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Increased Red Cell Superoxide Dismutase 2
Activity Is Associated with Cancer Risk:

A Hidaka Cohort Study

Shin-ichiro Tanaka', Yoshio Fujioka?, Takeshi Tsujino®, Tatsuro Ishida®®°, and Ken-ichi Hirata®

Superoxide dismutase (SOD) catalyzes the highly reactive superoxide
anion to form hydrogen peroxide, which facilitates cell proliferation and
death. We investigated whether red cell SOD (R-SOD) activity is asso-
ciated with an increased risk of cancer in a Japanese general population.
We prospectively analyzed data from 1,921 participants (800 men and
1,121 women; age, 58.7 + 14.7 years) in a Hidaka cohort study. After a
median follow-up period of 10.9 years, 160 participants had developed
cancer. The Cox proportional hazards model was used to estimate
quartile-specific HRs and 95% confidential intervals (CI) for cancer risk.
After adjustment for potential cancer risk factors including age, sex,
current smoking habit, alcohol use, physical activities, body mass index,
plasma immunoreactive insulin, and non-high-density lipoprotein cho-
lesterol levels, we found a significant association between R-SOD activity
and an increased risk of cancer (HR, 1.61; 95% CI, 1.03-2.52; P = 0.037).

Introduction

Reactive oxygen species (ROS), including the superoxide anion, hydro-
gen peroxide, and hydroxyl radicals, have been implicated in the path-
ogenesis of cardiovascular disease (1-3), cancer (4-6), neurodegenerative
disease (7, 8), and a variety of other conditions including infectious
diseases (9, 10). ROS also act as signal transduction molecules in cells
and play important roles in cell proliferation (11, 12) and death (13).
Therefore, ROS concentrations determine the survival or death of cancer
cells (14).
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In analyses conducted separately by sex, a significant association was
found in men (HR, 2.49; 95% CI, 1.35-4.59; P = 0.003) but not women (HR,
1.46; 95% CI, 0.70-3.05; P = 0.320). After excluding participants who de-
veloped cancer within 5 years of the baseline survey, the association was
more evident in men (HR, 4.64; 95% CI, 1.88-11.45; P = 0.001). We found
no association with cancer risk in women (HR, 1.01; 95% CI, 0.39-2.65;
P = 0.983). Increased R-SOD activities were associated with an increased risk

of cancer, particularly in men in this population.

Significance: Our study is the first to show that increased R-SOD activity
is associated with a significantly higher cancer risk in men but not in
women. Antioxidative enzymes such as SOD are essential for main-
taining cellular redox balance. Their roles in cancer development and

prevention are yet to be fully elucidated.

Superoxide dismutase (SOD), first identified by McCord and Fridovich in
bovine erythrocytes (15), dismutates superoxide anion to form hydrogen
peroxide. The hydrogen peroxide, in the presence of ferrous ions, is subse-
quently converted to highly reactive hydroxyl radicals, which damage DNA
(16). Alternatively, it is converted to water through the actions of the anti-
oxidant enzymes catalase and glutathione peroxidase (17). Hydrogen per-
oxide also acts as a signal transduction molecule, and SOD has been found to
be essential for its mediating role in growth factor signaling and cell
proliferation (18).

In humans, SOD has three isoforms: copper/zinc SOD, manganese SOD, and
extracellular SOD (19). Copper/zinc SOD is constitutively expressed in the
cytosol and accounts for the majority of SOD activities in cells (19, 20).
Measurements of the activities of cytosolic SOD such as red cell SOD
(R-SOD) may indicate the general antioxidative status of individuals.

The activities of R-SOD and other red cell antioxidative enzymes have been
measured to investigate relationships between ROS and various conditions
including cardiovascular disease (21), neurodegenerative disease (8), and
cancer (22). However, the role of SOD in cancer progression remains con-
troversial, and basic and clinical studies have yielded inconsistent findings
(18, 23-26). Furthermore, only limited information is available about SOD
and cancer development in the general population (27). Therefore, in the

present study, we tested the hypothesis that baseline R-SOD activity is
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FIGURE 1 Study population.

associated with a future risk of cancer, by analyzing 10.9 years of follow-up
data for community-dwelling individuals.

Materials and Methods
Study population

The baseline survey was conducted in 1993 as a cardiovascular disease survey
in Hidaka town, a rural community in Japan (3). A total of 2,155 individuals
ages >20 years were enrolled in this survey. Of these, 44 had a history of
cancer, 94 were lost to follow-up, and 96 had missing data, making them
ineligible for the present study; therefore, data from the remaining

1,921 participants were included in our analysis (Fig. 1).

Ethics statement

The study was conducted in accordance with the Helsinki Declaration and
approved by the institutional ethical review board of Hidaka Medical Center
(currently the Hidaka Clinic). Written informed consent was obtained from

all participants or their families.

Examinations

In the baseline survey, we collected the following information: demographic
data, past medical history, history of diabetes mellitus, history of hyper-
tension, smoking status (i.e., current or nonsmoker, with the latter com-
prising individuals who had never smoked and those who had ceased
smoking < or >3 years previously), self-reported physical activities (graded
by intensity), body mass index, blood pressure, and laboratory test results, as
described previously (3, 28, 29). Blood samples were obtained from most
participants 3 to 7 hours after a meal and then immediately sent to our

laboratory and analyzed within a day.

R-SOD activity was measured using the method of Beauchamp and Frido-
vich (30). The samples were prepared as described elsewhere (15). All
preparation steps were carried out at 4°C. The resultant sample was subjected
to the SOD activity assay with the use of a commercially available kit (SOD
test Wako, Wako Chemicals Co.; currently available at Fujifilm Wako

Chemicals Co.). In brief, the assay solution was composed of 0.1 mol/L
phosphate buffer, pH 8.0, containing (A) 1.0 mL of 0.24 mmol/L nitroblue
tetrazolium, and (B) 1.0 mL of 0.049 U/mL xanthine oxidase as a superoxide
generator. After adding solutions (A) and (B) to 0.1 mL of sample, the
mixture was incubated at 37°C for 20 minutes. The reaction was terminated
by adding 2.0 mL of 69 mmol/L SDS solution.

