
ELSEVIER SCIENCE 
IRELAND Toxicology Letters 71 (1994) 27-37 

Toxicology 
letters 

Rapid plasma clearance of albumin-acrolein 
adduct in rats 

Kashyap N. Thakore, Jose C. Gan*, G.A.S. Ansari 

Department of Human Biological Chemistry and Genetics, University of Texas Medical Branch, 
Galveston, TX 77555, USA 

(Received 21 April 1993; revision received 28 May 1993; accepted 28 May 1993) 

Protein adducts are used as markers of chemical exposure. Determination of the clearance 
rate of these adducts from the blood circulation will provide the time frame for their measure- 
ment. Radioactive albumin was prepared biosynthetically by repeated intraperitoneal injec- 
tions of L-[4,5-3H]lysine to a rat. After an afftnity purification, an aliquot of this native 
[3H-lysine]albumin was adducted with 5 mM acrolein. Both the native albumin (A-treated 
group) and the albumin-acrolein adduct (AAA-treated group) were intravenously injected to 
separate groups of rats, and the clearance of radioactivity from the plasma was measured as 
a function of time. At the end of the experiment (33 h after the injection), radioactivity in the 
whole plasma, and in homogenates of liver, kidney and spleen and their trichloroacetic 
acid(TCA)-soluble and -insoluble fractions in both A- and AAA-treated groups, was 
measured. The results, at the initial 11 h after the injection, showed that the radioactivity was 
cleared from the circulating plasma more rapidly in the AAA-treated group (32% of the 
injected radioactivity remained) than the A-treated group (52%). At 33 h after the injection, 
22% of the injected radioactivity remained in the plasma in the AAA-treated group as com- 
pared to 32% in the A-treated group. The whole homogenates of liver and kidney and their 
corresponding TCA-soluble fractions showed higher radioactivity in the AAA-treated group 
as compared to the A-treated group. However, the TCA-insoluble fractions from livers and 
kidneys of the AAA-treated group showed lower radioactivity as compared to the A-treated 
group. These results indicated that the albumin-acrolein adduct was removed more rapidly 
from the circulation than the native albumin, and degraded more rapidly by the liver and 
kidney. There was no preferential removal or degradation of the adducted albumin by the 
spleen. 
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1. Introduction 

Acrolein, one of the hazardous aldehydes, is an ubiquitous environmental pollu- 
tant due to its formation during incomplete combustion of gasoline, coal, wood and 
plastic material (for review see Refs. l-3). It is also present in tobacco smoke and 
is formed during charcoal broiling of meat f3]. Moreover, acrolein is a toxic metabo- 
lite of several xenobiotics, such as ally1 alcohol, allylamine, allyl-fo~ate and the 
widely used anticancer drug, cyclophosphamide [3]. Acrolein may also be formed 
intracellularly by enzymatic oxidation of polyamines and during lipid peroxidation 
[3]. It is a mutagen [4,5] and a potential human carcinogen [6,7], although some re- 
cent studies suggest lack of neoplastic response to acrolein [8,9]. Acrolein is very 
toxic to mucosa of respiratory tract, eye, etc. and to skin and liver of mammalian 
species [3] due to its strong electrophilic nature to react with cellular nucleophiles 
containing thiol or amino groups. 

Because of the potential of exposure and resulting toxicity of acrolein to humans, 
there is a need for a reliable method for biomonitoring of populations at risk [lo]. 
Acrolein forms DNA adducts [5,1 l] and it binds covalently to hemoglobin [ 121 and 
albumin [ 131. Studies from this laboratory have shown that acrolein modifies lysine 
and histidine of plasma a,-proteinase inhibitor causing its inactivation (14-161. 
Acrolein modified amino and imidazole functional groups of proteins mainly 
through the Michael addition reaction [ 13,14,16,17]. Recently, we described a met- 
hod to quantitat~ blood protein adducts of acrolein using tritiated borohydride 
reduction reaction 1181. This method was found to be more rapid and sensitive as 
compared to the previously developed methods for the estimation of acrolein ad- 
ducts of blood proteins [13]. However, it is very essential to have the information 
about the rate of plasma clearance of the albumin-acrolein adduct as compared to 
the native albumin to determine the optimum time frame for its measurement. In the 
present study we described the plasma clearance of the albumin-acrolein adduct as 
compared to that of the native albumin. The study further compares the cumulative 
uptake and degradation of the adducted albumin versus the native albumin by liver, 
kidney and spleen. 

