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Background: Fat deposition is associated with adverse outcomes. Waist-to-hip

(WHR) ratio is a simple feasible index to assess fat distribution. Lipoprotein

particle composition in relation to WHR and to what extent their association is

mediated by insulin sensitivity are less investigated.

Methods: In 504 randomly recruited Flemish (mean age: 48.9 years; women:

51.6%), we analyzed the lipoprotein particle constitutions using nuclear

magnetic resonance spectroscopy. WHR obesity described a WHR of ≥ 0.85

for women or 0.9 for men. Insulin sensitivity was evaluated by the homeostasis

model assessment-estimated insulin resistance (HOMA-IR). SCORE-2 risk

algorithm was applied to estimate 10-year cardiovascular risk. Statistical

methods included multivariable-adjusted linear regression analysis, logistic

regression analysis, and mediation analysis.

Results: The prevalence of WHR obesity was 54.6%, approximately 3 times of

BMI-determined obesity (19.1%). Individuals with WHR obesity had significantly

higher metabolic complications, such as hypertension (57.1%), dyslipidemia

(61.8%), and insulin resistance (14.2%). WHR and WHR obesity were positively

associated with total very-low-density lipoprotein (VLDL) particle

concentration, remnant cholesterol, and triglycerides, but were negatively

associated with VLDL particle size (P ≤ 0.027), independent of body mass

index and other covariates. WHR was inversely associated with total high-

density lipoprotein (HDL) particle concentration, whereas WHR obesity was

inversely associated with HDL cholesterol (P ≤ 0.039). Neither WHR nor WHR

obesity was associated with the concentration of total low-density lipoprotein

(LDL) particles, LDL particle size, and LDL cholesterol (P ≥ 0.089). In the

mediation analysis, insulin sensitivity significantly mediated the effect of WHR

on total VLDL particle concentration (mediation percentage: 37.0%), remnant

cholesterol (47.7%), and HDL cholesterol (41.1%). Individuals with WHR obesity

were at increased cardiovascular risk, regardless of LDL cholesterol (P ≤0.028).
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fendo.2022.978745/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.978745/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.978745/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.978745&domain=pdf&date_stamp=2022-10-25
mailto:zhenyu.zhang@kuleuven.be
https://doi.org/10.3389/fendo.2022.978745
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.978745
https://www.frontiersin.org/journals/endocrinology


Wei et al. 10.3389/fendo.2022.978745

Frontiers in Endocrinology
In WHR obesity, higher total VLDL particle concent36ration and remnant

cholesterol, and lower HDL cholesterol were associated with an increased

cardiovascular risk (P≤ 0.002).

Conclusions: Upper-body fat deposition was independently associated with an

unfavorable lipoprotein profile, and insulin sensitivity significantly mediated this

association. LDL cholesterol might underestimate lipid abnormality for people

with upper-body obesity and lowering VLDL particles and remnant cholesterol

might potentially reduce the residual cardiovascular risk.
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Introduction

The prevalence of obesity, one of the top threats to global

public health, has nearly tripled from 1975 to 2016 (1). Obesity

strikingly increases the risk of various noncommunicable

diseases, including type 2 diabetes mellitus, cardiovascular

disease, and mortality (2). It is extensively acknowledged that

obesity is generally accompanied by metabolic comorbidities,

including insulin resistance and dyslipidemia. Apart from

excessive overall fat accumulation, adipose tissue distribution,

especially abdominal fat deposition, is strongly associated with

an increased risk of all-cause mortality, cardiovascular events,

and insulin resistance (3–7). Since body mass index (BMI) is

prevailingly used to assess overall fat accumulation and to

associate with cardiovascular disease, most studies on lipid

associations investigated BMI as a surrogate of obesity (8–12).

Waist-to-hip ratio (WHR) is a simple and cheap indicator of fat

distribution, and is relatively less correlated with BMI, compared

to waist circumference (13). The positive association between

WHR and cardiovascular risk has been suggested by large

prospective studies (13, 14). WHR has been repetitively

associated with conventional lipid parameters, such as low-

density lipoprotein (LDL) cholesterol, whereas the association

between WHR and more detailed lipoprotein particle

compositions is less investigated (15–18). Linking WHR to

complex lipoprotein composition might promote the

utilization of WHR, provide more information for lipid-

lowering options, and recognize the residual cardiovascular

risk for individuals with abdominal obesity.

Insulin resistance, a prevalent metabolic complication of

obesity, has a profound impact on lipid metabolism. Numerous

epidemiological studies have investigated the association of

insulin resistance with the anthropometric indices of obesity

and the cholesterol contents or particles constitutions of

different lipoproteins (19, 20). However, it remains unclear to
02
what extent insulin sensitivity intermediates the effect of fat

distribution on lipoproteins. Determining the effect mediated by

insulin sensitivity could further uncover the mechanism of lipid

abnormality in individuals with upper-body obesity and

potentially facilitate the development of effective intervention

strategies. Thus, a simultaneous investigation of insulin

sensitivity, WHR, and lipoprotein particle constitutions is

necessary to quantify the mediated effect of insulin sensitivity

using mediation analysis.

Therefore, this study evaluated the association between

lipoprotein particle composition and WHR, and further

investigated the mediator role of insulin sensitivity in the

general population. We additionally associated the lipoprotein

profile of WHR with the estimated cardiovascular risk score to

sharpen the understanding of the lipoprotein profile.