The absorbance of each solution was read at 560 nm against a control with
distilled water added in place of the sample. The SOD activity was calculated
by subtraction of these values including with and without the sample and
with and without xanthine oxidase. One unit of enzymatic activity is defined
as the amount of enzyme causing 50% inhibition of the reduction of
nitroblue tetrazolium to formazan observed in the blank. Samples with >85%
inhibition were diluted as appropriate to avoid decreased linearity in high
values of this assay method. The resultant R-SOD activities were divided by
plasma hemoglobin concentration to avoid the reduced SOD activity due to

decreased red blood cells and are therefore expressed as U/mg Hb.

Serum thiobarbituric acid reactive substances (TBARS), which serve as
markers of oxidative stress, were also measured using the previously de-
scribed method (31). Concentrations of TBARS were expressed in terms of
malondialdehyde (umol/L of serum). The substances reacting with thio-
barbituric acid (TBA) in this system have been reported to be metabolites of
unsaturated fatty acid hydroperoxides (32). The advantage of the present
TBA assay is to isolate lipids by precipitating them with serum protein using
phosphotungstic acid. By this procedure, TBA-reacting substances in serum,

other than lipid peroxide, can be easily removed.

The coefficients of variation for all laboratory tests were confirmed to be <5%.

Follow-up study

In 2004, questionnaires were mailed to the participants. Self-reports of
cancer events, which included the type of cancer and the date of the diag-
nosis, were validated by reference to hospital records and death certificates.
Most of the information was obtained during 2004 to 2005. We observed
19,634 person-years in this cohort. The primary end point was the devel-

opment of malignant disease.

Statistical methods

We compared the baseline characteristics of the study cohort using the ¢ test or
Mann-Whitney test for continuous variables, and the y* test for categorical
variables between women and men and between participants who developed
cancer and those who did not. We used the Cox proportional hazards model to
estimate the association between baseline R-SOD activity and a future risk of
cancer. Participants were categorized into quartiles according to baseline R-SOD
activities, and quartile-specific HRs for cancer development were estimated. We
included age, sex, smoking habit, alcohol use, physical activity, and body mass
index, all of which were reported to be potential confounders for cancer devel-

opment (33), as covariates in multivariable models.

Despite having data on former smokers, accurately categorizing them into
high-risk or low-risk groups remains challenging due to potential unreported
reasons for stopping smoking. However, because current smoking status is
primarily associated with high risk, we opted to include this as a covariate.
We also included systolic blood pressure (SBP) and total cholesterol levels in
multivariable model 1 and immunoreactive insulin (IRI) and non-high-density
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TABLE 1 Baseline characteristics of the study cohort

Characteristic® Total cohort Women Men p®
Number of participants 1,921 1,121 800
Age (years) 58.7 +14.7 58.5 + 14.8 59.0 + 14.6 0.501
Diabetes (%) 5.3 3.9 71 0.002
Hypertension (%) 34.0 34.8 329 0.382
Current smoking habit (%) 22.3 21 50.8 <0.001
Alcohol use® <0.001

Nondrinkers (%) 47.8 67.1 20.9 NA

< Two drinks/day (%) 39.7 32.6 49.5 NA

> Two drinks/day (%) 125 0.3 29.6 NA
Physical activities <0.001

Low (%) 36.1 375 343 NA

Moderate (%) 41.2 52.5 255 NA

High (%) 22.6 10.1 40.3 NA
Body mass index (kg/m?) 225 + 3.0 225 + 31 225+ 29 0.840
SBP (mmHg) 134 + 21 133+ 22 135 + 20 0.022
DBP (mmHg) 77 +12 76 £ 12 79 + 12 <0.001
Hemoglobin (g/dL) 135+ 15 12.8 + 11 145 + 1.3 <0.001
HbATc (%) 51(4.9-5.5) 5.1 (4.8-5.5) 5.2 (4.9-5.6) <0.001
IRI (pU/mL) 31 (17-58) 33 (19-60) 26 (13-55) <0.001
Total cholesterol (mg/dL) 199 + 36 206 + 36 189 + 34 <0.001
HDL-C (mg/dL) 59 +15 60 + 14 56 + 14 <0.001
Non-HDL-C (mg/dL) 138 (114-166) 143 (M9-171) 131 (107-158) <0.001
Triglycerides (mg/dL) 90 (65-129) 86 (62-121) 97 (69-145) <0.001
TBARS (umol/L) 4.7 (3.9-5.8) 4.6 (3.9-5.7) 4.9 (4.0-5.9) 0.003
R-SOD activity (U/mg Hb) 83+18 85+ 19 8017 <0.001

Abbreviations: DBP, diastolic blood pressure; HbAlc, glycosylated hemoglobin Alc; NA, not applicable.

*Values are expressed as mean + SD for normally distributed variables, which were compared with the use of ¢ tests; for skewed variables, which are given as a

median and an IQR in parentheses, P values were calculated with the use of Mann-Whitney test. P values for the categorical variables were estimated with the

use of the x* test.

P < 0.05 is considered a statistically significant difference between men and women.

“One drink contains approximately 12 g of alcohol.

lipoprotein cholesterol (non-HDL-C) levels in multivariable model 2. These
variables were significantly or nearly associated with cancer risk in either the
univariate analysis or the age- and sex-adjusted analyses in the present study. We
also analyzed R-SOD activity as a continuous variable in the multivariable model
to estimate its importance for the risk of cancer compared with other potential

risk factors.

Participants who died during the follow-up period due to causes other than
cancer were censored at the time of death. Their data were included in the

analysis using the Cox proportional hazards model.

We used SPSS 11.01] software for Windows (SPSS) to perform the statistical

analyses. A P value of <0.05 was considered statistically significant.

