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Highlights
 •  Higher levels of HbA1c were associated with an increased risk of CRC.
 • The associations of HbA1c with CRC were stronger in women, colon cancer, Asians, and case-control studies.
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Background: Abnormal glucose metabolism is a risk factor for colorectal cancer (CRC). However, association of glycosylated he-
moglobin (HbA1c) with CRC risk remains under-reported. We examined the association between glycemic indicators (HbA1c, 
fasting plasma glucose, fasting insulin, 2-hour glucose, 2-hour insulin, and homeostasis model of risk assessment-insulin resis-
tance index) and CRC risk using prospective analysis and meta-analysis. 
Methods: Participants (n=1,915) from the Guangzhou Biobank Cohort Study-Cardiovascular Disease Substudy were included. 
CRC events were identified through record linkage. Cox regression was used to assess the associations of glycemic indicators with 
CRC risk. A meta-analysis was performed to investigate the association between HbA1c and CRC risk.
Results: During an average of 12.9 years follow-up (standard deviation, 2.8), 42 incident CRC cases occurred. After adjusting for 
potential confounders, the hazard ratio (95% confidence interval [CI]) of CRC for per % increment in HbA1c was 1.28 (95% CI, 
1.01 to 1.63) in overall population, 1.51 (95% CI, 1.13 to 2.02) in women and 1.06 (95% CI, 0.68 to 1.68) in men. No significant as-
sociation of other measures of glycemic indicators and baseline diabetes with CRC risk was found. Meta-analyses of 523,857 par-
ticipants including our results showed that per % increment of HbA1c was associated with 13% higher risk of CRC, with the 
pooled risk ratio being 1.13 (95% CI, 1.01 to 1.27). Subgroup analyses found stronger associations in women, colon cancer, Asians, 
and case-control studies. 
Conclusion: Higher HbA1c was a significant predictor of CRC in the general population. Our findings shed light on the patholo-
gy of glucose metabolism and CRC, which warrants more in-depth investigation. 
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common cancers 
globally, ranking third in terms of incidence and second in 
terms of mortality [1]. The incidence of CRC has been increas-
ing over recent decades in low- and middle-income countries 

including China [2], where the incident cases accounted for 
28.8% of cases in the world in 2020 [3]. Identifying modifiable 
risk factors for CRC may enable effective primary prevention 
strategies to mitigate the rising burden.

Hyperglycemia may lead to DNA damage through oxidative 
stress induced by mitochondrial glucose oxidation [4]. In ad-
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dition, insulin resistance and hyperinsulinemia may stimulate 
cancer cell proliferation and metastasis [5]. Higher fasting 
plasma glucose (FPG) was also associated with a higher risk of 
CRC [6], although the assessment of hyperglycemia using FPG 
only would lead to underestimation of hyperglycemia (i.e., in-
dividuals with impaired glucose tolerance could not be identi-
fied) [7].

Glycosylated hemoglobin (HbA1c) reflects average blood 
glucose levels over the past 12 weeks, which is less likely to be 
affected by sample storage, transportion or day to day variations, 
and can serves as an alternative glycemic measure [8]. Howev-
er, the association between HbA1c and the risk of CRC was in-
conclusive. A meta-analysis based on mostly Western popula-
tions showed that higher HbA1c was significantly associated 
with higher CRC risk, despite no significant association for a 
meta-analysis of cohort studies [6]. As the use of different gly-
cemic measures may identify individuals with different types 
of glucose metabolism and result in different estimates of dia-
betes prevalence [7], assessment of various glycemic indicators 
may provide valuable insights into etiology of CRC. Therefore, 
the current study aimed to examine the association between 
HbA1c and the risk of CRC using data from the Guangzhou 
Biobank Cohort Study-Cardiovascular Disease Substudy 
(GBCS-CVD). Moreover, to comprehensively explore the as-
sociations of glucose metabolism and CRC, other glycemic 
measures including FPG, fasting insulin, 2-hour glucose, 2-hour 
insulin and homeostasis model of risk assessment-insulin re-
sistance (HOMA-IR) index were also analyzed. On the basis of 
the findings, a meta-analysis of the association between HbA1c 
and risk of CRC was performed to provide up-to-date evidence 
on the association between HbA1c and CRC.

