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Aims: To determine the magnitude of the association between abdominal adiposity

o . (T2D) and to determine to what extent this association is mediated by low physical
Funding information

Danish Agency for Science and Higher activity level, hyperinsulinaemia, hyperglycaemia, dyslipidaemia, hypertension, and
Education, Grant/Award Numbers:
09-067009, 09-075724; Sundhedsstyrelsen;
Diabetesforeningen; Region Syddanmark; Materials and Methods: We measured waist circumference, clinical characteristics,
Novo Nordisk Fonden, Grant/Award Numbers:
NNF175A0030364, NNF17SA0030962-2,
NNF2000063292 (IL-6), and high-sensitivity C-reactive protein (hsCRP), in >9000 persons with recently

comorbidities.

and inflammatory markers i.e. tumour necrosis factor-alpha (TNF-a), interleukin-6

diagnosed T2D. We applied multiple mediation analysis using structural equation
modelling, with adjustment for age and sex.

Results: Waist circumference as a proxy for abdominal adiposity was positively asso-
ciated with all inflammatory markers. Hence, a one-standard deviation (SD) increase
in waist circumference (SD = 15 cm) was associated with a 22%, 35%, and 46% SD
increase in TNF-a (SD = 1.5 pg/mL), IL-6 (SD = 4.4 pg/mL), and hsCRP (SD =

6.9 mg/L), respectively. The level of hyperinsulinaemia assessed by fasting C-peptide
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1 | INTRODUCTION

In the general population, obesity, and in particular abdominal adipos-
ity, is associated with systemic low-grade inflammation, as demon-
strated by increased circulating levels of inflammatory markers such
as tumour necrosis factor-alpha (TNF-a), interleukin-6 (IL-6) and high-
sensitivity C-reactive protein (hsCRP).2™2 Increased systemic low-
grade inflammation is further associated with an increased risk of
cardiovascular disease (CVD).*> Abdominal obesity is also associated
with inflammatory markers in persons with type 2 diabetes (T2D).%”
However, the magnitude of this association and the role of putative
mediators that may contribute to this association remains to be estab-
lished in a large population recently diagnosed with T2D.

Recent studies in animals and human cell lines have shown that
hyperinsulinaemia and insulin resistance can promote inflammation in
adipose tissue, and hence systemic low-grade inflammation.®? Other
studies suggest that a low physical activity level is associated with a

higher degree of low-grade inflammation®!

and that hypertension,
dyslipidaemia, hyperglycaemia, and comorbidities could play a role in
the circulating levels of inflammatory markers.2>"1> However, it is
unknown if these clinical and metabolic factors, known to be altered
in persons with T2D, could mediate the association between abdomi-
nal obesity and systemic low-grade inflammation.

In the present study, we applied multiple mediation analysis to
determine the association between abdominal adiposity and systemic
low-grade inflammation in a large population recently diagnosed with
T2D, and to determine to what extent modifiable clinical and meta-

bolic factors altered in T2D contribute to this association.

2 | MATERIALS AND METHODS
21 | Study population

This cross-sectional study used data from the Danish Centre for Stra-
tegic Research in Type 2 Diabetes (DD2) cohort. Since 2010, study

was quantitatively the most important mediator, accounting for 9%-25% of the asso-
ciation between abdominal adiposity and low-grade inflammation, followed by low
physical activity (5%-7%) and high triglyceride levels (2%-6%). Although mediation of
adiposity-induced inflammation by greater comorbidity and higher glycated haemo-
globin levels reached statistical significance, their impact was minor (1%-2%).

Conclusions: In persons with recently diagnosed T2D, there was a clear association
between abdominal adiposity and low-grade inflammation. A considerable part (20%-
40%) of this association was mediated by other factors, with hyperinsulinaemia as a

potentially important driver of adiposity-induced inflammation in T2D.

body composition, cohort study, insulin resistance, observational study, population study, type

participants have been enrolled from general practice or hospital spe-
cialist outpatient clinics in Denmark and enrolment is ongoing.*® Upon
study enrolment, participants undergo a physical examination, includ-
ing blood sampling and measures of anthropometry, and fill out a
questionnaire regarding lifestyle and family history of T2D. In
December 2021, plasma samples in the biobank for the entire DD2
cohort were analysed for TNF-a, IL-6, and hsCRP levels (N > 9000).
Study participants gave written informed consent prior to participa-
tion. The study was approved by the Regional Committee on Medical
Health Ethics (5-20100082) and the Danish Data Protection Agency
(2008-58-0035) and was conducted in concordance with the Helsinki
Declaration II.

