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Protein adducts are useful biomarkers for assessing exposure,
metabolism and risk of carcinogens. Aflatoxin B1–albumin adducts
(AAA) and protein carbonyl content (PCC) have long been used
for assessing aflatoxin exposure and oxidative stress to proteins,
and the quantitative data are almost exclusively expressed per mg
protein. Given the large variation in protein concentrations in
plasma among populations, this may not be the most appropriate
method. The objective was to test the hypothesis that AAA and PCC
should be expressed per mL plasma in population studies. AAA and
PCC were analyzed among 402 subjects from three regions of China
with a gradient in hepatocellular carcinoma (HCC) mortality ranging
from 21 to 97 per 100 000. When biomarker values were expressed
per mL plasma, the AAA level was significantly associated with
plasma PCC (r = 0.262, P < 0.001), and adjusted levels of AAA and
PCC paralleled HCC mortalities in the three regions, suggesting a
role for aflatoxin-related oxidative stress in hepatocarcinogenesis in
this population. In addition, there were statistically significant
associations between both protein biomarkers, expressed per mL
plasma, and the levels of alanine aminotransferase and aspartate
aminotransferase in hepatitis B virus-infected subjects, suggesting
roles for aflatoxin exposure, oxidative stress and hepatitis B virus
infection in the development of HCC. The present data suggest
that interindividual variation in plasma protein concentration may
influence the dosimetry and relevant interpretation of protein
biomarkers. (Cancer Sci 2007; 98: 140–146)

Environmental chemicals are possible etiological agents
for a number of human cancers,(1) and the development

of quantitative risk assessment methodologies has emphasized
the need for chemical-specific biomarkers as molecular dosi-
meters of individual exposure.(2) The adducts formed by the
covalent binding of genotoxic chemicals with proteins are
useful biomarkers for assessing exposure, metabolism and risk
in molecular epidemiology.(3) Unlike DNA adducts, protein
adducts are not repaired. Therefore, protein adducts form a
stable repository of accumulated exposure to carcinogens
over the lifetime of the protein.(4) The levels of stable protein
adducts can be used to evaluate exposure if the dose–response
relationship is known.(3) Further, formation of biomarkers of
carcinogenesis may be important biological events that take
place between exposure to external or endogenous carcinogens
and the subsequent development of cancer.(4) Thus, protein
adducts in blood may serve as useful surrogates for those in the
target organ in animal or human population studies.(5)

The 40 years of investigation of aflatoxin exposures probably
provides one of the most extensive data sets in molecular epide-
miology.(6) Aflatoxins are highly carcinogenic agents, and the
role of exposure to AFB1 in the development of HCC has long

been documented in animal and human studies.(7) AFB1
is metabolized by constitutive cellular enzymes, during which
there is formation of free radicals.(8) The process results in both
lipid peroxidation and covalent adducts with DNA and pro-
teins.(7) Among the various products formed during AFB1
biotransformation, AAA are of great value for assessing
exposure at the individual level over a period of weeks or
months because of the relatively long half-life of albumin (∼20 days)
in humans.(9)

ROS are potential carcinogens because of their roles in muta-
genesis, tumor promotion and progression.(10) ROS and oxid-
ative damage have been shown to contribute to the genotoxicity
of AFB1.(7) Oxidative damage to proteins may be a critical path-
ological event because enzyme inactivation can have rapid
effects, by nature of their catalytic functions.(11) PCC (aldehyde
or ketone) is a widely used marker for the presence of oxidative
stress in physiological and pathological conditions.(12) However,
thus far, there are no reports on the association between afla-
toxin exposure and oxidative stress in terms of PCC in either
human or animal studies.

It is presumed that after an environmental exposure each per-
son is unique in both dose–response and time to disease onset,
and these responses will be affected by both intrinsic and extrin-
sic modifiers.(6) AAA and PCC are almost exclusively expressed
per mg albumin or protein. However, given the large interindi-
vidual variation in protein concentration in plasma,(13) this may
not be the most appropriate method. In a multicenter collabora-
tive study we found that correction of AAA and PCC for protein
concentration resulted in a different interpretation of a data set
of these biomarkers in a Chinese population at high risk for
HCC, suggesting that AAA and PCC data should be expressed
per volume plasma in population studies.

