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Summary 

Glutathione (GSH), a naturally occurring antidote, cannot permeate into the liver when gtven extracellularly and has a very short 

half-life in the body. A dextran conjugate of GSH was synthesized by coupling GSH covalently to dextran (T-40, M, = 43,900) by 

the CNBr activation method in order to improve these disadvantages. We have demonstrated that GSH is delivered effectively into 

the hepatic cells by the coqugate which protects mice from the acetaminophen hepatotoxicity (Kaneo, Y. et al.. Int. J. Pharm.. 44 

(1988) 265-267). The conjugate was a water-soluble white powder containing 10% w/w of GSH. The molecular weight of the 

conjugate was distributed more widely than the original dextran and that of the peak estimated by size exclusion chromatography 

was 2.5 x 10’. The isoelectric point of the conJugate was estimated to be 2.5 by the cellulose acetate paper electrophoresis. Kinetics of 

GSH regeneration from the conjugate was examined at various pH values. The conjugate significantly stabilized GSH and liberated it 

gradually at physiological conditions (t,,, = 99 mitt). Ttipeptide GSH has one sulfhydryl, one amino, and two carboxyl groups in the 

molecule. It was found that the sulfhydtyl groups participate in chemical bonding between GSH and CNBr-activated dextran and 

appear gradually by the cleavage of the bonding according to the determination of sulfhydryl groups by the method of Ellman. It was 

confirmed that the content of free amino groups of the conjugate is very high by the measurement of amino groups with 

2,4,6-trinitrobenzenesulfonic acid (TNBS). These results indicated that at least 80% of the conjugated GSH are attached to dextran 

via sulfhydryl groups. This may contribute to chemical stability against autoxidation of the thiol group and then to the advantageous 

features of the conjugate as a macromolecular prodrug. 

Introduction radicals and reactive oxygen compounds (Meister 

Tripeptide glutathione (GSH) is one of the 
and Anderson, 1983). Since GSH is a naturally 

major detoxication factors of the liver. It plays an 
occurring sulfhydryl compound, it would be an 

important role in the protection against both free 
excellent antidote against these hepatotoxins. 
However, extracellular GSH cannot permeate into 
the liver and has a very short half-li.fe due to its 
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In an attempt to improve these disadvantages, 
we have synthesized a dextran-GSH conjugate 
(D-GSH) by coupling GSH covalently to dextran, 
a clinically acceptable polysaccharide that has a 
high loading capacity due to the presence of the 
large amount of hydroxy groups available for de- 
rivatization. In a preliminary study (Kane0 et al., 
1988), it was demonstrated that GSH is delivered 
effectively into the hepatic cells by the conjuga- 
tion to dextran and it protects mice from acetami- 
nophen hepatotoxicity. The present report pre- 
sents details of the preparation and properties of 
D-GSH and describes proposed chemical bonds 
between GSH and dextran molecules. 

Materials and Methods 

GSH was obtained from Sigma, St. Louis. Dex- 
tran T-40 (M, = 43,900 and M, = 26,200) was 
purchased from Pharmacia, Sweden. All other 
chemicals were of analytical grade or the best 
quality. 

~rep~rution of dextrun-GM conjugate 
GSH was conjugated to dextran using the 

cyanogen bromide (CNBr) activation method 
(Axtn and Ernback, 1971). In short, 0.2 g of 
dextran was dissolved in 20 ml of water at am- 
bient temperature and 110 mg of CNBr in 1.5 ml 
of water was added dropwise under vigorous stir- 
ring. The pH was maintained at 11.0 by addition 
of 4 M NaOH until the pH had stabilized. The pH 
was then adjusted to 6.5 by addition of 0.1 M HCl 
and 0.4 g of GSH was added while the pH was 
maintained at 6.5. The coupling of GSH to 
CNBr-activated dextran was allowed to proceed 

for 18 h at 4°C. The reaction mixture was washed 
9 times with 0.1 M CH,COOH by pressure dialy- 
sis using a UHP-43 ultrafiltration cell incoporat- 
ing a UP-20 membrane (Toyo, Tokyo, Japan) and 
was finally concentrated to a volume of 10 ml. 
Excess reagents and low molecular by-products of 
the reaction were removed by this process. The 
dextran-GSH conjugate was obtained from 
lyophilization of the final solution: Dextran was 
recovered in an almost 100% yield. 

