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Synthetic conjugates of the antioxidant Trolox (6-hydroxy-2,5,7,8-tetramethyl chroman-2-carboxylic acid) have been prepared 
by coupling it with 1-ethyl-3-(3-dimethyl-amino-propyl) carbodiimide hydrochloride either to p-aminophenyl-/3-D-lactopyrano- 
side, or to higher molecular weight ligands such as dextran and polylysine. Compared to Trolox and on a mole to mole basis, 
dextran-Trolox is almost equally active, while lactosylphenyl- and polylysine-Trolox conjugates are distinctly more active in 
preventing the damage on human ventricular myocytes by oxyradicals generated from xanthine oxidase-hypoxanthine. Listed in 
order of decreasing cytoprotective activity, they are: lactosylphenyl-Trolox >> polylysine-Trolox > Trolox > dextran-Trolox. Thus, 
Trolox can be chemically modified by coupling it to one of a number of ligands and, in some cases, with resultant increases in its 
ability to protect human ventricular myocytes from oxyradical damage. 

Trolox conjugates; Oxyradicals; Ventricular myocytes (human) 

1. Introduct ion  

There is increasing evidence that oxyradicals play an 
important role in diverse pathologies, including is- 
chemia-reperfusion injuries (Ambrosio and Chiariello, 
1991; Dean et al., 1991). A well known mechanism of 
free radical-mediated injury to the cell is the auto- 
oxidation lipid peroxidation cycle (Kramer et al., 1984; 
Braughler et al., 1986; Niki, 1987). Among naturally 
occurring chromans that suppress cellular membrane 
phospholipid degradation, the most powerful is vitamin 
E or a-tocopherol  (Fukujawa et al., 1985), which termi- 
nates lipid peroxidation (Janero and Burghardt, 1989; 
Massey and Burton, 1989). In 1974, several tocopherol 
analogues, in which the phytyl chain of the lipophilic 
tocopherol molecule was modified, were found to have 
higher antioxidant activities than the parent compound 
(Scott et al., 1974). However, many of these analogues 
are not water-soluble. Among them, a relatively more 
polar one called Trolox (or Trolox-C, 6-hydroxy-2,5,7,8- 
tetramethyl-chroman-2-carboxylic acid) (Scott et al., 
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1974; Cort et al., 1975) was a particularly potent in 
scavenging oxyradicals both in vitro and in vivo (Dean 
et al., 1991; Thiriot et al., 1987; Person-Rothert  et al., 
1989; Rubinstein et al., 1992). Indeed, we have recently 
demonstrated that Trolox is a cytoprotector against 
free radical damage in human ventricular myocytes, 
hepatocytes and erythrocytes (Wu et al., 1990). In 
animal models of ischemia-reperfusion, we have also 
observed that Trolox significantly reduced the is- 
chemia-reperfusion injury of postischemic rat livers 
(Zeng et al., 1991; Wu et al., 1991), in dog myocardium 
(Mickle et al., 1989) and in rabbit myocardium (Wu et 
al., 1993). Most recently, Rubinstein et al. (1992) re- 
ported that Trolox attenuated myocardial injury during 
stop-flow ischemia-reperfusion in an isolated, buffer- 
perfused rabbit heart model. Impressive as these data 
are on Trolox, one should note that Trolox is suscepti- 
ble to air oxidation in solution (Wu et al., 1992), and 
that it is not naturally soluble beyond ~ 1.8 mM in 
aqueous medium (Wu et al., 1991). Organic solvents 
such as dimethylsulfoxide (Rubinstein et al., 1992) or 
propylene glycol (Casini et al., 1985) have been used to 
solublize Trolox, but the precise effect of these sol- 
vents on cells must be ascertained in suitable controls. 
Therefore,  we questioned whether one could further 
improve upon either the stability a n d / o r  solubility of 
Trolox while retaining or enhancing its oxyradical scav- 
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enging ability by coupling it to a suitable ligand. These 
synthetic conjugates may have the potential to be ther- 
apeutic agents. 

This paper documents the chemical syntheses of 
several conjugates of Trolox, wherein more than one 
type of conjugating moiety was covalently attached, via 
an amide bond, to the carboxyl group of Trolox. Some 
compounds were shown to have potent or enhanced 
oxyradical scavenging activities relative to Trolox, based 
on studies using cultured human ventricular myocytes 
exposed separately to oxyradicals generated in situ. 

