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Abstract

The blood–brain barrier (BBB) significantly reduces the delivery of many systemically 

administered agents to the central nervous system. Although temozolomide is the only 

chemotherapy to improve survival in patients with glioblastoma, its concentration in brain is only 

20 % of that in blood. Regadenoson, an FDA approved adenosine receptor agonist used for cardiac 

stress testing, transiently disrupts rodent BBB allowing high molecular weight dextran (70 kD) to 

enter the brain. This study was conducted to determine if regadenoson could facilitate entry of 

temozolomide into normal rodent brain. Temozolomide (50 mg/kg) was administered by oral 

gavage to non-tumor bearing F344 rats. Two-thirds of the animals received a single dose of 

intravenous regadenoson 60–90 min later. All animals were sacrificed 120 or 360 min after 

temozolomide administration. Brain and plasma temozolomide concentrations were determined 

using HPLC/MS/MS. Brain temozolomide concentrations were significantly higher at 120 min 

when it was given with regadenoson versus alone (8.1 ± 2.7 and 5.1 ± 3.5 μg/g, P <0.05). A 

similar trend was noted in brain:plasma ratios (0.45 ± 0.08 and 0.29 ± 0.09, P < 0.05). Brain 

concentrations and brain:plasma ratios were not significantly different 360 min after 

temozolomide administration. No differences were seen in plasma temozolomide concentrations 

with or without regadenoson. These results suggest co-administration of regadenoson with 
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temozolomide results in 60 % higher temozolomide levels in normal brain without affecting 

plasma concentrations. This novel approach to increasing intracranial concentrations of 

systemically administered agents has potential to improve the efficacy of chemotherapy in neuro-

oncologic disorders.
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Introduction

The blood–brain barrier (BBB) is an intricate barrier composed of a luminal negative 

charge, basal lamina, efflux pumps, and three distinct cell types: brain endothelial cells, 

pericytes, and astrocytic foot processes. Molecules that are small and lipophilic may easily 

traverse the BBB, while large (>180 Daltons) and/or hydrophilic particles require active 

transport, or receptor mediation [1]. The BBB integrity and degree of permeability is 

regulated by the brain capillary endothelial cells in response to astrocytic signals and to the 

strength of intercellular junctions [1–3]. Modulation of these paracellular properties could 

affect BBB integrity and improve drug penetration to the brain.

A normal BBB effectively restricts certain toxins and other blood borne substances from 

reaching the brain. Unfortunately, the BBB also makes it difficult for most systemically 

administered drugs to reach therapeutic concentrations within the central nervous system 

(CNS). This has limited the efficacy of numerous agents in the treatment of brain 

malignancies, infections, and other serious neurologic disorders. As a result, neuro-

oncologists have used chemotherapy laden biodegradable polymers placed intra-operatively 

in the surgical resection cavities of patients with glioblastoma or intratumoral infusions of 

chemotherapy in an effort to improve drug delivery to the CNS [4–6]. In addition, efforts to 

transiently disrupt the BBB have been pursued for over three decades. This began in earnest 

in 1979, with the use of intra-arterial infusions of hypertonic mannitol to transiently 

decrease the integrity of tight junctions [7]. Hypertonic mannitol requires general anesthesia, 

hospitalizations, intra-arterial catheterization and intra-arterial chemotherapy which can be 

complicated by seizures, cerebrovascular events and other significant toxicities.

Alternate approaches to transiently disrupting the BBB in an outpatient setting involved the 

use of pharmacologic agents [8–10]. The bradykinin analog, lobradimil, was shown in 

preclinical studies to rapidly and transiently increase the permeability of the BBB [11]. 

However, when lobradimil was tested with systemically administered carboplatin in children 

with primary brain tumors the combination failed to result in improved response rates or 

time to disease progression [12]. In retrospect, these results were limited by the use 

carboplatin, which is not a very effective in this cancer, and by failure to measure 

intratumoral carboplatin levels with and without lobradimil. In addition, an adenosine 

agonist/analog has also been studied pre-clinically to transiently open the BBB [13]. 

