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Abstract

Background: Studies examining associations between circu-
lating concentrations of C-peptide and total adiponectin, two
biomarkers related to obesity and insulin secretion and sensi-
tivity and pancreatic ductal adenocarcinoma (PDA) risk have
shown inconsistent results and included limited numbers of
smokers.

Methods: We examined associations of these biomarkers and
high molecular weight (HMW) adiponectin with PDA, overall,
and by smoking status. We conducted a pooled nested case–
control analysis in 3 cohorts (Prostate, Lung, Colorectal, and
Ovarian Cancer Trial, Alpha-Tocopherol, Beta-Carotene Cancer
Prevention Study, and Cancer Prevention Study-II), with 758
cases (435 current smokers) and 1,052 controls (531 smokers)
matched by cohort, age, sex, race, blood draw date and follow-up
time. We used conditional logistic regression adjusted for age,
smoking, diabetes, and body mass index to calculate ORs and
95% confidence intervals (CI).

Results: Circulating C-peptide concentration was not associ-
ated with PDA in never or former smokers, but was inversely
associated with PDA in current smokers (per SD OR¼ 0.67; 95%
CI, 0.54–0.84; Pinteraction ¼ 0.005). HMW adiponectin was
inversely associated with PDA in never smokers (OR ¼ 0.43;
95% CI, 0.23–0.81), not associated in former smokers, and
positively associated in smokers (OR ¼ 1.23; 95% CI, 1.04–
1.45; Pinteraction ¼ 0.009). Total adiponectin was not associated
with PDA in nonsmokers or current smokers.

Conclusions: Associations of biomarkers of insulin secretion
and sensitivity with PDA differ by smoking status. Smoking-
induced pancreatic damage may explain the associations in smo-
kers while mechanisms related to insulin resistance associations
in nonsmokers.

Impact: Future studies of these biomarkers and PDA should
examine results by smoking status. Cancer Epidemiol Biomarkers Prev;
26(6); 914–22. �2017 AACR.

Introduction
Pancreatic cancer is the fourth leading cause of cancer-related

death in the United States (1). While cancer incidence and
mortality rates have been declining in the United Stated during
the past decade, pancreatic cancer incidence and mortality rates
have increased (1). The majority of pancreatic cancers are pan-

creatic ductal adenocarcinomas (PDA; ref. 2). Diabetes, obesity,
and smoking are known risk factors for PDA (3–5). Large epide-
miologic analyses have shown obesity is associated with higher
risk of PDA in nonsmokers; however, this association is weaker or
absent in current smokers (4–6), suggesting obesity-related
mechanisms may be of greater importance in the etiology of PDA
in nonsmokers.

The specific biological mechanisms responsible for the asso-
ciation between obesity and PDA remain unclear but may
involve insulin resistance (7, 8), which is strongly related to
obesity (9). One hypothesized mechanism is that insulin
resistance precipitates a compensatory increase in insulin secre-
tion (7, 8) that directly increases the risk of PDA. Insulin is a
mitogen that has growth-promoting effects on PDA cells (10),
and circulating insulin concentration has been associated with
greater PDA of in two prospective studies (7, 8). The potential
importance of insulin resistance in pancreatic carcinogenesis is
also supported by the consistent association between type II
diabetes, which is typically preceded by insulin resistance (9),
and PDA (11).

Insulin resistance is associated with higher circulating concen-
trations of C-peptide (12) and lower circulating concentrations of
adiponectin (13). C-peptide and insulin are synthesized together
in equimolar amounts by pancreatic b-cells but C-peptide has a
longer half-life than insulin and is therefore a more stable
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biomarker of pancreatic endocrine function, and may be a better
measure of insulin secretion over time (14). Adiponectin is
secreted by adipocytes in three different subforms, of which
high-molecular weight (HMW) adiponectin is believed to be the
primary biologic active form (15, 16). Higher adiponectin con-
centration is associated with both lower insulin resistance and
lower adiposity (13, 17). On the basis of their relationships with
insulin resistance, high circulating concentrations of C-peptide
and low circulating concentrations of adiponectin would be
expected to be associated with increased PDA risk. However,
results from previous studies evaluating the association of
C-peptide and adiponectin concentrations with PDA are incon-
sistent (18–20). A possible explanation is smoking might
modify the associations between these biomarkers and risk of
pancreatic cancer.

