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Associations of body shape index
(ABSI) and hip index with liver,
metabolic, and inflammatory
biomarkers in the UK Biobank
cohort

Sofia Christakoudi*2?*?, Elio Riboli, Evangelos Evangelou* & Konstantinos K. Tsilidis

Associations of liver, metabolic, and inflammatory biomarkers in blood with body shape are unclear,
because waist circumference (WC) and hip circumference (HC) are dependent on overall body size,
resulting in bias. We have used the allometric “a body shape index” (ABSI =WC(mm,*Weight(kg)'2’3*
Height,,,*) and hip index (Hl,omen = HC eyt Weight ) **82xHeight )%, Hlynen = HC ¥ Weight ) 2%+
Height,,**), which are independent of body mass index (BMI) by design, in multivariable

linear regression models for 121,879 UK Biobank men and 135,559 women. Glucose, glycated
haemoglobin (HbA1c), triglycerides, low-density-lipoprotein cholesterol, apolipoprotein-B, alanine
aminotransferase (ALT), gamma-glutamyltransferase, and lymphocytes were associated positively
with BMI and ABSI but inversely with HI. High-density-lipoprotein cholesterol and apolipoprotein-Al
were associated inversely with BMI and ABSI but positively with HI. Lipid-related biomarkers and ALT
were associated only with Hl in obese men. C-reactive protein, neutrophils, monocytes, and alkaline
phosphatase were associated positively, while bilirubin was associated inversely, with BMI and ABSI
but not with HI. Associations were consistent within the clinical reference ranges but were lost or
changed direction for low or high biomarker levels. Our study confirms associations with waist and
hip size, independent of BMI, for metabolic biomarkers but only with waist size for inflammatory
biomarkers, suggesting different contribution of the mechanistic pathways related to body shape.

Abbreviations

ABSI A body shape index

BMI Body mass index

CI Confidence interval

HC Hip circumference

HI Hip index

HR Hazard ratio

NHANES National Health and Nutrition Examination Survey
SD Standard deviation

wC Waist circumference

Obesity is associated with type 2 diabetes, cardiovascular diseases, and chronic low-grade inflammation’?. Obe-
sity is additionally associated with non-alcoholic fatty liver disease (NAFLD)?, and the histological evidence for
liver damage is dramatically reduced after bariatric surgery, alongside a reduction of body mass index (BMI)*.
Nevertheless, diabetes and NAFLD can also be present in non-obese individuals™®, and it remains unclear
whether any improvements after bariatric surgery are a direct effect of fat reduction or the result of other meta-
bolic and hormonal changes. Notably, the complications of obesity are dependent not simply on fat quantity but
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also on the location of fat accumulation, with abdominal and more specifically visceral fat contributing to a higher
risk and gluteofemoral fat showing an apparently protective effect”®, supporting the involvement of alternative
mechanistic factors beyond fat excess. Studies evaluating associations with body shape, however, have tradition-
ally used waist and hip circumference’, which are not only strongly correlated with each other, but as absolute
measures of regional body size are dependent on overall body size reflected in BMI. Consequently, statistical
models including simultaneously waist and hip circumference and BMI with the aim of mutual adjustment
provide biased risk estimates, overestimating both the positive and the inverse associations'®!!.

Conversely, “a body shape index” (ABSI) and hip index (HI) are allometric anthropometric indices independ-
ent of BMI by design and compare waist and hip size among individuals with the same weight and height!>1°.
Body shape phenotypes defined with ABSI and HI also provide information for body composition, with phe-
notypes with discordant ABSI and HI showing the largest difference in visceral adipose tissue (VAT) (lowest
for small-ABSI-large-HI, “pear”, highest for large- ABSI-small-HI, “apple” phenotype) and, in women, also the
largest difference in gynoid fat mass (lowest for “apple’, highest for “pear” phenotype)'*. Associations of ABSI
and HI with clinical outcomes such as cardio-metabolic diseases, cancer, and mortality have previously been
evaluated!®!>1>16 but their associations with metabolic and inflammatory biomarkers have received little atten-
tion. Examining associations with clinically relevant biomarkers is important because biomarker dichotomisa-
tion in order to define a clinical outcome such as diabetes or dyslipidaemia overlooks the continuity in their
spectrum and precludes the identification of associations within the biomarker reference ranges, which may
provide mechanistic insights.

Therefore, using data from the UK Biobank cohort, we have examined the associations of body shape pheno-
types based on ABSI and HI with blood levels of liver function tests and metabolic and inflammatory biomarkers
and have explored the linearity of the associations across biomarker levels and their heterogeneity according to
body size, medication use, and alcohol consumption.

Methods

Study population. UK Biobank is a population-based cohort, including half a million individuals regis-
tered with the National Health Service of the of the United Kingdom and living within 40 km of the assessment
centres in England, Scotland, and Wales, which were recruited between 2006 and 2010 at age 40 to 70 years'”.
Consistent with our previous reports'®', we limited this study to participants with self-reported white ancestry,
as there were insufficient numbers from other ethnicities. We also excluded participants, if their anthropomet-
ric measurements were missing or extreme (height< 130 cm, waist circumference < 50 or>160 cm, BMI<18.5
or =45 kg/m?, as these BMI groups were small but could have large leverage on the results), or if their genetically-
determined sex did not match the self-reported sex, or if they were pregnant at enrolment. To reduce the poten-
tial influence of reverse causality, we further excluded participants, if they had prevalent cancer at enrolment
(defined as in'?), if they developed cancer or died within two years after enrolment, if they had reported diabetes
mellitus (including type 1 and type 2) at enrolment, or if they had reported thyroid, pituitary, adrenal, or other
endocrine non-cancer illness, or inflammatory bowel disease, or liver disease, or kidney failure, or chronic res-
piratory disease, or heart failure (see lists of illnesses in the legend of Supplementary Figure S1), or if they were
receiving lipid lowering drugs or exogenous glucocorticoids at enrolment (listed in Supplementary Table S1),
or anti-hypertensive drugs, or hormone replacement therapy (HRT), or oral contraceptives (as these can affect
some metabolic biomarkers, see definition of variables in Supplementary Methods). Finally, we excluded par-
ticipants with missing all biomarker measurements (ensuring that each participant included in the study con-
tributes to at least one biomarker). In total, we excluded 244,974 participants (48.8%, Supplementary Figure SI).

Body-shape indices. Anthropometric measurements were obtained by trained UK Biobank technicians,
at the natural indent or the umbilicus for waist circumference, or at the widest point for hip circumference'®.
We calculated ABSI for both sexes and HI for women with coefficients from the National Health and Nutrition
Examination Survey (NHANES)'>"3. For HI in men, we used coefficients based on UK Biobank data, to avoid the
inverse correlation between HI and BMI introduced by the coefficients from NHANES™:

ABSI = WC(mm) * Weight (kg) >/ % Height(m)®/®

) —0.482 0.310

Hlwomen = HC(cm) * Weight (kg * Height(cm)

2/

Hlpen = HC(cm) * Weight(kg) ™~ ® x Height(cm)'/®

BMI = Weight(kg) * Height(m) >

We standardised anthropometric indices to sex-specific z-scores when using them on a continuous scale
(value minus mean, divided by standard deviation, SD). We defined body shape phenotypes with dichotomised
ABSI (=80 for men, >73 for women) and HI (=49 for men, > 64 for women), as in our previous study'*: “pear”
- small-ABSI-large-HI (reference), “slim”—small-ABSI-small-HI, “wide” - large-ABSI-large-HI, “apple”—
large-ABSI-small-HI'*. We defined BMI categories according to the World Health Organisation criteria: normal
weight (BMI>18.5 to <25 kg/m?, reference), overweight (BMI > 25 to <30 kg/m?), obese (BMI>30 to <45 kg/

m?) and additionally defined combined categories by ABSI, HI, and BMI (“pear” normal weight reference).
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Biomarker measurements. Blood samples in UK Biobank were obtained throughout the day (8 am to
9 pm), with no specific requirements for fasting. Serum levels of biomarkers were measured on a Beckman Coul-
ter AU5800 analyser. As liver function tests, we examined bilirubin (total and direct, measured with colorimetric
assays), and liver enzymes (measured with enzymatic rate assays): aspartate aminotransferase (AST), alanine
aminotransferase (ALT), gamma glutamyltransferase (GGT), and alkaline phosphatase (ALP). As biomarkers
of lipid metabolism, we examined high-density lipoprotein cholesterol (HDL-C, enzyme immune-inhibition
assay), low-density lipoprotein cholesterol (LDL-C, enzymatic selective protection assay), triglycerides (enzy-
matic assay), apolipoproteins Al and B (ApoAl, ApoB, immuno-turbidimetric assays). As biomarkers of glu-
cose metabolism, we examined serum glucose (enzymatic assay) and HbA1lc (measured in red blood cells with
high-performance liquid chromatography on Bio-Rad VARIANT II Turbo analyser), which is not affected by
fasting and provides information for glucose status over the last three months. As inflammatory biomarkers, we
examined white blood cell counts (lymphocytes, monocytes, neutrophils) and serum levels of C-reactive protein
(CRP, high sensitivity immuno-turbidimetric assay).