Materials and Methods

Samples collection. Study subjects came from Guangxi Zhuang
Autonomous Region, a region of elevated HCC risk and AFB1
contamination,(14,15) and Chengdu City, Sichuan Province, a
region with a relatively low incidence of HCC. Details on
recruitment have been described elsewhere.(15) In brief, a total of
404 subjects (270 men and 135 women, aged 29.3 ± 14.4 years)
were recruited from three regions of China. The local cancer
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registry revealed a gradient in HCC mortality for men in these
regions (Fusui 92–97/100 000, Nanning 32–47/100 000 and
Chengdu 21/100 000, respectively).(15) Samples were collected
from all subjects in the morning before daily work, in turn from
Chengdu, Nanning and Fusui during April to June. Subjects
were screened for hepatitis virus (HBV, HCV, HDV, HEV
and HGV) infections, and liver biochemistry (ALT, AST, ALB
and plasma TP) was quantified for all subjects as described
previously.(15) All liver biochemistry was determined on a
Beckman LX20 Chemistry Analyzer (Beckman Coulter, Brea,
CA, USA) in the same laboratory. Hepatitis virus infection was
defined as HBV(+) (sAg, eAg, eAb or cAb [+]) or HXV(+)
(HBV, HCV, HDV, HEV or HGV [+]). One subject from
Chengdu and one from Nanning City had extraordinarily high
concentrations of AAA (5751 fmol/mg albumin) and carbonyl
(1.4 nmol/mg protein), respectively. The former was confirmed
to be infected with tuberculosis in a later follow up. These two
subjects were excluded from the analysis.

AAA and PCC concentrations in plasma. AAA concentrations in
plasma were quantified by ELISA as described previously.(16)

Values were normalized to the amount of albumin (fmol/mg
albumin) and also to albumin concentration in plasma (fmol/mL
plasma). The minimum level of AAA among these subjects was
32.6 fmol/mg albumin, above the limit of sensitivity of this
assay (10 fmol/mg albumin) and quality control measures were
taken as described previously.(16) Protein carbonyl concentration
was determined by ELISA, modified from the method by Buss
et al.(17) Plasma proteins (4 mg/mL) were incubated at room
temperature with DNP (Sigma-Aldrich, St Louis, MO, USA)
for 45 min and non-specifically adsorbed to an ELISA plate
by incubating overnight at 4°C. Proteins were probed with
biotinylated anti-DNP antibody (Molecular Probes, Eugene,
Oregon, USA), followed by streptavidin-linked horseradish
peroxidase (Amersham Biosciences UK, Little Chalfont,
Buckinghamshire, UK). Finally, the substrate tetra-methyl-
benzidine (Sigma-Aldrich) was added. The reaction was stopped
by adding acid, and absorbance at 450 nm was measured. PCC
values were first normalized by TP (nmol/mg TP) and then
normalized by TP concentration in plasma (nmol/mL plasma).
The range of PCC in these subjects was between 0.11 and
1.41 nmol/mg TP, within the linear range of this assay
(0–2.5 nmol/mg TP),(17) and comparable to the reported level
of PCC in human plasma (0.4–1.0 nmol/mg TP).(18) The
intra-assay variation for 22 duplicates was 10.0%, similar to the
mean variation of ±8.8% reported by Buss et al.(17)

Statistical analysis. To obtain a normal distribution and to
stabilize the variance, concentrations of AAA and PCC were
log-transformed in a linear regression model. Spearman non-
parametric correlation was used to test the association between
AAA and PCC, and the association between protein adducts and
liver chemistry indices (ALT, AST) in each categorized group.
In addition, a partial correlation analysis was used to calculate
the strength of the association between AAA and PCC (adjusted
for albumin and total protein concentration separately) while
controlling for confounding factors (geographic location, age, sex,
BSA, HXV, smoking status, alcohol consumption and ethnicity).
BSA was calculated using the Dubois–Dubois formula:

