
Abstract. Background/Aim: Statins are cholesterol reducers
with considerable dose-dependent effect against glioma cells.
The apoptotic effect could be increased by combining statins
or by adding pioglitazone (PGZ). The last one is an anti-
diabetic drug, an agonist of the peroxisome proliferator-
activated receptor-gamma (PPARG). We used an animal
model to test the effect of such combination in vivo and we
investigated the changes on immunological processes.
Materials and Methods: Thirty-three rats (F344/DuCrl) were
anesthetized and glioblastoma (F98) cells were implanted
stereotactically. Animals were randomized into four groups: 
i) control (N=9); ii) intraperitoneal injection of PGZ 
10 mg/kg/day (N=8); iii) oral administration of atorvastatin
(ATVS) 40 mg/kg and lovastatin (LVS) 50 mg/kg (N=8); iv)
oral administration of ATVS 40 mg/kg, LVS 50 mg/kg and
PGZ 5 mg/kg (N=8). Treatment was started at 3rd
postoperative day and continued for 14 days. The animals
were followed-up for 30 days after start of therapy. Survival
time, tumor volume, proliferation rate, counts of peripheral
and tumor infiltrating leukocytes were compared. Results: No
difference of survival time or incidence of neurological deficits
was observed. The combination of statins with PGZ led to a
significant reduction in tumor volume by approximately 40%
(p<0.05), statins combination was less effective and PGZ
alone did not affect tumor volume. The groups treated with
statins displayed significantly lower counts of peripheral

CD3+, CD4+ and CD8+ T-cells and lower tumor associated
CD68-positive cells (p<0.01, in respect to controls or PGZ
alone). The proliferation rate was not statistically different.
No relevant toxic effects were observed. Discussion: Statins
and PGZ are well-tolerated in rats and produced a significant
tumor reduction, while an impact on neurological deficits or
survival improvement could not be demonstrated. The
reduction of infiltrating macrophages by using statins and
PGZ should be further studied. 

Glioblastoma (GB) is the most frequent malignant brain
tumor and has a very poor prognosis. Despite the best
current treatment, including surgical resection and
radiochemotherapy, the median overall survival and
progression-free intervals remain short (<24 months) (1).
Statins are inhibitors of the 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR) and they reduce serum cholesterol
levels as well as the mevalonate and prenoids synthesis
pathways (2, 3). Prenoids are required for post-translational
isoprenylation of GTPases such as RAS and RHO (4), then
statins regulate several molecular pathways and they may
lead to an anti-tumor response (5). On the other hand,
thiazolidinediones (TDZ) are agonists of the peroxisome
proliferator-activated receptor gamma (PPARG), which
besides its primary use in diabetic patients, displays a pro-
apoptotic activity as well (6, 7). Experimental studies with
statins (8) and thiazolidinediones (9) in cell cultures of
malignant glioma have confirmed the existence of a relevant
induction of apoptosis.

In a mouse model of glioma, lovastatin induced apoptosis
without increasing the effect of radiation; the low drug
concentration in brain parenchyma was provided as
explanation of the failure (10). Another study in animals
suggested that low and higher doses of simvastatin lead to
different effects (11). Regarding thiazolidinediones, there are
reports about the synergistic effect against glioma in
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combination with 6-OH-11-O-hydroxyfenantrene or
interleukin-2 (IL2) (6, 12-14). Despite the fact that PGZ
crosses the blood brain barrier, its oral administration reaches
only in lower concentrations in cerebral tissue (15). 

In short, statins and thiazolidinediones are attractive drugs
for glioma therapy but their use is limited by low drug
concentration in target tissue and potential side-effects. The
synergism of statins and thiazolidinediones has been prior
postulated and may lead to an improvement of the effect at
lower doses (16, 17). Our group has reported the different
anti-tumor effects of synthetic and natural statins as well as
the synergism in combination with pioglitazone in cell
cultures of malignant glioma (17). Based on these findings
we conducted a study using an established rat model of
glioblastoma to assess the feasibility of a combination of
statins and TDZ for therapy of glioblastoma. 