Adenosine function is regulated by four structurally related G-protein coupled receptors: A1, 

A2A, A2B and A3 [14]. Specifically, A1 and A2A have high expression levels within the 
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brain [13, 15, 16]. Regadenoson is an FDA approved selective A2A receptor agonist 

routinely used as a pharmacologic cardiac stress agent in patients who are unable to walk on 

a treadmill during outpatient cardiac stress testing [17]. In 2011, Carman et al. demonstrated 

that regadenoson increased BBB permeability to dextran (70 kD) in both mice and rats. The 

large dextran molecule was seen in the brain for up to 180 min following a single 

regadenoson injection [13]. Maximum brain penetration of dextran post regadenoson was 

seen 30 min after regadenoson administration. This transient BBB disruption was thought to 

be due to this agent’s ability to reduce the expression of several tight junction molecules 

including ZO-1, Claudin-5 and Occludin.

We sought to determine if regadenoson could increase chemotherapy concentrations in 

rodent brain with an intact BBB. We used temozolomide which is the most effective 

systemically delivered agent currently available for the treatment of glioblastoma. Although 

patients are not cured with this therapy, the 2 year survival of patients with newly diagnosed 

glioblastoma treated with radiation alone is 10 % and with combined radiation and 

temozolomide is 24 % [18]. Previous studies have shown that brain concentrations of this 

194 dalton alkylating agent, which reaches peak serum levels 1–2 h after administration, are 

only 17–20 % of that in the blood [19, 20]. Temozolomide’s dose limiting toxicity of 

leukopenia and thrombo-cytopenia precludes the use of higher doses which theoretically 

could result in higher intratumoral concentrations. Thus, a safe, non-invasive, outpatient 

means to improve the delivery of systemically administered therapeutic agents to the brain, 

without increasing systemic toxicities, could be of significant impact in patients at risk for 

CNS metastases or with brain tumors, CNS infections, or other neurologic disorders.

Materials/methods

Chemicals and reagents

Regadenoson was purchased from Astellas Pharma US, Inc, Northbrook, IL. Temozolomide 

was purchased from Vivan Life Sciences, Mumbai, India. The HPLC internal standard for 

these studies was Temazepam which was purchased from Sigma-Aldrich Co, St. Louis, MO. 

All other chemicals and reagents were commercially available and of the highest grade.

Animal studies

Female F344 rats, weighing 150–170 g, were purchased from Harlan Bioproducts 

(Indianapolis, IN). All rats were housed in standard facilities and provided free access to 

rodent chow and Baltimore City water. The animal protocol was approved by the Johns 

Hopkins University Animal Care and Use Committee and the care and use of all study 

animals conformed to the National Institutes of Health rules Guide for the Care and Use of 

Laboratory Animals (National Academy of Sciences).

Thirty-six rats received temozolomide (50 mg/kg dissolved in water) by oral gavage (See 

Table 1). The rats were then assigned to one group (N = 18) which was sacrificed 120 min 

after the administration of temozolomide or a second group (N = 18) which was sacrificed 

360 after temozolomide. Each cohort consisted of 18 animals in which 6 animals received 

temozolomide alone, regadenoson 60 min after temozolomide administration or 

regadenoson 90 min after temozolomide administration. Previous animal studies 
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demonstrated regadenoson demonstrated maximum drug delivery to the brain 30 min after 

administration, thus we elected to administer regadenoson after temozolomide to result in 

maximum drug concentration of both drugs at 120 min [13]. For regadenoson injection, rats 

were placed into a small animal restrainer and received 0.0005 mg/kg of regadenoson by 

intravenous tail injection (Table 1). The dose of 0.0005 mg/kg is based on previous studies 

which demonstrated increased brain penetration of dextran with regadenoson at this dose 