2.2 | Exposure (abdominal adiposity) and
outcomes (inflammatory markers)

We used waist circumference as a proxy for abdominal adiposity as it
has been shown to be the best anthropometric predictor of visceral
fat compared with body mass index (BMI) and waist-to-hip ratio.*”
Waist circumference was measured at study enrolment with measur-
ing tape between the lower rib margin and the iliac crest. Using the
Meso Scale Discovery technique with V-plex validated immunoassays
(Meso Scale Diagnostics, Rockville, MD, USA), we measured levels of
plasma TNF-a and IL-6 (pg/mL). Intra- and inter-plate coefficients of
variation were 5% and 14.4% for TNF-a, and 6.1% and 12.3% for IL-6.
We measured serum hsCRP (mg/L) with an enzyme-linked immuno-
sorbent assay technique using an in-house time-resolved immuno-
fluorometric assay, as previously described.®? Intra- and inter-assay

coefficients of variation were <5% and <6%, respectively.

2.3 | Mediators

Potential mediators comprised low physical activity level, estimates of

hyperinsulinaemia/insulin resistance and glycaemic control, lipids,
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blood pressure, and comorbidities. Physical activity was self-reported
using the validated Saltin-Grimby Physical Activity Level Scale.?° Data
on glycated haemoglobin (HbA1c), triglycerides, low-density lipopro-
tein (LDL) cholesterol, and systolic and diastolic blood pressure were
obtained from the Danish Diabetes Database of Adults (DDDA) using
the hospitals' routine analysis procedures closest to the date of enrol-
ment. Fasting serum C-peptide (pmol/L), as a marker of both hyperin-
sulinaemia and insulin resistance, was analysed using the Roche
C-peptide assay (Roche Diagnostics, Mannheim, Germany). Fasting
derived indices of insulin resistance and beta-cell function were esti-
mated using homeostatic model assessment (HOMAZ2-IR and
HOMAZ2-B, respectively) from fasting C-peptide and plasma glucose
levels.?! Information on comorbidities according to the Charlson
comorbidity index, excluding diabetes, was obtained via linkage to the
Danish National Patient Registry tracked 10 years back from date of

enrolment.??

24 | Covariates

Covariates comprised diabetes duration, smoking status, alcohol con-
sumption, birth weight, family history of T2D, and genetic predisposi-
tion to T2D. Diabetes duration was calculated from the number of
days between diabetes diagnosis and study enrolment. Diagnosis
of diabetes was obtained from the start-up interview with the general
practitioner or was otherwise defined from the first occurring event
of the following: (1) first glucose-lowering drug redemption; (2) first
diabetes-related contact with the hospital system; (3) first registration
in the DDDA,; or (4) study enrolment in DD2. Self-reported average
weekly alcohol consumption was derived from the start-up interview,
whereas self-reported smoking status was obtained from DDDA. Cur-
rent smoking comprised occasional smoking as well. Alcohol overuse
was defined as weekly consumption above 14 units for women and
21 units for men. Birth weight was obtained from midwife journals
retrieved from the Danish National Achieves. Family history of T2D in
children, siblings, parents, grandparents, and great-grandparents was
self-reported. Genotyping was performed using the Global Screening
Array-24 v2.0 (lllumina, San Diego, CA, USA). After removing individ-
uals and variants with >5% missingness in quality control, the geno-
type data were imputed using the Haplotype Reference Consortium
reference panel build GRCh37. The polygenic risk score was calcu-
lated using a published weighted score,?® and we were able to include
94% of the variants in the score. Genetic data were only available for
a subset of the study population (n= 3052). Glutamic acid
decarboxylase-autoantibodies (GAD-ab) were measured using the
AESKULISA GAD65 kit (AESKU Diagnostics, Wendelsheim, Germany),
with high sensitivity, specificity and positive predictive value.?*

2.5 | Statistical analysis

Due to a predominance of low values, the values of all inflammatory

markers were transformed according to the natural logarithm to

Mediator

Exposure [9 Outcome

FIGURE 1 Theoretical framework of how mediation is estimated.
The total effect (c) is the sum of the direct path (c') and indirect
path(s) (path a* path b).

obtain variance homogeneity and normal distributed residuals in the
statistical analyses. To further accommodate the statistical require-
ments of the mediation analysis and for ease of interpretation, all
included variables were standardized according to the standard devia-
tion (SD) scale. Four observations of unrealistic waist circumference
(<50 cm) were removed from the dataset after comparing waist cir-
cumference with measures of weight, height, and hip circumference.
Differences in characteristics of the study population across sex-
specific quartiles of abdominal adiposity were assessed using the
Kruskal-Wallis test.