Materials and Methods 

Animal model and surgery. We implanted cells of the glioblastoma
cell line F98 in Fischer-rats (F344/DuCrl). F98 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; PAN-Biotech,
Aidenbach, Germany) with 1% penicillin/streptomycin and 10%
fetal calf serum. In vivo, these tumor cells formed a solid tumor
with morphology and histology resembling that of human
glioblastoma. They are especially an attractive model to investigate
the mechanisms underlying glioma resistance to immunotherapy
because of its weakly immunogenic character (18). Rats were
anesthetized with an intraperitoneal injection of ketamine (80 mg/kg
of weight) and intramuscular injection of xylosin (12 mg/kg of
weight). A total of 1×104 F98 cells dispersed in 3 μl PBS, were
implanted stereotactically into the right nucleus caudatus of the
animal using a stereotactic frame under a surgical protocol approved
by the ethical commission of studies in animals in Halle (Saale),
Sachsen-Anhalt, Germany. Thirty-three animals were used for the
survival study. Animals were euthanized when they were moribund,
displayed neurological deficits or 20% weight reduction from basal
status or after a follow-up time of 30 days following therapy onset,
according to the protocol approved by the ethics board. 

Therapy groups. Rats were randomized into four treatment groups: 1.
control (water, oral), 2. pioglitazon (10 mg/kg/day intraperitoneal;
Actos, Takeda, Germany), 3. atorvastatin (40 mg/kg, oral; Sortis, Pfizer,
Germany) and lovastatin (50 mg/kg, oral; Lovabeta, betapharm
Arzneimittel, Germany), and 4 atorvastatin (40 mg/kg, oral) plus
lovastatin (50 mg/kg, oral) and pioglitazon (5 mg/kg, oral). For oral
administration a water-base gel was used (solid drink from Triple A
Trading, HG Tiel, the Netherlands), starting on postoperative day three.
A specific weight-adapted gel-based combination of oral administrated
drugs was consumed ad libitum. The application was continued for 14
days. Animals were narcotized and sacrificed after heart puncture based
on the above-mentioned criteria. Their brains were excised and
histologic examinations of brain sections were performed. 

Tumor volume. Brains were stored in formalin for a day and
subsequently dehydrated in 70% alcohol for three days and betted in
paraffin. Brains were then cut into 2-4 μm serial sections on a
microtome (Microm SM200R; Leica, Wetzlar, Germany). To

determine tumor size, sections were stained with haematoxylin and
eosin in anatomical order. The area of the sections was determined
using Image J software. An ellipsoid’s volume approach was used
for volume calculation. L was the largest diameter and W (width) is
perpendicular to L. The parameters were substituted in the formula:
V=π/6 * L * W2 and the resulting tumor size expressed in mm3.
Volume comparisons were performed in those rats with similar
survival periods (N=4 each group). 

Proliferation assay. The proliferations rate was assessed by staining
with the antibody against Ki-67 according to the manufacturer’s
instructions using the protocol for paraffin-embedded tissue sections
(dilution 1:100, Dako®, Hamburg, Germany). Positive cells were
counted and presented as percent of total cells. 

Immunohistochemistry for identification of tissue leukocytes.
Further sections were stained for identification of CD4+ and CD8+
lymphocytes; CD25+ activated T- lymphocytes and macrophages
CD68+. Primary antibodies for CD4, CD8, CD25 and CD68 were
mouse anti Rat, Bio-Rad AbD Serotec, Puchheim, Germany.
Streptavidin/HRP was secondary antibody (DAKO, Hamburg,
Germany). Slides were counterstained with hematoxylin and
examined microscopically. Images were digitally recorded under
40× objective. The histological sections of four animals (with
similar survival time) in each group were stained and 20 quadrants
were divided. Cell counts were expressed as mean of cells/field.

