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Abstract Regardless of their cell type of origin, all

aggressive brain tumors, such as malignant gliomas and

metastatic tumors produce brain edema, which is an

important cause of patient morbidity and mortality. Caloric

restriction (CR) has long been recognized as a natural

therapy that improves health, promotes longevity, and sig-

nificantly reduces both the incidence and growth of many

tumor types. The aim of present work was to investigate the

effect of CR on edema and survival in the mice implanted

with U87 gliomas. We found that CR significantly inhibited

the intracerebral tumor growth, attenuated brain edema, and

ultimately prolonged survival of mice with U87 gliomas.

Plasma corticosterone level was found higher and serum

VEGF and IGF-1 levels were found lower in CR, when

compared to AL group. CR upregulated tight junction pro-

teins including claudin-1, claudin-5 and ZO-1, downregu-

lated VEGF and VEGFR2, enhanced a-SMA expression,

and reduced AQP1 expression in U87 gliomas. In addition,

CR suppressed inducible nitric oxide synthase (iNOS)

expression and nitric oxide (NO) formation in U87 gliomas.

In conclusion, CR attenuated edema in U87 orthotopic

mouse glioma model associated with elevation of cortico-

sterone, suppression of VEGF/VEGFR2, improvement of

tight junctions, and suppression of iNOS expression and NO

formation. Our results suggested that CR might be an

effective therapy for recurrent malignant brain cancers

through alleviating associated edema.
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Introduction

Patients with high grade gliomas typically have a poor

prognosis, even after aggressive surgery, radiation and

advanced chemotherapy. Cerebral edema, a common

occurrence in patients with gliomas, is a frequent cause of

morbidity and mortality. In fact, clinical deficits are more

often caused by edema rather than by mass effects of

tumors [1, 2]. Although treatment with corticosteroids

results in dramatic clinical improvement of edema, their

use is often associated with detrimental side effects,

especially at high doses and long-term administration

[3, 4]. New strategies are required for the treatment of

edema induced by gliomas.

Caloric restriction (CR) is produced from a total

restriction of dietary nutrients and differs from starvation in

that CR reduces total caloric energy intake without causing

anorexia or malnutriction [5]. In recent years, CR has been

studied intensively with consistent results showing its

beneficial effects on longevity, age-associated diseases and

carcinogenesis across a variety of species [6–8]. Multiple

mechanisms of action might be involved in the anti-

tumorigenic effect of CR. Reports about gliomas demon-

strated that CR could suppress tumor growth [9], enhance
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vessel maturation [10], reduce angiogenesis [11], enhance

apoptosis [12], and decrease invasive property [13].

However, whether CR could attenuate edema induced by

gliomas remained unknown. Considering the important

role of edema in gliomas, the aim of present work was to

elucidate the effect of CR on edema in U87 gliomas.

Materials and methods

Chemicals

Unless otherwise specified, regents were purchased from

Sigma-Aldrich (St Louis, MO).

Animals

Male athymic mice (9–10 week-old) were purchased from

Vital-Aiver Animal Ltd (Beijing, China). All the mice were

entrained to controlled temperature (23–25 �C), 12-h light

and 12-h dark cycles (light, 08:00–20:00 h; darkness,

20:00–08:00 h). All the mice used in this work received

humane care in compliance with institutional animal care

guidelines, and were approved by the Local Institutional

Committee. All experimental procedures were in accor-

dance with institutional animal care guidelines.

The mice were group housed prior to the initiation of the

experiment and were then housed singly 1 day before

tumor implantation. 2 days after tumor implantation, ani-

mals were randomly divided into AL (95 % of average

daily intake) or CR (60 % average daily intake) groups.

According to the manufacturer’s specification, the diet used

in the experiments delivered 4.4 kcal/g gross energy,

where fat, carbohydrate, protein, and fibre comprised 55,

520, 225, and 45 g/kg of the diet, respectively. All animal

were given free access to water throughout the experiment.