Data availability

The data generated in this study are not publicly available because this
information cannot be disclosed publicly. However, they are available from
the corresponding author on reasonable request.

Results

During the follow-up period of 10.9 years, we documented the cases of
160 participants (100 men and 60 women) who developed cancer. There
were 41 patients with stomach cancer, 24 patients with colon cancer,
22 patients with lung cancer, 14 patients with prostate cancer, 10 pa-
tients with liver cancer, eight patients with pancreatic cancer, seven
patients with breast cancer, six patients with malignant lymphoma, five
patients with bladder cancer, four patients with bile duct cancer,
18 patients with other types of cancer, and one patient with cancer of

unknown origin.

Table 1 shows the baseline characteristics of the study cohort. Significant
differences were observed in current smoking habit (P < 0.001), alcohol use
(P < 0.001), and physical activities (P < 0.001) between women and men. IRI
(P < 0.001), total cholesterol (P < 0.001), HDL-C (P < 0.001), non-HDL-C
(P < 0.001), and R-SOD activity (P < 0.001) were significantly higher in
women. In contrast, SBP (P = 0.022), diastolic blood pressure (P < 0.001),
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TABLE 2 Baseline characteristics of participants with or without cancer

Characteristic® Participants without cancer Participants with cancer p®
Number of participants 1,761 160
Age (years) 58.1+14.9 65.9 +10.7 <0.001
Male sex (%) 39.8 62.5 <0.001
Diabetes (%) 5.1 6.9 0.338
Hypertension (%) 33.8 36.3 0.529
Current smoking habit (%) 21.4 331 0.001
Alcohol use® 0.036
Nondrinkers (%) 48.6 394 NA
Drinkers < two drinks/day (%) 39.4 431 NA
Drinkers > two drinks/day (%) 12.0 17.5 NA
Physical activities 0.028
Low (%) 355 425 NA
Moderate (%) 421 313 NA
High (%) 22.3 26.3 NA
Body mass index (kg/m?) 225+ 3.0 22.7 + 3.0 0.282
SBP (mmHg) 133 + 21 136 + 21 0.104
DBP (mmHg) 77 +12 79 £ 12 0.069
Hemoglobin (g/dL) 13.4 + 1.5 138 £ 1.6 0.004
HbATc (%) 51 (4.9-5.5) 5.2 (4.9-5.6) 0.191
IRI (pU/mL) 30 (17-58) 37 (19-68) 0.132
Total cholesterol (mg/dL) 200 + 36 190 + 38 0.001
HDL-C (mg/dL) 59 + 15 58 +14 0.638
Non-HDL-C (mg/dL) 139 (115-167) 129 (107-155) 0.005
Triglycerides (mg/dL) 89 (64-129) 92 (66-139) 0.349
TBARS (umol/L) 4.7 (3.9-5.8) 4.8 (4.0-5.8) 0.690
R-SOD activity (U/mg Hb) 83+18 86+ 22 0.022

Abbreviations: DBP, diastolic blood pressure; HbAlc, glycosylated hemoglobin Alc; NA, not applicable.

*Values are expressed as mean + SD for normally distributed variables, which were compared with the use of ¢ tests; for skewed variables, which are given as a

median and an IQR in parentheses, P values were calculated with the use of the ¢ test, Mann-Whitney test, and XZ test.

P < 0.05 is considered a statistically significant difference between participants who developed cancer and those who did not (expressed as with and without

cancer, respectively).

“One drink contains approximately 12 g of alcohol.

hemoglobin (P < 0.001), glycosylated hemoglobin Alc (P < 0.001), triglycer-
ides (P < 0.001), and TBARS (P = 0.003) were significantly higher in men.

Table 2 shows baseline characteristics of participants who developed
cancer and those who did not (expressed as with or without cancer). Age
(P < 0.001), male sex (P < 0.001), current smoking habit (P = 0.001),
hemoglobin (P = 0.004), and R-SOD activity (P = 0.022) were signifi-
cantly higher in participants who developed cancer. In contrast, total
cholesterol (P = 0.001) and non-HDL-C (P = 0.005) were significantly
higher in participants who did not develop cancer. We also found sig-
nificant differences in alcohol use (P = 0.036) and physical activities
(P = 0.028) between participants who developed cancer and those who
did not.

Table 3 shows univariate and age- and sex-adjusted analyses of potential
risk factors for the development of cancer. In the univariate analyses, we
found a significantly increased risk of cancer with increasing age [hazard

ratio (HR), 1.05; 95% confidence interval (CI), 1.03-1.06; P < 0.001],
male sex (HR, 2.47; 95% CI, 1.80-3.41; P < 0.001), current smoking habit
(HR, 1.76; 95% CI, 1.27-2.45; P = 0.001), alcohol use of more than two
drinks a day (HR, 1.72; 95% CI, 1.10-2.68; P = 0.017), and SBP (HR,
1.64; 95% CI, 1.03-2.62; P = 0.038). Interestingly, we also found a sig-
nificantly decreased cancer risk with moderate physical activity (HR,
0.60; 95% CI, 0.42-0.86; P = 0.006), total cholesterol (HR, 0.56; 95% CI,
0.36-0.86; P = 0.009), and non-HDL-C (HR, 0.55; 95% CI, 0.35-0.85;
P = 0.007). However, in age- and sex-adjusted analyses, only R-SOD
activity (HR, 1.67; 95% CI, 1.08-2.60; P = 0.022) and non-HDL-C (HR,
0.59; 95% CI, 0.37-0.92; P = 0.019) were significantly associated with
increased risk of cancer. In addition, we also found that IRI in the
quartile 3 population was significantly associated with increased risk of
cancer as compared with the quartile 1 population (HR, 1.72; 95% CI,
1.10-2.70; P = 0.017), and quartile 4 was nearly significantly associated
with increased cancer risk (HR, 1.55; 95% CI, 0.99-2.41; P = 0.055).
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TABLE 3 Univariate and age- and sex-adjusted analyses of potential risk factors for the development of cancer