We examined the association of prediagnostic circulating
concentrations of C-peptide, adiponectin, and HMW adipo-
nectin with PDA using a large pooled analysis of three pro-
spective studies. Because epidemiologic evidence suggests
obesity-related mechanisms for pancreatic cancer may be of
greater importance in nonsmokers than in smokers (4–6, 21),
we were particularly interested in examining these associations
by smoking status.

Materials and Methods
Cohorts

This is a pooled nested case–control study that includes data
from the Alpha-Tocopherol, Beta Carotene Cancer Prevention
(ATBC) study (22), the Cancer Prevention Study-II Nutrition
Cohort (CPS-II; ref. 23), and the Prostate, Lung, Colorectal,
and Ovarian Cancer Screening Trial (PLCO; ref. 24). Details of
each study have been previously described (22–25). All indi-
viduals within their respective studies provided informed
consent. Each study was approved by its local institutional
review boards (IRB), specifically the Emory University IRB
for CPS-II (23) and the National Cancer Institute Special
Studies IRB for the PLCO and ATBC cohorts. In addition, the
PLCO study was approved by the IRBs of its 10 participating
screening centers and the ATBC study was approved by the IRB
at the National Public Health Institute in Finland (Helsinki,
Finland).

Briefly, the ATBC study included approximately 29,000 Finnish
male smokers, ages 50 to 69, who provided a blood sample after
an overnight fast prior to randomization between 1985 and 1988
(22). The CPS-II study, enrolled in 1992–1993, included a subset
of approximately 40,000 men and women who provided a non-
fasting blood sample between 1998 and 2001 (23). The screening
arm of the PLCO study included approximately 77,000 men and
women, ages 55 to 74, who provided a blood sample at enroll-
ment between 1993 and 2001 (24). Fasting blood samples were
not required in PLCO, but many participants may have been
fasting at the time of blood draw because they were scheduled for
a colorectal endoscopy later the same day as part of the trial
protocol.

Data on lifestyle, demographics, and possible confounders
were collected from questionnaires at baseline from each cohort
(22–25). For the current study, information was obtained from
each cohort on sex, age, race, body mass index (BMI), cigarette
smoking history, self-reported diabetes, diet, and alcohol use and
the data were harmonized.

Case ascertainment and selection of controls
Cases were incident primary pancreatic adenocarcinomas

(ICD-O-3 code C250–C259 or C25.0–C25.3, C25.7–C25.9, and
ICD-9 157.0). Endocrine pancreatic tumors (C25.4, histology
type, 8150, 8151, 8153, 8155, and 8240, 157.4) were excluded
as the etiology of these cancers is thought to be different. Case
ascertainment varied between studies but included linking parti-
cipants to cancer registries (ATBC, CPS-II), self-, and next-of-kin
reports (PLCO, CPS-II; refs. 23, 24), and use of national death
indices (ATBC, PLCO, and CPS-II; refs. 22–25). The interval
between serum collection and diagnosis was up to 22.8, 7.4, and
14.5 years for the ATBC (22), CPS-II (23), and PLCO (24) studies,
respectively.

On the date of cancer case diagnosis, matched controls were
alive and free from PDA. One matched control was selected for
each case in CPS-II, while in ATBC and PLCO one or two controls
were selected for each case. Controls werematched to cases on age
at blood draw (�5 years), gender, and date of blood draw (within
30 days for ATBC and within 2- to 3-month blocks for PLCO and
CPS-II), and race.