2. Materials and methods 

2.1. Chemicals 
Unless otherwise stated, all chemicals used in the present study were purchased 

from Sigma Chemical Co. (St. Louis, MO). The radiochemical L-]4,5-3H]lysine 
with specific activity of 87 Ciimmol was purchased from Amersham Corporation 
(Arlington Heights, IL). The universal liquid scintillation counting solution (Tru- 
count) was obtained from Tru-Lab Supply Co. (Libertyville, IL). Albumin removal 
affinity-filter cartridges were purchased from Affinity Technology, Inc. (Leonia, 
N.J.). 

2.2. Animals 
Male Sprague-Dawley rats (Harlan Spra~e-Dawley, Houston Breeding Lab- 

oratories, Houston, TX), weighing 240-260 g, were used for the study. They were 
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acclimated for 7 days before treatment in our animal facilities, which have environ- 
mentally controlled rooms with an alternating light (06.00-18.00 h) - dark 
(18.00-06.00 h) cycle and an ambient temperature of 22-25°C. They were housed 
over untreated corn cob bedding and were given food (commercial rat chow No. 
5001, Ralston Purina Co., St. Louis, MO) and water ad libitum. 

2.3. Preparation of the ‘~-lys~ne-iabe~~ed aIbum~n 
r_-[4,5-3H]lysine was diluted in saline (0.9% NaCl) to achieve radioactivity of 1 

@/lo ~1. This solution was repeatedly injected, intraperitoneally, to a single rat at 
a dose of 20, 10, 10, 10, 40, and 20 $Zi at 0, 3, 6, 9, 12 and 22 h respectively. Two 
hours after the last injection, the rat was anesthetized using diethyl ether and blood 
was drawn from the dorsal aorta and plasma was separated from the red cells by 
centrifugation at 5000 rev./min. The plasma was dialyzed against 50 mM phosphate 
buffer, pH 7.2. An aliquot of plasma was taken and albumin was separated using 
affinity filter column as described by Thakore et al. 1181. The albumin fraction 
obtained was dialyzed against distilled water and lyophilyzed. The lyophilized albu- 
min was then dissolved in 5 ml of saline and radioactivity was measured. This 
[3H-lysine]native albumin (-20 000 dpm/mg albumin) was used as a control and 
for the synthesis of [3H-lysine]albumin-acrolein adduct. 

An aliquot of this [3H-lysine]native albumin (5 mg/ml) was adducted with acro- 
lein (5 mM) using the procedure described by Thakore et al. [18]. At this concen- 
tration of acrolein 5 residues of lysine and 4 residues of histidine per mole of albumin 
were modified [13]. Acrolein, in 100 mM sodium phosphate buffer, pH 7.2, was 
added to the solution of albumin to obtain the 5 mM acrolein concentration. The 
reaction was performed in a screw-cap glass vial at 37°C for 2 h in a water bath. At 
the end of the incubation period the sample was dialyzed exhaustively against dis- 
tilled water to remove unreacted acrolein followed by overnight dialysis against 100 
mM phosphate buffer, pH 7.2. This sample of [3H-lysine]albumin-acrolein adduct 
(- 20 000 dpmlmg protein) was utilized to study plasma clearance in rats as des- 
cribed below. 

2.4. In vivo plasma clearance of the [3H-lysine]native albumin and its acrolein adduct 
Six male rats were divided into two groups with three rats each. Control rats were 

injected with [3H-lysine]native albumin (A-treated group), whereas experimental 
rats were injected with [3H-lysine]albumin-acrolein adduct (AAA-treated group), 
through the tail vein. Each rat was injected with 10 mg of labelled albumin, contain- 
ing approximately 200 000 dpm, in saline. After the injection, blood samples (25 ~1) 
were collected from the tail vein of each rat at various time intervals up to 33 h and 
radioactivity in the plasma was measured at each time point and expressed as a per- 
centage of injected radioactivity remaining per ml of plasma. The radioactivity in- 
jected per ml of plasma was calculated considering the total plasma volume as 10 
ml [ 191 for each rat. The rate of clearance of radioactivity from the plasma was then 
compared between the A- and AAA-treated groups. 