Univariate analysis

Age- and sex-adjusted analyses

Variable® HR® (95% ClI) P HR® (95% CI) P
Age 1.05 (1.03-1.06) <0.001*** NA NA
Male sex 2.47 (1.80-3.41) <0.001*** NA NA
History of diabetes 1.41 (0.76-2.59) 0.277 110 (0.59-2.02) 0.769
History of hypertension 115 (0.83-1.59) 0.389 0.83 (0.60-1.15) 0.268
Current smoking habit 1.76 (1.27-2.45) 0.001** 1.25 (0.85-1.84) 0.248
Nondrinkers 1 (reference) NA 1 (reference) NA
Drinkers® < two drinks/day 1.27 (0.90-1.79) 0170 1.20 (0.82-1.75) 0.354
Drinkers® > two drinks/day 1.72 (110-2.68) 0.017* 1.24 (0.74-2.0) 0.416
Low physical activity 1 (reference) NA 1 (reference) NA
Moderate physical activity 0.60 (0.42-0.86) 0.006** 1.02 (0.69-1.50) 0.936
High physical activity 0.94 (0.64-1.38) 0.761 0.80 (0.54-1.20) 0.287
Body mass index 1.07 (0.68-1.66) 0.780 119 (0.76-1.85) 0.455
SBP 1.64 (1.03-2.62) 0.038* 0.97 (0.60-1.57) 0.906
DBP 1.56 (0.96-2.53) 0.072 1.25 (0.77-2.04) 0.363
Hemoglobin 1.48 (0.98-2.25) 0.065 1.21 (0.73-2.03) 0.459
HbAlc 1.50 (0.94-2.37) 0.086 0.91 (0.57-1.45) 0.684
IRI Q3 vs. Q1 1.31 (0.84-2.04) 0.232 1.72 (1.10-2.70) 0.017*
IRI Q4 vs. Q1 1.34 (0.86-2.09) 0.196 1.55 (0.99-2.41) 0.055
Total cholesterol 0.56 (0.36-0.86) 0.009** 0.66 (0.42-1.05) 0.077
HDL-C 1.03 (0.67-1.60) 0.883 1.31 (0.85-2.04) 0.224
Non-HDL-C 0.55 (0.35-0.85) 0.007** 0.59 (0.37-0.92) 0.019*
Triglycerides 1.32 (0.84-2.06) 0.228 112 (0.71-1.75) 0.634
TBARS 1.08 (0.70-1.67) 0.727 0.91 (0.59-1.40) 0.659
R-SOD activity 1.40 (0.91-2.16) 0.126 1.67 (1.08-2.60) 0.022*

Abbreviations: DBP, diastolic blood pressure; HbAlc, glycosylated hemoglobin Alc; NA, not applicable.

*, P <0.05 ", P<0.01; """, P < 0.001.

*All continuous variables were categorized into quartiles, and quartile-specific HRs were calculated with the use of the Cox proportional hazards model.

"The HRs indicate the risk of quartile 4 compared with quartile 1, unless otherwise indicated. Age was calculated as a continuous variable.

“One drink contains approximately 12 g of alcohol.

Because these covariates are thought to be potential confounders for the
relationship between baseline R-SOD activity and a future risk of cancer, we
performed multivariable analysis adjusted for these variables in addition to
traditional cancer risk factors including smoking habit, alcohol use, physical
activity, and body mass index as covariates (33). We also found in the
univariate analysis that male sex was significantly associated with the risk of
cancer (refer to Table 3), and that current smoking status was more pre-
dominant in men than that in women (refer to Table 1). Therefore, we analyzed
this association in women and men separately. In addition, we also found a
significant difference in R-SOD activities between women and men. Therefore,

we estimated cancer risk based on sex-specific quartiles of R-SOD activities.

Table 4 presents the incidence of cancer events based on sex-specific quar-
tiles of R-SOD activity. We found that the quartile 4 group in the male

cohort exhibited a higher incidence of cancer than that of females.

Table 5 shows multivariable-adjusted analyses of sex-specific quartiles of
R-SOD activities and future risk of cancer in the total, women, and men
cohorts. In multivariable model 1, adjusting for age, (sex for the total cohort),

current smoking status, alcohol use, physical activity, body mass index, SBP, and
total cholesterol, we found significant associations between R-SOD activity and
increased risk of cancer in the total cohort (HR, 1.63; 95% CI, 1.04-2.54;
P = 0.034) and the men cohort (HR, 2.49; 95% CI, 1.35-4.61; P = 0.004), but not
in the women cohort. In multivariable model 2, adjusting for age, (sex for total
cohort), current smoking status, alcohol use, physical activity, body mass index,
IRI, and non-HDL-C, this association did not change appreciably (HR, 1.61;
95% CI, 1.03-2.52; P = 0.037 for the total cohort; and HR, 2.49; 95% CI, 1.35-
4.59; P = 0.003 for the men cohort). We also did not find any association

between R-SOD activity and cancer risk in women in this analysis.

Our study is an observational study. Therefore, we should consider the
possibility of underlying cancers that may have caused increased R-SOD
activities at the baseline survey. To reduce the potential bias from the effects
of preexisting illness on R-SOD activities, we performed a sensitivity

analysis.