METHODS

Study participants
The GBCS is a three-way collaboration between the Guang-
zhou Twelfth People’s Hospital and the Universities of Hong 
Kong and Birmingham. GBCS have been reported in detail 
previously [9]. In brief, all participants were recruited from 
“The Guangzhou Health and Happiness Association for the 
Respectable Elders” (GHHARE) from 2003 to 2008. GHHARE 
is a community social and welfare organization unofficially 
aligned with the local government. Membership is open to lo-
cal residents aged 50 years or above from all districts of Guang-
zhou. About 7% of residents in this age group were included. A 

random sample of 1,996 participants were selected from 10,027 
participants from phase 3 of the GBCS during November 2006 
to September 2007 for a more detailed sub-cohort (GBCS-
CVD) on cardiovascular disease and diabetes. The sample se-
lection was stratified by sex to ensure approximately equal 
numbers of men (49.7%) and women in the group. The cohort 
profile of the GBCS-CVD has been reported elsewhere [10]. 
Information on demographic characteristics, lifestyle factors, 
family and personal medical history was collected via face-to-
face computer-assisted interview by trained nurses. Reliability 
and validity of the questionnaire were tested 6 months into re-
cruitment by recalling 200 randomly selected participants for 
re-interview and showed satisfactory results [9]. The study has 
received ethical approval from the Guangzhou Medical Ethics 
Committee of the Chinese Medical Association, Guangzhou, 
China (IRB No. 20030210). All participants gave written in-
formed consent before participation.

Measures of glucose metabolism
All participants were required to fast for at least 10 hours from 
the night before blood taking in the morning. HbA1c was 
measured using enzyme-linked immunosorbent assay (ELI-
SA) (DiaSTAT Hemoglobin A1c Program, Bio-Rad Laborato-
ries, Hercules, CA, USA; normal values up to 6.5%). FPG were 
measured by Shimadzu CL-8000 Clinical Chemistry Analyzer 
(Shimadzu, Kyoto, Japan). Fasting insulin were measured by 
Mercodia AB (Uppsala, Sweden). Two-hour glucose and 
2-hour insulin were measured after 75-g oral glucose adminis-
tration in all participants except for those with self-reported 
physician diagnosis of diabetes or with glucose-lowering treat-
ment. HOMA-IR was calculated using the formula [11] as fol-
lows:

HOMA-IR=[fasting insulin (μU/mL)×FPG (mmol/L)]/22.5

HbA1c, FPG, and 2-hour glucose were categorized into three 
groups according to the suggested criteria by the American 
Diabetes Association: for HbA1c, <5.7% as normal, 5.7% to 
<6.5% as prediabetes, ≥6.5% as diabetes; for FPG, <5.6 mmol/
L as normal, 5.6 to <7.0 mmol/L as impaired FPG, ≥7.0 mmol/
L as diabetes; for 2-hour glucose, <7.8 mmol/L as normal, 7.8 
to <11.1 mmol/L as impaired glucose tolerance, ≥11.1 mmol/
L as diabetes [12]. Insulin resistance was defined as the top 
quartile of the HOMA-IR [13]. As no established cut-offs for 
fasting insulin and 2-hour insulin, they were categorized into 
quartiles. Diabetes was defined as a FPG ≥7.0 mmol/L, 2-hour 
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post-load glucose ≥11.1 mmol/L, HbA1c ≥6.5%, and/or pre-
vious physician diagnosis or use of antidiabetic medications 
[12].

Outcomes
The outcome of interest was first primary CRC diagnosed after 
baseline (2006 to 2008). Incident CRC up to April 2021 were 
ascertained from the Guangzhou Cancer Registry of the 
Guangzhou Center for Disease Control and Prevention. CRC 
were classified using Tenth Revision of the International Clas-
sification of Diseases (ICD-10 C18–C20).

Potential confounders
Age [14], sex [15,16], waist circumference [17], socioeconomic 
position (household annual income, education) [18,19], life-
style factors (smoking [20,21], alcohol drinking [22,23], physi-
cal activity [24,25], intake of vegetable and red meat [26,27]) 
were considered as potential confounders because they have 
been associated with both glucose metabolism and CRC. Waist 
circumference was measured horizontally around the smallest 
circumference between the ribs and iliac crest, or at the navel, 
if no natural waistline was present. Physical activity was cate-
gorized into inactive, moderate and active based on the short 
version of the International Physical Activity Questionnaire, 
which has been validated previously [28]. Consumption of 
vegetable and red meat intake were assessed using a validated 
food frequency questionnaire [29]. 

Statistical analysis
Baseline characteristics were described by incident CRC using 
mean±standard deviation or median (interquartile range) for 
continuous variables and number (percentage) for categorical 
variables. T-test or Wilcoxon test was used for comparison of 
continuous variables between the groups, and chi-square test 
for categorical variables. 