Direct bilirubin was below the limit of detection for 7.0% of men and 21.8% of women and, for these, we used
quantile regression imputation of truncated left-censored data (QRILC), which estimates the parameters of the
distribution from the available data (imputeLCMD v2.0 package in R). For the remaining biomarkers, values
outside the limits of detection were few (< 0.5%) and were assigned, correspondingly, to half the lowest detected
level or to the highest detected level (Supplementary Table S2).

We log-transformed all biomarker measurements, to mitigate the influence of right-skewed distributions,
and calculated sex-specific z-scores, to provide a standardised scale for comparability.

Statistical analysis. To examine associations of biomarkers with body shape, we calculated SD differences
(95% confidence intervals) with multivariable linear regression models. To examine independent associations
with waist and hip size, for each biomarker as an outcome, we used an additive model including ABSI, HI, and
BMI on a continuous scale (sex-specific z-scores), and covariates, interpreting the estimates as SD difference in
biomarker levels per one SD increment of the anthropometric index. To examine associations with body shape
phenotypes, we used a model including the ABSI-by-HI cross-classification (“pear” reference, “slim’, “wide’,
“apple”), BMI categories, and covariates. To examine heterogeneity by body size, we used categories combining
body size and body shape in the BMI-by-ABSI-by-HI cross-classification, which is equivalent to an interaction
model. As in our previous study'’, covariates evaluated at enrolment and used for adjustment of all models com-
prised height, age, weight change within the last year preceding enrolment, smoking status, alcohol consump-
tion, physical activity, Townsend deprivation index (tertiles), region of the assessment centre, and additionally
time of blood collection, fasting time, use of nonsteroidal anti-inflammatory drugs (NSAID, as these may affect
inflammatory factors), paracetamol use (as this may affect liver function tests), and in women also menopausal
status, oral contraceptives use (never, past), HRT use (never, past), and age at the last live birth. Covariates were
mainly defined as previously', with the study specific definitions explained in Supplementary Methods. We
replaced missing values for covariates with the median sex-specific value or category, as missing information
was limited (Supplementary Table S2).

We examined the consistency of the associations with BMI, ABSI, or HI (on a continuous scale) across the
available range of biomarker levels, using as a smoothing function generalised additive models with restricted
maximum likelihood (REML) estimation (package mgcv v1.8-39 implemented in ggplot2 v.3.3.5 in R). For each
of the anthropometric indices we used residuals from multivariable linear regression models including the other
two anthropometric indices and covariates. We further examined non-linearity by including in fully adjusted
models restricted cubic splines for one of the anthropometric indices on a continuous scale (using function rcs
from package rms v.6.2-0 in R, with knots at -2, 0, and 2 for sex-specific z-scores) and the other two anthro-
pometric indices on a linear scale. For biomarkers with plots suggesting change of direction in the associations
towards the tails of the distributions, we additionally calculated SD differences with fully adjusted linear models
for subgroups according to biomarker levels. As biomarkers reach clinically relevant levels towards the tails of
their distributions, examining the central part of the distribution acts as a sensitivity analysis, excluding any
underlying medical conditions contributing to the tails.

To evaluate the statistical significance of individual terms, we used Wald tests. To evaluate the contribution of
body shape phenotypes overall, we used a likelihood ratio test, comparing a model including BMI categories and
covariates with a model additionally including an ABSI-by-HI cross-classification. To evaluate heterogeneity by
BMI, we used a likelihood ratio test, comparing the additive model including the ABSI-by-HI cross-classification,
BMI categories and covariates with the interaction model including the BMI-by-ABSI-by-HI cross-classification
and covariates. To evaluate non-linearity, we used a likelihood ratio test, comparing the additive model includ-
ing BMI, ABSI, and HI on a continuous scale and covariates with the model replacing the linear term for one
of the anthropometric indices with the corresponding restricted cubic splines. Tests for statistical significance
were two-sided, considering p <0.0001 as evidence for association (equivalent to a Bonferroni correction for
500 comparisons) and p < 1*107° as a strong evidence for association (equivalent to a Bonferroni correction for
50,000 comparisons).

To examine associations between biomarkers, we calculated partial Pearson correlation coeflicients with
adjustment for ABSI, HI, BMI (continuous, z-scores), and covariates as above (except for region of the assess-
ment centre and age at the last live birth).

In sensitivity analyses, we examined the influence of covariates overall in unadjusted models (including
only BMI, ABSI, and HI), the influence of recent weight change (excluding participants reporting weight loss or
weight gain within the year preceding enrolment), and the influence of medication use and alcohol consumption,
examining subgroups with no NSAID or paracetamol use, as well as subgroups with NSAID use, paracetamol
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use, and different quantities of alcohol consumption. All subgroup analyses were based on fully adjusted models,
omitting the corresponding variable, which defined the subgroups.
We used R version 4.1.3 for all analyses'.

Ethical approval and consent to participate. This research was conducted according to the principles
expressed in the Declaration of Helsinki. The UK Biobank cohort has been approved by the North West Multi-
center Research Ethics Committee, UK (Ref: 16/NW/0274). Written informed consent has been obtained from
all study participants. The current study was approved by the UK Biobank access management board. Partici-
pants who had withdrawn consent by the time of the analysis were excluded from dataset.

Results

Cohort characteristics. The study included 121,879 men and 135,559 women. Consistent with our pre-
vious study', participants with large ABSI (“apple” and “wide” phenotypes) were older and with less healthy
lifestyle compared to participants with small ABSI (“pear” and “slim” phenotypes) (Table 1, Supplementary
Table S3). The proportions of participants with NSAID or paracetamol use were comparable (Table 1).

Associations of biomarkers with body size and body shape. BMI was associated inversely with
bilirubin, HDL-C, and ApoAl and positively with all other biomarkers. The associations with BMI were more
prominent in women compared to men for bilirubin, ALP, neutrophils, and CRP but were more prominent in
men compared to women for GGT, AST, ALT, lymphocytes, and monocytes (Fig. 1). ABSI was associated with
all biomarkers in the same direction as BMI but more weakly, while HI was associated in the opposite direction
and even more weakly than ABSI. Mainly ABSI, in addition to BMI, was associated with bilirubin, ALP, mono-
cytes, neutrophils, and CRP. Both ABSI and HI were associated more strongly in women compared to men with
metabolic biomarkers and lymphocytes but were associated more strongly in men compared to women with
monocytes, neutrophils, and CRP. Associations with all three anthropometric indices were most prominent for
GGT, ALT, HDL-C, ApoAl, triglycerides, and CRP (Fig. 1).

Combining dichotomised ABSI and HI in body shape phenotypes maximised the opposition of ABSI and
HI, resulting in the largest difference between phenotypes with discordant waist and hip size (Fig. 2). The low-
est levels of GGT, AST, ALT, and all metabolic biomarkers were in “pear” and the highest in “apple” phenotype,
except for HDL-C and ApoAl, for which the lowest levels were in “apple” and the highest in “pear” phenotype.
The predominant associations with ABSI resulted in the lowest bilirubin levels and the highest ALP and CRP
levels for phenotypes with large waist size (“wide” and “apple”). Neutrophil and monocyte counts resembled the
pattern of CRP, while lymphocyte counts resembled the pattern of metabolic biomarkers (Fig. 2).

Heterogeneity of the associations of biomarkers with body shape according to body
size. Overall, the association patterns of biomarkers with body shape phenotypes were retained in all BMI
categories (Fig. 3), but there were some exceptions. In obese men, AST, ALT, and lipid-related biomarkers
showed almost exclusive associations with HI, such that aminotransferase and triglyceride levels were highest
and HDL-C and ApoA1 levels were lowest for phenotypes with small hip size (“slim” and “apple”). Also in obese
men, there was little evidence for association of bilirubin, LDL-C, or lymphocytes with body shape. In obese
women, there was a preferential positive association of ALP with HI, with the highest levels for phenotypes with
large hip size (“pear” and “wide”). All women with “apple” phenotype in a lower BMI category had a worse lipid
profile (i.e. higher triglycerides, LDL-C, and ApoB, and lower HDL-C) compared to women with “pear” phe-
notype in a higher neighbouring BMI category. In both men and women, associations with AST were similar to
ALT but weaker. Aminotransferases resembled the pattern of triglycerides, while GGT resembled more closely
the pattern of HbAlc (Fig. 3).

