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Abstract

Purpose The association between meat consumption and the risk of pancreatic cancer has not been comprehensively inves-
tigated by different types of meat. The current study was conducted to evaluate this association.

Methods PubMed and Web of Science databases were used to search for prospective cohort studies on meat consumption
and pancreatic cancer risk through May 2022. A meta-analysis was performed using random-effects models to combine
study-specific relative risks (RR). The quality of the included studies was evaluated using the Newcastle-Ottawa quality
assessment scale.

Results Twenty prospective cohort studies including 3,934,909 participants and 11,315 pancreatic cancer cases were iden-
tified. The pooled RR of pancreatic cancer for the highest versus lowest white meat intake category was 1.14 (95% CI:
1.03-1.27). There was no significant association between consumption of red meat and processed meat and pancreatic
cancer risk in the highest versus lowest analysis. In dose-response analyses, pooled RRs were 1.14 (95% CI: 1.01-1.28) for
an increase in red meat consumption of 120 g per day and 1.26 (95% CI: 1.08-1.47) for an increase in white meat consump-
tion of 100 g per day, respectively. Processed meat consumption showed neither a linear nor a non-linear association with
pancreatic cancer risk.

Conclusion Findings from this meta-analysis suggested that high consumption of red meat and white meat is associated with
an increased risk of pancreatic cancer. Future prospective studies are warranted to confirm the association between meat
consumption and the risk of pancreatic cancer.

Keywords Pancreatic cancer - Red meat - White meat - Processed meat - Meta-analysis - Prospective studies

Introduction cancer occupied the fourth leading cause of cancer deaths

with the lowest 5 year survival rate at 9% among all cancer

Despite its relatively low incidence (a fourteenth most com-
mon type of cancer), pancreatic cancer ranks as the seventh
leading cause of cancer death worldwide in Global Cancer
Statistics 2020 [1]. The incidence rates of pancreatic cancer
have also increased recently [2], and such a phenomenon is
observed more prominently in high-income countries, where
overall rates are almost three-fold higher than middle- and
low-income countries [3]. In the United States, pancreatic
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types [4]. Because of its poor prognosis, prevention is more
important than treatment for pancreatic cancer. Therefore,
it is necessary to identify risk factors for pancreatic cancer
and develop prevention strategies for pancreatic cancer to
reduce the burden on pancreatic cancer and improve public
health. According to a recent report from the World Cancer
Research Fund (WCRF), being obese and being tall have
been proven to increase the risk of pancreatic cancer [3].
However, there are only limited evidence for dietary factor
including consumption of meat. To date, many prospective
cohort studies reported the association between meat intake
and risk of pancreatic cancer [5-24]. Among them, several
studies found that high meat consumption was positively
associated with an increased risk of pancreatic cancer [7,
13, 14, 25], but most other studies showed no significant
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association between meat consumption and risk of pancre-
atic cancer [5, 6, 8—12, 15-19, 26]. Previous attempts have
been made to combine results on the association between
meat intake and pancreatic cancer risk, but they are mostly
focused on red meat or processed meat [27, 28], with rela-
tively little interest in white meat. Since previous results
on the association between meat intake and pancreatic can-
cer risk were inconsistent and the nutritional composition
is different by type of meat, the association between meat
intake and the risk of pancreatic cancer needs to be com-
prehensively examined for various types of meat. There
were several meta-analyses investigating the association
between meat intake and pancreatic cancer [27, 29, 30], but
they included only a small number of studies through 2011
[27], analyzed results from the same cohort in duplicate
[30], and did not include updated results from recent stud-
ies [29], including large populations such as China Kadoorie
Biobank study (n=510,314) [22] and UK Biobank study
(n=474,996) [15].

Therefore, we conducted an up-to-date systematic review
and meta-analysis of the association between the consump-
tion of red meat, processed meat, and white meat and the
risk of pancreatic cancer, including recent results, to better
understand the association of meat consumption on the risk
of pancreatic cancer and quantitatively evaluate the associa-
tion by different types of meat consumption.