Surface = 71.74Weight(0.425)Length(0, 725),

where surface was measure in cm2, weight was measured in kg
and length was measured in cm.(19) Concentrations of protein
and protein adducts in the Fusui, Nanning and Chengdu groups
were compared by one-way ANOVA and multiple comparisons
were tested by LSD. A Student’s t-test was used to examine the
influence of age, sex, ethnicity, HXV markers, and smoking and
drinking habits on the protein adduct levels in each categorized
group. The effect of protein concentration was evaluated by
linear regression models, in which AAA and PCC were adjusted

by albumin and TP, respectively, and potential factors (AAA,
geographic location, sex, age, BSA, HXV infection, smoking
status, alcohol consumption and ethnicity) were tested as
predictors of PCC. All analyses were carried out using the SPSS
10.0 program (Chicago, IL, USA). A two-tailed P-value < 0.05
was considered significant.

Results

Protein concentration variation. There were significant variations
in plasma protein (TP and albumin) concentrations among the
populations in the three regions (one-way ANOVA, P < 0.001;
Fig. 1). Protein concentrations were significantly higher in
subjects from Fusui than from Nanning or Chengdu. Further,
there were positive associations between protein concentration
and AAA level (per mg albumin), and negative associations
between protein concentration and PCC level (per mg TP)
(Table 1). The direction of these correlations remained the same
even after stratification by age and HXV markers. These results
suggest that it may be inappropriate to use both biomarkers
and protein concentration as independent variables in the
multivariate analysis model.

Comparison of AAA and PCC concentrations among three
populations with distinct HCC mortalities: Effect of adjustment for
protein concentration. The variation in AAA, PCC and HCC
mortality in the three regions is illustrated in Fig. 2. There were
significant differences in the concentrations of AAA and PCC
(expressed per mL plasma) among the three regions. More
importantly, only when the data were expressed per mL plasma
did the gradient in both biomarkers parallel HCC mortalities in
the three regions, suggesting that there might be etiological roles
for AFB1 and oxidative stress in inducing HCC in this population.

Association between AAA and PCC: Effect of adjustment for
protein concentration. The association between AAA (fmol/mg
albumin) and PCC (nmol/mg protein) was not significant
(r = −0.026, P = 0.606, Spearman correlations; Fig. 3A). However,
there was a significant association between AAA (fmol/mL
plasma) and PCC (nmol/mL plasma) (r = 0.262, P < 0.001,
Spearman correlations; Fig. 3B). In addition, in a partial correl-
ation analysis (controlling for confounding factors including
geographic location, age, sex, BSA, HXV, smoking status,
alcohol consumption and ethnicity), there was also a significant
association between AAA and PCC, expressed per mL plasma

Fig. 1. Comparison of plasma protein concentrations among 402
subjects in three regions of China. Box-plot values were expressed as
mean and range (g/L). P-values are from multiple comparisons of
the biomarkers’ levels in the three groups using one-way ANOVA
(LSD test).
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(r = 0.194, P < 0.001). These results demonstrate that when the
biomarkers are expressed per mL plasma rather than per mg
protein, AFB1 exposure increased significantly along with
oxidative stress to proteins, regardless of confounding factors.

Association between protein adducts and liver function indices:
Effect of adjustment for plasma protein concentration. Most HBV(–)
subjects (91.5 and 90.2% for ALT and AST, respectively) had
normal liver biochemistry levels (<40 IU/L for ALT and <45 IU/L
for AST). Among the HBV(+) subjects, 86.5 and 67.7% had
normal levels of ALT and AST, respectively. Thus, HBV(+)
subjects had significantly higher levels of ALT and AST than
HBV(–) subjects (P < 0.001, Mann–Whitney U-test). When
expressed per mL plasma, there were significant associations of
the liver function markers (ALT and AST) with both AAA and
PCC in HBV(+) subjects, suggesting damage induced by both
AFB1 and oxidative stress to the parenchymal cells of the liver
(Table 2). In addition, the relationship between AAA and ALT
and AST appeared only among HBV-infected subjects,
suggesting a synergistic effect of AFB1 exposure and HBV
infection in inducing liver damage.