Lymphocytes subpopulations and TGF-beta 1 analysis. Counts of
lymphocytes including B-, (CD45RA)- and T-lymphocytes (CD3),
T-lymphocyte subclasses (CD3+, CD4+ and CD3+, CD8+), activated
T-lymphocytes (CD3+/CD25+ or CD3+/MHCII+) and Natural Killer
cells (NK, CD161+) were determined using the respective antibody
cocktails and a flow cytometer FACSCalibur (BD Biosciences,
Heidelberg, Germany). TGF-beta 1 was measured as well (R & D
Systems, Wiesbaden, Germany). All the measurements were
achieved from blood samples collected during heart puncture. 

Muscular and hepatic toxicity. Elastic-van-Gieson and Gomori
trichrome staining techniques in muscle tissue were used in order
to identify toxicity. Liver sections were stained with haematoxylin
and eosin to inspect for histo-architectural changes as well. Sections
were assessed in a blinded manner with a microscope.

Statistical analysis. An SPSS v.22 (Armonk, NY: IBM Corp.)
analytical software was used; all data were expressed as mean±SD.
Tumor volumes, counts of infiltrating cells and peripheral white
blood cell counts were analyzed by one-way ANOVA followed by
multiple comparisons of the least significant difference (LSD). For
survival analysis Kaplan-Meier curves were constructed and log-
rank test was applied for comparing differences. Statistical
significance was assumed for p<0.05.

Results
Survival and therapy tolerance. The median survival time of
all animals was 26 days. No statistical difference was found
between the groups studied. Figure 1 displays the survival
curves of the therapy groups. One rat in the pioglitazone group
and another in the group with combined statin therapy plus
pioglitazone group achieved the maximal observation time (30
days) without neurological deficits or evidence of impairment
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of general status. The most common collateral effect of the
statin therapy was diarrhoea within the first days after
beginning of therapy, which persisted no longer than 2 days. 

Volume measurements. The volume comparisons were
performed in the brain of animals with same or similar survival
time. Compared to the control, only the group treated with
lovastatin and atorvastatin plus pioglitazone displayed a
statistically significant volume reduction (37.5±12.5 mm3 vs.
88.9±24.83 mm3, p=0.002). Pioglitazone alone (83.4±17.9
mm3) in comparison to controls (p=0.70) and statin
combination (67.1±33.7 mm3, p=0.29) were not statistically
different (Figure 2). The addition of pioglitazone to the
combined statin therapy provided an increment of tumor
reduction in comparison to pioglitazone alone (p=0.007) and a
slight difference in comparison to statin combination (p=0.065). 

Proliferations assay. The rate of proliferating cells was lower
among the groups treated with statins. The lowest mean
count of Ki67-positive cells was in the statin group with
pioglitazone (34.8±19.9%), followed by the group with
statins combination (39.3±5.5%). The highest rate of positive
cells was in the control group (51.5±14.8%) and near to that
was the group treated exclusively with pioglitazone
(47.2±10.04%), however no statistically significant
differences were found between the groups (p=0.34).

Tumor-infiltrating leukocytes. The counts of infiltrating CD8+,
CD4+ and CD25+ cells were not different between groups.
The mean values of infiltrating CD68+ cells were significantly
lower in the groups of statin combination with or without
pioglitazone in comparison to pioglitazone alone or controls
(p<0.01). The mean count of CD68+ cells in controls was
18.08±3.48 cells/field and 17.11±3.3 cells/field in the group

with pioglitazone alone (p=0.56). The CD68-positive cells in
the statin group without pioglitazone was 9.98±0.89 cells/field
and with pioglitazone was 11.52 ±1.34 cells/field (p=0.48).
Figure 3 displays the above observations. 