Materials and methods

Participants

All participants were from the Flemish Study on

Environment, Genes and Health Outcomes (FLEMENGHO), a

large prospective study that included 3343 individuals from the

Flemish region from 1985 until 2004 with a participation rate of

78% at enrollment (21). The present study was approved by the

University of Leuven Ethics Committee and written informed

consent was obtained from all participants prior to study

participation. All procedures were in accordance with the

ethical principles of the Declaration of Helsinki. Participants

who underwent lipoprotein profiling using nuclear magnetic

resonance (NMR) spectroscopy were eligible for this study. Of

593 eligible participants, 89 participants who received lipid-

lowering drugs were excluded due to the potential influence of

lipid-lowering drugs on lipoprotein constitutions. Thus, this

study eventually included 504 participants.
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Anthropometric measurements

The measurement of weight and height was performed with

standardized equipment and procedures. BMI was calculated by

body weight (kg) divided by the square of height (m2). Waist

circumference was measured at the midway between the lower

ribs and the top of the iliac crest to the nearest 0.1 cm. Hip

circumference was measured at the widest portion of the

buttocks. Waist-to-hip ratio (WHR) indicated the ratio of

waist circumference and hip circumference. The measurement

was completed when participants were in the upright position,

and waist circumference was measured at the end of expiration.

BMI obesity was defined as a BMI of ≥ 30 kg/m2. WHR obesity

described a WHR of ≥ 0.85 for women or 0.9 for men (22).
Nuclear magnetic resonance (NMR)
spectroscopy measured lipoproteins

The fasting venous blood samples were centrifuged after

collection, and the obtained plasma samples were preserved

under -80°C until further analysis. The lipoprotein profiling

was measured by 2D diffusion-ordered 1HNMR spectroscopy

(DOSY) at INCLIVA Molecular and Metabolomics Image Lab,

Valencia, Spain (23). The sample preparation and the protocol of

analysis were detailed elsewhere (24). After being transferred

into 5 mm NMR tubes, the prepared samples were randomized,

and kept at 4°C until measurement (mean time until

measurement: 6 hours). Samples were then inserted in the

magnet, warmed to 37°C and 1H NMR spectra were acquired

in a Bruker Avance III 600 spectrometer with an operating

frequency at 600.20 MHz. The double stimulated echo pulse

program with bipolar gradient pulses and a longitudinal eddy

current delay was used. The obtained lipoproteins signals were

deconvoluted and analyzed separately based on the diffusion

properties and its associated NMR size into main fractions: very-

low-density lipoprotein (VLDL) (38.6-81.9 nm), low-density

lipoprotein (LDL) (18.9-26.5 nm), high-density lipoprotein

(HDL) (7.8-11.5 nm) as detailed elsewhere (24). Particle size

was then calculated based on its diffusion properties and each

fraction was further divided into large, medium, and small

particle subclass according to their particle diameters. The

average lipoprotein particle size was calculated by averaging

the NMR area of each fraction by its associated size.
Other measurements

The venous blood samples were collected from August 2005

to March 2015 and obtained after at least 8 hours of fasting for

the conventional lipid profile measurements, plasma glucose,

and insulin. The conventional lipid measures included total

cholesterol, LDL cholesterol, HDL cholesterol, and
Frontiers in Endocrinology 03
triglycerides, which were measured by using automated

methods in certified laboratories. Specifically, since remnant

cholesterol, indicative of the cholesterol content of the

triglyceride-rich lipoproteins, has been associated with

cardiovascular risk recently, it was also included as a

conventional lipid parameter in this study. Remnant

cholesterol was estimated by total cholesterol minus LDL

cholesterol minus HDL cholesterol. The homeostasis model

assessment-estimated insulin resistance (HOMA-IR) was

calculated by multiplying plasma glucose (mmol/L) by insulin

(uIU/mL), divided by 22.5. Diabetes mellitus was defined as

fasting blood glucose of ≥126 mg/dL or receiving antidiabetic

drugs. Hypertension was an office blood pressure of ≥140 mmHg

systolic or ≥90 mmHg diastolic, or the use of antihypertensive

drugs. Dyslipidemia was defined as LDL-cholesterol ≥ 3.36

mmol/L (130 mg/dL) or total cholesterol ≥ 5.17 mmol/L (200

mg/dL) or HDL-cholesterol ≤ 1.29 mmol/l (50 mg/dL) in

women and 1.03 mmol/l (40 mg/dL) in men or fasting

triglycerides ≥ 1.70 mmol/L (150 mg/dL) according to the

criteria of Adult Treatment Panel III (25). Insulin resistance

was defined as HOMA-IR of ≥ 2.5. Glomerular filtration rate was

estimated using the chronic kidney disease epidemiology

collaboration creatinine equation (26). The 10-year fatal and

non-fatal cardiovascular risk (%) was estimated with SCORE2

risk prediction algorithms based on sex, age, smoking status,

total and HDL cholesterol, and systolic blood pressure (27).
Statistical analyses

Data analyses were performed with SAS software, version 9.4

(SAS Institute, Cary, NC, USA). Means and proportions were

compared by t-test and Wilcoxon test as appropriate. Statistical

significance was a two-sided P value of 0.05. The concentration

of lipoprotein particles was normalized by the transformation of

the logarithm to base 2. The correlation between the NMR-

measured lipoprotein particles and conventional lipid variables

was assessed by Spearman’s rank correlation. Multivariable-

adjusted linear regression models were applied to assess the

association of continuous WHR with lipid parameters. The

following variables were considered as covariates: sex, age,

current smoking, current alcohol assumption, and blood

glucose. These covariates were considered based on their

clinical relevance, the association with obesity, and literature

(8, 28, 29). The collinearity of linear models was examined. In

categorical analysis, the association of WHR obesity with lipid

parameters was assessed using multivariable-adjusted logistic

regression models with the adjustment of the same covariates.