Cox proportional hazard regression was used to analyze as-
sociations of glycemic indictors with CRC risk, giving crude 
and adjusted hazard ratio (HR) and 95% confidence interval 
(CI). No evidence for the violation of the proportional hazard 
assumption was found by the Schoenfeld residual method. Re-
stricted cubic splines with three knots (10th, 50th, 90th per-
centiles) based on Cox regression were used to estimate poten-
tial nonlinear relationships between glycemic indictors and the 
risk of CRC. Potential interactions between glycemic indictors 
and sex, age, waist circumference, smoking, alcohol drinking 

and physical activity were tested. No significant interaction 
was found (P for interaction from 0.28 to 0.98). To enable com-
parability with other studies, stratified analyses by sex, obesity 
(waist circumference ≥90 cm in men and 80 cm in women vs. 
<90 cm in men and 80 cm in women) [30] and age group (age 
<65 years vs. ≥65 years) were also conducted. Sensitivity anal-
yses were conducted by dividing the participants into quartiles 
of HbA1c, FPG, and 2-hour glucose level and using the com-
peting risk model to account for competing risks. All analyses 
were performed using R software version 4.1.3 (R Foundation 
for Statistical Computing, Vienna, Austria) and all tests were 
two-sided with a significant level of P<0.05.

Meta-analysis on HbA1c and risk of CRC
Meta-analysis incorporating the GBCS results was conducted 
to investigate the association of HbA1c with CRC risk, follow-
ing the Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis (PRISMA) guideline [31]. A literature search 
was conducted in PubMed, Web of Science, and Embase for 
publications published before July 10, 2022 without language 
or time restrictions. The following terms were applied: ((‘he-
moglobin a1c’ OR ‘hba1c’ OR ‘glycated hemoglobin’ OR ‘glyco-
sylated hemoglobin’ OR ‘glycohemoglobin’ OR ‘glycated hemo-
globin a1c’ OR ‘glycosylated hemoglobin a1c’) AND (‘colorec-
tal’ OR ‘colon’ OR ‘rectal’ OR ‘rectum’) AND (‘cancer’ OR ‘car-
cinoma’ OR ‘tumor’ OR ‘neoplasm’ OR ‘neoplasia’ OR ‘malig-
nancy’)). The population, exposure, comparison and outcome 
of the meta-analysis [32] were: (1) general population; (2) ele-
vated HbA1c; (3) participants with normal HbA1c level; (4) 
incident colorectal cancer, respectively.

A total of 21 articles were retrieved and 14 of them were ex-
cluded for one of the following reasons: (1) review article 
(n=8); (2) duplicate publication (n=3); (3) insufficient data 
(n=3). Details of the literature search and screening process 
are shown in Supplementary Fig. 1. Information was extracted 
from each eligible study, including first author name, publica-
tion year, setting, study design, sample size, the number of cas-
es, sex, follow-up duration, baseline age, covariates adjusted, 
fully adjusted risk estimate and 95% CI. Quality of the studies 
was assessed with the Newcastle-Ottawa scale. 

For each study, the median or midpoint of the upper and 
lower boundaries in each category was assigned to the corre-
sponding relative risk (RR). When the lowest or the highest 
category was open-ended, we assumed the length of the open-
ended interval to be the same as that of the adjacent interval 
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[33]. When HbA1c was expressed in mmol/mol, value was 
transformed to % by the following equation: 

HbA1c (%)=0.0915×HbA1c (mmol/mol)+2.15% [34]

RR of CRC associated with per % increment in HbA1c was ob-
tained by using linear dose-response meta-analysis proposed 
by Greenland and Longnecker [35], except GBCS where linear 
dose-response trends were reported. Heterogeneity was exam-

ined by Cochran’s Q test and I2 statistic. When P value for the 
Q test less than 0.05 or an I2 value greater than 50%, data from 
the included studies were combined in a random-effects mod-
el; otherwise, the fixed-effects model was employed. Subgroup 
meta-analyses were conducted by study design, geographical 
area, sex, and cancer site. Potential publication bias was exam-
ined by funnel plot and Egger test. The potential nonlinear re-
lationship between HbA1c and RR for CRC were explored by a 

Table 1. Baseline characteristics by incident colorectal cancer

Characteristic Total
Colorectal cancer

P value
No Yes

Number 1,915 1,873 42

Age, yr 59.3±6.80 59.2±6.79 61.7±7.29 0.02

Sex

   Men 955 (49.9) 930 (49.7) 25 (59.5) 0.27

   Women 960 (50.1) 943 (50.3) 17 (40.5)

Education 0.14

   Primary school or below 534 (27.9) 521 (27.8) 13 (31.0)

   Middle school 1,141 (59.6) 1,121 (59.9) 20 (47.6)

   College or above 240 (12.5) 231 (12.3) 9 (21.4)

Household annual income, yuan 0.65

   <10,000 75 (3.9) 72 (3.8) 3 (7.1)

