Received: 22 March 2023

Accepted: 2 September 2023

DOI: 10.1002/ueg2.12468

ORIGINAL ARTICLE

UNITED EUROPEAN
GASTROENTEROLOGY @

ueg journal WILEY

Adiposity as a risk factor for inflammatory bowel disease and
the mediating effect of metabolic and inflammatory status:
A population-based cohort study

Zixuan He'? | Tian Fu®

| Shiyuan Lu* | Yuhao Sun® | Yao Zhang® |

Wenming Shi’ | Zhaoshen Li'? | Minzi Deng® | Jie Chen® | Yu Bail?

Department of Gastroenterology, Changhai Hospital, Second Military Medical University, Shanghai, China

2Naval Medical University, Shanghai, China

3Department of Gastroenterology, the Third Xiangya Hospital, Central South University, Changsha, China

“Department of Gastroenterology, the Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China

5School of Public Health and the Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, Zhejiang, China

$Department of Gastroenterology, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China

7School of Public Health, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Hong Kong, China

Correspondence

Yu Bai, Department of Gastroenterology,
Changhai Hospital, Second Military Medical
University; Naval Medical University, 168
Changhai Road, Shanghai 200433, China.
Email: md.baiyu@foxmail.com

Jie Chen, Centre for Global Health, Zhejiang
University School of Medicine, 866
Yuhangtang Road, Hangzhou 310058, China.
Email: med_chenjie@zju.edu.cn

Minzi Deng, Department of Gastroenterology,
The Third Xiangya Hospital, Central South
University, 138 Tongzipo Road, Changsha,
Hunan 410013, China.

Email: dengmz@csu.edu.cn

Funding information

National Natural Science Foundation of China,
Grant/Award Number: 82170567; Shanghai
Sailing Program, Grant/Award Number:
23YF1458700; National Key R&D Program of
China, Grant/Award Number:
2018YFC1313103; 234 Discipline Climbing
Plan of Changhai Hospital, Second Military
Medical University/Naval Medical University,
Grant/Award Number: 2019YXK004; Youth
Start-up Fund of Naval Medical University,
Grant/Award Number: 2022QN065; Natural

Abstract

Background: To examine whether general and abdominal adiposity was a risk factor
for the new-onset of inflammatory bowel disease (IBD) and the potential mediating
effect of metabolic and inflammation status.

Methods: A total of 492,998 individuals free of IBD recruited from 2006 to 2010 in
the UK Biobank were included in our study, with ongoing follow-up linking to the
health-related outcome. Multivariable Cox regression models were used to evaluate
the associations between general adiposity (body mass index) and abdominal
adiposity (waist circumference) and the subsequent risk of IBD and its subtype. We
also investigated the potential mediating effects of metabolic and inflammation
status by carrying out exploratory mediation analyses.

Results: During a median follow-up of 12.5 years, we documented 2954 incident
IBD cases (915 Crohn's disease [CD] and 2039 ulcerative colitis). After adjustment
for important confounders, body mass index (hazard ratio [HR] highest quintile [Q5]
vs. lowest quintile [Q1] = 1.18, 95% confidence interval [CI] 1.04-1.32; P-
trend = 0.006) and waist circumference (HR qs vs. @1 = 1.30, 95% Cl 1.14-1.49; P-
trend <0.001) showed a positive association with the risk of IBD. The associations
were partially mediated by metabolic status (24%; 15%), C-reactive protein (36%;
19%) and inflammation score (82%; 46%).
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INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic relapsing inflam-
matory disease mainly involving the gastrointestinal tract, charac-
terized by mucosal inflammation, including the two major subtypes
of Crohn's disease (CD) and ulcerative colitis (UC).* The prevalence
and incidence of IBD over the past half century have increased
remarkably in countries and regions that have adapted a “West-
ernized” lifestyle,! manifested by decreased physical activity and
tremendous changes in eating habits, which have also been
demonstrated to be risk factors for obesity.? Notably, the preva-
lence of obesity has also increased worldwide in the past few
decades® and the incidence and prevalence of IBD were observed
to be growing in parallel to the obesity pandemic. Previous liter-
ature put forward that 15%-40% are obese and an additional
20%-40% are overweight among IBD adults.®> Therefore, a better
understanding of whether and how obesity relates to IBD is
deserved.

