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Abstract Poor permeability of methotrexate across blood

brain barrier limits its scope for application against brain

cancer. Glutamine is transported to brain actively by

multiple amino acid transporters and protects against

complications of chemotherapy. To use glutamine as a

carrier, a reversible conjugate of methotrexate was devel-

oped with structural features of glutamine. This was stable

and released methotrexate effectively. The brain uptake

was enhanced significantly

Keywords Glutamine � Methotrexate � Conjugate �
Brain

Introduction

Methotrexate (MTX), as a folate antagonist, has been

widely used in many form of cancer. However, it is not

effective against brain tumours like many other anticancer

agents. This is because of its inability to cross blood brain

barrier. Although it is believed to be transported by

reduced folate carrier, limited capacity of this transporter is

unable to ensure enough bioavailability for any therapeutic

utility against brain tumour. Very high (1–8 g/m2) doses

may enhance brain availability, but being a folate antago-

nist at these dose level, it becomes too toxic for any

practical use (Batchelor et al., 2003; De Angelis et al.,

2002; O’Brien et al., 2000; Holmboe et al., 2012; Wide-

mann and Adamson 2006). This makes chemotherapy

against brain tumour ineffective. So, there is major chal-

lenge to enhance brain availability of MTX to increase its

therapeutic utility.

To address this, many attempts have been made

including development of cetuximab (IMC-C225) dendri-

mer bioconjugates, osmotic blood–brain barrier disruption,

intracarotid administration of short-chain alkylglycerols

and transnasal delivery (Erdlenbruch et al., 2003; Neuwelt

et al., 1981; Shingaki et al., 2010; Wu et al., 2006).

However, these approaches, so far have not been able to

provide an ideal solution and there is scope for evaluation

of other approaches to enhance its brain delivery.

Endogenous amino acid transportation systems exist in

BBB for brain transport of amino acids for normal func-

tioning of brain. These transportation systems can be

capitalised for brain transportation of drugs provided they

meet some structural necessity of their substrates.

Accordingly, there have been reports of prodrug/co-drug

that permeates BBB by mimicking as substrates (Gabath-

uler, 2010; Pardridge, 2012; Peura et al., 2013). Chemi-

cally, MTX is N-[4-[[(2,4-diamino-6-pteridinyl) methyl]

methylamino] benzoyl]-L-glutamic acid. However, glu-

tamic acid moiety is a poor carrier as transport capacity for

anionic amino acid system (system xG-) is quite low

compared to neutral amino acids (Al-Sarraf et al., 1995,

1997a, b; Drewes et al., 1977; Hawkins et al., 1995).

Unlike glutamic acid, its amide glutamine (GLU) is a good

substrate for large neutral amino acid transporter L1

(LAT1). This transport system is the most important source

by which essential amino acids gain access to the brain and

it has capacity to transport relatively larger molecule pro-

vided they meet the basic structural feature including free

V. K. Singh

Columbia Institute of Pharmacy, Raipur 493111, Chhatishgarh,

India

e-mail: vijaysingh1207@gmail.com

B. B. Subudhi (&)

School of Pharmaceutical Sciences, Siksha O Anusandhan

University, Bhubaneswar 751003, Orissa, India

e-mail: bharatbhusans@gmail.com

123

Med Chem Res (2015) 24:624–635

DOI 10.1007/s00044-014-1172-0

MEDICINAL
CHEMISTRY
RESEARCH



a-amino and carboxyl group (Uchino et al., 2002; Hawkins

et al., 2006; Geiera et al., 2013). This has been capitalised

for transport of drugs to brain (Bauwens et al., 2007;

Hellwig et al., 2008; Kersemans et al., 2005; Gabathuler,

2010; Pardridge, 2012; Peura et al., 2013). Additionally,

Na-dependent glutamine transporters (systems A and N)

also facilitate permeation of glutamine across BBB (Ennis

et al., 1998). Besides, glutamine is also a substrate to other

amino acid transporters expressed at BBB including

ATB0,? (Umapathy et al., 2008; Czeredys et al., 2008).

Thus, these multiple transportation systems may help

transportation of glutamine conjugate of MTX across BBB

to deliver MTX in brain. Glutamine is also known to

reduce complications of chemotherapy including cytotox-

icity and neurotoxicity (Stubblefield et al., 2005; Gourav

et al., 2012). Taking these facts into consideration, we tried

to use structural features of glutamine and developed

reversible conjugate with MTX (MTX–GLU) to improve

its brain permeability.

Results and Discussion

Chemistry

We prepared 2-(4-(((2, 4-bis (2-amino-4-carbox-

ybutanamido) pteridin-6-yl) methyl) (methyl) amino)

benzamido) pentanedioic acid (3) as per Scheme 1. Syn-

thesis was done following reported method with some

modification (Laulloo et al., 2007; Martin et al., 2002). The

starting material was glutamic acid. The a-amino group of

glutamic acid was protected so as to prevent its competition

for amide formation in the last step of reaction. This was

done with the formation of t-Boc group with amine. As

glutamic acid contains two carboxylic acid groups, in the

subsequent reaction, both may compete for activation with

DCC. To avoid this, pH was controlled around 3 so that the

a-carboxylic acid groups (pKa, 2) remain ionised and do

not participate where as the side chain carboxylic acid

(pKa, 4.5) largely becomes free for activation. Under this

condition, glutamic acid was activated and added to MTX

leading to formation of the compound 2. The t-Boc group

was finally removed to yield 3 (MTX–GLU). This ensures

free a-amino and carboxyl group in the structure, as

desirable for substrate specificity of LAT1. Considering the

close nucleophilicity of both amino groups present in

MTX, two amide bonds are formed with GLU. This is

evident from the mass spectrum of MTX–GLU with

molecular ion (M?1) peak at 713.32. This was further

supported by the 13C NMR, 1H NMR and FTIR peaks as

assigned in the experimental section. Elemental analysis of

MTX–GLU was in close agreement with the calculated

values and confirmed the proposed structure.

