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Chronic arterial hypertension impedes glioma
growth: a multiparametric MRI study in the rat
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Glioblastoma is the most aggressive brain tumor and is almost always fatal. These tumors are highly vascularized and

angiogenesis is one of the pre-eminent mechanisms underlying their growth. Chronic arterial hypertension (CAH) is a common

and worldwide pathology that markedlly alters the structure and function of the vasculature. Yet, essential hypertension is

associated in the brain with potential locally impaired vasoreactivity, disturbed perfusion supply and hypoxia phenomena. Even

though CAH is a global burden and has an important impact on brain function, nothing is known about the way this frequent

pathology would interact with the evolution of glioma. We sought to determine if arterial hypertension influences gliobastoma

growth. In the present study, rat glioma C6 tumor cells were implanted in the caudate–putamen of spontaneously hypertensive

rats (SHR) or their normotensive controls, the Wistar–Kyoto (WKY) rats. The evolution of the tumor was sequentially analyzed

by multiparametric magnetic resonance imaging and the inflammatory response was examined by histochemistry. We found

that CAH significantly attenuates the growth of the tumor as, at 21 days, the volume of the tumor was 85.4±34.7 and

126.1±28.8mm3, respectively, in hypertensive and normotensive rats (Po0.02). Moreover, cerebral blood volume and cerebral

blood flow were greater in the tumors of hypertensive rats (Po0.05). The lesser growth of the tumor observed in normotensive

animals was not due to an enhanced rejection of the tumor cells in WKY rats, the inflammatory response being similar in both

groups. For the first time, these results show that CAH impedes the growth of glioblastoma and illustrate the need to further

study the impact of hypertension on the evolution of brain tumors.
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INTRODUCTION

Glioblastoma (GBM) or grade IV astrocytoma is the most vigorous
and malignant primary brain tumor, which is rapidly fatal.1,2 These
tumors are highly vascularized and it is acknowledged that angiogen-
esis is one of the predominant features that regulate glioma growth.3,4

Repressing angiogenesis is a promising therapeutic strategy for these
tumors.5,6

Chronic arterial hypertension (CAH) is a major public health
problem as 425% of the adult worldwide population is hypertensive
and its incidence is still increasing.7 Although antihypertensive
treatments are widely available, adequate control of hypertension is
ineffectively achieved in the adult population,8,9 whereas, especially in
the elderly, it would be highly beneficial10 as CAH is associated with
other cardiovascular pathologies and vascular dementia.11 Moreover,
CAH is the principal risk factor for vascular pathologies such as stroke
and ischemic heart diseases.12 These latter disease states are mainly
attributable to CAH-induced alterations of the vasculature. Indeed, in

the brain as well as in the periphery, elevated arterial pressure (AP)
results in structural and functional vascular changes such as hyper-
trophy or remodeling of the microcirculation with vessel
rarefaction.13,14 Within the cerebral circulation, CAH impairs the
phenomenon of autoregulation, resulting in a shift of the curve to
higher values of perfusion pressure.15 CAH induces structural vascular
changes leading to angiopathy, and also leads to dynamic vascular
changes. Among functional disturbances, a widespread cerebral blood
flow decrease is observed as being the most severe in the hippocampus
and several cortical areas.16 Owing to those modifications, CAH
induces microaneurysms and microhemorrhages, as well as related
cognitive impairment.17 Patients suffering from CAH also exhibit
white matter damage caused by neuropathological processes, including
not only vascular impairment, as described previously, but also
inflammation and blood–brain barrier breakdown. Under CAH, the
brain parenchyma suffers from vascular and cellular inflammation,
endothelial dysfunction and free radical generation.18,19
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On the other hand, angiogenesis has also been reported to be
influenced by CAH. Indeed, rarefaction of the small arteries and a
decrease in the density of the capillaries have been shown in animal
models of hypertension,20 as well as in patients.21–23 Interestingly,
antihypertensive treatments can restore altered angiogenesis.20,24

Although angiogenesis is altered by CAH, angiotensin, which is one
of the main promoters of angiogenesis, increased during HTA
(especially in certain types of HTA). The hypoxic state created by
the decreased cerebral blood flow (CBF), stroke, microaneurysms and
microbleedings, as well as the inflammatory character of the pathol-
ogy, would be more favorable for tumor growth.
Given the effects of CAH on the vasculature and the contribution of

neovascularization in tumor growth, here we ask a specific question:
does CAH enhance the growth of an aggressive glioma? Our
hypothesis was that CAH-induced alterations in the cerebral micro-
circulation would influence tumor growth. To test this hypothesis, we
have implanted tumor cells of the C6 line into the caudate–putamen
(CPu) of spontaneously hypertensive rats (SHR) or their normoten-
sive controls, the Wistar–Kyoto (WKY) rats. The SHR is considered to
be a model of essential hypertension, and this strain is the most widely
used in the studies of the pathophysiology and treatment of
hypertension.25 The C6 glioma is remarkably similar to human
GBM with respect to vascularization, morphology, necrosis and
hypoxia.26–28 The growth of the tumor and its hemodynamic status
were studied by sequential multiparametric magnetic resonance
imaging (MRI) and inflammation was analyzed by histochemistry.