Several studies have been conducted to explore whether
adiposity and fat distribution had effects on the development of IBD
but have provided inconsistent and conflicting evidence.®™®
Although most prospective cohort studies put forward the idea
that general adiposity represented by body mass index increased
the risk of CD and decreased the risk of UC,2*1"12 3 few studies
showed the inverse or null finding.5'%'2*2 Similarly, the meta-
analyses based on cohort studies also showed inconsistent re-
sults.>? As for abdominal adiposity measured by waist circumfer-
ence, limited evidence was provided for its positive association with
risk of CD.”

Additionally, the pathomechanism by which body adiposity might
affect the development of IBD remains unclear.!* It has been well
established that inflammation plays a role in the pathophysiology of
IBD® and the coexistence of obesity, unhealthy metabolism and
systematic inflammation.*®'” Obesity has been reported to relate to
multiple chronic diseases through metabolic homeostasis and
inflammation,*®*? but has not been explored regarding 1BD.

Therefore, this study aimed to clarify the associations of general
adiposity and abdominal adiposity with the risk of IBD, as well as the
potential effects of metabolic status and inflammation status on the

association.

Conclusions: Adiposity bore a risk factor for incident IBD, whereas unhealthy
metabolism, especially inflammation, seemed to be an important intermediate
condition between the association. Our findings provide evidence for possible
mechanisms relating adiposity to IBD from an epidemiological perspective, and

experimental studies are needed for further demonstration.

adiposity, BMI, Crohn's disease, IBD, inflammation, inflammatory bowel disease, mediation
analysis, metabolic status, ulcerative colitis, waist circumference

Key summary

Summarize the established knowledge on this subject

e Prior evidence for associations between adiposity and
the risk of inflammatory bowel disease (IBD) was
inconsistent.

e Possible mechanisms by which adiposity relates to IBD

risk are unclear.

What are the significant and/or new findings of this study?

e Our study found a positive association between adiposity
and the risk of incident IBD, and the positive associations
could be partially mediated by unhealthy metabolism and
inflammation.

e Screening and prevention of IBD are necessary for obese
populations, especially those accompanied by unhealthy

metabolism and inflammation.

MATERIALS AND METHODS

Between 2006 and 2010, over 500,000 people consented to
participate in the UK Biobank study and were asked to complete
self-administrated questionnaires, verbal interviews, physical mea-
surements, biological sample collection at recruitment, as well as
ongoing follow-up for the health-related outcome, as described
earlier.?® The UK Biobank has received ethical approval from the
North West Multicenter Research Ethics Committee (REC refer-
ence: 21/NW/0157) and participants were asked to sign the consent
when recruited. We leveraged 492,998 participants for analyses
when excluded participants who were without adiposity data
(n = 3210), pregnant or unsure (n = 338), with a prior diagnosis of
IBD when recruited (n = 5905) or unclear IBD diagnosis at the
follow-up visit (n = 9) among the 502,460 individuals (Figure 1).
Information on the current study followed the Strengthening the
Reporting of Observational Studies in Epidemiology reporting

guideline.
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Participants recruited from
2006 to 2010
in the UK Biobank
(502 460)

Excluding participants
1) Without body mass index (3104)
or waist circumference data (106)
——> 2) Pregnant or unsure (388)
3) With prediagnosed IBD at baseline
(5905) or unclear diagnosis of IBD
in the follow-up (9)

v

Participants in analyses
(492 998)

FIGURE 1 Flowchart of the study.

MEASUREMENT OF ADIPOSITY

Exposures were body mass index (constructed as weight in kilograms
divided by height in meters squared) and waist circumference, which
were used to measure the general and abdominal adiposity in the
present study. Waist circumference showed a high correlation
(Spearman correlation coefficient = 0.806) with visceral adipose tis-
sue mass measured by dual-energy X-ray absorptiometry. Informa-
tion on height (cm), weight (kg), and waist circumference (cm) of each
participant was collected during the initial assessment center visit.
Other adiposity measures including body fat percentage (%), whole
body fat mass (kg), whole body fat-free mass (kg), and hip circum-
ference documented in assessment, and constructed adiposity index
including the ratio of waist circumference and height, the ratio of
waist circumference and hip circumference, body roundness index
(BRI),?* a body shape index (ABSI),?? were also included in our study.
Body roundness index and ABSI are newly developed anthropometric
indices, calculated as 364.2-365.5 x {1 — ((waist circumference/2m)/
(0.5 x height))Z°® and waist circumference/(body mass index?® x
height/?), suggested as alternatives to traditional visceral adiposity
tissue and body fat percentage.?2