Analytical method

The chromatographic separations were achieved on a pro-

mocil C18 column (4.6 mm 9 250 mm, 5 lm), thermo-

stated at 27 �C. The solvent system comprised phosphate

buffer (10 mmol dihydrogen phosphate and 10 mmol

sodium hydroxide, pH 7.4) premixed, filtered and degassed

in water: methanol: acetonitrile (70:20:10) at a flow rate of

1 ml/min. The retention time of MTX–GLU was 6.4 min

(295 nm) and that of MTX was 7.3 min (310 nm). The

method was validated before use as per the ICH guidelines.

Calibration curves displayed good linearity (r [ 0.998)

within the tested concentration ranges. The recovery range

and the relative standard deviation for each of the analytes
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CH2Cl2, DMAP, DCC (iii) 4 N HCl, 1.4 Dioxane
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were found to be 95.68–99.82 and 0.324–0.776 %,

respectively.

Stability of MTX–GLU in buffers

To characterise chemical stability, it was incubated in pH

2.0, 4.9, 7.4 and 8.0 phosphate buffers. The pseudo first-

order rate constants (Kdisapp) and half life (t1/2) are shown in

Table 1. MTX–GLU appeared to be stable in pH 7.4

phosphate buffer and moderately stable at other pH. The

slow hydrolysis at pH 7.4 indicated its ability for sustained

release in physiological conditions. MTX–GLU in this

condition, for practical purposes can be considered as

stable for further evaluation.

Stability in plasma and brain

For a prodrug expected to reach brain must survive plasma

transportation. MTX–GLU with amide bonds is expected

to be slowly hydrolysed in plasma (Rao et al., 1987;

Simoes et al., 2009). Accordingly, the prodrug exhibited

Kdisapp value of 3.11 9 10-3 min. This was faster than the

degradation rate in pH 7.4 phosphate buffer suggesting

contribution of enzymes in plasma to the degradation of

prodrug. However, in spite of this, stability in plasma can

be considered reasonable to give enough time (t1/2 =

229.17 ± 6.37 min) for distribution to brain. In brain

homogenate, it degraded with a higher rate (Table 2).

Similar observation of higher degradation in brain has been

reported in a recent work suggesting involvement of rela-

tively higher metabolism and other process that reduce

drug level (Zhou et al., 2013). However, the degradation of

prodrug in brain can be considered slow enough (t1/2 =

128.70 ± 1.27 min) to favour a sustained action.

Distribution coefficients and protein binding

The limited access MTX to brain is partly attributed to its

poor distribution coefficient because of polar nature.

Accordingly, octanol–water distribution coefficient (log D)

in buffered solution at pH 7.4 at room temperature was

determined for MTX–GLU. A log D value of -1.78 for

MTX–GLU indicated its polar nature. Conjugation to GLU

seems to have not altered the log D significantly (Table 3).

This may be because of the fact that even though it masks

two amine groups of MTX, it also adds polar groups to the

molecule.

Binding to plasma proteins strongly influences the entry

of drugs into the central nervous compartments as in the

presence of an intact barrier, only the plasma fraction

unbound can freely penetrate (Norrby, 1985). The in vitro

plasma protein binding study revealed that 38–43 % MTX

were in bound form. This is in agreement with a previous

study that showed plasma protein binding in the range of

25–55 % (Combe et al., 1995). The prodrug exhibited

35–43 % of plasma protein binding (Table 3). This sug-

gests that both MTX and MTX–GLU exhibit comparable

protein binding and in general this level of binding can be

considered reasonable for transport.

In vitro release of MTX in brain homogenate

To study the release of MTX by the prodrug, peak corre-

sponding to MTX was analysed. The data suggest that

MTX was released from the prodrug steadily in brain

homogenate (Fig. 1). The release of MTX is assumed to be

by cleavage of amide bond. Other than the two amide

bonds produced by synthesis, MTX itself contains one

amide bond. The appearance of peak corresponding to

standard MTX in HPLC shows that MTX is intact and only

those two bonds of prodrug with GLU have undergone

degradation. Besides hydrolysis of MTX at the amide bond

is a very minor route of MTX metabolism as only less than

5 % of the drug gets eliminated in this form (Donehower

et al., 1979; Widemann et al., 2000). However, it needs

further investigation to find out the pattern of enzymatic

degradation for MTX–GLU.