2.5. distribution of the radioactivity in the tissues 
At 33 h after the injection of either [3H-lysine]native albumin (A-treated group) 
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or its acrolein adduct (AAA-treated group), rats were anesthetized using diethyl 
ether and blood was drawn in a heparinized tube from the dorsal aorta of each rat 
and the plasma was separated. Liver, kidney and spleen were collected, rinsed with 
saline and blotted. A portion of each tissue (approximately 1 g) was homogenized 
in 100 mM phosphate buffer, pH 7.2, to make a 10% homogenate. 

(a) Measurement of radioactivity in the whole plasma, liver, kidney and spleen. Ah- 
quots of the whole plasma (200 ~1) or each tissue homogenate (1 ml, equivalent to 

100 mg tissue, dissolved in 1 .O M NaOH) were added to scintillation vials, each con- 
taining 10 ml of liquid scintillation counting solution. The radioactivity was 

measured on a liquid scintillation counter (Model LS 6000 SE, Beckman, USA) and 
the counts (dpm) were expressed as per ml of plasma or g of tissue. 

(b) Measurement of radioactivity in the albumin andglobulin fractions of the plasma. 

Albumin was separated from 200 ~1 of each plasma using an affinity chroma- 
tography column. The unabsorbed proteins (detected spectrophotometrically at 280 
nm) were washed thoroughly with 50 mM phosphate buffer, pH 7.2. The wash was 

the globulin fraction. The bound albumin was then eluted with 10 ml of 500 mM 
NaCl in 50 mM phosphate buffer, pH 7.2. Both the albumin and globulin fractions 
were dialyzed overnight against distilled water, lyophilized, and dissolved in 0.5 ml 
of distilled water and radioactivity was measured (dpm/mg protein) in each fraction. 

(c) Measurement of radioactivity in the TCA-soluble and -insoluble fractions of the 

whole plasma, liver, kidney and spleen. Aliquots of the whole plasma (200 ~1) or each 

tissue homogenate (1 ml, equivalent to 100 mg tissue, dissolved in 1.0 M NaOH) 
were precipitated with equal volumes of 20% TCA, vortexed and centrifuged to sepa- 
rate the TCA-soluble and -insoluble fractions. The TCA-insoluble fractions were 
dissolved in 1.0 M NaOH (200 ~1 for the plasma and 1 ml for the tissue) and the 
radioactivity was measured and expressed as described above. 

3. Results 

3.1. In vivo plasma clearance of the [3H-lysine]a1bumin and its acrolein adduct 

As shown in Fig. 1, the radioactivity in plasma decreased with time after injection 
of either the albumin or the albumin-acrolein adduct to rats through tail vein. The 
sharp decline in radioactivity, in both the groups, at initial period up to about l-2 
h after injection may be due to the distribution of the injected albumin into the plas- 
ma and different tissue compartments of the body. Later, between 3 and 11 h after 

injection, the decline in the radioactivity in the plasma may be due mainly to the up- 
take as well as degradation of the albumin by the liver and other tissues. During this 
second phase, between 3-l 1 h, the significantly lower radioactivity was observed in 
the plasma of the AAA-treated group (32% of the injected radioactivity remained) 

as compared to the A-treated group (52%). This lower radioactivity in the plasma 
of the AAA-treated group suggested the higher rate of uptake and degradation of 
the albumin-acrolein adduct by the tissues. At later time points (26 and 33 h), there 
was a gradual decline in radioactivity in both the groups with higher decline in the 
case of the AAA-treated group (22% of the injected radioactivity remained vs. 3% 
in the A-treated group). We were unable to measure the half-life of injected albumin 
in the A- and AAA-treated groups, since the radioactive clearance was not measured 
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Fig. 1. Effect of albumin-acrolein adduct (5 mM) on its in vivo plasma clearance in rat. Percent of injected 
radioactivity remaining in the plasma at various time points after the intravenous injection of either the 
[3H-lysine]albumin (A-treated group, 0) or its acrolein adduct (AAA-treated group, 0) to rats, is shown. 
The values are mean f S.E. for n = 3. The asterisk indicates significant difference from the A-treated 

group at the corresponding time points (P < 0.05). 

for a longer period of time beyond 33 h. The half-life of plasma albumin in rat, as 
reported in the literature [20], is 3.7 days. 

