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ARTICLE INFO ABSTRACT

The unstable response to bevacizumab is a big dilemma in the antiangiogenic therapy of high-grade glioma that
appears to be linked to an increase in the post-treatment intratumor levels of hypoxia-inducible factor 1 a
(HIF1a) and active AKT. Particularly, a selective phosphodiesterase IV (PDE4) inhibitor, rolipram is capable of
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iypoxia. inhibiting HIF1a and AKT in cancer cells. Here, the effect of bevacizumab alone and in presence of rolipram on
AE?Fptf)SISI therapeutic efficacy, intratumor hypoxia levels, angiogenesis, apoptosis and proliferation mechanisms were
signa

evaluated. BALB/c mice bearing C6 glioma were received bevacizumab and rolipram either alone or combined
for 30 days (n = 11/group). At the last day of treatments, apoptosis, proliferation and microvessel density, in
xenografts (3/group) were detected by TUNEL staining, Ki67 and CD31 markers, respectively. Relative ex-
pression of target proteins was measured using western blotting. Bevacizumab initially hindered the tumor
progression but its antitumor effect was weakened later despite the vascular regression and apoptosis induction.
Unpredictably, bevacizumab-treated tumors exhibited the highest cell proliferation coupled with PDE4A, HIF1a
and AKT upregulation and p53 downregulation and reversed by co-treatment with rolipram. Unlike a similar
antivascular pattern to bevacizumab, rolipram consistently led to a more tumor growth suppression and proa-
poptotic effect versus bevacizumab. Co-treatment maximally hampered the tumor progression and elongated
survival along with the major vascular regression, hypoxia, apoptosis induction, p53 and caspase activities. In
conclusion, superior and persistent therapeutic efficacy of co-treatment provides a new insight into anti-
angiogenic therapy of malignant gliomas, suggesting to be a potential substitute in selected patients.

Combination therapy

1. Introduction and secretion by GBM cells (GCs) on the endothelial cells (ECs) in a

paracrine manner, developing neovascularization [4,5]. However, the

Apoptosis impairment and inordinate angiogenesis are the hall-
marks of glioblastoma multiforme (GBM) [1] and are associated with
tumor malignancy and poor prognosis [2,3]. Particularly, in a hypoxia-
dependent angiogenesis manner, hypoxia-inducible factor 1 a (HIFla)
induces the vascular endothelial growth factor A (VEGF,) transcription

role of HIF1la in apoptosis process is complex. HIF1la appears to have
cell type-dependent pro- and antiapoptotic functions. Evidence has
been highlighted that HIF1a may inhibit apoptosis in GBM [6].
Today, bevacizumab, a human recombinant monoclonal antibody,
antagonizes VEGF, and routinely prescribed as an anti-angiogenesis
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agent for recurrent GBM patients in the clinic [7]. Based on the clinical
data, bevacizumab brings about an early therapeutic efficacy [8-10]
but tumor relapse inevitably emerges at long last [11,12]. Several
scholars have sought to understand the refractoriness patterns of bev-
acizumab-treated tumors. According to prior findings, bevacizumab
resistance mechanisms may be mediated through either a compensatory
overactivation of some serine threonine kinases like AKT that may be
triggered by binding some growth factors and their receptors in the
absence of VEGF, [13,14] directly blocked by bevacizumab [14]or the
hypoxia induction and an elevation of HIFla levels [15-17] due to the
vessel pruning caused by bevacizumab [16,18]. Thus, the serious efforts
are required to identify a proper alternative therapeutic approach tar-
geting GBM angiogenesis with no compensatory activation of alleged
tumor recurrence mediators stimulated by bevacizumab, probably
providing the more potent clinical benefits.

Recently, it has been revealed that phosphodiesterase IV (PDE4)
contributes in the pathological angiogenesis [19,20] and tumorigenesis
[21] of cancer. A piece of evidence uncovered a crosstalk between
PDE4A and HIFla in cancer cells to stimulate the tumor progression
and angiogenesis that can be abrogated by a selective PDE4 inhibitor
named rolipram [19]. A prior study on GCs also indicated that rolipram
can attenuate the intracellular activity/phosphorylation of AKT,
leading to the tumor cell apoptosis [22]. Hereby, it is supposed that the
rolipram may beneficent for the enhancement of tumor response to
bevacizumab in a combination therapeutic approach through targeting
active AKT and HIFla.