ASSESSMENT OF COVARIATES

Confounders might cause effects on the associations of adiposity
with IBD risk, including age, sex (female, male), race (white, others),
Townsend deprivation index (TDI), education, smoking status (cur-
rent, previous, never), alcohol drinking (current, previous, never),
physical activities, dietary quality index, total energy intake and
comorbidities represented by Charlson comorbidity index (CCI).2°
TDI was calculated prior to participants joining the UK Biobank and
measured the material deprivation among a population. The diet in-
dex was constructed by seven food groups (vegetables, fruits, whole
grains, refined grains, processed meats, and unprocessed meats, fish)
collected by the food frequency questionnaire: higher the index,
healthier the diet.?*

We considered metabolic status and inflammation represented
by C-reactive protein levels and a low-grade inflammation (INFLA)
score as potential mediators. Participants who satisfied less than two
of the following four criteria were considered healthy metabolism?°:
(1) abnormal triglycerides (>1.7 mmol/L) or lipid-lowering medica-
tions, (2) increased diastolic blood pressure (>85 mmHg) or systolic
blood pressure (>130 mmHg) or anti-hypertensive drugs, (3)
elevated fasting glucose (>5.6 mmol/L) or medications for diabetes
(insulin and oral anti-diabetic) and (4) low high-density lipid (HDL)-
cholesterol (1.29 mmol/L for women and 1.04 mmol/L for men). C-
reactive protein (plasma levels in mg/L), white blood cell count
(1079 cells/Liter), platelet count (10”9 cells/Liter), and neutrophil-to-
lymphocyte ratio (the ratio of neutrophil count and lymphocyte
count) were assayed in blood samples and used to evaluate the
INFLA score. After assigning scores by dividing the four biological
markers into deciles, the total INFLA score ranged from —16 to +16,
with a higher score indicating higher inflammation levels.2® Detailed
descriptions and missing information of each covariate are presented

in Supplementary Table 1-2.

ASCERTAINMENT OF OUTCOME

Participants were followed up on an ongoing basis for health data by
linking to the national electronic health databases. The newly
developed IBD events were obtained by the International Statistical
Classification of Diseases and Related Health Problems (ICD) codes
from the Hospital Episode Statistics (the 10th Revision of ICD [ICD
10] and the Ninth Revision of ICD [ICD 9]) and the death registry
(ICD 10), and read v2 and read v3 codes (mapped to ICD codes) from
the primary care data. The ICD 9 codes and ICD 10 codes for IBD
were 555 (CD) and 556 (UC) and K50 (CD) and K51 (UC), respec-
tively. ICD codes have been identified with high diagnostic accuracy
in Great Britain.?” Multiple-sourced health data allowed us to cap-
ture diagnostic information on IBD to the maximum extent, with a
significant advantage over studies relying only on single-sourced
data. As described in a previous study conducted based on the UK
Biobank database, combining sources for disease diagnosis showed
high positive predictive values (91%).28

STATISTICAL ANALYSIS

Participants' characteristics were described according to IBD status
and subtype. Variables in continuous and categorical were expressed
as mean (standard deviation [SD]) and proportions, and missing
variables were imputed as and mean (for continuous variables) and
mode (for categorical variables), and created the ‘NA’ category for
physical activities and metabolic status because of the large missing
rate.

Cox proportional hazard regression models were used to eval-
uate the hazard ratio (HR) and 95% confidence interval (Cl) for the
association between adiposity and risk of IBD, CD and UC, and all
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FIGURE 2 Restricted cubic spline for the association between adiposity and inflammatory bowel disease (IBD) risk. P for non-linear
relationship of plots A1, A2, A3, B1, B2, and B3 was 0.147, 0.024, 0.070, 0.358, 0.946 and 0.309, respectively.

models satisfied the proportional hazard assumption. Multivariable
models were adjusted for age, sex and ethnicity in the minimally
adjusted model and TDI, smoking status, drinking status, education,
physical activities and diet index were further added in the fully
adjusted model. Hazard ratio was calculated for fifths of body mass
index and waist circumference relative to the lowest group, as well as
for specific unit increase (5 kg/m? or 10 cm). To flexibly describe the
shape of the associations, the non-linear relationship was depicted by
the restricted cubic spline and tested. We additionally explored
whether body adiposity represented by other measures correlated
with the risk of IBD.

We explored to what extent metabolic status and inflammation
played a role in the explored associations between adiposity and IBD
risk. First, we examined whether adiposity had different effects on
IBD depending on the existence of metabolic status (healthy, un-
healthy), levels of C-reactive protein (low, high according to the
median values), and INFLA score (low, high according to the median
values) by subgroup analyses. Second, we examined the mediating
effects of unhealthy metabolism and inflammation on the associa-
tions using structural equation models. Specifically, the individual
regression path was modeled in the mediation model for the
following associations: (1) the total effect: between exposure
(adiposity) and outcome (IBD); (2) a path: between exposure and
mediators (metabolic status, C reactive protein, INFLA score); (3) b
path: between the mediators and the outcome adjusting for

exposure. The indirect effect was calculated as the product of a and b
and the proportion mediated was developed by dividing the indirect
effect of the total effect (Figure 3a).