Initially, we applied multiple linear regression analyses, adjusted
for age and sex, to determine the associations between degree of
abdominal adiposity and low-grade inflammation. This association
reflects the total effect and can be denoted as path c. Likewise, we
regressed abdominal adiposity on the potential mediators of low-
grade inflammation, denoted as the first mediating path (path a), and
we regressed the potential mediators on low-grade inflammation,
denoted as the second mediating path (path b). The potential mediator
was included in a subsequent mediation model only if both path a and
path b were statistically significant. Together, path a and path b consti-
tute the indirect effect of the association between, in this case,
abdominal adiposity and low-grade inflammation, denoted as the
direct effect (path c'). Hence, the total effect is the sum of the direct
and indirect paths (Figure 1). The mediators and confounders were
identified based on a directed acyclic graph (Supplementary
Appendix S1).

Subsequently, we carried out both single and multiple mediation
analyses using structural equation modelling with post hoc estima-
tions of the total, direct as well as indirect effect as proposed by Zhao
et al.2> This two-step approach includes (1) determining path a, path b
and path c¢' and (2) estimating the total effect (path c) by performing
bootstrapping with 1000 replications to obtain more precise confi-
dence intervals of the indirect and total effects. First, we performed
single mediation models, adjusted for age and sex, for each potential
mediator including physical activity, C-peptide, HOMA2-B
andHOMAZ2-IR, HbA1c, LDL cholesterol, triglycerides, diastolic and
systolic blood pressure, and comorbidities. Due to the varying number
of observations, the consequence of many data sources and general
data incompleteness, the direct effects differed across mediators.
Therefore, we performed multiple mediation analysis including only
significant mediators from the single mediation analyses to study the

concepts under the same conditions. We checked for multicollinearity
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TABLE 1 Characteristics of the study population stratified by sex-specific quartiles of abdominal adiposity.

Quartiles of waist
circumference

N (%)

Males, n (%)

Age, years

IL-6, pg/mL

TNF-a, pg/mL

Serum hsCRP, mg/L
Diabetes duration, years
Weight, kg

Height, cm

BMI, kg/m?

Waist circumference, cm

Hip circumference, cm
Birth weight, g

Family history of T2D,
n (%)

Polygenic risk score for
T2D

Smoking status, n (%)
Never
Former
Current

Alcohol overuse, n (%)

Leisure-time physical
activity, n (%)

Sedentary
Light activity

Moderate/vigorous
activity

Systolic BP, mmHg
Diastolic BP, mmHg
HbA1c, mmol/mol
HbA1c, %

Glucose, mmol/L
C-peptide, pmol/L
HOMA2-B, %
HOMA2-IR

LDL cholesterol, mmol/L

Triglycerides, mmol/L
Comorbidities, n (%)

No

1

2 or more
Pre-existing CVD, n (%)

Any glucose-lowering
drugs, n (%)

Metformin, n (%)

Sulphonylureas, n (%)

Q1957-94cm 3
53-100 cm

2557 (26.5)
1490 (58.3)
63.2(54.3; 69.7)
0.9 (0.7; 1.5)
0.9 (0.7; 1.1)
1.0(0.5;2.5)

0.9 (0.2; 2.5)

75 (67; 84)

171 (164; 178)
25.7 (23.8; 27.6)
92 (87; 96)

98 (94; 102)
3300 (3000; 3600)
1379 (53.9)

52.7 (52.6; 52.8)

768 (49.1)
482 (30.8)
313 (20.0)
133 (5.2)

246 (9.6)
1609 (63.1)
696 (27.3)

130 (120; 139)
80 (71; 84)

48.6 (43.2; 54.1)
6.6(6.1;7.1)

6.9 (6.2;7.9)

858 (654; 1151)
80.2 (61.1; 103.5)
2.1(1.6;2.8)
22(1.7;2.8)
1.3(1.0;1.9)

1590 (71.9)
316 (14.3)
304 (13.8)
388 (17.6)
1564 (70.8)

1501 (67.9)
94 (4.3)

Q29 101-109 cm &

95-103 cm
2382 (24.7)
1431 (60.1)
62.8 (54.0; 69.8)
1.1(0.8;1.7)
1.0(0.8;1.2)

1.7 (0.8; 3.5)

0.9 (0.1; 2.7)

88 (80; 95)

173.0 (165; 179)
29.3(27.5;31.2)
103 (100; 106)
105 (102.0; 110)
3400 (3000; 3700)
1264 (53.1)

52.7 (52.6; 52.8)

644 (46.4)
502 (36.2)
242 (17.4)
147 (6.2)

332 (14.0)
1520 (64.0)
522 (22.0)

130 (124; 140)
80 (75; 85)