3.2. Radioactivity in the plasma 
As shown in Fig. 2, at 33 h after the injection of either the native albumin or its 

acrolein adduct, radioactivity in the whole plasma was significantly lower in the 
AAA-treated group as compared to the A-treated group. The radioactivity in the 
TCA-soluble fractions of the plasma of both the groups was very low and did not 
differ significantly from each other. However, the radioactivity in the TCA-insoluble 
fractions of plasma of both the groups was relatively high, but it was significantly 
lower in the AAA-treated group than the A-treated group. 

Fig. 3 shows the distribution of the radioactivity in the albumin and globulin frac- 
tions after affinity column separation of the plasma of the A- and AAA-treated 
groups. As shown, the majority of the radioactivity (- 90%) in the plasma was as- 
sociated with the albumin fraction and a relatively small amount (- 10%) with the 
globulin fraction in both the groups. 

3.3. Radioactivity in tissues 
Liver: Fig. 4a shows the radioactivity in whole liver and its distribution in the 

TCA-soluble and -insoluble fractions of the A- and AAA-treated groups. The 



Total Soluble [nsoluble 

Fig. 2. Effect of albumin-acrolein adduct (5 mM) on its in vivo plasma clearance in rat. Radioactivity/ml 

of plasma in the whole plasma and its distribution in the TCA-soluble and -insoluble fractions, collected 

at 33 h after the injection of either the [3H-lysine]albumin (A-treated group, Cl) or its acrolein adduct 

(AAA-treated group, U) to rats, is shown. The values are mean + S.E. for n = 3. The asterisk indicates 

significant difference from the A-treated group (P < 0.05). 
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Fig. 3. Effect of albumin-acrolein adduct (5 mM) on its in vivo plasma clearance in rat. Radioactivity/ml 

of plasma in the whole plasma and its distribution in the albumin and globulin fractions, collected at 33 

h after the injection of either the 13H lysjnelalbumin (A-treated group, U) or its acrotein adduct (AAA- 

treated group, 0J) to rats, is shown. The values are mean f S.E. for n = 3. The asterisk indicates 

significant difference from the A-treated group (P < 0.05). 
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Fig. 4. Effect of albumin-acrolein adduct (5 mM) on its in vivo degradation by the liver (a), kidney (b) 
and spleen (c) of rat. Radioactivity/g of tissue in the whole tissue and its dist~butio~~in the TCA-soluble 
and -insoluble fractions, collected at 33 h after the injection of either the ~3H-lysine]aibu~n (A-treated 
group, 0, or its acrolein adduct (AAA-treated group, pn) to rats, is shown. The values are mean i SE 

for n = 3. The asterisk indicates significant difference from the A-treated group (P < 0.05). 
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radioactivity in the whole liver was higher in the AAA-treated group as compared 
to the A-treated group; however, it was not statistically significant. The radioactivity 
was also higher in the TCA-soluble fraction and lower in the TCA-insoluble fraction 
for the AAA-treated group as compared to the A-treated group. 

Kidney: As seen with liver, radioactivity in the whole kidney (Fig. 4b) was also 
significantly higher in the AAA-treated group as compared to the A-treated group. 
The TCA-soluble and -insoluble fractions also showed the pattern, similar to that 
seen with liver, for both the groups. The radioactivity was higher in the TCA-soluble 
fraction for the AAA-treated group as compared to the A-treated group. 

Spleen: The radioactivity in the whole spleen and its distribution in the TCA- 
soluble and -insoluble fractions for the A- and AAA-treated groups are shown in 
Fig. 4c. The radioactivity in the whole spleen and its distribution in the TCA-soluble 
and -insoluble fractions for the AAA-treated group was consistently higher as com- 
pared to the A-treated group but it was not statistically significant. 