Circulating white cell population and TGF-beta 1 analysis.
The absolute counts of leukocytes, monocytes and granulocytes
were not different between groups. The absolute numbers of
total CD3+ as well as CD3+CD4+ and CD3+CD8+ cells were
statistically significant different between groups (Figure 4).
Further differences were found in a post hoc analysis; the
absolute number of lymphocytes was lower in the lovastatin
and atorvastatin (1,125.0±411.3 cells/μl) group compared to
controls (2,875±953.5 cells/μl, p=0.018), but it was not
different compared to other therapy groups. Combination of
statins with or without pioglitazone presented lower cell counts
of CD3+ (823.25±389.54 cells/μL and 591.0±206.3 cells/μL),
CD3+CD4+ (487.5±231.06 cells/μL and 383.25±158.3
cells/μL), and CD3+CD8+ (317.75±165.99 cells/μL and
225.0±72.32 cells/μL) in comparison to controls (1870.2±665.3
cells/μL, 1221.0±408.2 cells/μL, and 683.2±263.7 cells/μL) but
do not differ from pioglitazone alone (1,020.0±819.6 cells/μL,
662.7±556.0 cells/μL, and 368.0±280.1 cells/μL). Lovastatin
and atorvastatin combination’s group displayed the lowest
counts of CD3+MCH-II+ cells (29.5±11.23 cells/μL), but this
count was only significant in comparison to controls
(66.75±333 cells/μL). CD45RA+ cells, NKs, and CD3+CD25+
cells were not different between groups (Figure 4). The levels
of TGF-beta 1 in plasma did not show differences. 

Muscular and hepatic toxicity. The qualitative histological
examinations did not show any evidence of toxicity (Figure 5).
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Figure 1. Kaplan-Meier curves comparing survival times between
therapy groups. ATVS: Atorvastatin, LVS: lovastatin, PGZ: pioglitazone.

Figure 2. Comparisons of tumor volume between groups. ATVS:
Atorvastatin, LVS: lovastatin, PGZ: pioglitazone. An asterisk indicates
p-value less than 0.05.



Discussion

In this study we attempted to delimit the effects of a
combined therapy with a natural and a synthetic statin. Based
on the findings of Gabrys et al. we used lovastatin at 50
mg/Kg, a dose which was well tolerated up to 1 month, led

to a modest reduction of tumor volume, but it was
insufficient to increase the effect of radiation (10).
Bababeygy et al. tested 1 mg/kg/day and 10 mg/kg/day of
simvastatin and found an increased necrosis and apoptosis
without an effect on tumor volume (11). Until today,
simvastatin is recognized as the statin with the highest rate
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Figure 3. Comparison of CD68+ cell counts between groups of treatment ATVS: Atorvastatin, LVS: lovastatin, PGZ: pioglitazone. Two asterisks
indicate p-value less than 0.01.



of collateral effects and therefore it is expected that a higher
dose may lead to more adverse effects (19). In this context,
simvastatin would not be the best choice for a statin-based
therapy in humans. We have demonstrated in cell cultures of
glioma that different types of statins display different effects
on tumor cells and that not all (e.g. pravastatin) are
convenient for glioma-therapy (16). Moreover, by combining
some statins (e.g. natural and synthetic) it is possible to
increase the anti-tumor effect. It is recognized that statins
possess several pharmacological variations (5). While
pravastatin is administered as the readily-active drug,
lovastatin and simvastatin are administered as inactive
lactones, which must be metabolized (20). Because of their
chemical structure atorvastatin and lovastatin are more
efficient in terms of required dose to decrease HMG-CoA
reductase activity (5). The lipophilicity/hydrophilicity rate is
another critical factor for the observed pleiotropic effects of
statins (20, 21). Moreover, statins display a dual effect on
angiogenesis regulation, low doses promote it while higher
doses inhibit it; atorvastatin may inhibit inflammatory
angiogenesis at both low and high doses (22). Lovastatin and
atorvastatin use in combination, did not demonstrate
reduction neither in tumor size nor in proliferation. Even
though the higher doses applied were well tolerated, there
was no detectable differences in survival. A non-randomized
trial accomplished in 1998 using lovastatin in patients with
glioma WHO grade III-IV reported a well-tolerated therapy
with only minimal effect on response/survival (23).
Considering the above-mentioned information, statin as a
single-therapy might not be sufficient against glioma and
thus, a more aggressive approach is needed. 