The release was observed to be slow (Kapp,

2.91 9 10-3 min). In contrast to disappearance of MTX–

GLU (Kdisapp = 5.38 9 10-3 min), release of MTX was

found to be less. This can be attributed to other degradation

routes that do not result in MTX. However, the slow

release can sustain the effects of MTX which may be

beneficial in treatment tumours that generally require a

prolonged exposure (Ozeki et al., 2010). As the above

Table 1 Stability studies in different buffer solutions

Compound pH value Kinetic constant

K (h-1) t1/2 (h)

MTX–GLU 2.0 5.42 9 10-2 12.77 ± 0.25

4.9 3.90 9 10-2 17.71 ± 0.21

7.4 1.30 9 10-2 52.88 ± 0.90

8.0 2.17 9 10-2 31.87 ± 0.14

n = 3

Table 2 Stability in plasma extracts and brain homogenate

MTX–GLU Kinetic constant

K (min-1) t1/2 (min)

Plasma 3.11 9 10-3 229.17 ± 6.37

Brain homogenate 5.38 9 10-3 128.70 ± 1.27

n = 3
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studies in vitro demonstrated favourable features, we pro-

ceeded with the in vivo studies.

Toxicity study

The MTX–GLU was well tolerated as suggested by the

toxicity studies done as per the guidelines of Organization

of Economic Co-operation and Development (OECD-423)

for testing of chemicals (Regd. No.-1283/c/09/CPCSEA).

The haemolytic toxicity of MTX is a major limitation for

its use. Thus haemolytic toxicity was measured in terms of

percent RBC haemolysis to monitor toxicity of MTX–

GLU. It exhibited relatively less haemolytic toxicity

(Fig. 2).

Further to determine safety of the prodrug, haemato-

logical parameters were determined to study its effect on

different components of blood. Blood samples were ana-

lysed for RBC count, WBC count, haematocrit (HCT),

haemoglobin (Hb) and differential lymphocytes count at a

pathology laboratory (Table 4).This suggests that MTX–

GLU has not been able to mask the toxic profile of MTX, at

the same time it has also not made it more toxic.

Accordingly, for in vivo studies, the dose profiles can be

considered similar to that of MTX.

In vivo release of MTX

To understand the in vivo behaviour of conjugate, we

assessed the plasma pharmacokinetics of MTX and MTX–

GLU. Pharmacokinetic parameters in blood are reported

(Table 5). Free MTX from MTX–GLU and MTX pre-

sented with an area under the concentration–time profile

(AUC0-t) exhibited an increment of 54.05 % compared to

the parent drug. This indicated relatively prolonged plasma

maintenance of MTX–GLU. The mean residence time

(MRT) of MTX after administration of the MTX–GLU

increased by 40.63 %. The half life of MTX from MTX–

GLU was 23.86 % more than the parent drug. This sug-

gested that it has helped to increase its circulation time in

plasma which may help the process of transportation across

Table 3 In vitro log D and binding of MTX–GLU to plasma protein

Compound log D Plasma protein binding (%)

10 (lg/ml) 20 (lg/ml) 50 (lg/ml) 100 (lg/ml)

MTX–GUL -1.78 40.26 ± 3.0 41.39 ± 0.84 35.42 ± 0.28 43.41 ± 2.64

MTX -1.85 43.54 ± 1.56 38.93 ± 3.23 40.54 ± 2.16 40.72 ± 1.18

n = 3

Fig. 1 Release of the MTX by

MTX–GLU in brain

homogenate (mean ± SD,

n = 3)

Fig. 2 Percent haemolysis with MTX and MTX–GLU (mean ± SD,

n = 3)
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BBB. To further evaluate the possible transport of MTX–

GLU across BBB, distribution of MTX to brain from i.v.

administration was studied (Table 6). The AUC0-t and

Cmax of MTX in brain after i.v. administration of MTX–

GLU were significantly higher than that after the injection

of naked MTX. The relative uptake efficiency (RE) was

5.76 times for the MTX–GLU. The concentration effi-

ciency (CE) was 5.28 times. These results indicated that

MTX–GLU delivered MTX across BBB successfully

(Fig. 3).

Relative tissue distribution of MTX–GLU to brain

and other tissues

The radio labelling of MTX and MTX–GLU was done

following established method using 99mTc (Reddy et al.,

2004; Vyas et al., 2006). The amount of SnCl2�2H2O, and

incubation time for radio labelling were optimised

(Table 7). MTX–GLU labelled with 99mTc exhibited more

than 96 % radio labelling efficiency. The radiochemical

impurity that is likely to exist in the form of unconjugated

technetium was found to be 2.85 % of MTX–GLU. The

labelled conjugates were found to be stable in normal

saline solution and in mice plasma up to 4 h (degradation

\5 % w/w) (Table 8). Thus, these formulations were

found to be suitable for conducting radioscintigraphy

studies in mice.

The stable radiolabelled MTX and MTX–GLU were

used for biodistribution study. It was injected (equivalent to

2.80 lM/kg body weight) through the tail vein of Swiss

albino mice. Radioactivity present in each tissue/organ was

measured using shielded well-type gamma scintillation

counter as % radioactivity. Measurement and expression of

exact biodistribution to tissues are subject to many limi-

tations. Thus, tissue to blood ratio is an important param-

eter to indicate drug distribution (Poulin and Theil 2000;

Muller et al., 2004). Accordingly, blood label after 15 min

of administration was considered 100 % and relative dis-

tribution to other tissues expressed as percentage of it

(Table 9).