Predictors of protein adduct concentrations: Effect of protein
concentration adjustment. We examined whether age, sex, ethnicity,
hepatitis virus infection, smoking status and alcohol con-
sumption predicted protein adducts in a univariate analysis. Men,
Zhuang minorities and smokers had higher concentrations
of AAA than women, those of Han ethnicity and non-smokers,
respectively, regardless of HBV status and method of
adjustment of AAA concentrations. Only among HBV(+)
individuals was smoking associated with significantly higher
concentrations of PCC (nmol/mL plasma), suggesting a

synergistic effect of cigarette smoking and HBV in increasing
oxidative stress. Among adults, HBV infection was associated
with significantly higher concentrations of AAA and PCC
than in non-infected subjects, regardless of the method of
adjustment. Among the HBV(–) individuals, only adolescents
and alcohol drinkers had significantly higher AAA (foml/mL
albumin) and PCC (noml/mL plasma) concentrations than adults
and non-drinkers. Adjustment for albumin concentrations
had little influence on the univariate analysis of AAA and
risk factors except for alcohol consumption. Nevertheless,
adjustment for total protein concentrations significantly affected
the univariate analysis of PCC and risk factors (Supplementary
Materials, Tables 1 and 2). Linear regression analysis revealed
that AAA was the major contributor to PCC levels in both the
HXV (+) and (–) groups; however, AAA was not the major
contributor to PCC levels in the Chengdu subjects (Table 3).

Discussion

These results demonstrate that plasma protein adduct dosimetry
based on volume normalization rather than protein normali-
zation gives clear associations among the biomarkers of
carcinogen exposure, oxidative stress and liver damage. The
association between AAA and ALT and AST suggests
parenchyma injury to the liver by chronic exposure to AFB1 in
this population, in agreement with observations in rabbits(20) and
rats(21) treated with AFB1. This supports the view that the
formation of protein adducts may contribute to the acute toxicity
of AFB1 and augment its carcinogenicity.(22) In particular, the
relationship between AAA and ALT and AST appeared only

Table 1. Spearman correlations between adducts and protein concentration among 402 subjects from China, stratified by age and hepatitis
virus (HXV) markers

Variable Value
Total (n = 402)

Adults (≥18 years) Adolescents (<18 years) 

HXV(–) (n = 191) HXV(–) (n = 84) HXV(–) (n = 112) HXV(+) (n = 15)

TP 
(mg/mL)

ALB 
(mg/mL)

TP 
(mg/mL)

ALB 
(mg/mL)

TP 
(mg/mL)

ALB 
(mg/mL)

TP 
(mg/mL)

ALB 
(mg/mL)

TP 
(mg/mL)

ALB 
(mg/mL)

AAA (fmol/mg albumin) r 0.130 0.220 0.104 0.249 0.286 0.374 0.130 0.136 0.461 0.354
P 0.009 0.001 0.154 0.001 0.008 0.001 0.172 0.153 0.084 0.196

PCC (nmol/mg protein) r −0.208 −0.184 −0.201 −0.215 −0.197 −0.078 −0.126 −0.141 −0.481 −0.640
P 0.001 0.001 0.005 0.003 0.073 0.482 0.186 0.139 0.070 0.010

AAA, AFB1–albumin adduct; ALB, albumin; PCC, protein carbonyl content; TP, total protein.

Fig. 2. Comparison of protein adduct levels
among subjects from Fusui, Nanning and
Chengdu and hepatocellular carcinoma (HCC)
incidence in men in each region (one-way
ANOVA). Values are expressed as mean ± SD.
(A–D) P-values are from multiple comparisons of
the biomarkers’ levels in the three groups in
one-way ANOVA (LSD test). (E) HCC incidence
was obtained from local cancer registeries.(15)

AAA, aflatoxin B1–albumin adduct; PCC, protein
carbonyl content.
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when AAA were expressed as fmol/mL plasma among HBV-
infected subjects, suggesting a synergistic effect of AFB1
exposure and HBV infection in inducing damage to liver
parenchymal cells. Furthermore, there was consistency between
HCC incidence and levels of the carcinogen and oxidative stress
biomarkers in the three geographic locations. These data sug-
gest that oxidative stress (in terms of PCC) in the Guangxi
population may arise mainly from aflatoxin exposure and that
this exposure may contribute to the extraordinarily high risk of

liver cancer in this region. It also supports the notion that an
antioxidant-based chemoprevention strategy might be appro-
priate for individuals presently at risk in this area.(23)