Although the anti-tumor action of bevacizumab [23] and rolipram
[22,24-27] on the GBM reported in the past, the role of HIFla in this
regard has not been well elucidated, yet. Furthermore, there is an
ambiguity based on whether bevacizumab in presence of rolipram may
be more efficacious as compared to bevacizumab monotherapy in GBM
heterotopic animal models and what the possible underlying me-
chanism(s) is. Biologically, the role of PDE4A, HIFla, p53 and AKT
signals in the development of this possible superiorities are unclear.
Hereupon, it was of interest to clarify these indeterminacies.

2. Materials & methods cell culture and heterotopic glioma
modeling

C6 glioma cells were expanded by three subcultures, as previously
described [23]. The models were constructed through a subcutaneous
injection of distinct suspensions comprising 3 X 10° C6 cells and 100 ul
serum-free cell culture media into the right flank of 44 female 6-8
weeks old BALB/c mice having a bodyweight average about 18 + 2 gr.
The animals were cared in the appropriate home cages under a suitable
condition for living. All processes were accomplished according to the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH publication No. 85-23, revised 1985). Experimental
protocols were approved by the Research and Ethics Committee of
Guilan University of Medical Sciences.

3. Therapeutic schedule of tumor-bearing mice

Treatments were initiated after eighteen days of cell inoculation
when tumor volume reached about 200-250 mm?>. At the start (on day
0), tumor-bearing mice were randomly assigned to four distinct ex-
perimental groups (n = 11/group). The animals were treated with
clinical low dose of bevacizumab [28] (Avastin, Roche; in-
traperitoneally, 5 mg/kg, q2d X 11) or rolipram (Sigma-Aldrich; orally,
5 mg/kg/day), or bevacizumab plus rolipram, or bovine serum albumin
(BSA, Sigma-Aldrich) as the control for 31 days, including day 0. To
determine a tolerable and advantageous dosage of rolipram, a pilot
study was done. On day 49th after cell implantation, treatments were
finished and the mice (n = 3/group) were haphazardly set aside to be
sacrificed. Afterward, tumors were immediately aspirated and pro-
tected under a proper condition to be evaluated in terms of subsequent
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molecular and histopathological changes after treatment.
4. Macroscopic and clinical measurements

Bodyweight fluctuation, tumor volume and growth inhibition in
various groups using a set of formula were calculated as previously
described [23]. The body weight and tumor size were measured once
every 2 and 5 days, respectively. In order to determine survival time,
the mice survivance were continuously monitored. Then, the number of
days since the beginning of treatment until the mice's death for ethic
limitations were counted enumerated. Lifespan percentage was com-
puted as previously declared [23].

5. Tissue staining and microscopic analysis

First of all, formalin-fixed samples were processed and embedded in
paraffin. Then, the slices with a thickness of 5pum were provided from
samples. Hematoxylin and eosin (H&E) staining was performed on the
slices to the cellular density be measured. After the final step of
staining, dehydrated slices were prepared to be observed under a mi-
croscope. Immunohistochemistry technique was started primarily by
deparaffinization and rehydration of paraffin-embedded tissue sections
followed by the antigen retrieval, heating, endogenous peroxidase
blocking, and washing procedures were done, respectively. Then, to
assess the cell proliferation and microvessel density, tissue sections
were separately stained with primary antibodies against either Ki67 or
CD31, respectively. Next staining steps were stated in the past [23].
After hematoxylin counterstaining and dehydration process, the slices
were placed under a microscope. To estimate cell proliferation and
vascular density, the number of cells stained with target markers of
each filed were normalized to total hematoxylin-stained cells of the
same field. To detect apoptotic cells, terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) staining was carried out ac-
cording to the manufacturer's instructions (In Situ Cell Death Detection
Kit, Fluorescein—Roche Applied Science; Switzerland). Before viewing
the slices under a microscope, they were counterstained with propi-
dium iodide (PI) to access to total nuclei per field of the section. Nor-
malized mean value of cell apoptosis was acquired as previously de-
scribed [23]. All slices were magnified by an inverted microscope
(Olympus Ix71) in three to four fields per section from individual
xenografts and labeled cells semi-quantified using Image J software.