Mouse brain tumor model

U87 human glioma cells were grown in monolayer culture in

Dulbecco’s modified Eagle’s medium supplemented with

10 % fetal bovine serum and antibiotics. Cells were har-

vested immediately prior to intracerebral implantation in

mice and were used only if viability exceeded 90 %.

Injections consisted of 5 ll of a cell suspension containing

2 9 106 to 5 9 106 cells/ll implanted with a 28-gauge

microsyringe. Injections were performed with the mouse

head fixed in a stereotaxic device (Small Animal Stereotaxic

Instrument with Mouse Adaptor, David Kopf Instruments,

CA). The needle tip was positioned at an angle of 55� and

depth of 1.75 mm, and cells were injected slowly over

1 min. This injection technique ensures implantation of a

sufficient number of cells into the superficial mouse brain

cortex. U87 tumors implanted in the brain were firm nodular

masses, and easily dissected. When the arising tumor

reached approximately 3 9 3 mm, it was harvested and

divided into small fragments (*0.2 9 0.3 mm). The tumor

fragments were implanted into the mice by dissecting the

skin from a small area of the skull and drilling a hole, slightly

anterior to the bregma and lateral to the midline. A small

portion of tumor tissue was implanted with a 30-gauge

needle in the exposed brain. Initiation of tumors from intact

tumor pieces was preferable to initiation from cultured cells

because the pieces already contained an established micro-

environment that facilitated tumor growth [14].

Two days after implantation, mice were provided with

food either ad libitum (AL) or under caloric restriction (CR).

Measurement of glucose, lactate, corticosterone and

b-OHB in plasma and IGF-1 and VEGF in serum

All mice were fasted for 3 h before blood collection. The

mice were anaesthetised, and blood was collected for

analysis of several biomarkers.

Plasma glucose and b-hydroxybutyrate (b-OHB) con-

centrations were measured spectrophotometrically using

the Trinder assay and a UV enzymatic assay, respectively.

Plasma lactate levels were measured with a commercial

Lactate Assay kit (K607-100, BioVision, Inc., San Fran-

cisco, USA).

Plasma corticosterone levels were measured with a

Corticosterone EIA Kit (Cayman, Michigan, USA).

Serum IGF-1 and VEGF levels were evaluated using

enzyme-linked immunosorbent assay (ELISA) kits (R&D

Systems, Minneapolis, MN, USA).

Regional tumor permeability study

Quantitative autoradiography for the assessment of vascu-

lar permeability was performed by determining the blood-

to-tissue transfer constant Ki as described previously [15].

The permeability tracers [14C] AIB (MW 100) and [14C]

sucrose (MW 372) were given as an i.v. bolus (80 mCi).

Arterial blood samples were taken at selected intervals, and

plasma radioactivity was determined by liquid scintillation

counting with appropriately quenched [14C] standards.

After 15 min, the mice were decapitated, and the brains

were rapidly removed and frozen in isopentane on dry ice.

Tissue sections were serially sliced in 20 lm sections

throughout the whole tumor area on a cryostat. The sec-

tions were thawed and mounted onto slides, and autora-

diographs were generated by exposing the sections along

tissue-calibrated 14C standards on a phosphor screen for

5 days. Quantitative analysis of the regional radioactivity

for tumor center was done using the Image 1.55 software
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(NIH). The initial rate for blood-to-brain transfer (Ki) was

calculated as described [16].

Magnetic Resonance Imaging (MRI)

MRI T2 relaxation map was performed 14 days after tumor

implantation. All MR images were acquired using a 9.4

Tesla MRI scanner (Magnex Scientific Ltd, Oxford, UK).

Mice were positioned on a custom made mouse cradle and

anesthetized with a 50/50 mixture of O2 and medical air plus

1.5 % isofluorane and placed prone in a home-built cradle. A

custom-built transmit-receive birdcage mouse-head coil was

used to acquire the images. T2 relaxation maps were gen-

erated from multi-echo spin-echo images and used to assess

tumor edema. Acquisition parameters were: TE = 10 ms,

10 echoes, TR = 2500 ms, 11 image slices, 0.5 mm slice

thickness, 150 lm in-plane resolution, NA = 2. Voxelwise

exponential fitting of the image signal intensity as a function

of echo-time was performed using a MATLAB program

written in-house to determine T2 relaxation time maps.

