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Simvastatin reduces VEGF and NO levels in acute stages
of experimental traumatic brain injury
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Abstract This study was undertaken to evaluate the
effect of simvastatin, a cholesterol-lowering agent, on
vascular endothelial growth factors (VEGFs), nitric oxide
(NO) levels and neuroprotection, in rats with experimen-
tally induced traumatic brain injury (TBI). Forty Wistar
albino rats were categorized into four groups: sham oper-
ated (S), trauma (T), trauma + vehicle (T + V) and
trauma + simvastatin (T + S). The T, T4+ Vand T + S
groups were subjected to TBI. The T 4+ V group was
administered vehicle [ethanol:saline (1/2)] and the T 4+ S
group was administered 1 mg/kg of simvastatin 3 h after
the injury insult. Blood and brain tissue specimens were
obtained 24 h after the trauma to measure VEGFs and NO
levels and perform histopathological examinations. The
histopathological injury scores of brain tissues were sig-
nificantly higher in the T group, and simvastatin signifi-
cantly prevented brain injury in the T + S group. In the T
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group, significant increases of VEGF levels in serum and
brain tissues were noted, which were prevented with sim-
vastatin treatment in the T 4+ S group. The markedly high
levels of NO in brain tissues of the T group were decreased
by simvastatin treatment in the T + S group. It can be
concluded that, as evidenced by histopathological findings,
simvastatin treatment improves neuropathology in acute
stages of TBI.
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Introduction

Traumatic brain injury (TBI) is a common cause of long-
term neurological morbidity, with devastating personal and
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social consequences. TBI results from direct impact to the
head or from acceleration—deceleration injury, and results
in functional deficits due to both primary and secondary
mechanisms. Primary injury results from the immediate
mechanical damage that occurs at the time of injury. So
that primary injury cannot be prevented. Secondary injury
evolves over a period which can range from hours to, in
some cases, months, induced by biochemical and physio-
logical events after the primary insult [1].

Several biochemical abnormalities responsible for sec-
ondary injury have been demonstrated, including disruption
of cellular calcium homeostasis, mitochondrial dysfunction
[2], increased free radical generation and lipid peroxidation
[3-5], inflammation, apoptosis, and diffuse axonal injury
[1]. NO, a mediator of biological effects in the brain, is
produced by three different isoenzymes: the endothelial
form (eNOS), the neuronal form (nNOS) and the inducible
form (iNOS). iNOS has been reported to play a potential role
in inflammatory reactions and catalyze the synthesis
of harmful NO in the injured brain [6, 7]. In addition, iNOS-
derived NO is implicated in the pathophysiological mecha-
nisms of secondary brain injury after trauma, via peroxyni-
trite-related effects [8]. Peroxynitrite (ONOO™) is a
powerful oxidant and neurotoxin which is synthesized from
NO and superoxide anion (O, ") radicals and it may lead to
neuronal necrosis and apoptosis [9]. Vascular endothelial
growth factor (VEGF) has been described as a vascular
permeability factor and as a major angiogenic factor, which
promotes proliferation and survival of endothelial cells, and
vascular formation [10]. The various effects of VEGF on
vascular and endothelial cell permeability in the peripheral
circulation have been reported, and appear to involve an
increase in endothelial cell calcium influx [11] and synthesis
of NO with subsequent activation of guanylyl cyclase [12].
Furthermore, VEGF has been proposed to enhance angio-
genesis in the ischemic brain and reduce neurological deficits
during stroke recovery; however, the inhibition of VEGF at
the acute stage of stroke may reduce the blood-brain barrier
(BBB) permeability after focal cerebral ischemia [13].

The therapeutic efficacy of several drugs such as cal-
cium channel blockers, erythropoietin, free radical scav-
engers, growth factors and statins in animal TBI models by
targeting secondary injury mechanisms has been reported
[14]. Statins are potent inhibitors of cholesterol biosyn-
thesis. Improvement of endothelial function, increased NO
bioavailability, antioxidant properties and inhibition of
inflammatory responses, immunomodulatory actions,
upregulation of endothelial nitric oxide synthase (eNOS)
and decreases in platelet activation are the cholesterol-
independent pleiotropic effects of statins. [15]. Therefore,
investigation of possible mechanisms of protective effects
of statins can be a new clinical approach to treatment of
brain injury.
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In this study, we aimed to assess the effect of a single
low-dose simvastatin treatment on VEGF and NO levels
and neuroprotective roles in the acute stage of an experi-
mental TBI model.