6. Western blot analysis

Tissue samples were lysed and the proteins extracted. After the
quantification of protein concentration, successive stages of this tech-
nique accurately were conducted as previously described [23]. Applied
antibodies in this study consist of total and phospho-AKT (Ser 473),
p53, CA9 (as a hypoxia marker), HIF1a, PDE4A, cleaved-caspase3 and
B-actin (housekeeping internal control). All antibodies were purchased
from Abcam and diluted according to the manufacturer's instructions.
An enhanced chemiluminescence (ECL) detection system (Amersham
Biosciences) was used to visualize the immunoreactive bands. The re-
lative protein levels were semi-quantified by densitometric analysis
using Image J software.

7. Statistical analysis

Proper statistical tests to analyze the collected data were utilized via
SPSS software (version 22). One-way analysis of variance (ANOVA) was
applied to examine the differences among groups when analyzing data
of body weight changes, normalized protein expression, proliferation,
apoptosis, cellular, and microvessel density values followed by Tukey
post hoc test was performed for pairwise comparisons. The probability
of survival in tumor-bearing mice was estimated by Kaplan-Meier
method, then log-rank test was done for inter-group comparisons. Two-
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Fig. 1. Differences between various groups in terms of C6 tumor size at indicated time points (A), survival time of tumor-bearing mice (B) and body weight alteration
during the time (C) are illustrated. (A) Changes of mean tumor volume in all groups during the therapeutic course. For all treatment groups until the end of treatment
(n = 11). For control group up to 20th day of treatment (n = 11); on 25th day and 30th of treatment, sample sizes were 10 and 6 mice, respectively. The descending
curves depict a downward trend of tumor volume over time in rolipram and co-treatment groups (B). The survival percentage during the study (on 75th day after
treatment onset) is plotted using Kaplan-Meier survival method. (C) The graph delineates body weight for each group during the treatment period. Data are expressed
asmean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the respective control; $p < 0.05, **P < 0.01 compared to the rolipram group; #p < 0.05,
##p < 0.01, ###P < 0.001 in comparison to bevacizumab alone. BVZ: Bevacizumab; RLP: Rolipram.

way mixed model ANOVA was used to examine the differences of tumor
size between various groups during the time. We also applied one-way
ANOVA and post hoc Tukey test to compare between groups in terms of
tumor sizes at each fixed time point. All data were presented as
mean = standard error of mean (S.E.M). P < 0.05, P < 0.01 and
P < 0.001 were considered as significance levels.

8. Results

8.1. Co-treatment with bevacizumab and rolipram strengthens the tumor
growth inhibition induced by monotherapies in C6 xenografts-bearing mice

Based on the results depicted in Fig. 1A, the tumor volume was
substantially enlarged by 2.1-fold at the final day of treatment com-
pared to the tumor size at the initial day of a therapeutic course in the
control group. Tumor growth from the beginning to approximately half
a period of treatment was decelerated by bevacizumab. After that, there
was a sudden acceleration. Both rolipram (11%) and co-treatment
(45%) had a stable suppressive effect on the tumor growth during the
dosing period. According to the results of two-way mixed model
ANOVA, there was a significant interaction effect between time and
group (P < 0.001). All treatment induced a time-dependent tumor
growth inhibition versus control. According to one-way ANOVA results,
the treatment-induced meaningful differences in tumor size relative to
control was rapidly observed from fifth day after treatment onset to the
end of a therapeutic period. However, the rate of tumor growth sup-
pression in the combination therapy group was significantly more than
that in single therapies. Pairwise comparisons indicated that a more
tumor shrinkage developed by rolipram compared to bevacizumab

(P < 0.01). More details of intergroup comparisons at separated time
points during the treatment period are displayed in Fig. 1A.