Furthermore, we reinvestigated the association between
adiposity and risk of IBD in a series of sensitivity analyses: (1)
changed the classification methods for body mass index (<25, 25-30,
)29

>30 kg/m? [general obesity])?? and waist circumference (<88 cm for

female or <102 cm for male, >88 cm for female or >102 cm for male
[abdominal obesity])*° according to specific values; (2) changed the
body mass index calculated from height and weight to the body mass
index measured by impedance measurement; (3) further adjusted for
total energy intake; (4) further adjusted for comorbidities; (5)
excluded participants with missing data on physical activities; (6) lag
one-year analysis by excluding participants with new onset of IBD in
the first year during follow-up.

All analyses were conducted by R 4.2.1 with ‘survival’ and
‘mediation’ packages, and two-sided P < 0.05 suggested statistical

significance.

RESULTS

Overall, the mean (SD) age was 56.53 (8.09) years in the included
492,998 participants, and 268,372 (54.4%) of them were female. The
mean (SD) of body mass index and waist circumference was 27.44
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FIGURE 3 The schematic diagram (a) and mediation effects (b) of metabolic status, C-reactive protein and INFLA score on the association
of adiposity with risk of incident inflammatory bowel disease (IBD). The x-axis represents the mediation effect estimates and the y-axis
represents the three different effects (mediating effect, direct effect, total effect). B1, B2, B3 showed the mediation effects of metabolic status,
C-reactive protein and INFLA score on the associations between body mass index and risk of IBD, and B4, B5, B6 showed the mediation
effects of metabolic status, C-reactive protein and INFLA score on the associations between waist circumference and risk of IBD. ACME,
average causal mediation effects; ADE, average direct effects. The mediating effects of the three mediators (M1: metabolic status; M2: C
reactive protein; M3: INFLA score) were separately examined in the individual structural equation model.

(4.80) kg/m? and 90.30 (13.48) cm, respectively (Table 1). During a
median (inter-quartile range) follow-up of 12.5 (1.5) years, there
were 2954 incident IBDs, with 915 CD and 2039 UCs. After
adjustment of potential confounders in the multivariable-adjusted
model, body mass index (HR per unit = 1.06, 95% Cl| 1.02-1.10;
HR highest quintile [Q5] vs. lowest quintile [Q1] = 1.18, 95% C| 1.04-
1.32; P-trend = 0.006) and waist circumference (HR per unit = 1.06,

95% ClI 1.03-1.10; HR @5 vs. @1 = 1.30, 95% Cl 1.14-1.49; P-trend
<0.001) per unit increase and higher quintiles showed positive as-
sociations with the risk of IBD, consistent associations were also
observed in the risk of CD. However, adiposity, especially measured
by body mass index did not relate to the risk of UC, although asso-
ciations were found in the minimally adjusted models (Table 2). The
above associations were flexibly plotted in the restricted cubic spline,
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TABLE 1 Characteristics of participants according to inflammatory bowel disease (IBD) status and subtype.

n
Age (years)
Sex
Female
Male
TDI
Low deprivation
Moderate deprivation
High deprivation
Ethnicity
White
Others
Smoking status
Current
Never
Previous
Drinking
Current
Never
Previous
Education
College and above
High school and below
Physical activity
Low
Middle
High
NA
Metabolic status
Healthy
Unhealthy
NA
C reactive protein (mg/L)
INFLA
Diet score
CClI Index
Body mass index (kg/m?)
Waist circumference (cm)
Body fat percentage (%)

Whole body fat mass (kg)

Whole body fat-free mass (kg)

Overall
492,998
56.53 (8.09)

268,372 (54.4)
224,626 (45.6)

164,336 (33.3)
164,332 (33.3)

164,330 (33.3)

466,786 (94.7)
26,212 (5.3)

51,898 (10.5)
271,516 (55.1)
169,584 (34.4)

453,732 (92.0)
21,727 (4.4)

17,539 (3.6)

158,513 (32.2)
334,485 (67.8)

74,360 (15.1)
161,349 (32.7)
159,664 (32.4)
97,625 (19.8)