[13]. Rats were sacrificed using a 0.4 mL intraperitoneal injection of the stock solution 

containing ketamine hydrochloride, 75 mg/mL (Ketathesia, Butler Animal Health Supply; 

Dublin, OH); xylazine 7.5 mg/mL (Lloyd Laboratories; Shenandoah, Iowa), and 14.25 % 

ethyl alcohol in 0.9 % NaCl. Blood was collected from the rats immediately after the 

ketamine was administered but prior to death by cardiac puncture. The blood was collected 

in a heparinized syringe and placed on ice. Within 30 min, all blood samples were 

centrifuged at 2500×g RPM for 10 min at room temperature. After centrifugation, the 

plasma supernatant (3 μL) was mixed with 8.5 % phosphoric acid (1 mL) and then 

transferred into cryovials and placed on ice until processed for analysis. After 

exsanguination, the whole brain was rapidly removed and flash frozen for subsequent 

analyses.

Temozolomide analytical method and pharmacokinetics

Temozolomide was quantified in the plasma and brain samples. The whole brain was 

homogenized in 4 mL of 100 % methanol (v:v) prior to extraction. Homogenates were then 

centrifuged at 2500 RPM for 10 min at room temperature. Plasma and brain homogenate 

were further diluted in drug-free matrices prior to extraction. Temozolomide was extracted 

from 50 μL of sample (either acidified plasma or brain tissue extract) with 1 mL of 10 

mg/mL temazepam in ethyl acetate. After each sample was vortexed and centrifuged, the 

supernatant of each sample was transferred into a glass tube and evaporated to dryness under 

nitrogen at 40 °C. Samples were reconstituted in 100 μL of 50 % acetonitrile:water (v:v) and 

10 μL was injected into the UPLC. Separation was achieved with a Waters X-Terra MS C18 

(3.5 μm × 150 mm × 2.1 mm, Milford, MA, USA) column at room temperature with 

acetonitrile/water mobile phase (30:70, v:v). The mobile phase used for the chromatographic 

separation was composed of 0.1 % (v:v) formic acid in water (mobile phase A) and 0.1 % 

(v:v) formic acid in acetonitrile (mobile phase B) with a flow rate of 0.3 mL/min. The initial 

mobile phase composition was 30 % mobile phase A and 70 % mobile phase B. From 0 to 

0.5 min, mobile phase B was increased to 100 % and maintained until 2 min. From 2 to 2.1 

min, the gradient decreased to 70 % mobile phase B and the conditions were maintained 

until 3 min to re-equilibrate the column for the next injection. The column effluent was 

monitored using an AB Sciex 5500 triple quadrapole™ 5500 mass-spectrometric detector 

(Applied Biosystems, Foster City, CA, USA) using electrospray ionization operating in 

positive mode. The spectrometer was programmed to monitor the following MRM transition 

195.0 → 138.0 for temozolomide and 301.1 → 255.1 for the internal standard temazepam. 

Calibration curves for temozolomide were over the range of 5–1000 ng/mL with dilutions of 

up to 1:100 (v:v). The values for precision and accuracy for both plasma and brain 

homogenate samples during the in-study evaluation were within 15 %.
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The plasma concentrations were calculated by raw data multiplied by a dilution factor of 

100 or 50 for the 120 and 360 min samples, respectively. Temozolomide brain 

concentrations were calculated by raw data multiplied by a dilution factor based on each 

individual brain weight, additional methanol for tissue homogenization and a dilution factor 

of 10 or 5 for the 120 and 360 min samples, respectively.

Statistical analysis

The temozolomide concentrations were summarized using descriptive statistics. Differences 

in the temozolomide concentrations with and without regadenoson were evaluated 

statistically by use of Wilcoxon rank-sum test. The statistical analysis was done using JMP 

statistical Discovery Software version 11 (SAS Institute, Cary, NC). The a priori level of 

significance was P <0.05.