Materials and methods
Data sources and searches

A literature search in PubMed and ISI Web of Science
databases was performed for studies published until May
2022. The search terms were as follows: “(meat OR beef OR
pork OR veal OR lamb OR steak OR hamburger OR ham
OR bacon OR sausage OR poultry OR chicken OR turkey
OR diet OR dietary) combined with (pancreatic cancer OR
pancreatic neoplasm OR pancreatic carcinoma).” A manual
search was also conducted by reviewing the reference lists of
retrieved articles to include further eligible studies.

Study selection

The inclusion criteria for this meta-analysis were as fol-
lows: (1) they have a prospective design; (2) the exposure
of interest was intake of red meat, processed meat, or white
meat; (3) the outcome of interest was incidence or mortality
of pancreatic cancer; (4) they reported relative risks (RR)
with related confidence intervals (CI). When more than one
article was from the same cohort, the study including more
subjects or providing the RRs for various types of meat was
selected for meta-analysis.

@ Springer

The study that included fish in the white meat category
was excluded.

Data extraction and quality assessment

A data extraction was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement [31]. The following information was
extracted from each article: last name of first author’s, year
of publication, geographical region or country where the
study was conducted, cohort name, period of follow-up, age,
sex, number of subjects and cases, categories of meat con-
sumption, the RRs and 95% ClIs for each category of meat
consumption, and adjusted variables. If articles provided
several RRs, we included the RRs that reflected the greatest
degree of adjustment for potential confounders.

To evaluate the quality of the studies included in this
meta-analysis, the Newcastle-Ottawa quality assessment
scale [32] was used. The quality of each study was assessed
on three factors including a selection of subjects, compara-
bility of cohorts, and ascertainment of outcomes of interest.
A high-quality study achieved a score of 10 or more (out of
13). Studies with scores of 7-9 and a score of 6 or less were
considered good and low quality, respectively. The quality
assessment was conducted to perform subgroup analysis by
the quality score when a low quality study was included in
the meta-analysis.

Statistical analysis

The pooled RRs of pancreatic cancer for the highest versus
lowest meat intakes were synthesized using the DerSimonian
and Laird [33] random-effects models, which considers both
within- and between-study variations. The summary esti-
mates were displayed as forest plots. The subgroup analysis
was conducted by sex, geographical region, and adjustment
for diabetes to examine the variations in the association
between meat intake and pancreatic cancer by study charac-
teristics. To test whether the results were not simply influ-
enced by a single study, we performed sensitivity analyses
by eliminating one study at a time. The methods developed
by Greenland and Longnecker [34-36] were used for the
linear dose—response meta-analysis. The median value of
meat intake for each consumption category was assigned to
each related RR for each study. If a study provided a meat
intake not as grams per day but as grams per 1000 kcal, the
unit was converted into grams per day to take into account
the mean energy intake of the corresponding population.
When meat intake was reported in ‘servings’, we recalcu-
lated the intake to grams per day. The standard portion size
was assumed 120 g for red meat, 100 g for white meat, and
50 g for processed meat [37, 38], respectively. A potential
non-linear dose—response association between meat intake
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Table 1 (continued)

Adjustment for
covariates

Meat consump-
tion category

Type of meat

Study size

sex

Follow-up period Age at baseline

Cohort name

First author, year Country

No. of cases

Subjects

(years)

Age at enrollment,

Quartiles

Red meat

266

Male and 66,793

51.9, mean

10.6 years

Southern Com-

Huang, 2021 [21] US

ethnicity, sex,

Female

munity Cohort

Study

BMI, smoking

status, pack years
of smoking, pre-

existing diabetes,
family history
of pancreatic

cancer, total
calories

BMI: body mass index, NA: not available, UK: United Kingdom, US: United States

In case of red meat and processed meat

5In case of white meat

°In case of red meat

9In case of processed meat

and pancreatic cancer was also examined through restricted
cubic splines with three knots at fixed percentiles (10, 50,
and 90%) of the aggregated exposure [39]. The non-linear
P value was obtained by testing the null hypothesis that the
coefficient of the second spline is equal to zero.