4. Discussion 

The present study compares the plasma clearance rate of the albumin-acrolein 
adduct with that of the albumin in rat. The cumulative uptake and degradation of 
the adducted albumin in the liver, kidney and spleen at the end of the experiment 
(33 h after the injection) were also compared with that of the native albumin. 
Generally, turnover rate of the protein in vivo is increased when a normal amino 
acid is substituted by an analog 121,221. Several such modi~cations have been iden- 
tilied by phosphorylation, carbomylation, deamidation, oxidation and formation of 
mixed disultide derivatives of amino acid residues [23-271. The covalent modifica- 
tion of an amino acid residue in the protein (such as in albumin-acrolein adduct) 
may be equivalent to the replacement of that residue with an analog. 

Acrolein, an c&unsaturated aldehyde, is a strong electrophile and therefore 
shows a high reactivity with nucleophiles such as sullbydryl, amino, and hydroxyl 
functional groups 1281. Recent studies from our laboratory have shown that acrolein 
covalently binds to amino and imidazole functional groups of proteins mainly 
through the Michael addition reaction [13,14,16]. Therefore, it would be possible 
that the covalent adducts of acrolein with amino groups of proteins results in trans- 
formation of these proteins into the forms which could be recognized by the body 
as ‘foreign bodies’ and hence cleared rapidly from the circulation. 

In the present study aIso, the results showed that the albumin-acrolein adduct 
disappeared from the circulation more rapidly than the native albumin during the 
initial 11 h after injection. At the end of the experiment (33 h after the injection) 22’%1 
of the injected radioactivity remained in the plasma of the AAA-treated group as 
compared to 32% in the A-treated group. This shows that the rate of in vivo plasma 
clearance of the injected albumin-acrolein adduct was significantly higher as com- 
pared to the rate observed for the native albumin. Moreover, the radioactivity was 
present mainly in the TCA-insoluble fraction with only a small amount in the TCA- 
soluble fraction for both the groups, indicating that the radioactivity released by the 
catabolism of albumin is not recirculated into the plasma. Further, the radioactivity 
was mainly found in the albumin fraction of the plasma with a relatively small 
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amount in the globulin fraction, suggesting that the radioactivity which was released 
from the metabolism of albumin in the liver is not recycled for the protein biosyn- 
thesis. 

The present data support the earlier observation that albumin, modified in vitro 
with formaldehyde, is rapidly cleared from the circulation and it is taken up rapidly 
by the sinusoidal liver cells, the major scavenger cells in vivo, via receptor-modified 
endocytosis [29]. Scavenger function of macrophages or macrophage-derived cells 
for chemically modified proteins has been known for fo~aldehyde-treated bovine 
serum albumin [29,30], maleylated albumin [31], malondialdehyde-modified [32] 
and acetylated low-density lipoproteins [33,34]. 

We also observed higher levels of radioactivity in the whole liver homogenate of 
the AAA-treated group as compared to the A-treated group, indicating the increased 
rate of uptake by the liver of the adducted albumin as compared to the native albu- 
min. The radioactivity was higher in the TCA-soluble fraction and lower in the 
TCA-insoluble fraction of the liver in the AAA-treated group as compared to the 
A-treated group, which further suggested the higher rate of metabolism of the ad- 
ducted albumin in the liver as compared to the native albumin. The radioactivity in 
the whole kidney, as well as in its soluble fraction, was also higher in the AAA- 
treated group as compared to the A-treated group, which suggested the increased 
rate of uptake and metabolism of the adducted albumin by the kidney. The radioac- 
tivity in the whole spleen and in its TCA-soluble and -insoluble fractions, though 
statisti~~ly nonsi~i~cant, was also higher in the AAA-treated group as compared 
to the A-treated group, which might be indicative of the response of the spleen to 
this acrolein-modified protein as ‘foreign bodies’ for its rapid uptake and removal 
from the body. 

The results of the present study suggested that the albumin-acrolein adduct was 
cleared from the blood circulation more rapidly as compared to the native albumin. 
Therefore, the rate of plasma clearance of the protein adducts should also be 
considered to establish their efficacy as biological markers of exposure. 