Considering the fact that MTX level in brain from both

MTX and MTX–GLU reached the highest level during

60 min of administration (Fig. 3) and stability of radiola-

belled compound (4 h), distribution data were compiled up

to 120 min of administration. Both were widely distributed

to tissues including liver, spleen, lung and kidney as

observed from radioscintigraph images (Fig. 4) and radio

activity count (Table 9). The drug level reduced with time

Table 4 Haematological parameters of animals treated with MTX and MTX–GLU after 15 days

Formulations Dose

(mg/kg)

RBC count

(9106/ll)

WBC count

(9103/ll)

Differential count (9103/ll) Hb (g/dl) HCT

Monocytes Lymphocytes Neutrophils

Control Nil 9.2 ± 0.2 10.9 ± 0.2 1.0 ± 0.1 8.8 ± 0.2 1.84 ± 0.1 12.5 ± 0.2 38.43 ± 1.5

MTX 25 8.2 ± 0.4 13.2 ± 0.4 0.92 ± 0.1 9.4 ± 0.3 2.28 ± 0.1 10.5 ± 0.4 32.74 ± 2.3

250 7.4 ± 0.1 15.4 ± 0.6 0.8 ± 0.07 10.0 ± 0.6 3.02 ± 0.3 9.4 ± 0.5 29.37 ± 0.8

MTX–GLU 25 8.4 ± 0.2 12.8 ± 0.3 0.9 ± 0.1 9.5 ± 0.3 2.17 ± 0.1 10.6 ± 0.2 33.22 ± 2.8

250 7.2 ± 0.2 14.8 ± 0.4 0.8 ± 0.07 10.6 ± 0.3 2.90 ± 0.2 9.6 ± 0.5 30.03 ± 0.7

n = 6. Albino rats per group, all the tabulated values represent mean ± SD RBC, WBC, Hb and HCT represent red blood corpuscles, white

blood corpuscles, haemoglobin and haematocrit, respectively

Table 5 Pharmacokinetic parameter of MTX in Plasma after administration of MTX and MTX–GLU

Compound AUC0-t (lM/ml min) AUMC0-t (lM/ml min2) MRT (min) t1/2 (min)

MTX 15.65 ± 0.61 1093.41 ± 84.04 69.77 ± 2.58 48.61 ± 1.89

MTX–GLU 24.11 ± 0.52**** 2367.06 ± 101.14**** 98.12 ± 2.64*** 60.21 ± 3.70**

n = 3. ** P \ 0.001 with respect to MTX, *** P \ 0.001 with respect to MTX, **** P \ 0.0001 with respect to MTX

Table 6 Pharmacokinetic parameter of MTX in brain after administration of MTX and MTX–GLU

Compound AUC0-t (lM/g min) AUMC0-t (lM/g min2) MRT (min) Cmax (lM/g) Tmax REs CEs

MTX 1.21 ± 0.05 69.97 ± 3.12 57.29 ± 1.00 0.014 30 – –

MTX–GLU 6.98 ± 0.13**** 626.60 ± 65.24 **** 89.54 ± 7.83*** 0.074**** 30 5.76 5.28

n = 3. **** P \ 0.0001 with respect to MTX, *** P \ 0.001 with respect to MTX

628 Med Chem Res (2015) 24:624–635
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suggesting tissue up take and elimination. Distribution to

heart tissue was less and comparable for both MTX–GLU

and the parent drug. The liver and spleen level of MTX and

MTX–GLU increased up to 30 min and then decreased

with time. Distribution of both parent drug and MTX–GLU

was similar to stomach and intestine with respect to time.

Relatively low distribution of MTX–GLU to lung tissue

suggests less fast-pass lung elimination of the MTX–GLU.

In contrast to this, higher distribution to kidney suggests

significance of its elimination by this route. However,

distribution to brain tissue presents a very contrast figure.

The brain level of MTX–GLU was 9.07 % by 15 min and

increased up to 39.92 % of initial plasma level by 30 min

and then decreased gradually. The ratio of brain to blood

level was 36.33 % (Fig. 4). This indicates effective trans-

port of MTX–GLU across BBB. The polar nature of MTX–

GLU cannot justify its higher brain penetration. Amino

acids analogues have earlier been found to penetrate BBB

facilitated by amino acid carrier system (Greig et al.,

1987). Accordingly, the significant brain permeability

suggests involvement of a similar kind of system. Further

investigations are necessary to elucidate its mode of

interaction with specific transportation system. Since these

amino acid transporters are also expressed in tumours,

MTX–GLU may have potential for higher uptake (Begle-

iter et al., 1979; Goldenberg et al., 1979; Samnick et al.,

2004; Wang et al., 2011). Further studies are being carried

out to explore this as well as to evaluate its safety profile in

order to establish its suitability as a prodrug.

Experimental

Chemistry

All the reactions were performed with reagents of com-

mercial high purity without further purification. Reactions

were monitored by thin-layer chromatography. Purifica-

tions of the compounds were performed by crystallisation

and column chromatography. Purity of the final compound

was determined to be [95 % by an analytical HPLC

(Yunglin Liquid Instrument, Korea) on a promocil C18

column (4.6 mm 9 250 mm, 5 lm). FTIR spectra were

recorded in KBr discs on IR solution Version Affinity 1

(Shimadzu, Japan); the data were in agreement with the

structure of the compounds. 1H and 13C NMR spectra were

recorded on a Bruker Avance II 400 spectrometer (Bruker

Biospin, Fällanden, Switzerland) operating at

400.136 MHz and 100.61, respectively, using tetrameth-

ylsilane as an internal standard. The final product was also

characterised by mass spectroscopy with Q-Tof micromass

spectrometer (Waters, Milford Massachusetts, USA)

equipped with an electrospray ionization source. Elemental

analysis was carried out on a 2,400 series II CHNS/O

analyser, Perkin Elmer, USA. Yunglin liquid chromatog-

raphy system equipped with a isocratic pump, dual wave-

length UV/VIS absorbance detector (UV730D) and manual

sample injector with switch (7725i) was used (YL

Fig. 3 Concentration of MTX in brain after administration of MTX

and MTX–GLU

Table 7 Radiolabelling of MTX and MTX–GLU

Formulation Incubation time (min) Conc. of SnCl2 (lg) pH Labelling efficiency (%) Reduced/hydrolysed (%) Free 99mTc-(%)