METHODS

Animals
Male SHR (n= 9; 296± 36 g) and WKY (n= 9; 322± 19 g) rats at the time of
entry into the study were purchased from the JANVIER breeding center
(Centre d’Elevage René Janvier, Le Genest-St-Isle, France). All animal experi-
ments were carried out under the previous European directive (86/609/EEC) as
enacted in the national legislation. Individual licenses to investigate SR (14–26),
MB (14–71), JT (14–45), EP (14–79), OT (14–29) and SV (14–55) are held and
the study was approved by the regional ethical committee for animal research
and health-care ‘Comité Régional d'Éthique en matière d'Expérimentation
Animale pour la Normandie’ (CEEAN, agreement no. 0507-02). Rats, fed with
standard laboratory chow and receiving water ad libitum, were housed in
animal care facilities (Centre Universitaire de Ressources Biologiques (CURB),
approval no. B14118015) immediately adjacent to the complex of experimental
and imaging laboratories (GIP-Cyceron, approval no. B14118001). During all
the experiments, the body weights of the rats were measured daily and the
general status of the animals was carefully followed. There was no mortality
before the experimental end of the protocol; however, one WKY rat was
excluded because of postimplantation technical failure. All the experiments
were performed randomly and in a blinded manner.

AP measurements in awake rats
AP was measured through the use of the tail cuff method (Storage pressure
meter-5002; Letica, Barcelona, Spain).29 AP measurements were performed
1 month and 2 weeks before the implantation of C6 cells. To ensure correct AP
assessments, rats were prewarmed (35 °C) and measures were repeated five
times for each session.

Glioma model
The C6 glioma (ATCC, Manassas, VA, USA; CCL-107) was chosen as the
tumor model.27,30 C6 glioma cells (ATCC, CCL-107; cell passage 20) were
cultured for 3 days in DMEM containing 1 g l− 1 glucose supplemented with
10% bovine fetal serum, 2mM glutamine and 1% penicillin–streptomycin, and
then trypsinized to obtain the cell suspension for implantation. SHR and WKY
rats were anesthetized with isoflurane (2%) in a mixture of 30% O2 and 70%
N2O. The body temperature was maintained around 37.5 °C with a feedback-

controlled heating pad (Homeothermic Blanket Harvard, Holliston, MA, USA)
connected to a rectal probe. Rats were placed in a stereotaxic head holder
(David Kopf Instruments, Elmo St Tujunga, CA, USA), and then a midline
scalp incision was performed and the calvarium was exposed. The skull was
drilled with a saline-cooled dental burr to produce a 1mm hole allowing the
insertion of a dental needle, which was left in place for 3min before injection.
The cell suspension (1× 105 cells in 3 μl phosphate-buffered saline) was injected
into the right CPu (coordinates relative to bregma: 3.0mm lateral and 6.0mm
deep) according to the rat stereotaxic atlas (Paxinos and Watson, 2006)31 at a
constant flow of 0.3 μl min− 1 over 10min. The needle was left in place 5min
after the end of the injection and then slowly removed. The scalp was sutured
and the rats were allowed to recover from anesthesia.

MRI examinations
MRI examinations were performed on a 7-T horizontal Bruker magnet
(Pharmascan, Ettlingen, Germany). Rats were anesthetized with 2% isoflurane
and placed into a head holder within the magnet. Body temperature and
respiratory rate were monitored throughout the MRI scans. MRI sessions were
performed at days (D) 11, 18 and 21 after cell implantation. Ten contiguous
slices of 1.5mm thick were acquired for diffusion-weighted imaging, fast T2
and fast T1, and a 38.4x38.4mm2 field of view was used (except for echo-
planar imaging T2* and fast low-angle shot T2*). Diffusion-weighted imaging
was acquired with the following parameters: 1-shot spin echo echo-planar
images, 80x80 matrix, 0.480× 0.480mm2 resolution, TR/TE (echo time and
repetition time)= 3500/34.95ms, b-values= 0, 500 and 1000 smm− 2 and 3
directions. Apparent diffusion coefficient (ADC) maps were then calculated.
Fast T2 (rapid acquisition with refocused echo factor 8) was also acquired at the
three time points with the following parameters: 256x192 matrix,
0.150× 0.200mm2 resolution and TR/TE= 5000/74ms. Perfusion-weighted
imaging was performed at D11 and D18 after an intravenous bolus injection
of a contrast agent (0.3mg kg− 1, gadopentetate dimeglumine diethylenetria-
minepentaacetic acid (Gd-DTPA); Magnevist Bayer Schering Pharma AG,
Leverkusen, Germany) and dynamic susceptibility contrast MRI. T1-enhanced
imaging was acquired 2min after each echo-planar imaging T2* with a fast T1
sequence (rapid acquisition with refocused echo factor 4), 256× 256 matrix,
0.150× 0.150mm2 resolution and TR/TE= 1300/7.334ms.