   ≥10,000–<30,000 553 (28.9) 539 (28.8) 14 (33.3)

   ≥30,000–<50,000 551 (28.8) 539 (28.8) 12 (28.6)

   ≥50,000 497 (26.0) 487 (26.0) 10 (23.8)

   Not known 239 (12.5) 236 (12.6) 3 (7.1)

Alcohol drinking 0.80

   Never 825 (43.1) 809 (43.2) 16 (38.1)

   Former 127 (6.6) 124 (6.6) 3 (7.1)

   Current 963 (50.3) 940 (50.2) 23 (54.8)

Smoking 0.35

   Never 1,314 (68.6) 1,289 (68.8) 25 (59.5)

   Former 253 (13.2) 247 (13.2) 6 (14.3)

   Current 348 (18.2) 337 (18.0) 11 (26.2)

Physical activity 0.74

   Inactive 150 (7.8) 148 (7.9) 2 (4.8)

   Moderate 552 (28.8) 540 (28.8) 12 (28.6)

   Active 1,213 (63.3) 1,185 (63.3) 28 (66.7)

Waist circumference, cm 78.5±8.90  78.5±8.87 78.8±10.35 0.80

Vegetable intake, g/day 330.4 (260.7–476.8) 330.4 (260.7–476.8) 378.6 (283.5–459.4) 0.39

Red meat intake, g/day 25.0 (25.0–50.0) 26.8 (25.0–50.0) 25.0 (25.0–50.0) 0.58

Values are presented as mean±standard deviation, number (%), or median (interquartile range). 
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cubic spline model with three knots at the 10%, 50%, and 90% 
percentiles of the distribution.

Data availability statement
Due to ethical restrictions protecting patient privacy, data 
available on request from the Guangzhou Biobank Cohort 
Study Data Access Committee. Please contact the correspond-
ing authors for fielding data accession requests.

RESULTS

The sample characteristics of GBCS
In 1,996 participants, after excluding those with self-reported 
cancer at baseline (n=23), loss to follow-up for vital status 
(n=17), missing information on HbA1c (n=7), or other co-

variates (n=34), a total of 1,915 participants were included in 
the main analysis. During an average follow-up of 12.9±2.8 
years with 24,732 person-years, 42 incident CRC cases (40.5% 
women) were recorded. Table 1 shows no significant association 
between most baseline characteristics and incident CRC (P>0.05), 
except for age (i.e., the older, the higher CRC incidence; P<0.05). 

The CRC incidence by baseline glycemic measures in GBCS
Fig. 1 shows that, after adjusting for age, sex, waist circumfer-
ence, smoking, alcohol drinking, household annual income, 
education, physical activity, intake of vegetable and red meat, 
per % increment in HbA1c was significantly associated with a 
higher CRC risk, with HR being 1.28 (95% CI, 1.01 to 1.63). 
This association became stronger in the subgroup of women 
(HR, 1.51; 95% CI, 1.13 to 2.02), but attenuated and became 

Fig. 1. Association of baseline glycosylated hemoglobin with the risk of colorectal cancer on 1,915 participants followed up from 
2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study. The squares indicate the adjusted hazard ratios 
(HRs) and the horizontal lines represent 95% confidence interval (CI). aAdjusting for age, sex, waist circumference, smoking, al-
cohol drinking, household annual income, education, physical activity, intake of vegetable and red meat, bP<0.05, cP<0.01.
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non-significant in men (HR, 1.06; 95% CI, 0.68 to 1.68). Non-
significant association between HbA1c and colon or rectal 
cancer risk was observed. No significant associations were 
found in the subgroups of obesity and age (Supplementary Fig. 
2). Similar results were found when using the competing risk 
model and grouping participants based on quartiles of HbA1c 
(Supplementary Figs. 3 and 4). No significant association of 
FPG, 2-hour glucose, fasting insulin, 2-hour insulin, HOMA-
IR, and baseline diabetes with CRC risk was found (Supple-
mentary Figs. 5-12). Results from the restricted cubic spline 
regression did not support the non-linearity assumptions be-
tween the glycemic indicators and risk of CRC (all P for non-
linearity >0.05) (Fig. 2).

Meta-analysis of CRC risk by baseline HbA1c levels
The systematic search on PubMed, Web of Science, and Em-

base identified seven studies which met the inclusion criteria 
[36-42]. Therefore, these seven studies from the literature 
search and our study were include in the final meta-analysis, 
giving a total of 523,857 participants and 5,755 CRC cases. The 
characteristics of the included studies are shown in Supple-
mentary Table 1. All the studies were rewarded a score of ≥7, 
indicating high quality of the studies (Supplementary Table 2). 