48.6 (44.3; 55.2)
6.6 (6.2;7.2)
7.1(6.3;8.2)
1089 (854; 1427)
90.9 (69.8; 116.9)
2.7 (2.1; 3.5)
2.2(1.7; 2.8)

1.6 (1.2;2.3)

1389 (69.8)
306 (15.4)
295 (14.8)
373(18.7)
1470 (73.9)

1502 (67.9)
75(3.8)

Q39110-119cm 3

104-114 cm
2379 (24.7)
1383 (58.1)
61.6 (53.0; 68.4)
1.3(0.9; 1.9)
1.0(0.8;1.2)
2.3(1.1;4.7)

0.8 (0.1; 2.5)

97 (89; 106)

173 (166; 180)
32.3(30.2; 34.5)
112 (110; 115)
111 (107; 116)
3400 (3050; 3700)
1295 (54.4)

52.7 (52.6; 52.8)

637 (46.1)
481 (34.8)
264 (19.1)
159 (6.7)

477 (20.1)
1506 (63.5)
390 (16.4)

131 (125; 141)

80 (75; 87)

49.7 (44.3; 56.3)
6.7 (6.2; 7.3)
7.3(6.5; 8.3)

1269 (1015; 1665)
98.9 (76.0; 127.2)
3.1(2.5;4.1)
22(1.7;2.8)
1.8(1.3;2.5)

1270 (65.8)
340 (17.6)
320 (16.6)
396 (20.5)
1469 (76.1)

1503 (67.9)
86 (4.5)

Q4 2 120-209 cm 3

115-197 cm
2322 (24.1)
1349 (58.1)
58.1(49.8; 65.8)
1.6 (1.1;2.3)
1.1(0.9; 1.3)
3.8(1.8;7.5)

0.7 (0.1; 2.6)
115 (105; 128)
175 (168; 181)
37.8(34.9; 41.5)
125(121; 132)
122 (116; 131)
3500 (3100; 3780)
1209 (52.1)

52.7 (52.6; 52.8)

532 (43.1)

453 (36.7)

248(20.1)
(

660 (28.5)
1389 (59.9)
270 (11.6)

130 (124; 140)

80 (75; 88)

50.8 (45.4; 58.5)
6.8 (6.3; 7.5)
7.3(6.6; 8.5)

1531 (1219; 1937)
108.8 (83.4; 141.5)
3.8(3.0;4.9)
22(1.7;2.8)

1.9 (1.4;2.7)

1215 (66.9)
336 (18.5)
265 (14.6)
322 (17.7)
1421 (78.2)

1504 (67.9)
85(4.7)

p
value

0.44

<0.01
<0.01
<0.01
<0.01
0.01

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.41

0.06

0.01
0.15

<0.01

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.90

<0.01

<0.01
0.07
<0.01

<0.01
0.55
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TABLE 1 (Continued)
Quartiles of waist Q1957-94cm g3 Q29 101-109 cm & Q39110-119cm 3 Q4 2 120-209 cm 3 p
circumference 53-100 cm 95-103 cm 104-114 cm 115-197 cm value
GLP-1 analogues, n (%) 46 (2.1) 62(3.1) 114 (5.9) 138 (7.6) <0.01
SGLT2 inhibitors, n (%) 17 (0.8) 28 (1.4) 28 (1.5) 30(1.7) 0.07
Insulin, n (%) 96 (4.3) 103 (5.2) 103 (5.3) 137 (7.5) <0.01
Any CVD drug, n (%) 1616 (73.1) 1521 (76.4) 1561 (80.9) 1447 (79.7) <0.01
Antihypertensive drugs, n 888 (40.2) 926 (46.5) 1026 (53.2) 991 (54.6) <0.01
(%)
Statins, n (%) 1140 (51.6) 1021 (51.3) 1034 (53.6) 952 (52.4) 0.48

Abbreviations: BMI, body mass index; BP, blood pressure; CVD, cardiovascular disease; GLP-1, glucagon-like peptide-1; HbAlc, glycated haemoglobin;
HOMAZ2-B, homeostatic model assessment of beta-cell function; HOMA2-IR, homeostatic model assessment of insulin resistance; hsCRP, high-sensitivity
C-reactive protein; IL-6, interleukin-6; SGLT2, sodium-glucose cotransporter-2; T2D, type 2 diabetes; TNF-a, tumour necrosis factor-alpha.

among all mediators as high correlation would violate the statistical
model assumption of the multiple mediation model. If mediators were
highly correlated, we excluded the least significant mediator. The
direct and indirect effects were presented in both absolute and rela-
tive terms. In absolute terms, the beta-coefficients resembled ‘X’ SD
change in levels of inflammatory markers on the logarithmic scale by a
1-SD increase in waist circumference. In relative terms, we presented
both the ratio of the indirect to the total effect (RIT) as well as the
direct effect to the total effect.