Measurement of biomarkers
Serum C-peptide, adiponectin, and HMW adiponectin con-

centrations were measured in M. Pollak's laboratory (Lady Davis
Institute for Medical Research, Montreal, Quebec, Canada) using
an ELISA. C-peptide and total adiponectin weremeasured on 758
cases and 1,052 controls (ATBC 377 cases, 493 controls; CPS-II 90
cases, 90 controls; PLCO 291 cases, 469 controls). HMW adipo-
nectin was measured on 351 ATBC and 90 CPS-II matched case–
control sets. We did not measure HMW adiponectin on PLCO
participants. Total and HMW adiponectin were analyzed with
reagents fromR&D Systems Inc. and C-peptide was analyzedwith
reagents from ALPCO Diagnostics. The same internal laboratory
control sample was run in each batch. The internal control C-
peptide concentrations were used as a reference to correct for
differences between batches, across studies, and periods of time.
Case and control samples were handled in the same manner and
the laboratory was blinded to case–control status. Matched case–
control samples were analyzed consecutively within batches and
blinded replicate quality control samples were placed in triplicate
towards the beginning and end of each batch and comprised 10%
of each batch. Coefficients of variation were 11.6% for C-peptide,
9.5 % for HMW adiponectin, and 5.5% for total adiponectin.

Statistical analysis
Medians, interdecile ranges, and proportions of selected char-

acteristics were determined for the cases and controls overall and
by each cohort (Table 1). Least square means adjusted for age,
gender, and cohort for each biomarker (Table 2) were calculated
for age, cohort, gender, smoking history, BMI, and diabetes using
mixed linear models.

Overall ORs and 95% CIs were calculated using conditional
logistic regression. The biomarkers were examined as continuous
variables, using sex-specific 1 SD units and as quintiles (Q) based
on the distribution among controls with the lowest quintile as the
referent. Trend tests were based on a continuous variable for each
biomarker. We evaluated potential confounding by entering
individual variables into the overallmodel. Variableswere includ-
ed in the model if they changed risk estimates � 10% or were
established risk factors for PDA. Our final model included age,
smoking status, BMI, and self-reported diabetes.
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Effect modification by sex, smoking status, BMI (< 25 and
� 25), cohort, cancer diagnosis age (�70 and > 70 years),
diabetes, and follow-up time was evaluated with stratified anal-
yses and tested for statistical significance with a multiplicative
interaction term between the continuous biomarker variable and
aforementioned categorical variables. The smoking and BMI
stratified analyses used unconditional logistic regression adjusted
for the matching factors (sex, cohort) beyond the full model. In
the smoking stratified analyses, we excluded participants with
missing BMI as there were too few subjects in this category for the
models to converge.

All statistical analyses were performed using Statistical Analysis
Systems (SAS) software versions 9.3 (SAS Institute, Inc.) and
statistical tests were two-tailed.

Results
Overall, therewere nodifferences between cases and controls in

thedistributionof BMI, but theproportionof current smokerswas
higher in cases than in controls. Within CPS-II and PLCO, cases
more often had a history of diabetes than controls (Table 1).

Table 2 shows the adjusted mean biomarker concentration
among cases and controls according to demographic and lifestyle
characteristics. Females had higher HMW and total adiponectin
than males. ATBC participants, all of whom provided fasting
samples, had lower C-peptide compared with other cohort parti-
cipants. Among cases, the adjustedmeanC-peptide concentration
in ATBC and current smoker PLCO participants was lower than
nonsmokers in PLCO and CPS-II (there were too few current

smokers in CPS-II for informative analyses). Current smoker cases
also had lower C-peptide and higher HMW and total adiponectin
compared with current smoker controls. Among controls, current
smokers had lowerHMWand total adiponectin. Participants who
reported diabetes hadhigher C-peptide and lowerHMWand total
adiponectin. Cases with diabetes had lower C-peptide concentra-
tions compared with controls with diabetes.