Materials and methods

Forty male Wistar albino rats, weighing 300-330 g, from
the Animal Laboratory of Duzce University (Duzce, Tur-
key), were randomly categorized into four groups: Group 1
(S), control rats receiving sham operation only; group 2
(T), rats with TBI; group 3 (T + V), rats with TBI and
treated with vehicle [ethanol:saline (1/2)] and group 4
(T + S), rats with TBI and treated with 1 mg/kg simva-
statin (ZOCOR®, Merck & Co. Inc., Whitehouse Station,
NJ, USA) [16]. This study was approved by the Animal
Care and Ethics Committee of Duzce University School of
Medicine.

Experimental procedure of TBI

A special weight-drop device developed by Marmarou
et al. [17] was used to deliver a standard diffuse traumatic
impact. Under ketamine hydrochlorure anesthesia (50 mg/
kg intraperitoneally (i.p.), a midline incision was made in
the scalp and a metal disk was placed on the skull. After
rats were placed in a prone position on the bottom plate of
the weight-drop device, a 450-g weight was allowed to fall
freely from a height of 2 m onto the metal helmet to induce
TBI. Animals which survived after 3 min were used in the
study, and those which died during trauma and observation
were excluded.

Both vehicle and simvastatin were injected i.p. 3 h after
TBI. At 24 h after impact, physiological parameters of the
rats were noted and the rats were anaesthetized with an i.p.
injection of ketamine hydrochlorure. After intracardiac
blood drawing for biochemical analysis, all rats were sac-
rificed and the brains were carefully removed. The anterior
part was finally placed into 10 % formaldehyde for path-
ological examination and the posterior part was immedi-
ately frozen in a nitrogen tank for biochemical analysis.
Both brain tissues and blood serums were kept at —80 °C
until analysis.

Biochemical analyses

Homogenization of tissues

Tissues were weighed and homogenized in 10 volumes of
ice-cold phosphate buffer solution (PBS) (50 mM/L, pH

7.4) using a homogenizer (Heidolph Instruments GmbH 8
Co.K6 Schwabach, Germany DIAX 900). Supernatants of
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samples were used for determination of VEGFs and NO
levels.

Measurement of lipid parameters

Total cholesterol (TC), low density lipoprotein cholesterol
(LDL-C) and high density lipoprotein cholesterol (HDL-C)
levels of serum were measured by the enzymatic colori-
metric method (Architect C8000, Abbott Diagnostics,
Japan).

Measurement of VEGF

VEGF levels of serum and brain tissue homogenates were
measured by the enzyme-linked immunoassay method
using commercially available kits (Rat VEGF ELISA kit,
RayBiotech, Inc., Norcross, GA, catalog no. ELR-VEGF-
001).

Measurement of NO

NO levels of brain tissue homogenates were measured
colorimetrically (Cayman Inc., Ann Arbor, MI, USA, kit
catalog no. 780001) [18] using a Griess reaction in which
nitrate reductase reduces NO, and the end products, nitrite
(NO, ") and nitrate (NO3;™), were then measured.

Measurement of protein levels in brain tissue

The protein levels in supernatants of brain tissue homog-
enates, which were prepared in 50 mM cold potassium
phosphate tampon (1:9, m/v), were measured using a
method that denatures proteins by benzethonium chloride
and measuring the absorbance of turbidity at 404 nm
(Shimadzu UV-1201V, Japan) [19].

Histopathological examination

All specimens were fixed in 10 % buffered paraformalde-
hyde for histopathological examination. Tissue samples
were taken from hippocampus, pons and cerebellum. Axial
sections were stained with hematoxylin and eosin (H&E).
Stained specimens were examined blindly under an
Olympus BX40 light microscope by a pathologist.

In the histopathological examination of brain tissues,
hemorrhage, edema, neuronal damage (pink ischemic
neurons—perineural vacuolization), retraction ball-diffuse
axonal damage, vascular congestion and their extensity
were estimated.