8.2. All treatments lengthen the survival of C6 tumor-bearing mice in
parallel with a body weight gain over time

Fig. 1B displayed a longer median survival time about 73 (95%
CI = 66-82) days in mice treated with the bevacizumab plus rolipram
as compared to those treated with bevacizumab (49 days; 95%
Cl = 36-58, P < 0.01) or rolipram (63 days; 95% CI = 46-77,
P < 0.01) or control (28 days; 95% CI = 25-38, P < 0.001). Overall,
12.5% and 50% of mice, in rolipram alone and combination therapy
groups, respectively, survived by the end of the experiment. The results
revealed a pronounced increase in lifespan of bevacizumab-treated
mice (75%) relative to the control (P < 0.001). Likewise, rolipram
group demonstrated a higher lifespan about 125% and 28.57% as
compared to control (P < 0.001) and bevacizumab alone (P < 0.05),
respectively. Combination therapy significantly prolonged the lifespan
by 160.71%, 48.97%, and 15.87% in comparison with control, bev-
acizumab and rolipram alone, respectively. As shown in Fig. 1C, roli-
pram alone similar to co-treatment resulted in a predominant loss of
body weight versus bevacizumab monotherapy and control
(P < 0.001).

8.3. Combination therapy potentiates the cellular density reduction induced
by monotherapies in C6 xenografts

All treatments represented a lower cellular density versus control
consistent with the data based on the tumor growth inhibition obtained
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Fig. 2. Results of comparing the cellular density values in C6 glioma xenografts
among various groups are illustrated. H&E staining was done to evaluate the
cellular density. The images were captured at 200 x magnification. The bars
display the mean value of cellular density/field in xenografts from all groups
(n = 3/group). An extensive cell-free zone is observed in tumor section relevant
to co-treatment. Data are presented as mean =+ SEM. **P < 0.01,
#*xP < (0,001 compared to control; “*#P < 0.001 compared to bevacizumab,
$38p < 0.001 in comparison to rolipram. BVZ: Bevacizumab; RLP: Rolipram; H
&E: Hematoxylin & Eosin.

in the present study. Apparently, combined treatment schedule yielded
an outstanding reduction of cellular density in comparison with single
therapies (P < 0.001). Cellular density in xenografts exposed to roli-
pram was dramatically less than that in bevacizumab-treated ones
(P < 0.001). More details are illustrated in Fig. 2.

8.4. Single and combined therapies with rolipram reverse the bevacizumab-
induced increment of the cell proliferation in C6 xenografts

The high values of Ki67-positive cells were observed in the tumor
sections belonging to the control group. Unexpectedly, application of
bevacizumab developed the more extensive areas containing Ki67-po-
sitive cells in relevant sections versus control (P < 0.05). Conversely,
the mean normalized percentage of Ki67-positive cells was extremely
lower in both co-treatment and rolipram-treated xenografts as com-
pared with xenografts pertaining to control and bevacizumab
(P < 0.001) groups. There were no significant differences between
xenografts exposed to rolipram plus bevacizumab and those treated
with rolipram alone in terms of cell proliferation (P > 0.05) (Fig. 3A).
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8.5. All treatments markedly induce cell apoptosis in C6 xenografts

The results showed a distinguished induction of apoptosis by both
single and combined therapeutic approaches as compared to control.
Nevertheless, the proapoptotic effect of rolipram was significantly more
than that of bevacizumab alone (P < 0.05). Co-administration of ro-
lipram and bevacizumab intensively boosted the apoptosis rate in
comparison with monotherapy protocols (P < 0.001). Fig. 3B depicts
more data.

8.6. Concurrent application of rolipram and bevacizumab intensifies the
antiangiogenesis activity exerted by each treatment alone

According to Fig. 4A, the mean percentage of CD31-positive cells
similarly diminished in monotherapies-treated xenografts as compared
to control (P < 0.001). It was also discovered that combined strategy
caused an impressive antiangiogenesis effect versus control
(P < 0.001), bevacizumab (P < 0.05) and rolipram (P < 0.01) alone.
Likewise, on the basis of the Western blot results, a more relative
quantity of CD31 protein expression was detected in co-treated tumor
lysates compared to control (P < 0.001) and each treatment alone
(P < 0.01). In the case of single therapies, the findings concerning the
relative levels of CD31 expression corroborated the data related to
CD31 immunohistochemistry. (Upper right panel in Fig. 4B).