Western blotting analysis

The protein concentration was determined with bovine

serum albumin as a standard by a Bradford assay. Equal

amount of protein preparations (10 lg in 10 ll buffer) were

run on SDS–polyacrylamide gels, electrotransferred to

polyvinylidine difluoride membranes, and incubated with

primary antibodies against AQP1, AQP4, VEGF, VEGFR2,

a-SMA, claudin-1, claudin-5, ZO-1, iNOS, occludin, p53,

cyclin D1, bax, bcl-2, beclin-1 and Atg5 (Santa Cruz, CA,

USA) overnight at 4 �C using slow rocking. Then, they were

incubated with HRP-conjugated secondary antibody. Immu-

noreactive bands were detected by a chemiluminescent

reaction (ECL kit, Amersham Pharmacia, CA, USA), and

results were expressed as the ratio of the density of specific

bands to the corresponding b-actin. The AL group was used

as the calibrator with a given value of 100 %, and the other

groups were normalized with this calibrator.

Measurement of nitrate and nitrite in tumor tissues

The final products of NO in vivo are nitrite (NO2
-) and

nitrate (NO3
-). Sum of nitrate and nitrite is an index of total

NO production. Nitrate and nitrite were measured by using a

fluorometric assay kit (Cayman Chemical, Michigan, USA).

Water content analysis by dry/wet weight

measurements

Anesthetized mice were euthanized by cervical dislocation

and the brains were collected. Brains were dissected into

several compartments: tumor, ipsilateral hemisphere, and

contralateral hemisphere. Tissues were weighed immedi-

ately and dried in a vacuum for up to 2 weeks. Weights

were collected throughout the drying period until the final

dry weight was established. Water content was calculated

as follows: Water content = (wet weight-dry weight)/wet

weight

Study design

Experiment 1: we implanted small fragments (0.2–0.3 mm

diameter) of U87 into brain. 2 days later, animals were

randomly divided into AL or CR groups (n = 23 in each

group). 14 days after tumor implantation, MRI T2 relaxa-

tion map was performed; blood was collected for deter-

mination of glucose, lactate, b-OHB, VEGF, IGF-1 and

corticosterone. Tumor was removed for evaluation of

tumor growth, edema and tumor permeability and assess-

ment of protein expressions including VEGF, claudin-1,

occludin, AQP1, iNOS and AQP4 and levels of nitrate and

nitrite in tumor tissues.

Experiment 2: we implanted small fragments of U87

into brain. 2 days after implantation, animals were ran-

domly divided into AL or CR groups (n = 7 in each group)

and the overall survival was observed in two groups. For

experimental assessment of survival, all animals were kil-

led when they lost 20 % of their body weight or had dif-

ficulty ambulating, feeding, or grooming.

Statistical analysis

All data except overall survival are expressed as

mean ± SD. The principal statistical test was the t test

(Student’s t test with unequal variance). Survival was

estimated using the Kaplan–Meier product limit method,

and differences among the groups were assessed with the

generalized Wilcoxon test. P \ 0.05 was considered sta-

tistically significant. Statistical analysis was performed

using SPSS 11.0.0 software (SPSS Inc., Chicago, IL,

USA).

Results

Influence of CR on body weight, tumor growth,

and several biomarkers in plasma and serum of mice

with U87 gliomas

Caloric restriction resulted in a progressive reduction in the

average body weight between 3 and 14 days after tumor

implantation. The average body weight for the CR group

was 23.9 % less than that for the AL group on the 14 day

after tumor implantation (Fig. 1a, p \ 0.05). Despite a
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reduction in total body weight, the CR mice seemed

healthy and were more active than the AL mice as assessed

by ambulatory and grooming behavior. No signs of vitamin

or mineral deficiency were observed in the CR mice

according to standard criteria for mice [17]. These findings

are consistent with the well-recognized health benefits of

diet restriction in rodents [18, 19].