To account for more extensive confounder adjustment, diabetes
duration, smoking, alcohol, birth weight, and family history of T2D
were included in addition to age and sex (Model 2), and ultimately a
polygenic risk score for T2D was included as well (Model 3). To mini-
mize biased results due to selection of study participants with
extended confounder adjustment, post hoc sensitivity analyses were
performed by restricting the main analysis to the reduced sample sizes
of Models 2 and 3. Two additional sensitive analyses were further
conducted to investigate if the exclusion of persons with suspected
acute inflammation (hsCRP >10 mg/L) or autoimmune diabetes (GAD-
ab >20 IU/mL) would change the estimates of the total, direct, and
indirect effects.

Data were analysed using Stata/BE 17.0 (StataCorp, College Sta-
tion, TX, USA) with a two-sided p value of 0.05. For the mediation

analysis the Stata package medsem was applied.

3 | RESULTS

3.1 | Descriptive statistics

Younger age and higher levels of inflammatory markers, anthropomet-
ric measures, sedentary lifestyle, hyperinsulinaemia, insulin resistance,
beta-cell function, hyperglycaemia, and triglycerides, as well as more
frequent use of any glucose-lowering, CVD or antihypertensive drugs,
were associated with higher levels of sex-adjusted waist circumfer-
ence (Table 1). We found that waist circumference was more strongly
associated with inflammatory markers compared with BMI and waist-

to-hip ratio (data not shown).

3.2 | Single mediation model

Regression analyses, adjusted for age and sex, revealed significant
associations between waist circumference and inflammatory markers.
Hence, a 1-SD increase in waist circumference (SD = 15 cm) was
associated with a 22%, 35%, and 46% SD increase in TNF-a
(SD = 1.5 pg/mL), IL-6 (SD = 4.4 pg/mL), and hsCRP (SD = 6.9 mg/L),
respectively. Of all the tested paths between exposure - mediator
(path a) and mediator = outcome (path b) only LDL cholesterol
among the chosen potential mediators (see above) was not signifi-
cantly associated with either waist circumference or TNF-a and IL-6
(data not shown). The remaining potential mediators comprising fast-
ing C-peptide, HOMA2-B, HOMAZ2-IR, physical activity, triglycerides,
HbA1c, diastolic and systolic blood pressure, and comorbidities were
included in a single mediation analysis performed for each mediator
separately (Supplementary Appendix S2-S4). These results showed
significant mediation by all the abovementioned factors except
diastolic and systolic blood pressure. However, due to multicollinear-
ity between fasting C-peptide, HOMA2-B and HOMAZ2-IR, only
fasting C-peptide was included as a marker of hyperinsulinaemia in
the multiple mediation model. Fasting C-peptide was selected over
HOMA2-B and HOMA2-IR because of its higher indirect effect
(RIT=12.3%-35.3% vs. RIT =24%-15.8% for HOMA2-B, and
RIT = 12.1%-28.1% for HOMA2-IR).

3.3 | Multiple mediation model

In multiple mediation models, including fasting C-peptide, physical
activity, triglycerides, HbA1c, and comorbidities (Figures 2-4), fasting
C-peptide was the strongest mediator, explaining 9%-25% of the
association between waist circumference and low-grade inflammation,
followed by physical activity (5%-7%), triglycerides (1%-6%), HbAlc
(1%), and comorbidities (1%-2%).

In total, when adding up the RIT of the indirect effects, 39.8%,
25.3%, and 19.7% of the association between waist circumference
and circulating levels of TNF-a, IL-6, and hsCRP were explained by
the studied mediators, respectively (Figures 2-4). Serum hsCRP
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FIGURE 2 Estimates of multiple
mediation of the association between
waist circumference and interleukin-6
(IL-6), adjusted for age and sex. N = 4500.
Beta-coefficients resemble ‘X’ standard
deviation (SD) change in levels of
inflammatory marker on the logarithmic
scale by a 1-SD increase in waist
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el 0.221 (0.190; 0.253)** ~
Waist C’ (di
. (dircct path) ) IL-6
circumference

circumference. Percentages in the pie
chart represent the ratio of the indirect to

S~ 0.005 (0.001; 0.010)*
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0.004 (0.002; 0.007)**

0.058 (0.045; 0.072)**

0.012 (0.005; 0.019)**

__~ Physical activity

the total effect, as well as the direct effect
to the total effect. *p = 0.03. **p <0.01.
HbA1c, glycated haemoglobin.