The Q [40] and I statistics [41] were used to investigate
heterogeneity among the studies and to quantify inconsist-
ency. Publication bias was examined with Begg’s [42] and
Egger’s regression test [43]. The P-values were two-tailed,
and it was assumed that there is a significant difference when
P <0.05. All statistical analyses were performed using Stata
version 14.2 software (StataCorp, TX, USA).

Results
Study characteristics

Twenty prospective cohort studies including 3,934,909
participants and 11,315 cases were eligible for the current
meta-analysis [5-22, 25, 26]. Table 1 shows the general
characteristics of prospective cohort studies included in this
meta-analysis. Eleven studies reported RRs of pancreatic
cancer for all three type of meat (red, processed, and white
meat) [5-9, 12—15, 25, 26]. Five studies provided RRs of
pancreatic cancer for two different types of meat [16, 17,
19, 20, 22], and four studies provided RRs for red meat only
[10, 11, 18, 21]. Regarding geographic region, ten studies
were conducted in the United States [6, 7, 10, 11, 13, 14,
16-18, 21], six studies in Europe [5, 9, 15, 19, 25, 26], and
four studies in Asia [8, 12, 20, 22]. The shortest follow-
up duration was 6.9 years. All studies adjusted for age and
smoking, and most studies also controlled for energy intake
(n=13) or BMI (n=12). Other fewer studies adjusted for
diabetes (n=11) or alcohol consumption (n=9). The scores
of the quality assessment ranged from 9 to 12, with a mean
score of 10.8.

Red meat intake

Nineteen prospective cohort studies involving 3,931,751
participants and 11,290 cases evaluated the association
between intake of red meat and risk of pancreatic cancer
[5-19, 21, 25, 26]. The pooled RR for pancreatic cancer
comparing the highest versus lowest intakes of red meat was
1.09 (95% CI: 0.97-1.21) showing significant heterogene-
ity among studies (=60.1%, P <0.001) (Fig. 1). By sex, a
significant positive association was observed for men (RR:
1.22,95% CI: 1.02—1.47) unlike for women (RR: 1.02, 95%
CI: 0.89-1.16). We did not find any significant variances by
adjustment for history of diabetes (P for difference =0.48),
and geographical region (P for difference > 0.1 in all com-
parisons) in subgroup analysis (Table 2).

@ Springer
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Fig. 1 Forest plot of prospective Study

studies of pancreatic cancer for D

the highest versus lowest cat-

egory of red meat consumption, Zheng, 1993

using random-effects model Coughlin, 2000, M

Coughlin, 2000, F
Isaksson, 2002

Stolzenberg-Solomon, 2002

Michaud, 2003
Nothlings, 2005
Larsson, 2006
Lin, 2006, M

Lin, 2006, F
Heinen, 2009
Inoue-Choi, 2011
Anderson, 2012
Rohrmann, 2013

RR (95% ClI)

2.40 (0.97, 5.93)
1.10 (0.95, 1.27)
0.90 (0.80, 1.01)
0.25 (0.08, 0.80)
0.95 (0.58, 1.56)
0.87 (0.46, 1.65)
1.45 (1.19, 1.76)
1.73 (1.00, 3.00)
1.92 (0.95, 3.87)
1.56 (0.70, 3.47)
0.75 (0.52, 1.09)
0.97 (0.65, 1.44)
1.15 (0.61, 2.16)
1.07 (0.83, 1.38)

|

-

4!

y
y

by
il

i

Ghorbani, 2016 —_— 0.54 (0.25, 1.16)
Taunk, 2016 —— 1.22 (1.01, 1.48)
McCullough, 2018 —— 0.86 (0.69, 1.07)
Pang, 2018 - 1.16 (1.01, 1.33)
Knuppel, 2020 —% 1.04 (0.74, 1.46)
Petrick, 2020 —T— 1.19 (0.73, 1.93)
Huang, 2021 TR 1.31(0.93, 1.85)
Overall (I-squared =60.1%, p = 0.000) O 1.09 (0.97, 1.21)
NOTE: Weights are from rlemdomI effects analysisi ! : :

0.05 0.1 0.5 1 3 6

In a dose-response meta-analysis, the pooled RR for
120 g per day increase of red meat intake was 1.14 (95% CI:
1.01-1.28) suggesting a borderline significant association
between red meat intake and pancreatic cancer (P for lin-
earity =0.04) (Table 2). There was no significant non-linear
association between red meat intake and pancreatic cancer
(P for non-linearity = 0.44).