The semi-quantitative scores reflect the approximate
percentage of axonal, neuronal and vascular changes
observed in the section. Results were scored as 0 (no
changes), 1 [mild changes (<10 %)], 2 [moderate changes

(11-50 %)] or 3 [severe changes (>50 %)] for hemorrhage
and edema. Results were scored as O (no changes), 1 [mild
changes (0-25 %)], 2 [moderate changes (26-50 %)] or 3
[severe changes (>50 %)] for neuronal damage and
retraction ball-diffuse axonal damage.

Statistical analyses

Statistical analyses were performed using SPSS (SPSS for
Windows, version 13.0, SPSS Inc., Chicago). Variance
analysis was performed using a one-way analysis of vari-
ance test followed by a Scheffe test for normally distrib-
uted data and a Kruskal-Wallis test for data which were not
distributed normally. For binary comparisons, a Mann—
Whitney U test was used with Bonferonni correction. For
statistical analyses of histopathological data, score values
were grouped into low (score O + score 1) or high (score
2 + score 3) and data were analyzed using four-eyed tables
and Chi-square tests. A p value of <0.05 was considered
statistically significant.

Results
Physiological measurements

During the experimental procedures, eight rats died and six
rats were excluded because of hemolyzed serums, which
could not be measured. The remaining rats survived all
experimental procedures. There was no difference between
the physiological measurements of rats before trauma (0 h)
and after trauma (24 h) as regards weight, rectal tempera-
ture, respiration rate and heart rate.

Histopathological results

Light microscope images of S, T and T 4 S groups are
shown in Fig. 1. Neuronal damage (p = 0.015), retraction
ball (p = 0.015) and hemorrhage (p = 0.001) were sig-
nificantly higher in the T group than the S group, and these
findings were lower in the T + S group than the T group
(»p =0.005; p=0.005 and p = 0.001, respectively)
(Table 1).

Biochemical analyses

There were no differences between the T 4 S group and the
other groups in serum levels of TC, LDL-C and HDL-C.
The levels of VEGF and NO are shown in Table 2. The
VEGF levels were increased significantly in the T group
compared with the S group in terms of brain tissue
(»p = 0.004) and serum (p = 0.04). In addition, VEGF
levels were significantly decreased with simvastatin
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Fig. 1 Light microscopic images of histopathologic sections (H&E x400). a Sham group: normal neuronal distribution. b Trauma group: severe
neuronal damage and retraction. ¢ Trauma + simvastatin group: normal neurons, occasional retraction ball formation

Table 1 The distribution of histopathologic results with high scores (score 2 + score 3) of brain tissues

Groups Neuronal damage Retraction ball-DAD Vascular congestion Edema Hemorrhage

n (%) n (%) n (%) n (%) n (%)
S (n=6) 0 (0) 0 (0) 0 (0) 0 (0) 0 0)
T (n = 6) 5 (83.3)" 5 (83.3)* 2 (33.3) 3 (50.0)* 6 (100)*
T+Vm="7 6 (85.7) 6 (85.7) 1 (14.3) 1(14.3) 6 (85.7)
T+Snh="7 0 (0)° 0 ((0)° 0 (0) 0 (0)° 0 (0)°

n number of the rats, DAD Diffuse axonal damage
# p < 0.05 (compared with S group)
® p <0.05 (compared with T group)

treatment in brain tissue (p = 0.003) and serum
(p = 0.02). The VEGF levels of the T and T + V groups
did not differ. The NO levels of brain tissues were signif-
icantly higher in the T group (p < 0.049) than the S group
and significantly lower in the T 4+ S group (p < 0.045)
than the T group. There was no difference between the T
and T + V groups.

Discussion

The simvastatin treatment of rats markedly ameliorated the
TBI findings as confirmed by microscopic examination and
biochemical assays.

Central and lateral fluid impact, wounding with hard
objects, acceleration (weight drop from a height), local
stress, injection, cold injury and penetrating injury models
have been developed for mimicking the brain injury in
humans. Acceleration and fluid impact models have been
reported to simulate cerebral contusion, however, the
acceleration model has been suggested to be a useful model
for diffuse brain injury [20], and therefore, the acceleration
model developed by Marmarou et al. was chosen in this
study.