FIGURE 3 Estimates of multiple
mediation of the association between
waist circumference and tumour necrosis
factor-alpha (TNF-a) adjusted for age and
sex. N = 4505. Beta-coefficients resemble
‘X’ standard deviation (SD) change in
levels of inflammatory marker on the
logarithmic scale by a 1-SD increase in

— 0.139 (0.107; 0.170)**
Waist C’ (direct path)
circumference

waist circumference. Percentages in the
pie chart represent the ratio of the

~ 0.014 (0.009; 0.019)** =

Triglycerides

0.004 (0.002; 0.007)**

0.004 (0.002; 0.007)**

showed the strongest total (B = 0.390) and direct effects (B = 0.313),
whereas plasma TNF-a showed the weakest total (B = 0.231) and
direct effects (B = 0.139) but a strong degree of mediation in return.
However, when examining estimates from the multiple mediation
models, we discovered almost identical absolute indirect effects for
IL-6 and hsCRP. The pattern of mediation between waist circumfer-
ence and plasma TNF-a was different, although the minor indirect
effect of HbA1c was similar across all inflammatory markers.

To examine the influence of diabetes duration, smoking, alcohol,
birth weight, family history of T2D, and genetic predisposition to
T2D, we performed the multiple mediation analyses with extended
confounder adjustment to observe if the total, direct and indirect
effects changed under these conditions. Hence, in Models 2 and
3, we obtained overall comparable estimates of total, direct and indi-
rect effects to the parsimonious model, adjusted for age and sex.

Triglycerides did not mediate the association between waist circumference

indirect to the total effect, as well as the
direct effect to the total effect. *p <0.01.
HbA1c, glycated haemoglobin.

and IL-6 in Model 2, resulting in absolute and relative higher mediation
by the remaining mediators (Supplementary Appendix S5). Further-
more, estimates of total, direct and indirect effects tended to increase
by extended confounder adjustment for IL-6 but decrease for TNF-q,
whereas total and direct effects increased, and indirect effects
decreased for hsCRP in Model 3 (Supplementary Appendix Sé). How-
ever, fasting C-peptide (8%-25%) and physical activity level (5%-9%)
remained the most important mediators, followed by triglycerides
(1%-6%), HbAlc (1%-2%) and comorbidities (1%-2%), despite adjust-
ing for potential confounding.

3.4 | Sensitivity analyses

Restricting the study sample to the sample sizes derived from Model

2 (Supplementary Appendix S7) and Model 3 (Supplementary
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FIGURE 4 Estimates of multiple
mediation of the association between
waist circumference and high-sensivity
C-reactive protein (hsCRP), adjusted for

age and sex. N = 4505. Beta-coefficients Y
resemble ‘X’ standard deviation //

(SD) change in levels of inflammatory ////////
marker on the logarithmic scale by a 1-SD el

increase in waist circumference. Waist

_» Physical activity

0.036 (0.023; 0.048)**

C-peptide

0.022 (0.015; 0.029)**

0.313 (0.282; 0.344)**
C’ (direct path)

circumference

Percentages in the pie chart represent the
ratio of the indirect to the total effect, as
well as the direct effect to the total effect.
*p <0.01. HbA1c, glycated haemoglobin.

Appendix S8), we obtained comparable estimates of total, direct and
indirect effects to the estimates derived from the parsimonious model.
We observed slightly higher total effects with reduced sample sizes
for plasma IL-6 and serum hsCRP, whereas total effects were reduced
for plasma TNF-a. Plasma triglyceride level was no longer a significant
mediator of the association between waist circumference and plasma
IL-6 when the sample size was reduced. Likewise, HbA1c was no lon-
ger a significant mediator of the association between waist circumfer-
ence and plasma TNF-a when the sample size was reduced equal to
Model 3 (Supplementary Appendix S8).

When we excluded persons with indication of acute inflammation
(hsCRP 210 pg/mL), we found the same structural pattern of associa-
tions, although the total, direct and indirect effects were slightly
attenuated (Supplementary Appendix S9). The association between
waist circumference and plasma TNF-a was less impacted by this
exclusion. Excluding persons with indication of autoimmune diabetes
(GAD-ab >20 IU/mL) did not change the structural pattern of associa-
tions or attenuate the effects substantially either (Supplementary
Appendix S10).