Results

Plasma temozolomide levels were studied with and without regadenoson to determine if this 

agent alters plasma temozolomide concentrations. As shown in Table 2, the mean plasma 

levels 120 min after temozolomide administration were not statistically significant between 

animals (16.1 μg/mL in the six animals that received temozolomide alone and 19.0 and 16.7 

μg/mL in the twelve animals that received temozolomide and regadenoson 60 and 90 min 

post temozolomide respectively, P = 0.88). Similarly the plasma temozolomide 

concentrations in the 18 animals sacrificed 360 min after temozolomide ingestion were 

similar (5.0 μg/mL in the six animals that received temozolomide alone and 4.4 and 6.2 

μg/mL in the twelve animals that received temozolomide and regadenoson 60 and 90 min 

post temozolomide respectively, P = 0.99) whether or not the animals received regadenoson.

Concentrations of temozolomide in the brain were higher in the animals sacrificed at 120 

min who received temozolomide and regadenoson (8.7 and 7.4 μg/g 60 and 90 min post 

temozolomide respectively), than in those treated with temozolomide alone (5.1 μg/g; P = 

0.049) (Table 2). Although the differences at 360 min were in the same direction, the 

differences with regadenoson were not statistically significant at this later time point (P = 

0.96). Similarly, an analysis of the mean brain to plasma temozolomide ratios of the animals 

studied 120 min from temozolomide administration revealed a significant increase in 

temozolomide penetration into the brain tissue. This was independent of whether the 

regadenoson was administered at 60 or 90 min following ingestion of temozolomide (Table 

2). The mean temozolomide brain:-plasma ratio in these rats was 0.29 ± 0.09 after 

temozolomide alone and 0.46 ± 0.06 or 0.43 ± 0.09 after temozolomide with regadenoson at 

60 min or at 90 min respectively. A similar increase in temozolomide brain:-plasma ratio 

was found in the animals studied at 360 min after temozolomide ingestion (0.27 ± 0.03 after 

temozolomide alone and 0.51 ± 0.41 and 0.37 ± 0.12 after temozolomide with regadenoson 

at 60 or 90 min respectively) (Fig. 1).

Discussion

Clinicians have long been aware of the need for systemically administered agents with 

excellent penetration into the CNS for the optimal treatment of brain infections, brain 
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tumors, and other serious neurologic illnesses. One commonly stated reason for the lack of 

progress and continued poor outcomes for patients with primary brain tumors has been the 

failure to achieve therapeutic drug concentrations within brain parenchyma. This problem 

has been recently highlighted in patients with systemic malignancies, such as breast and 

lung cancer, where systemic treatments have improved, but increasingly patients with 

excellent systemic responses are relapsing in the CNS. Thus, fatal CNS metastases could be 

prevented if these novel agents could potentially penetrate brain parenchyma.

Previous attempts to improve drug delivery to the CNS are well documented. Examples 

include placement of therapeutic agents on the other side of the BBB with chemotherapy 

impregnated wafers (Gliadel), convection enhanced delivery, and intra-arterial 

chemotherapy delivery [3, 4, 21]. In recent years, transient disruption of the BBB by 

pharmacologic and mechanical means have been evaluated with mannitol followed by intra-

arterial administration of chemotherapy, the bradykinin analog lobradimil and use of 

focused ultrasound with microbubbles [1, 4, 12, 22]. Other than the implantation of the 

Gliadel wafer following gross total resection, none of the other approaches has been found 

to be practical, cost effective, therapeutically beneficial with durable effects or FDA 

approved [6].

In this modestly sized animal study we sought to expand upon the work of Carman et al. 

who demonstrated that regadenoson transiently increased BBB permeability to dextran (70 

kD) in mice and rats maximally 30 min after Regadenoson administration [13]. Our goals 

were to determine if it would also improve delivery of a much smaller (194 daltons) 

alkylating agent to normal rat brain parenchyma. This was done by administering 

temozolomide alone to 33 % of the animals and giving the others temozolomide with 

regadenoson.