Consistency of the associations of biomarkers with body size and body shape across bio-
marker levels. Across biomarker levels, associations with anthropometric indices were largely consistent
with the observations reported for the total dataset within the central part of the biomarker distributions but
were weaker or absent towards the tails (Fig. 4). Models with restricted cubic splines provided strong evidence
for a plateau in the associations with BMI for high levels of lipid-related biomarkers and CRP, and in men also of
GGT and ALT (Supplementary Table S4, Fig. 4). There was also a weaker evidence for a similar pattern of asso-
ciations with ABSI, while the associations of BMI with HbA1c were J-shaped (Supplementary Table S4, Fig. 4).
Subgroup analysis with fully adjusted linear models supported a change of direction for very low or very high
biomarker levels (p <0.0001 for the small tail-end group) for the following associations. In men, ALT above 70
U/L and CRP above 8 mg/L were associated inversely with BMI. Also in men, HDL-C above 1.8 mmol/L and
ApoA1 above 1.8 g/L were associated positively with ABSI. In women, neutrophils below 210°/L and CRP above
8 mg/L were associated inversely with BMI (Fig. 4, Supplementary Table S7).

Associations between biomarkers, independent of body size and body shape. Independent of
anthropometric indices and other covariates, total and direct bilirubin were correlated inversely with triglycer-
ides and HbAlc and direct bilirubin was additionally correlated inversely with LDL-C and ApoB (Fig. 5). ALP
and GGT were correlated positively with each other and with CRP. GGT was also correlated positively with ALT
and both were correlated positively with LDL-C, ApoB, and triglycerides, more strongly in men than in women.
Triglycerides were correlated substantially inversely with HDL-C and more weakly with ApoA1, but were simi-
larly positively correlated with LDL-C and ApoB. HbAlc and glucose were mainly correlated positively with
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MEN Overall Pear Slim Wide Apple
Cohort: n (% per sex) 121,879 32,736 (26.9) 37,383 (30.7) 32,504 (26.7) 19,256 (15.8)
Age (years) * 55.1 (8.1) 53.8 (8.2) 53.6 (7.9) 57.1(7.9) 56.6 (7.7)
Anthropometric indices *

BMI (kg/m?) 27.1(3.7) 26.8(3.8) 27.2(3.5) 27.1(3.9) 27.6 (3.6)
ABSI 79.2 (4.0) 76.9 (2.4) 76.1 (2.8) 83.0 (2.4) 82.7(2.2)

HI 49.1 (1.6) 50.1(0.9) 47.7 (1.1) 50.4 (1.1) 47.9(0.9)

Liver function tests ®

Bilirubin total (mol/L) 9.52 (4.51-20.1) | 9.79 (4.59-20.9) | 9.60 (4.53-20.4) |9.36 (4.48-19.6) | 9.17 (4.42-19.1)
Bilirubin direct (umol/L) 1.72 (0.78-3.79) | 1.78 (0.81-3.93) | 1.73 (0.78-3.82) | 1.69 (0.78-3.70) | 1.65 (0.76-3.60)
ALP (U/L) 77.9 (47.5-128) | 76.2 (46.7-124) | 77.0 (47.2-126) | 79.4 (48.3-130) | 80.3 (48.6-133)
GGT (U/L) 33.9(10.9-106) |31.2(10.4-93.0) |33.6(11.1-102) |34.9 (11.0-111) |38.0 (11.7-123)
AST (U/L) 26.5 (15.8-44.5) |26.3(16.0-43.4) |26.8(16.1-44.7) |26.3 (15.6-44.4) |26.8 (15.6-46.2)
ALT (U/L) 24.1(10.3-56.5) | 23.0 (10.1-52.4) | 24.5(10.5-57.3) |24.0 (10.2-56.5) | 25.7 (10.8-61.2)

Metabolic biomarkers ®

HDL-C (mmol/L)

1.28 (0.82-1.99

1.32(0.85-2.04)

1.27 (0.82-1.98)

1.28 (0.82-1.99

1.24 (0.80-1.93)

Apolipoprotein Al (g/L)

1.42 (1.05-1.93

1.4 (1.07-1.94)

1.43 (1.05-1.93

1.40 (1.03-1.91)

LDL-C (mmol/L)

3.67 (2.42-5.56

3.59 (2.36-5.46)

(
1.42 (1.05-1.92)
3.66 (2.41-5.56)

3.70 (2.45-5.59

3.74 (2.48-5.64)

Apolipoprotein B (g/L) ( 1.03 (0.67-1.59) | 1.06 (0.69-1.64) ( 1.09 (0.71-1.67)
Triglycerides (mmol/L) 1.69 (0.60-4.77 1.53 (0.55-4.28) | 1.70 (0.59-4.89) | 1.72 (0.63-4.69 1.91 (0.69-5.30)
HbAIc (mmol/mol) 34.3(27.0-43.7) |33.9(27.2-42.3) | 34.2(27.0-43.3) | 34.6(27.0-44.4) | 35.0 (26.8-45.5)
Glucose (mmol/L) 4.90 (3.74-6.44) | 4.85(3.77-6.25) | 4.91(3.77-6.39) | 4.91(3.73-6.48) | 4.97 (3.66-6.75)

)
)
)
1.06 (0.69-1.64)
)
)
)

)
)
)
1.07 (0.69-1.65)
)
)
)

Inflammatory biomarkers ®

Lymphocytes (10°/L) 1.77 (0.97-3.23) | 1.74(0.96-3.14) | 1.77 (0.98-3.20) | 1.78 (0.96-3.29) | 1.82 (1.00-3.33)
Monocytes (10°/L) 0.47 (0.24-0.93) | 0.45 (0.23-0.89) | 0.46 (0.24-0.91) | 0.48 (0.23-0.97) | 0.49 (0.25-0.97)
Neutrophils (10°/L) 3.90 (2.05-7.39) |3.76 (1.99-7.10) | 3.83 (2.02-7.29) |3.99 (2.12-7.52) | 4.09 (2.16-7.76)
CRP (mg/L) 1.21(0.17-8.66) | 1.02 (0.14-7.35) | 1.13(0.16- 7.84) | 1.36 (0.19-9.59) | 1.52 (0.23-10.2)

Subgroups: n (%)

NO weight change 80,074 (65.7) 22,057 (67.4) 24,542 (65.7) 21,353 (65.7) 12,122 (63.0)
NO NSAID or paracetamol 87,379 (71.7) 24,124 (73.7) 26,895 (71.9) 22,969 (70.7) 13,391 (69.5)
NSAID use 23,126 (19.0) 5878 (18.0) 7218 (19.3) 6220 (19.1) 3810 (19.8)
Paracetamol use 20,009 (16.4) 4935 (15.1) 5992 (16.0) 5604 (17.2) 3478 (18.1)
Women Overall Pear Slim Wide Apple
Cohort: n (% per sex) 135,559 35,985 (26.5) 31,054 (22.9) 39,632 (29.2) 28,888 (21.3)
Age (years)? 55.5(7.9) 54.6 (8.0) 54.1(7.8) 56.9 (7.8) 56.2 (7.8)
Anthropometric indices®

BMI (kg/m?) 26.2 (4.4) 25.8 (4.5) 25.8 (4.1) 26.6 (4.8) 26.8 (4.1)
ABSI 73.3 (4.8) 69.7 (2.4) 69.3 (2.8) 77.2 (3.4) 77.0 (3.2)

HI 64.3 (2.4) 65.9 (1.4) 62.1(1.6) 66.0 (1.6) 62.3 (1.4)

Liver function tests ®

Bilirubin total (umol/L) 7.63 (3.72-15.6) | 7.88(3.81-16.3) |7.78 (3.76-16.1) | 7.46 (3.68-15.1) | 7.42 (3.67-15.0)
Bilirubin direct (umol/L) 1.32 (0.57-3.06) | 1.39 (0.60-3.24) | 1.36 (0.58-3.17) | 1.28(0.56-2.92) | 1.26 (0.55-2.85)
ALP (U/L) 79.6 (45.3-140) | 77.1 (43.7-136) | 76.0 (43.0-134) | 82.9 (47.8-144) | 82.2 (47.7-141)
GGT (U/L) 222(7.5-65.4) |20.2(7.3-55.7) |20.9(7.5-58.6) |23.3(7.8-69.8) |24.9 (8.0-77.3)
AST (U/L) 23.0 (14.1-37.4) | 22.6 (14.2-35.8) | 22.8 (14.0-36.9) |23.2(14.3-37.7) | 23.5 (14.0-39.5)
ALT (U/L) 17.5(7.8-39.1) | 16.3(7.7-342) | 16.9(7.7-37.0) | 18.0(8.0-40.2) | 19.1 (8.1-44.9)

Metabolic biomarkers®

HDL-C (mmol/L)

1.59 (1.03-2.47

1.67 (1.10-2.55)

1.61 (1.04-2.49)