Synthesis of N-acetylglutathione 
N-Acetylglutathione (AcGSH) was prepared by 

the method of Anderson et al. (1985). GSH (1 g) 
was dissolved in 3 ml of formic acid and 1.5 ml of 
acetic anhydride was added at room temperature. 
The reaction, followed by thin-layer chromatogra- 
phy, was completed in 2 h. A large excess of 
diethyl ether was added to precipitate the product, 
which was separated, washed with ether, and dried 
in vacua. The crude product was recrystallized 
from dimethyl formamide : ethyl acetate at 0 o C 
twice; yield, 0.7 g; m.p., 82-91’C. Calc. for 
C,,H,,N,O,S.C,H,NO: C, 42.65; H, 6.22; N, 
13.26. Found: C, 42.18; H, 6.16; N, 13.50. The 
product gave 92.3% of the theoretical reaction 
with 5,5’-dithiobis(2-nitrobenzoate) (DTNB). 

Determination of degree of substitution 
The degree of substitution was estimated by 

measurement of the sulfhydryl group according to 
the method of Ellman (1959). In short, 3.96 mg of 
DTNB was dissolved in 1 ml of a phosphate 
buffer (pH 7.0, p = 0.1). The DTNB reagent (0.02 
ml) was added to 3.0 ml of the sample in 0.1 M 
phosphate buffer (pH 8.0). The absorbance of the 
color developed was measured at 412 nm. The 
molar absorptivity of GSH was 13 990 M-’ f cm-‘. 

Determination of amino groups 
The free amino groups of GSH conjugated to 

dextran were quantitated using 2,4,6_trinitroben- 
zenesulfonic acid (TNBS) (Habeeb, 1966; Fields, 
1971, 1972). The sample containing amino groups 
was added to 0.2 ml of a borate buffer (0.1 M 
NazB,O, in*?.1 M NaOH) and the volume was 
made up& 0.4 ml. Then, 0.008 ml of a solution of 
1.1 M TNBS was added and the solution was 
rapidly mixed. After 5.0 min the reaction was 
stopped by adding 0.8 ml of 0.1 M NaH,PO, 
which contained 1.5 mM Na,SO,, and the ab- 
sorbance at 420 nm was determined. Values for 
the molar absorptivity of a-amino groups of GSH 
were 18,510 M-’ 1 cm-‘, and for thiol groups, 
2,061 M-’ . cm-‘. These values were obtained by 
measuring the color development of GSH ( a-NH2 
+ SH) and AcGSH (SH). 



265 

Determination of carbohydrate 
Dextran was measured by the phenol-sulfuric 

acid method (Dobois et al., 19X), calibrated 
against glucose. As it was pointed out (Marshall 
and Rabinowitz, 1976), CNBr treatment of dex- 
tran resulted in a marked decrease in the color 
production in the phenol-sulfuric acid reaction. 
Therefore, sugar contents of D-GSH were esti- 

mated as apparent values. 

Characterization of the conjugate 
Two kinds of chromatographies were carried 

out to characterize the conjugate. Size exclusion 
chromatography was performed on a column (1.0 
x 47 cm) of Sephadex G-250. A 5 mg of sample 
dissolved in 0.25 ml of 0.2 M NaCl was applied on 
the column. Elution was with 0.2 M NaCl at a 
flow rate of 10 ml/h, and fractions (1 ml) were 
collected automatically. The elution volume of the 
conjugate was determined by analysing fractions 
for UV absorption at 207 nm and the elution of 
dextran was followed using the carbohydrate anal- 
ysis. 

