, USA). Data were expressed as 
a percentage relative to young control, the arithmetic mean of 
which was taken as 100%. Result distributions were tested for 
normality using the Shapiro–Wilk W test. One-way analysis 
of variance (ANOVA) with Tukey’s post-hoc test for multiple 
comparisons between study groups. Results were considered 
statistically signiϐicant when p < 0.05.

Results
Comparative analysis of microvessel morphology labeled 

with tomato lectin (Figure 1) and VEGF mRNA expression 
in the SN of rats under normal and experimental conditions 
showed signiϐicant differences between animals of different 
ages.
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 Thus, the mean vessel length in old control animals, 
counted on a standardized plot, exceeded this index in 
young individuals of the control group by 77.6% (p < 0.05) 
(Table 1), but the number of microvessels was lower by 22.6% 
(p < 0.05). Eight weeks after a single injection of LPS into the SN, 
young rats showed a slight trend toward an increase in mean 
vessel length in this region compared with the corresponding 
control. At the same time, signiϐicant vascular changes were 
observed in old animals after intranigral injection of LPS. 
There was a signiϐicant 87.3% (p < 0.001) increase in vessel 
number and by 32.8% (p < 0.05) decrease in mean vessel 
length compared to age-matched control animals. 

Administration of DHQ-WF for 8 weeks to aged LPS-treated 
animals resulted in a signiϐicant 25% (p < 0.05) decrease in 
vessel density and a non-signiϐicant decrease in vessel length.

The levels of VEGF mRNA in the old control rats were 
signiϐicantly lower than in the young control rats (by 26.6%; 
p < 0.05). LPS treatment induced an increase in VEGF mRNA 
expression that was signiϐicant only in old rats in comparison 
to age-matched controls (by 122.6%; p < 0.001). Oral 
a dministration of DHQ-WF for 8 weeks to aged animals after 
LPS treatment signiϐicantly reduced VEGF mRNA expression 
by 54.7% (p < 0.01) compared with LPS-treated rats, although 
it did not reach the levels observed in control animals of 
similar age.  No signiϐicant changes were observed in young 

animals under similar experimental conditions. The area 
occupied by G FAP-immunopositive bodies and processes in 
old animals was signiϐicantly higher than in young animals at 
39.1% (p < 0.05) (Figure 2).

Injection of LPS into the SN resulted in an excess of GFAP-
immunopositive astroglial area in both age groups: by 41.4% 
(p < 0.05) in young and by 77.7% (p < 0.01) in old compared 
to age-matched controls. Oral administration of DHQ-WF 
reduced the cell area of astrocytes in both young (by 19.7%; 
p < 0.05) and old LPS-treated animals (by 70.5%; p < 0.01).

Discussion
Analysis of microcirculatory morphology and GFAP 

expression in the SN of animals of different ages revealed 
signiϐicant age-related differences both in control and 
after a single injection of LPS, which is known to induce 
neuroinϐlammation [19,20]. Importantly, in old rats, even 
under normal physiological conditions, we observed 
signs of neuroinϐlammation in the SN: astrogliosis, as 
evidenced by a signiϐicant excess of areas occupied by GFAP-
immunopositive cell bodies and processes, decreased density 
of microcirculatory vessels with their extended length, 
indicating an increase in their tortuosity compared to young 
animals. Such low-level age-related neuroinϐlammation has 
previously been referred to as “neuroinϐlammaging” [21]. This 
is consistent with observations of similar vascular changes in 

Figure 1: Photomicrographs of nigral microvessels from young and aged rats marked with FITC-conjugated tomato lectin 8 weeks after administration of 
sterile saline (control), lipopolysaccharide (LPS), and lipopolysaccharide with simultaneous oral administration of a water-soluble form of dihydroquercetin 
(LPS+DHQ-WF). Line length = 100 μm.

Table 1: VEGF mRNA expression and morphometric parameters of nigral vessels and astroglia in control and experimental young and old rats.

Morphometric parameters 
and mRNA expression Age

Investigated groups of rats p-value
LPS/ control

p-value 
LPS/ LPS+DHQ-WFControl LPS LPS+DHQ-WF

Vessel length
Young 100.0 ± 18.8 110.5 ± 12.6 112.7 ± 13.6 0.58 0.46

Old 177.6 ± 23.6 144.9 ± 19.0 133.0 ± 18.3 0.026 0.59

Number of vessels
Young 100.0 ± 18.8 116.5 ± 12.6 112.7 ± 13.6 0.58 0.46

Old 77.6 ± 13.6 164.9 ± 17.0 139.0 ± 18.3 0.026 0.59

VEGF mRNA 
Young 100.0 ± 24.9 128.0 ± 27.0 119.7 ± 24.9 0.17 0.15

Old 73.4 ± 18.4 196.0 ± 27.9 141.3 ± 23.7 0.00017 0.00019

Area of GFAP-
immunopositive cells 

Young 100.0 ± 14.8 141.4 ± 27.7 121.7 ± 20.6 0.022 0.29
Old 139.1 ± 23.1 216.8 ± 38.1 146.3 ± 28.4 0.017 0.043

 Data are presented as percentages relative to young controls, whose values were taken as 100%. 
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several regions of the aged brain in both humans and animals. 
[22- 28]. It was previously shown that the tortuosity index 
of cerebral collateral vessels in mice increased signiϐicantly 
with increasing relative resistance to blood ϐlow [29].  The 
observed vascular changes, indicative of decreased mean 
blood ϐlow velocity in the SN, may underlie the dysfunction of 
the Dopaminergic (DA) system, which is altered with normal 
aging [30]. Perfusion deϐicits have also been observed before 
the onset of clinical symptoms in other neurodegenerative 
disorders, which suggests that the deϐicits contribute to the 
pathogenesis of the disease [31]. 