Processed meat intake

Fourteen prospective cohort studies including 2,140,638 par-
ticipants and 6,049 cases examined the association between
intake of processed meat and risk of pancreatic cancer [5-9,
12-16, 19, 20, 25, 26]. The pooled RR for pancreatic cancer
comparing the highest versus lowest intakes of processed
meat was 1.00 (95% CI: 0.85-1.18) with significant hetero-
geneity among studies (/>=59.9%, P=0.001) (Fig. 2). Any
significant variances were not observed by sex (P for differ-
ence =0.90), adjustment for history of diabetes (P for differ-
ence=0.43), and geographical region (P for difference > 0.2
in all comparisons) in subgroup analysis (Table 2). In the
dose-response meta-analysis of processed meat intake and
pancreatic cancer, no significant non-linear association was
observed (P for non-linearity =0.35) (Table 2). The pooled

@ Springer

Relative Risk (95% CI)

RR for an increase of 50 g per day of processed meat intake
was 0.99 (95% CI: 0.78-1.25).

White meat intake

Fourteen prospective cohort studies involving 2,593,995 par-
ticipants and 6,450 cases evaluated the association between
intakes of white meat and risk of pancreatic cancer [5-9,
12-15, 17, 20, 22, 25, 26]. The pooled RR for pancreatic
cancer comparing the highest versus lowest intakes of
white meat was 1.14 (95% CI: 1.03-1.27) (Fig. 3). There
was no significant evidence of heterogeneity among stud-
ies (I7=24.9%, P=0.17). The positive association between
white meat intake and pancreatic cancer was stronger in
studies adjusted for history of diabetes (RR: 1.17, 95% CI:
1.07-1.28) than in studies unadjusted for history of diabe-
tes (RR: 1.04, 95% CI: 0.74—1.46). However, the variance
was not significant (P for difference=0.18) (Table 2). For
geographic region, stronger associations were found in Asia
(RR: 1.48, 95% CI: 1.05-2.07) and US (RR: 1.16, 95% CI:
1.04-1.28) than Europe (RR: 1.04, 95% CI: 0.84-1.28)
(P for Asia or US versus. Europe=0.14 and 0.41, respec-
tively). In a dose-response meta-analysis, we found a posi-
tive association between intakes of white meat and risk of
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Table 2 Summary of pooled relative risks for meat consumption and
risk of pancreatic cancer