@ Springer

3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitors have been developed as drugs which
reduce the mortality and morbidity of coronary and cere-
brovascular diseases [21]. In addition to the lipid-lowering
effects, statins have been reported to reduce thrombosis,
lesion volume and vascular damage after TBI [22]. Also,
statins have been proposed to enhance neurogenesis,
angiogenesis and synaptogenesis after stroke and to induce
significant neurological improvement [23]. Urbich et al.
[24] determined that low concentration of atorvastatin
(0.01-0.1 pmol/L) stimulates angiogenesis in endothelial
cells and high concentrations of atorvastatin (>0.1 pmol/L)
have antiangiogenic effects. So it is suggested that the
different effects of statins on angiogenesis can depend on
dose, cell type and the degree of hypoxia.

Simvastatin was chosen from a large number of statins
for this study because it is the most lipophilic statin and is
able to pass the BBB [25]. In experimental TBI models,
low-dose (1 mg/kg) and high-dose (37.5 mg/kg) simva-
statin was given to rats but the treatment was continued for
14-35 days after injury [26, 27]. In this study, 1 mg/kg
simvastatin given 3 h after trauma ameliorated the histo-
pathological results of brain tissues and decreased the
VEGFs and NO levels in acute stages of the trauma.
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Table 2 The VEGF and NO levels of serum and brain tissue

S(n=06) T (n=06) T+Vn=17 T+Snh=17) p
VEGF (pg/mg protein)** 2.3 £ 0.19 (1.7-2.8) 42 + 1.32*° (3.6-12.0) 2.4 £+ 0.83 (1.8-8.1) 2.3 £ 0.12 (1.7-2.5) 0.006
VEGF serum (pg/mL)* 4.61 + 1.7 8.42 + 3.0°¢ 3.86 £ 2.6 410+ 1.3 0.004
NO (pmol/mg protein)* 63+1.2 8.6 + 1.5*° 72+ 1.0 64+ 1.6 <0.019

* Data are given as mean £+ SD. ** Data are given as median = SEM (min-max)

? p = 0.049 when compared with S group

b p = 0.045 when compared with T + S group
¢ p = 0.04 when compared with S group

4 p = 0.02 when compared with T + S group

Deterioration of the BBB under hypoxic conditions is
multifactorial, and among the reasons are the increases in
VEGF, NO and inflammatory cytokines [13]. Hypoxia
stimulates hypoxia-induced factor-1o. (HIF-1a1) which reg-
ulates the gene transcription of VEGF [28]. Also, HIF-1a is a
transcriptional activator of iNOS and increases NO forma-
tion [29]. Blood vessels which are developed in response to
VEGF are leakier than normal blood vessels and increase
cerebral edema and ischemic damage. Recombinant human
VEGF (thVEGF) treatment 48 h after stroke enhanced
cerebral microperfusion and functional neurological recov-
ery and rhVEGF treatment 1 h after stroke enhanced the
leakage of the BBB, hemorrhage and ischemic damage [13].
It has been suggested that VEGF increases vascular perme-
ability by stimulating NO synthesis and release. The inhi-
bition of VEGF in acute stages after brain damage has been
reported to reduce BBB permeability [30]. Zhu et al. [31]
have shown that simvastatin prevented the angiogenesis by
inhibiting the VEGF increase in a pro-inflammatory envi-
ronment created by tumor necrosis factor-o. In addition,
simvastatin treatment decreased the VEGF levels 3 h after
TBI in an inflammatory environment in this study. More-
over, it has been shown that simvastatin treatment decreased
the hemorrhage, edema, neuronal damage, diffuse axonal
damage, vascular congestion and their extensity in histopa-
thological examinations.

During normal metabolism, NO molecules are synthe-
sized by nitric oxide synthase (NOS) from L-arginine and
have many roles in many biological mechanisms, which
involve arranging transport of ions and other molecules in
the BBB. However, NO synthesized by iNOS has harmful
effects after TBI, via increasing BBB permeability and
contributing to vasogenic edema [32]. Terpolilli et al. [33]
observed that administration of a new NOS inhibitor,
4-amino-tetrahydro-L-biopterine, to inhibit the formation of
iNOS in brain edema, provides a significant reduction in
long-term neurological dysfunction. In addition, studies
have reported that inhibition of NO synthesis by minosy-
cline, melatonin and simvastatin reduced the hypoxia-
induced BBB damage [29]. In this study, simvastatin

treatment significantly decreased the levels of VEGF in
both serum and brain tissue and the NO levels in brain
tissue after TBI.