As shown in Fig. 3, the pooled RR for CRC risk due to per % 
increment in HbA1c was 1.13 (95% CI, 1.01 to 1.27), with sig-
nificant heterogeneity (I2=48%, P=0.04). Subgroup analysis 
found that the association between HbA1c and the risk of CRC 
were stronger in women than in men, with pooled RR being 
1.35 (95% CI, 1.13 to 1.62) and 1.09 (95% CI, 0.91 to 1.31), re-
spectively (Table 2). Separate analyses by cancer site yielded 
pooled RR of 1.09 (95% CI, 1.01 to 1.17) for colon cancer and 
1.07 (95% CI, 0.95 to 1.21) for rectal cancer. When stratified by 
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geographical area, per % increment in HbA1c was significantly 
associated with increased CRC risk in Asians (1.31; 95% CI, 
1.11 to 1.55) but not in North American and European studies 
(1.02 [95% CI, 0.65 to 1.61] and 1.07 [95% CI, 1.00 to 1.14], re-

spectively). Additionally, significant association was observed 
in case-control studies but not in cohort studies. We found no 
evidence for publication bias (P for Egger’s test=0.20) (Supple-
mentary Fig. 13), nor nonlinear association between HbA1c 

Fig. 3. Pooled effect sizes and 95% confidence intervals (CIs) of per % increment in glycosylated hemoglobin (HbA1c) on risk of 
colorectal cancer. Effect sizes and 95% CIs of individual study except Guangzhou Biobank Cohort Study (GBCS) were calculated 
using study-specific dose-response analysis. The pooled estimates were obtained by using a random effect model. The dots indi-
cate the effect sizes of per % increment in HbA1c. The size of the square is proportional to the weight of individual study. The hor-
izontal lines represent 95% CI. The diamond data markers indicate the pooled effect size. RR, risk ratio; CRC, colorectal cancer; 
CC, colon cancer; RC, rectal cancer.

Table 2. Pooled effect sizes and 95% CIs for association between per % increment in glycosylated hemoglobin and colorectal can-
cer incidence by study design, geographical area, sex, cancer site

Subgroup No. of
studies

Pooled RR 
(95%CI)

Between studies Between subgroups P for 
subgroup 

differences
P for 

heterogeneity
I2 

statistics, %
P for

heterogeneity
I2 

statistics, %

Geographical area

   North America 3 1.02 (0.65–1.61) 0.08 56 0.04 48 0.07

   Europe 3 1.07 (1.00–1.14) 0.28 21

   Asia 2 1.31 (1.11–1.55)a 0.79 0

Sex

   Women 5 1.35 (1.13–1.62)b 0.23 29 0.12 37 0.10

   Men 4 1.09 (0.91–1.31) 0.23 30

Cancer sites

   Colon cancer 5 1.09 (1.01–1.17)a 0.16 39 0.28 18 0.85

   Rectal cancer 4 1.07 (0.95–1.21) 0.37 5

Study design

   Cohort studies 4 1.08 (0.97–1.21) 0.08 49 0.04 48 0.07

   Case-control studies 4 1.39 (1.09–1.78)a 0.31 15

CI, confidence interval; RR, relative risk.
aP<0.05, bP<0.01.
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and CRC risk (P for a non-linearity=0.053).

DISCUSSION

In this prospective cohort study with 12.9 years follow-up, we 
found that higher HbA1c, but not other glycemic indicators, 
was significantly associated with a higher risk of CRC. The as-
sociation was more pronounced in women. An up-to-date me-
ta-analysis including our results further supports a positive as-
sociation between HbA1c and CRC risk. To our knowledge, 
this is the first study investigating the associations of various 
glycemic indicators with CRC risk comprehensively. We did 
not find significant associations of FPG, 2-hour glucose, fast-
ing insulin, 2-hour insulin, HOMA-IR, and baseline diabetes 
with risk of CRC. Our results highlight the role of HbA1c in 
the development of CRC.

Our study adds to the literature by showing a significant as-
sociation between HbA1c and CRC risk. Previous cohort stud-
ies examining the association of HbA1c and CRC risk showed 
inconsistent results. A recent study on 28,629 Japanese showed 
that higher HbA1c (≥6.5%) was associated with 70% higher 
risk of CRC [40]. Moreover, a cohort study on 9,605 partici-
pants from the United Kingdom reported that per % incre-
ment in HbA1c was associated with 34% higher risk of CRC 
[43]. Another study based on United Kingdom biobank 
showed that higher HbA1c (39 to <48 mmol/mol) was associ-
ated with a risk of colon cancer by 14% [41]. However, another 
three studies from the United States [39,44] and New Zealand 
[45] found no significant association between HbA1c and 
CRC. It is notable that the study from New Zealand included 
48,673 young adults (mean age, 38 years) with a relatively short 
follow-up time (4.4 years) [45]. Therefore, the number of CRC 
cases was relatively small (n=39) [45]. Moreover, the HbA1c 
concentrations reported in the Women’s Health Study from the 
United States [44] were much lower than those reported in 
other settings (5.1% vs. 5.4%–6.0%) [40,43], which could be 
due to the use of older unstandardized assays in measuring 
HbA1c. Note that HbA1c assays were not as reliable as the glu-
cose-based measurements initially [46], although laboratory 
based HbA1c assays are now as accurate and standardized as 
glucose-based tests. Finally, some important confounders such 
as anthropometric measures (waist circumference or body 
mass index) [45] and lifestyle factors (physical activity and di-
etary habits) [39] were not accounted in these studies. 