8.7. The effect of treatments on relative expression of PDE4A, HIFla,
phospho-AKT, p53, CA9 and cleaved-caspase3 proteins in C6 xenografts

As shown in Fig. 4B, bevacizumab therapy conspicuously elevated
the relative levels of PDE4A (P < 0.01), HIF1a, CA9, cleaved-caspase3
(P < 0.001) and phospho-AKT (P < 0.05) proteins in comparison
with control. Also, there was a measurable decrease in mean normal-
ized protein expression of p53 by bevacizumab (P < 0.001). Con-
versely, Rolipram and co-treated tumors showed a significant depletion
of normalized protein density in the immunoreactive bands pertaining
to the PDE4A, HIFla, and phospho-AKT as well as an substantial in-
crease in p53 levels in as compared to control and bevacizumab-treated
ones (P < 0.001). There were subtle differences in relative levels
PDE4A, HIF1a, and phospho-AKT (P > 0.05) but not p53 (P < 0.001)
between rolipram and combined groups. Rolipram and co-treatment
increased CA9 levels relative control (P < 0.001). Interestingly, upre-
gulation of CA9 induced by co-treatment was significantly more than
monotherapies (P < 0.001). Clearly, co-treatment considerably
heightened the relative levels of cleaved-caspase3 expression in con-
trast to control, bevacizumab and rolipram (P < 0.001) alone. None-
theless, rolipram-induced upregulation of cleaved-caspase3 was more
than that developed by bevacizumab alone (P < 0.01).

9. Discussion

In spite of that bevacizumab is widely used in GBM therapy, it
quickly begets only a temporary good response in patients [9] and ul-
timately it fails to control of the GBM after a few months of treatment
initiation [29]. Today, optimal dose and timing of bevacizumab appli-
cation is a controversial matter in the context of GBM treatment [30]. In
this regards, we found that a low-dose administration of the bev-
acizumab for eleven times every two days once primarily slowed down
the growth of tumor up to twenty day after the treatment onset; how-
ever, in a few final doses of the treatment from day 20-30, bevacizumab
demonstrated an abrupt acceleration in the tumor development. These
results were consistent with a decay in cellular and vascular density and
an increase in cell proliferation, apoptosis, and relative expression of
PDE4A, phospho-AKT, cleaved caspase3, CA9 and HIFla proteins
within relevant xenografts evaluated at the end of treatment. Despite a
more intratumor cell proliferation in bevacizumab group relative to
control, a sensible slow tumor growth might result from the
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Fig. 3. Effects of treatment on the amount of cell proliferation (A) and apoptosis (B) in C6 glioma xenografts are shown. Ki67-stained proliferative cells (dark brown
color) were visualized by immunohistochemistry technique under an inverted microscope (magnification = 200 X ). Green nuclei are apoptotic cells in representative
fields of tumor sections pertaining to various treatment groups, and red nuclei are total cells of same fields (magnification = 400 x ). Image J was used to semi-
quantify the cells. (A) The bars show the mean percentage of ki67-labeled nuclei/field in relevant xenografts of indicated groups (n = 3/group). (B) The bars show
mean percentage of TUNEL positive cells normalized to the respective PI nuclei number in xenografts belonging to indicated groups (n = 3/group). The cell apoptosis
within co-treated xenografts outranks. The data are presented as mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control; P < 0.05,
###p < 0.001 compared to the bevacizumab group; ***p < 0.001 in comparison with rolipram alone. BVZ: Bevacizumab; RLP: Rolipram; TUNEL: Terminal

deoxynucleotidyl transferase dUTP nick end labeling; PI: Propidium iodide. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

antivascular and proapoptotic action of the drug, leading to a delay in
animal death. As expected, present findings based on the antivascular
and therapeutic effect of bevacizumab corroborated the results of our
study [23] and others’ ones [28,31] in the past. However, the current
data concerning to the high rate of cell proliferation was contrary to our
previous report that highlighted an insignificant cell proliferation re-
duction in C6 glioma xenografts exposed to bevacizumab for 12 days
which was roughly equivalent to half the treatment period in this study
[23]. Given the same interval time of sequential doses in both studies,
this discrepancy may arise from a difference in the duration of ther-
apeutic plan applied between two studies. It seems that the pro-pro-
liferative action of bevacizumab may be triggered when the frequency
of drug administration exceeds, probably giving rise to the unexpected
acceleration of tumor growth at the last days of treatment.