Few studies have addressed the influence of protein concen-
tration on the dosimetry of AAA and PCC. In animals, 50% of
the orally administered AFB1 is absorbed from the small
intestine,(24) and enters the liver through the hepatic portal blood
supply,(25) predominantly carried by non-covalent binding to
albumin.(26) There is evidence that this process depends on the
concentration of both AFB1 and albumin.(27) Thus, a higher con-
centration of albumin may facilitate both absorption and trans-
portation of this toxin to the liver, promoting the formation of
AAA. Only 1.42–2.3% of ingested AFB1 becomes covalently
bound to serum albumin.(14) AFB1 is oxidized to the highly reac-
tive 8,9-epoxide metabolites in the liver where albumin is also
synthesized exclusively. Subsequently, AAA (the lysine adduct)
is formed primarily by the reaction of albumin with AFB1
dialdehyde,(28) which is generated from the hydrolysis of
8,9-epoxide or, to a lesser extent, by the direct reaction of the
epoxide with the N6 atom of lysine.(22) The first reaction in
hepatocytes gives a substantial amount of adduct due to the high
concentration of albumin and its proximity to the reactive alde-
hyde, and the latter reaction depends on the local concentration
of free or protein lysine.(22) Therefore in both kinetic models, the
lysine (albumin) concentration is an important factor.

Fig. 3. Association between aflatoxin B1 (AFB1)–albumin adducts and
protein carbonyl content levels among 402 subjects from China. Data
are expressed (A) per mg protein or (B) per mL plasma. r and P-values
were tested using Spearman non-parametric correlations. AFB1,
aflatoxin B1.

Table 2. Associations between protein adducts and indices of liver function in 402 subjects from China, assessed using Spearman non-parametric
correlations

Variable Value
HBV(–) (n = 306) HBV(+) (n = 96)

AAA† AAA‡ PCC§ PCC¶ AAA† AAA‡ PCC§ PCC¶

ALT r 0.038 0.099 0.031 0.220 0.128 0.231 −0.054 0.262
P 0.505 0.083 0.592 0.001 0.213 0.024 0.601 0.010

AST r −0.072 0.070 0.005 0.336 0.196 0.334 −0.069 0.500
P 0.210 0.224 0.937 0.001 0.056 0.001 0.502 0.001

†AFB1–albumin adduct (fmol/mg albumin). ‡AFB1–albumin adduct (fmol/mL plasma). §Protein carbonyl content (nmol/mg total plasma protein). 
¶Protein carbonyl (nmol/mL plasma).

Table 3. Linear regression coefficients (backward): Factors affecting
protein carbonyl content (PCC) concentrations (nmol/mL plasma)† in
subjects from China

Subcategory n
Independent variable 

remaining in the model‡
Standardized

β
t P

Total 402 Geographic location§ −0.330 −5.766 0.001
Alcohol drinking −0.141 −2.621 0.009
BSA 0.113 2.001 0.046
AAA 0.149 2.772 0.006

Guangxi 284 Geographic location¶ −0.358 −6.174 0.001
Age −0.157 −1.958 0.051
BSA 0.196 2.371 0.018
Alcohol drinking −0.160 −2.454 0.015
AAA 0.165 2.910 0.004