We describe the association between the biomarkers and
PDA using continuous per standard deviation unit risk estimates
(Table 3). The associations for C-peptide and HMW adiponectin
with PDA were modified by smoking status (Pinteraction ¼ 0.005
and 0.008, respectively). C-peptide was inversely associated with
PDA (OR¼ 0.67; 95%CI, 0.54–0.84) in current smokers, but not
in never (OR ¼ 0.97; 95% CI, 0.77–1.21) or former (OR ¼ 1.08;
95% CI, 0.89–1.29) smokers. HMW adiponectin was inversely
associated with PDA among never smokers (OR ¼ 0.43; 95% CI,
0.23–0.81), positively associated in current smokers (OR¼ 1.23;
95% CI, 1.04–1.45), and not associated among former smokers
(OR ¼ 0.97; 95% CI, 0.60–1.58). Total adiponectin tended to be
inversely associated with PDA among never smokers (OR¼ 0.81;
95% CI, 0.66–1.00) but was not associated in the other groups
(Pinteraction ¼ 0.076). Adiponectin and HMW adiponectin were
weakly correlated with C-peptide (r2 < 0.20). Mutual adjust-
ment of the biomarkers in models did not substantially change
the risk estimates. Adjusting for smoking intensity, duration,
and cumulative duration did not change the association in
smokers. Similar patterns of associations and interactions were
observed for C-peptide and HMW adiponectin when former
and never smokers were combined into a category of nonsmokers

Table 2. Adjusted mean (SE) biomarker concentrations in case and control participants by selected baseline characteristics

C-Peptide HMW Adiponectin Adiponectin
Case Control Case Control Case Control
Mean ng/mL (SE) Mean ng/mL (SE) Mean mg/mL (SE) Mean mg/mL (SE) Mean mg/mL (SE) Mean mg/mL (SE)

Age, yearsa,b

<65 2.66 (0.11) 2.73 (0.11) 7.12 (0.43) 7.44 (0.45) 10.74 (0.33) 11.79 (0.28)
�65 2.63 (0.11) 2.89 (0.12) 7.87 (0.51) 7.91 (0.53) 12.05 (0.34) 12.01 (0.28)

Gender within cohortc,d

ATBC men 1.78 (0.10) 2.14 (0.10) 5.47 (0.25) 4.81 (0.25) 8.25 (0.30) 7.99 (0.25)
PLCO men 3.18 (0.13) 2.90 (0.12) — — 8.30 (0.39) 8.37 (0.29)
PLCO women 2.64 (0.16) 2.71 (0.15) — — 13.3 (0.48) 13.51 (0.36)
CPS-II men 3.84 (0.27) 3.87 (0.30) 3.70 (0.78) 5.43 (0.78) 7.98 (0.81) 10.95 (0.74)
CPS-II women 3.17 (0.27) 3.14 (0.30) 8.64 (0.75) 9.76 (0.73) 14.59 (0.80) 16.42 (0.74)

Smoking within cohortc,e

ATBC current smoker 1.79 (0.10) 2.16 (0.10) 5.38 (0.26) 4.74 (0.26) 8.12 (0.32) 7.86 (0.26)
PLCO never or former smoker 3.01 (0.12) 2.79 (0.10) — — 10.15 (0.37) 10.44 (0.26)
PLCO current smoker 2.80 (0.23) 3.06 (0.31) — — 11.03 (0.74) 9.51 (0.83)
CPS-II never or former smoker 3.53 (0.21) 3.41 (0.23) 6.37 (0.64) 7.82 (0.63) 11.33 (0.66) 13.85 (0.59)

BMIa,b,c

Normal 2.16 (0.11) 2.22 (0.11) 9.12 (0.43) 8.48 (0.43) 12.89 (0.33) 13.35 (0.28)
Overweight 2.70 (0.11) 2.77 (0.11) 6.12 (0.41) 7.10 (0.42) 10.27 (0.32) 11.22 (0.27)
Obese 3.40 (0.15) 3.92 (0.15) 5.22 (0.54) 5.43 (0.53) 9.05 (0.43) 9.78 (0.36)