A non-randomized phase II study in pediatric patients with
malignant brain stem tumors evaluated the effectiveness of

chemotherapeutic courses consisting of thalidomide and
fluvastatin (8 mg/kg/day orally every 24 h, days 1-14)
combined with carboplatin and vincristine every 14 days
followed by radiotherapy. This complex scheme caused an
increase of survival and a tumor reduction (24) indicating
that statins could be good partners in order to increase the
anti-tumor effects of other drugs. Mercurio et al. assessed
the combined therapy of celecoxib (200 mg twice daily) and
fluvastatin (2-8 mg/kg/day for 2 weeks every 4 weeks) in a
patient with refractory relapsing multifocal picotitic
astrocytoma. After 16-months therapy, they found a decrease
of contrast enhancing areas (25). In cell cultures, Yao et al.
as well as Tapia et al. demonstrated the effectiveness of
combining statin and TDZ, especially pioglitazone (16, 17).
In vivo studies showed that TDZ could induce tumor
reduction (6, 14), however the main limitation of the oral use
of TDZ as a single therapy lies in the high dose, which could
not be applied in humans (15). Even at lower doses, TDZ
may exhibit toxicity and because of that TDZ have been
withdrawn from the market of many countries or are under
strict control (26). We have previously found that the
addition of pioglitazone to a combined statin regime may
substantially increase the cytotoxicity towards glioma cells
and it allowed dose reduction for both drugs while we did
not find any increased toxicity towards astrocytes or
fibroblasts (16, 27). In this study, we showed a significant
enhancement of tumor reduction by combining statins and
pioglitazone in our animal model. This effect is statistically
superior to a treatment with pioglitazone alone and slightly
better than a combined statin schedule without pioglitazone.
However, we could not detect a survival benefit. A possible
explanation for it, could be the duration of the therapy since
it was restricted to 14 days. This limited schedule might be
effective for slowing down tumor growth but not enough to
demonstrate an improvement in survival during this short
observational period.  

Induction of apoptosis, regulation of cell migration and
angiogenesis might represent the main attack points of statins
(8) and these effects might be increased by PPARG agonists
(16, 28). The proliferation inhibition is dose-dependent and
here we showed that statins are able to reduce the
proliferations rate, but the addition of pioglitazone did not
show significant advantages. 

The immunological effects of statins are widely described
(29). Statins interfere with the required interaction between
MHC (class I and II) and CD8/CD4 receptors to achieve a
successful T-cell activation (30). They inhibit activation of
co-stimulatory molecules (CD80, CD86, CD40) and of the
nuclear factor kappa-beta (NFKB) as well (31, 32). The
integrin subunit beta 2 (ITGB2/ CD18) belongs to the B2
integrin subfamily and conforms with the alpha L unit
(CD11a) a heterodimeric receptor, the lymphocyte function-
associated antigen-1 (LFA-1) that plays a central role in
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Figure 4. Absolute counts of peripheral leucocytes. ATVS: Atorvastatin,
LVS: lovastatin, PGZ: pioglitazone. An asterisk indicates p-value less
than 0.05.