Size exclusion chromatography was carried out 

using a Tosoh (Tokyo, Japan) HPLC system 
(CCPD) equipped with a variable-wavelength UV 
detector (SPDdA, Shimadzu, Kyoto, Japan) oper- 
ated at 204 nm and a differential refractometer 
(RI-8000, Tosoh). A 7.5 X 600 mm, TSK gel 
G3000SW column (Tosoh) was used at ambient 
temperature. The mobile phase was 0.2 M NaCl in 
0.05 M phosphate buffer, pH 7.0. The injection 
volume was 80 pl, and the flow rate was 1.0 
ml/mm. 

Determination of the isoelectric point 
Cellulose acetate paper electrophoresis was per- 

formed to determine the isoelectric point of the 
conjugate following the procedure of Kubota and 
Ueki (1968). Bovine serum albumin (BSA) was 
used as a standard substance (p1= 4.7). D-Glu- 
cose was employed for correcting the migration 
caused by electroosmosis. The buffers used were 
HCl-glycine solutions, pH 2.0-3.5 and acetate 
solutions, pH 4.0-5.5. A constant ionic strength of 
0.1 was maintained for each buffer by adding a 
calculated amount of sodium chloride. D-GSH 
and BSA were stained with 0.8% Ponceau 3R 

containing 6% trichloroacetic acid. The band of 
D-glucose was detected with 1% of potassium 
permanganate containing 2% sodium carbonate. 

Determination of GSH by the fluorometric method 

The determination of GSH and oxidized GSH 
(GSSG) was performed by a modification of the 
method of Hissin and Hilf (1976) with use of 

o-phthaldehyde (OPT) as a fluorescent reagent. 
GSH assay. Samples were prepared each time 

in 0.005 M EDTA solution and used immediately. 
To a mixture of 1.8 ml of 0.1 M phosphate buffer 
(pH 8.0) containing 0.005 M EDTA and 0.1 ml of 
a methanol solution of 0.1% OPT, 0.1 ml of the 
sample solution was added. After thorough mixing 
and incubation at room temperature for 30 min, 
fluorescence at 420 nm was determined with the 
activation at 350 nm. 

GSSG assay. A OS-ml portion of the sample 
solution was incubated at room temperature with 
0.2 ml of 0.04 M ~-ethylma~eimide for 30 min to 
interact with GSH present. To this mixture, 4.3 ml 
of 0.1 N NaOH was added. A O.l-ml portion of 
this mixture was taken for measurement of GSSG 
using the procedure outlined above for GSH as- 
say, except that 0.1 N NaOH was employed as 
diluent rather than phosphate-EDTA buffer. 

Determination of GSH by HPLC 
The amount of GSH released from the con- 

jugate in vitro was determined by HPLC. Chro- 
matography was carried out using a Shimadzu 
(Kyoto, Japan) liquid chromatographic system 
(LC-6A) with a variable-wavelength UV detector 
(SPD-GA) operated at 200 nm. A 4.6 X 150 mm, 

5-nrn particle size, C,, reversed-phase column 
(Cosmosil SC,,, Nakarai, Kyoto, Japan) was used 
at ambient temperature. The mobile phase was 7% 
MeOH in 0.02 M phosphate buffer; pH 2.8, con- 
taining 0.006 M l-octanesulfonic acid sodium salt 
as an ion-pairing agent. The injection volume was 

40 ~1, and the flow rate was 1.0 ml/min. Under 
these conditions, GSH was eluted with a retention 
time of 6 min. It was confirmed that the de- 
termination of GSH is not affected by the pres- 
ence of D-GSH and no GSH is liberated from the 
conjugate during the determination process. 
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In vitro release experiment 
The release of GSH from the conjugate was 

determined in a phosphate buffer system (pH 
5.0%9.0,O.l M, p = 0.3) containing 0.002 M EDTA 

at 37” C. The stability of GSH was also carried 
out under the same conditions. The experiment 
was initiated by the addition of the stock solution 
to a preheated buffer solution to give a concentra- 
tion of 5 mg/ml of D-GSH or 100 pg/ml of 
GSH, respectively. At a fixed time interval, 0.1 ml 
of the sample was withdrawn and mixed with the 
same volume of l/3 M HCl, then 40 ~1 of the 
mixture was injected into the HPLC system. 