Factor No. of stud-  Relative risk  95% CIs P for dif-
ies ference

Red meat

All studies 19 1.09 0.97-1.21
Stratified by sex

Male 7 1.22 1.02-1.47 0.17

Female 9 1.02 0.89-1.16
Stratified by geographical region

Europe 5 0.90 0.70-1.16

us 11 1.13 0.99-1.30 0.18°

Asia 3 1.18 0.79-1.76  0.24*
Adjusted for history of diabetes

Yes 11 1.06 0.94-1.19 0.48

No 8 1.19 0.91-1.55
Increment of 120 g/day

All studies 12 1.14 1.01-1.28
Processed meat

All studies 14 1.00 0.85-1.18
Stratified by sex

Male 5 0.97 0.80-1.16  0.90

Female 7 0.95 0.81-1.12
Stratified by geographical region

Europe 6 0.89 0.76-1.03

Us 5 1.09 0.81-1.46 0.24°

Asia 3 1.12 0.72-1.75 0.46°
Adjusted for history of diabetes

Yes 7 1.06 0.83-1.33 043

No 7 0.94 0.77-1.14
Increment of 50 g/day

All studies 9 0.99 0.78-1.25
White meat

All studies 14 1.14 1.03-1.27
Stratified by sex

Male 7 1.21 0.97-1.53 041

Female 7 1.27 0.98-1.64
Stratified by geographical region

Europe 5 1.04 0.84-1.28

Us 5 1.16 1.04-1.28 0.41¢

Asia 4 1.48 1.05-2.07 0.14¢
Adjusted for history of diabetes

Yes 8 1.17 1.07-1.28 0.18

No 6 1.04 0.74-1.46
Increment of 100 g/day

All studies 9 1.26 1.08-1.47

4P value for difference in RRs of red meat consumption for US vs.
Europe (P=0.18) and Asia vs. Europe (P=0.24)

5P value for difference in RRs of processed meat consumption for US
vs. Europe (P=0.24) and Asia vs. Europe (P =0.46)

CP value for difference in RRs of white meat consumption for US vs.
Europe (P=0.41) and Asia vs. Europe (P=0.14)

pancreatic cancer. The pooled RR of pancreatic cancer for
a 100 g per day increase in intakes of white meat was 1.26
(95% CI: 1.08-1.47) (P for linearity =0.004) (Table 2).
There was no evidence of a non-linear association between
intakes of white meat and risk of pancreatic cancer (P for
non-linearity =0.82).

Publication bias

There was no indication of publication bias for the meta-
analysis of red meat (Begg’s p=0.98; Egger’s p=0.74), pro-
cessed meat (Begg’s p=0.89; Egger’s p=0.50), and white
meat (Begg’s p=0.62; Egger’s p=0.78).

Discussion

The findings based on 20 prospective studies involving
3,934,909 subjects and 11,315 cases indicated a positive
association between intakes of white meat and red meat
and risk of pancreatic cancer. People in the highest intake
group of white meat had a 14% higher risk of pancreatic
cancer compared to those in the lowest intake group of white
meat. Results from dose-response meta-analysis showed that
white meat and red meat intakes are associated with pan-
creatic cancer in a positive linear fashion. Processed meat
intake showed no significant association with the risk of
pancreatic cancer in the highest versus lowest meta-analysis
and dose-response meta-analysis.

Regard for red meat, the risk of pancreatic cancer
increased by 14% for every 120 g increase in daily intake.
Although the evidence of the association between red meat
consumption and risk of pancreatic cancer was categorized
as “limited-suggestive for increased risk” in the WCRF/
American Institute for Cancer Research (AICR) report [3],
red meat intake has been reported to increase the risk of
other types of cancer. A recent huge meta-analysis includ-
ing 148 published articles showed that high red meat intake
was associated with increased risks of lung cancer, endo-
metrial cancer, liver cancer, colorectal cancer, and breast
cancer [44]. Suspected carcinogens such as heterocyclic
aromatic amines (HAA) and polycyclic aromatic hydrocar-
bons (PAH) can be produced when red meat was cooked at
high temperature [45], and these have been observed to be
mutagens related to pancreatic cancer in a previous study
which was excluded from this meta-analysis due to over-
lapping population [46]. The NIH-AARP Diet and Health
Study cohort reported increased risks of pancreatic cancer
for high-temperature cooked meat, grilled/barbequed meat,
and well/very well done meat by 21, 24, and 32%, respec-
tively [13]. Further studies are needed to identify the effect
of cooking methods on the association between red meat
intake and the risk of pancreatic cancer. In subgroup analysis
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Fig.2 Forest plot of prospec-
tive studies of pancreatic cancer
for the highest versus lowest
category of processed meat
consumption, using random-
effects model

Fig. 3 Forest plot of prospec-
tive studies of pancreatic cancer
for the highest versus lowest
category of white meat con-
sumption, using random-effects
model
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stratified by sex, men showed a stronger positive association
of red meat and pancreatic cancer risk than women. Several
studies reporting different intake categorization criteria for
men and women have found that men ate more red meat than
women [13, 14], which may have influenced the association
between red meat consumption and risk of pancreatic cancer.
Another possible explanation for variation by sex could be
heme iron rich in red meat. Because of usual iron loss dur-
ing menstruation, women generally do not have as high iron
stores as men throughout their lives. The level of iron storage
in the body can affect serum iron levels and transferrin satu-
ration, and the positive association between serum iron and
iron saturation and risk of pancreatic cancer was observed
in previous study [14, 47]. A large cohort including 322,846
participants also showed heme iron from red meat increased
pancreatic cancer risk by 21% [13]. Relatively higher iron
storage of men might have increased the pancreatic cancer
risk by upregulating the level of serum iron.