Table 6 shows multivariable-adjusted analyses of sex-specific quartiles of
R-SOD activities and future risk of cancer after excluding cancer events
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TABLE 4 Incidence of cancer events by sex-specific R-SOD quartile
Total Women Men
Cohort
Incidence Incidence Incidence

Participant Events rate Participant Event rate Participant Event rate
Variable n) n) (%) n) ) (%) (n) (n) (%)
Quartile 1 475 35 7.4 282 12 43 205 15 73
Quartile 2 487 38 7.8 281 14 5 204 26 12.7
Quartile 3 469 38 8.1 276 16 5.8 187 23 12.3
Quartile 4 490 49 10 282 18 6.4 204 36 17.6
Total 1,921 160 8.3 1,121 60 5.4 800 100 12.5

within 5 years of the baseline survey; multivariable-adjusted HRs of sex-
specific baseline R-SOD activity quartile 4 are compared with quartile
1 for future risk of cancer in the total, women, and men cohorts. In this
analysis, we excluded 57 participants with cancer events during the
5 years after the baseline survey. After adjusting for age (and sex for the
total cohort), current smoking status, alcohol use, physical activity,
body mass index, IRI, and non-HDL-C, we observed significantly
stronger associations between R-SOD activities and cancer risk in the
male cohort compared with the results of the analysis that included
cancer events within the initial 5-year period. Therefore, increased
baseline R-SOD activities seem to be useful in predicting cancer risk
beyond 5 years from the baseline survey.

Table 7 shows multivariable-adjusted HRs, including R-SOD as a contin-
uous variable, for future risk of cancer in the total, women, and men
cohorts. Body mass index (HR, 1.08; 95% CI, 1.02-1.14; P = 0.011 for the
total cohort; and HR, 1.13; 95% CI, 1.04-1.21; P = 0.002 for the men
cohort) and R-SOD activity (HR, 1.14; 95% CI, 1.06-1.22; P = 0.001 for the
total cohort; and HR, 1.15; 95% CI, 1.06-1.26; P = 0.002 for the men

cohort) were significantly associated with increased risk of cancer. In
contrast, non-HDL-C was associated with a decreased risk of cancer in the
total cohort (HR, 0.99; 95% CI, 0.99-1.00; P = 0.004) and the men cohort
(HR, 0.99; 95% ClI, 0.98-1.00; P = 0.001). Therefore, among various cancer
risk factors, male sex, increased body mass index, decreased non-HDL-C,
and increased R-SOD activity were found to be major concerns for cancer
development in this population.

Discussion

In this community-based cohort study, we found that increased R-SOD
activity was associated with a future risk of cancer, even after adjustment
for potential cancer risk factors. This association was statistically sig-
nificant in men but not in women. We also found a similar result in the
analysis that excluded participants who developed cancer within 5 years
of the baseline survey, suggesting that this association was unaffected by
the effects on R-SOD activities of cancer present at the time of the

baseline survey.

TABLE 5 Multivariable-adjusted analyses of sex-specific quartiles of R-SOD activities and cancer risk

Multivariable model 1°

Multivariable model 2°

Cohort Compatrison HR® (95% CI) P HR® (95% CI) P
Total® Q2 vs. Q1 1.10 (0.70-1.76) 0.661 1.10 (0.69-1.75) 0.686
Q3 vs. Q1 1.21 (0.76-1.92) 0.423 1.20 (0.75-1.91) 0.444
Q4 vs. Q1 1.63 (1.04-2.54) 0.034 1.61 (1.03-2.52) 0.037
Women Q2 vs. Q1 1.24 (0.57-2.71) 0.583 1.23 (0.57-2.69) 0.597
Q3 vs. Q1 1.33 (0.63-2.83) 0.458 1.33 (0.63-2.83) 0.457
Q4 vs. Q1 1.48 (0.71-3.10) 0.299 1.46 (0.70-3.05) 0.320
Men Q2 vs. Q1 1.67 (0.87-3.20) 0.122 1.68 (0.88-3.21) 0119
Q3 vs. Q1 1.62 (0.84-3.12) 0.149 1.63 (0.85-3.15) 0.142
Q4 vs. Q1 2.49 (1.35-4.61) 0.004 2.49 (1.35-4.59) 0.003

*Multivariable model 1 includes age, current smoking habit, alcohol use, physical activities, body mass index, SBP, and serum total cholesterol as covariates.

"Multivariable model 2 includes age, current smoking habit, alcohol use, physical activities, body mass index, plasma IRI, and non-HDL-C as covariates.

“Baseline R-SOD activities in the total cohort, women, and men populations were separately divided into quartiles based on sex, and HRs of each quartile

population were estimated with the use of the Cox proportional hazards model using quartile 1 as a reference group.

For the total cohort, sex was also used as a covariate in addition to the other variables.
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TABLE 6 Multivariable-adjusted analyses of sex-specific quartiles of R-SOD activities and cancer risk, after excluding the events within 5 years from

the baseline survey

Multivariable model 1°

Multivariable model 2°

Cohort Compatrison HR® (95% ClI) P HR® (95% CI) P
Total® Q2 vs. Q1 110 (0.70-1.76) 0.661 1.34 (0.75-2.40) 0.328
Q3 vs. Q1 1.21 (0.76-1.92) 0.423 1.42 (0.78-2.58) 0.246
Q4 vs. Q1 1.78 (1.00-3.18) 0.052 1.78 (1.00-3.17) 0.052
Women Q2 vs. Q1 1.67 (0.69-4.07) 0.257 1.67 (0.69-4.05) 0.260
Q3 vs. Q1 117 (0.46-2.99) 0.741 117 (0.46-2.98) 0.747
Q4 vs. Q1 1.03 (0.39-2.70) 0.956 1.01 (0.39-2.65) 0.983
Men Q2 vs. Q1 2.68 (0.87-3.20) 0.042 2.74 (1.06-7.08) 0.037
Q3 vs. Q1 2.76 (0.84-3.12) 0.038 2.87 (1.10-7.46) 0.031
Q4 vs. Q1 4.56 (1.84-11.26) 0.001 4.64 (1.88-11.45) 0.001

*Multivariable model 1 includes age, current smoking habit, alcohol use, physical activities, body mass index, SBP, and serum total cholesterol as covariates.

"Multivariable model 2 includes age, current smoking habit, alcohol use, physical activities, body mass index, plasma IRI, and non-HDL-C as covariates.

“Baseline R-SOD activities in the total cohort, women, and men populations were separately divided into quartiles based on sex, and HRs of each quartile

population were estimated with the use of the Cox proportional hazards model using quartile 1 as a reference group.

dFor the total cohort, sex was also used as a covariate in addition to the other variables.