Free GSH or low molecular materials were 
separated from the sample solution using a Mini- 
cent-10 ultrafiltration system (Tosoh, Tokyo, 
Japan) which cuts off the materials below 10,000 

of molecular weight. 

Reduction of D-GSH by NaBH, 
In order to estimate the content of GSSG in the 

conjugate, the disulfide bond was reduced. To 0.5 
m1 of a sample solution, 15 mg of NaBH, was 
added. After mixing and incubation at room tem- 
perature for 60 min, the mixture was acidified to 
decompose excess NaBH, by addition of 2 ml of 
0.1 N HCl. Then, 0.5 ml of the mixture was 
diluted to 10 ml with 0.1 M phosphate buffer (pH 
8.0). The sulfhydryl group was determined by the 
method of Ellman described earlier. In the control 
experiment, 77.5 & 2.4% of GSSG was recovered 
as reduced glutathione (GSH). 

Resutts and Discussion 

Preparation or dextran-GSH conjugate 
The conjugate was a water-soluble white powder 

containing 10.0 + 0.6% w/w of GSH (the average 
of 112 batches) according to the determination of 
sui~yd~l group by the method of Ellman. The 
degree of substitution by GSH of the dextran was 
estimated to be one molecule per approximately 
17 glucose units. In all cases the reaction product 
was completely soluble in water. 

I OK-- 200 , 400 600 1 

GSHCmg,o 1 
I 
0 CNBr(%J, loo 

l 1 

Fig. 1. Effect of the amounts of reagents on the GSH content 
in D-GSH. The amounts of CNBr and GSH added were fixed 

at 110 and 400 mg, respectively, in each series of experiments 

where 0.2 g of dextran was used. 

A variety of methods for chemical fixation of 
drugs to dextrans have been reported (Molteni, 
1979; Hurwitz et al., 1980; Larsen and Johansen, 
1985). One of the simplest of these methods was 
selected in the present study. After activation of 
dextran by treatment with CNBr, addition of GSH 
resulted in a covalent linkage between the activated 
monosaccharide residues and the functional groups 
of GSH. The methods adopted for the activation 
of insoluble polysaccharides by CNBr (AxCn and 
Ernback, 1971; Schnaar et al., 1977) caused irre- 
versible precipitation of the dextran possibly due 
to cross-linkage. An essential feature of the activa- 
tion of soluble dextran is the relative low con- 
centration of CNBr used. As shown in Fig. 1, the 
content of GSH linked to dextran (% w/w) was 
increased linearly with the amount of CNBr used. 
However, immediate precipitation of dextran took 
place during the activation procedure by addition 
of more than 110 mg of CNBr. The content of 
GSH also depended upon the amount of GSH, 
but did not exceed the value of 10% even if more 
GSH was added (Fig. 1). Therefore, the conditions 
that gave the highest degree of GSH linkage 
without precipitation of the dextran were adopted 
as described in Materials and Methods. 

~~aracter~zat~on of the conjugute 
The UV absorbance of GSH depended largely 

upon pH and the absorption band was shifted to 
shorter wavelengths in acidic conditions. This 
tendency could also be seen in D-GSH, indicating 
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Fig. 2. Elution profiles of D-GSH (o), dextran T-40 (o), GSH 

(A), and blue dextran 2000 (W). Size exclusion chromatography 

was carried out on a Sephadex G-150 column (10x470 mm) 

with 0.2 M NaCI at room temperature. D-GSH, GSH and blue 

dextran 2080 were spectrophotomet~cally detected at 207 nm, 

whereas dextran T-40 was analyzed by the phenol-sulfuric acid 
method. 

that the conjugate contains GSH. Dextran T-40 
had no absorption at all. However, it was found 
that the CNBr-activated dextran has absorption in 
the UV region of 190-250 nm. Therefore, it was 
pointed out that the accurate GSH content cannot 
be estimated from the measurement of UV 
absorption. 