Immunohistochemistry
Immediately after the last MRI session (i.e. at D21), the animals were deeply
anesthetized and intracardially perfused with a heparinized saline solution
followed by paraformaldehyde (4%) in phosphate buffer (pH 7.4). Fixed brains
were then cryoprotected by immersion in a 30% sucrose solution during 72 h
and cut with a freezing microtome (Microm HM 450; Thermo Scientific,
Walldorf, Germany) in 50-μm-thick coronal slices. One slice every 350 μm was
collected for thionin staining. The stained sections were then photographed and
tumor volumes as well as hemispheric volumes were calculated using the
ImageJ software.32,33 The brain was cut from the rostral to the caudal pole so as
to delineate (in a blind manner) the axial extremes of the tumor.
For the other sections, immunolabeling was performed. After saturation in

phosphate-buffered saline/0.01% Tween/3% bovine serum albumin for 1 h at
room temperature, slices were incubated overnight (4 °C) with specific
endothelial cell antibodies: mouse anti RECA-1 (rat endothelial cell antigen-1)
(1:100; AbD Serotec, Kidlington, UK.), and visualization was performed using a
cyanine 3-linked goat anti-mouse IgG (1:1000; Jackson ImmunoResearch
Laboratories, West Grove, PA, USA). Nuclear cells were counterstained with
Hoechst 33342 (1 μgml− 1; Sigma, France) in Dako fluorescent mounting
medium (DakoCytomation, Glostrup, Denmark).

Post-mortem vessels morphology analysis
Microvessel density (vascular surface) and size (length and diameter) were
analyzed in five regions of interest (ROI): striatal tumor center, cortical tumor
center, striatal tumor periphery and cortical and striatal areas in the
contralateral hemisphere. The periphery of the tumor has been defined as a
200 μm width band around the tumor center.34 Images were acquired with a
fluorescent microscope (Leica DM 6000, Wetzlar, Germany) equipped with a
camera. Analyses were performed using home-made ImageJ macros.35 Images
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(2000× 1500 μm2) to visualize RECA-1 and Hoechst 33342 were taken at x10
and x40 in each of the five ROIs for at least five slices per animal (n= 8 rats per
group). Then, the photographs of vessels were binarized by local thresholding at
the mean between the minimum and maximum intensity of their neighbor-
hood, thus segmenting vessels at half-height. Vessel density was computed as
the surface occupied by vessels; the vessel length was derived from skeletoniza-
tion. The vessel diameter at each pixel location along the skeletons was
determined using distance maps.35

Post-mortem analysis of inflammation
Lectin histochemistry for the specific visualization of activated microglia and
macrophages was performed. Briefly, after endogenous peroxidase blockade
with 3% hydrogen peroxide, free-floating slices were incubated with
peroxidase-lectin (peroxidase-linked isolectin B4; isolated from Griffonia
simplicifolia GS-B4, 1:100; Sigma) in phosphate-buffered saline-Ca2+-Triton
(1:200). Following several washes in phosphate-buffered saline-Ca2+, the
peroxidase reaction product was revealed with the 3,3'-diaminobenzidine
(DAB substrate kit for peroxidase SK4400; Vector Laboratories, Burlingame,
CA, USA) with buffer stock solution and hydrogen peroxide in distilled water.
Slides were then counterstained with thionin.

MRI data analysis
MR images were analyzed by in-house macros based on the ImageJ software.
Tumor volumes were calculated at different time points by the semiautomatic
analysis of images. Abnormal signals were defined on all the fast T1-weighted
post-Gd and fast T2-weighted slices by thresholding at the mean± 2 s.d. of the
contralateral, healthy tissue values. The cortical and the CPu contribution to the
tumor were then manually separated and the volume measured. Assuming an
exponential tumor growth, tumor volumes were then expressed by a natural
logarithm function. On ADC maps, the tumors were manually delineated.
Cerebral blood volume (CBV) and CBF were derived from the analysis of the
data derived from the first pass of Gd-DTPA. Briefly, an intra-animal spatial
and temporal coregistration was initially performed for each first-pass experi-
ment. Masks of each hemisphere (without ventricles) and masks of the tumor
were created. The signal obtained in each ROI was fitted to a gamma-variate
function. CBF and CBV in each ROI were then calculated by the DSCoMAN
ImageJ plug-in, which implements the Boxerman–Weisskoff algorithm.35

Statistical analyses
Data are represented as mean± s.d. The statistical analyses were performed with
analysis of variance (ANOVA) followed, when appropriate, by Tukey’s honestly
significant difference (HSD), ANOVA one-factor or t-test (JMP software, SAS
Institute Inc., Cary, NC, USA). We used two-factor repeated-measures ANOVA
to analyze the evolution of perfusion-weighted imaging abnormalities and
tumor growth.