1.58 (1.02-2.44

1.50 (0.96-2.34)

Apolipoprotein Al (g/L)

1.63 (1.19-2.22

1.66 (1.22-2.26)

1.63 (1.19-2.22

1.58 (1.15-2.17)

LDL-C (mmol/L)

3.64 (2.32-5.71

3.49 (2.24-5.42)

(
1.63 (1.20-2.23
3.54 (2.25-5.58

3.73(2.41-5.78

3.82 (2.46-5.96)

Apolipoprotein B (g/L)

0.98 (0.63-1.53)

1.09 (0.69-1.72)

Triglycerides (mmol/L)

1.11 (0.49-2.53)

1.20 (0.49-2.95

1.55 (0.60-4.04)

HbA1c (mmol/mol)

34.4 (27.6-43.0

33.9(27.5-41.8)

)
)
1.00 (0.63-1.59)
)
)

34.1 (27.5-42.3

34.8 (27.8-43.4

35.1(27.7-44.3)

Glucose (mmol/L)

)
)
( )
1.03 (0.65-1.63)
1.29 (0.51-3.27)
( )
( )

4.90 (3.82-6.28

4.85 (3.82-6.15)

4.88 (3.84-6.19)

)
)
( )
1.05 (0.67-1.65)
1.38 (0.56-3.41)
( )
( )

4.92 (3.82-6.34

4.97 (3.82-6.46)

Inflammatory biomarkers®

Lymphocytes (10°/L) 1.88 (1.05-3.38) | 1.82(1.03-3.23) | 1.86(1.05-3.30) | 1.90 (1.05-3.45) | 1.96 (1.09-3.52)
Monocytes (10°/L) 0.40 (0.19-0.84) | 0.40 (0.19-0.82) | 0.40 (0.20-0.82) | 0.41 (0.20-0.85) | 0.41 (0.20-0.86)
Continued
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Women Overall Pear Slim Wide Apple
Neutrophils (10°/L) 3.89 (2.05-7.35) |3.80(2.03-7.13) |3.82(2.00-7.29) |3.95(2.10-7.41) |3.97 (2.09-7.57)
CRP (mg/L) 1.19(0.15-9.36) | 1.00 (0.13-7.55) | 1.00 (0.13-7.56) | 1.37 (0.17-10.9) | 1.45 (0.19-10.9)

Subgroups: n (%)

NO weight change 73,760 (54.4) 20,292 (56.4) 17,252 (55.6) 21,229 (53.6) 14,987 (51.9)
NO NSAID or paracetamol 84,614 (62.4) 22,724 (63.1) 19,609 (63.1) 24,433 (61.6) 17,848 (61.8)
NSAID use 30,504 (22.5) 8124 (22.6) 6990 (22.5) 8853 (22.3) 6537 (22.6)
Paracetamol use 34,410 (25.4) 8858 (24.6) 7640 (24.6) 10,444 (26.4) 7468 (25.9)

Table 1. Anthropometric characteristics of study participants and biomarker levels. ABSI - a body shape
index (cut-offs > 80 for men,>73 for women); ALP - alkaline phosphatase; ALT - alanine aminotransferase;
Apple - large-ABSI-small-HI; AST - aspartate aminotransferase; BMI - body mass index; CRP - C-reactive
protein; GGT - gamma-glutamyltransferase; HbAlc - haemoglobin Alc (glycated haemoglobin); HDL-C -
high-density lipoprotein cholesterol; HI - hip index (cut-offs =49 for men, > 64 for women); LDL-C - low-
density lipoprotein cholesterol; NSAID - nonsteroidal anti-inflammatory drugs; Pear — small-ABSI-large-HI;
Slim - small-ABSI-small-HI; Wide - large-ABSI-large-HI; ® - mean (standard deviation); ® - geometric mean
(reference range).

each other but not with lipid-related biomarkers. CRP was correlated positively with neutrophils but not with
lymphocytes, while lymphocytes were correlated most strongly positively with monocytes (Fig. 5).

Sensitivity analyses. Unadjusted models showed that adjustment for covariates had attenuated to some
extent the associations with BMI and ABSI for most biomarkers, except for the associations of ABSI with HDL-C
and ApoA1l, which were stronger after adjustment, especially in women (Supplementary Figure S2). The associa-
tion patterns with body shape phenotypes combining ABSI and HI were overall retained in unadjusted models,
except for larger differences between “pear” and “apple” phenotypes compared to the fully adjusted models for
HbA ¢ (Supplementary Figure S3).

Subgroups with stable weight or without medication use represented the larger part of the dataset (54.4% to
71.7%, Table 1). The fully adjusted subgroup models showed no material difference from the patterns described
for the complete dataset, except from marginally stronger associations of BMI with lipid-related biomarkers and
CRP, and in men also with GGT and ALT, in the subgroup with stable weight (Supplementary Figure S4). In
subgroups with NSAID or paracetamol use, only the associations of BMI with HDL-C, ApoA1, and in men also
with ALT, triglycerides, and CRP were marginally weaker (Supplementary Figure S4). The association patterns
with body shape phenotypes described for the complete dataset were largely retained, including in the subgroups
with NSAID or paracetamol use (Supplementary Figure S5).

In subgroups with higher alcohol consumption, associations of BMI with liver function tests, lipid-related
biomarkers, and CRP were stronger than in the subgroup with low alcohol consumption, as were associations of
ABSI with GGT, AST, and ALT, while associations of ABSI and HI with HDL-C and ApoA1l, and in women with
HbAlc, were weaker (Supplementary Figure S6). There was no material difference, however, in the association
patterns with body shape phenotypes, except that in obese men with higher alcohol consumption was retained a
positive association of ALT with ABSI, in addition to the inverse association with HI (Supplementary Figure S7).

Discussion
Using the allometric body shape indices ABSI and HI, we have shown positive associations with waist size and
inverse associations with hip size, independent of positive associations with BMI, for GGT, ALT, LDL-C, ApoB,
triglycerides, HbAlc, glucose, and lymphocytes, with the lowest levels for “pear” and highest for “apple” phe-
notype, while associations with HDL-C and ApoA1 were inverse with BMI and ABSI but positive with HI, with
the lowest levels for “apple” and highest for “pear” phenotype. Inflammatory biomarkers, represented by CRP,
neutrophils, and monocytes, as well as ALP, were only associated positively with waist and not with hip size, inde-
pendent of positive associations with BMI, while bilirubin was associated inversely with BMI and waist size but
not with hip size. The patterns were similar for all BMI categories, except that ALT and lipid-related biomarkers
were associated only with hip size in obese men and ALP was associated positively with hip size in obese women.
Studies examining associations of allometric body shape indices with metabolic and inflammatory biomark-
ers remain scarce and focused exclusively on ABSI, without considering HI. Positive associations with ABSI, as
well as with BMI, have been reported for triglycerides and fasting glucose, together with inverse associations for
HDL-C?. Men with large ABSI have additionally shown lower insulin sensitivity?!, while women with large ABSI
have shown a larger proportion of the pro-atherogenic small dense LDL particles*?. Large ABSI has also been
associated with higher CRP?"%, and in agreement with our findings, CRP has previously shown stronger positive
associations with BMI in women compared to men*. Notably, however, several studies have reported an inferior
discrimination of ABSI compared to BMI or traditional waist-circumference-based indices for components of
the metabolic syndrome®, type 2 diabetes'®?, or high ALT levels?. This should not be surprising, given that
BMI is associated with metabolic factors and conditions and any measure of waist size strongly correlated with
BM]I, such as waist circumference, would carry the same information as BMI, while ABSI is independent of BMI
by design and should be interpreted not as an alternative but as a complement to BML
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Figure 1. Associations of biomarkers with body size and body shape indices (continuous). ABSI - a body
shape index; ALP - alkaline phosphatase; ALT - alanine aminotransferase; ApoA1l - apolipoprotein Al;

ApoB - apolipoprotein B; AST - aspartate aminotransferase; Bilirubin D - direct bilirubin; Bilirubin T - total
bilirubin; BMI - body mass index; CI - confidence interval; CRP - C-reactive protein; GGT - gamma-
glutamyltransferase; HbAlc — haemoglobin Alc (glycated haemoglobin); HDL-C - high-density lipoprotein
cholesterol; HI - hip index; LDL-C - low-density lipoprotein cholesterol; SD - standard deviation. SD difference
(95% CI) - estimates obtained from multivariable linear regression models including each biomarker on a
continuous standard deviation scale (sex-specific z-scores after log-transformation) as an outcome variable

and BMI, ABSI, and HI on a continuous standard deviation scale (sex-specific z-scores), and covariates as
independent variables. Covariates included height, age at enrolment, weight change within the last year
preceding enrolment, smoking status, alcohol consumption, physical activity, Townsend deprivation index,
region of the assessment centre, time of blood collection, fasting time, use of nonsteroidal anti-inflammatory
drugs, paracetamol use, and in women, menopausal status, hormone replacement therapy use, oral
contraceptives use, and age at the last live birth. Covariates are defined in Supplementary Methods. Numbers are
shown in Supplementary Table S4.