Fig. 2 illustrates typical elution profiles of D- 
GSH, dextran T-40, GSH and blue dextran 2000 
separated on the Sephadex G-150 column, There 
was a good agreement between the elution peak of 
D-GSH followed by the carbohydrate analysis 
and that measured spectrophotomet~cally based 
on the absorption of GSH. The size exclusion 
chromatography of the conjugate was also per- 
formed by HPLC on a TSK gel G3000SW col- 
umn. Elution peaks were detected simultaneously 
by both a differential refractometer and a spectro- 
photometer. When GSH and dextran T-40 were 
simply mixed and applied to these chromato- 
graphic systems, they were eluted at each position 
separately, These results indicate that GSH is 
bound covalently to the CNBr-activated dextran 
in the D-GSH. It was observed that the conjugate 
eluted somewhat earlier than the original dextran 
and its elution peak tended to be broadened to 
some extent. The molecular weight corresponding 
to the peak estimated by interpolation of a 
calibration curve of dextran standards chromato- 

1 2 
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L- O-$-NH-R 

L 

O-$-S-R 

OH NH OH NH 
3 6 

O-$-NH-R 0-F-S-R 

OH0 OH0 
4 7 

0, 
0' 

C= N-R 
R : GSH 

5 

Scheme 1. 

graphed on the Sephadex G-150 column was 2.5 
x 105. 

The isoelectric point of the dextran-GSH con- 
jugate was determined by cellulose acetate paper 
electrophoresis. The treatment of poiysaccharides 
by means of CNBr followed by the conjugation of 
the ligands (R-NH,) results in the formation of 
three different covalent linkages such as N-sub- 
stituted isoureas (3), N-substituted carbamates (4) 
and N-substituted imidocarbonate (5) as shown in 
Scheme 1 (Ax&n and Ernback, 1971). The CNBr 
activation introduces cationic charge into the con- 
jugate primarily due to formation of 3 and 5 
which are expected to carry a positively charged 

nitrogen at physiological pH (Jost et al., 1974). 
Fig. 3 shows net migration distance-pH curves 
obtained from D-GSH and BSA (standard sub- 

stance). The isoelectric point was estimated as an 
intersecting point of the curve and the abscissa. 
As can be seen in Fig. 3, the value was 2.5 which 

3-6 t 1 

Fig. 3. Effect of pH on the net migration distance of D-GSH 

(0) and bovine serum albumin (A). Electrophoresis was run on 
the cellulose acetate paper at 0.6 mA/cm for 40 min. 
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Time( h ) 

Fig. 4. Stability of GSH in 0.1 M phosphate buffer solutions 

(p = 0.3) of pH 5.0 (O), 6.0 (A), 7.4 (m), 8.0 (0), and 9.0 (A) at 
37 o C. The lines are calculated from Eq. 2. 

Fig. 5. Formation of GSH from D-GSH in 0.1 M phosphate 

buffer solutions (p = 0.3) of pH 5.0 (O), 6.0 (A), 7.4 (B), 8.0 

(0). and 9.0 (A) at 37 o C. The curves are calculated from Eq. 3. 

was very low in contrast to the prediction. This is 
thought to be due to the attachment of GSH 
which shows relatively high acidity (pH 1-2) in 

Then the concentration of GSH ([GSH]) has a 
time dependence given by the following equation: 

the aqueous solution, having two carboxyl groups 

(P&00,(,, = 2.12, P&oo,(,, = 3.53). 
[GSH] = k,[GSH]*/(k, - (k, + k3)) 

Kinetics of regeneration of GSH from the conjugate 
The degradation of GSH was investigated in 

aqueous phosphate buffer solutions over the pH 
range 5.0-9.0 at 37“C. At each pH value the 
degradation of GSH followed pseudo first-order 
kinetics as shown in Fig. 4. Time courses for GSH 
regenerated after incubation of D-GSH in the 
buffer solutions are shown in Fig. 5. As can clearly 
be seen at higher pH values, the liberated GSH 
decomposed simultaneously in this system. On the 
basis of these findings, the overall reactions, i.e. 
regeneration and decomposition, may be de- 
scribed by Scheme 2, where k,, k, and k, are 
apparent first-order rate constants for the de- 
picted reactions. 