The mediation analysis was performed by the following

steps: 1) To examine whether insulin sensitivity was a

potential mediator, the associations between insulin sensitivity,

WHR, and lipid parameters were examined. The association of

WHR with HOMA-IR indicated the effect (a) of WHR on the
frontiersin.org
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mediator. The association of HOMA-IR with a lipid parameter

denoted the effect (b) of mediator on lipid parameter. 2) The

association of WHR with a lipid parameter was the total effect

(c). 3) Whether insulin sensitivity intermediated the association

between WHR and lipid parameters was analyzed by the

mediation model using HOMA-IR as a mediator. The total

effect (c) of WHR on a parameter comprised direct effect and

indirect effect. The indirect effect (a*b) represented the mediated

effect of WHR on a lipid parameter through insulin sensitivity

(WHR! HOMA-IR! a lipid parameter). The direct effect (c’)

referred to the remaining effect of WHR on lipid parameters, not

intermediating via insulin sensitivity (WHR ! other paths ! a

lipid parameter). The proportion of indirect effect to total effect

was the mediation percentage of HOMA-IR. The mediation

analysis was performed in SAS with the PROC CAUSALMED
Frontiers in Endocrinology 04
Procedure. All associations in mediation models were expressed

as b coefficients and were adjusted for sex and age.
Results

Participant characteristics

Table 1 shows the characteristics of 504 participants. The age

(SD) averaged 48.9 ( ± 15.4) years, and 260 (51.6%) were female.

Of 504 participants, 275 (54.6%) had WHR obesity,

approximately 3 times of BMI obesity (96, 19.1%). Individuals

with WHR obesity had significantly higher cardiometabolic

complications: higher prevalence of hypertension (57.1% vs.

27.1%), dyslipidemia (61.8% vs. 44.1%), insulin resistance
TABLE 1 Participant characteristics.

Characteristics All Normal WHR WHR obesity P
(n = 504) (n = 229) (n = 275)

Number with characteristic (%)

Female 260 (51.6) 144 (62.9) 116 (42.2) <0.0001

Current Smoking 76 (15.1) 38 (16.6) 38 (13.8) 0.45

Current alcohol 369 (73.2) 174 (76.0) 195 (70.9) 0.23

BMI ≥ 30 kg/m2 96 (19.1) 13 (5.7) 83 (30.2) <0.0001

Diabetes mellitus 8 (1.6) 1 (0.4) 7 (2.6) 0.077

Cardiovascular diseases 29 (5.8) 11 (4.8) 18 (6.6) 0.45

Hypertension 219 (43.5) 62 (27.1) 157 (57.1) <0.0001

Treatment of hypertension 87 (17.3) 27 (11.8) 60 (21.8) 0.003

Dyslipidemia 271 (53.8) 101 (44.1) 170 (61.8) <0.0001

Insulin resistance 50 (9.9) 11 (4.8) 39 (14.2) 0.0005

Mean ± SD or median (IQR) of characteristic

Age, years 48.9 ± 15.4 43.2 ± 15.7 53.6 ± 13.5 <0.0001

BMI, kg/m2 26.1 ± 4.6 23.7 ± 3.4 28.0 ± 4.5 <0.0001

WHR 0.88 ± 0.08 0.81 ± 0.05 0.94 ± 0.06 <0.0001

Waist circumference, cm 90.7 ± 13.0 81.5 ± 8.8 98.4 ± 10.7 <0.0001

Hip circumference, cm 102.9 ± 8.8 100.6 ± 8.1 104.9 ± 8.9 <0.0001

Systolic blood pressure, mmHg 129.9 ± 17.2 125.7 ± 17.4 133.5 ± 16.1 <0.0001

Diastolic blood pressure, mmHg 81.9 ± 9.8 78.7 ± 9.3 84.5 ± 9.4 <0.0001

Total cholesterol, mmol/L 4.94 ± 0.90 4.79 ± 0.85 5.07 ± 0.92 0.0003

LDL cholesterol, mmol/L 2.92 ± 0.78 2.73 ± 0.72 3.07 ± 0.79 <0.0001

HDL cholesterol, mmol/L 1.52 ± 0.42 1.65 ± 0.41 1.41 ± 0.39 <0.0001

Remnant cholesterol, mmol/L 0.50 ± 0.27 0.41 ± 0.18 0.59 ± 0.40 <0.0001

Triglycerides, mmol/L 1.09 ± 0.61 0.89 ± 0.39 1.26 ± 0.71 <0.0001

Non-HDL, mmol/L 3.42 ± 0.90 3.14 ± 0.79 3.67 ± 0.92 <0.0001

Blood glucose, mmol/L 5.10 (3.40-8.10) 4.00 (2.80-6.00) 6.10 (4.00-9.00) 0.21

Insulin, uIU/mL 1.03 (0.67-1.69) 0.82 (0.56-1.20) 1.28 (0.82-1.95) <0.0001

HOMA-IR 2.22 (0.88-4.79) 1.19 (0.44-2.95) 3.57 (1.60-5.97) <0.0001

10-years SCORE2, % 0.81 (0.71-0.95) 0.77 (0.68-0.89) 0.85 (0.73-0.98) <0.0001

eGFR, ml/min/1.73m2 95.3 ± 16.7 100.8 ± 16.0 90.8 ± 16.0 <0.0001
frontie
WHR obesity was defined as WHR ≥ 0.85 for women, 0.9 for men. BMI, body mass index; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; HOMA-IR,
homeostatic model assessment for insulin resistance; IQR, interquartile range; LDL, low-density lipoprotein; SD, standard deviation; WHR, waist-to-hip ratio.
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(14.2% vs. 4.8%), compared to those without WHR obesity. The

clinical risk factors in individuals with WHR obesity presented

an unfavorable trend as well: older, higher blood pressure, blood

glucose, insulin, HOMA-IR, and 10-year cardiovascular risk

score (P <0.0001).
Lipid parameters in individuals with
WHR obesity

For conventional lipid parameters, individuals with WHR

obesity had elevated concentrations of total cholesterol, LDL

cholesterol, remnant cholesterol, and triglycerides, but lower

HDL cholesterol (Table 1). Table 2 shows NMR-measured

lipoprotein constitutions in individuals with and without

WHR obesity. Compared to the normal WHR group,

individuals with WHR obesity had significantly higher total
Frontiers in Endocrinology 05
VLDL particle concentrations (P <0.0001), and lower total