4 | DISCUSSION

The aim of the present study was to decompose the association
between abdominal adiposity and low-grade inflammation into direct
and indirect effects in persons with recently diagnosed T2D. Apart
from a direct effect of abdominal adiposity on low-grade inflamma-
tion, we hypothesized that this association could in part be mediated
by clinical and metabolic factors related to the T2D diagnosis. Consis-
tent with our hypothesis, we found that abdominal adiposity was pos-
itively associated with circulating levels of both TNF-a, IL-6, and
hsCRP in a large population with recently diagnosed T2D. Moreover,
the results from our multiple mediation analyses demonstrated that

clinical and metabolic factors, in particular fasting hyperinsulinaemia

A Triglycerides |

0.008 (0.003; 0.012)**

0.006 (0.003; 0.009)**

0.005 (0.002; 0.008)**

and low physical activity level, mediated the association between

abdominal adiposity and systemic low-grade inflammation in persons
with T2D. Indeed, we found these factors explained 20%-40% of the
total association between abdominal adiposity and systemic low-
grade inflammation. These results suggest that targeting not only
abdominal adiposity but also hyperinsulinaemia/insulin resistance and
physical inactivity could reduce systemic low-grade inflammation in
persons recently diagnosed with T2D. At present, the most promising
interventions to reduce hyperinsulinaemia and insulin resistance
include weight loss induced either by diets, bariatric surgery or
incretin-based therapies as well as increased physical activity. In addi-
tion, further studies are needed to establish if these mediations
between abdominal adiposity and low-grade inflammation play a role
in the increased risk of CVD observed in persons with T2D.

A mechanistic study has reported that obesity-induced insulin
resistance in mice precedes macrophage accumulation and inflamma-
tion in adipose tissue.” This result was further supported by the
observed correlation between HOMAZ2-IR and activation of pro-
inflammatory macrophages in visceral adipose tissue from individuals
with a BMI above 30 kg/m2’ Our findings lend support to this
hypothesis, although we were unable to isolate the role of hyperinsuli-
naemia from the role of insulin resistance. Interestingly, human white
adipose tissue was recently shown to display selective insulin resis-
tance in the obese state.? Thus, it is possible that hyperinsulinaemia
and insulin resistance are mutually interrelated by both promoting
systemic low-grade inflammation.?” In line with this, evidence for a
role of hyperinsulinaemia was provided in a study showing that a 50%
pharmacological reduction of circulating insulin by diazoxide or strep-
tozotocin in obese mice resulted in decreased adipose tissue inflam-
mation.? In the present study, we provide evidence for a potential
additive effect of hyperinsulinaemia in adiposity-induced low-grade
inflammation in a large cohort of patients with recently diagnosed
T2D, and, hence in a population with a higher degree of insulin resis-

tance than in non-diabetic obese populations. To the best of our
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knowledge, the contribution of fasting hyperinsulinaemia to the asso-
ciation between abdominal adiposity and low-grade inflammation has
not previously been reported in a T2D population. Since our findings
provide evidence that increased fasting hyperinsulinaemia in T2D
mediates the association between abdominal adiposity and systemic
low-grade inflammation, this mechanism might also contribute to the
residual CVD risk in T2D.2®

Both increased abdominal adiposity and decreased physical activ-
ity are associated with systemic low-grade inflammation.2? Although
physical inactivity contributes to chronic inflammation induced by vis-
ceral fat accumulation, physical inactivity has also been shown to
increase circulating levels of IL-6 and CRP independent of obesity sta-
tus.3% Here, we evaluated a potential role of physical inactivity in
mediating the association between abdominal adiposity and low-grade
inflammation. We found that low physical activity level accounted for
5%-7% of the association between abdominal adiposity and circulat-
ing markers of low-grade inflammation in a large population with
recently diagnosed T2D. Although regular physical activity may coun-
terbalance obesity-induced inflammation by direct effects on either
abdominal obesity or low-grade inflammation, our results provide evi-
dence that the impact of physical activity on the association between
abdominal adiposity and low-grade inflammation is relatively small in
our T2D population. Whether this is due to the fact that physical
activity was self-reported remains to be established in future studies
using a more rigorous estimation of the physical activity level, for
example, by accelerometers. A meta-analysis of randomized controlled
exercise trials in T2D patients reported significant reductions in circu-
lating levels of IL-6, CRP and TNF-a, with the largest reduction
observed in TNF-a.3! One of the studies included in the meta-analysis
reported an exercise-induced reduction in hsCRP independent of the
changes in BMI or waist circumference.®> However, it is unclear to
what extent weight loss or reduction in abdominal adiposity contrib-
uted to the positive effect of physical activity on these inflammatory
markers. Thus, further prospective studies are necessary to establish a
role of physical activity in the association between abdominal adipos-
ity and markers of systemic low-grade inflammation in T2D.