D-GSHLGSH - kz DECcMPoSlTlON 
PRODUCT 5 

I k3 
t 

DECOMPOSlTlON 
PROWCTS 

Scheme 2. 

x(exp(-(k,+k,)t)-exp(-kzt)), 

(1) 

where [GSH] * is the initial concentration of GSH 
covalently bound to D-GSH. On the other hand, 
the stability of GSH is expressed by the following 
equation: 

[GSH] = [GSH],, exp( -k2t), (2) 

where [GSH], is the initial concentration of GSH. 
At first the parameters of k, were calculated from 
the observed time courses shown in Fig. 4 using 
Eq. 2. Eq. 1 was then fitted to the observed time 
courses shown in Fig. 5 using a nonlinear least 
squares program (MULTI) (Yamaoka et al., 1981). 
In this computation, the values of k, were fixed to 
those obtained separately from Fig. 4. 

The model suggested in Scheme 2 suffered the 
divergence in most of the computations; even if it 
was converged, the negative value of k, with a 
extraordinarily large standard deviation was ob- 
tained. When it was assumed that the degradation 
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TABLE 1 

Estimated conversion rate constants of D-GSH and GSH in 0.1 

M phosphate buffer solution (37 o C, p = 0.3) 

PH Formation rate constant Decomposition rate 

of GSH from D-GSH constant of GSH 

(k,, h-‘) (k2, h-‘) 

5.0 0.0214 f 0.0057 0.00232 + 0.00033 

6.0 0.0540 f 0.0038 0.00187 &0.00029 

7.4 0.421 + 0.042 0.00389 + 0.00026 

8.0 0.786 f 0.120 0.0103 f 0.0006 

9.0 0.527 +O.llO 0.0818 f 0.0056 

Each value is the mean&SD. calculated from 15-20 sets of 

experimental data by the least square method. 

of GSH bound to dextran is negligible, however, 
the excellent convergence could be obtained in the 
curve fitting using the algorithm of Gauss-Newton 
method where the following equation was adopted 
instead of Eq. 1. 

[GSH] = k, [GSH]*/( k, - k,) 

X(exp( -k,t) - exp( -k,t)). (3) 

The apparent first-order rate constants, k, and 
k,, estimated by the curve fitting are summarized 
in Table 1. The pH-rate profiles of k, and k, 

showed almost parallel curves in the investigated 
pH range. GSH was relatively stable at acidic pH, 
but the decomposition increased markedly above 

neutral pH. The regeneration rate of GSH was 
also enhanced with a rise in pH and reached a 
maximum at pH 8. At pH 7.4,. the regeneration of 
GSH was lOO-times faster than the degradation of 
GSH, showing half-lives of 1.6 and 178 h, respec- 
tively (Table 1). These findings indicate that cova- 
lent binding to dextran stabilizes GSH (k, = 0) 
and the macromolecular prodrug, D-GSH, liber- 
ates GSH gradually at physiological conditions. 

Proposed structures of the linkage of GSH to the 
CNBr-activated dextran 

DTNB reagent react with aliphatic thiol com- 
pounds at pH 8.0 to produce one mole of 3- 
carboxy-4-nitrothiophenol which is highly colored. 
The molar extinction coefficient at 412 nm (e4t2) 
of GSH was 13990 M-’ . cm-’ which was in fair 

agreement with the value (edi = 13600 M-r. 
cm-‘) reported by Ellman (1959). GSH reacted 
immediately, indicating such thiols are fully reac- 
tive, and kept a steady absorbance for at least 24 
h. However, the reaction of D-GSH with DTNB 
followed a different profile; the color initially 
developed instantaneously (portion A), then in- 
creased gradually until reaching a steady state 
(portion C). There are at least two possible inter- 
pretations of this phenomenon. One is that the 
macromolecules interfere with the reaction of thiol 

groups with DTNB and the other possibility is 
that the sulfhydryl groups participate in chemical 
bonding between GSH and CNBr-activated dex- 
tran and appear gradually by chemical cleavage. 

