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Abstract

Insulin resistance likely increases the risk of chronic liver disease (CLD) and liver cancer, but
long-term prospective studies with measured fasting glucose and insulin are lacking. We evaluated
the associations of pre-diagnostic fasting glucose, insulin and the homeostasis model assessment
of insulin resistance (HOMA-IR) with liver cancer and CLD mortality in a prospective study of
Finnish male smokers with extended follow-up time (<22 years) and information on known risk
factors using data from 138 incident primary liver cancer cases 216 CLD deaths and 681 matched
controls. Fasting glucose and insulin were measured in baseline serum. We used unconditional
logistic regression to estimate odds ratios (ORs) and 95% confidence intervals (Cl) adjusted for
age, alcohol, education, smoking, body mass index, and hepatitis B and C viral status. Among
those without self-reported diabetes, glucose was positively associated with liver cancer (Quartile
3 vs. Quartile 1 (Q3/Q1): OR=1.88, 1.03-3.49; Q4/Q1: OR=2.40, 1.33-4.35, P-trend=.002), and
undiagnosed, biochemically defined, diabetes was associated with higher risk of liver cancer
(OR=2.95, 1.46-5.96) and CLD mortality (OR=1.88, 1.00-3.56). Serum insulin and HOMA-IR
were also positively associated with liver cancer (Q4/Q1: OR=3.41, 1.74-6.66, A-trend<.0001;
OR=3.72, 1.89-7.32, P-trend<.0001, respectively) and CLD (OR=2.51, 1.44-4.37, P-trend=.0002;
OR=2.31, 1.34-3.97, Ptrend=.001, respectively), with stronger associations observed for liver
cancer diagnosed >10 years after baseline. In conclusion, elevated fasting glucose and insulin, and
insulin resistance were independently associated with risk of liver cancer and CLD mortality,
suggesting a potentially important etiologic role for insulin and glucose dysregulation even in the
absence of diagnosed diabetes.
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Chronic liver disease (CLD), including cirrhosis, is a major cause of death in the United
States, especially among men (1). Liver cancer is the sixth most commonly occurring cancer
and the second-leading cause of cancer-related mortality worldwide (2), and most cases of
liver cancer are preceded by advanced liver disease (3). Although typically more common in
developing countries, rates of liver cancer have increased rapidly in developed countries,
including the United States and countries in Europe (4-7). Hepatitis B (HBV) and C (HCV)
viruses, excessive alcohol intake, and aflatoxin exposure are strong risk factors for CLD (8)
and liver cancer (4, 9). Much of the increase in liver cancer in Western countries has been
ascribed to HCV (10, 11). However, 30% to 40% of liver cancers occur in patients without
established risk factors (12).

In addition to HCV, obesity and diabetes may contribute to increasing liver cancer rates.
Researchers have shown that diabetes is associated with a 2-fold increased risk of CLD (8),
and a large body of evidence supports a positive association between diabetes and liver
cancer (13-15). Several mechanisms are possible (16, 17) including that high insulin may
have mitogenic effects (18). Patients with diabetes are also more likely to have hepatic
steatosis (19, 20), either as simple nonalcoholic fatty liver disease or the more extreme form
of nonalcoholic steatohepatitis (NASH). Fatty liver may increase liver cancer risk through
excess inflammation, oxidative stress, and other mechanisms (20-23). Recent studies
estimate that one third or more of US adults have fatty liver (24).

Although associations between diabetes and liver cancer have been widely reported (13, 14),
some prior studies had limitations. Previous studies, many of which relied on self-reported
diabetes, likely underestimated the prevalence of diabetes, and studies of undiagnosed
diabetes or higher glucose in the absence of diabetes are lacking. In addition, studies have
often not had complete ascertainment of possible confounding factors such as alcohol intake,
HBV, HCV, and obesity (25). Most studies with information on HBV and HCV were
conducted in populations with high prevalence, limiting statistical power for examination of
the diabetes association in HBV and HCV negative participants. Many previous studies
employed a cross-sectional design or had only limited follow-up between diabetes
assessment and cancer incidence, precluding evaluation of temporality (13, 26). This may be
of particular concern since the liver plays a critical role in glucose and insulin metabolism
and cirrhosis can cause insulin resistance and diabetes (27). Finally, few studies examined
associations between prediagnostic insulin concentrations and subsequent risk of liver
cancer (28).