HDL particle concentrations (P=0.0003). However, neither

total LDL particle concentration nor any LDL particle

subclass concentration (large, medium, and small fraction)

showed a particular trend across the BMI categories (P ≥

0.054). The correlation between the NMR spectrometry

measured lipoprotein particle parameters and conventional

lipid parameters is shown in Table S1 in the supplementary

information. Remnant cholesterol and triglycerides from the

conventional lipid measurement were highly correlated with

VLDL particle concentration (r: 0.914 and 0.913, respectively).

LDL particle concentration was proportionally correlated with

LDL cholesterol and total cholesterol (r: 0.723 and 0.776,

respectively). HDL cholesterol was positively correlated with

HDL particle concentration (r: 0.608), whereas it was

negatively correlated with VLDL particle concentration

(r: -0.504).
TABLE 2 NMR spectrometry-measured lipoprotein particle concentration and size.

Normal WHR WHR obesity P
(n = 229) (n = 275)

Lipoprotein particle concentration, nmol/L

VLDL particles

Total 24.63 (17.32-33.61) 36.91 (25.38-55.44) <0.0001

Large 0.74 (0.53-1.01) 0.93 (0.73-1.39) <0.0001

Medium 3.16 (2.20-4.36) 4.76 (3.18-7.50) <0.0001

Small 20.75 (14.69-27.64) 30.99 (21.51-46.78) <0.0001

Cholesterol 3.62 (0.25-8.34) 9.09 (3.83-16.96) <0.0001

TG 39.28 (29.22-50.85) 54.08 (40.01-79.08) <0.0001

IDL particles

Cholesterol 2.90 (0.68-5.36) 3.96 (1.76-6.90) 0.0003

TG 3.54 (1.37-5.66) 4.43 (2.52-7.17) 0.0004

LDL particles

Total 507.14 (358.50-664.78) 544.30 (402.66-705.84) 0.088

Large 77.34 (54.96-103.99) 83.63 (57.74-109.31) 0.070

Medium 173.40 (123.13-225.07) 175.44 (135.51-234.29) 0.240

Small 257.05 (190.16-340.95) 279.78 (206.74-365.00) 0.054

Cholesterol 68.88 (50.13-89.63) 75.14 (52.68-98.81) 0.061

TG 9.49 (4.30-14.58) 9.68 (5.29-14.49) 0.50

HDL particles

Total 22.76 (19.01-27.99) 19.59 (15.17-26.03) 0.0003

Large 0.23 (0.15-0.39) 0.26 (0.15-0.42) 0.48

Medium 7.24 (5.45-8.79) 5.56 (4.11-7.63) <0.0001

Small 15.36 (12.47-18.78) 14.11 (10.52-18.07) 0.009

Cholesterol 51.63 (43.05-59.95) 42.82 (34.40-53.30) <0.0001

TG 4.28 (0.54-8.18) 6.19 (2.27-10.80) <0.0001

Average particle size, nm <0.0001

VLDL particles 42.01 (41.70-42.38) 41.81 (41.57-42.15) 0.0001

LDL particles 21.08 (21.02-21.14) 21.09 (21.01-21.17) 0.70

HDL particles 8.24 (8.22-8.25) 8.23 (8.20-8.25) <0.0001
frontie
WHR obesity was defined as WHR ≥ 0.85 for women, 0.9 for men. The lipid particle concentrations and average sizes are expressed as median (interquartile range). HDL, high-density
lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; TG, triglycerides; VLDL, very low-density lipoprotein, WHR, waist-to-hip ratio.
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The association of WHR with
lipids parameters

Table 3 displays the adjusted linear association of WHR with

the lipoprotein constitutions with adjustment of sex, age, current

smoking, current alcohol assumption, and blood glucose (model

1). Total VLDL particle concentration and the concentration of

VLDL particle subclasses, cholesterol, and triglycerides contents

were proportionally increased with WHR (P ≤ 0.0001, Table 3),
Frontiers in Endocrinology 06
independent of covariables. With the additional adjustment of

BMI (model 2), WHR was still positively associated with the

concentration of total VLDL particle and VLDL particle

subclasses (P ≤ 0.047). Total HDL particle concentration,

medium and small HDL particle concentration, and

cholesterol and triglycerides contents were inversely associated

with WHR (P ≤ 0.011). The association of WHR with the

concentration of total and medium HDL particle remained

significant after further adjusting for BMI. High WHR was
TABLE 3 Linear association of WHR with lipid parameters.