224,236 (45.5)
197,887 (40.1)
70,875 (14.4)
2.58 (4.18)
—0.09 (6.05)
3.66 (1.36)
0.27 (0.90)
27.44 (4.80)
90.30 (13.48)
31.45 (8.48)
24.86 (9.49)

53.22 (11.42)

Non-IBD
490,044
56.52 (8.09)

266,896 (54.5)
223,148 (45.5)

163,480 (33.4)
163,387 (33.3)
163,177 (33.3)

464,004 (94.7)
26,040 (5.3)

51,465 (10.5)
270,237 (55.1)
168,342 (34.4)

451,101 (92.1)
21,555 (4.4)
17,388 (3.5)

157,781 (32.2)
332,263 (67.8)

73,877 (15.1)
160,438 (32.7)
158,761 (32.4)
96,968 (19.8)

223,121 (45.5)
196,515 (40.1)
70,408 (14.4)
2.57 (4.17)
—0.10 (6.05)
3.66 (1.36)
0.27 (0.90)
27.43 (4.80)
90.29 (13.47)
31.45 (8.48)
24.86 (9.49)
53.22 (11.42)

IBD
2954
57.29 (8.04)

1476 (50.0)
1478 (50.0)

856 (29.0)
945 (32.0)
1153 (39.0)

2782 (94.2)
172 (5.8)

433 (14.7)
1279 (43.3)
1242 (42.0)

2631 (89.1)
172 (5.8)
151 (5.1)

732 (24.8)
2222 (75.2)

483 (16.4)
911 (30.8)
903 (30.6)
657 (22.2)

1115 (37.7)
1372 (46.4)
467 (15.8)
3.70 (5.65)
2.01 (6.36)
3.51 (1.39)
0.40 (1.03)
27.95 (5.02)
92.44 (13.63)
31.58 (8.65)
25.47 (9.89)
54.12 (11.58)

(e(p]
915
57.16 (8.18)

516 (56.4)
399 (43.6)

257 (28.1)
293 (32.0)
365 (39.9)

865 (94.5)
50 (5.5)

160 (17.5)
417 (45.6)
338 (36.9)

805 (88.0)
60 (6.6)
50 (5.5)

239 (26.1)
676 (73.9)

154 (16.8)
293 (32.0)
275 (30.1)
193 (21.1)

339 (37.0)
420 (45.9)
156 (17.0)
4.71 (7.08)
2.78 (6.64)
3.50 (1.40)
0.38 (0.96)
28.13 (5.30)
92.40 (13.80)
32.57 (8.82)
26.20 (10.46)
52.97 (11.48)

uc
2039
57.35 (7.98)

960 (47.1)
1079 (52.9)

599 (29.4)
652 (32.0)
788 (38.6)

1917 (94.0)
122 (6.0)

273 (13.4)
862 (42.3)
904 (44.3)

1826 (89.6)
112 (5.5)
101 (5.0)

493 (24.2)
1546 (75.8)

329 (16.1)
618 (30.3)
628 (30.8)
464 (22.8)

776 (38.1)
952 (46.7)
311 (15.3)
3.24 (4.80)
1.67 (6.20)
3.51(1.38)
0.41 (1.06)
27.87 (4.88)
92.46 (13.56)
31.14 (8.54)
25.14 (9.61)
54.64 (11.58)
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TABLE 1 (Continued)
Overall

The ratio of waist circumference and hip circumference 0.87 (0.09)

Height (cm) 168.45 (9.28)
The ratio of waist circumference and height 0.54 (0.08)
A body shape index (ABSI) 0.77 (0.05)
Body roundness index (BRI) 4.17 (1.59)

Non-IBD IBD (e(p] uc

0.87 (0.09) 0.89 (0.09) 0.88 (0.09)

167.69 (9.37)

0.89 (0.09)

168.45 (9.28) 168.60 (9.39) 169.00 (9.38)

0.54 (0.08) 0.55 (0.08) 0.55 (0.08) 0.55 (0.08)
0.77 (0.05) 0.77 (0.05) 0.77 (0.05) 0.78 (0.05)
4.17 (1.59) 4.43 (1.67) 4.50 (1.73) 4.40 (1.64)

Note: The continuous and categorical variables were described as mean (SD) and proportion (%).