Because most cases of liver cancer develop in those with advanced CLD, it is possible to
gain further insight into disease etiology by studying both endpoints. Thus, we examined the
associations of pre-diagnostic fasting glucose, insulin and the homeostasis model assessment
of insulin resistance (HOMA-IR)(29, 30) with primary liver cancer incidence or chronic
liver disease (CLD) mortality during up to 22-years of follow-up in the Alpha-Tocopherol,
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Beta-Carotene Cancer Prevention (ATBC) Study, a large prospective cohort with low HBV
and HCV prevalence (31).

Materials and Methods

Participants

The ATBC Study was a randomized, double-blind placebo-controlled, primary prevention
trial designed to determine whether daily supplementation with alpha-tocopherol (50mg/
day), beta-carotene (20mg/day), or both, would reduce the incidence of lung and other
cancers in male smokers (31).

The ATBC cohort includes 29 133 Finnish male smokers, aged 50-69 years old, who were
enrolled between 1985 and 1988. Individuals with a history of cirrhosis or chronic
alcoholism were excluded from the study. Although supplementation ended in 1993,
participants have been under follow-up since that time. ATBC was approved by the
institutional review boards of both the National Institutes of Health in the United States and
the National Public Health Institutes in Finland. All participants provided written informed
consent.

Follow-up, outcome ascertainment, and control selection

Men diagnosed with primary incident liver cancer (ICD-9=155) were identified through the
Finnish Cancer Registry, which provided close to 100% case ascertainment (32). Men who
died from CLD (ICD-9=571) were identified through the Finnish Register of Causes of
Death. For the present study, men who developed liver cancer and died of CLD were only
included in the liver cancer analysis. Controls were alive and cancer-free at the time of case
diagnosis or death and were matched to cases (2:1) on age at randomization (z 1 year), date
of blood draw (+ 30 days), and sample availability.

With follow-up through December 31, 2007, 144 incident liver cancer cases, 218 CLD
deaths, and 723 matched controls were identified in ATBC. For the present study, 138
incident liver cancer cases, 216 participants who died from CLD and 681 matched controls
had adequate baseline serum to measure insulin, and glucose and test for HBV and HCV,
markers.

Data collection and laboratory analysis

Prior to randomization, at baseline, participants completed questionnaires detailing
demographic information, lifestyle, and medical history including whether they had been
diagnosed with diabetes. Participant’s height and weight were measured by trained study
staff. Participants completed a food frequency questionnaire which queried intake of alcohol
and 275 other items. All participants donated a fasting (overnight) blood sample at baseline
which was stored at —=70°C.

The SAIC NCI-Frederick National Laboratory tested for HBV surface antigen (HBsAg), an
indication of current HBV infection, antibody to hepatitis B core antigen (anti-HBc), an
indication of whether a person has ever been infected, and for antibody to HCV (anti-HCV)
an indication of current infection with HCV. HBsAg was tested using an enzyme
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immunoassay (Bio-Rad Laboratories, Redmond, WA). Anti-HBc and anti-HCV were tested
using enzyme-linked immunosorbent assays (Ortho-Clinical Diagnostics, Raritan, NJ). We
included a panel of samples with known HBV and HCV positivity and concordance with
known status was perfect.

Insulin and glucose were measured in baseline serum by the Immunochemical Core
Laboratory at the Mayo Clinic (Rochester, MN). Insulin was measured using a two-site
immunoenzymatic assay on the DxI automated immunoassay system from Beckman
Instruments (Chaska, MN). The inter-assay coefficient of variation (CV) for a pooled quality
control sample included in each batch (8% of the overall samples) was 3.2% with a range
across batches of 1.5% to 5.7%. Serum glucose was measured on the Roche Cobas ¢311
(Roche Diagnostics, Indianapolis, IN 46250) utilizing a hexokinase reagent from Boehringer
Mannheim (Indianapolis, IN). The inter-assay CV was 0.6% with a range across batches of
0.1% to 2.1%. HOMA-IR (fasting insulin x fasting glucose/22.5, with fasting insulin
expressed in pU/mL and fasting glucose expressed in mmol/L) was calculated as previously
described (29).

A subset of serum samples from cohort participants (n=50) were tested for the presence of
aflatoxin-albumin adducts at the University of Leeds (England). As expected in the Finnish
population, we found no evidence for exposure in this subset (data not shown); therefore, we
did not measure aflatoxin exposure in our larger case-control set.