Previous studies have also extensively noted positive associations of ALT and GGT but not AST with BMI and
waist circumference, unexplained by hepatitis or alcohol consumption, along with positive associations of ALT
and GGT with triglycerides, LDL particles, fasting insulin, and insulin resistance, as well as inverse associations
with HDL-C?%-*2, but no attention has been paid to hip size. The similarities in the association patterns of ALT and
GGT noted in our and previous studies would likely be related to their shared genetic background and the dif-
ferences between obese men and women reported in our study would likely be related to the sexually dimorphic
relative contribution of individual genes®. Physiologically, ALT participates in the glucose-alanine cycle, trans-
ferring ammonium groups from amino acids to pyruvate released from glycolysis in the muscle, thus producing
alanine, which in the liver is converted back to pyruvate and is used to generate glucose in gluconeogenesis*.
Correspondingly, intervention studies in humans support a more important role of insulin than lipids for ALT
regulation, as carbohydrate restriction contributes to a greater reduction in ALT compared to fat restriction,
despite similar weight reductions with alternative low-energy diets®. Nevertheless, statin administration in
humans reduces ALT and GGT levels®*, and in animal models, cholesterol-depleted but not cholesterol-loaded
HDL particles induce ALT release from the liver to the circulation®’, which is in agreement with the association
patterns of ALT matching more closely lipid-related than glucose-related biomarkers in our study. GGT, on
the other hand, is a membrane-bound ectoenzyme, hydrolysing gamma-glutamyl bonds of glutathione and its
S-conjugates with xenobiotics, and as such represents part of the cellular antioxidant system but can also have
a pro-oxidative action and has been implicated in the pathogenesis of atherosclerosis (via oxidation of LDL-C),
inflammatory conditions, and cancer.
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Figure 2. Associations of biomarkers with body shape phenotypes. ABSI - a body shape index (cut-offs > 80 for
men, >73 for women); ALP - alkaline phosphatase; ALT - alanine aminotransferase; ApoA1l - apolipoprotein
Al; Apo B - apolipoprotein B; Apple - large-ABSI-small-HI; AST - aspartate aminotransferase; Bilirubin

D - direct bilirubin; Bilirubin T - total bilirubin; BMI - body mass index; CI - confidence interval; CRP -
C-reactive protein; GGT - gamma-glutamyltransferase; HbAlc — haemoglobin Alc (glycated haemoglobin);
HDL-C - high-density lipoprotein cholesterol; HI - hip index (cut-offs >49 for men, > 64 for women); LDL-C

- low-density lipoprotein cholesterol; Ly — lymphocytes; Neu — neutrophils; NW - normal weight (BMI>18.5
to BMI <25 kg/m?); OB - obese (BMI > 30 to BMI <45 kg/m?); OW - overweight (BMI>25 to BMI< 30 kg/
m?); Pear - small-ABSI-large-HI; SD - standard deviation; Slim - small-ABSI-small-HI; Wide - large-ABSI-
large-HI. SD difference (95% CI) - estimates obtained from multivariable linear regression models including
each biomarker (sex-specific z-scores, following log-transformation) as an outcome variable and, as independent
variables, an ABSI-by-HI cross-classification, BMI categories, and covariates. Covariates included height, age

at enrolment, weight change within the last year preceding enrolment, smoking status, alcohol consumption,
physical activity, Townsend deprivation index, region of the assessment centre, time of blood collection,

fasting time, use of nonsteroidal anti-inflammatory drugs, paracetamol use, and in women, menopausal status,
hormone replacement therapy use, oral contraceptives use, and age at the last live birth. Numbers are shown

in Supplementary Table S5. A likelihood ratio test comparing a model including BMI categories and covariates
with a model additionally including the ABSI-by-HI cross-classification (evaluates the overall significance of
body shape phenotypes) showed p < 1¥107¢ for all biomarkers (p-values are shown in Supplementary Table S5).

Notably, the association pattern with body shape phenotypes characteristic of metabolic biomarkers, ALT, and
GGT, with lowest levels for “pear” and highest levels for “apple” phenotype, corresponds to the association pattern
of visceral adipose tissue (VAT) that we have previously described, while the exclusive association of lipid-related
biomarkers and ALT with hip size observed in obese men corresponds to the pattern of gluteofemoral fat mass'.
This suggests that in addition to factors related to or originating from VAT, there is also an involvement, at least
in men, of a factor that either originates from gluteofemoral fat or determines its accumulation. One such factor
could be oestradiol originating from peripheral aromatisation in adipose tissue. This would be compatible with
the sexual dimorphism of lipids described in our and other studies, with lower levels of triglycerides and ALT
and higher HDL-C and ApoA1 in women compared to men*.

Chronic low-grade inflammation is characteristic of obesity and can contribute to the generation for dysfunc-
tional HDL particles***!. In our study, however, hip size was associated only with glucose-related and lipid-related
factors but not with CRP or neutrophils, highlighting differences in the underlying mechanisms. Low-grade
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Figure 3. Heterogeneity of the associations of biomarkers with body shape phenotypes according to body size.
ABSI - a body shape index (cut-offs > 80 for men, >73 for women); ALP - alkaline phosphatase; ALT - alanine
aminotransferase; ApoA1l - apolipoprotein Al; Apo B - apolipoprotein B; Apple - large-ABSI-small-HJ;

AST - aspartate aminotransferase; Bilirubin D - direct bilirubin; BMI - body mass index; CI - confidence
interval; CRP - C-reactive protein; GGT - gamma-glutamyltransferase; HbAlc — haemoglobin Alc (glycated
haemoglobin); HDL-C - high-density lipoprotein cholesterol; HI - hip index (cut-offs > 49 for men,> 64 for
women); LDL-C - low-density lipoprotein cholesterol; Ly — lymphocytes; Neu — neutrophils; NW - normal
weight (BMI>18.5 to BMI <25 kg/m?); OB - obese (BMI =30 to BMI <45 kg/m?); OW - overweight (BMI>25
to BMI <30 kg/m?); Pear — small-ABSI-large-HI; SD - standard deviation; Slim - small-ABSI-small-HI; Wide -
large- ABSI-large-HI. SD difference (95% CI) - estimates obtained from multivariable linear regression models
including each biomarker (sex-specific z-scores, following log-transformation) as an outcome variable and, as
independent variables, a BMI-by-ABSI-by-HI cross-classification and covariates (a single model for NW, OW,
and OB). Covariates included height, age at enrolment, weight change within the last year preceding enrolment,
smoking status, alcohol consumption, physical activity, Townsend deprivation index, region of the assessment
centre, time of blood collection, fasting time, use of nonsteroidal anti-inflammatory drugs, paracetamol use, and
in women, menopausal status, hormone replacement therapy use, oral contraceptives use, and age at the last live
birth. Numbers are shown in Supplementary Table S5. p-values (* - p<0.0001; ** — p<1*107°) - derived from a
likelihood ratio test comparing an additive model including the ABSI-by-HI cross-classification, BMI categories,
and covariates with the interaction model including the BMI-by-ABSI-by-HI cross-classification and covariates
(evaluates heterogeneity by BMI) (p-values are shown in Supplementary Table S5).
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Figure 4. Associations of biomarkers with body size and body shape indices across biomarker levels. ABSI - a body shape index;