WHR

Model 1: coefficient (95% CI) P Model 2: coefficient (95% CI) P

Lipoprotein particle concentration

VLDL particles

Total 0.024 (0.018 to 0.030) <0.0001 0.010 (0.004 to 0.016) 0.001

Large 0.021 (0.014 to 0.029) <0.0001 0.0071 (0.0001 to 0.0141) 0.047

Medium 0.022 (0.016 to 0.028) <0.0001 0.008 (0.003 to 0.014) 0.005

Small 0.024 (0.018 to 0.031) <0.0001 0.010 (0.004 to 0.016) 0.001

Cholesterol 0.005 (0.003 to 0.007) <0.0001 0.0012 (-0.0005 to 0.0029) 0.16

Triglyceride 0.028 (0.021 to 0.036) <0.0001 0.012 (0.005 to 0.019) 0.0009

IDL particles

Cholesterol 0.002 (-0.0003 to 0.003) 0.10 -0.0001 (-0.0017 to 0.0016) 0.94

Triglyceride 0.004 (0.001 to 0.007) 0.012 0.001 (-0.002 to 0.004) 0.45

LDL particles

Total 0.001 (-0.007 to 0.009) 0.78 0.001 (-0.006 to 0.008) 0.80

Large 0.002 (-0.006 to 0.010) 0.56 0.003 (-0.004 to 0.010) 0.41

Medium -0.002 (-0.010 to 0.006) 0.60 -0.0004 (-0.0072 to 0.0064) 0.91

Small 0.002 (-0.006 to 0.010) 0.58 0.001 (-0.006 to 0.008) 0.76

Cholesterol -0.001 (-0.008 to 0.006) 0.83 0.0004 (-0.0055 to 0.0063) 0.90

Triglyceride 0.001 (-0.002 to 0.003) 0.57 0.0005 (-0.0015 to 0.0024) 0.64

HDL particles

Total -0.011 (-0.018 to -0.004) 0.003 -0.006 (-0.012 to 0.000) 0.039

Large -0.001 (-0.006 to 0.004) 0.72 -0.0004 (-0.0047 to 0.0039) 0.85

Medium -0.013 (-0.020 to -0.007) <0.0001 -0.007 (-0.013 to -0.002) 0.013

Small -0.009 (-0.016 to -0.002) 0.011 -0.0057 (-0.0116 to 0.0003) 0.063

Cholesterol -0.034 (-0.045 to -0.023) <0.0001 -0.016 (-0.026 to -0.006) 0.002

Triglyceride 0.004 (0.002 to 0.006) 0.001 0.0016 (-0.0002 to 0.0033) 0.081

Particle size

VLDL -0.026 (-0.036 to -0.015) <0.0001 -0.016 (-0.026 to -0.007) 0.0005

LDL -0.017 (-0.049 to 0.015) 0.30 0.010 (-0.017 to 0.037) 0.47

HDL -0.330 (-0.482 to -0.178) <0.0001 -0.107 (-0.241 to 0.028) 0.12

Conventional lipid measures

Total cholesterol 0.021 (-0.002 to 0.043) 0.068 0.015 (-0.004 to 0.034) 0.13

LDL cholesterol 0.015 (0.000 to 0.030) 0.049 0.007 (-0.005 to 0.020) 0.25

HDL cholesterol -0.043 (-0.059 to -0.027) <0.0001 -0.011 (-0.026 to 0.004) 0.14

Remnant cholesterol 0.027 (0.018 to 0.035) <0.0001 0.009 (0.001 to 0.017) 0.024

Non-HDL cholesterol 0.030 (0.015 to 0.045) 0.0001 0.0128 (-0.0005 to 0.0260) 0.059

Triglyceride 0.027 (0.018 to 0.036) <0.0001 0.009 (0.001 to 0.017) 0.027
frontiers
For model 1, coefficients were adjusted for sex, age, current smoking, current alcohol assumption, blood glucose, while for model 2 coefficients were additionally adjusted for BMI.
Coefficients were calculated for a doubling of the lipid concentration or 1 nm increment of the averaged lipoprotein particle size. Abbreviation: BMI, body mass index; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; VLDL, very-low-density lipoprotein; WHR, waist-to-hip ratio.
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associated with smaller VLDL particle size, independent of BMI

(P = 0.0005). Notably, higher WHR was not associated with LDL

particle concentration, cholesterol and triglycerides contents,

and LDL particle size (P ≥ 0.56). Along the same line, the

conventional lipid parameters presented similar associations

with WHR, as indicated by elevated remnant cholesterol and

triglycerides, mainly derived from VLDL particles (P ≤ 0.027).

The associations of WHR with HDL-cholesterol and LDL
Frontiers in Endocrinology 07
cholesterol were disappeared when additionally adjusting for

BMI (P ≥ 0.14).

The association of WHR obesity with lipid parameters was

similar, as shown in Table 4. In the multivariable-adjusted

logistic regression models, WHR obesity was significantly

associated with higher concentration of total VLDL particle,

VLDL particle subclasses, triglycerides contents, and smaller

VLDL particle size, independent of BMI and other covariables (P
TABLE 4 Association of WHR obesity with lipid parameters.