lymphocyte homing and leukocyte trafficking (33). Lovastatin
blocks LFA-1 by binding to the allosteric site of the
extracellular domain I on the L chain (known as the lovastatin
site). The activation of other adhesion molecules in
monocytes and T-cells might be inhibited by statins, e.g.
ICAM1, ITGAM, and ITGA2 (33). While in literature an
immunosuppressive effect of statins is mostly suggested;
other authors have proven that NK cells in humans could also
be activated (34). The specific immunological role of statin
in glioma is not clear. In this study we assessed the
immunological effects of statins in two ways: first, by
circulating leucocytes analysis and second, by infiltrating
leucocytes analysis. The measurements of white cells in blood

evidenced the existence of a diminution of circulating CD4+
and CD8+ T-cells. These changes may reflect a repopulation
of T-cells, despite the fact that the counts of CD4+ and CD8+
cells intra-tumorally were not different between groups. In
tumor, we found that the infiltrating CD68+ cells, namely
macrophages, were significantly lower in the statin groups.
The relevance of such finding is the fact that increased
number of macrophages have been described as a factor
related to tumor progression (35). In our study, we did not
approach the different types of macrophages neither the effect
on microglia, further studies should address these issues.

Epidemiological data have provided more insights about
the effect of statins on cancer. Nielsen et al. suggested that
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Figure 5. Histological examinations for toxicity in (A) liver and (B) muscle. 



patients under statin therapy who received cancer diagnosis
and continued the statin therapy had a diminished risk to die,
independently of the cardiovascular benefit that it may
additionally have (36). A case-control study including 517
patients with glioma and 400 control-patients, showed that
simvastatin and lovastatin displayed an inverse association
with the probability to develop a glioma (51% and 47% risk
reduction, respectively) and the effect was directly correlated
to the overall time using the medicament (37). The above
findings are reinforced by another a case–control study based
on a population register in Denmark, showing among statin
users a reduction of 12% in glioma development, especially
if the statin was applied for more than 5 years (reduction
increased to 24%) (38). Other analysis from the same group,
suggested that the longer and intensive use of statin is
associated with a reduced risk of death in patients with
glioblastoma (39). A randomized, double blind trial assessed
the effect of 40 mg atorvastatin administered in patients who
underwent surgical resection of a glioma (40). The trial
demonstrated that low dose of atorvastatin significantly
reduced the plasma levels of matrix metalloproteinase 9
(MMP9) two weeks postoperatively and improves the
Karnofsky performance index 2-months after surgery. All
these evidences provide insights that a low-dose therapy over
a long time might represent a potential therapy of gliomas.

There are a lot of questions regarding the cerebral
pharmacology of statins (41). In the animal model studied,
we used an oral therapy applied through a water-based gel,
so it is possible that a lower dose was delivered. Similar
plasmatic bioavailability of atorvastatin as capsule or
solution has been described but the data regarding their
corresponding distribution in brain tissue are missing (42).
Spare information is available about the transport of statins
through the blood brain barrier, where lovastatin seems to be
superior to simvastatin and pravastatin (43) while
information about atorvastatin is not available yet.

In short, the weak points of this study could be resumed as
follow: the observation time was limited to 30 days after the
onset of therapy and even though the sample size was
significantly increased, a positive result was not possible to
be identified. It is possible that a longer observation time
could facilitate the detection of survival differences. Also,
since the duration of the treatment was limited to 14 days and
the oral administration of the drugs was allowed ad libitum
consume, this could lead to lower effective doses. We did not
assess any group treated only with one statin. We did not
perform further examinations for classifying macrophages
and we did not approach further immunological mechanisms.
Finally, we did not explore molecular mechanisms of
muscular or hepatic toxicity.

Our data, suggested strongly that statin and pioglitazone
may act synergistically against glioblastoma by limiting
tumor growth and macrophage invasion The role of statins

in neuro-oncology remains to be elucidated. The tolerability
of an inclusion of statins in the schedule of currently applied
standard chemotherapy of malignant glioma (temozolomide)
should be assessed. Preliminary data (not shown) suggest the
synergism of statin, pioglitazone and temozolomide. Phase I
trials for dose titration and safety evaluation are needed now. 
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