Chengdu 118 Constant 0.000 55.214 0.001
HXV(–) 303 Ethnicity −0.130 −2.276 0.024

AAA 0.258 4.498 0.001
HXV(+) 99 Ethnicity −0.352 −3.587 0.001

AAA 0.171 1.747 0.084

†Dependent variables: Log(PCC). ‡Aflatoxin B1–albumin adduct (AAA), 
geographic location, sex, age, body surface area (BSA), hepatitis virus, 
smoking status, alcohol consumption, ethnicity. §Guangxi vs Chengdu. 
¶Fusui vs Nanning.
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In vivo saturation of conversion of AFB1 to AAA has been
reported in rats given high doses where the adduct yield was
approximately 2%,(29) and a dose response in AAA formation
was seen for rodents with steady-state adduct levels between 7
and 14 days.(30) It is interesting that in Guengerich et al.’s study,
bovine serum albumin had the effect of sequestering the AFB1
dialdehyde such that its reaction with protein lysine groups was
restricted.(22) We propose that the lysine (albumin) concentration
is one of the ‘intrinsic’ factors the above authors raised that con-
tributes to the sequestering effect of albumin. Thus, the concen-
tration of AAA might be dependent on the balance between its
formation and clearance. It is possible that in the liver cells of
subjects with high levels of plasma albumin, there is a high level
of albumin synthesis, and random binding by the limited amount
of AFB1 dialdehyde or 8,9-epoxide. This would result in a low level
of AAA in these subjects when expressed as fmol/mg albumin.
However, in contrast to the high doses used in animal studies,
we don’t know if the formation kinetics are driven primarily by
the AFB1 or albumin concentrations in humans exposed to low
doses. In the present study, with a mean AAA concentration of
296 fmol/mg albumin in Fusui subjects, the molar ratio of
AFB1:albumin was ∼1:51 000, far below the maximum
in vitro binding capacity between AFB1 and albumin (1:472)
as revealed by an equilibrium dialysis model.(27)

The content of AAA expressed per volume of plasma might
have important biological implications. Because there is a pro-
portionality between protein and DNA adduct levels,(3) the level
of AAA per mL represents the biologically effective dose in a
particular individual. The accumulation of AFB1–DNA adducts
in the nucleus is the result of translocation of the AFB1-protein
complex, therefore the amount of AFB1 non-covalently bound
to albumin would determine the level of uptake and activation of
the toxin, which leads to damage of DNA and increases the risk
of developing cancer.(27) Also, because albumin is a major
constituent of plasma antioxidant capacity,(31) the positive asso-
ciation we found between albumin and AAA, but negative
association between albumin and PCC, suggests that the amount
of albumin might modulate the extent of AFB1-induced oxida-
tive stress. Finally, because of the significant impact of protein
concentration on protein adduct determination, the range and
distribution of interindividual differences of protein concentra-
tion should be taken into account in studies designed to detect
environmental or other factors.

The large variation in plasma protein concentrations in the
present study, especially the differences between Fusui and the
other regions, was not unexpected although the reasons for
it remain unclear. Wang et al. observed a seasonal variation in
albumin concentrations in a population from the south-eastern
coast of China; serum albumin concentrations in wave 1 (Sep-
tember to December) were significantly lower than in wave 2
(June to September) (41.9 ± 5.7 vs 59.4 ± 8.8 mg/mL serum),
with a range of 21.2–61.9 vs 31.1–84.1 mg/mL.(13) The albumin
concentrations they reported were much higher than those in
our population (mean ± SD, 33.5 ± 5.9 mg/mL plasma). Our
community-based study was conducted sequentially in Chengdu,
Nanning and Fusui among people from the south-western part
of China during April to June 2001,(15) a period of transition
from spring to summer. We do not know if the difference in
geographic location, the 2–3-month lag in sampling, or the
significantly higher prevalence of hepatitis virus infection in the
Fusui group,(15) or all three, contributed to the variation in
protein concentrations. Although the turnover of AAA is similar
to the normal turnover of blood protein, turnover of albumin is
much more variable in patients with hepatitis infection and
cirrhosis.(32,33) Therefore another study is ongoing to address to
what extent the variations in protein concentration could influ-
ence the evaluation of protein adducts levels in these special
populations. In the study by Wang et al., normalization of the

AAA data to mL of plasma was carried out because of the large
range of serum albumin concentrations.(13) Further, volume-
normalized AAA (pmol AFB1/mL serum) in HBV(–) females
was significantly lower than that of HBV(–) and HBV(+) males,
consistent with our findings.