Abbreviations: CCl, Charlson comorbidity index; CD, Crohn"s diseases; IBD, inflammatory bowel diseases; SD, standard deviation; TDI, Townsend

deprivation index; UC, ulcerative colitis.

and a non-linear relationship of body mass index with risk of CD was
detected (Figure 2). Furthermore, adiposity measured using whole
body fat mass (HR per SD = 1.04, 95% Cl 1.01-1.08), body fat per-
centage (HR per SD = 1.05, 95% Cl 1.00-1.11), the ratio of waist
circumference and hip circumference (HR per SD = 1.12, 95% Cl
1.06-1.17), the ratio of waist circumference and height (HR per
SD = 1.09, 95% Cl 1.05-1.13), ABSI (HR per SD = 1.10, 95% CI 1.05-
1.15), BRI (HR per SD = 1.08, 95% Cl 1.05-1.12) were positively
associated with the risk of IBD (Supplementary Table 3).

In the exploratory analyses of the effects of metabolic status and
inflammation, the associations of body mass index and waist
circumference with the risk of IBD became insignificant and with
lower estimates in the subgroup analyses stratified by metabolic
status, C-reactive protein levels and INFLA score although no in-
teractions were observed (Supplementary Table 4). In the mediation
analyses, we found that the partial association of body mass index
and waist circumference with IBD can be explained by the potential
mediators investigated. To be specific, for body mass and waist cir-
cumferences, the mediating effect estimates (proportion of mediating
effect) were 1.68E-05 (24%) and 3.78E-06 (15%) of metabolic status,
2.50E-05 (36%) and 4.58E-06 (19%) for the level of C-reactive pro-
tein, and 5.45E-04 (82%) and 4.48E-04 (46%) for INFLA score.
Especially, the association between body mass index and the risk of
IBD could be mostly explained (82%) by the INFLA score, with a
mediating effect estimate (95% Cl) of 5.45E-04 (4.84E-04, 6.08E-04)
(Table 3, Figure 3b).

Additional sensitivity analyses were conducted to test the
robustness of the primary findings. When categorizing body mass
index and waist circumference by specific values, participants with
general obesity (>30) and abdominal obesity (>88 cm for females,
>102 cm for males) were also at higher risk of IBD and CD (Sup-
plementary Table 5). Re-analyzing the data using another measure of
body mass index (Supplementary Table 6) and further adjusting for
total energy intake or comorbidities did not change main findings
(Supplementary Table 7). Similarly, the results were consistent when
we excluded participants with missing values of physical activities or
with new onset of IBD in the first year during follow-up (Supple-
mentary Table 8).

DISCUSSION

In this large prospective cohort study of UK adults, there were as-
sociations of general adiposity (body mass index) and abdominal
adiposity (waist circumference), as well as other adiposity measures,
with higher risk of IBD after multiple adjustments of potential con-
founders. The associations of body mass index and waist circumfer-
ence with IBD could be partially mediated by unhealthy metabolism
and inflammation, especially INFLA score.

Studies have explored whether general adiposity measured by
body mass index is positively associated with IBD risk and the find-
ings were conflicting. A pooled analysis of five prospective cohorts
involving 601,009 individuals,'® as well as two other relatively small-
sized cohort studies observed that obesity was related to a higher
risk of CD instead of UC,21? consistent with the findings of a meta-
analysis based on over a million participants.” However, inverse as-
sociations between body mass index and risk of UC®** and null as-
sociations of body mass index with neither CD nor UC were also
raised in some studies.'® For the waist circumference, only a recent
cohort study conducted based on the Korean population found that
Individuals with abdominal obesity bore an increased risk of devel-
oping CD proportional to waist circumference but not UC with 10
million individuals data, providing limited evidence.” Overall, the
evidence for adiposity and IBD was insufficient, and prior studies
exploring the effects of adiposity on IBD had differences in the
extent of population's age and ethnicity, sample size, classification
and measurement of obesity. The present study leveraged data from
a large-scale cohort study using obesity data constructed and directly
measured using impedance, and multiple adiposity measurements
and classification, providing strong evidence for the associations
between adiposity and risk of IBD from the perspective of general
and abdominal obesity. In addition to dividing the population into
quintiles according to body mass index and waist circumference, we
classify the population according to specific cut-off values given its
clinically relevant guidance. Furthermore, considering the potential
effects of diets and baseline comorbidities, we included overall diet
quality score in the fully adjusted model and additionally adjusted for

total energy intake and overall comorbidities represented by CCI,
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TABLE 2 Hazard Ratios (HRs) and 95% Cls per fifth and specified unit increase in adiposity measures for the risk of inflammatory bowel

disease (IBD).
Cases
Inflammatory bowel disease

Body mass index

Per 5 kg/m?

Q1 501
Q2 558
Q3 573
Q4 629
Q5 693
P trend

Waist circumference

Per 10 cm

Q1 406
Q2 541
Q3 579
Q4 666
Q5 762
P trend

Crohn's disease

Body mass index

Per 5 kg/m?