ROS promote both cell survival and apoptosis. At high concentrations, ROS
cause DNA damage, whereas at low concentrations, they act as a signal
transduction molecule, leading to antiapoptotic signals (34). SOD catalyzes
superoxide anion to produce hydrogen peroxide, which acts as a signal

transduction molecule and upregulates VEGF expression and angiogenesis

in cancer cells (35). Therefore, SOD seems to contribute to cell proliferation

through generation of hydrogen peroxide. Furthermore, in clinical settings,

patients with colon cancer with an increased level of SOD activity in the

cancer tissue were found to have a poor postoperative prognosis (26), and

secondary induction of SOD in tumors in vivo can be associated with an

TABLE 7 Multivariable-adjusted HRs including R-SOD activity as a continuous variable for future risk of cancer in the total, women, and men cohorts

Total cohort Women cohort Men cohort

HR HR HR
Variable® (95% CI) P (95% CI) P (95% CI) P
Age 1.05 (1.04-1.07) <0.0071*** 1.05 (1.02-1.07) <0.0071*** 1.06 (1.04-1.08) <0.0071***
Male sex 2.31 (1.49-3.58) <0.0071*** NA NA
Current smoking habit 1.30 (0.88-1.91) 0.186 ND 0.970 1.50 (0.99-2.28) 0.055
Nondrinkers® 1 (reference) 0.622¢ 1 (reference) 0.583¢ 1 (reference) 0.734°
Drinkers (< two drinks/day) 1.19 (0.81-1.75) 0.373 1.35 (0.77-2.38) 0.299 113 (0.67-1.90) 0.658
Drinkers (> two drinks/day) 1.04 (0.61-1.77) 0.884 ND 0.992 0.94 (0.51-1.71) 0.828
Low physical activity® 1 (reference) 0.289°¢ 1 (reference) 0.637¢ 1 (reference) 0.366°
Moderate physical activity 1.02 (0.69-1.52) 0.905 114 (0.65-2.00) 0.643 0.88 (0.50-1.55) 0.652
High physical activity 0.75 (0.50-1.12) 0.161 0.73 (0.28-1.92) 0.522 0.72 (0.45-1.14) 0.159
Body mass index 1.08 (1.02-114) 0.011* 1.02 (0.93-1.12) 0.634 113 (1.04-1.21) 0.002**
IRI 1.00 (0.98-1.02) 0.912 0.99 (0.95-1.04) 0.807 1.00 (0.98-1.03) 0.773
Non-HDL-C 0.99 (0.99-1.00) 0.004** 1.00 (0.99-1.01) 0.602 0.99 (0.98-1.00) 0.001**
R-SOD activity 114 (1.06-1.22) 0.001** 110 (0.98-1.24) 0n8 115 (1.06-1.26) 0.002**

Abbreviations: NA, not applicable; ND, not determined.

*, P <0.05 ", P<0.01; """, P <0.001.

*All variables were included in the Cox proportional hazards model to estimate the risk associated with each variable in the model.

PHRs and P values were calculated with the use of nondrinkers for alcohol use and low physical activity for physical activities as reference groups.

“Expressed as P values among three categories of drinkers and those of physical activities.
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aggressive malignant transformation likely due to the altered redox status of
the malignant cells (36). These findings indicate that induction of anti-
oxidative enzymes such as SOD in cancer cells seems to favor their survival.
Thus, the antioxidative enzyme that protects normal cells may also protect

cancer cells against oxidative stress.

Owing to their detrimental effects on cells, ROS have long been believed to
contribute to cancer cell development (4). However, recent clinical studies have
shown that antioxidant vitamins (e.g., vitamin E, {-carotene, and selenium),
which can eliminate ROS, have no effect on reducing incidence of cancer; in-
stead, they increased the risk of cancer in men (37, 38). In the present study, we
found increased R-SOD activities to be associated with increased risk of cancer in
men but not in women. Compared with women, men had higher levels of
TBARS and lower R-SOD activities, indicating increased oxidative stress in men.
Therefore, our results suggest that increased antioxidative enzymes such as
R-SOD may contribute to cancer development, which would be consistent with
the findings of the clinical studies (37, 38).

Experimental studies have also shown that increased ROS levels are predomi-
nantly observed in males rather than females (39-41). Furthermore, a recent
study has shown increased ROS production and decreased SOD activity in the
male umbilical vein compared with the female umbilical vein, in response to
TNFa (41, 42). These findings support the idea that ROS and antioxidant sys-
tems differ substantially between men and women. In the present study, we
found that an enhanced antioxidant system, specifically SOD activity, is associ-
ated with an increased risk of cancer in the general population. In contrast, no
significant relationships were found between metabolites of oxidized lipids, such
as TBARS, and cancer risk.

The relationship between increased R-SOD activity and future risk of cancer
was more pronounced in the male cohort when those who had cancer events
within the first 5 years of the baseline survey were excluded. This finding
suggests that increased R-SOD activity may indicate an increased risk of

cancer independent of the effects of preexisting cancer.

Limitations

Our study has several limitations. First, cancer cells may regulate their redox
potential to favor their survival, which is determined not only by the amount of
SOD but also by the amounts of superoxide anion, catalase, and glutathione

peroxidase. However, we did not measure these redox-sensitive markers.

Second, we measured SOD activity in normal cells, but not in cancer cells.
Nevertheless, it is noteworthy that the activity of the antioxidative enzyme in
red blood cells, which are derived from stem cells, could be related to a
future risk of cancer, suggesting that systemic redox status may be critical for
cancer development and survival. The multivariable-adjusted analysis, which
excluded participants who developed cancer within the first 5 years of
follow-up, may support this idea.

References

1. Azumi H, Inoue N, Ohashi Y, Terashima M, Mori T, Fujita H, et al. Superoxide gener-
ation in directional coronary atherectomy specimens of patients with angina pectoris:
important role of NAD(P)H oxidase. Arterioscler Thromb Vasc Biol 2002;22:1838-44.