Our updated meta-analysis was consistent with two previous 

meta-analyses conducted in 2014 and 2015 respectively in-
cluding studies from the Western countries showing that high-
er HbA1c were significantly associated with higher risk of CRC 
[6,47]. By addition of two Asian cohorts to our meta-analysis, 
we observed a stronger association in Asians. Moreover, we 
also found that women had a more pronounced association 
than men, which was also supported by a case-control study 
based on the European Prospective Investigation into Cancer 
and Nutrition cohort [38]. One possible mechanism for the sex 
disparity might be explained by the moderating effect due to 
sex hormones. Experimental studies in male rodents showed 
that androgens inhibit colorectal tumor growth, probably 
through the activation of androgen receptor signaling pathway. 
Male rats with azoxymethane-induced colon cancer showed 
higher colonic tumorigenesis after castration [48].

Moreover, our subgroup meta-analysis also found significant 
associations in colon cancer and Asian studies but no signifi-
cant association in rectal cancer, European and North Ameri-
can studies. These discrepancies might be partly explained by 
variations in glucose absorption in different segments of the 
intestines and dietary habits in different countries. In addition, 
cohort studies, which have been argued to generate more reli-
able evidence, showed no significant association. However, all 
the case-control studies included in our meta-analysis were 
nested in prospective cohorts, which minimized selection bias 
and information bias. Further studies with large sample sizes 
and long follow-up duration are warranted to confirm the as-
sociations and clarify different associations across subgroups. 

Some possible explanations for the positive association be-
tween hyperglycemia and CRC have been proposed. First, as 
glucose is an essential source of energy for cancer cell growth 
and proliferation, hyperglycemia provides ideal condition for 
tumor cells [49]. Second, the increase in insulin secretion was 
found to promote cell proliferation and inhibit apoptosis of co-
lon cancer cells through several signaling pathways [50]. Final-
ly, the accumulation of advanced glycation end products 
(AGEs) and upregulation of AGEs receptors expression related 
to hyperglycemia would lead to stimulation of chronic inflam-
mation and oxidative stress, which increase the growth, migra-
tion and invasion of CRC cells [49,51]. However, as studies us-
ing Mendelian randomization approach as well as ours did not 
find significant association between diabetes and CRC risk 
[52], the causal relationship between plasma glucose and CRC 
remains to be clarified. Regarding the association of HbA1c 
and CRC, other factors associated with production of HbA1c 
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might also play a role. For example, iron deficiency could in-
crease HbA1c irrespective of plasma glucose levels by inducing 
peroxidation and changing the structure of hemoglobin [53]. 
Meanwhile, iron deficiency was associated with increased risk 
of CRC by altering immune-cell function and restricting the 
immune system’s response to CRC growth and metastasis [54]. 
Additional investigation is needed to clarify.

Strengths of our study includes its population-based pro-
spective cohort design, a relatively long follow-up duration 
(mean, 12.9 years), standardized and comprehensive measure-
ment of glucose metabolism (HbA1c, FPG, 2-hour glucose, 
fasting insulin, 2-hour insulin). Several limitations should also 
be noted. First, levels of glycemic indicators were measured at 
a single time-point, which might have changed during the long 
follow-up period. Second, because of limited sample size, the 
statistical power in detecting associations with small effect siz-
es might be insufficient, especially in subgroup analyses. How-
ever, we conducted a meta-analysis to increase the numbers of 
subjects and evaluate the associations between HbA1c and 
CRC with greater statistical power. Third, although a wide 
range of potential confounders were adjusted, bias due to re-
sidual confounding cannot be fully ruled out. Previous meta-
analysis reported that metformin, a first-line antidiabetic drug, 
was associated with lower CRC risk [55]. The lack of informa-
tion on metformin use in our study may have led to underesti-
mation of the associations between glycemic measures and 
CRC. Further causal inference analyses using methods such as 
Mendelian randomization are needed to overcome residual 
confounding and confirm the results. 