MTX 15 120 7.3 94.2 ± 0.3 0.6 ± 0.02 5.2 ± 0.2

MTX–GLU 20 80 6.5 96.8 ± 0.5 0.35 ± 0.03 2.85 ± 0.5

n = 3

Table 8 In vitro stability of radiolabelled complexes of MTX and

MTX–GLU

Time (h) Radio labelling efficiency (%)

MTX MTX–GLU

Saline Plasma Saline Plasma

1 94.2 ± 0.3 94.0 ± 0.7 96.8 ± 0.5 95.6 ± 0.5

2 93.3 ± 0.4 92.7 ± 0.8 95.2 ± 0.7 94.8 ± 0.4

4 91.6 ± 1.0 90.1 ± 0.9 94.0 ± 0.4 93.6 ± 0.6

n = 3
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Instrument, Korea) for HPLC analysis. 99mTc-pertechne-

tate was provided by INMAS, Delhi, India. The radioac-

tivity counter was a gamma ray counter (Type GRS23C,

serial no. 458-425 Electronic Corporation of India Limited,

India). Imaging of animal was performed using Single

Photon Emission Computerized Tomography (SPECT, LC

75-005, Diacam, Siemens AG, Erlanger, Germany) gamma

camera. Animal Handling and experimentation were car-

ried out as per the guideline of the Institutional Animal

Ethical Committee.

Table 9 Relative tissue distribution (%) of MTX and MTX–GLU

Organ Time interval (min)

15 30 60 120

MTX MTX–GLU MTX MTX–GLU MTX MTX–GLU MTX MTX–GLU

Blood 100 100 90.37 115.69 83.95 73.23 46.52 62.46

Heart 42.24 43.76 44.38 27.53 30.48 25.23 26.73 20.46

Lung 229.99 222.38 282.35 85.53 75.40 77.53 50.80 61.07

Liver 1,206.95 1,283.07 1,580.21 1,026 1,252.40 872.76 1,181.81 809.69

Spleen 255.0 311.23 347.59 295.69 286.09 232.15 127.27 277.23

Kidney 179.14 209.38 135.82 252.30 174.33 159.38 166.84 139.16

Stomach 27.27 26.76 22.99 20.76 20.85 20 20.32 14.61

Intestine 39.57 25.84 28.87 20.30 26.73 19.69 12.29 17.07

Brain 3.2 9.07 1.6 39.92 1.6 26.61 1.06 16.76

Plasma level of MTX and MTX–GLU at 15 min is considered 100 %

Fig. 4 Gamma scintigraphy

images of mice for a MTX after

120 min and that of MTX–GLU

after b 15 min, c 30 min,

d 60 min e 120 min
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Procedure for 2-(4-(((2,4-bis(2-amino-4-

carboxybutanamido)pteridin-6-yl)methyl)(methyl) amino)

benzamido) pentanedioic acid (3)

Glutamic acid (20 mmol) was added to a stirred solution of

NaOH (25 mmol) in 50 ml of water at ambient temperature

and then diluted with 50 ml of 1,4-Dioxane and Di-tert-

butyl dicarbonate (20 mmol) was added drop wise. The

reaction was brought to completion by further stirring for

16 h at room temperature. The solution was concentrated

under reduced pressure. This mixture was cooled in an ice

bath and covered with a layer of diethyl ether (10 ml). The

reaction mixture was extracted with (20 ml 9 2) of diethyl

ether, and the organic phase extracted with (30 ml 9 3) of

saturated aqueous sodium bicarbonate solution. The com-

bined aqueous layer was acidified to pH 2 by addition of

potassium hydrogen sulphate solution. The mixture was

extracted with (30 ml 9 2) of ethyl ether. The organic

layer was dried over MgSO4, filtered and evaporated under

rotary evaporator. Hexane was added to the thick oil to

turbidity. The mixture is allowed to stand for 1 h. The

white crystalline solid was collected by filtration, washed

with (10 ml 9 3) portions of hexane and dried under

reduced pressure to get 2-((tert-butoxycar-

bonyl)amino)pentanedioic acid (1) with yield of 4.25 g

(85 %).

Methotrexate (2 mmol) was taken in 50 ml of dry

dichloromethane and 4-dimethylaminopyridine (1.6 mmol)

was added to it. The mixture was stirred and cooled in an

ice bath to 0 �C. Compound 1 (6 mmol) was taken in

dichloromethane (10 ml) and 2.2 mmol of dicyclohexyl-

carbodiimide (DCC) in dichloromethane was added over a

5-min period. The pH (3) was monitored during this. This

mixture was stirred at 0 �C for 2 h and added to the ice-

cooled reaction mixture of MTX drop wise with stirring.