Statistical analysis

Diabetes was defined by either self-report or having fasting glucose =126 mg/dL (33). For
glucose, insulin, and HOMA-IR, we used quartiles with cut-points based on the distribution
of the controls who did not report diabetes at baseline. We tested for differences in the
distribution of potential risk factors between cases and controls using the Chi-square and the
Wilcoxon rank tests for categorical and continuous variables, respectively. Among controls
who did not report a diagnosis of diabetes at baseline, we also examined baseline
characteristics by median glucose, insulin and HOMA-IR using the Mantel-Haenszel Chi-
Square or Fisher’s Exact test for categorical variables and the Jonckheere-Terpstra test for
continuous variables.

Odds ratios (OR) and 95% confidence intervals (95% CI) were calculated using
unconditional logistic regression models. Results were similar using conditional logistic
regression models (data not shown). We present ORs from age (years) adjusted models and
from models that were additionally adjusted for alcohol intake (<2.8, >2.8 to <11, >11to
<26, >26 to <44, >44 g/day), body mass index (BMI, <18.5, 18.5 to <25, 25 to <30, 30 to
<35, 235 kg/m?2), anti-HBc, HBsAg, anti-HCV, education (elementary education or less),
cigarettes per day, and duration of smoking (years). Tests for trend were conducted by
treating quartiles as an ordinal variable in the model; statistical significance was then
determined by the Wald test. Follow-up time began at the date of randomization and
continued until the date of cancer diagnosis, death, or December 31, 2007, whichever came
first. We also conducted time-stratified analyses by follow-up for the first 10 years or more
than 10 years.
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We performed stratified analyses by median alcohol intake (<11.3 versus >11.3 g/day), BMI
(<26 versus >26 kg/m?), cigarettes/day (< 20 versus >20), and years smoked (< 35 versus
>35). We used dichotomous cut-points for HOMA-IR and insulin concentration, comparing
participants in the fourth quartile (Q4) versus those in the first through third quartiles (Q1-
3). Interactions were tested by comparing models with and without cross product terms
using likelihood ratio tests. We conducted sensitivity analysis excluding HBV and HCV
positive participants.

Finally, among those who did not report a diagnosis of diabetes at baseline, we examined the
joint effects of glucose-defined diabetes with insulin concentration and daily alcohol intake
as these factors may modify associations of diabetes with liver cancer and liver disease
mortality. For insulin, we used a referent group of participants who did not have diabetes and
had an insulin level <6.7 pU/mL, the 75% percentile in controls. For alcohol, the referent
group included participants without diabetes and with below median alcohol intake.

All analyses were conducted with SAS version 9.3. All statistical tests were two-sided.

Baseline characteristics are shown in Table 1 for participants who developed liver cancer or
who died from CLD and their matched controls. The age ranges of cases and controls were
similar for both endpoints. Both case groups drank more alcohol than controls, although this
difference reached statistical significance only for CLD mortality where above, as compared
with below, median alcohol intake was associated with more than a 4-fold increased odds of
CLD mortality. Relative to controls, those who developed liver cancer had a longer smoking
duration, whereas those who died from CLD tended to smoke more cigarettes/day but had
similar smoking duration. A very low proportion of study participants tested positive for
HBV or HCV; nevertheless, the prevalence of anti-HBc but not HBsSAg was higher in liver
cancer cases, and the prevalence of anti-HCV was higher in both liver cancer and liver
disease mortality cases as compared with controls.

Participants who developed liver cancer were more likely than controls to be obese at
baseline; yet, no difference was observed for CLD. The prevalence of diabetes, defined as
either having a self-report or a glucose =126 mg/dL, was higher in liver cancer (21.0%) and
CLD cases (14.4%) than in their matched controls (7.1% and 9.4%, respectively). Among
those who did not report a diabetes diagnosis at baseline, a higher percentage of liver cancer
(12.1%) and CLD cases (10.6%) relative to controls (4.1% and 5.4%, respectively) had
glucose =126 mg/dL. Finally, fasting insulin concentrations were higher in both case groups
relative to controls, as were HOMA-IR scores (Table 1).

Distributions of baseline characteristics by median glucose, insulin, and HOMA-IR among
controls who did not report a previous diagnosis of diabetes are shown in Table 2. The
prevalence of overweight and obesity were associated with higher glucose and insulin
concentrations and higher HOMA-IR scores. As expected, insulin concentration tended to be
higher among those with higher glucose concentration.
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Tables 3 and 4 show the associations for prediagnostic diabetes, fasting concentration of
glucose or insulin, and HOMA-IR with liver cancer or CLD. Diabetes, defined either by
self-report or fasting glucose, was associated with both liver cancer (Table 3: OR=2.79,
95% CI=1.65-4.75) and CLD mortality (Table 4: OR=1.83, 95% C1=1.09-3.10) in
multivariable models. ORs for self-reported diabetes and glucose-defined diabetes were of
similar magnitude and direction for liver cancer, but for CLD mortality, the OR for self-
reported diabetes, although positive, was not statistically significant.