ALP - alkaline phosphatase (U/L); ALT - alanine aminotransferase (U/L); ApoAl - apolipoprotein Al (g/L); ApoB - apolipoprotein
B (g/L); AST - aspartate aminotransferase (U/L); Bilirubin T - total bilirubin (jtmol/L); BMI - body mass index; CRP - C-reactive
protein (mg/L); GGT - gamma-glutamyltransferase (U/L); Glucose (mmol/L); HbAlc - haemoglobin Alc (glycated haemoglobin)
(mmol/mol); HDL-C - high-density lipoprotein cholesterol (mmol/L); HI - hip index (cut-offs > 49 for men, > 64 for women); LDL-C
- low-density lipoprotein cholesterol (mmol/L); Lymphocytes (*10°/L); Neutrophils (*10°/L); Triglycerides (mmol/L). Plots represent
mean of biomarker levels (95% confidence interval), determined with the generalised additive models smoothing function from
package mgcv v1.8-39, applied in ggplot2 v.3.3.5 in R v4.1.3., which uses restricted maximum likelihood (REML) estimation. Vertical
lines represent 2.5th and 97.5"" sex-specific centiles of the dataset. Extreme values were removed, to avoid leverage on the estimates
(see details in Supplementary Table S6). For each of the anthropometric indices, we used residuals derived from a multivariable linear
regression model including the other two anthropometric indices and covariates. Covariates comprised height, age at enrolment,
weight change within the last year preceding enrolment, smoking status, alcohol consumption, physical activity, Townsend deprivation
index, region of the assessment centre, time of blood collection, fasting time, use of nonsteroidal anti-inflammatory drugs, paracetamol
use, and in women, menopausal status, hormone replacement therapy use, oral contraceptives use, and age at the last live birth.
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Figure 5. Correlations between biomarkers, independent of body size and body shape. ABSI - a body shape
index; ALP - alkaline phosphatase; ALT - alanine aminotransferase; ApoA1 - apolipoprotein Al; ApoB -
apolipoprotein B; AST - aspartate aminotransferase; Bilirubin D - direct bilirubin; Bilirubin T - total bilirubin;
BMI - body mass index; CRP - C-reactive protein; GGT - gamma-glutamyltransferase; HbAlc - haemoglobin
Alc (glycated haemoglobin); HDL-C - high-density lipoprotein cholesterol; HI - hip index; LDL-C - low-
density lipoprotein cholesterol; Ly — lymphocytes; Mo — monocytes; Neu — neutrophils. Values represent partial
Pearson correlation coefficients (men - bottom-left; women - top-right) with adjustment for BMI, ABSI, HI,
height, age at enrolment, Townsend deprivation index, time of blood collection, fasting time (continuous),
weight change within the last year preceding enrolment, smoking status, alcohol consumption, physical activity,
use of nonsteroidal anti-inflammatory drugs, paracetamol use, and in women, menopausal status, hormone
replacement therapy use, and oral contraceptives use.

inflammation is mediated by macrophage infiltration of the adipose tissue*’. Nevertheless, macrophages play a
complex role, as their classical activation contributes to a pro-inflammatory phenotype, promoting the develop-
ment of insulin resistance and type 2 diabetes, while their alternative activation improves insulin sensitivity*.
The classical activation of macrophages can also be triggered by tissue infiltration with neutrophils, which thus
contribute to the maintenance of chronic low-grade inflammation, in addition to their key role in the acute
inflammatory response*%. Correspondingly, mice with neutropenia have reduced liver lipogenesis and steatosis*.
In humans, neutrophil counts are higher in hyperlipidaemia, hyperglycaemia, and insulin resistance even in
healthy individuals®®**, and are accompanied with higher lymphocyte and monocyte counts and higher CRP
levels in obesity and the metabolic syndrome*®"’. An upregulation of genes related to neutrophil degranulation
has also been reported in patients with cardiovascular diseases*. Neutrophil counts, however, are reduced after
bariatric surgery proportional to the changes in BMI and insulin resistance, while lymphocyte counts are not
affected materially and the response of monocytes varies according to the surgical technique®. The latter is in
agreement with the similar associations with body shape for CRP, neutrophils, and partially for monocytes but
not for lymphocytes observed in our study.

A likely mechanistic factor explaining the positive association of waist size with metabolic and inflamma-
tory biomarkers would be cortisol, as glucocorticoids play a key role in the regulation of the anti-inflammatory
response and the hypothalamus-pituitary-adrenal axis is dysfunctional in obesity, favouring VAT accumulation,
metabolic alterations, and abdominal obesity>’. In animal models, neutrophil infiltration of mouse liver and
secretion of neutrophil elastase is accompanied with activation of clock genes and follows a circadian rhythm,
with the lowest neutrophil counts in liver at lights-off time and the highest at lights-on time, corresponding to
the circulating corticosterone levels*>*'. In humans, glucocorticoids contribute to higher circulating neutrophil
counts via increased release of polymorphonuclear cells from the bone marrow and from the marginalised pool
(cells attached to the endothelial surface), as well as by delayed apoptosis®?. It remains unclear, however, what is
the contribution of glucocorticoids to associations with hip size and how they interact with other factors related
to body shape.

Bilirubin and ALP, similarly to inflammatory biomarkers, were associated only with BMI and waist and not
with hip size, but unlike their concomitant increase in obstructions of the biliary tract, their associations with
anthropometric indices were discordant. In agreement with our findings, higher levels of the total and liver frac-
tion of ALP in serum have been reported in obesity and it has been shown that tissue ALP is involved in lipid
metabolism and adipokine synthesis®**. Obesity is also associated with higher expression of leucocyte ALP
(ALPL) gene in neutrophils, a marker of neutrophil activation®, which is compatible with an involvement of
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ALP in the inflammatory response, in agreement with the positive correlation of ALP with CRP and neutrophil
counts observed in our study. Further in agreement with our findings, lower bilirubin levels have been reported in
obesity without metabolic complications™®, as well as in type 2 diabetes and the metabolic syndrome®. Bilirubin
also plays a protective role against liver lipid infiltration and the development of NAFLD%, and animal models
have shown that biliverdin, a bilirubin precursor in the haem catabolic pathway, contributes to smaller adipocyte
size and suppresses inflammatory factors, thus reducing insulin resistance®.

Our study has shown that associations with body size and body shape related to obesity hold within the
clinical reference ranges of biomarker levels, while for lower or higher levels, pathological conditions other than
obesity would likely gain leverage. Thus, severe chronic inflammatory conditions and liver damage can contrib-
ute to skeletal muscle wasting and cachexia®, potentially explaining the inverse associations of BMI with high
ALT and CRP observed in our study in men and for high CRP, also in women. Further, the inverse associations
of BMI with low neutrophil counts, most prominent in our study for women, could be related to a secondary
autoimmune type neutropenia accompanying chronic inflammatory or autoimmune conditions®'. Although high
HDL-C is generally considered beneficial, U-shaped associations have been reported for HDL-C, with a positive
association with ALT and AST at high HDL-C®. This, together with the positive association of high HDL-C and
ApoA1 with ABSI observed in our study in men, suggests un underlying pathological condition for very high
HDL-C levels, which merits further investigation.

Our study benefited from a very large sample size, which enabled us to examine in more detail some relatively
small subgroups. There was also a detailed information for covariates, which permitted adjustment for major
lifestyle and reproductive factors and minimised confounding. The standardised anthropometric measurements,
obtained by trained personnel, avoided bias from self-reported values. The standardised approach to biomarker
measurements, with a unified and systematic quality control for all samples, minimised measurement errors.
Due to limited numbers, however, we could not examine underweight or severe obesity, or ethnic variations,
or pre-menopausal women, or younger men, or longitudinal associations, or association of biomarkers with
imaging measurement of body composition, which were obtained a few years later for a small part of the UK
Biobank cohort. A misclassification of medication use is also possible, as the information was self-reported
and was assembled from several questions. Importantly, our study was cross-sectional, and as such could not
assess temporality or provide strong insights for potential causality. Although we have removed participants
with known underlying conditions potentially influencing body composition or contributing to weight change
(prevalent cancer and non-cancer illness or medication use at enrolment, or incident cancer and death within
the first two years after enrolment), thus retaining only half of the original UK Biobank dataset, some possibility
for reverse causality from subclinical or unreported conditions remains. Nevertheless, body size and body shape
and the underlying body composition, as well as biomarker levels, are endogenous factors. As such, they are likely
interrelated in complex causal networks, rather than in linear causal pathways, with each other and with other
endogenous factors such as sex steroids and glucocorticoids, as well as with exogenous and genetic factors. In
this context, our findings suggest that body size and body shape and their determining factors are more likely
to be leading a direct association within the central part of the biomarker distributions. Towards the tails of the
biomarker distributions, however, biomarkers and their determining factors and associated diseases are more
likely to be contributing to reverse causality. Finally, UK Biobank participants are not only relatively older, but
have a healthier lifestyle and are not representative of the overall UK population®. This discrepancy would be
aggravated further by the removal of participants with prevalent illnesses at enrolment or using medications.

In conclusion, glucose-related and lipid-related biomarkers are associated in opposite directions with waist
and hip size, independent of overall body size, while inflammatory biomarkers are associated only with waist
size, suggesting differences in the underlying mechanisms. Associations with body size and body shape related to
obesity remain consistent within the clinical reference ranges of biomarker levels, but are lost or change direction
for low or high levels, potentially reflecting the influence of chronic inflammatory or autoimmune conditions.

Data availability
The data supporting the findings of the study are available to bona fide researchers upon approval of an application
to the UK Biobank (https://www.ukbiobank.ac.uk/researchers/) and a material transfer agreement.