14 days after tumor implantation, U87 tumor weight

was 51 % less in the CR group than that for AL group

(Fig. 1b, p \ 0.05), indicating that CR significantly sup-

pressed tumor growth.

Blood was collected 14 days after tumor implantation.

CR significantly reduced plasma levels of glucose (Fig. 1c,

p \ 0.05), and decreased serum levels of IGF-1 (Fig. 1f,

p \ 0.05) and VEGF (Fig. 1g, p \ 0.05), and enhanced

plasma levels of b-OHB (ketone body, Fig. 1e) and corti-

costerone (Fig. 1h, p \ 0.05). CR led to a reduction in

plasma lactate (Fig. 1d, p = 0.087), but not significantly.

CR upregulated p53 expression (p \ 0.05) and down-

regulated cyclin D1 expression (p \ 0.05) in U87 gliomas

(Supplementary Fig. 1a, b), indicating that CR could arrest

cell cycle of glioma cells. CR upregulated bax expression

(p \ 0.05) and downregulated bcl-2 expression (p \ 0.05)

in U87 gliomas (Supplementary Fig. 1a, c), indicating that

CR could promote apoptosis in gliomas. CR upregulated

beclin-1 (p \ 0.05) and Atg5 (p \ 0.05) in U87 glioma

(Supplementary Fig. 1a, d), indicating that CR could

induce autophagy of glioma cells.

Influence of CR on tumor permeability and edema

of mice with U87 gliomas

Permeability analysis was performed 14 days after tumor

implantation. CR decreased the [14C] AIB (Fig. 2a,

p \ 0.05) and [14C] sucrose (Fig. 2b, p \ 0.05) uptakes by

the tumors, indicating that CR led to a significant reduction

in permeability of U87 gliomas.

The decreased T2 observed after dietary treatment was

significantly different from the increased T2 observed in

AL mice (Fig. 2c, p \ 0.05). The result of MRI analysis

indicated that CR reduced edema in U87 gliomas.

14 days after implantation, the brains were removed for

edema analysis. CR decreased water content of tumor

(Fig. 2d, p \ 0.05) and ipsilateral cerebrum (Fig. 2e,

Fig. 1 Influence of CR on body weight, tumor growth, and several

biomarkers in plasma and serum of mice with U87 gliomas. Dietary

treatment was started 2 days after tumor implantation. Body weight

(a) was recorded every day. 14 days after tumor implantation, U87

gliomas were removed and weighted (b); the levels of glucose (c),

lactate (d), b-OHB (e), and corticosterone (h) were determined in

plasma; the levels of IGF-1 (f) and VEGF (g) were determined in

serum. n = 17 in AL group; n = 18 in CR group; VEGF, vascular

endothelial growth factor; IGF-1, insulin-like growth factor 1;

b-OHB, b-hydroxybutyrate; CORT, corticosterone; *p \ 0.05 versus

AL group
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p \ 0.05) significantly, but had no significant effect on

water content of contralateral cerebrum (Fig. 2f). This

result further demonstrated that CR reduced edema pro-

duced by implanted U87 gliomas.

Influence of CR on survival of mice with U87 gliomas

According to Kaplan–Meier analysis, the survival curves

for the AL and CR mice differed significantly. CR mark-

edly prolonged the survival (Fig. 3, p \ 0.05) of U87-

inoculated mice when compared to AL group.

Influence of CR on proteins expression in U87 gliomas

Tumors were removed for Western blotting analysis

14 days after tumor implantation.

CR upregulated proteins expression of claudin-1

(p \ 0.05), claudin-5 (p \ 0.05) and ZO-1 (p \ 0.05),

indicating that CR could improve tight junctions of vessel

in U87 gliomas. But, CR had no significant effect on

occludin expression in U87 gliomas (Fig. 4a, b).

CR reduced AOP1 protein expression (p \ 0.05), but

had no significant effect on AQP4 protein expression

(Fig. 4a, c).