RESULTS

Body weight and AP
The overall state of the animals was evaluated on a daily basis. The rats
presented a constant weight along the experimental time period

(Table 1). Their weights at D11, D18 and D21, respectively, after
tumor implantation were: 366± 35, 367± 36 and 370± 35 g for WKY
(n= 8) rats and 301± 29, 304± 29 and 300± 29 g for SHR (n= 9)
rats. APs in awake SHR were significantly greater than those measured
in awake WKY. Systolic (sAP) and diastolic (dAP) AP were,
respectively, 206± 12 and 160± 15mmHg in SHR and 135± 12 and
105± 15mmHg in WKY rats (Po0.0001 for both sAP and dAP) (see
Table 1 for more details).

Evolution of tumor growth
In both normotensive and hypertensive rats, the tumors were clearly
visible on fast T1- and T2-weighted imaging at D11 after the cell
implantation. T1-enhanced imaging and T2 imaging were used to
study the tumor volume. For both imaging modalities, we performed
a two-factor ANOVA (groups and time points) to demonstrate a
significant group effect (Po0.05), time effect (Po0.0001) and a
significant interaction group× time (Po0.015 for T1 and Po0.003 for
T2 imaging), all of which allow one to evaluate the group effects at the
different time points. At D11, there was no significant difference in the
tumor volumes between SHR and WKY even if a tendency could be
detected (Figures 1a and b).
One week later (D18), the hypertensive rats displayed lesser tumor

volumes compared with their normotensive controls. In hypertensive
rats, the tumor volumes were statistically less important on enhanced
T1-weighted imaging (57.1± 22.1 vs. 77.6± 13.6mm3, respectively, for
SHR and WKY; Po0.04, t-test), whereas T2-weighted imaging failed
to reveal a significant difference at D18 (55.1± 22.0 vs. 67.8±
9.8mm3, respectively, for SHR and WKY; P= 0.15, Tukey’s HSD
following a significant ANOVA) (Figures 1a and b).
At D21, the tumor was still significantly less expansive in SHR

(85.4± 34.7mm3) relative to WKY rats (126.1± 28.8mm3) (Po0.02;
Tukey’s HSD following a significant ANOVA) (Figures 1b). The
comparison of the kinetics of the growth of tumors between the two
groups confirmed a less rapid development of the tumors for the
hypertensive rats in comparison with the normotensive rats
(Po0.007, t-test for slopes; no significant differences in intercepts;
y= 0.27 (±0.035)x− 0.79 for WKY and y= 0.20 (±0.050)x+0.17 for
SHR) (Supplementary Data). As the tumors affected both the cortex
and the CPu, we further analyzed tumor growth separately in each
region. In hypertensive animals, the cortical portion of the tumor
showed a tendency to be less extensive compared with that in
normotensive animals, but the major difference was seen with CPu
tumor volume (T2-MRI; ANOVA on cortical tumor volume—group
effect: Po0.35; time effect: Po0.0001; interaction time× group:
Po0.15; Supplementary Data A). The CPu tumor was significantly
less extensive in SHR compared with that in WKY (P= 0.014, t-test

Table 1 Monitoring of cardiovascular parameters before experiment and animal weights along the experiment

Cardiovascular parameters Body weight (g)

D−21→−15 D−15→−7 D−7→0

HR sAP dAP HR sAP dAP HR sAP dAP D0 D5 D11 D18 D21

SHR (n=9) 407±27 218±13 171±18 436±33 202±24 158±16 444±35 200±9 151±14 296±36 301±29 301±29 305±29 299±29

WKY (n=8) 392±44 141±7 110±8 431±48 130±18 97±14 461±12 142±8 107±22 323±20 348±23 367±35 368±36 370±35

Abbreviations: AP, arterial pressure; dAP, diastolic AP; HR, heart rate; sAP, systolic AP; SHR, spontaneously hypertensive; WKY, Wistar–Kyoto.
The AP was monitored once a week before the tumor implantation. The HR was similar and stable in both strains. The AP measurements were stable over the same interval of time and over the
different times. SHR displayed at each time point a significantly higher AP, with higher sAP and dAP, compared with WKY rats. Along the experiment, the weight of all the animals was assessed on
a daily basis; for clarity, only few time points are indicated in the table. The animals presented a normal and healthy weight following the striatal implantation (D0).
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at D21 following significant ANOVA (interaction time× group:
Po0.004); Supplementary Data B). In normotensive rats, we observed
a shift of the midline translated by a significant volumetric compres-
sion of the healthy hemisphere in normotensive animals compared
with hypertensive rats. The degree of midline shift was estimated by
the ratio of the volume of the implanted hemisphere divided by the
volume of the contralateral, healthy counterpart. In the WKY rats, the
ratio (1.24± 0.05) was significantly more important (Po0.001)
compared with that in the SHR (1.16± 0.08), in which the value
was closer to unity. All implanted rats displayed a glioma in the
neocortex surrounding the basal ganglia. The ratio of CPu to cortical
damage (60:40) was identical in both WKY and SHR groups. Both the
CPu (−36%) and the cortical volumes (−36%) of glioma were less in
the SHR compared with that in the WKY rats.