2. Mueller CFH, Laude K, McNally JS, Harrison DG. ATVB in focus: redox mech-
anisms in blood vessels. Arterioscler Thromb Vasc Biol 2005;25:274-8.

Third, we did not collect any information on diet or supplements from the
participants, which are important factors for the development of cancer.
Therefore, we were not able to include dietary factors as covariates in

multivariable models in this study.

Fourth, we found a sex-based difference in cancer risk in this population.
However, the population includes a limited number of female smokers,
which could have contributed to the reduced incidence of cancer events
among women. Furthermore, we included former smokers in the nonsmoker
group due to insufficient data with regard to their smoking history, including
duration of smoking habit and reasons for stopping smoking. Therefore, the
stratification of participants in the present study based on current smoking
status versus nonsmoking status may not fully account for the effects of

smoking as a confounding factor.

Fifth, we used serum TBARS as an oxidative stress marker in the present
study. However, using a DNA damage marker such as urinary 8-hydroxy-2'-
deoxyguanosine might have been more favorable, as it is reported to be
associated with cancer development (43, 44). Unfortunately, at the time of
the baseline survey, no assay kit for 8-hydroxy-2'-deoxyguanosine was

available for the large number of cohort samples.

Finally, for the collection of data on cancer events, we relied on self-reported
information obtained from questionnaires, which could potentially result in
under-reporting. We were able to validate the events by reference to hospital
records and death certificates; however, we were unable to detect cancer

events in patients who did not report them.

Conclusion

Increased R-SOD activities were associated with a future risk of cancer in a
general Japanese population, suggesting that systemic redox status may be
related to cancer development. R-SOD activities may be useful for predicting

cancer risk, particularly in the male population.

Authors’ Disclosures

No disclosures were reported.

Authors’ Contributions

S.-i. Tanaka: Conceptualization, data curation, formal analysis, writing-original
draft, project administration, writing-review and editing. Y. Fujioka: Resources,
data curation, validation, writing-review and editing. T. Tsujino: Supervision,
validation, writing-review and editing. T. Ishida: Supervision, writing-review

and editing. K.-i. Hirata: Supervision, writing-review and editing.

Received July 31, 2024; revised September 29, 2024; accepted October 15,
2024; published first October 17, 2024.

3. Tanaka S-I, Miki T, Sha S, Hirata K-I, Ishikawa Y, Yokoyama M. Serum levels of
thiobarbituric acid-reactive substances are associated with risk of coronary
heart disease. J Atheroscler Thromb 2011;18:584-91.

4. Cerutti PA. Prooxidant states and tumor promotion. Science 1985;227:
375-81.

AACRJournals.org

Cancer Res Commun; 4(11) November 2024

2875


https://aacrjournals.org/

2876

Tanaka et al.

5.

20.

21

22.

23

24.

Wiseman H, Halliwell B. Damage to DNA by reactive oxygen and nitrogen
species: role in inflammatory disease and progression to cancer. Biochem J
1996;313:17-29.

. Suh YA, Arnold RS, Lassegue B, Shi J, Xu X, Sorescu D, et al. Cell transfor-

mation by the superoxide-generating oxidase Mox1. Nature 1999;401:79-82.

. Coyle JT, Puttfarcken P. Oxidative stress, glutamate, and neurodegenerative

disorders. Science 1993;262:689-95.

. Deng H, Hentati A, Tainer J, Igbal Z, Cayabyab A, Hung W, et al. Amyotrophic

lateral sclerosis and structural defects in Cu,Zn superoxide dismutase. Science
1993;261:1047-51.

. Bedard K, Krause K-H. The NOX family of ROS-generating NADPH oxidases:

physiology and pathophysiology. Physiol Rev 2007;87:245-313.

. Veenith T, Martin H, Le Breuilly M, Whitehouse T, Gao-Smith F, Duggal N, et al.

High generation of reactive oxygen species from neutrophils in patients with
severe COVID-19. Sci Rep 2022;12:10484.

. Gamou S, Shimizu N. Hydrogen peroxide preferentially enhances the tyrosine

phosphorylation of epidermal growth factor receptor. FEBS Lett 1995;357:
161-4.

. Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T. Requirement for generation

of H,0, for platelet-derived growth factor signal transduction. Science 1995;
270:296-9.

. Kamata H, Honda S, Maeda S, Chang L, Hirata H, Karin M. Reactive oxygen

species promote TNFalpha-induced death and sustained JNK activation by
inhibiting MAP kinase phosphatases. Cell 2005;120:649-61.

. Anastasiou D, Poulogiannis G, Asara JM, Boxer MB, Jiang J-k, Shen M, et al.

Inhibition of pyruvate kinase M2 by reactive oxygen species contributes to
cellular antioxidant responses. Science 2011;334:1278-83.

. McCord JM, Fridovich I. Superoxide dismutase. An enzymic function for

erythrocuprein (hemocuprein). J Biol Chem 1969;244:6049-55.

. Mello Filho AC, Meneghini R. In vivo formation of single-strand breaks in DNA

by hydrogen peroxide is mediated by the Haber-Weiss reaction. Biochim
Biophys Acta 1984;781:56-63.

. Halliwell B, Gutteridge JMC. Free radicals in biology and medicine. Oxford

(United Kingdom): Oxford University Press; 2015. p. 944.

. Juarez JC, Manuia M, Burnett ME, Betancourt O, Boivin B, Shaw DE, et al.

Superoxide dismutase 1 (SOD1) is essential for H,0,-mediated oxidation
and inactivation of phosphatases in growth factor signaling. Proc Natl
Acad Sci U S A 2008;105:7147-52.

. Marklund SL. Extracellular superoxide dismutase and other superoxide dis-

mutase isoenzymes in tissues from nine mammalian species. Biochem J 1984;
222:649-55.