CR suppressed proteins expression of VEGF (p \ 0.05)

and VEGFR2 (p \ 0.05), indicating that CR suppressed

VEGF/VEGFR2 pathway in U87 gliomas. CR upregulated

protein expression of a-SMA (a marker of pericyte,

p \ 0.05), indicating that CR could promote vessel matu-

ration in U87 gliomas (Fig. 4a, d).

CR downregulated iNOS expression (p \ 0.05) and

reduced NO formation (p \ 0.05) in U87 gliomas (Fig. 4a,

e, f), indicating that CR could suppress iNOS/NO pathway

in U87 gliomas.

Discussion

Different from normal brain tissue that can derive energy

from both glucose and ketone bodies, most tumors

including gliomas lack metabolic versatility and are

dependent largely on glucose for energy [20, 21]. In this

work, CR significantly reduced plasma glucose and sup-

pressed glycolysis, as indicated by a reduction of plasma

lactate; CR increased production of ketone bodies, as

indicated by an increase of b-OHB. Seyfried et al. found

that reduction of plasma glucose together with elevation of

plasma ketones were associated with the anti-tumor effi-

cacy of CR [9]. In this work, CR suppressed tumor growth,

which was consistent with previous report [9]. Our results

revealed that CR arrested cell cycle, promoted apoptosis,

Fig. 2 Influence of CR on tumor permeability and edema of mice with U87 gliomas. 14 days after tumor implantation, tumor permeability (a,

b), tumor edema (c), and water content (d, e, and f) in tumors and brains were determined. n = 7 in each group. *p \ 0.05 versus AL group

Fig. 3 Influence of CR on survival of mice with U87 gliomas.

Overall survival was calculated from the day of inoculation to end of

survival. Survival was estimated using the Kaplan–Meier product

limit method. n = 7 in each group; *p \ 0.05 versus AL group
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and induced autophagy. For the first time, our work dem-

onstrated that CR attenuated glioma-induced brain edema,

which might contribute to the prolonged survival.

The adrenal gland and particularly corticosterone levels

have been shown to be important factors in the develop-

ment of brain tumor growth and edema [22, 23]. Plasma

corticosterone levels were found increased in the CR group

compared to AL group. Thus, it is possible that the delay in

tumor growth and attenuation of tumor edema might be due

to increased levels of corticosterone observed in CR fed

mice.

The crucial cause of brain tumor edema was the defect

in the blood-tumor barrier. Increased vascular permeability

in human brain tumors has been demonstrated by computed

tomographic measurements of blood-tumor barrier perme-

ability [24] and by immunohistochemical detection of

plasma proteins in tumor parenchyma [25]. Most brain

tumors including glioma over-secreted VEGF and over-

expressed VEGFR2, which led to an abnormally permeable

tumor vasculature, allowed fluid to leak from the intra-

vascular space into the brain parenchyma, ultimately

caused vasogenic cerebral edema [26]. Clinical and ani-

mals studies demonstrated the anti-edema effect through

inhibiting VEGF/VEGFR2 signaling pathway [26, 27]. In

this work, CR decreased serum VEGF content and sup-

pressed tumor VEGF and VEGFR2 expression, which was

similar with a precious report [11].

The leakiness of the blood-tumor barrier occurs pri-

marily because of defects in interendothelial tight junc-

tions. Occludin, claudin-1 and claudin-5 were found

downregulated in human gliomas and metastatic tumor

vessel [28, 29]. Recently, it was reported that dietary

restriction of methionine, sulfur-containing amino acids,

cysteine, and cystine improved tight junction barrier

function [30, 31]. In this work, we first observed that CR

enhanced proteins expression of claudin-1, claudin-5, and

ZO-1 and improved tight junction in U87 gliomas.

In addition, CR enhanced a-smooth-muscle actin

(a-SMA) expression, a marker of pericytes, in U87 glio-

mas. The instability of tumor blood vessels and leaky

endothelial cell lining is associated with the absence of a

surrounding sheath of a-SMA positive pericytes [32, 33].

Our result indicated that CR might enhance pericytes

number surrounding endothelial cells to decrease vascular

permeability in U87 gliomas.