Diabetesa,b,c

No 2.61 (0.09) 2.70 (0.09) 7.15 (0.37) 7.39 (0.37) 11.28 (0.26) 11.88 (0.22)
Yes 2.90 (0.21) 3.74 (0.23) 5.33 (0.83) 5.97 (0.84) 8.77 (0.61) 9.76 (0.56)

Alcohol intakea,b,c

None 2.75 (0.17) 2.89 (0.16) 7.01 (0.71) 7.38 (0.62) 10.80 (0.52) 11.34 (0.40)
>0–3 drinks/day 2.65 (0.09) 2.75 (0.10) 6.95 (0.38) 7.14 (0.39) 11.08 (0.28) 11.71 (0.24)
>3 drinks/day 2.46 (0.22) 2.64 (0.22) 8.64 (0.73) 7.16 (0.76) 11.76 (0.64) 11.75 (0.53)

aLeast square means adjusted for cohort.
bLeast square means adjusted for gender.
cLeast square means adjusted for age.
dCombinations of gender and cohort are shown because the ATBC cohort included only men.
eCombinations of smoking and cohort are shown because the ATBC cohort included only smokers, CPS-II current smokers not shown due to small numbers.
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(Supplementary Table S1). Results from meta-analyses of the
biomarkerswere similar to that obtained from thepooled analysis
(data not shown).

Given the distribution of smokers across studies (ATBC parti-
cipants were all current smokers, and most CPS-II and PLCO
participants were nonsmokers), the associations with C-peptide
(Pinteraction¼ 0.0023) andHMWadiponectin (Pinteraction¼ 0.024)
were also modified by cohort (Table 4). As expected, the associa-
tions between each of the biomarkers and PDA in the ATBC study
were similar to the associations observed among all current
smokers. Analyses restricted to current smokers in PLCO and
CPS-II showed similar pattern of associations (n ¼ 57 cases, 38
controls: C-peptide OR ¼ 0.89; 95% CI, 0.58–1.35 and total
adiponectin OR¼ 1.51; 95% CI, 0.90–2.53), as that of C-peptide
andHMW adiponectin in the ATBCmen, although CIs were wide
due to small numbers.

There were no interactions (Pinteraction >0.05) by sex, BMI,
diabetes (data not shown), or follow-up time (Supplementary
Table S2) except by age at cancer diagnosis for the C-peptide
association (Pinteraction ¼ 0.02) which was explained by a slightly
younger age at diagnosis among smokers. There were no signif-
icant interactions of the associations between the biomarkers by
follow-up time (P values >0.05). For example, similar inverse
associations were observed for C-peptide early as later during
follow-up (per SD, < 5 years, OR¼ 0.84; 95% CI, 0.68–1.03;� 5,

OR ¼ 0.93; 95% CI, 0.80–1.07). The positive association for
HMW adiponectin remained during follow-up that occurred
more than 5 years after blood was drawn (per SD, � 5 years
OR ¼ 1.21; 95% CI, 1.01–1.45).

Four-knot cubic splines were used to model a nonlinear rela-
tion between C-peptide, total and HMW adiponectin, and PDA
(26). The tests for nonlinearity (P values >0.30) were consistent
with a linear relationship.

Discussion
In this large prospective study, smoking status modified the

associations between prediagnostic concentrations of HMW adi-
ponectin, total adiponectin, C-peptide, and PDA. In never smo-
kers, total andHMWadiponectin were associatedwith lower PDA
risk, while no association was observed with C-peptide. In current
smokers, HMW adiponectin was associated with greater risk and
C-peptide was associated with lower risk. To the best of our
knowledge, this is the largest study to examine the interaction
of the association between prediagnostic C-peptide and HMW
adiponectin with pancreatic cancer by smoking status.

