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Abstract: Antiangiogenic therapy attenuates tumor growth by reducing vascularization. 

Diazepam (DZP) and midazolam (MZL) have antiangiogenic properties in human umbilical 

vein endothelial cells. Thus, we investigated the antiangiogenic activity of DZP and MZL in 

the rat 9L gliosarcoma brain tumor model. The effect on tumor vasculature was evaluated 

using dynamic susceptibility contrast magnetic resonance imaging with gradient-echo (GE) and 

spin-echo (SE) to assess perfusion parameters, including cerebral blood volume (CBV), cerebral 

blood flow (CBF), mean transit time (MTT), and mean vessel diameter. The GE-normalized 

CBF (nCBF) in the tumors of untreated controls was significantly lower than that in normal 

brain tissue, whereas the CBV and MTT were higher. DZP- and MZL-treated rats had higher 

CBF and lower CBV and MTT values than did untreated controls. The tumor size decreased 

significantly to 33.5% in DZP-treated rats (P,0.001) and 22.5% in MZL-treated rats (P,0.01) 

relative to controls. The SE-normalized CBV was lower in DZP-treated (32.9%) and MZL-

treated (10.6%) rats compared with controls. The mean vessel diameter decreased significantly 

by 32.5% in DPZ-treated and by 24.9% in MZL-treated rats compared with controls (P,0.01). 

The GE and SE nCBF values were higher in DZP-treated (49.9% and 40.1%, respectively) and 

MZL-treated (41.2% and 32.1%, respectively) rats than in controls. The GE- and SE-normalized 

MTTs were lower in DZP-treated (48.2% and 59.8%, respectively) and MZL-treated (40.5% 

and 51.2%, respectively) rats than in controls. Both DZP and MZL had antiangiogenic effects 

on tumor perfusion and vasculature; however, the antiangiogenic activity of DZP is more 

promising than that of MZL.
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Introduction
Antiangiogenic therapy has been shown to reduce the density and growth of tumor 

vessels and increase the overall effectiveness of conventional therapies in several 

animal tumor models.1,2 The therapy reduces tumor vascularization and perfusion 

prior to the administration of chemotherapy.3,4 A previous study found that tumor 

perfusion improved in murine fibrosarcoma-bearing mice after 2 days of thalidomide 

treatment.5 Findings from animal studies indicate that the sprouting of new vessels 

from surrounding tumor vessels is a major contributor to tumor growth,6 suggesting 

that inhibition of the sprouting process, referred to as angiogenesis, would suppress 

tumor growth.
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Diazepam (DZP) and midazolam (MZL) are benzodi-

azepine drugs that are used as anesthetics clinically and in 

intensive care units.7,8 Benzodiazepines induce anesthesia/

sedation by potentiating the inhibitory neurotransmitter 

gamma amino-butyric acid.9 A recent study found that DZP 

and MZL had antiangiogenic effects in human umbilical 

vein endothelial cells.10

Magnetic resonance imaging (MRI) has emerged as a 

potential technique for measuring several characteristics of 

tissue vasculature because of its sensitivity to endogenous 

and exogenous contrast mechanisms. Tissue blood flow 

can be measured using arterial spin labeling, which relies 

on endogenous contrast.11,12 Susceptibility-based MRI 

techniques such as dynamic susceptibility contrast MRI 

(DSC-MRI) are used to measure mean transit time (MTT), 

cerebral blood flow (CBF), mean vessel diameter (mVD), 

and cerebral blood volume (CBV).13 MRI-derived CBV 

values are useful for differentiating between grades of glial 

tumors and for predicting survival.14–16 mVD values have 

been shown to be correlated with brain tumor grades.15 MRI 

measurements of CBF and CBV provide information about 

vascular morphology and are useful for designing the optimal 

treatment for tumors.17,18

To date, no studies have investigated the antiangiogenic 

effects of DZP and MZL on tumor vasculature and hemody-

namics. We hypothesized that DZP and MZL administration 

would alter the hemodynamic parameters of blood vessels 

in the rat 9L gliosarcoma brain tumor model. Thus, we used 

DSC-MRI to investigate DZP- and MZL-induced changes 

in the morphology and function of 9L brain tumor vessels. 

Specifically, we used DSC-MRI-guided CBV mapping with 

mVD studies to investigate the morphological dynamics of 

tumor angiogenesis with a focus on developing novel strate-

gies for tumor treatment.