Q1 169
Q2 160
Q3 167
Q4 183
Q5 236
P trend

Waist circumference

Per 10 cm

Q1 129
Q2 171
Q3 171
Q4 211
Q5 233
P trend

Ulcerative colitis

Body mass index

Per 5 kg/m?
Q1 332
Q2 398

Q3 406

Person years

1,200,655
1,201,876
1,197,337
1,193,695
1,181,936

1,115,916
1,171,117
1,200,035
1,229,713
1,258,719

1,197,764
1,198,842
1,194,974
1,190,988
1,179,593

1,114,099
1,168,671
1,197,406
1,226,699
1,255,285

1,199,615
1,200,530
1,195,714

Minimally adjusted model HR (95% CI)

1.11 (1.07, 1.15)
Ref

1.06 (0.94, 1.20)
1.07 (0.95, 1.21)
1.17 (1.04, 1.32)
1.34 (1.19, 1.50)

1.11 (1.08, 1.14)
Ref

1.23 (1.08, 1.40)
1.25 (1.10, 1.43)
1.38 (1.21, 1.58)
1.54 (1.35, 1.76)

1.16 (1.09, 1.23)
Ref

0.94 (0.76, 1.17)
0.99 (0.79, 1.22)
1.08 (0.88, 1.34)
1.41 (1.15, 1.72)

1.17 (1.11, 1.23)
Ref

1.30 (1.04, 1.64)
1.34 (1.06, 1.70)
1.67 (1.32, 2.11)
1.82 (1.44, 2.31)
1.15 (1.09, 1.21)

1.09 (1.04, 1.14)
Ref

1.12 (0.97, 1.30)
1.12 (0.96, 1.29)

p

<0.001

0.317
0.253
0.008
<0.001
<0.001

<0.001

0.002
0.001
<0.001
<0.001
<0.001

<0.001

0.587
0.895
0.461
0.001
<0.001

<0.001

0.024
0.015
<0.001
<0.001
<0.001

<0.001

0.117
0.140

Fully adjusted model HR (95% Cl)

1.06 (1.02, 1.10)
Ref

1.05 (0.93, 1.19)
1.03(0.92, 1.17)
1.09 (0.97, 1.23)
1.18 (1.04, 1.32)

1.06 (1.03, 1.10)
Ref

1.19 (1.04, 1.35)
1.18 (1.03, 1.34)
1.25 (1.09, 1.43)
1.30 (1.14, 1.49)

1.11 (1.04, 1.19)
Ref

0.94 (0.76, 1.17)
0.97 (0.78, 1.20)
1.03 (0.83, 1.28)
1.28 (1.04, 1.57)

1.12 (1.07, 1.18)
Ref

1.26 (1.00, 1.59)
1.27 (1.00, 1.61)
1.53 (1.21, 1.94)
1.58 (1.25, 2.01)
1.11 (1.06, 1.17)

1.03 (0.99, 1.08)
Ref

1.11 (0.95, 1.28)
1.07 (0.92, 1.24)

p

0.004

0.409
0.580
0.152
0.007
0.006

<0.001

0.010
0.017
0.001
<0.001
<0.001

0.001

0.597
0.781
0.761
0.018
0.008

<0.001

0.046
0.049
<0.001
<0.001
<0.001

0.186

0.180
0.395
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TABLE 2 (Continued)
Cases Person years Minimally adjusted model HR (95% CI) P Fully adjusted model HR (95% Cl) P
Q4 446 1,192,607 1.22 (1.06, 1.41) 0.007 1.12(0.97, 1.29) 0.131
Q5 457 1,181,077 1.30 (1.13, 1.50) <0.001 1.13(0.98, 1.31) 0.101
P trend 1.06 (1.03, 1.10) <0.001  1.02 (0.99, 1.06) 0.136
Waist circumference
Per 10 cm 1.09 (1.05, 1.13) <0.001  1.04 (1.00, 1.08) 0.049
Q1 277 1,115,083 Ref Ref
Q2 370 1,170,019 1.19 (1.02, 1.39) 0.030 1.15(0.98, 1.34) 0.087
Q3 408 1,198,972 1.21 (1.03, 1.42) 0.022 1.13(0.96, 1.32) 0.144
Q4 455 1,228,312 1.26 (1.07, 1.49) 0.005 1.14 (0.96, 1.34) 0.127
Q5 529 1,257,155 1.42 (1.21, 1.66) <0.001  1.19 (1.01, 1.40) 0.041
P trend 1.08 (1.04, 1.12) <0.001 1.03 (0.99, 1.07) 0.107

Note: Minimally adjusted model: Cox model adjusted for age, sex and ethnicity; fully adjusted model: further adjusted for TDI, smoking status, drinking
status, education, physical activities and diet index. P values with bold indicate statistically significant (P < 0.05).