In conclusion, it can be considered that simvastatin
treatment in acute stages of experimental TBI improves
neuropathological changes of diffuse axonal injury by
reducing the levels of VEGF and NO in inflammation and
preventing the development of vasogenic brain edema due
to BBB leakage independent of cholesterol-lowering
effects. In further investigations, histochemical and elec-
tron microscopy analysis of neurons may provide sup-
portive information in respect of the simvastatin effects on
TBI.

References

1. Maas AIR, Stocchetti N, Bullock R (2008) Moderate and severe
traumatic brain injury in adults. Lancet Neurol 7:728-741

2. Xiong Y, Gu Q, Peterson PL, Muizelaar JP, Lee CP (1997)
Mitochondrial dysfunction and calcium perturbation induced by
traumatic brain injury. J Neurotrauma 14:23-34

3. Smith SL, Andrus PK, Zhang JR, Hall ED (1994) Direct mea-
surement of hydroxyl radicals, lipid peroxidation, and blood—
brain barrier disruption following unilateral cortical impact head
injury in the rat. J Neurotrauma 11:393-404

4. Hall ED (1993) Lipid antioxidants in acute central nervous sys-
tem injury. Ann Emerg Med 22:1022-1027

5. Kontos HA, Povlishock JT (1986) Oxygen radicals in brain
injury. Cent Nerv Syst Trauma 3:257-263

6. ladecola C (1997) Bright and dark sides of nitric oxide in
ischemic brain injury. Trends Neurosci 20:132-139

7. Kostandy BB (2012) The role of glutamate in neuronal ischemic
injury: the role of spark in fire. Neurol Sci 33:223-237

8. Hall ED, Kupina NC, Althaus JS (1999) Peroxynitrite scavengers
for the acute treatment of traumatic brain injury. Ann N 'Y Acad
Sci 890:462-468

9. Lipton SA, Choi YB, Pan ZH, Lei SZ, Chen HS, Sucher NJ,
Loscalzo J, Singel DJ, Stamler JS (1993) A redox-based mech-
anism for the neuroprotective and neurodestructive effects of
nitric oxide and related nitroso-compounds. Nature 364:626-632

10. Dvorak HF, Brown LF, Detmar M, Dvorak AM (1995) Vascular
permeability factor/vascular endothelial growth factor, micro-
vascular hyperpermeability, and angiogenesis. Am J Pathol
146:1029-1039

@ Springer



1946

Neurol Sci (2013) 34:1941-1946

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bates DO, Curry FE (1997) Vascular endothelial growth factor
increases microvascular permeability via a Ca(2 +)-dependent
pathway. Am J Physiol 273:H687-H694

. Wu HM, Huang Q, Yuan Y, Granger HJ (1996) VEGF induces

NO-dependent hyperpermeability in coronary venules. Am J
Physiol 271:H2735-H2739

Zhang ZG, Zhang L, Jiang Q, Zhang R, Davies K, Powers C,
Bruggen Nv, Chopp M (2000) VEGF enhances angiogenesis and
promotes blood-brain barrier leakage in the ischemic brain.
J Clin Invest 106:829-838

Faden AI, Stoica B (2007) Neuroprotection: challenges and
opportunities. Arch Neurol 64:794-800

Liao JK (2005) Clinical implications for statin pleiotropy. Curr
Opin Lipidol 16:624-629

Iseri S, Ercan F, Gedik N, Yiiksel M, Alican I (2007) Simvastatin
attenuates cisplatin-induced kidney and liver damage in rats.
Toxicology 230:256-264

Marmarou A, Foda MA, Van den Brink W, Campbell J, Kita H,
Demetriadou K (1994) A new model of diffuse brain injury in
rats. Part I: pathophysiology and biomechanics. J Neurosurg
80:291-300