Additionally, this study is the first to explore the ability of regadenoson to improve the 

delivery of systemically administered chemotherapy to brain parenchyma. Previous studies 

have demonstrated the median Tmax of temozolomide, as measured by microdialysis in 

normal rat brains, to be 1.5–2 h after temozolomide ingestion [23, 24]. These observations 

greatly influenced our study design to evaluate temozolomide concentrations after 120 and 

360 min. With a known temozolomide Cmax of 2 h, we were able to show statistically 

different brain concentrations and brain:plasma ratios post regadenoson 2 h after 

temozolomide administration. It was also previously shown that the effect of regadenoson 

on dextran passage through the BBB lasts for <180 min [13]. Overall, temozolomide 

concentrations in the brain were 60 % higher 120 min after temozolomide ingestion with 

regadenoson (P = 0.049) but was not statistically different at 360 min (P = 0.96), likely due 

to the transient effect of regadenoson. Importantly, the mean plasma concentrations of 

temozolomide with and without regadenoson demonstrated no differences at 120 min (P = 

0.88) or 360 min (P = 0.99). This suggests that regadenoson might deliver more drug to the 

brain without adding to chemotherapy related systemic toxicities.

There are several shortcomings to this study. The first is that we were only able to measure 

temozolomide and not its active metabolite [5-(3-methyltriazen-1-yl)imidazole-4-

carboxamide] (MTIC) [25]. Unfortunately, this metabolite is too unstable to allow for 
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reliable sampling of MTIC concentrations in the brain and plasma of these animals and has a 

low systemic exposure (<2.2 %) compared to temozolomide [19, 26]. However, the 

molecular weight of MTIC is 168 Da making it plausible that if regadenoson can increase 

brain permeability for 194 Da temozolomide, MTIC could also be granted entry. In addition, 

we measured concentrations of temozolomide from the whole rat brain. These values do not 

provide concentrations in specific brain regions and could be contaminated by intravascular 

blood. Consequently, our temozolomide brain and brain to plasma concentration values are 

different than those obtained using microdialysis pharmacokinetics in humans and 

preclinical models [19, 20, 23].

We also studied only one dose of regadenoson in the experiments described in this 

manuscript. Carman et al. have previously studied the effect of different regadenoson doses 

and schedules on the entry of high molecular weight (MW 70,000 daltons) dextran in the 

brain of non-tumor containing rodents [13]. Their results suggest that altering the dose of 

this agent does not result in major changes in the intracranial dextran concentrations. In our 

experiments, we used the same dose that Carman et al. administered to achieve surprisingly 

high brain penetration of high molecular weight dextran hoping that this would increase the 

delivery of temozolomide (MW 140 daltons) to the normal brain. Our results demonstrate a 

modest but statistically significant increase in temozolomide in a small number of animals 

with normal brains. Given the previously published data, we do not believe that additional 

experiments with different dose schedules will add substantially to our findings.

Another potential criticism of this research effort is that we did not study animals with 

intracranial tumors. Our focus on using only animals without brain tumors was taken for two 

major reasons. First, high grade gliomas, which almost uniformly have contrast enhancing 

lesions on magnetic resonance imaging are already known to have a disrupted BBB as it is 

the entry of gadolinium containing contrast (such as Magnevist MW 938) which is seen on 

T1 weighted MRI scans. There is an abundance of data demonstrating that this region of the 

tumor is ‘‘open’’ to many diagnostic and therapeutic substances of high molecular weight. 

Examples include studies using Evan’s blue labeled albumin (MW 60,000 daltons) in 

animals with brain tumors, radiolabeled albumin (MW 60,000 daltons) used in the 

radionucleotide brain scans in humans before the availability of CT or MRI scans, and 

current studies using ferumoxytol, a high molecular weight contrast (MW 731,000 daltons), 

in patients with brain tumors [27–30]. As a result, the major challenge clinically is in 

opening regions of the brain where the BBB is much more intact. As animal models and 

human brain tumors have marked regional variation in enhancement, the most stringent test 

of an agent’s ability to open the BBB is in animals without known CNS pathology.