WHR obesity vs. Normal WHR

Model 1: OR (95% CI) P Model 2: OR (95% CI) P

Lipoprotein particle concentration

VLDL particles

Total 2.48 (1.89-3.26) <0.0001 1.71 (1.28-2.29) 0.0003

Large 2.14 (1.59-2.88) <0.0001 1.46 (1.06-2.01) 0.021

Medium 2.28 (1.77-2.93) <0.0001 1.60 (1.22-2.10) 0.0007

Small 2.50 (1.91-3.28) <0.0001 1.72 (1.29-2.31) 0.0002

Cholesterol 1.17 (1.09-1.25) <0.0001 1.07 (0.99-1.15) 0.090

Triglyceride 2.99 (2.16-4.12) <0.0001 1.94 (1.37-2.74) 0.0002

IDL particles

Cholesterol 1.06 (1.00-1.14) 0.06 1.01 (0.93-1.08) 0.87

Triglyceride 1.17 (1.05-1.30) 0.00 1.09 (0.96-1.23) 0.18

LDL particles

Total 0.99 (0.74-1.31) 0.93 0.93 (0.67-1.30) 0.68

Large 1.04 (0.79-1.36) 0.80 1.03 (0.74-1.42) 0.88

Medium 0.88 (0.66-1.16) 0.36 0.87 (0.62-1.21) 0.40

Small 1.02 (0.78-1.33) 0.90 0.94 (0.68-1.29) 0.71

Cholesterol 0.97 (0.76-1.24) 0.81 0.97 (0.73-1.30) 0.85

Triglyceride 1.00 (0.92-1.08) 0.89 0.97 (0.89-1.06) 0.49

HDL particles

Total 0.79 (0.61-1.02) 0.07 0.88 (0.68-1.15) 0.35

Large 1.05 (0.89-1.25) 0.55 1.09 (0.90-1.31) 0.37

Medium 0.70 (0.55-0.91) 0.01 0.83 (0.65-1.07) 0.15

Small 0.83 (0.65-1.07) 0.15 0.91 (0.70-1.18) 0.47

Cholesterol 0.38 (0.24-0.58) <0.0001 0.62 (0.39-0.98) 0.042

Triglyceride 1.14 (1.06-1.22) 0.00 1.09 (1.01-1.17) 0.038

Particle size

VLDL 0.92 (0.88-0.96) <0.0001 0.94 (0.90-0.98) 0.002

LDL 0.97 (0.86-1.09) 0.57 1.09 (0.93-1.28) 0.28

HDL 0.34 (0.19-0.60) 0.0002 0.61 (0.33-1.13) 0.12

Conventional lipid measures

Total cholesterol 2.19 (1.02-4.70) 0.044 2.07 (0.86-4.96) 0.10

LDL cholesterol 1.90 (1.14-3.17) 0.014 1.67 (0.93-3.00) 0.089

HDL cholesterol 0.18 (0.10-0.33) <0.0001 0.41 (0.21-0.79) 0.008

Remnant cholesterol 2.69 (1.91-3.78) <0.0001 1.68 (1.16-2.43) 0.007

Non-HDL cholesterol 3.23 (1.86-5.59) <0.0001 2.21 (1.18-4.14) 0.013

Triglyceride 2.70 (1.92-3.79) <0.0001 1.67 (1.15-2.42) 0.007
frontiers
For model 1, odds ratios (ORs) were adjusted for sex, age, current smoking, current alcohol assumption, blood glucose, while for model 2 ORs were additionally adjusted for BMI. ORs and
95% confidence intervals were calculated for a doubling of the lipid concentration or for a 0.1 nm increment of the averaged lipoprotein particle size. WHR obesity was defined as WHR ≥
0.85 for women, 0.9 for men.
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≤ 0.021). The cholesterol and triglycerides contents, but not the

concentration of HDL particles, were associated with WHR

obesity (P ≤ 0.042). The associations between WHR and LDL

particles concentrations, cholesterol and triglycerides contents,

LDL particle size were null (P ≥ 0.28). Likewise, for these lipid

parameters from the conventional lipid measurement, WHR

obesity was associated with higher remnant cholesterol and

triglycerides, but lower HDL cholesterol (P ≤ 0.013). The

unadjusted associations of WHR and WHR obesity with lipid

parameters are presented in supplementary Tables S2, S3.
Insulin sensitivity as a mediator in the
association of obesity with lipoproteins

WHR was positively associated with HOMA-IR (b
coefficient: 0.573, 95% CI: 0.443-0.702 for 0.1 increment in

WHR), while HOMA-IR was positively associated with total

VLDL particle concentration (b: 0.336, 95% CI: 0.270-0.403),
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remnant cholesterol (b: 0.264, 95% CI: 0.214-0.315), but was

inversely associated with HDL cholesterol (b: -0.113, 95% CI:

-0.142- -0.085) after adjustment of sex and age. Subsequently,

the effect of WHR on these lipid parameters intermediated by

HOMA-IR was assessed using mediation analysis, as illustrated

in Figure 1. In mediation models, 37% of the effect of WHR on

VLDL particle concentration was mediated by HOMA-IR

(indirect effect: b=0.158 [95% CI: 0.104-0.211], P <0.0001). For

remnant cholesterol and HDL cholesterol, the mediation

percentage was 47.7% and 41.1% (P ≤ 0.0003), respectively.
The relationship between 10-year
cardiovascular risk score, WHR obesity,
and lipid parameters

Figure 2 shows the 10-year cardiovascular risk score across

the LDL cholesterol categories and WHR obesity categories.

Individuals with higher LDL cholesterol were at an increased
FIGURE 1

Insulin sensitivity mediated around 40-50% of the association of waist-to-hip ratio with VLDL particle concentration, remnant cholesterol, and
HDL cholesterol. In the mediation model, HOMA-IR determined insulin sensitivity was considered a mediator between waist-to-hip ratio and
VLDL particle concentration, remnant cholesterol, and HDL cholesterol. The effect of waist-to-hip ratio on HOMA-IR was defined as effect (a).
The effect of HOMA-IR on a lipid parameter was defined as effect (b). The total effect of waist-to-hip ratio on a lipid parameter effect (c)
comprised direct effect (c’) and indirect effect (a*b) mediated by HOMA-IR. These effects were assessed by b coefficients. The mediation
percentages were the proportions explained by insulin sensitivity. All effects were adjusted for sex and age and P < 0.05. The figure was created
with BioRender.com. HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment for insulin resistance; VLDL, very-low-density
lipoprotein.
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cardiovascular risk, independent of WHR obesity. However,

regardless of the LDL cholesterol categories, individuals with

WHR obesity had a consistently higher cardiovascular risk score

compared with those without WHR obesity (P ≤0.028). This

might indicate a residual cardiovascular risk for individuals with

WHR obesity. Besides, WHR-associated lipid parameters

showed a significant association with the estimated

cardiovascular risk. As shown by Figure 2, VLDL particle

concentrations and remnant cholesterol, positively associated

with WHR, were significantly associated with an increased

cardiovascular risk (b=0.261, 95% CI: 0.047-0.475 and

b=0.434, 95% CI: 0.156-0.713, P≤ 0.002), whereas HDL
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particle concentration, inversely associated with WHR,

presented a negative association with cardiovascular risk score

(b=-1.330, 95% CI: -1.836- -0.825, P <0.0001).
Discussion

The main findings of the current study can be summarized

as 1) WHR-defined obesity was far more prevalent than BMI-

defined obesity, and individuals with WHR obesity had higher

metabolic complications compared to those with normal WHR;