2. Materials and methods 

Trolox (6-hydroxyl-2,5,7,8-tetramethyl chroman-2- 
carboxylic acid) and 1-ethyl-3-(3-dimethyl-amino-pro- 
pyl) carbodiimide hydrochloride were purchased from 
Aldrich. p-Aminophenyl-/3-D-lactopyranoside, human 
serum albumin, dextran (average molecular weight = 
9400 Da), 1,6-hexanediamine, polylysine hydrobromide 
(two sizes were used, with average molecular weight = 
8,400 and 22,000 Da respectively), sodium cyanoboro- 
hydride, hypoxanthine, sodium periodate, thin layer 
chromatographic silica gel plates precoated on polyester 
with 254 nm fluorescent indicator were from Sigma. 
Trypsin, Dulbecco's modified Eagle medium (DMEM), 
fetal bovine serum, penicillin and streptomycin were 
purchased from Gibco, while collagenase was from 
Cooper Biomedical Co. and xanthine oxidase was from 
Boehringer-Mannheim. All other reagents used were 
of analytical grade. Water used for synthesis of Trolox 
conjugates was deionized and purged with nitrogen to 
minimize breakdown of the chroman ring by metals 
and oxygen. 

2.1. Preparation of cultured human L,entricular myocytes 

These cells were isolated and cultured as described 
previously (Mickle et al., 1990; Wu et al., 1990; Li et 
al., 1992). The cultured cells were verified microscopi- 
cally to be myocytes by their characteristic morphology 
and by staining them specifically with fluorescin- 
labelled monoclonal antibodies against actin and hu- 
man ventricular myosin heavy chain 1 (Rougier Biotech, 
Montreal, Quebec). 

2.2. Synthesis of lactosylphenyl- Trolox 

This compound was synthesized from p-amino- 
phenyl-/3-D-lactopyranoside and Trolox activated by 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro- 
chloride as described previously (Wu et al., 1992, 1993). 
The concentration of lactosylphenyl-Trolox was deter- 
mined on the basis of its carbohydrate content using 
the phenol-sulfuric acid method (Dubois et al., 1956) 
standardized with a concentration series of authentic 

lactose. The sugar content in lactosylphenyl-Trolox was 
cross-checked by the quantitation of Trolox content 
with the Folin-Wu reagent (Lowry et al, 1951) (see 
Analytical methods). These measurements confirmed 
that the lactosylphenyl-Trolox product contains 1 tool 
of lactose per tool of Trolox. 

2.3. Preparation of dextran-Trolox conjugate 

This three-step procedure results in a conjugate in 
which Trolox was coupled to the dextran backbone via 
the insertion of a hexyl spacer. Step 1 - oxidation of 
dextran by periodate treatment (Molteni, 1985): 500 
mg of dextran (average molecular weight 9400 Da) 
containing 3 mmol of glucose residue, were dissolved in 
50 ml of 0.03 M (1.5 retool) of sodium periodate and 
kept at room temperature for 12 h in the dark. The 
reaction mixture was dialyzed against deionized water 
in darkness and freeze-dried. The concentrations of 
reagents were selected to obtain approximately 50% 
oxidation of the dextran. The resulting polyaldehyde- 
dextran was used immediately in the next step. Step 2 
- reductive amination (Borch et al., 1971) of polyalde- 
hyde-dextran: polyaldehyde-dextran (equivalent of 1.2 
mmol of aldehyde functions) was dissolved in 100 ml of 
0.1 M sodium phosphate buffer, pH 7.2, and to this 1.1 
g (10 mmol) of 1,6-hexanediamine was added with 
stirring. The pH of the mixture was adjusted to 9.0, 
followed by addition of 0.38 g (2 mmol) of sodium 
borohydride. The reaction was carried out at room 
temperature in the dark for 16 h. The reaction mixture 
was dialyzed against deionized water and lyophilized. 
The presence of free amino groups (aliphatic) was 
demonstrated by a colour reaction with picrosulfonic 
acid (Inman and Dintzis, 1969). Step 3 - coupling 
Trolox to polyaminohexyl-dextran: 200 mg of aminated 
polyaldehyde-dextran from step 2 were dissolved in 20 
ml of deionized, nitrogen-purged water, which was 
adjusted to pH 6.0 by 0.3 N HCI. To this 125 mg (0.5 
retool) of Trolox were added, followed by 200 mg (1 
mmol) of 1-ethyl-3-(3-dimethylaminopropyl) carbodi- 
imide hydrochloride. With the pH maintained between 
5.5 and 6.5, the reaction mixture was stirred for 16 h at 
room temperature, before being dialyzed against 
deionized water and lyophilized. The Trolox content in 
dextran-Trolox was estimated by the Folin-Wu reagent 
as described under Analytical methods. The typical 
molar ratio of Trolox to dextran in the conjugate was 
found to be 2-4. 