Among participants who did not report a previous diagnosis of diabetes, both liver cancer
(Table 3) and CLD mortality (Table 4) were positively associated with insulin concentration
and HOMA-IR. Relative to Q1, risk estimates for insulin and HOMA-IR were elevated in
Q4 for liver cancer (OR=3.41, 95% CIl=1.74-6.66, P-trend<0.0001; and OR=3.72, 95%
Cl=1.89-7.3, P-trend<0.0001, respectively) and CLD mortality (OR=2.51, 95% Cl=1.44—
4.37, P-trend=0.0002; and OR=2.31, 95% CI=1.34-3.97, P-trend=0.001, respectively). For
glucose, participants in Q3 (median glucose = 103 mg/dL; IQR=101-104) as well as those
in Q4 (median glucose = 114 mg/dL; IQR=110-124) were at higher risk of liver cancer
relative to Q1 (OR=1.88, 95% CI=1.03-3.49 and OR=2.40, 95% Cl=1.33-4.35,
respectively). However, no association was observed for glucose and CLD mortality (#-
trend=0.064).

In analyses stratified by follow-up time, the association between diabetes and liver cancer
appeared similar in each follow-up period (Table 3). The associations for glucose, insulin
concentration, and HOMA-IR appeared stronger in liver cancer cases that occurred more
than 10 years after baseline than in cases that occurred in the first 10 years of follow-up. The
pattern was different for CLD where associations with glucose appeared stronger for deaths
in the first 10 years (than for deaths more than 10 years after baseline. In contrast, the ORs
for CLD with insulin and HOMA-IR appeared similar in each follow-up period (Table 4).

We observed similar associations for diabetes, insulin, and HOMA-IR with each endpoint
after excluding HBV and HCV positive participants. We also observed similar associations
for diabetes, insulin, and HOMA-IR with each endpoint across strata defined by baseline
alcohol use, BMI, and smoking history (Supplementary Table). Of all the examined
stratifications, four deviations from homogeneity were observed; owing to relatively small
sample sizes and multiple comparisons, these results should, however, be interpreted with
caution.

Finally, we examined the joint effects of biochemically defined diabetes with insulin
concentration and daily alcohol intake (Table 5). In these analyses, we observed little
evidence for an association with diabetes among participants with lower insulin
concentration, although there were few cases in this group. Among participants without
diabetes, we observed some evidence for an association of insulin concentration with liver
cancer and CLD. The highest ORs were among participants who had both higher insulin
concentration and diabetes. For alcohol, we observed similar ORs for diabetes and liver
cancer among those with high and low alcohol intake. In contrast, participants with higher
alcohol intake and diabetes had more than two-fold higher odds of CLD mortality than those
with lower alcohol intake and diabetes. These observed differences should, however, be
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interpreted with caution as multiple comparisons were made and P-values were greater than
0.05 for statistical tests of multiplicative and additive interactions for diabetes with insulin or
alcohol intake.

Discussion

In our study, among Finnish male smokers without a prior diabetes diagnosis, higher glucose
concentration was associated with increased risk of incident liver cancer, and higher insulin
concentration or higher HOMA-IR was associated with increased risk of incident liver
cancer and CLD mortality during 22 years of follow-up. These associations were
independent of other CLD and liver cancer risk factors, including HBV and HCV status,
alcohol intake, BMI, and smoking history.

Many previous studies have observed associations between diabetes and liver cancer, using a
number of different study designs, including case-control, record linkage, and prospective
cohorts (13). Similar to our estimate for self-reported diabetes (OR=2.48, 95% Cl=1.20—
5.12), a recent meta-analysis reported summary relative risk estimates for hepatocellular
carcinoma (HCC) and primary liver cancer of 2.06 (95% Cl=1.64-2.60) and 1.75 (95%
Cl=1.25-2.47), respectively (13). In the current study, the OR for diabetes either by self-
report or serum glucose testing was 2.79 (95% CI=1.65-4.75) indicating that people with
undiagnosed diabetes are similarly at increased risk for liver cancer. Moreover, a trend (~-
trend =0.002) was observed for liver cancer across increasing quartiles of serum glucose,
indicating that higher glucose concentrations, including those below 126 mg/dL (i.e. Q3:
median glucose = 103 mg/dL; IQR=101-104), are associated with higher odds of liver
cancer. Another recent study observed a positive, albeit not statistically significant
association, between categories of serum glucose and liver cancer noting a limited sample
size and imprecise risk estimates in the higher categories of serum glucose (34).