Materials and methods
9L gliosarcoma cell lines and inoculation 
in rats
We used 24 male Sprague–Dawley rats (Harlan, Indianapolis, 

IN, USA) in this study. All animal protocols were developed 

in accordance with the guidelines of the Institutional Ethics 

Committee of the Affiliated Hospital of Logistics University 

of Chinese People’s Armed Police Force. The Institutional 

Ethics Committee approved the experiments and the use of 

9L gliosarcoma cells obtained from Massachusetts General 

Hospital (Boston, MA, USA). The rats were anesthetized 

with sodium pentobarbital (50 mg/kg, intraperitoneal [ip]) 

and immobilized. A 1-mm burr hole was drilled in the skull 

2 mm lateral and 1 mm anterior to bregma, and then the 

animals were inoculated with 1×105 9L cells with a 10-µL 

gas-tight syringe. The cells were implanted 3 mm below the 

dural surface. The total duration of the injection was 5 min, 

and the syringe needle was gently retracted over a 5-min 

period. A surgical staple was used to close the skin, and the 

pins were removed before MRI.

The 9L cells were used to induce brain tumors in the 

rats. The cells were subjected to seeding in Dulbecco’s 

medium (Gibco, Grand Island, NY, USA) and 10% fetal 

calf serum. The cell lines were expanded and maintained 

with Protoprobe (ProtoPROBE Inc., Milwaukee, WI, USA) 

prior to inoculation. The cells were shaken manually before 

each inoculation.

DZP and MZL treatment
The rats were divided into DZP-treated (n=8), MZL-treated 

(n=8), and control vehicle-treated (n=8) groups. Ten days 

after inoculation with 9L gliosarcoma cells, the rats received 

ip injections of DZP (2 mg/kg) or MZL (5 mg/kg) over 

4 days (ie, from days 10 to 14). On day 14, the rats under-

went DSC-MRI.

MRI experiments
After 14 days of 9L gliosarcoma cell inoculation, the rats 

were subjected to MRI using a Bruker Medspec 3T MRI 

system (Ettlingen, Baden-Württemberg, Germany) as 

described previously.18 The rats were administered an intrave-

nous (iv) loading dose of gadolinium-chelated contrast agent 

(0.05 mM/kg, Gadoteridol, ProHance; Bracco Diagnostics, 

Princeton, NJ, USA) prior to obtaining images localizing the 

tumors. Gadolinium was administered to reduce T1 effects 

caused by contrast agent extravasation. Then, coronal images 

were acquired using a simultaneous gradient-echo/spin-echo 

(GE/SE) echo-planar imaging pulse sequence (matrix size: 

64×64, repetition time [TR] =1 s, GE, echo time [TE] =20 ms; 

SE [TE] =96 ms, field of view [FOV] =3.5 cm, slice thick-

ness =2 mm, three slices) for 2 min. A bolus of contrast 

media (0.2 mmol/kg, iv) was injected for 60 s. The GE and 

SE signals were recorded simultaneously because the images 

showed a varied and complementary sensitivity profile cor-

responding to the diameter of the vessels: the SE images 

were highly sensitive to capillary blood volume, whereas 

the GE images were sensitive to vascular blood volume.19 

The SE and GE images were used to evaluate the hemody-

namic parameters for DSC-MRI as follows: T1-weighted SE 

images, TR =450 ms, matrix size =256×256, FOV =3.5 cm, 

TE =15 ms, slice thickness =2 mm, three slices.
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Image analysis
The concentration of contrast agent in each voxel was esti-

mated by the correlation between the change in GE and SE 

transverse relaxation rates (ΔR
2
* and ΔR

2
) after contrast 

injection and the concentration of the contrast media. The 

curves for ΔR
2
* and ΔR

2
 were calculated as the logarithm 

of the GE and SE MRI signal intensities, respectively. The 

vascular and microvascular hemodynamic parameters were 

calculated using a tracer kinetic analysis of the concentration–

time curves. Briefly, the arterial input functions (AIF) of GE 

and SE were estimated in the arterial branches of normal 

contralateral tissue. The tissue residue function was obtained 

by deconvolving the tissue concentration time curves with the 

AIF using singular value decomposition.20 CBF was calcu-

lated as the residue function peak, and MTT was derived 

from the central volume principle as the ratio of CBV to 

CBF. CBF and MTT maps were normalized for comparison. 