The second reason for using non-tumor bearing animals relates to the likely future use of 

transient BBB disruption in oncology. Currently, there are many patients with lung and 

breast cancer who respond to therapeutic agents systemically and subsequently progress 

only in the brain due to failure of these agents to penetrate an intact BBB. Thus a BBB 

disrupting agent that could be safely co-administered with standard chemotherapy might 

significantly reduce the incidence of CNS metastases. In order for this to be effective, it 

must be able to transiently affect the integrity of the BBB in a normal brain. Our data 

suggests that this may be possible with regadenoson.
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The results of this study suggest that an FDA approved selective A2A receptor might 

significantly increase the penetration of systemically administered chemotherapy into brain 

parenchyma. This agent is safe and its administration in an oncology out-patient setting is 

feasible given that it is routinely administered to outpatients who are unable to exercise for 

cardiac stress testing. Future studies are planned to address if this approach will improve 

delivery for larger chemotherapy agents, monoclonal antibodies, compounds that are highly 

charged, or drugs that are targets for multiple efflux pumps. These pre-clinical observations 

must be moved to the clinical setting to determine if this is a useful approach to increasing 

drug delivery to the CNS in humans.
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Fig. 1. 
Lack of influence of regadenoson on temozolomide plasma concentrations (a) at 120 and 

360 min from temozolomide administration. Increased temozolomide brain penetration seen 

120 min but not 360 min from temozolomide administration (b). The temozolomide 

brain:plasma ratio (c) shows increased penetration into the brain at 120 and 360 min from 

temozolomide administration. The values are presented as the mean ± SD. *P < 0.05, 

compared temozolomide alone 120 min treatment group
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Table 1

Animal conditions for n = 36 rats receiving temozolomide with and without regadenoson sacrificed 120 or 360 

min from temozolomide administration

No. animals Treatment delivered Regadenoson dose (mg/kg) Time from temozolomide administration to 
sacrifice (min)

6 Temozolomide 120

6 Temozolomide + Regadenoson at 60 min 0.0005 120

6 Temozolomide +Regadenoson at 90 min 0.0005 120

6 Temozolomide 360

6 Temozolomide +Regadenoson at 60 min 0.0005 360

6 Temozolomide +Regadenoson at 90 min 0.0005 360
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Table 2

Brain, plasma and brain:plasma temozolomide concentrations with and without regadenoson after oral 

administration of temozolomide

Condition Brain temozolomide 
concentration (μg/g)

Plasma 
temozolomide 
concentration 
(μg/mL)

Brain:plasma temozolomide concentration

Sacrifice at 120 min

 Temozolomide 5.1 ± 3.5 16.1 ± 7.7 0.29 ± 0.09

 Temozolomide + Regadenoson at 60 min 8.7 ± 2.4* 19.0 ± 5.5 0.46 ± 0.06*

 Temozolomide +Regadenoson at 90 min 7.4 ± 3.1* 16.7 ± 3.8 0.43 ± 0.09*

 Temozolomide + Regadenoson (all) 8.1 ± 2.7* 17.8 ± 4.7 0.45 ± 0.08*

Sacrifice at 360 min

 Temozolomide 1.4 ± 0.7 5.0 ± 2.5 0.27 ± 0.03

 Temozolomide +Regadenoson at 60 min 1.7 ± 0.8 4.4 ± 2.6 0.51 ± 0.41

 Temozolomide +Regadenoson at 90 min 2.2 ± 0.9 6.2 ± 2.8 0.37 ± 0.12

 Temozolomide +Regadenoson (all) 1.9 ± 0.9 5.3 ± 2.7 0.44 ± 0.3

Results are presented as the mean ± SD

*
P < 0.05 comparing the temozolomide alone 120 min treatment group using the Wilcoxon rank-sum test
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