Results from two previous prospective studies evaluating the
association of C-peptide concentrations with PDA were inconsis-
tent (27, 28). In a pooled analysis of four prospective cohorts in
the United States, C-peptide was associated with increasing risk

Table 4. OR and 95% CI for pancreatic cancer by quintile of baseline serum c-peptide, HMW adiponectin, and adiponectin by cohort

By Cohort
ATBC CPSII PLCO

Cases/controls OR (95% CI) Cases/controls OR (95% CI) Cases/controls OR (95% CI) Pinteraction
C-Peptide
Q1b 120/125 1.00 (ref) 8/10 1.00 (ref) 46/65 1.00 (ref)
Q2 84 / 109 0.85 (0.58–1.26) 9 / 8 1.62 (0.36–7.29) 48/93 0.66 (0.39–1.13)
Q3 76/106 0.72 (0.47–1.11) 16/16 1.10 (0.29–4.18) 71/89 0.99 (0.59–1.67)
Q4 73/86 0.87 (0.56–1.33) 22/20 1.49 (0.38–5.85) 52/104 0.65 (0.38–1.13)
Q5 24/57 0.37 (0.20–0.67) 35/36 1.24 (0.35–4.37) 74/118 0.77 (0.45–1.33)
Ptrend 0.0001 0.83 0.66
Per SD 377/493 0.63 (0.48–0.81) 90/90 0.96 (0.70–1.33) 291/469 1.04 (0.89–1.21) 0.0023

HMW
Adiponectin
Q1c 57/74 1.00 (ref) 14/13 1.00 (ref)
Q2 84/74 1.61 (0.99–2.60) 23/15 0.84 (0.26–2.70)
Q3 62/74 1.16 (0.70–1.92) 14/13 0.56 (0.13–2.33)
Q4 50/66 1.07 (0.63–1.82) 22/23 0.50 (0.14–1.78)
Q5 98/63 2.35 (1.38–4.00) 17/26 0.33 (0.09–1.22)
Ptrend 0.017 0.029
Per SD 351/351 1.23 (1.03–1.46) 90/90 0.66 (0.45–0.98) 0.024

Adiponectin
Q1d 90/117 1.00 (ref) 13/9 1.00 (ref) 58/84 1.00 (ref)
Q2 85/100 1.14 (0.76–1.71) 12/13 0.57 (0.15–2.09) 57/97 1.13 (0.67–1.90)
Q3 68/110 0.81 (0.52–1.26) 19/11 0.74 (0.20–2.75) 58/90 1.19 (0.70–2.05)
Q4 74/89 1.06 (0.68–1.65) 17/20 0.45 (0.12–1.71) 51/101 1.13 (0.66–1.93)
Q5 60/77 1.05 (0.65–1.69) 29/37 0.32 (0.09–1.13) 67/97 1.50 (0.88–2.55)
Ptrend 0.66 0.023 0.048
Per SD 377/493 0.96 (0.81–1.14) 90/90 0.69 (0.50–0.97) 291/469 1.17 (1.00–1.37) 0.069