Evolution of ADC within the tumor
ADC abnormalities, detected as hypersignals on the ADC maps, were
notable from D11 and thereafter expanded (Figure 2a). ADC values in
the contralateral hemisphere were similar in WKY and SHR and
remained stable over time (Figure 2b). In both groups of rats, the
tumors showed an increase in ADC values relative to the healthy tissue
in the contralateral hemisphere (ANOVA—group effect: Po0.01; ROI
effect: Po0.0001; interaction group×ROI: Po0.07) (Figure 2b). The
increase in ADC values within the tumor compared with the healthy
tissue was significant (Po0.0001) both in the SHR and WKY groups.
Within the tumor, the ADC values were significantly different in the
SHR group (with lower ADC values) compared with the WKY group

(Po0.02), and for both groups, the ADC values increased in the
tumor with time (ANOVA—group effect: Po0.02; time effect:
Po0.0001; no interaction group× time: Po0.4) (Figure 2b). As a
function of time, the minimum tumoral ADC values were lower in the
SHR group compared with the WKY group (two-way ANOVA—
group effect: P= 0.051; time effect: P= 0.14; time× group interaction:
P= 0.14) (Figure 2c). The mean of the minimum ADC values per
group is lower in the SHR at D11 and D21 (7.37E− 04; 7.46E− 04;
7.04E− 04mm2 s− 1 at D11, D18 and D21 after implantation)
compared with the WKY group (8.23E− 04; 7.36E− 04; 7.63E− 04-
mm2 s− 1 at D11, D18 and D21 after implantation).

Evolution of hemodynamic parameters
In both groups, the first passage of Gd-DTPA was delayed within the
tumor at D11 and D18 (Figure 3a). Quantitatively, in the healthy
hemisphere, CBF and CBV values were not different between SHR and
WKY (Figures 3b and c).
At D11, CBF and CBV values in the tumor were relatively similar to

those measured in the contralateral hemisphere (ANOVA—group
effect: 0.8; ROI effect: 0.6; interaction group×ROI: 0.2). At D18, the
tumor in SHR displayed significant increases in CBF and CBV relative
to the contralateral hemisphere (t-test, Po0.0002 for CBV; Po0.0003
for CBF following two-factor ANOVA with interaction group×ROI:
Po0.03) (Figures 3b and c), whereas no significant effect was found in
WKY rats. The comparison between hypertensive and normotensive
rats showed that CBF and CBV were higher in the tumor in SHR at
day 18 (Po0.0085 for CBV, Po0.01 for CBF).
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Figure 1 (a) Representative fast T1-weighted images acquired at days 11 and 18 after implantation in normotensive (Wistar–Kyoto (WKY)) and hypertensive
(spontaneously hypertensive rats (SHR)). There was no difference between SHR and WKY rats in tumor volumes at day 11 after tumor cell implantation. At day
18, the tumoral tissue volume, defined on fast T1-weighted images, was significantly lesser in SHR compared with WKY rats. $One-factor analysis of variance
(ANOVA), group effect at day 18 (Po0.04) following a two-factor ANOVA showing a significant interaction (Po0.015). (b) Representative T2-weighted images
acquired at days 11, 18 and 21 after implantation revealed that the tumor was less voluminous in hypertensive compared with normotensive rats. The tumor
was not markedly different between WKY and SHR at 11 days after implantation, but thereafter the SHR volumes increased less rapidly compared with those
of the WKY rats. *One-factor ANOVA, group effect at day 21 (Po0.0023) following two-factor ANOVA showing a significant interaction (Po0.0031).
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Quantitative analysis of vessels in the tumor
In both hypertensive and normotensive rats, the vessels were clearly
disorganized and their structure disturbed within the tumor compared
with the healthy tissue in the contralateral hemisphere (Figure 4a). The
vascular surface was significantly reduced in the center of the tumor,
as well as in the periphery (Figure 4b) (two-way ANOVA with
nonsignificant interaction followed by Tukey’s HSD for ROI:
Po0.0001). The vessels lengths were reduced in the tumor but not
in the periphery (Figure 4c) (there was an ROI effect independent of
the group analyzed; two-way ANOVA, significant group effect,

significant ROI effect with nonsignificant interaction followed by
Tukey’s HSD for ROI: Po0.0001 (contralateral and periphery
different from tumor, Po0.0001)).
Similarly, vessel diameters were increased in the tumor but not in

the periphery relative to the contralateral hemisphere (two-way
ANOVA, significant group effect, significant ROI effect with non-
significant interaction followed by Tukey’s HSD for ROI: Po0.0001
(contralateral and periphery different from tumor, Po0.0001))
(Figure 4d).