As plasma triglyceride levels correlate with the degree of hyperin-
sulinaemia due to selective insulin resistance in the liver,*® and hyperin-
sulinaemia may promote inflammation in adipose tissue® it is
reasonable to suggest a role of triglycerides in the accumulation of sys-
temic low-grade inflammation. High levels of triglycerides are a meta-
bolic derangement frequently observed in persons with T2D, and this is
further aggravated in the presence of abdominal obesity.>* We found
that triglyceride levels accounted for 1%-6% of the total effect of
abdominal adiposity on markers of low-grade inflammation. A previous
study has reported an association between higher LDL-triglycerides
and higher levels of IL-6 and hsCRP.3® However, the association
between plasma triglycerides and systemic low-grade inflammation in
T2D patients is only sparsely examined, and further studies are there-
fore needed to confirm a role of triglycerides in the association
between abdominal adiposity and low-grade inflammation.

A strength of this study is the large study population consisting of
a representative sample of persons with recently diagnosed T2D

enrolled from the primary healthcare.*® We believe these results can
be generalized to other populations with recent-onset T2D, although,
other non-European populations may be more or less predisposed to
abdominal obesity, which may change the strength of the direct and
indirect effects. Another strength is the use of national health registry
data from the Danish Health Data Authority, providing us with com-
plete and highly accurate data on hospital diagnoses and prescriptive
medicine use. We further applied waist circumference, which is a bet-
ter proxy of abdominal obesity than BMI or waist-to-hip ratio.'”

Our study focused on the association between abdominal adipos-
ity and low-grade inflammation and the potential contribution of
selected clinical and metabolic factors related to T2D to this associa-
tion. This means that any direct effects of these factors on the degree
of abdominal adiposity or low-grade inflammation were not evaluated.
This study was further limited by its cross-sectional study design. The
assumption of mediation requires temporality, and our inference of
causality is hampered by all data being measured at study enrolment.
However, we constructed a directed acyclic graph to illustrate and jus-
tify how we operationalized our theories. Another limitation related
to the mediation analysis is the simulated data, as the mediation
model relies on counterfactuals. Consequently, we performed a large
number of Monte Carlo replications to ensure our estimates had more
precise confidence intervals. The use of fasting C-peptide is another
potential limitation in the interpretation of our data because this mea-
sure of hyperinsulinaemia cannot clearly be separated from insulin
resistance. A surrogate measure of insulin resistance, HOMAZ2-IR, also
showed mediating effects, although to a weaker extent. Furthermore,
the use of self-reported physical activity rather than, for example,
accelerometer-based assessment of physical activity, is a limitation.
Finally, we acknowledge that residual confounding due to imperfectly
measured, unmeasured, or unknown confounders associated with
both abdominal adiposity and inflammation could have influenced
some of the observed associations. For example, some misclassifica-
tion of self-reported smoking and alcohol use may have occurred, but
there were no systematic differences in the distribution of smoking
and alcohol consumption across quartiles of waist circumference
(Table 1), and our main results were unchanged when we adjusted for
these factors (i.e., in Models 2 and 3).

In conclusion, our study shows that a higher degree of abdominal
adiposity is associated with higher circulating levels of TNF-a, IL-6,
and hsCRP in a large population with recently diagnosed T2D. Impor-
tantly, we demonstrated that fasting C-peptide, physical activity, tri-
glycerides, comorbidities, and HbAlc partially mediate this association
and that these mediating paths are robust to confounder adjustment
including lifestyle factors, birth weight, family history of T2D, and
genetic predisposition to T2D. Fasting C-peptide was quantitatively
the most important mediating factor, suggesting an exacerbating
effect of hyperinsulinaemia in adiposity-induced low-grade inflamma-
tion. However, the observed associations need to be confirmed in
prospective cohort studies or clinical trials enabling causal interpreta-
tion of the direct and indirect effects. Thus, insulin-sensitizing inter-
ventions including increased physical activity and/or weight loss in

larger cohorts with T2D could provide valuable insight into the

85U8017 SUOWWOD SAIERID 3 deat[dde au A peusenob s saole YO ‘8sh J0 SNl 1oy Akeid1auljuQ A1 UO (SUONIPUOD-PUB-SULLIBI WD A8 1M AReiq 1 Ul |Uo//:Schiy) SUOIIPUOD pue swie | 84} 88S *[7z02/€0/yT] Uo ARiqi]auliuo A8|Im Hewusd ueyinos JO Areiqi] AiseAun A $TSST WOP/TTTT OT/I0p/W0 A8 | im Ake.d 1 puluo'sgnd-Lop//:sdny wouy pspeojumoq ‘0 ‘9zeTEIrT



DOMAZET ET AL

WILEY_L_°

complex metabolic interactions between abdominal adiposity and
low-grade inflammation. In addition, future prospective studies are
needed to examine the associations of clustering of central adiposity,
chronic low-grade inflammation, and hyperinsulinaemia/insulin resis-

tance with risk of CVD in persons with recently diagnosed T2D.
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