aThe cohort-stratified analyses were calculated using conditional logistic regression. Models adjust for the matching factors age, race, sex, and cohort (ATBC, PLCO,
CPS2) inherent in study design. The multivariable model further adjusts for age (continuous), diabetes (yes/no), BMI (<25, 25–<30, 30þ, unknown), and smoking
(never, former quit 15þ years, former quit<15 years, current). TheP values for C-peptide and adiponectinwere calculated using a�2 log likelihood testwith 2 degrees
of freedomcomparing amodelwith interaction terms for cohort to amodelwithout any interaction terms. For HMWadiponectin, a 1 degree of freedom testwas used.
bC-Peptide gender-specific quintiles: male (Q1� 1.22; Q2¼ 1.22–1.70; Q3¼ 1.71–2.27; Q4¼ 2.27–3.40; Q5� 3.41 ng/mL) and female (Q1� 1.19; Q2¼ 1.20–1.87; Q3¼
1.88–2.74; Q4 ¼ 2.77–4.02; Q5 � 4.06 ng/mL), and SDs for male (1.94 ng/mL) and females (2.10 ng/mL). Ptrend based on SD.
cHMWadiponectin gender-specific quintiles: male (Q1� 1,838; Q2¼ 1,841–3243; Q3¼ 3,252–4552; Q4¼4,577–6,409; Q5� 6,439 ng/mL) and female (Q1�4,165; Q2
¼ 4,261–8207; Q3 ¼ 8,765–10,601; Q4 ¼ 10,624–16,955; Q5 � 18,465 ng/mL) and SDs: male (3,966 ng/mL) and female (6,659 ng/mL). Ptrend based on SD.
dAdiponectin gender-specific quintiles: male (Q1�4,991; Q2¼4,993–6,509; Q3¼6,509–8265; Q4¼ 8,265–10,618; Q5� 10,634 ng/mL) and female (Q1� 8,781; Q2¼
8,844–11,477; Q3 ¼ 1,147–14,772; Q4 ¼ 14,772–19,579; Q5 � 19,579 ng/mL) and SD: male (4,183 ng/mL) and female (6,665 ng/mL). Ptrend based on SD.
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with PDA overall (Ptrend¼ 0.005), but this increase was driven by
never smokers (Q4 vs. Q1, OR¼ 3.13; 95%CI, 1.30–7.54; Ptrend <
0.001), whereas no associationwas observed among ever smokers
(27). This pooled study also reported 4-foldC-peptide association
in participants who were nonfasting, but no association among
those who were fasting (27). The European Prospective Investi-
gation into Cancer and Nutrition (EPIC) study reported no
association between prediagnostic C-peptide and PDA, regardless
of smoking or fasting state (28). Both of these studies included
fewer current smokers than our current study and neither reported
C-peptide results in current smokers alone (27, 28).

Other prospective analyses have reported positive PDA cancer
associations with circulating insulin and proinsulin, two biomar-
kers directly related to C-peptide (7, 8). Although insulin and C-
peptide both reflect b-cell function, C-peptide has negligible
extraction by the liver, and, compared with insulin, has a longer
half-life, and is less influenced by fasting status (14). Hence, C-
peptide concentrationmore reliably reflects b-cell function than a
singlemeasurement of insulin (14, 29). One study also examined
the insulin to proinsulin ratio as a measure of b-cell function and
found no association with PDA but did not report results in
current smokers (8).

We hypothesize that the inverse association between C-peptide
and PDA in smokers is due to lower C-peptide levels being a
marker for smoking-induced pancreatic damage. Specifically,
among smokers, those with the most extensive smoking-induced
pancreatic inflammation and damage may have both the lowest
C-peptide concentration, due to the destruction of insulin-secret-

ing pancreatic b cells, and the highest risk of developing PDA
(Fig. 1). This hypothesis is supported by experimental rodent
studies showing inhalation of tobacco smoke causes pancreatic
inflammation and damage (30, 31). Human studies provide
additional support for this hypothesis. While most smokers will
not develop clinically apparent chronic pancreatitis, heavy smok-
ing is associated with chronic pancreatitis (32, 33), which is
associated with both low C-peptide concentrations (34–36) and
PDA (3). In support of this notion, we observe lower C-peptide
concentrations among cases in our studywho are current smokers
compared with cases who are nonsmokers and respective smoker
and nonsmoker controls (Table 2). Active smoking is also con-
sistently and positively associated with diabetes (37).

The inverse association that we observed between total and
HMW adiponectin and PDA in never smokers, but not among
former or current smokers, is consistent with results from a nested
case–control study within the EPIC cohort (18). The EPIC study
investigators reported an inverse association for increasing total
adiponectin (Q4 vs. Q1; OR ¼ 0.52; 95% CI: 0.27–1.01; Ptrend ¼
0.03) in never smokers and positive associations in former and
current smokers (Pinteraction¼ 0.09; ref. 18). A pooled nested case–
control study from five cohorts showed higher prediagnostic
adiponectin concentration was associated with lower risk of PDA
overall and among both never smokers and ever smokers (current
and former smokers combined; ref. 20). In a previous analysis
using earlier follow-up data from the ATBC male smokers pop-
ulation, increasing total adiponectin was associated with slightly
lower risk of PDA overall, but only when adjusted for C-peptide

Figure 1.