Adjustment of AAA data can lead to different conclusions in
studies published previously. For example, in the study by Wild
et al. on ducks pretreated with AFB1 and HBV, the binding of
aflatoxin to plasma proteins was measured 24 h after a single
dose of radiolabled carcinogen.(34) The authors reported a trend
toward higher serum albumin binding in HBV-infected ducks.
However, if their AAA data are converted to pg AFB1/mL
serum by multiplying the AAA and serum protein concentra-
tions given in table 4 in the study by Wild et al.,(34) the trend is
reversed. HBV-infected ducks had lower albumin binding of AFB1
(327–367 pg AFB1/mL serum) than non-infected ducks (389–
398 pg AFB1/mL serum). In addition, looking at HBV(+) and
HBV(–) ducks separately, there may be two new interpretations
of this data. In HBV(–) ducks, the AAA concentrations
(pg AFB1/mL serum) were similar between ducks with or without
AFB1 pretreatment (389 vs 398), simply reflecting the fact that
they had received the same dose of aflatoxin. In HBV(+) ducks,
the AAA concentrations (pg AFB1/mL serum) were higher in ducks
with AFB1 pretreatment compared to those without (367 vs 327),
suggesting a synergistic effect of HBV and AFB1 pretreatment
in increasing subsequent AFB1 level. Both inferences can not be
drawn from the original dosimetry (pg AFB1/mg protein).

Increased levels of plasma carbonyls have been noted in
a broad variety of benign(35–38) and malignant(39–41) conditions.
Our study showed, for the first time, a significant association
between protein carbonyl levels and aflatoxin exposure, meas-
ured as AAA, and between protein damage levels and bio-
chemical alterations in the liver, the target organ for aflatoxin
biotransformation, and its carcinogenic effects. In particular,
these associations were found only when protein concentration
was taken into account. As summarized by Dean et al., protein
concentration is one of the key factors in the immediate environ-
ment of polypeptides that influences the nature and extent of
their reactions with radicals and the yields of protein oxidation
products for a given radical flux increase with protein concen-
tration until the system is saturated.(11) The negative association
between PCC (expressed per mg TP) and both TP and albumin
in this normal population supports Danielski’s observation that
protein carbonyl formation is significantly elevated in hypo-
albuminemic compared with normoalbuminemic hemodialysis
patients.(42) It is also concordant with findings in malnourished
hemodialysis patients and hypoalbuminemia patients.(43,44)

Decreased levels of albumin among subjects with high levels of
carbonyls might be the result of oxidative modification of pro-
teins leading to accelerated protein degradation and increased
catabolism,(45) or a suppression of albumin synthesis in the liver
due to oxidative stress, or both.

The association between PCC and albumin could also be
interpreted from the view point of a defense against oxidants.
Plasma albumin is known as an antioxidant, possessing free rad-
ical scavenging properties against oxidative stress in the blood-
stream.(31) The relative contribution of each antioxidant depends
not only on its efficiency as an antioxidant but also its concen-
tration in biological fluids. Albumin is the major contributor to
total antioxidant capacity largely due to its high concentration
relative to the other antioxidants in blood.(46) It has also been
shown by western blot assay that albumin is the major plasma
protein target of oxidant stress.(47) The association we observed
between albumin and PCC is in agreement with these prior data.
Finally, it has been reported that oxidized albumin can upregu-
late ROS generation,(48) and trigger an oxidative burst of human
neutrophils.(49) Thus, PCC concentration per volume of blood
might have important physiological and pathological significance,
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providing information on individual oxidative stress levels
as well as antioxidant defense. However, in contrast to AAA
formation and removal, carbonyl groups can be introduced into
proteins by several mechanisms,(50) and oxidized proteins are
more rapidly endocytosed and degraded.(45) This complicates
efforts to understand the kinetic balance between PCC formation
and clearance in plasma. In fact, the volume-based normalization
of oxidative stress biomarker data has been applied in studies of
cervical cancer and diabetic and renal diseases without exten-
sive discussion.(51–53)

In summary, we observed that volume-normalized dosimetry
resulted in significant associations among biomarkers of AFB1
exposure, oxidative stress and liver chemistry, and a consistency
in the levels of these biomarkers with HCC incidence among
people from three regions in China. The present data suggest
that the normalization of AAA and PCC to volume of plasma
might better estimate the virtual burden of AFB1 and carbonyl
for a particular individual than normalization to mg protein.
Further exploration of the associations between multiple

biomarkers with regard to the variation of protein concentration
in a population is needed and is ongoing in this laboratory.
Determining the influence of protein concentration on protein
adduct dosimetry in a malnourished animal model could also
provide supportive data.
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