Received: 7 January 2022; Accepted: 5 May 2022
Published online: 25 May 2022

References
1. Piché, M. E,, Tchernof, A. & Després, J. P. Obesity phenotypes, diabetes, and cardiovascular diseases. Circ. Res.. 126, 1477-1500
(2020).
2. Saltiel, A. R. & Olefsky, J. M. Inflammatory mechanisms linking obesity and metabolic disease. J. Clin. Invest. 127, 1-4 (2017).
. Engin, A. Non-alcoholic fatty liver disease. Adv. Exp. Med. Biol. 960, 443-467 (2017).
4. Lassailly, G. et al. Bariatric surgery reduces features of nonalcoholic steatohepatitis in morbidly obese patients. Gastroenterology
149, 379-388; quiz e315-376 (2015).
5. Gujral, U. P,, Weber, M. B,, Staimez, L. R. & Narayan, K. M. V. Diabetes among non-overweight individuals: An emerging public
health challenge. Curr. Diab. Rep. 18, 60 (2018).
6. Honda, Y. et al. Characteristics of non-obese non-alcoholic fatty liver disease: Effect of genetic and environmental factors. Hepatol.
Res. 46,1011-1018 (2016).
7. Karpe, E. & Pinnick, K. E. Biology of upper-body and lower-body adipose tissue-link to whole-body phenotypes. Nat Rev Endo-
crinol 11, 90-100 (2015).
8. Neeland, L. J. et al. Visceral and ectopic fat, atherosclerosis, and cardiometabolic disease: A position statement. Lancet Diabetes
Endocrinol. 7,715-725 (2019).
9. Cameron, A. J., Magliano, D. J. & Soderberg, S. A systematic review of the impact of including both waist and hip circumference
in risk models for cardiovascular diseases, diabetes and mortality. Obes. Rev. 14, 86-94 (2013).

w

Scientific Reports |

(2022) 12:8812 | https://doi.org/10.1038/s41598-022-12284-4 nature portfolio


https://www.ukbiobank.ac.uk/researchers/

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

Christakoudi, S., Tsilidis, K. K., Evangelou, E., & Riboli, E. A Body Shape Index (ABSI), hip index and risk of cancer in the UK
Biobank cohort. Cancer Med. 10, 5614-5628. https://doi.org/10.1002/CAM4.4097 (2021).

Christakoudi, S. et al. A Body Shape Index (ABSI) achieves better mortality risk stratification than alternative indices of abdominal
obesity: results from a large European cohort. Sci. Rep. 10, 14541; https://doi.org/10.1038/s41598-020-71302-5 (2020).
Krakauer, N. Y. & Krakauer, J. C. A new body shape index predicts mortality hazard independently of body mass index. PLoS One
7, €39504. https://doi.org/10.1371/journal.pone.0039504 (2012).

Krakauer, N. Y. & Krakauer, J. C. An anthropometric risk index based on combining height, weight, waist, and hip measurements.
J. Obes. 2016, 8094275. https://doi.org/10.1155/2016/8094275 (2016).

Christakoudi, S., Tsilidis, K. K., Evangelou, E. & Riboli, E. Association of body-shape phenotypes with imaging measures of body
composition in the UK Biobank cohort: relevance to colon cancer risk. BMC Cancer 21, 1160. https://doi.org/10.1186/s12885-
021-08820-6 (2021).

Corbatén-Anchuelo, A. et al. A body shape index (ABSI) and Hip Index (HI) Adjust waist and hip circumferences for body mass
index, but only ABSI predicts high cardiovascular risk in the spanish caucasian population. Metab. Syndr. Relat. Disord. 19, 352-357
(2021).

Lee, D. H. et al. Comparison of the association of predicted fat mass, body mass index, and other obesity indicators with type 2
diabetes risk: two large prospective studies in US men and women. Eur. J. Epidemiol. 33, 1113-1123 (2018).

Sudlow, C. et al. UK biobank: An open access resource for identifying the causes of a wide range of complex diseases of middle
and old age. PLoS Med. 12, €1001779; https://doi.org/10.1371/journal.pmed.1001779 (2015).

UK Biobank Coordinating Centre; UK Biobank: Protocol for a large-scale prospective epidemiological resource. Protocol No:
UKBB-PROT-09-06 (Main Phase); 21 March 2007 (AMENDMENT ONE FINAL). URL: https://www.ukbiobank.ac.uk/media/
gnkeyh2q/study-rationale.pdf (Accessed: 07/09/2021)

. R Core Team (2017) R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna,

Austria. URL https://www.r-project.org (Accessed 22/04/2022)

Bertoli, S. et al. Association of Body Shape Index (ABSI) with cardio-metabolic risk factors: A cross-sectional study of 6081 Cau-
casian adults. PLoS One 12, €0185013; https://doi.org/10.1371/journal.pone.0185013 (2017).

Biolo, G. et al. Inverse relationship between “a body shape index” (ABSI) and fat-free mass in women and men: Insights into
mechanisms of sarcopenic obesity. Clin. Nutr. 34, 323-327 (2015).

Gentile, M. et al. Association between body shape index and small dense LDL particles in a cohort of mediterranean women:
findings from Progetto ATENA. J. Clin. Biochem. Nutr. 61, 130-134 (2017).

Clark, D. O. et al. Sex and Race Differences in the Relationship between Obesity and C-Reactive Protein. Ethn Dis 26, 197-204
(2016).

Gluszek, S. et al. Anthropometric indices and cut-off points in the diagnosis of metabolic disorders. PLoS One 15, €0235121;
https://doi.org/10.1371/journal.pone.0235121 (2020).

Hardy, D. S. et al. Anthropometric discriminators of type 2 diabetes among White and Black American adults. J Diabetes 9, 296-307
(2017).

Chen, S. et al. Anthropometric Indices in Adults: Which Is the best indicator to identify alanine aminotransferase levels?. Int. J.
Environ. Res. Public Health 13, 226-226 (2016).

Boyer, W. R,, Johnson, T. M., Fitzhugh, E. C,, Richardson, M. R. & Churilla, J. R. The associations between increasing degrees of
homa-ir and measurements of adiposity among euglycemic U.S. adults. Metab. Syndr. Relat. Disord. 14, 108-113 (2016).
Caporaso, N. E. et al. Insulin Resistance in Healthy U.S. Adults: Findings from the National Health and Nutrition Examination
Survey (NHANES). Cancer Epidemiol. Biomark. Prey. 29, 157-168 (2020).

Clark, J. M., Brancati, F. L. & Diehl, A. M. The prevalence and etiology of elevated aminotransferase levels in the United States.
Am. ]. Gastroenterol. 98, 960-967 (2003).

Deboer, M. D,, Lin, B, Filipp, S. L., Cusi, K. & Gurka, M. J. Severity of metabolic syndrome is greater among nonalcoholic adults
with elevated ALT and advanced fibrosis. Nutr. Res. 88, 34-43 (2021).

Lawlor, D. A,, Sattar, N., Smith, G. D. & Ebrahim, S. The associations of physical activity and adiposity with alanine aminotrans-
ferase and gamma-glutamyltransferase. Am. J. Epidemiol. 161, 1081-1088 (2005).

Siddiqui, M. S. et al. Association between high-normal levels of alanine aminotransferase and risk factors for atherogenesis.
Gastroenterology 145, 1271-1279.e1293 (2013).

Van Beek, J. H. et al. The genetic architecture of liver enzyme levels: GGT, ALT and AST. Behav. Genet. 43, 329-339 (2013).
Petersen, K. E, Dufour, S., Cline, G. W. & Shulman, G. I. Regulation of hepatic mitochondrial oxidation by glucose-alanine cycling
during starvation in humans. J. Clin. Invest. 129, 4671-4675 (2019).

Ryan, M. C., Abbasi, E, Lamendola, C., Carter, S. & Mclaughlin, T. L. Serum alanine aminotransferase levels decrease further with
carbohydrate than fat restriction in insulin-resistant adults. Diabetes Care 30, 1075-1080 (2007).

Pastori, D. et al. Statin liver safety in non-alcoholic fatty liver disease: A systematic review and metanalysis. Br. J. Clin. Pharmacol.
https://doi.org/10.1111/bcp.14943 (2021).

Herzog, E. et al. Reconstituted high-density lipoprotein can elevate plasma alanine aminotransferase by transient depletion of
hepatic cholesterol: role of the phospholipid component. J. Appl. Toxicol. 36, 1038-1047 (2016).

Corti, A., Belcastro, E., Dominici, S., Maellaro, E. & Pompella, A. The dark side of gamma-glutamyltransferase (GGT): Pathogenic
effects of an “antioxidant” enzyme. Free Radic. Biol. Med. 160, 807-819 (2020).

Wang, X., Magkos, F. & Mittendorfer, B. Sex differences in lipid and lipoprotein metabolism: it’s not just about sex hormones. J
Clin Endocrinol Metab 96, 885-893 (2011).

Rosenson, R. S. et al. Dysfunctional HDL and atherosclerotic cardiovascular disease. Nat. Rev. Cardiol. 13, 48-60 (2016).