Differing pathways to pancreatic
cancer in nonsmokers and smokers
(36, 42).
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concentrations (19). The inverse associations with total and
HMW adiponectin that we observed in never smokers is also
indirectly supported by similar inverse associations of these
biomarkers with excess body weight and type II diabetes (Fig.
1; ref. 13) two known risk factors for PDA (4, 5, 11).

In contrast to results in never or former smokers, the positive
association between HMW adiponectin and PDA in current
smokers may be due to high levels of HMW adiponectin being
a marker of pancreatic damage among smokers, as we hypothe-
sized above for low levels of C-peptide (Fig. 1). This might occur
if adipocytes increase production of HMW adiponectin to
increase insulin sensitivity to compensate for smoking-induced
impairment of b-cell function in smokers. Compensatory adipo-
nectin synthesis has been suggested as amechanism to explain the
substantially elevated levels of adiponectin, particularly HMW
adiponectin, in type I diabetes (38, 39) a condition characterized
by highly impaired b-cell function. HMW adiponectin might also
be a more sensitive marker for body adiposity than BMI.

Strengths of our study include its prospective design, large
number of cases, and long follow-up. The biomarkers were
measured in blood collected years prior to cancer diagnosis and
there was not an interaction by follow-up time that reduces the
likelihood of reverse causation. Our study has internal validity
and no control selection bias: the cases arose from the same
cohorts fromwhich the controlswere selected.Weused confirmed
PDA cases, reducing the potential of misclassification of the
outcome. We have more current and former smokers than pre-
vious studies that provided us with more power to observe
interactions by smoking (18, 20, 27, 28).

The ATBC cohort primarily drove the observed interactions by
smoking status, as most smokers in our analysis were ATBC
participants and all nonsmokers were PLCO or CPS-II partici-
pants.While biomarker associations among smokers in the PLCO
and CPS-II cohorts appeared consistent with those observed in
ATBCmen, there were relatively few smokers in these cohorts. We
therefore cannot preclude the possibility that the interactions by
smoking status we observed were due to effect modification by
some characteristic of ATBC participants other than smoking.
ATBC participants were male, younger, and had less self-reported
diabetes and similar BMI at baseline compared with CPS-II and
PLCO participants. Our results require cautious interpretation
and future studies including substantial numbers of smokers are
needed for confirmation. However, we view smoking status as the
most likely reason for differing associations given that smoking is
a known risk factors for PDA, all ATBC participants were heavy
smokers, and interactions between smoking and obesity have
been previously reported (4–6). Previous studies have shown
stronger positive associations between BMI and pancreatic cancer
in nonsmokers and either weak positive or no association in
current smokers (4–6, 40, 41). We did not measure biomarkers
repeatedly over time and a single measure may not reflect long-
term concentrations. Residual confounding by smoking is possi-
ble; however, careful adjustment for smoking, namely smoking
intensity, duration, and cumulative duration among the current
smokers, did not change risk estimates. Finally, our results may

not be generalizable to groups beyond middle aged and older
white populations.

In conclusion, our results support the hypothesis that associa-
tions between prediagnostic C-peptide and HMW adiponectin
concentrations and PDA differ by smoking status. High levels of
smoking-induced pancreatic damage may explain the associa-
tions that we observe for these biomarkers in smokers. Although
speculative, ourfindingswithC-peptide andHMWadiponectin in
smokers may reflect pathophysiology similar to that observed in
diabetes due to exocrine pancreatic disease, which has been
recently recognized to play a role in PDA (Fig. 1; ref. 42). Patients
with pancreatogenic diabetes have pancreatic glandular inflam-
mation, sometimes in the absence of pancreatitis symptoms, and
low insulin secretion, while having increased peripheral insulin
sensitivity (42). Our results suggest that the etiologic pathways
leading to PDA may differ between smokers and nonsmokers.
Further research examiningmarkers of pancreatic endocrine func-
tion and insulin sensitivity in relation to PDA cancer should
carefully stratify analyses by smoking status.
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