5. Acknowledgement 

This investigation was supported by the grants, OH 02149, awarded by the 
National Institute of Occupational Safety and Health of the Centers for Disease 
Control, and R81-9989-010, awarded by United States Environmental Protection 
Agency. 

6. References 

1 Izard, C. and Libermann, C. (1978) Acrolein. Mutat. Res. 47, 1 IS-138 
2 Beauchamp, R.O. Jr., Andejelkovich, D.A., Khgerman, A.D., Morgan, K.T. and Heck Hd’, A.A. 

(1985) Critical review of the literature on acrolein toxicity. CRC Crit. Rev. Toxicol. 14, 309-380. 
3 Esterbauer, H., Schaur, R.J. and Zollner, H. (1991) Chemistry and biochemistry of 4- 

hydroxynonenal, malonaldehyde and related aldehydes. Free Rad. Biol. Med. 11, 81-128. 
4 Marnett, L.J., Hurd, H.K., Hollstein, M.C., Levin, D.E., Esterbauer, II. and Ames, B.N. (1985) 

Naturally occurring carbonyl compounds are mutagens in Saimone~la tester strain TA 104. Mutat. 
Res. 148. 25-34. 



5 Smith, R.A., Cohen, SM. and Lawson, T.A. (1990) Acrolein mutagenicity in theV79 assay. Car- 

cinogenesis II, 497-498. 

6 Schmahl, D. and Habs, M.R. (1983) Prevention of cyclophosphamide-induced carcinogenesis of the 

urinary bladder of rats by administration with mesna. Cancer Treat. Rev. 10 (Suppl. A), 57-61. 

7 Irving, CC., Murphy, W.M. and Cox, R. (1987) The effects of intravesical instillation of acrolein 

on the urothelium of the rat. Proc. Am. Assoc. Cancer Res. 28, 109. 

8 Parent, R.A., Caravello, H.E. and Long, J.E. (1991) Oncogenicity study of acrolein in mice. J. Am. 

Coll. Toxicol. 10(6), 647-659. 

9 Parent, R.A., Caravello, H.E. and Long, J.E. (1992) Two-year toxicity and carcinogenicity study of 

acrolein in rats. J. Appl. Toxicol. 12(2), 131-139. 

10 Bernard, A. and Lauwerys, R. (1986) Present status, and trends in biological monitoring of exposure 

to industrial chemicals. J. Occup. Med. 28, 558-562. 

II Foiles, P.G., Akerkar, S.A., Miglietta, L.M. and Chung, F.L. (1990) Formation of cyclic deoxy- 

guanosine adducts in Chinese hamster ovary cells by acrolein and crotonaldehyde. Carcinogenesis 

II, 2059-2061. 

12 Hoberman, J.D. and San George, R.C. (1988) Reaction of tobacco smoke aldehydes with human 

hemoglobin. J. Biochem. Toxicol. 3, 105-l 19. 

I3 Gan, J.C., Oandasan, A. and Ansari, G.A.S. (1991) In vitro covalent modification of serum albumin 

by acrolein. Chemosphere 23, 939-947. 

14 Gan, J.C. and Ansari, G.A.S. (1986) Non-oxidative inactivation of plasma o,-proteinase inhibitor 

by carbonyl compounds found in cigarette smoke. Res. Commun. Subs. Abuse 7, 59-69. 

I5 Gan, J.C. and Ansari, G.A.S. (1987) Plausible mechanism of inactivation of plasma o,-proteinase 

inhibitor by acrolein. Res. Commun. Chem. Pathol. Pharmacol. 55, 419-422. 

I6 Gan, J.C. and Ansari, G.A.S. (1989) Inactivation of plasma crt-proteinase inhibitor by acrolein: 

Adduct formation with lysine and histidine residues. Mol. Toxicol. 2, 137-145. 

I7 Polansky, 0. (1957) The influence of the induced charge on the ground state of the electron system 

of the o&unsaturated hydrocarbons. Monatsh. Chem. 88, 91-107. 

18 Thakore, K.N., Gan, J.C., Oandasan, A. and Ansari, G.A.S. (1992) Quantitation of blood protein 

adducts of acrolein by tritiated sodium borohydride reduction. Toxicol. Methods 2, 295-305. 