Zhang, T. et al. Interaction between adipocytes and high-density lipoprotein:new insights into the mechanism of obesity-induced
dyslipidemia and atherosclerosis. Lipids Health Dis. 18,223 (2019).

Esser, N., Legrand-Poels, S., Piette, J., Scheen, A. J. & Paquot, N. Inflammation as a link between obesity, metabolic syndrome and
type 2 diabetes. Diabetes Res. Clin. Pract. 105, 141-150 (2014).

Odegaard, J. I. & Chawla, A. Mechanisms of macrophage activation in obesity-induced insulin resistance. Nat. Clin. Pract. Endo-
crinol. Metab. 4, 619-626 (2008).

Mantovani, A., Cassatella, M. A., Costantini, C. & Jaillon, S. Neutrophils in the activation and regulation of innate and adaptive
immunity. Nat. Rev. Immunol. 11, 519-531 (2011).

Crespo, M. et al. Neutrophil infiltration regulates clock-gene expression to organize daily hepatic metabolism. Elife https://doi.
org/10.7554/eLife.59258 (2020).

Bahadir, A. et al. Is the neutrophil-to-lymphocyte ratio indicative of inflammatory state in patients with obesity and metabolic
syndrome?. Anatol. J. Cardiol. 15, 816-822 (2015).

Lao, X. Q. et al. White blood cell count and the metabolic syndrome in older Chinese: The Guangzhou Biobank Cohort Study.
Atherosclerosis 201, 418-424 (2008).

Kvist-Hansen, A. et al. Neutrophil pathways of inflammation characterize the blood transcriptomic signature of patients with
psoriasis and cardiovascular disease. Int. J. Mol.. Sci. 22, 10818; https://doi.org/10.3390/ijms221910818 (2021).

Cunha, FE M. et al. Effect of different bariatric surgery type on the leukocyte formula. Surg. Obes. Relat. Dis. 12, 1418-1423 (2016).

Scientific Reports |

(2022) 12:8812 | https://doi.org/10.1038/s41598-022-12284-4 nature portfolio


https://doi.org/10.1002/CAM4.4097
https://doi.org/10.1038/s41598-020-71302-5
https://doi.org/10.1371/journal.pone.0039504
https://doi.org/10.1155/2016/8094275
https://doi.org/10.1186/s12885-021-08820-6
https://doi.org/10.1186/s12885-021-08820-6
https://doi.org/10.1371/journal.pmed.1001779
https://www.ukbiobank.ac.uk/media/gnkeyh2q/study-rationale.pdf
https://www.ukbiobank.ac.uk/media/gnkeyh2q/study-rationale.pdf
https://www.r-project.org
https://doi.org/10.1371/journal.pone.0185013
https://doi.org/10.1371/journal.pone.0235121
https://doi.org/10.1111/bcp.14943
https://doi.org/10.7554/eLife.59258
https://doi.org/10.7554/eLife.59258
https://doi.org/10.3390/ijms221910818

www.nature.com/scientificreports/

50. Pasquali, R. The hypothalamic-pituitary-adrenal axis and sex hormones in chronic stress and obesity: Pathophysiological and
clinical aspects. Ann. N'Y Acad. Sci. 1264, 20-35 (2012).

51. Sundar, L. K. et al. Serotonin and corticosterone rhythms in mice exposed to cigarette smoke and in patients with COPD: Implica-
tion for COPD-associated neuropathogenesis. PLoS One 9, €87999; https://doi.org/10.1371/journal.pone.0087999 (2014).

52. Nakagawa, M. et al. Glucocorticoid-induced granulocytosis: contribution of marrow release and demargination of intravascular
granulocytes. Circulation 98, 2307-2313 (1998).

53. Ali, A. T, Paiker, J. E. & Crowther, N. J. The relationship between anthropometry and serum concentrations of alkaline phosphatase
isoenzymes, liver-enzymes, albumin, and bilirubin. Am J Clin Pathol 126, 437-442 (2006).

54. Hernandez-Mosqueira, C., Velez-Delvalle, C. & Kuri-Harcuch, W. Tissue alkaline phosphatase is involved in lipid metabolism and
gene expression and secretion of adipokines in adipocytes. Biochim. Biophys. Acta 1850, 2485-2496 (2015).

55. Pan, Y. et al. Discovery and validation of a novel neutrophil activation marker associated with obesity. Sci. Rep. 9, 3433; https://
doi.org/10.1038/541598-019-39764-4 (2019).

56. Jenko-Praznikar, Z., Petelin, A., Jurdana, M. & Ziberna, L. Serum bilirubin levels are lower in overweight asymptomatic middle-
aged adults: an early indicator of metabolic syndrome?. Metabolism 62, 976-985 (2013).

57. Nano, J. et al. Association of circulating total bilirubin with the metabolic syndrome and type 2 diabetes: A systematic review and
meta-analysis of observational evidence. Diabetes Metab. 42, 389-397 (2016).

58. Weaver, L., Hamoud, A.-R,, Stec, D. E. & Hinds, T. D., Jr. Biliverdin reductase and bilirubin in hepatic disease. Am. J. Physiol.
Gastroint. Liver Physiol. 314, G668-G676 (2018).

59. Takei, R. et al. Bilirubin reduces visceral obesity and insulin resistance by suppression of inflammatory cytokines. PLoS One 14,
€0223302; https://doi.org/10.1371/journal.pone.0223302 (2019).

60. Webster, J. M., Kempen, L., Hardy, R. S. & Langen, R. C. J. Inflammation and skeletal muscle wasting during Cachexia. Front.
Physiol .11, 597675; https://doi.org/10.3389/fphys.2020.597675 (2020).

61. Akhtari, M., Curtis, B. & Waller, E. K. Autoimmune neutropenia in adults. Autoimmun. Rev. 9, 62-66 (2009).

62. Jiang, Z. G., Mukamal, K., Tapper, E., Robson, S. C. & Tsugawa, Y. Low LDL-C and high HDL-C levels are associated with elevated
serum transaminases amongst adults in the United States: A cross-sectional study. PLoS One 9, €85366; https://doi.org/10.1371/
journal.pone.0085366 (2014).

63. Fry, A. et al. Comparison of sociodemographic and health-related characteristics of UK biobank participants with those of the
general population. Am. J. Epidemiol. 186, 1026-1034 (2017).

Acknowledgements
This research has been conducted using the UK Biobank Resource under Application number 41952 (https://
www.ukbiobank.ac.uk/about-biobank-uk/).

Author contributions

S.C., KK.T. and E.R. conceived and designed the study. K.K.T. and E.E. provided statistical advice. S.C. led
the research and performed the statistical analysis. S.C. had full access to all of the data in this study and takes
responsibility for the integrity of the data and the accuracy of the data analysis. S.C. drafted the paper with con-
tributions from K.K.T, E.R., and E.E. All authors: S.C., ER,, E.E,, and K K.T. were involved in the interpretation
of the results, the critical revisions of the paper, and the approval of the final version of the manuscript.

Fundin

This workgwas supported by the National Institute for Health Research (NIHR) Imperial Biomedical Research
Centre (BRC), which provided infrastructure support for the Department of Epidemiology and Biostatistics at
Imperial College London (UK). KKT was supported by Cancer Research UK (grant PPRCPJT\100005). The
funders had no role in the design and conduct of the study, the collection, analysis, and interpretation of the
data, or the preparation, review, and approval of the manuscript, or in the decision to submit the manuscript
for publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-12284-4.

Correspondence and requests for materials should be addressed to S.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:8812 | https://doi.org/10.1038/s41598-022-12284-4 nature portfolio


https://doi.org/10.1371/journal.pone.0087999
https://doi.org/10.1038/s41598-019-39764-4
https://doi.org/10.1038/s41598-019-39764-4
https://doi.org/10.1371/journal.pone.0223302
https://doi.org/10.3389/fphys.2020.597675
https://doi.org/10.1371/journal.pone.0085366
https://doi.org/10.1371/journal.pone.0085366
https://www.ukbiobank.ac.uk/about-biobank-uk/
https://www.ukbiobank.ac.uk/about-biobank-uk/
https://doi.org/10.1038/s41598-022-12284-4
https://doi.org/10.1038/s41598-022-12284-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Associations of body shape index (ABSI) and hip index with liver, metabolic, and inflammatory biomarkers in the UK Biobank cohort
	Methods
	Study population. 
	Body-shape indices. 
	Biomarker measurements. 
	Statistical analysis. 
	Ethical approval and consent to participate. 

	Results
	Cohort characteristics. 
	Associations of biomarkers with body size and body shape. 
	Heterogeneity of the associations of biomarkers with body shape according to body size. 
	Consistency of the associations of biomarkers with body size and body shape across biomarker levels. 
	Associations between biomarkers, independent of body size and body shape. 
	Sensitivity analyses. 

	Discussion
	References
	Acknowledgements