Quantitative histological analyses
The volume of the tumor, as assessed by volumetric histology, was less
important in hypertensive compared with normotensive rats
(ANOVA, Po0.02) (Figure 5a). The histological volumes were highly
correlated to those defined on T2 images (R2= 0.78, Po0.0001,
n= 17). All the methodologies used showed a strong correlation in the
evaluation of the differences in tumoral volumes between hypertensive
and normotensive rats. As of note, the ratios in volume measured
were: 0.73 assessed on T1-weighted imaging, 0.67 assessed on
T2-weighted imaging, 0.75 on the growth coefficient slopes, 0.65
assessed on histology and 0.66 for the indices of hemispheric
asymmetry. The volumetric assessment of the entire healthy hemi-
sphere (healthy hemisphere volume: 393.05± 43.48mm3 for WKY
rats and 353.83± 40.29mm3 for SHR) and the tumoral
hemisphere (tumoral hemisphere volume: 488.51± 61.15mm3 for
WKY rats and 410.45± 40.38mm3 for SHR) showed that the
normotensive rats have a significantly expanded tumoral hemisphere
compared with the contralateral healthy hemisphere (Po0.0001).
Although there was no significant differences in the volume of the
healthy hemispheres between SHR and WKY rats (P40.08), WKY
rats had a more volumetric tumoral hemisphere compared with
hypertensive rats (Po0.0107).
Zones of necrosis were carefully delineated on thionin-stained slices

and there were no major differences between groups. Necrosis was
present in discrete foci within the tumoral mass and each focus was
surrounded by pseudopalissadic cells. The necrotic portion of the
tumor was on average 9.4± 8.6 mm3 for all the rats (the necrosis
represented in percentage of the total tumoral volume: 12.1± 9.9% for
SHR and 10.8± 8.9% for WKY). Necrosis was present in all the
cortical tumors and represented 22% (in SHR) and 19% (in WKY
rats) of the total volumes of pathology; the presence of necrotic tissue
in the CPu was variable in both normo- and hypertensive strains and
accounted for o10% of the total pathological volume. The funda-
mental, macroscopic features of the glioma were indistinguishable in
both strains; the discriminatory factor was the rate of tumoral
progression.

Inflammation
To examine if the different rates of tumoral expansion between WKY
and SHR could be attributed to a differential inflammatory reaction in
these two strains, we identified activated macrophages and microglia
through the use of lectin histochemical staining (Figure 5b). All
the rat brains presented lectin staining disseminated throughout the
tumor, although the staining was more intense at the frontier between
viable and tumoral tissue. Further, no observable difference in pattern
and staining could be detected between the normotensive and
hypertensive rats.

DISCUSSION

Here we demonstrate, for the first time, that CAH retards the growth
of cerebral tumors. Brain tumors expanded more rapidly and were
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Figure 2 (a) Apparent diffusion coefficient (ADC) maps acquired at three
post-implantation time points during the evolution of the tumor in
representative Wistar–Kyoto (WKY) and spontaneously hypertensive rats
(SHR). (b) Within the healthy non-implanted hemisphere, values of ADC in
WKY rats and SHR were near identical at all the time points. ADC values
were significantly greater in the tumor compared with the contralateral
healthy tissue in SHR as well as in WKY rats (***Po0.0001; analysis of
variance (ANOVA) main effect). ADC values were lesser in the tumor of SHR
compared with the WKY ones ($Po0.023 ANOVA main effect). (c) The
minimum ADC values within the tumor is four times lower in SHR compared
with the WKY ones (P=0.051 ANOVA main effect).
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more voluminous in normotensive compared with that in hyperten-
sive rats as revealed by sequential MRI investigations and histology.
Eleven days after cell implantation, both T1- and T2-weighted imaging
demonstrated (at this early phase) that the volumes of the tumor were
similar between normotensive and hypertensive animals. Given that
the same number of cells was injected into the CPu, this lack of
meaningful difference suggests that the initial process of tumor
formation, which does not involve appreciable angiogenesis, was
similar in the two groups of animals. Overall, MRI indices (volumetric
measure of tumor from T1- and T2-weighted imaging, differential
values of ADC and hemodynamic parameters, midline shift), as well as
histological evaluation (tumor volume measurements and entire
hemisphere volume), were all convergent. The dynamics of the glioma
growth were accelerated in the normotensive rats. The slope coeffi-
cients of the tumor growth and the absence of significant differences
between the intercepts attest to a decrease in the rate of tumor growth
in hypertensive animals.

SHR and WKY rats share the same genetic background, and as
shown, the36,37 inflammatory reactions were similar between the two
strains,38 which might exclude the influence of these processes.
Specifically, the distribution and numbers of the histochemical
evaluation of microglia and macrophages was undertaken to rule
out this possibility. The difference observed in tumor volumes
between hypertensive and normotensive animals is unlikely to be
attributed to rejection or inflammatory reactions.
The tumor in hypertensive animals displayed a significantly lower