2. 4. Preparation of polylysine- Trolox 

Trolox was coupled to polylysine by a direct carbodi- 
imide reaction (Arnold, 1985). The hydrocarbon back- 
bone of glutamate provides a natural spacing arm for 
the coupled ligand. The Trolox/polylysine molar ratio 
in the conjugate was critical to its solubility in water. 



Reaction of equimolar quantities of these reactants 
often resulted in water-insoluble conjugates. By in- 
creasing the starting molar ratio of polylysine/Trolox 
(e.g., > 2-4)  and controlling the duration of reaction, a 
balance between the number of Trolox molecules cou- 
pled to polylysine and the water solubility of the result- 
ing product can be controlled. 

200 mg of polylysine hydrobromide (equivalent of 
1.6 mmol of lysine) were dissolved in 6 ml of deionized 
water pre-purged with nitrogen and adjusted with 0.2 
N NaOH to pH 6.0. To this was added 250 mg (1 
mmol) of Trolox, followed by 200 mg (1 mmol) of 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro- 
chloride. With the pH maintained at or near 6.0, the 
reaction mixture was stirred for 17 h at room tempera- 
ture and preferably under a stream of nitrogen. The 
reaction mixture was dialyzed against deionized water 
and lyophilized. The content of Trolox in the resultant 
product was estimated based on its reaction with the 
Folin-Wu reagent (see Analytical methods). 

2.5. Human uentricular myocyte oxyradical assaying sys- 
tems for assessing antioxidant effects of Trolox and 
Trolox-conjugates 

A hypoxanthine-xanthine oxidase system as previ- 
ously described (Wu et al., 1990) was used to generate 
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oxyradicals in situ. The extent of damage inflicted by 
the oxyradicals on cultured human ventricular my- 
ocytes in the absence (control) or presence of a pre- 
sumptive antioxidant is a method for assessing the 
free-radical scavenging activities of the different Trolox 
derivatives (Wu et al., 1990). Early damage was sig- 
nalled by cell shrinkage and the appearance of a 'halo' 
in the periphery of the myocyte. Cell viability was 
gauged by conventional techniques such as trypan blue 
exclusion, [35S]methionine uptake into total protein, 
and the eventual physical disintegration of the cell as 
described by Wu et al. (1990). The time taken to attain 
definitive necrosis in 105 cultured human ventricular 
myocytes per mM of chroman tested was taken as the 
index of comparison of results. 

Approximately 2 × 105 cultured cells in 6 ml of 
phosphate-buffered saline, pH 7.4, were incubated with 
Trolox or its conjugates (over a range of concentra- 
tions) for 5 min before addition of 1 mM hypoxanthine 
followed immediately by 16 I U / I  of xanthine oxidase 
to induce oxyradical injury on the cells. In the absence 
of xanthine oxidase and (or) hypoxanthine, the my- 
ocytes remained viable for at least 45 rain. 

2.6. Analytical methods 

The sugar content in lactosylphenyl-Trolox was de- 
termined by the phenol-sulphuric acid method of 
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Fig. 1. Diagramatic representations of the structures of Trolox (TX) and its conjugates. 
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Dubo i s  et al. (1956). The  c a r b o h y d r a t e  concen t ra t ion  
was r ead  f rom a s t a n d a r d  curve p r e p a r e d  with varying 
levels of  lactose.  