Marklund SL, Westman NG, Lundgren E, Roos G. Copper- and zinc-containing
superoxide dismutase, manganese-containing superoxide dismutase, catalase,
and glutathione peroxidase in normal and neoplastic human cell lines and
normal human tissues. Cancer Res 1982;42:1955-61.

Blankenberg S, Rupprecht HJ, Bickel C, Torzewski M, Hafner G, Tiret L, et al.
Glutathione peroxidase 1 activity and cardiovascular events in patients with
coronary artery disease. N Engl J Med 2003;349:1605-13.

Gonzales R, Auclair C, Voisin E, Gautero H, Dhermy D, Boivin P. Superoxide
dismutase, catalase, and glutathione peroxidase in red blood cells from pa-
tients with malignant diseases. Cancer Res 1984;44:4137-9.

Zhang Y, Zhao W, Zhang HJ, Domann FE, Oberley LW. Overexpression of
copper zinc superoxide dismutase suppresses human glioma cell growth.
Cancer Res 2002;62:1205-12.

Laurent A, Nicco C, Chéreau C, Goulvestre C, Alexandre J, Alves A, et al.
Controlling tumor growth by modulating endogenous production of reactive
oxygen species. Cancer Res 2005;65:948-56.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Behrend L, Mohr A, Dick T, Zwacka RM. Manganese superoxide dismutase
induces p53-dependent senescence in colorectal cancer cells. Mol Cell Biol
2005;25:7758-69.

Satomi A, Murakami S, Hashimoto T, Okamura U, Okubo K, Takahashi S, et al.
Estimation of serum tumor necrosis factor-a and tumor tissue superoxide
dismutase (SOD) activity in the prognosis of human colorectal cancer. Int J
Clin Oncol 1997;2:15-20.

Ito Y, Suzuki K, Sasaki R, Otani M, Aoki K. Mortality rates from cancer or all
causes and SOD activity level and Zn/Cu ratio in peripheral blood: population-
based follow-up study. J Epidemiol 2002;12:14-21.

Tanaka S-i, Yasuda T, Ishida T, Fujioka Y, Tsujino T, Miki T, et al. Increased serum
cholesterol esterification rates predict coronary heart disease and sudden death in
a general population. Arterioscler Thromb Vasc Biol 2013;33:1098-104.

Tanaka S-i, Fujioka Y, Tsujino T, Ishida T, Hirata K-i. Impact of serum cholesterol
esterification rates on the development of diabetes mellitus in a general
population. Lipids Health Dis 2018;17:180.

Beauchamp C, Fridovich I. Superoxide dismutase: improved assays and an
assay applicable to acrylamide gels. Anal Biochem 1971;44:276-87.

Yagi K. A simple fluorometric assay for lipoperoxide in blood plasma. Biochem
Med 1976;15:212-6.

Ohkawa H, Ohishi N, Yagi K. Reaction of linoleic acid hydroperoxide with
thiobarbituric acid. J Lipid Res 1978;19:1053-7.

Danaei G, Vander Hoorn S, Lopez AD, Murray CJL, Ezzati M; Comparative Risk
Assessment Collaborating Group (Cancers). Causes of cancer in the world:
comparative risk assessment of nine behavioural and environmental risk fac-
tors. Lancet 2005;366:1784-93.

Burdon RH. Superoxide and hydrogen peroxide in relation to mammalian cell
proliferation. Free Radic Biol Med 1995;18:775-94.

Marikovsky M, Nevo N, Vadai E, Harris-Cerruti C. Cu/Zn superoxide dismutase
plays a role in angiogenesis. Int J Cancer 2002;97:34-41.

Kinnula VL, Crapo JD. Superoxide dismutases in malignant cells and human
tumors. Free Radic Biol Med 2004;36:718-44.

Alpha-Tocopherol; Beta Carotene Cancer Prevention Study Group. The effect
of vitamin E and beta carotene on the incidence of lung cancer and other
cancers in male smokers. N Engl J Med 1994;330:1029-35.

Klein EA, Thompson IM Jr, Tangen CM, Crowley JJ, Lucia MS, Goodman PJ,
et al. Vitamin E and the risk of prostate cancer: the selenium and vitamin E
cancer prevention trial (SELECT). JAMA 2011;306:1549-56.

Lingappan K, Jiang W, Wang L, Couroucli XI, Barrios R, Moorthy B. Sex-specific
differences in hyperoxic lung injury in mice: implications for acute and chronic
lung disease in humans. Toxicol Appl Pharmacol 2013;272:281-90.

Dantas AP, Franco MdCP, Silva-Antonialli MM, Tostes RC, Fortes ZB, Nigro D,
et al. Gender differences in superoxide generation in microvessels of hyper-
tensive rats: role of NAD(P)H-oxidase. Cardiovasc Res 2004;61:22-9.

Lagranha CJ, Deschamps A, Aponte A, Steenbergen C, Murphy E. Sex dif-
ferences in the phosphorylation of mitochondrial proteins result in reduced
production of reactive oxygen species and cardioprotection in females. Circ
Res 2010;106:1681-91.

Mascone SE, Kim K, Evans WS, Prior SJ, Ranadive SM. Sex differences in ROS
production and SOD activity following induced inflammation. FASEB J 2022;36:
R4508.

Kasai H, Crain PF, Kuchino Y, Nishimura S, Ootsuyama A, Tanooka H. Formation
of 8-hydroxyguanine moiety in cellular DNA by agents producing oxygen
radicals and evidence for its repair. Carcinogenesis 1986;7:1849-51.

Wu LL, Chiou CC, Chang PY, Wu JT. Urinary 8-OHdG: a marker of oxidative

stress to DNA and a risk factor for cancer, atherosclerosis and diabetics. Clin
Chim Acta 2004;339:1-9.

Cancer Res Commun; 4(11) November 2024

https://doi.org/10.1158/2767-9764.CRC-24-0301 | CANCER RESEARCH COMMUNICATIONS


https://dx.doi.org/10.1158/2767-9764.CRC-24-0301