However, single or combined therapies with rolipram generated a
substantial tumor growth regression that started at approximately the
beginning of treatment and constantly boosted until the therapies were
terminated. Predictably, the mice which received both single and
combined strategies of rolipram therapy demonstrated a longer survival
and notable tumor shrinkage versus bevacizumab.

Furthermore, a durable favorable response to rolipram alone and co-
treatment versus bevacizumab monotherapy might be due to a sub-
stantial antiproliferative effect of treatments using rolipram in contrast
to pro-proliferative function of bevacizumab. Based on the current data,
we found that bevacizumab-induced microvessel density reduction in-
duced a relatively modest hypoxia detected by intratumor CA9 levels
and caused the increase in HIFla levels. On the basis of the positive
regulatory action of HIFla on the PDE4A expression already noted
[19], it is suggested that long-term use of bevacizumab produces a
hypoxia-dependent HIFla upregulation, leading to the intratumor
PDE4A overexpression. Functionally, PDE4 regulates intracellular

levels of cyclic adenosine monophosphate (cAMP) [32] and takes part
in tumorigenesis via the degradation of cAMP [25] which is involved in
the cell fate [33] and AKT inhibition [34-37]. Physiologically, AKT is a
key intracellular transducer of cell growth-promoting signals [38], and
its inactivation participates in intrinsic proapoptotic pathway and cas-
pase activities [39,40]. Mechanistically, it is guessed that high expres-
sion of PDE4A caused by bevacizumab brings about the AKT over-
activation presumably through a depletion of intracellular c-AMP,
leading to a great tumor cell proliferation and eventually a poor tumor
growth suppression and shorter survival in bevacizumab group versus
other treatments. Another explanation may be that an increase in
HIF1la induction in bevacizumab-treated xenografts may cause an en-
hancement of hexokinase II mediated-aerobic glycolysis [6] stimulating
the production of metabolites that may benefit proliferating cells [41].
Despite the equal effects of monotherapies and even a stronger action of
co-treatment on the microvessel density reduction and hypoxia induc-
tion, it is thought that inhibiting PDE4 by rolipram alone and combined
to bevacizumab might oppose the hypoxia-dependent HIF1a induction
induced by vessel pruning due to treatments probably through a posi-
tive feedback loop of PDE4A and HIFla, leading to the suppression
AKT-dependent cell growth promoting signals and cell proliferation.
Nevertheless, antiproliferative action of the co-treatment method was
similar to rolipram alone, suggesting that co-treatment-induced anti-
proliferation did not play a part in its efficiency superiority versus ro-
lipram alone.

However, it is not unlikely that the block of AKT-dependent proa-
poptotic signals by bevacizumab participates in less apoptosis induc-
tion, leading to a minimal repressive effect of this medical agent on the
tumor progression relative to other treatments. We found that bev-
acizumab decreased intratumor p53 levels while rolipram monotherapy
and co-treatment enhanced its levels. These changes appears to be
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Fig. 4. Effects of treatment on the microvessel density (A) and expression of indicated proteins (B) in C6 xenografts are represented. (A) Immunohistochemistry was
performed to detect the CD31-stained cells. The images illustrate CD31 positive cells (dark brown spots) in representative fields of tumor sections belonging to the
indicated groups at magnification 200 X . The bars show mean percentage of CD31 positive cells/field in xenografts from control mice and those receiving distinct
treatments (n = 3/group). (B) Immunoreactive bands and relative expression of the indicated proteins in C6 glioma xenografts from control mice and those exposed
to bevacizumab, rolipram or bevacizumab plus rolipram are displayed. The protein bands were provided using Western blot analysis and semi-quantified by
densitometry technique using Image J software. Obtained results based on the target protein density pertaining to each treatment group were individually normalized
to corresponding density of beta-actin. Data are presented as mean + SEM (n = 3/group). *P < 0.05, **P < 0.01, ***P < 0.001 compared to control; “P < 0.05,
##p < 0.01, **#P < 0.001 as compared to bevacizumab group; and **p < 0.01, p < 0.05 in comparison to rolipram group. BVZ: Bevacizumab; RLP: Rolipram;
PDE4: phosphodiesterase IV; HIF1a: Hypoxia-inducible factor 1 a; Caspase3: Aspartate-specific cysteine protease 3. (For interpretation of the references to color in
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associated with the alterations of HIF1a and phospho-AKT levels in the
relevant xenografts. Particularly, p53 transcription factor is an essential
tumor suppressor which involved in apoptosis process [42,43] and its
transcriptional response and consequently p53-induced apoptosis pro-
cess may be attenuated by HIFla induction in a competitive manner
[6]. Accordingly, it is suggested that bevacizumab-induced HIFla up-
regulation might weaken p53 stabilization. Besides, it is possible that
bevacizumab induced-hyperactivation of AKT might trigger p53 de-
gradation pathway by stimulating E3 ubiquitin ligase activity of murine
double minute 2 (MDMZ2) [40]. However, it seems that active HIF1a