The  Trolox  con ten t  in synthet ic  con juga tes  was esti-  
m a t e d  with the  F o l i n - W u  r eagen t  (Lowry et  al., 1951). 
Trolox  as a p o t e n t  pheno l i c  an t iox idan t  r educes  this 
reagent .  To 0.5 ml of  sample  in wa te r  was a d d e d  2.5 ml 
of  2% N a z C O  3 in 0.1 N N a O H  fol lowed by 0.25 ml of  
1 N F o l i n - W u  reagent .  The  abso rp t ion  of  this so lu t ion  
at 750 nm was r ead  af te r  15 rain in a Sh imadzu  M o d e l  
160 U V  S p e c t r o p h o t o m e t e r .  The  concen t r a t i on  of  
Tro lox  or  of  its equiva len t  in Tro lox-con juga tes  was 
d e t e r m i n e d  f rom a s t a n d a r d  curve cons t ruc ted  using a 
ser ies  of  concen t ra t ions  of  au then t i c  Tro lox  be tw e e n  
0 - 1  mM. 

The  aqueous  solubi l i ty  of  Tro lox  and Tro lox-con-  
juga tes  was e s t ima ted  by s p e c t r o p h o t o m e t r i c  m e t h o d  
as desc r ibed  by W u  et al. (1992). 

Pur i ty  of  Trolox  conjuga tes  was e s t ima ted  b a s e d  on 
thin layer  and  high p e r f o r m a n c e  l iquid ch roma tog ra -  
phy (HPLC) .  As  an i l lus t ra t ion,  the  H P L C  of  lacto-  
sy lphenyl -Tro lox  was p e r f o r m e d  in a Supercos i l  LC-18 
co lumn (5 /xm,  25 × 0.46 cm) using a g rad ien t  p rog ram-  
mer  to execute  a 20 rain solvent  g rad ien t  run  s ta r t ing  
f rom 100% w a t e r  to 100% acetoni t r i le .  The  co lumn 
was c o n n e c t e d  to an I S C O  H P L C  system with a mul t i -  
wave leng th  s p e c t r o p h o t o m e t r i c  d e t e c t o r  set at 290 nm. 
T h e  pur i f i ed  l ac tosy lpheny l -Tro lox  e m e r g e d  as a single 
symmetr ica l  p e a k  with a re la t ive  r e t en t ion  t ime to 
Trolox  of  1.12. 

3. Results 

Tab le  1 summar izes  se lec ted  phys io-chemica l  p rop-  
er t ies  of  Tro lox  conjuga tes  synthes ized,  whose  struc-  
tures  a re  r e p r e s e n t e d  in fig. 1. As  shown, all the  

TABLE 1 

Some properties of Trolox and its conjugates " 

Compound Molecular Trolox/ Solubility a Chemical 
weight b ligand (mM of bond 

ratio c Trolox) 

Trolox 250 - 1.8 - 
Lactosylphenyl- 

Trolox 666 1.0 1.6 Amide 
Dextran-Trolox 10374 4.2 17.3 Amide 
Polylysine- 

Trolox I 9 262 3.7 12.4 Amide 
Polylysine- 

Trolox II 22534 2.3 10.2 Amide 

a For stability, see Discussion. b For dextran-/polylysine-Trolox con- 
jugates, the molecular weight was calculated based on the average 
molecular weight of dextran or of polylysine, c Trolox content was 
estimated based on colorimetric reaction with Folin-Wu reagent (see 
Analytical methods), a Aqueous solubility was estimated by spec- 
trophotometric method (see Analytical methods). 

TABLE 2 

Damage of cultured human ventricular myocytes by oxyradicals in 
the absence or presence of Trolox and its conjugates 

Permutation Required for damage of 105 cells 
(min/mM tested compound) 

Actual time Delay in time ~' 

Cells ( + oxyradicals) 1.9 + 0.3 0 
Trolox (0-1.34 mM) b 5.1 _+ 0.5 3.2 + 0.3 
Lactosylphenyl-Trolox 

(0.1-1.0 raM) 14.0_+2.4 12.1 + 1.8 
Polylysine-Trolox 

(0.28-0.84 mM) 6.7 _+ 0.6 4.8 _+ 0.4 
Dextran-Trolox 

(0.5-1.0 mM) 4.7 + 0.6 2.8 +_ 0.3 
p-aminophenyllactose 

(0-1.0 raM) 2.0_+0.1 0.1 _+0.1 
Polylysine (0-2.0 mM) 2.3 + 0.2 0.4 +_ 0.1 
Dextran (0.1-1.0 raM) 2.0 -+ 0.2 0 