The reduced expression of VEGF mRNA in the SN of the 
aged control rats compared to the relatively young control 
animals that were detected in our study may be indicative 
of a low level of angiogenesis in the SN of the aged rats. The 
results obtained are consistent with previous data suggesting 
that the mechanism responsible for impaired angiogenesis in 
aged animals is related to decreased VEGF expression [11,32].

It is possible that the observed changes in microvessels 
and astroglia during normal aging may contribute to the 
“sensitivity” of the age-related central nervous system to the 
action of additional pro-inϐlammatory factors. Indeed, we 
found that a single injection of LPS signiϐicantly increased 
blood microvessel density and VEGF mRNA expression in the 
SN of old, but not young, animals.

Administration of LPS into the SN-induced angiogenesis 
as evidenced by an increase in the number of microvessels.  
Our observation of LPS-induced angiogenesis is consistent 
with data that hypoxia or inϐlammation usually induces 
angiogenesis in the adult brain [33]. Increased nigral 
vascularization and VEGF levels after LPS administration may 
be a consequence of induced neuroinϐlammation because 
upregulation of VEGF has been reported in inϐlammatory 
processes [31]. Importantly, increased vascularization and 
upregulation of VEFG levels were observed in the SN of PD 
patients [14,34] and animal models of PD [10,35,36].

There is disagreement regarding the role of VEGF in 
the development of neuroinϐlammation and subsequent 
Parkinson’s disease. Several studies have shown that VEGF is 
a highly potent neuroprotective and neurorescue molecule for 
dopamine (DA) neurons [37]. However, recent studies have 
revealed that VEGF is also involved in neurodegeneration 
[31]. Thus, increased levels of VEGF in the Cerebrospinal Fluid 
(CSF) of PD patients have been suggested to be associated 
with Blood-Brain Barrier (BBB) dysfunction and neuronal 
degeneration [5]. It has also been suggested that VEGF has a 
“Janus face” because it has been shown that at different stages 
of stroke elevated VEGF levels cause destruction of the Blood-
Brain Barrier (BBB) and disturbance of homeostasis or have 
neuroprotective effects [38].

Examination of GFAP-positive astroglia after nigral 
administration of LPS showed that it increased in young 
animals, but to a greater extent in old animals.  Astrocytes are 
the most abundant cell type within the CNS, and they provide 
structural support, promote the formation of the BBB, and 
release beneϐicial factors that maintain brain cell development 
and homeostasis of the extracellular environment [39]. 
However, under pathological conditions, astrocytes secrete 
inϐlammatory factors, such as V EGF, chemokines, and 
cytokines; these factors directly or indirectly aggravate 
brain damage and BBB disruption [40]. Recently, it has been 
proposed that neuroinϐlammation induced two different types 
of reactive astrocytes, which are called toxic A1 astrocytes and 
neuroprotective A2 reactive astrocytes [41].

This suggests that the activation of astroglia in old animals 
in response to LPS administration is not only characterized 
by a greater intensity of astrogliosis but also probably by 
the formation of A1 cells that produce higher levels of VEGF, 
which in turn induces angiogenesis. 

Conclusion 

Daily oral administration of DHQ-WF for 8 weeks resulted 

Figure 2: Photomicrographs of GFAP-immunopositive bodies and processes from young and aged rats labeled 8 weeks after administration of sterile 
saline (control), lipopolysaccharide (LPS), and lipopolysaccharide with simultaneous oral administration of a water-soluble form of dehydroquercetin 
(LPS+DHQ-WF). Line length = 80 μm.
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in a signiϐicant reduction of LPS-induced astroglial cell 
activation, microcirculatory changes and reduced VEGF-A 
mRNA expression, which was more pronounced in old 
rats compared to young rats under the same experimental 
conditions. Such a pronounced ‘normalizing’ effect of DHQ-
WF use allows us to consider it as a potent neuroprotective 
agent capable of reducing abnormalities in the bloodstream 
and glial microenvironment that lead to the manifestation of 
Parkinson’s disease.

Recommendations 

The data obtained allow us to hypothesize that low-level 
neuroinϐlammation and aberrant regulation of VEGF, leading 
to a decrease in angiogenesis in old age, form an increased 
sensitivity of the SN to the action of additional inϐlammatory 
factors.  This may lead to loss of blood-brain barrier integrity, 
microvascular leakage, increased neuroinϐlammation, and 
activation of a self-perpetuating vicious cycle of SN cell death. 
However, this hypothesis requires further experimental 
validation.  Furthermore, prospective studies with appropriate 
power levels should be conducted based on this study to 
verify the conclusion that DHQ-WH is a promising neuro- and 
neuroprotective agent.
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