The resulting reaction mixture was stirred for 24 h at room

temperature. The precipitate was removed by filtration and

the filtrate was concentrated under vacuum and taken up in

ethyl acetate and washed with 5 % of aqueous acetic acid

solution (3 9 20 ml) and 1 M sodium carbonate

(3 9 20 ml). This washed organic solution was dried over

anhydrous sodium sulphate and concentrated in vacuum. A

viscous yellow crude product was obtained. This was re-

crystallised. Further purification of crude product was done

by column chromatography using dichloromethane: ace-

tonitrile: methanol (1:1:2) as mobile phase. The major frac-

tion was separated and recrystallised to afford 2-(4-(((2,4-

bis(2-(tert-butoxycarbonylamino)-4-carboxybutanamido)

pteridin-6-yl)methyl)(methyl)amino)benzamido)pentanedioic

acid (2) in 53 % yield.

To this compound 2 (1 mmol) trifluroacetic acid (TFA,

4.5 ml) was added drop wise in 5 ml dichloromethane at

0 �C in an ice bath. The reaction was left to stir for 1.5 h,

then the reaction was saturated with diethyl ether until

precipitate formed. The precipitate was decanted off,

washed twice with diethyl ether then dried over anhydrous

sodium sulphate and evaporated under vacuum to obtain

the desire product as a dry light brownish solid. It was

triturated in ethyl acetate (10 ml) and purified in column

chromatography using dichloromethane: methanol: water

(1:2:1) as mobile phase. Following recrystallisation, the

compound 3 was recovered.

2-(4-(((2, 4-bis (2-amino-4-carboxybutanamido) pteridin-

6-yl) methyl) (methyl) amino) benzamido) pentanedioic

acid (3) Yellow solid. Yield: 70 %. m.p.: 205–208 �C.

Analysis for C30H36N10O11 (712.257); calculated: C, 50.56;

H, 5.09; N, 19.65; found: C, 50.66; H, 5.07; N, 19.70. FTIR

(KBr),m(cm-1): 3964.45 (O–H), 3306.03 (N–H), 3198.03

(N–H), 1705.07 (C=O),1683.86 (CONH), 1517.05 (C=

N).1H NMR(DMSO) d (ppm): 11.28 (s, 1H,OH), 11.18 (s,

1H,OH), 11.05 (s, 1H,OH), 8.55 (s, 2H, NH2), 8.31 (s, 1H,

NH), 8.31 (s, 1H, NH), 8.30 (s, 1H, NH), 8.16 (s, 1H, NH),

8.15 (s, 1H, Pyrazine), 6.59–7.80 (m, Ar–H), 4.78 (s, 2H,

CH2), 4.37–4.41 (m, 1H, CH), 3.38 (s, 3H, CH3), 4.78

(s, 2H, CH2), 3.22–3.40 (t, 1H, CH), 2.52–2.54 (m, 2H,

CH2), 2.32–2.36 (t, 2H, CH2), 2.10–2.14 (m, 2H, CH2),

2.05–2.09 (t, 2H, CH2). 13C NMR (DMSO) d (ppm): 174.15

(COOH), 173.87 (COOH), 172.48 (COOH), 171.25

(CONH), 170.14 (CONH), 166.25 (CONH), 162.64 (CN,

Pyrimidine), 162.48 (CN, Pyrimidine), 154.68 (CN, Pyra-

zine), 150.84 (CN, Pyrazine), 148.83 (Pyrazine), 146.00

(Pyrazine), 128.78 (2C, 1-benzene), 121.49 (Benzene),

121.34 (Benzene), 11.91 (2C, 1-benzene), 55.48 (CNH2),

53.87 (CNH2), 52.94 (CNH), 52.01 (CN), 39.99 (CH3N), 33.

68 (CH2), 33.05 (CH2), 31.57 (CH2), 30.59 (CH2), 30.15

(CH2), 27.59 (CH2), MS m/z (%): 713.32 (M?1).

Stability studies in different buffer solutions

The MTX–GLU was investigated for their chemical sta-

bility in phosphate buffer solution at four pH values: 2.0,

4.9, 7.4 and 8.0 at 37 �C. Precisely, 1 ml methanol solution

(0.140 lM/ml) of the prodrug was added into 4 ml of

different buffers at 37 �C. After mixing, it was kept in a

37 ± 1 �C constant water bath and then 200 ll samples

was withdrawn at different time points (0, 1, 2, 4, 8, 12 and

24 h). The disappearance of MTX–GLU was monitored by

HPLC method. The rate constant (Kdisapp) and half lives

(t1/2) of the compounds in aqueous solution were calculated

by linear regression of peak area against time.

Stability in plasma extracts and brain homogenate

Blood was drawn from mice through orbital sinus and was

collected in a heparinised tube paved with heparin sodium.
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Samples were centrifuged at 15,000 rpm for 15 min to

separate plasma which was diluted with double volumes of

water. The brain was removed and homogenised in cold

phosphate buffer of pH 7.4 with proportion of 1:5 (w/v).

Samples were then placed on ice and used immediately.

1 ml sol of MTX–GLU (0.140 lM/ml) in PBS 7.4 was

added to plasma and brain homogenate, respectively, and

gently vortexed. Samples were incubated at 37 �C and

200 ll aliquots were removed after 15, 30, 60, 90 and

120 min, respectively. Following deproteinisation and

centrifugation, the supernatants were analysed by HPLC.