Abbreviations: Cl, confidence interval; IBD, inflammatory bowel disease; HR, hazard ratio; SD, standard deviation.

TABLE 3 Mediation effects of potential factors on the adiposity and risk of inflammatory bowel disease (IBD).

Mediation effects

The proportion of mediation effect

Estimate 95% ClI
Body mass index
Metabolic status 1.68E-05 1.08E-05, 2.25E-05
C reactive protein 2.50E-05 2.08E-05, 3.03E-05
INFLA 5.45E-04 4.84E-04, 6.08E-04
Waist circumference
Metabolic status 3.78E-06 2.24E-06, 5.44E-06
C reactive protein 4.58E-06 3.68E-06, 5.73E-06
INFLA 4.48E-04 3.96E-04, 5.02E-04

P Proportion 95% ClI P

<0.001 24% 15%, 38% <0.001
<0.001 36% 27%, 53% <0.001
<0.001 82% 66%, 129% <0.001
<0.001 15% 9%, 22% <0.001
<0.001 19% 15%, 24% <0.001
<0.001 46% 38%, 61% <0.001

Note: P values with bold indicate statistically significant (P < 0.05).
Abbreviation: Cl, confidence interval.

which was less taken into account in prior studies. Noteworthy,
recent studies investigating the risk of new-onset IBD after bariatric
surgery presented inconsistent results, and whether the effects
result from weight loss or the operation were unclear,3273% which
deserved to be further explored.

The biological mechanisms underlying the positive association
between adiposity and the risk of IBD are not fully understood.**
Considering the common existence and possible co-pathogenesis

16,17 and

of obesity, metabolic abnormalities and inflammation,
the metabolic and inflammatory nature of I1BD,>* we explored the
potential effects of metabolic and inflammatory status in the as-
sociations by testing modification and mediation effects. The
decreased even disappearing associations in the subgroup analyses
indicated potential confounding roles. In the further mediation
analyses, we provided evidence for the mediating roles of meta-

bolic status, level of C-reactive protein and INFLA score. The

INFLA score contained four well-established markers of systemic
inflammation and aggregated measured low-grade inflammation.
Our results raised 79% and 43% mediating effects of INFLA on
the associations of body mass index and waist circumference with
IBD, suggesting the critical roles of low-grade inflammation in the
process, similar to the finding that systematic inflammation-
mediated diseases,’® such as cognitive control,®> blood pres-
sure.®® Interestingly, metabolic inflammation in obesity and related
disorders partly proved to originate from the dysbiosis of gut

3738 one of the core links in the occurrence of IBD.

microbiota,
Therefore, the roles and complex interaction of metabolism,
inflammation and gut microbiota in the associations of adiposity
with the development of IBD deserved to be further proven and
explored.

The strength of our study was that we had access to utilize a

well-characterized and well-administrated cohort with a large
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sample size. The cohort study prospectively followed-up for more
than 10 years with low loss to follow-up.®? Also, multiple-source-
derived data collection and calculation methods for adiposity
allowed us to examine the associations between adiposity and IBD
risk from multiple perspectives. The current study also has several
limitations. First, metabolic and inflammatory indicators would have
been repeatedly measured in ideal analysis instead of the baseline
time point as used in our analysis, to identify long-term levels of
metabolic status and systemic inflammation more effectively. Sec-
ond, although the models used adjusted for a wide range of
important confounders, and the prospective study design of the UK
Biobank avoided the potential selection biases of other observa-
tional studies, biases such as confounder and reverse causation bias
cannot be completely avoided no matter in correlation or mediating
analyses. Intervention studies such as randomized controlled trials
should be conducted to prove our findings. Finally, our cohort might
not be representative of the overall population because of the
disparity in age and ethnicity. However, as previously reported, the
valid assessment of exposure-disease relationships might be
generalized widely although the study participants are not repre-

sentative enough.*®

CONCLUSIONS

This large-scale cohort study involving approximately 0.5 million UK
adults demonstrated the positive associations of general adiposity
(body mass index) and abdominal adiposity (waist circumference)
with IBD and was partially mediated by unhealthy metabolism and
inflammation. Interventional and experimental studies examining the
specific mechanism by which adiposity may influence the develop-
ment of IBD are warranted in the future.
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