Finally, intravoxel transit-time distributions (TTDs) were 

estimated from the residue function in each voxel.21,22 TTD 

differences between the tumor and the corresponding normal 

tissue were determined by estimating the cumulative TTD 

in a given voxel, TTDs as a function of transit time, and the 

normal cumulative TTD values.

Region of interest and statistical data 
analyses
Mean values for the selected parameters were obtained from 

a region of interest (ROI) placed over the enhancing tumor 

region as visualized on the T1-weighted SE image after the 

injection of gadolinium. The ROI values were normalized to 

a region of the same size in a normal brain. One-way analyses 

of variance were used to compare parameters among the DZP, 

MZL, and control groups.

Results
T1-weighted brain images of rats treated with DZP (2 mg/kg), 

MZL (5 mg/kg), or neither (untreated controls) were obtained 

after contrast administration for the assessment of total vascular 

(GE) CBF, CBV, mVD, and MTT (Figure 1). The tumor 

size, as determined by the contrast-enhancing region, was 

significantly smaller in the DZP and MZL treatment groups 

than in the untreated control group. The GE-normalized CBF 

(nCBF) in the untreated control tumors was significantly 

lower than that in normal brain tissue (29.03% and 33.33% 

lower compared with the MZL- and DZP-treated rats, respec-

tively), whereas CBV and MTT were higher in the untreated 

controls than in the MZL- (40%) and DZP-treated (48%) rats 

(P,0.001). CBF was higher in the tumors of rats treated with 

DZP than in those of rats treated with MZL, and in some areas 

the CBF did not differ from that of normal tissue. CBV and 

MTT were lower in DZP-treated than in MZL-treated rats.

Tumor size, measured as the percent enhancement (PE) 

area, in the DZP-treated, MZL-treated, and untreated control 

rats is shown in Figure 2. The mean PE area decreased by 

33% in DZP-treated rats (P,0.001) and by 22.5% in MZL-

treated rats (P,0.01) relative to the untreated controls. These 

findings suggest that treatment with DZP and MZL had a 

highly significant effect on tumor size.

Figure 1 Representative T1-weighted brain images after contrast administration 
showing the total vascular (GE) perfusion parameters in rats treated with vehicle 
(A–D), MZL (E–H), and DZP (I–L).
Notes: The tumor margins, which are outlined in black, indicate that the tumors in 
rats treated with DZP and MZL were smaller than those in untreated controls. The 
CBV in the DZP- and MZL-treated rats was greater than that in normal tissue, but 
less than that in untreated controls. The MTT was higher in the DZP-treated group 
than in normal tissue.
Abbreviations: CBV, cerebral blood volume; DZP, diazepam; GE, gradient-echo; 
MTT, mean transit time; MZL, midazolam.

Figure 2 Data obtained from T1-weighted brain images after the administration of 
contrast agent in untreated control, DZP-treated, and MZL-treated rats.
Notes: Tumor size was estimated from the contrast-enhancing region on MRI. 
The tumor was significantly smaller in MZL- and DZP-treated rats than in control 
animals. The difference between the DZP and control groups was highly significant 
(*P,0.01; **P,0.001). All data are expressed as the mean ± SD.
Abbreviations: DZP, diazepam; MRI, magnetic resonance imaging; MZL, midazolam.
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The mean GE-normalized CBV (nCBV) was reduced 

to 28.3% in DZP-treated rats (P,0.01) and to 15.8% in 

MZL-treated rats relative to control values (Figure 3A). The 

SE nCBV values were lower in the DZP (32.9%) and MZL 

(10.6%) groups relative to control values (Figure 3A). While 

our findings clearly indicate that DZP and MZL interfered 

with the formation of new microvessels, the fact that the 

effect of DZP was statistically significant suggests that the 

drug was more effective than MZL. The mVD decreased by 

32.5% in DZP-treated and by 24.9% in MZL-treated rats 

compared with controls (P,0.001 for both; Figure 3A).

The mean GE and SE nCBF values of rats treated with 

DZP (49.9% and 40.1%, respectively) and MZL (41.2% and 

32.1%, respectively) were higher relative to those of control 

rats (Figure 3B).