2) the prominent lipid alterations associated withWHR included
B

C D

A

FIGURE 2

The relationship between 10-years cardiovascular risk score, WHR obesity, and lipid parameters. (A) The 10-years cardiovascular risk score
across the LDL cholesterol categories and WHR obesity categories. The star (*) indicated a P-value < 0.05 between two groups in the same LDL
cholesterol category. The linear association of cardiovascular risk with total VLDL particle concentration (B), remnant cholesterol (C), and HDL
cholesterol (D). The linear association was adjusted for sex and age. The solid line represents the regression line. The band with two solid lines
indicates the 95% confidence limits of the regression line, and the transparent band refers to the 95% prediction limits of the regression model.
b coefficients were calculated for a doubling of the lipid concentration. The 10-years cardiovascular risk score was estimated by the SCORE2
algorithm. HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very-low-density lipoprotein; WHR, waist-to-hip ratio.
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increased VLDL particle concentration and remnant cholesterol,

and decreased HDL particle concentration, rather than LDL

particle concentration or LDL cholesterol; 3) insulin sensitivity

mediated roughly 40-50% of the association between WHR and

the major altered lipid parameters; 4) individuals with WHR

obesity were at higher cardiovascular risk and the WHR obesity-

associated lipoprotein alteration was associated an increased

cardiovascular risk.

The lipoprotein profile of WHR obesity is consistent with

previous findings that abdominal obesity is associated with

atherogenic lipid alteration (8). Visceral abdominal fat

determined by computerized tomography scan was associated

with higher VLDL particle concentration and LDL particle

concentration, and smaller LDL particles and HDL particles

(8). Our study further suggested the similarity of the association

of lipoproteins with upper-body fat distribution and overall fat

deposition. Even if BMI is prevailingly used to define obesity,

BMI remarkably underestimates the prevalence of abdominal

obesity. Moreover, a previous study suggested that WHR

provided the highest sensitivity (94.1% for males and 86.7%

for females) for the detection of metabolic syndrome in 1104

participants, outperforming both BMI and waist circumference

(30). Therefore, WHR is a promising alternative to identify

abdominal obesity and metabolic syndrome carriers, delivered

by a feasible, simple anthropometric measurement. In line with

the solid evidence that WHR is independently associated with

mortality and cardiovascular risk (4–6, 31, 32), our findings also

supported that WHR obesity seemed to capture the residual

cardiovascular risk on top of LDL cholesterol. We found that the

estimated cardiovascular risk was consistently higher in

individuals with WHR obesity, even with optimal LDL

cholesterol levels. The application of WHR may pave the way

for early intervention of abdominal obesity and properly assess

residual cardiovascular risk for individuals with central body

fat distribution.

The present finding also confirmed that VLDL particle

concentration was more strongly related to fat distribution as

compared to LDL particle concentration. The underlying clinical

relevance is that LDL cholesterol might underrate the lipid

abnormality in people with upper-body obesity, and VLDL-

derived lipid parameters would be more informative. For

instance, we found that remnant cholesterol, an estimate for

the cholesterol of VLDL particles and VLDL particle remnants,

was consistently associated with upper-body obesity. High

remnant cholesterol has been demonstrated to be associated

with an increased cardiovascular risk (33, 34). In this study, we

also observed the positive association between remnant

cholesterol and the estimated cardiovascular risk score. High

remnant cholesterol may partly explain the residual

cardiovascular risk in people with abdominal obesity, even

when LDL cholesterol levels are optimal. Noteworthy, remnant

cholesterol could be estimated by the existing conventional lipid

measures without extra cost. Another lipid parameter derived
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from VLDL particles is triglycerides. Although elevated

triglycerides are the hallmark of the lipid abnormality of

obesity, the association of triglycerides per se with

cardiovascular risk has been debated for decades (35–37). The

altered lipid metabolism characterization in people with obesity

might be responsible for the insignificant association between

LDL-cholesterol and abdominal obesity. Another possible

explanation may relate to the influence of genetic factors on

LDL-cholesterol. Among genetic lipid disorders, LDL-

cholesterol is more commonly affected (38, 39). Large-scale

genome-wide studies integrated the genetic variants associated

with LDL-cholesterol with polygenic risk scores responsible for

11-21% of the variance of LDL-cholesterol (40, 41). The

correlation between the polygenic risk score and HDL was

0.11 (41).

Apart from VLDL particles, smaller LDL particles and HDL

particles are prominent factors in relation to obesity. With the

persistent status of high triglyceride-enriched VLDL particle

concentration in people with obesity, cholesteryl ester transfer

protein (CETP) promotes the exchange of cholesteryl esters from

LDL particles and HDL particles for triglycerides from VLDL

particles (42). The growing triglycerides contents in LDL and

HDL particles tend to be hydrolyzed by hepatic lipase, which

generates small, dense LDL and HDL particles. Smaller LDL

particles are prone to deposit within arteries; thus, they are

atherogenic and associated with the risk of cardiovascular disease

(42–45). By contrast, smaller HDL particles contain fewer

cholesterol contents, and the smaller particle size is susceptible to

degradation by lipases, leading to decreased HDL cholesterol (46).