Conversion of MTX–GLU to MTX in brain

homogenate

Brain was removed and homogenised in cold phosphate

buffer of pH 7.4 with proportion of 1:5 (w/v). Samples

were then placed on ice and used immediately. 1 ml sol of

MTX–GLU (0.140 lM/ml) in PBS 7.4 was added to brain

homogenate and gently vortexed. The pH was adjusted to

acidic with 10 % phosphoric acid. Samples were incubated

at 37 �C and 200 ll aliquots were removed after 15, 30, 60,

120, 180, 240 and 480 min, respectively. Samples were

deproteinised, centrifuged and the supernatants were ana-

lysed by HPLC for determination of MTX. The mobile

phase was composed of phosphate buffer (10 mmol dihy-

drogen phosphate and 10 mmol sodium hydroxide, pH 7.4)

premixed, filtered and degassed buffer in water: acetonitrile

(90:10) at a flow rate of 1 ml/min. The retention time of

MTX was found to be at 7.3 min. The UV detector was set

to monitor the signal at 310 nm corresponding to the

maximum absorbance for MTX.

Distribution coefficients of MTX–GLU

The 1-octanol/water distribution coefficient (log D) was

determined by shake flask method. The compound was

dissolved in PBS 7.4 to a concentration of 1.40 lM/ml.

The solution was carefully diluted with PBS 7.4, to obtain a

series of known concentrations in order to create a cali-

bration curve. Using aqueous (PBS) solutions of MTX–

GLU (1.40 lM/ml), stock solutions were prepared with

corresponding volumes of 1-octanol (the ratio varied with

the compounds). The mixture was kept for 24 h on a

mechanical shaker and then allowed to stand long enough

to separate the phases and achieve a saturation state.

Concentration in the aqueous phase was determined by

using UV–Visible spectrophotometer. Based on a simple

mass balance, concentration in the octanol phase was

determined and the log D was calculated as the ratio of the

concentration in the octanol phase to the concentration in

the aqueous phase.

Protein binding study

Protein binding study was done following reported proce-

dure (Rajput et al., 2012). Blood from goat was collected,

heparinised and kept in deep freezer at -20 �C. Plasma

was separated with aid of cooling centrifuge at 6,000 rpm.

Various concentrations of MTX and MTX–GLU (10, 20,

50 and 100 lg/ml) were prepared in plasma. Each dialys-

ing bag filled with 5 ml of plasma, containing a known

amount of the drug, was then immersed in flask containing

5 ml of phosphate buffer 7.4 and the flasks were incubated

at 37 �C for 24 h with orbital shaker at 50 rpm. At the end

of the incubation period, the buffer as well as the contents

of the dialysing bags was analysed separately by UV

spectrophotometer and plasma protein binding was

calculated.

In vitro haemolytic toxicity study

Toxicity studies were carried out as per the guidelines of

Organization of Economic Co-operation and Development

(OECD-423) for testing of chemicals (Regd. No.-1283/c/

09/CPCSEA). The degree of haemolysis was determined as

per the reported method (Singhai et al., 1997). The RBCs

were separated from the whole blood by centrifugation

(REMI, Mumbai, India) at 3,000 rpm for 5 min. The

supernatants and buffy coats were removed and discarded.

The packed cell volume (PCV) was washed with normal

saline and centrifuged again at 2,000 rpm for 2 min. The

5 ml of PCV was then diluted to 100 ml with normal saline

to get 5 % RBC suspension. 0.5 ml of suitably diluted (0.1,

0.2, 0.3 and 0.4 %) plain MTX and MTX–GLU was added

to 4.5 ml of normal saline and incubated for 1 h with RBC

suspension. After centrifugation, supernatants were taken

and diluted with an equal volume of normal saline and

absorbance was measured at 540 nm. RBC suspension was

added to 5 ml of saline and 5 ml distilled water, respec-

tively, to obtain 0 and 100 % haemolysis.

In vivo haematological studies

Healthy male albino rats of Sprague–Dawley strain of

uniform body weight (200 ± 10 g) were selected for the

study of haematological parameters. Fifteen animals were

selected and divided into three groups comprised three rats

in each group. 25 and 250 mg/kg body weight of MTX and

MTX–GLU were separately administered, intravenously

into second and third groups of animals, respectively, daily

up to 7 days. The first group was kept as control, which

was maintained on same regular diet for 7 days. After

15 days, blood samples were collected from the animals of

all the groups and analysed for RBC count, WBC count,

haematocrit (HCT), haemoglobin content, differential
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monocyte count, lymphocytes and neutrophils by pathol-

ogy laboratory.

In vivo release of MTX from MTX–GLU

Mice were randomly divided into 2 groups, 24 in each

group for different sampling times and housed in one cage.

Each animal was injected with MTX or MTX–GLU in

phosphate buffer of pH 7.4 through the tail vein at a single

dose equivalent to 7.2 lM/kg body weight of MTX. At

appropriate time interval (15, 30, 60, 90, 120, 150, 180 and

240 min), the animal was sacrificed and 1 ml blood sam-

ples withdrawn from cardiac puncture were collected in

heparinized tube. Plasma was immediately separated by

centrifugation and diluted with PBS 7.4–1:3 which was

stored at -20 �C until assay. Meanwhile, the brain sample

was removed and weighed. Each tissue sample was

homogenised and diluted with PBS 7.4–1:3 (g/ml). The

homogenates were also stored at -20 �C until assay.