and AKT related-pathways inhibiting p53 stabilization suppressed by
rolipram, leading to more apoptosis induction versus bevacizumab.
According to current data, proapoptotic signals stimulated by bev-
acizumab might be transmitted through the AKT-independent pathways
triggering caspase3 activity. One of these pathways engaged in cas-
pase3-dependent extrinsic apoptosis process is originated from tumor
necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) [42]
that has been suggested its serum levels enhancement in response to
bevacizumab [44]. Importantly, an additive apoptotic induction by co-
treatment appears to be associated with a better therapeutic outcome
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relative to monotherapies and may be mediated by a drastic caspase3
activation and p53 stabilization. A scenario for the explanation of more
apoptosis induction in co-treated xenografts may be related to the se-
vere hypoxia induction that is optimal condition for the stabilization of
p53 [45]. Moreover, it is conceivable that the distinct caspase3-de-
pendent proapoptotic pathways triggered by each treatment alone
might be unified together, leading to the excellent proapoptotic and
tumor regression in the co-treatment group. We also argue that more
cellular density loss in co-treated tumors might be derived from a more
apoptosis induction as compared to monotherapies.

Unexpectedly, our study highlighted a bevacizumab-like anti-
vascular property of rolipram that was associated with the down-
regulation of intratumor PDE4A, phospho-AKT, HIFla levels. In con-
trast, bevacizumab increased the expression of all the mentioned
proteins. This denotes that antiangiogenesis effect of bevacizumab
might be functionally independent of PDE4A, HIF1a and AKT signals.
Herein, it seems that bevacizumab and rolipram alone impose an an-
tivascular action through the individual pathways. Accordingly, it is
guessed that the PDE4 inhibition by rolipram may suppress HIF1a-de-
pendent angiogenesis pathways and leads to a decline in tumor neo-
vascularization, as expected. In particular, co-treatment probably in-
tensifies the antiangiogenesis effects of monotherapies through the
integration of individual antivascular pathways triggered by each
therapeutic agent alone. Additionally, it is possible that the bev-
acizumab-induced vascular normalization [28,46-48] and optimal drug
delivery [49,50] maximizes the tumoral cytotoxicity and clinical im-
provement. In the end, it is mentioned that rolipram at the clinical dose
could be relatively tolerable [51]. Besides, it readily penetrates into the
central nervous system [52], emphasizing its application for GBM
therapy in medical practice.

10. Conclusion

Altogether, this study highlighted that a minor therapeutic effect of
bevacizumab may be due to its pro-proliferative and mild proapoptotic
actions that appear to be associated with hypoxia-mediated HIFla in-
duction and activation of PDE4A/AKT/HIFla pathway inhibiting p53
stabilization. These functions of bevacizumab counteracted by co-
treatment, leading to the major apoptosis induction and therapeutic
efficacy that seems to be mediated by the paramount p53 and caspase3
activities. We suggest that a similar study is required to do in the future
on the orthotropic GBM models as well as FDA approved subfamily
specific PDE4 inhibitors like roflumilast causing less systemic toxicity.
Surely, the molecular characterization of bevacizumab-resistant tumors
in terms of PDE4 levels for the identification of patients who may
benefit from co-treatment is a critical priority to effectively exploit this
new co-treatment in the clinic.
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