It was confirmed that coexistent dextran (- 10 
mg/ml) does not affect the color development. 
Furthermore, it was found that AcGSH, whose 
amino residue is blocked by N-acetylation, also 
linked covalently to the CNBr-activated dextran 
and the conjugated product (D-AcGSH) showed 
the same color developing pattern on reaction 
with DTNB as D-GSH. These findings suggest 
that the majority of the sulfhydryl groups are 
responsible for the bonding between GSH and 
dextran. 

GSH contents or AcGSH contents of the con- 
jugates estimated by the measurement of the 
sulfhydryl groups with the method of Ellman 
(1959) are summarized in Table 2. The total con- 
tent (C) of GSH in D-GSH and that of AcGSH 

TABLE 2 

GSH content of dextran conjugates estimated by the DTNB 

method a 

Fraction b D-GSH D-AcGSH 

(w/w%) (w/w%) 

A 1.46k0.19 1.09+0.19 

B 8.58 + 0.45 7.92 kO.93 

C 10.0 +0.6 9.01 f 0.94 

Ultrafiltrate ’ 0.42 f 0.08 0.97 f 0.22 

a The amount of GSH was estimated from the sulfhydryl 

content. 

b A + B = C, see text for details. 

’ Free GSH was separated by the ultrafiltration. Results are 

means of 112 batches for D-GSH or of 10 batches for D- 

AcGSH with standard deviations. 
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TABLE 3 

Determination of amino groups and sulfhydtyl groups of D-GSH with TNBS o 

Cont. of 

D-GSH 

(I.rg/ml) 

32.0 

86.0 

Absorbance at 420 nm 

Total Ultra- 

filtrate b 

0.158 0.014 

*0.009 + 0.001 

0.434 0.039 

kO.011 + 0.001 

Conjugate ’ 

0.144 

k 0.008 

0.395 

+0.012 

Cont. of 

free GSH 

(W) 

0.682 

f 0.049 

1.88 

+ 0.05 

Cont. of 

conjugated 

GSH * 

(W) 

9.75 

f 0.47 

26.1 

&0.2 

Cont. of ’ 

ammo 

group 

(PM) 

7.55 

i: 0.44 

20.7 

+0.7 

Cont. of ’ 

sulfhydryl 

group 

(PM) 

2.20 

*0.19 

5.59 

* 0.66 

a 2,4,6-Trinitrobenzenesulfonic acid. 

b Free GSH was separated by the ultrafiltration. 

’ Conjugate = Total - Ultrafiltrate. 

* Cont. of conjugated GSH was estimated by subtracting the free GSH fraction from the level of the total GSH which was measured 

by the DTNB method. 

’ Concentrations of both groups were calculated by the simultaneous equations (see text for details). 

Results are means of five separate experiments with standard deviations. 

in D-AcGSH were 10.0 and 9.01% w/w, respec- 
tively. The portion A of D-GSH (14.6% of the 
total content) was found by the ultrafiltration 
method to contain a small quantity of free GSH 
(4.2%) which was confirmed by both the HPLC 
and the OPT methods. On the other hand, portion 
A of D-AcGSH (12.1% of the total content) con- 
sisted solely of free AcGSH. These results indicate 
that 10% of GSH are linked by a C-N bond to 
dextran in D-GSH, whereas such a bonding is not 
available in D-AcGSH because AcGSH has no 
free amino residue. It is well known that the 
substitution of the polysaccharide is achieved by 
CNBr activation, and the ligand is subsequently 
coupled to the activated site via a free amino 
group. The coupling is thought to result in N-sub- 
stituted isoureas (3), N-substituted carbamates (4) 
and N-substituted imidocarbonates (5) as shown 
in Scheme 1 (Ax& and Ernback, 1971). In the 
case of GSH, free sulfhydryl groups are more 
important in the formation of the conjugate and 
the derivatives of 6 and 7 could be presented as 
possible structures (Scheme 1). 