This equals Column 2 minus 1.9 rain (latter being the time for 
damaging 105 cells exposed to oxyradicals without any added antioxi- 
dant). For each tested compound, the result was expressed as mean 
+ SD from 3-5 replicates per condition, b Numbers within brackets 
indicate range of concentrations tested over which the effect (for 
multiple batches of Trolox or its conjugates) was roughly propor- 
tional to level of compound tested, and from which the data for 1.0 
mM was derived. 

conjuga tes  possess  an amide  l inkage be tween  the  lig- 
and  and  the carboxylic  acid group  on the ch roman  
nucleus.  Wi th  the  except ion  of  lac tosylphenyl-Trolox,  
the  o the r  Tro lox-conjuga tes  involving polylysine and 
dex t ran  have more  than  one  Trolox  molecu le  coup led  
p e r  l igand ( table  1). F o r  each type of  l igand- l inked  
Tro lox-conjuga te ,  the  solubi l i ty  of  the  c o m p o u n d  was 
empi r ica l Iy  obse rved  to vary inversely with the  mole  
ra t io  of  Trolox  to polymer .  The  h igher  is the  T r o l o x /  
l igand rat io,  the  less wa te r  soluble  is the  conjugate  
(resul ts  not  shown). 

Tab le  2 i l lus t ra tes  the  an t iox idan t -based  cy topro tec-  
tive activit ies of  Trolox  and  of  its conjuga tes  using 
cu l tu red  h u m a n  ven t r icu la r  myocytes.  The  resul ts  were  
t a b u l a t e d  e i the r  as the  ac tual  t ime taken  by oxyradicals  
to necrose  105 cells, or  as the  de lay  in t ime taken  to 
reach  tha t  s tage (i.e., ac tual  t ime for necrosis  with 
an t iox idan t  p re sen t  minus  the  ac tual  t ime for necrosis  
wi thout  an t iox idan t  p re sen t )  for 1 m M  of each  com- 
p o u n d  tes ted ,  it b e c a m e  ev ident  that  lac tosylphenyl-  
Trolox  was 3 0 0 - 4 0 0 %  more  active than  Trolox  in pre-  
vent ing oxyradical  damage ,  while  poly lys ine-Trolox  was 
only 4 0 - 6 0 %  more  active than  Trolox.  Dex t r an -Tro lox  
was a lmost  as active as Trolox  by the same assay. Note  
tha t  aminopheny l l ac tose ,  polylysine,  or  dex t ran  a lone  
did not  p ro tec t  the  myocytes  against  oxyradical  injury. 

4. Discussion 

Trolox,  be ing  more  hydrophi l ic  than  vi tamin E, can 
be a dmin i s t e r e d  to the  organs  directly.  By contras t ,  
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pretreatment of vitamin E is required for its cellular or 
organ uptake in experimental animals (Kumar et al., 
1992; Delbarre et al., 1992; Shum-Tim et al., 1992). In 
in vitro studies, we have recently shown that Trolox is a 
potent cytoprotector against oxyradical damage in hu- 
man ventricular myocytes, hepatocytes and erythro- 
cytes (Wu et al., 1990). We undertook this investigation 
to explore whether Trolox can be further enhanced in 
its bioactivity by structural modification. We have de- 
veloped methods to cross-link Trolox at its lone car- 
boxyl group to lactose, dextran or polylysine. While 
definitive evidence is lacking, we are tempted to expect 
the Trolox conjugates here to be more stable than 
Trolox alone for at least two good reasons. One, the 
amide bond involved in each of these conjugates is an 
extremely stable chemical linkage, two, they all involve 
the lone carboxylate at the C-2 position of the chroman 
ring (a position found to be least susceptible to loss of 
antioxidant activity upon  substitution) (Scott et al., 
1974). Experimentally, lactosylphenyl-Trolox is found 
to be slightly less hydrophilic than Trolox, while polyly- 
sine-Trolox and dextran-Trolox are more aqueous solu- 
ble than Trolox (table 1). Under Results, we had 
commented that the higher the Trolox/l igand ratio, 
the less water-soluble is the conjugate. In this connec- 
tion, note that this inference holds only true within the 
same ligand category (data not shown) as coupling of 
Trolox with a ligand introduces hydrophobic residues 
to a conjugate. This correlation is not clearly observed 
when comparing between different conjugates (lacto- 
sylphenyl-Trolox, dextran-Trolox, polylysine-Trolox I 
and polylysine-Trolox II) with different ligands (table 
1). A likely explanation for this could be the physio- 
chemical differences between ligands used in preparing 
the conjugates. For example, TX/ l igand  ration was 1.8 
times higher for dextran-Trolox than for polylysine- 
Trolox II and corresponding water solubilities differed 
by similar factor (1.7). Dextran probably confers better 
conjugate solubility than polylysine due to combination 
of two factors, smaller size and higher polarity (more 
hydrophobic character). In any case, many of these 
conjectures will require further experimental testing. 
As in vitro antioxidants in human ventriculr myocytes, 
Dextran-Trolox is almost equally active as Trolox, while 
lactosylphenyl-Trolox and polylysine-Trolox are signifi- 
cantly more active than Trolox (table 2). Although in 
vivo studies on these conjugates are still in progress, it 
is interesting to note that lactosylphenyl-Trolox is also 
a more potent in vivo protector of the liver (Wu et al., 
1992) and in the heart than Trolox (Wu et al., 1993). 
These data are consistent with the inference that the 
myocyte-based assay is a promising pre-screen for the 
in vivo cytoprotective effect of the Trolox conjugates. 