I9 Altenberg, G.A., Aristimuno, P.C., Amorena, C.E. and Taquini, A.C. (1989) Amiloride prevents the 

metabolic acidosis of a KCI load in nephrectomized rats. Clin. Sci. 76, 649-652. 

20 Jeffay, H. and Winzler, R.J. (1958) The metabolism of serum proteins. I. The turnover rate of rat 

serum proteins. J. Biol. Chem. 231, 101-109. 

21 Pine, M.J. (1967) Response of intracellular proteolysis to alteration of bacterial protein and the 

implications in metabolic regulation. J. Bacterial. 93, 1527-1533. 

22 Goldberg, A. (1972) Degradation of abnormal proteins in Escherichia cob. Proc. Nat]. Acad. Sci. 

USA 69, 422-426. 

23 Parker, R.A., Miller, S.J. and Gibson, D.M. (1984) Phosphorylation of microsomal HMG CoA 

reductase increases susceptibility to proteolytic degradation in vitro. Biochem. Biophys. Res. Com- 

mun. 125, 629-635. 

24 Hood, W., De La Morena, E. and Grisolia, S. (1967) Increased susceptibility of carbamylated gluta- 

mate dehydrogenase to proteolysis. Acta. Biol. Med. Germ. 36, 1667-1672. 

25 Robinson, A.B., Mckerrow, J.H. and Cary, P. (1970) Controlled deamidation of pcptides and pro- 

tein: An experimental hazard and a possible biological timer. Proc. Natl. Acad. Sci. USA 66, 

753-757. 

26 Stadtman, E.R. and Oliver, C.N. (1991) Metal catalyzed oxidation of protein’s physiological conse- 

quences. J. Biol. Chem. 266, 2005-2006. 

27 Offermann, M.K., Mckay, M.J., Marsh, M.W. and Bond, J.S. (1984) Glutathione disulfide inac- 

tivates, destabilizes, and enhances proteolytic susceptibility of fructose-l ,6-bisphosphate aldolase. J. 

Biol. Chem. 259, 8886-8891. 

28 Witz, G. (1989) Biological interactions of alpha, beta-unsaturated aldehydes. Free Rad. Biol. Med. 

7, 333-349. 
29 Horiuchi, S., Murakami, M., Takata, K. and Morino, Y. (1986) Scavenger receptor for aldehyde- 

modified proteins. J. Biol. Chem. 261, 4962-4966. 

36 K.N. Thakore et al. / Tosicol. Leil. 71 (1944) 27-37 



K.N. Thakore et al. / Toxicol. Lett. 71 (1994) 27-37 31 

30 Wandel, M., Berg, T., Eskild, W. and Norum, K.R. (1982) Intracellular transport and degradation 

of ‘251-labelled denatured serum albumin in isolated nonparenchymal rat liver cells. Biochim. 

Biophys. Acta 721, 469-411. 

31 Johnson, W.J., P&o, S.V., Imber, M.J. and Adams, D.O. (1982) Receptors for maleylated proteins 

regulate secretion of neutral proteases by murine macrophages. Science 218, 574-576. 

32 Fogelman, A.M., Shechter, I., Seager, J., Hokom, M., Child, J.S. and Edwards, P.A. (1980) Malon- 

dialdehyde alteration of low density lipoproteins leads to cholesteryl ester accumulation in human 

monocyte-macrophages. Proc. Nat]. Acad. Sci. USA 77, 2214-2218. 

33 Goldstein, J.L., Ho, Y.K., Basu, SK. and Brown, M.S. (1979) Binding site on macrophages that 

mediates uptake and degradation of acetylated low density lipoprotein, producing massive choles- 

terol deposition. Proc. Natl. Acad. Sci. USA 76, 333-337. 

34 Henriksen, T., Mahoney, E.M. and Steinberg, D. (1981) Enhanced macrophage degradation of low 

density lipoprotein previously incubated with cultured endothelial cells: Recognition by receptors 

for acetylated low density lipoproteins. Proc. Natl. Acad. Sci. USA 78, 6499-6503. 