Previous findings for insulin and liver cancer, although more limited than for diabetes, are
also consistent with our results. C-peptide, a marker of hyperinsulinemia, has been positively
associated with liver cancer in a large European prospective cohort (35). High insulin
concentrations have been associated with poorer prognosis in patients with liver cancer (36,
37), as well as liver disease progression (38) and poorer prognosis after liver transplant (39)
among HCV(+) patients. Higher insulin concentrations have also been associated with liver
cancer in a cohort of HBV carriers (28). Our observation of an association with higher
fasting insulin among participants without diabetes is intriguing and suggests that insulin
may promote carcinogenesis in the absence of diabetes. Previous results of an association
between higher insulin concentrations and more rapid liver tumor growth (36) are also
consistent with our findings, as are pharmacoepidemiologic studies (40). For example, a
recent meta-analysis found that among patients with diabetes, prescribed insulin was
associated with increased liver cancer risk, whereas metformin and thiazolidinedione were
associated with decreased liver cancer risk (40). Such findings could, however, reflect
confounding by indication.

Although numerous studies have explored the interrelationship between diabetes and
nonalcoholic fatty liver disease (NAFLD) (8, 24), associations of insulin and glucose with
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subsequent mortality from chronic liver disease, particularly among those without a prior
diabetes diagnosis, are poorly understood. In the current study, we found stronger findings
for diabetes, insulin, and HOMA-IR with liver cancer than with CLD mortality. It is possible
that higher insulin and glucose levels may be more strongly related to subsequent liver
cancer than fatal non-cancer liver disease endpoints. In support, some studies have suggested
that high glucose and insulin levels may promote liver tumor growth (36). However, the
observed differences could also be due to chance.

Alternatively, associations with glucose and insulin concentrations could reflect reverse-
causality. Cirrhosis can cause diabetes (27) and previous findings suggest that blood insulin
concentration and insulin resistance are affected by diminished insulin clearance from fatty
liver (41). Although our study excluded participants manifesting cirrhotic symptoms at
baseline, we lacked information on asymptomatic underlying liver disease at baseline.
However, we consistently observed weaker associations for glucose, insulin, and HOMA-IR
with liver cancers in the first 10 years of follow-up, when participants developing an
endpoint would be more likely to have cirrhosis at baseline, than with liver cancers in years
11-22 of follow-up. If insulin resistance and diabetes at baseline were solely a reflection of
advanced liver disease, then a higher risk of liver cancer would have been expected in the
first decade of observation. These data, coupled with previous findings of associations with
liver disease progression in the context of HCV (38, 39, 42), suggest that our results for liver
cancer do not simply reflect the metabolic alterations of undiagnosed cirrhosis. In contrast,
associations for self-reported diabetes and glucose were only apparent for CLD mortality
that occurred within 10 years of baseline, suggesting more of a concern for reverse causality.

Key strengths of our study include its prospective design, 22-year follow-up, measured
fasting glucose and insulin concentrations, ability to adjust for major liver cancer risk factors
including HBV, HCYV, alcohol use, and smoking, and the exclusion of patients with cirrhosis
and chronic alcoholism at baseline. Limitations include our relatively modest sample size, a
lack of histology information for liver cancer cases, though the majority were likely HCC,
and a single measurement of fasting glucose and insulin, which could lead to
misclassification of the exposure. Although repeat measures are ideal, national prevalence
estimates generally rely on a single serum measurement to define undiagnosed diabetes (43).
We were also unable to differentiate between type-1 and type-2 diabetes, although most
diabetes would be type-2 in this older population. We lacked data on undiagnosed CLD at
baseline, as discussed above. We also lacked data on incident CLD during follow-up, and the
associations of diabetes and insulin concentrations with CLD risk may differ from those
observed for CLD mortality. The ATBC study included only male smokers, which may
affect the generalizability of our findings to women and to never-smokers. Although our
measured levels of insulin in controls were consistent with those previously measured in the
cohort (44-46), they were lower than those in US population surveys (47). Future studies in
populations with higher insulin levels are needed to extend and replicate these results.

In summary, participants in the ATBC cohort with higher glucose and insulin levels as well
as those with diagnosed and undiagnosed diabetes were more likely to develop liver cancer
and die from CLD over 22 years of follow-up. Associations were independent of known
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liver cancer and CLD risk factors and suggest a potentially important role for glucose and
insulin homeostasis in liver cancer and CLD mortality.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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