Polylysine-Trolox and dextran-Trolox, while active 
as antioxidants, were less effective than lactosylphenyl- 
Trolox, even though the latter is a 1 : 1 molar conjugate 

(table 1). Among possible reasons, lactosylphenyl- 
Trolox may owe its high antioxidant activity to several 
factors. First, there is the stabilizing influence of the 
amide-linked ligand. Second, Trolox is connected via a 
short linker (phenyl) arm to the relatively small lactose 
- so that the crucial chroman nucleus can, with mini- 
mal steric hindrance, access intimately and interact 
readily with oxyradicals at or near the cellular mem- 
branes, which are a major focus of attack by oxyradi- 
cals. Third, the intrinsic amphipathicity of lacto- 
sylphenyl-Trolox may be important for it to penetrate 
both the lipid and aqueous compartments of the cell 
(Wu et al., 1992), unlike polylysine- or dextran-Trolox, 
which are definitely hydrophilic. If the above were 
true, then the presence of relatively long polymer chains 
such as dextran or polylysine, which may restrict the 
physical contact between Trolox and the lipid mem- 
brane, may not be a strong asset, and the test results 
support this speculation. 

Two more aspects of these conjugates deserve men- 
tion. First, we found that these conjugates, especially 
lactosylphenyl-Trolox, was more stable in solution than 
Trolox (Wu et al., 1992), which have practical implica- 
tions for a potential therapeutic agent. Secondly, dex- 
tran and polylysine had been used as carriers of certain 
drugs in experimental pharmacology, often conferring 
larger targeting property, longer half-life, greater sta- 
bility a n d / o r  bio-availability on these therapeutic 
agents (Molteni, 1985; Arnold, 1985; Sheldon et al., 
1989; Ko et al., 1991; Nair et al., 1992). There is no 
experimental data in literature showing the targeting 
property of lactose-conjugate in vivo. It is well docu- 
mented that certain carbohydrates, such as galactose 
and N-acetylgalactosamine, which are part and parcel 
of certain bio-molecules, are important in the recogni- 
tion of the latter by some surface receptors on hepatic 
cells (Ashwell and Harford, 1982). If so, then coupling 
lactose (with a terminal galactose) to Trolox might 
target this antioxidant with enhanced potency to cer- 
tain types of cells. We are in progress in testing whether 
these Trolox conjugates are effective antioxidants to 
protect heart damage during ischemia-reperfusion in 
animal models. 

It should be noted that in 1990, Petty and coworkers 
(1990) prepared a quarternary amine analogue of a- 
tocopherol whose continuous infusion salvaged the 
perfused rat heart by > 90%. It was later reported to 
be cardioselective (Petty et al 1992). This data further 
confirmed that the chroman ring can be modified in 
more than one way to improve upon its intrinsic organ 
salvage effect. 
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