Before analysing conjugate, hydrolysis was performed.

After deproteinization, the mixture was centrifuged at

15,000 rpm for 15 min. 200 ll aliquots were withdrawn,

and 200 ll of acetonitrile was added to each aliquot and

vortexed. Samples were centrifuged for further 15 min to

remove residual proteins and the supernatants were ana-

lysed by HPLC method.

Radio labelling of MTX and MTX–GLU with 99mTc

and optimisation

99mTc-pertechnetate was provided by INMAS, Delhi,

India. The radioactivity count was done with a gamma ray

counter (Type GRS23C, serial no. 458-425 Electronic

Corporation of India Limited, India). Imaging of animal

was performed using Single Photon Emission Computer-

ized Tomography (SPECT, LC 75-005, Diacam, Siemens

AG, Erlanger, Germany) gamma camera. Animal Handling

and experimentation were carried out as per the guideline

of the Institutional Animal Ethical Committee.

The radiolabelling of MTX and MTX–GLU conjugates

was done by dissolving the 2.0 mg equivalent of drug in

1 ml water for injection in a sterile glass vial. Then, fol-

lowed by addition of stannous chloride, pH was adjusted at

7.0 using 0.5 M sodium bicarbonate solution. To the

resulting mixture (filtered through 0.22 lm membrane fil-

ter), 1–2 ml of 74 MBq 99mTc-pertechnetate containing

2.0–3.0 mCi was added drop wise and the reaction mixture

was incubated at 25 ± 5 �C for 15–20 min and checked for

radiolabelling efficiency by thin-layer chromatography

method (Reddy et al., 2004). The procedure involved

spotting 2 ll samples of radiopharmaceuticals onto chro-

matographic strip 10 cm in length. After developing in the

solvent, the strip was cut into two portions (top:bottom:

1:3) and activity in each portion was measured in the form

of count using gamma scintillation counter. 99mTc-labelled

MTX and 99mTc-labelled MTX–GLU remained at the ori-

gin and free technetium travelled with the solvent front.

The radiolabelling yield was expressed as a percentage of

the total amount of radioactivity applied in the testing

system. The radiolabelling efficiency was calculated using

established equation (Babbar et al., 2000). Radiochemical

impurity that is likely to exist in the form of unconjugated

technetium in 99mTc-labelled MTX–GLU conjugates and
99mTc-labelled MTX solution was determined by the

instant thin-layer chromatography–silica gel (ITLC–SG)

strips as stationary phase. The effects of incubation time,

pH and stannous chloride concentration on labelling were

studied to achieve optimum reaction conditions (Table 7).

The in vitro stability of radiolabelled formulation was

evaluated in 0.9 % (w/v) sodium chloride and in mice

plasma. After the optimisation and evaluation, stable

radiolabelled MTX and MTX–GLU were used for biodis-

tribution study in mice.

Biodistribution study and radioscintigraphy imaging

in mice

Swiss albino mice (2–3-month old of either sex) weighing

22–30 g of BALB/c strain were used for biodistribution

studies. Animals were procured from the National center of

disease control, Sham Nath Marg, Delhi, India. The ani-

mals were selected at random from the stock colony

maintained in the animal house facility. The animals were

reared on laboratory chow pallets, fed ad libitum and had

free access to food and water at all the time. The room was

maintained at 25 ± 2 �C with natural daytime light and no

light after 12 h until morning.

Three mice for each drug and prodrug per time point

(15, 30, 60 and 120 min) were used in the study. 3.7 MBq

of radiolabelled compound containing 2 mg of MTX and

MTX–GLU (equivalent to 2.80 lM/kg body weight) was

injected through the tail vein of each mouse. The mice

were killed humanely at different time intervals and the

blood was collected using cardiac puncture. Subsequently,

brain, lungs, heart, liver, kidney, spleen, intestine and

stomach were dissected, washed twice using normal saline,

made free from adhering tissue/fluid and weighed. Radio-

activity present in each tissue/organ was counted using

shielded well-type gamma scintillation counter and

expressed as % of radioactivity in blood to tissue relative

distribution.

Gamma scintigraphy imaging was performed on mice

following i.v. administrations of radiolabelled drug and its

prodrug to determine the localisation of drug in brain.

18.5 MBq of radiolabelled compound containing 2 mg of

MTX and MTX–GLU (equivalent to 2.80 lM/kg body
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weight) was injected through the tail vein of each mouse.

The mice were anaesthetized using 0.4 ml ketamine

(50 mg/ml) intramuscular injection and placed on the

imaging board. Imaging was performed using gamma

scintillation camera.

Statistical analysis

All experiments were conducted at least in triplicate and

results were expressed as mean ± SD. The AUC0-t,

AUMC0-t and MRT were calculated by nonlinear Trape-

zoidal rule. Statistical evaluation (Graphpad prism 5.0

demo version) was performed by unpaired t test with 95 %

confidence interval. P \ 0.001 was considered significant.

The RE and CE were calculated to evaluate the brain tar-

geting property of prodrug. The value of RE and CE was

defined as following:

REs relative uptake efficienciesð Þ
¼ AUC0�tð Þsample= AUC0�tð Þcontrol

CEs concentration efficienciesð Þ
¼ Cmaxð Þsample= Cmaxð Þcontrol:
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