ADC compared with normotensive animals. This difference may result
from variations in cell density or vasogenic edema between the two
strains.39 Some consider that minimal ADC values can help in the
identification of patients with a favorable prognosis.40 While accepting
an ongoing debate as to its pertinence, minimum ADC is more and
more used in clinical studies to evaluate its potential as a biomarker of
prognosis. According to the literature, lower minimum ADC is related
to poor prognosis in the absence of treatment,41 but it has been
recently shown that low minimum ADC values could constitute a
biomarker of favorable response to treatment.41–43 Those patients
treated with an antiangiogenic regimen had the lowest minimum ADC
values and showed a more favorable prognosis compared with patients
with greater minimum ADC.41–43 A lower minimum ADC in SHR
compared with WKY animals is consistent with these clinical
observations. Our observations support a more favorable outcome
of tumors presenting with lower minimum ADC and lower ADC
values, namely here, tumors grown under hypertensive conditions.
As CAH markedly affects the vasculature and particularly

angiogenesis21 (both are of major importance to the growth of the
tumor),44 we advance the hypothesis that the slow growth of the
glioma (in the presence of essential hypertension) can be attributed to
hypertension-induced effects on the cerebrovascular system. As shown
by the vessel morphology analysis, in the center of the tumor, the
vessel’s surface and the vessel’s length were reduced but the vessels’
diameter was increased in comparison with the healthy tissue. The
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Figure 3 (a) Representative images of perfusion-weighted images showing,
in both normotensive and hypertensive animals, a delayed passage of the
Gd-DTPA (gadopentetate dimeglumine diethylenetriaminepentaacetic acid)
within the tumor compared with the healthy tissue. (b) The evolution of an
index of cerebral blood volume (CBV) in hypertensive and normotensive rats.
CBV was derived from an algorithm based on the first pass of Gd-DTPA. At
day 11 after implantation, there was no difference between spontaneously
hypertensive (SHR) and Wistar–Kyoto (WKY) rats either in the contralateral
hemisphere or in the tumor. However, at day 18 after implantation, SHR
displayed an increased CBV in the tumor compared with the contralateral
hemisphere (one-factor analysis of variance (ANOVA), $Po0.00022 for CBV;
following ANOVA—group effect: 0.047; ROI effect: 0.0001; interaction
group×ROI: 0.033). Thereafter, a one-factor ANOVA showed a group effect
Po0.0085 (*) following a two-factor ANOVA, which demonstrated a
significant group effect (Po0.03), ROI effect (Po0.00001) and significant
interaction (Po0.03). (c) The evolution of an index of cerebral blood flow
(CBF) in hypertensive and normotensive rats. As with CBV, CBF was derived
from the first pass of Gd-DTPA. At day 11 after implantation, there was no
difference between SHR and WKY in the contralateral hemisphere. Equally,
there were no differences between the CBF circumscribed by the tumor in
both rat strains. However, at day 18 after implantation, SHR had an
increased CBF in the tumor compared with the contralateral hemisphere
(ANOVA, one-factor, £Po0.00034 for CBF following ANOVA—group effect:
0.047; ROI effect: 0.0001; interaction group×ROI: 0.033). In addition, a
one-factor ANOVA showed a group effect Po0.0152 (&) following two-factor
ANOVA showing significant group effect (Po0.05), ROI effect (Po0.00001)
and significant interaction (Po0.04).
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periphery of the tumor was almost comparable regarding the structure
of vessels to the contralateral but was significantly different from the
tumor and contralateral regarding the vascular surface. Neither the
structure nor the organization of the vessels displayed differences
between SHR and WKY rats both in the periphery and the center of
the tumor. Although we did not see any difference in structural or
density of vessels in the tumor between SHR and WKY rats, this does
not mean that angiogenesis was similar between the two conditions.
Less efficient angiogenesis at earlier stages may have slowed down the
proliferation of the tumor. Indeed, in our experimental setting,
histological studies were performed at an advanced stage at which
tumors become less hypoxic and angiogenesis may be less involved
than at earlier stage in which the amplitude of hypoxia is greater.26 In

this case, angiogenesis in hypertensive animals may be longer to be
settled compared with that in normotensive ones. The installation of
angiogenesis in hypertensive animals may take longer compared with
that in normotensive rats.
Alternatively, the phenomenon of angiogenesis might be impaired

compared with normotensive rats.
Antiangiogenic therapies induce hypertension as a side effect. It has

been reported in the literature that treatment-induced hypertension
might be a positive prognostic criterion. For example, pancreatic
cancer studies have reported a longer survival for patients with
sunitinib- or bevacizumab-related hypertension.45–47 In renal carci-
noma, similar outcomes have been observed with axitinib treatment.46