The normalized MTT (nMTT) in the control group was 

higher than that in normal rats (Figure 3C). The GE and SE 

nMTT values in rats treated with DZP (48.2% and 59.8%, 

respectively) and MZL (40.5% and 51.2%, respectively) were 

lower than those of untreated control rats.

Discussion
We used the simultaneous GE/SE DSC-MRI method to 

investigate the effects of DZP and MZL on tumor angiogen-

esis. DZP (2 mg/kg) and MZL (5 mg/kg) inhibited growth, 

decreased blood flow and MTT, and reduced blood volume 

in response to tumor angiogenesis; however, the attenuating 

effects of DZP were greater than those of MZL.

Previous studies have shown that antiangiogenic therapy 

decreases blood flow in tumors. Bevacizumab, an antian-

giogenic agent, has been reported to reduce blood flow and 

volume in gliomas,23 and DC101 decreased tumor perfusion 

at low and high doses in pancreatic tumor xenografts.24 

Furthermore, DC101 decreased interstitial fluid pressure 

Figure 3 Treatment with DZP and MZL decreased the total tumor vascular (GE) and microvascular (SE) CBV, nRATIO (mVD), and MTT, whereas CBF was increased.
Notes: (A): The GE nCBV, SE nCBV, and mVD values in the control rats were higher than those in normal brain tissue, whereas nCBV was significantly reduced in the 
DZP-treated rats compared with the controls (*P,0.01; **P,0.001). (B): The GE nCBF in the control rats was lower than that in normal tissue. GE nCBF was significantly 
increased in DZP-treated rats compared with control rats (*P,0.01). (C): The GE and SE nMTTs in control rats were higher than in normal brain tissue, suggesting a loss 
of perfusion efficiency in the untreated group. However, both DZP and MZL significantly decreased the GE and SE MTTs to near-normal tissue levels (**P,0.001). All data 
are expressed as the mean ± SD.
Abbreviations: CBF, cerebral blood flow; CBV, cerebral blood volume; DZP, diazepam; GE, gradient-echo; MTT, mean transit time; mVD, mean vessel diameter; 
MZL, midazolam; nCBF, normalized CBF; nCBV, normalized CBV; nMTT, normalized MTT; SE, spin-echo.
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in solid tumors by producing a morphologically and func-

tionally “normalized” vascular network.4 Our findings 

are consistent with those of previous studies; in addition, 

we found that DZP inhibited the growth of vascular net-

works, attenuated vascular function, and improved blood 

perfusion in the tumor resulting in an overall decrease in 

transit time.

DSC-MRI revealed the antiangiogenic potential of DZP 

and MZL. Moreover, we found that DZP was more effective 

than MZL in decreasing the mVD and increasing tumor blood 

flow. The low CBV values in rats treated with DZP (2 mg/kg) 

and MZL (5 mg/kg) suggest a role of nutrient deficiency in 

the inhibition of tumor growth; however, the effect of DZP 

was more promising than that of MZL. Our finding that both 

DZP and MZL increased blood flow in the tumor suggests 

a novel strategy to enhance the effectiveness of available 

chemotherapeutic agents.

The CBV and MTT values in normal brain tissue may 

serve as standards for the amount of blood required to ensure 

adequate tissue oxygenation.25,26 The metabolic demands of 

tumors are thought to be greater than those of normal tissue, 

and, as such, would require an increased blood volume and 

MTT. Therefore, we speculate that the elevated MTT in the 

untreated tumor-induced control rats is indicative of longer 

erythrocyte residue times in the tumor vessels. The decreases 

in CBV and MTT in tumor-induced rats treated with DZP 

and MZL suggest that immature and unwanted blood vessels 

may have been trimmed, resulting in improved blood flow. 

The exchange of nutrients and oxygen occurs in the microvas-

culature; thus, decreases in SE nMTT and GE and SE nCBV 

may be an alternative indicator of vascular normalization 

following antiangiogenic therapy.

In conclusion, both DZP and MZL increased perfusion 

in the tumor vasculature. Our findings suggest that the 

antiangiogenic activity of DZP exceeds that of MZL. Our 

findings provide direction for future research into improving 

the delivery of cytotoxic agents to tumor tissue. In future 

studies, we plan to use DSC-MRI to evaluate the vascular 

hemodynamics of other cytotoxic agents as well as DZP 

and MZL to confirm our findings and further investigate the 

mechanisms underlying this antiangiogenic activity.
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