NO is an unstable free radical gas and plays an impor-

tant role in regulation of tumor permeability and cerebral

edema. Yin et al. observed the augmentation of brain tumor

permeability in glioma-bearing rats with nitric oxide

donors [34]. The iNOS, a cell type-specific enzyme that

catalyzed the synthesis of NO, was reported increased in

the established gliomas [35]. Glioma tumourgenicity was

decreased by iNOS knockout, indicating its role in pro-

gression of glioma [36]. Zanetti et al. found CR decreased

iNOS expression in aged aorta [37]. In the current work,

we found CR suppressed iNOS expression and reduced NO

formation in U87 gliomas.

Several groups have proposed the involvement of aqu-

aporins (AQPs) in the pathophysiology of brain edema

[38–40]. Aquaporins form a superfamily of 13 members

Fig. 4 Influence of CR on proteins expression of VEGF, VEGFR2,

a-SMA, claudin-1, claudin-5, occludin, ZO-1, iNOS, AQP1 and

AQP4 in U87 gliomas. 14 days after tumor implantation, tumors were

removed for determination of protein expression of VEGF, VEGFR2,

a-SMA, claudin-1, claudin-5, occludin, ZO-1, AQP1 and AQP4 by

Western blotting analysis (a). Graphs showed the responding quan-

tification of these proteins (b, c, d, and e). 14 days after tumor

implantation, tumors were removed for determination of NOx

(f, NO2
- ? NO3

-) content. n = 7 in each group in the measurement

of NOx; VEGF, vascular endothelial growth factor; VEGFR2,

vascular endothelial growth factor receptor 2; AQP, aquaporin;

a-SMA, a-smooth-muscle-actin, ZO-1, zonula occludens-1; iNOS,

inducible nitric oxide synthase; *p \ 0.05 versus AL group
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and are the principle pathway for water movement across

most cellular membranes. Of these, AQP1 and AQP4

proteins were found highly expressed in the most malig-

nant gliomas [41, 42]. In the current work, we found CR

suppressed AQP1 protein expression in gliomas. Hayashi

et al. found that induction of AQP1 expression in glioma

correlated with the level of glycolysis, suggesting specific

upregulation of AQP1 under glycolytic conditions [43].

Therefore, CR might suppress tumor AQP1 expression

through modulating glycolysis. However, it was not known

whether tumour-associated AQP1 was functional or whe-

ther it played a role in the pathophysiology of brain tumor

edema. Further investigation was required.

A report from Kalaany and Sabatini revealed that U87-

MG were resistant to dietary restriction [44]. The U87

tumor in the Kalaany and Sabatini study was grown in a

non-orthotopic location (subcutaneous) and in the NOD/

SCID (non-obese diabetic, severe combined immunodefi-

cient) mouse host, which had characteristics of both type 1

and type 2 diabetes [45]. In our work, tumors were

implanted in natural orthotopic site and in male athymic

mice. The differences in growth site and mouse host strain

might be responsible for the differences between our work

and study of Kalaany and Sabatini. The underlying

mechanism required further investigation.

Most previous reports about the effect of CR on gliomas

focused on tumor growth. Different from them, we found

that CR attenuated edema in U87 gliomas for the first time,

which might contribute to its beneficial effect on the sur-

vival of glioma-bearing mice.

Finally, one limitation in the present work should be

noted. We demonstrated that CR elevated serum cortico-

sterone, suppressed expression of VEGF and VEGFR2,

improved tight junctions, and suppressed inducible nitric

oxide synthase (iNOS) expression and nitric oxide (NO)

formation. However, we lacked direct evidence of causal

effect between edema of glioma model and corticosterone,

VEGF, tight junction, iNOS and NO formation, which

required further investigation.

In conclusion, CR alleviated edema in a mouse U87

glioma model. Elevation of corticosterone, suppression of

VEGF/VEGFR2, improvement of tight junctions, and

suppression of iNOS expression and NO formation might

contribute to the beneficial effect of CR on edema in U87

gliomas (Fig. 5).
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