Our study found that insulin sensitivity is an essential

mediator in the association between fat distribution and

dyslipidemia, which is in the agreement with previous findings

(47, 48). On the one hand, abdominal obesity has been strongly

associated with insulin sensitivity and the mechanistic links are

considered multifactorial (49). The hypertrophic adipocytes and

adipose tissues induce pre-inflammatory cytokines, such as

tumor necrosis factor a (TNF-a), that prevent insulin

signaling and lead to insulin resistance (46). The impaired free

fatty acids storage of enlarged adipose tissues increases free fatty

acids in circulation and leads to ectopic fat deposition in the

pancreas that dysregulates b-cells and contributes to insulin

resistance as well (50, 51). On the other hand, insulin resistance

plays a pivotal role in the pathogenesis of obesity-induced lipid

disorders, especially in the overproduction of VLDL particles

and the reduction of HDL particles (47, 48). The role of insulin

resistance can be found in diverse pathways. For instance, an

interesting study recently reported that the link between

HOMA-IR and the level of PCSK9 is evident in people with

obesity (52). Moreover, the effect of depression on HOMA-IR

was partially mediated by PCSK9 level, providing a potential

treatment strategy for the improvement of insulin sensitivity

(52). Based on the existed evidence, our findings emphasized the

significance of insulin sensitivity in the development of lipid
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abnormality in people with upper-body obesity. Given the

mediation percentage (40-50%) of insulin sensitivity, the lifestyle

modifications, such as weight loss and carbohydrate-restricted

diets, might effectively intervene against dyslipidemia in

individuals with obesity on multiple levels, as it has been

associated with the improvement in both obesity and insulin

sensitivity (53, 54).

Along with adopting healthy lifestyles, restrictive dietary

strategies have been reported to influence cardiovascular risk.

Long-term fasting (14 days, daily calorie intake: 200–250 kcal)

can limit the generation of chylomicrons, stimulate the mobilization

of fatty acids from the adipose tissue, and subsequently relate to

decreased triglyceride-enriched VLDL particles and LDL

cholesterol, as well as higher large HDL particles (55). The

lipoprotein profile improved by fasting is less atherogenic and

associated with lower cardiovascular risk (55). Pharmacological

therapy is another option for lipid-lowering therapy in people

with obesity. Statins are the first-line lipid-lowering option to

reduce LDL cholesterol and cardiovascular risk (36). However,

the efficiency of statins on triglycerides is marginal (36). Given

the association of fat distribution with lipoprotein constitutions,

specific treatments targeting the elevated VLDL particle

concentration and remnant cholesterol hold the potentiality to

reduce the remaining cardiovascular risks in individuals with

abdominal obesity. It was supported by a large clinical trial of

9423 participants. In this clinical trial, the reduction of VLDL

particles with statin was found to associate with reduced risk of

atherosclerotic cardiovascular disease, independent of the existence

of low LDL cholesterol (56). The proprotein convertase subtilisin/

kexin type 9 (PCSK9) inhibitors provide an alternative approach to

lower LDL cholesterol. However, its effect on VLDL particle

concentration or remnant cholesterol remains inconclusive (36).

A large randomized, controlled trial (PROSPER) recently

compared the effect of pravastatin (40 mg/d) and a loss-of-

mutation in PCSK9 gene on NMR spectrometry-measured

lipoprotein profile, and it demonstrated that PCSK9 inhibition

has aweaker effect onVLDLparticle concentration (57). Inparallel,

alirocumab, a monoclonal antibody of PCSK9 was shown to have

no impact on the metabolism of VLDL particles (58). These

findings contradicted with other reports on monoclonal

antibodies of PCSK9 (59, 60). A real-world study in 350 patients

receivingPCSK9antibodies (alirocumabor evolocumab) suggested

that PCSK9 inhibitors reduce small VLDL particle concentration

(60). Moreover, targeting angiopoietin-like protein 3 (ANGPTL3)

shows the potentiality to effectively reduce VLDL particle

concentration (reduction of 27.9 to 60.0%), remnant cholesterol

(reduction of 38%), and cardiovascular risk (61–63).

A strength of our study is the inclusion of well-characterized

participants from the general population since the observed early

association might be involved in the development and prevention

of cardiometabolic complications. Other major strengths included

the incorporation of NMR spectrometry-measured lipoproteins

and conventional lipid measures, the application of multivariate
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analysis with the adjustment of potential confounders, and

mediation analysis to identify potential mechanisms for the

association of obesity and dyslipidemia. This study also has

several limitations. As a cross-sectional study, the observed

association between waist-to-hip ratio and atherogenic lipid

profile cannot prove causality. Furthermore, given the

atherogenic property of lipoprotein (a), accumulating evidence

has revealed the causality between long-term exposure to higher

lipoprotein (a) and increased risk of cardiovascular events (36).

However, the lipoprotein profile of our study did not measure

lipoprotein (a) because it was not included in the measurements

protocol when the participants were recruited. Besides,

cardiovascular risk was not calculated by cardiovascular events in

the follow-up but was estimated by the SCORE2 algorithm which

includes clinical and biochemical risk factors. SCORE2 is not

validated for patients with diabetes or with already known

cardiovascular disease, where it underestimates risk. However, the

prevalence of diabetes and previous cardiovascular diseases in the

studied population was 1.6% and 5.8%, respectively. The findings

from sensitivity analyses excluding these participants

were confirmative.
Conclusions

WHR obesity, more prevalent than BMI-determined obesity,

was independently associated with an unfavorable lipoprotein

profile. Insulin sensitivity was a pivotal mediator that links

upper-body fat deposition to lipid disorders. VLDL particle

concentration and remnant cholesterol are more strongly

associated with obesity than LDL cholesterol. Lowering VLDL

particle concentration and remnant cholesterol might further

reduce the residual cardiovascular risk for individuals with obesity.
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