Schiessl B, Strasburger C, Bidlingmaier M, Mylonas I, Jeschke
U, Kainer F, Friese K (2006) Plasma- and urine concentrations of
nitrite/nitrate and cyclic Guanosinemonophosphate in intrauterine
growth restricted and preeclamptic pregnancies. Arch Gynecol
Obstet 274:150-154

Genesca J, Marti R, Rojo F et al (2003) Increased tumour necrosis
factor alpha production in mesenteric lymph nodes of cirrhotic
patients with ascites. Gut 52:1054-1059

Albert-Weissenberger C, Sirén A-L (2010) Experimental trau-
matic brain injury. Exp Transl Stroke Med 2:16

Essig M, Vrtovsnik F, Nguyen G, Sraer JD, Friedlander G (1998)
Lovastatin modulates in vivo and in vitro the plasminogen acti-
vator/plasmin system of rat proximal tubular cells: role of gera-
nylgeranylation and Rho proteins. J Am Soc Nephrol 9:
1377-1388

Lu D, Mahmood A, Goussev A, Schallert T, Qu C, Zhang ZG, Li
Y, Lu M, Chopp M (2004) Atorvastatin reduction of intravascular
thrombosis, increase in cerebral microvascular patency and

@ Springer

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

integrity, and enhancement of spatial learning in rats subjected to
traumatic brain injury. J Neurosurg 101:813-821

Chen J, Zhang ZG, Li Y et al (2003) Statins induce angiogenesis,
neurogenesis, and synaptogenesis after stroke. Ann Neurol 53:
743-751

Urbich C, Dernbach E, Zeiher AM, Dimmeler S (2002) Double-
edged role of statins in angiogenesis signaling. Circ Res 90:737-744
Mauro VF (1993) Clinical pharmacokinetics and practical
applications of simvastatin. Clin Pharmacokinet 24:195-202
Wu H, Lu D, Jiang H, Xiong Y, Qu C, Li B, Mahmood A, Zhou D,
Chopp M (2008) Increase in phosphorylation of Akt and its
downstream signaling targets and suppression of apoptosis by
simvastatin after traumatic brain injury. J Neurosurg 109:691-698
Chen G, Zhang S, Shi J, Ai J, Qi M, Hang C (2009) Simvastatin
reduces secondary brain injury caused by cortical contusion in
rats: possible involvement of TLR4/NF-kappaB pathway. Exp
Neurol 216:398-406

Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos RD,
Semenza GL (1996) Activation of vascular endothelial growth
factor gene transcription by hypoxia-inducible factor 1. Mol Cell
Biol 16:4604-4613

Kaur C, Ling EA (2008) Blood-brain barrier in hypoxic-ischemic
conditions. Curr Neurovasc Res 5:71-81

Mayhan WG (1999) VEGF increases permeability of the blood—
brain barrier via a nitric oxide synthase/cGMP-dependent path-
way. Am J Physiol 276:C1148-C1153

Zhu X-Y, Daghini E, Chade AR, Lavi R, Napoli C, Lerman A,
Lerman LO (2008) Disparate effects of simvastatin on angio-
genesis during hypoxia and inflammation. Life Sci 83:801-809
Fukumura D, Gohongi T, Kadambi A, Izumi Y, Ang J, Yun CO,
Buerk DG, Huang PL, Jain RK (2001) Predominant role of
endothelial nitric oxide synthase in vascular endothelial growth
factor-induced angiogenesis and vascular permeability. Proc Natl
Acad Sci USA 98:2604-2609

Terpolilli NA, Zweckberger K, Trabold R, Schilling L, Schinzel
R, Tegtmeier F, Plesnila N (2009) The novel nitric oxide synthase
inhibitor 4-amino-tetrahydro-L-biopterine prevents brain edema
formation and intracranial hypertension following traumatic brain
injury in mice. J Neurotrauma 26:1963-1975



	Simvastatin reduces VEGF and NO levels in acute stages of experimental traumatic brain injury
	Abstract
	Introduction
	Materials and methods
	Experimental procedure of TBI
	Biochemical analyses
	Homogenization of tissues
	Measurement of lipid parameters
	Measurement of VEGF
	Measurement of NO
	Measurement of protein levels in brain tissue

	Histopathological examination
	Statistical analyses

	Results
	Physiological measurements
	Histopathological results
	Biochemical analyses

	Discussion
	References