Others were unable to confirm a prognostic value of elevated AP for
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Figure 4 (a) Illustration of the core of the tumor and the tumor periphery visualized after immunological staining for cells nuclei and blood vessels (red color:
endothelial cells immunolabelled with RECA antibody, x10; blue color: nucleus cells counterstained with Hoescht 33342, x10). (b) Morphological analysis of
vessels: regarding the vascular surface, there was no difference between groups. There was a significant difference, independent of the group considered,
between each ROI, with a progressive decrease of the vascular surface from the contralateral healthy tissue to the periphery of the tumor to the tumor.
*Po0.0001. (c) The vessels length were reduced in the tumor compared with the periphery and the contralateral hemisphere. $Po0.0001, Tukey’s HSD
following two-factor analysis of variance (ANOVA). (d) The vessel diameters were also increased in the tumor compared with the periphery and the
contralateral hemisphere (£Po0.0001 Tukey’s HSD). A full color version of this figure is available at the Hypertension Research journal online.
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GBM, but the investigation had a small cohort including a few patients
with treatment-induced hypertension.48 Conversely, Lombardi et al.49

found hypertension to be an effective biomarker in patients suffering
from recurrent GBM treated with antiangiogenic agents. Hypertension
in those patients was associated with an improved overall survival. In

summary, the data in the literature strongly suggest an impact of
hypertension on tumor development as well as on a potential
beneficial outcome.
If cancer treatment-induced hypertension seems to be indicative of

a less severe prognosis, there is as of now no consensus regarding the
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Figure 5 (a) Post-mortem analysis: histological tumor volume quantification. Representative histological sections stained within thionin, performed at day 21.
Histograms represent the striatal part of the tumor (dark gray for Wistar–Kyoto (WKY) and black for spontaneously hypertensive (SHR)) and the cortical part of
the tumor (light gray for WKY and dark gray for SHR). The post-mortem analysis confirmed that the tumor was significantly more important in WKY compared
with that in SHR (one-factor analysis of variance (ANOVA), *Po0.02). (b) Post-mortem analysis: inflammatory response. Illustration of lectin histochemistry
counterstained with thionin. Activated microglia are seen as small round brown cells and were observed only in the tumoral region and never seen in the
contralateral hemispheres of both WKY and SHR. The features of the glial reactions were similar in the two groups. The boxes indicate the different
magnifications of the illustration. A full color version of this figure is available at the Hypertension Research journal online.
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management of the induced hypertension, except the fact that blood
pressure has to be monitored and maintained within acceptable limits
to finish the antiangiogenic treatment.50–52 The impact of the different
categories of antihypertensive drugs on the cancer evolution and
prognosis has not been investigated.53 The antihypertensive drugs are
numerous and there are not enough data available in the different
combinations of cancer, cancer evolution, cancer treatment and
antihypertensive drug class to enable the publication of guidelines.
For long, antihypertensive drugs have been considered to be a
carcinogen, but there is not enough evidence in the literature to
obtain a coherent view or consensus and there are some data to
indicate that antihypertensive drugs could even be beneficial.54 For
example, angiotensin-converting enzyme inhibitors could have anti-
GBM activity.55 Although hypertensive drugs might represent a risk
factor for breast cancer,56 they can also slow cancer progression in
other cases. For example, β-blockers have a positive impact on
melanoma and novel angiotensin II AT1 receptor antagonist could
have antitumor activity in prostate cancer.57,58 In general, β-blockers
are associated with longer survival in different types of cancer.59,60

Thus, certain antihypertensive drugs might possess an antitumor
activity. These varied references illustrate that the intrication of cancer
and hypertension is highly complicated. Yet, even further, the relations
between cancer and antihypertensive drugs might be a function of the
type of antihypertensive drug, the type of cancer, the tumor phenotype
and finally the cancer treatment. Complete prospective studies are
needed to analyze the impact of antihypertensive drugs in cancer
evolution and prognosis.61 In such studies, it appears important to
know if antihypertensive drugs would obtund or not the hypertension-
related beneficial prognosis observed and if all hypertensive drugs
would have the same effect on this hypertension-related prognosis in
glioma patients.
In addition, the vessels potentially present a higher altered

functionality within the tumor of hypertensive animals. Indeed, it is
well known that CAH affects different features of the physiology and
pathophysiology of the cerebrovasculature.15,62,63 These modifications
could impede the invasion of the tumor in the neuropil. In terms of
the hemodynamic parameters we assessed, our data have shown an
increased CBF and CBV in the tumor that was more marked in SHR
compared with WKY, whereas the two groups displayed similar values
in the contralateral healthy tissue. These data are in agreement with
those from the literature that report an increased relative CBV and
CBF within the tumor.64 Furthermore, it has been recently shown that
C6 glioma (treated with a disulfonyl derivative of phenyl-tert-butyl
nitrone, a molecule that displays antiglioma activity and results in a
reduced tumor size) have an increased perfusion rate compared with
untreated tumors.65 More recently, Sorensen et al.66 showed that, in a
population of patients treated with cediranib, those with a sustained
increased tumor perfusion had a longer survival. Their study under-
lines the ability of an antiangiogenic therapy to increase perfusion in
the tumor and so to improve patient outcome.66

CONCLUSIONS

The results of this study put into light, for the first time, the influence
of a frequent and highly deleterious pathology, CAH, on the evolution
of the most frequent adult brain tumor, the GBM. Chronic hyperten-
sion significantly slows down glioma growth. A better understanding
of the interaction of those two complex pathologies seems a necessity
to improve patient care and potential treatment success.
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