The amino group determination of D-GSH was 
performed by the TNBS method. TNBS reacted 
with both amino and thiol groups of GSH and 
their molar absorptivities at 420 nm were 18 510 
and 2061 M-’ . cm-‘, respectively. Then, if we 
know the total absorbance of D-GSH reacted with 

TNBS (&o nm ) and the concentration of GSH 
bound to dextran (CosH), the molar concentra- 
tions of either amino groups (X) and thiol groups 
(Y) could be calculated theoretically by the fol- 
lowing simultaneous equations. 

18510 X+ 2061 Y=&,““,, (4) 

x+ Y= co,,. (5) 

The data are summarized in Table 3. The con- 
centration of conjugated GSH (Co,,) was esti- 
mated by subtracting the free GSH fraction from 
the level of the total GSH which was obtained by 
the DTNB method. As can be seen in Table 3, the 

TABLE 4 

Proportion of the types o/conjugation estimated by the methods of 

DTNB and TNBS 

Type Proportion (W) 

DTNB TNBS 

GSH bound through: 

Sulfhydryl group 

Ammo group 

89f7 78+2 
11+5 22*2 

Results are means of 112 measurements by the DTNB method 

or of 10 measurements by the TNBS method with standard 

deviations. 
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8 ~S-@J-NH~ 

9 ~N~--sH 

IO ~NH~S= 

ii ~NH~S-S~NH~ 

12 L&NH/FJs-S~TJNH~ 

/Dj :Dextran kN-(SH :GSH 

Scheme 3. 

concentration of amino groups was considerably 
higher than that of sulfhydryl groups. These re- 
sults are in good agreement with those obtained 
by the DTNB method, suggesting that GSH mainly 
binds via the sulfhydryl groups. 

The proportions of the different types of link- 
age between GSH and dextran, estimated by the 
DTNB and TNBS methods, are summarized in 
Table 4. Although the TNBS method estimated 
the linkage through sulfhydryl groups to be a little 
smaller than that by the DTNB method, at least 
80% of the conjugated GSH was found to be 
attached to dextran via the sulfhydryl groups. 

Three more types (lo- 12) of linkage could be 
suggested besides those described above, see in 
Scheme 3. The proportion of structure 10 has not 
been estimated separately so far, however, it would 
contribute to the overestimation of linkage via 
sulfhydryl groups in the DTNB method. 

It is also conceivable that D-GSH contains 
GSSG in the forms (11 or 12) shown in Scheme 3, 
as an increase of sulfhydryl groups was observed 
after the reduction of D-GSH by NaBH,. During 
these experiments, D-GSH was found to include 
4.4% of GSSG as the conjugate type. 

The chemical structures of GSH bonding to the 
CNBr-activated dextran are heterogeneous and 
quite complex. Very little instructive information 
was obtained by the NMR analysis partly because 
a sufficiently high concentration of D-GSH in 
D,O could not be attained. However, it is evident 
that GSH is attached to dextran via sulfhydryl 
groups. Although the stabilities of C-N and C-S 
bonds between GSH and dextran have not been 
examined separately so far, the latter would be 
easily cleaved under physiological conditions con- 

sidering that sulfhydryl groups are more reactive 
than amino groups. It may be concluded that 
these advantageous features of D-GSH as a mac- 
romolecular prodrug are endowed by the highly 
reactive sulfhydryl groups which play a very im- 
portant role in a variety of GSH functions. 

An investigation focusing on the chemical 
structure of the linkage and its effects on the 
nature of the conjugate as a prodrug, is in pro- 

gress. 
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