For white meat, a positive association between white meat
intake and risk of pancreatic cancer was found both in the
highest versus lowest analysis and dose—response analysis,
which is a rather unexpected result. Compared to red meat,
white meat was generally considered to be beneficial to
health because it contains more polyunsaturated fatty acids
which can reduce blood pressure and inflammation through
eicosanoid production [48, 49]. Among 14 prospective stud-
ies that investigated the association between white meat
intake and pancreatic cancer risk, 10 studies reported point
estimates greater than 1, indicating the raised risk of pancre-
atic cancer with increased consumption of white meat [5-7,
9, 12-14, 17, 22, 23]. One of the studies included in this
meta-analysis speculated that roxarsone might be responsi-
ble for an increased risk of pancreatic cancer [14]. Roxar-
sone has long been used in poultry production to promote
growth and fight against parasites [50]. When roxarsone is
metabolized in the body of chickens, inorganic arsenic can
be produced [50, 51]. A previous study of the US population
observed that poultry consumption was positively associated
with arsenic exposure [52]. Arsenic has been reported to be
associated with the development of skin, bladder, and lung
cancer [53], and a possible association with the develop-
ment of pancreatic cancer has also been found [54]. Further
studies are needed to determine the link between arsenic
exposure and pancreatic cancer risk.

Given that both red and white meat consumption was
positively associated with pancreatic cancer risk in this
meta-analysis, another potential mechanism can be specu-
lated. The human body’s acid—base balance is affected by
dietary intake, and animal products such as meat increase an
acid load [55]. Diet-induced acidosis can raise plasma cor-
tisol [56], which was reported to increase insulin resistance

[57]. In addition, acidosis induced by a high-protein diet
was found to be associated with upregulated serum insulin-
like growth factor 1[58]. Previous studies have found that
higher insulin resistance and insulin-like growth factor 1
can promote the development of pancreatic cancer [59, 60].
Meanwhile, acidosis can decrease adiponectin production by
inhibiting the gene transcription of adiponectin [61]. Low
serum adiponectin levels have been reported to be associated
with a raised risk of developing cancer by causing tumor
growth [62]. Therefore, hyper carnivorous acidosis caused
by high meat consumption may have increased the risk of
pancreatic cancer due to high insulin resistance, high insu-
lin-like growth factor 1, and low serum adiponectin levels.

This meta-analysis provided updated results by including
a recent study that performed both a highest versus lowest
meta-analysis and a dose-response meta-analysis and did not
include duplicate cohort results through validation. In addi-
tion, the large number of subjects and cases made it possible
to perform subgroup analyses to identify differences by sex,
geographical region, and adjustment for history of diabetes.
The current study has some limitations to be acknowledged.
Since the included studies were observational, residual
or confounding factors cannot be ruled out. However, all
included studies had controlled for age and smoking, and
many of the studies had adjusted for potential confounders
such as energy intake, BMI, or history of diabetes mellitus.
Another limitation is measurement error which can happen
in the dietary assessments such as food frequency question-
naires. Measurement error may cause misclassification in
the consumption of meat. However, misclassification tends
to bias the RR values toward the null value, underestimating
the association between meat consumption and pancreatic
cancer risk. Lastly, subgroup analysis by cooking methods
could not be performed because of the small body of data.

In conclusion, the results from this meta-analysis indi-
cated that high consumption of white meat and red meat
was associated with an increased risk of pancreatic cancer.
Further extensive prospective cohort studies are needed to
investigate the association between meat consumption and
the risk of pancreatic cancer by cooking methods.
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