In conclusion, higher levels of HbA1c were associated with 
an increased risk of CRC. The results from the updated meta-
analysis provide compelling evidence for this association, es-
pecially in women, colon cancer, and Asian countries. Our 
findings shed light on the pathology of glucose metabolism 
and CRC, which warrants more in-depth investigation.
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Supplementary Table 2. Quality assessment of each eligible study according to the Newcastle-Ottawa Quality Assessment Scale 
for case-control study and cohort study

Study Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Quality

Case-control study

   Saydah et al. (2003) [36] b a a a ab a a a 8

   Wei et al. (2005) [37] a b b a ab a a a 7

   Stocks et al. (2008) [42] b a a a ab a a a 8

   Rinaldi et al. (2008) [38] b a a a ab a a a 8

Cohort study

   Lin et al. (2005) [44] a a a a ab d a d 7

   Goto et al. (2016) [40] a a a a ab b a b 9

   Peila et al. (2020) [41] a a a a ab b a d 8

Case-control study
For selection:
Q1: Is the case definition adequate?
   a) yes, with independent validation★ b) yes, e.g., record linkage or based on self-reports c) no description
Q2: Representativeness of the cases
   a) consecutive or obviously representative series of cases★ b) potential for selection biases or not stated
Q3: Selection of controls
   a) community controls★ b) hospital controls c) no description
Q4: Definition of controls
   a) no history of disease (endpoint)★ b) no description of source

For comparability:
Q5: Comparability of cases and controls on the basis of the design or analysis
   a) study controls for age★ b) study controls for any additional factor★

For exposure:
Q6: Ascertainment of exposure
   a) secure record★ b) structured interview where blind to case/control status★
   c) interview not blinded to case/control status d) written self-report or medical record only
   e) no description
Q7: Same method of ascertainment for cases and controls
   a) yes★ b) no
Q8: Non-response rate
   a) same rate for both groups★ b) non respondents described c) rate different and no designation

Cohort study
For selection:
Q1: Representativeness of the exposed cohort
   a) truly representative of the average population in the community★ b) somewhat representative of the average population in the 

community★ c) selected group of users d) no description of the derivation of the cohort
Q2: Selection of the non-exposed cohort
   a) drawn from the same community as the exposed cohort★ b) drawn from a different source
   c) no description of the derivation of the non-exposed cohort
Q3: Ascertainment of exposure
   a) secure record★ b) structured interview★
   c) written self-report d) no description
Q4: Demonstration that outcome of interest was not present at start of study
   a) yes★ b) no

For comparability:
Q5: Comparability of cohorts on the basis of the design or analysis
   a) study controls for age★ b) study controls for any additional factor★

(Continued to the next page)
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For outcome:
Q6: Assessment of outcome
   a) independent blind assessment★ b) record linkage★ c) self-report d) no description
Q7: Was follow-up long enough for outcomes to occur
   a) yes b) no
Q8: Adequacy of follow up of cohorts
   a) complete follow up - all subjects accounted for★
   b) subjects lost to follow up unlikely to introduce bias - small number lost >80 % follow up, or description provided of those lost★
   c) follow up rate <80% and no description of those lost
   d) no state

Supplementary Table 2. Continued
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Studies identified from database 
searching (n=1,529):

1. Pubmed (n=209)
2. Web of science (n=404) 
3. Embase (n=916)

Studies excluded (n=14): 
1. Reviews (n=8)
2. Duplicate publicationsa (n=3) 
3. Insufficient data on follow-up person 

years or numbers of cancer cases (n=3)

Studies screened on the basis of
abstract and title (n=562)

Studies assessed for eligibility (n=21)

Studies included for meta-analysis (n=7)

Duplicate studies removed (n=967)

Title and/or abstract not on this topic (n=541)
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Supplementary Fig. 1. Flow chart for included study selection in the meta-analysis. aWhen several publications were from the 
same study, the publication with the largest number of cases were selected.
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Supplementary Fig. 2. Association of baseline glycosylated hemoglobin with the risk of colorectal cancer on 1,915 participants 
followed up from 2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study, stratified by obesity and age 
group. The squares indicate the adjusted hazard ratios (HRs) and the horizontal lines represent 95% confidence interval (CI). WC, 
waist circumference. aAdjusting for age, sex, waist circumference, smoking, alcohol drinking, household annual income, educa-
tion, physical activity, intake of vegetable and red meat.
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Supplementary Fig. 3. Association of baseline glycosylated hemoglobin (HbA1c) with the risk of colorectal cancer on 1,915 par-
ticipants followed up from 2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study, by dividing the partici-
pants according to the quartiles of HbA1c level. The squares indicate the adjusted hazard ratios (HRs) and the horizontal lines 
represent 95% confidence interval (CI). aAdjusting for age, sex, waist circumference, smoking, alcohol drinking, household annu-
al income, education, physical activity, intake of vegetable and red meat.
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Supplementary Fig. 4. Association of baseline glycosylated hemoglobin with the risk of colorectal cancer on 1,915 participants 
followed up from 2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study, by competing risk analysis. The 
squares indicate the adjusted hazard ratios (HRs) and the horizontal lines represent 95% confidence interval (CI). aAdjusting for 
age, sex, waist circumference, smoking, alcohol drinking, household annual income, education, physical activity, intake of vegeta-
ble and red meat, bP<0.05, cP<0.01.
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Supplementary Fig. 5. Association of baseline 2-hour glucose with the risk of colorectal cancer on 1,261 participants followed up 
from 2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study. The squares indicate the adjusted hazard ra-
tios (HRs) and the horizontal lines represent 95% confidence interval (CI). aAdjusting for age, sex, waist circumference, smoking, 
alcohol drinking, household annual income, education, physical activity, intake of vegetable and red meat.
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Supplementary Fig. 6. Association of baseline fasting glucose with the risk of colorectal cancer on 1,920 participants followed up 
from 2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study. The squares indicate the adjusted hazard ra-
tios (HRs) and the horizontal lines represent 95% confidence interval (CI). aAdjusting for age, sex, waist circumference, smoking, 
alcohol drinking, household annual income, education, physical activity, intake of vegetable and red meat, bP<0.05. 
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Supplementary Fig. 7. Association of baseline fasting glucose with the risk of colorectal cancer on 1,920 participants followed up 
from 2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study, by dividing the participants according to the 
quartiles of fasting glucose level. The squares indicate the adjusted hazard ratios (HRs) and the horizontal lines represent 95% 
confidence interval (CI). NA, not available. aAdjusting for age, sex, waist circumference, smoking, alcohol drinking, household 
annual income, education, physical activity, intake of vegetable and red meat.
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Supplementary Fig. 8. Association of baseline 2-hour glucose with the risk of colorectal cancer on 1,261 participants followed up 
from 2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study, by dividing the participants according to the 
quartiles of 2-hour glucose level. The squares indicate the adjusted hazard ratios (HRs) and the horizontal lines represent 95% 
confidence interval (CI). aAdjusting for age, sex, waist circumference, smoking, alcohol drinking, household annual income, edu-
cation, physical activity, intake of vegetable and red meat.
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Supplementary Fig. 9. Association of baseline fasting plasma insulin with the risk of colorectal cancer on 1,111 participants fol-
lowed up from 2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study. The squares indicate the adjusted 
hazard ratios (HRs) and the horizontal lines represent 95% confidence interval (CI). aAdjusting for age, sex, waist circumference, 
smoking, alcohol drinking, household annual income, education, physical activity, intake of vegetable and red meat.
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Supplementary Fig. 10. Association of baseline 2-hour insulin with the risk of colorectal cancer on 1,107 participants followed 
up from 2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study. The squares indicate the adjusted hazard 
ratios (HRs) and the horizontal lines represent 95% confidence interval (CI). aAdjusting for age, sex, waist circumference, smok-
ing, alcohol drinking, household annual income, education, physical activity, intake of vegetable and red meat.
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Supplementary Fig. 11. Association of baseline homeostasis model of risk assessment-insulin resistance (HOMA-IR) with the 
risk of colorectal cancer on 1,110 participants followed up from 2006–2008 (baseline) to April 2021 in the Guangzhou Biobank 
Cohort Study. The squares indicate the adjusted hazard ratios (HRs) and the horizontal lines represent 95% confidence interval 
(CI). aThe 75th percentile as cut-off value, bAdjusting for age, sex, waist circumference, smoking, alcohol drinking, household an-
nual income, education, physical activity, intake of vegetable and red meat.
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Supplementary Fig. 12. Association of baseline diabetes with the risk of colorectal cancer on 1,923 participants followed up from 
2006–2008 (baseline) to April 2021 in the Guangzhou Biobank Cohort Study. The squares indicate the adjusted hazard ratios 
(HRs) and the horizontal lines represent 95% confidence interval (CI). aAdjusting for age, sex, waist circumference, smoking, al-
cohol drinking, household annual income, education, physical activity, intake of vegetable and red meat.
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Supplementary Fig. 13. Funnel plot of the highest compared to lowest glycosylated hemoglobin (HbA1c) categories from all in-
cluded studies evaluating the association between HbA1c and risk of colorectal cancer. Egger’s regression asymmetry test 
(P=0.20).


