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Abstract
Background: LDL-cholesterol lowering variants that upregulate receptor uptake of 
LDL, such as in PCSK9 and HMGCR, are associated with diabetes via unclear mecha-
nisms. Activation of the NLRP3 inflammasome/interleukin-1 beta (IL-1β) pathway 
promotes white adipose tissue (WAT) dysfunction and type 2 diabetes (T2D) and is 
regulated by LDL receptors (LDLR and CD36). We hypothesized that: (a) normocho-
lesterolemic subjects with lower plasma PCSK9, identifying those with higher WAT 
surface-expression of LDLR and CD36, have higher activation of WAT NLRP3 
 inflammasome and T2D risk factors, and; (b) LDL upregulate adipocyte NLRP3 
 inflammasome and inhibit adipocyte function.
Methodology: Post hoc analysis was conducted in 27 overweight/ obese subjects with 
normal plasma LDL-C and measures of disposition index (DI during Botnia clamps) 
and postprandial fat metabolism. WAT was assessed for surface-expression of LDLR 
and CD36 (immunohistochemistry), protein expression (immunoblot), IL-1β secre-
tion (AlphaLISA), and function (3H-triolein storage).
Results: Compared to subjects with higher than median plasma PCSK9, subjects 
with lower PCSK9 had higher WAT surface-expression of LDLR (+81%) and CD36 
(+36%), WAT IL-1β secretion (+284%), plasma IL-1 receptor-antagonist (+85%), 
and postprandial hypertriglyceridemia, and lower WAT pro-IL-1β protein (−66%), 
WAT function (−62%), and DI (−28%), without group-differences in body composi-
tion, energy intake or expenditure. Adjusting for WAT LDLR or CD36 eliminated 
group-differences in WAT function, DI, and postprandial hypertriglyceridemia. 
Native LDL inhibited Simpson-Golabi Behmel-syndrome (SGBS) adipocyte differ-
entiation and function and increased inflammation.
Conclusion: Normocholesterolemic subjects with lower plasma PCSK9 and 
higher WAT surface-expression of LDLR and CD36 have higher WAT NLRP3 
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1 |  INTRODUCTION

Type 2 diabetes (T2D) and cardiovascular disease share 
many risk factors such as unhealthy lifestyle and obesity. Yet, 
while lowering plasma low-density lipoprotein cholesterol 
(LDL-C) is cardio-protective, evidence over the past decade 
has recognized a role for common LDL-C-lowering variants, 
including loss-of-function variants in PCSK9 (Proprotein 
Convertase Subtilisin/ kexin Type 9) and HMGCR (3-hy-
droxy-3-methylglutaryl-CoA reductase), in higher risk for 
diabetes (Ference et al., 2016; Lotta et al., 2016; Schmidt 
et al., 2016; Swerdlow et al., 2015). Similarly, long-term use 
of statins that inhibit HMGCR is associated with a higher 
incidence of T2D (Corrao et al., 2014; Ridker et al., 2012; 
Sattar et al., 2010; Swerdlow et al., 2015). As these inherited 
or induced conditions lower plasma LDL-C by increasing 
tissue-uptake of LDL, a role for the LDL receptor (LDLR) 
pathway was proposed (Ference et al., 2016; Preiss & Sattar, 
2015; Schmidt et al., 2016). However, mechanisms underly-
ing higher risk for T2D with the upregulation of the LDLR 
pathway remain unclear.

White adipose tissue (WAT) dysfunction is believed to 
play a central role in the pathophysiology of T2D as it pro-
motes elevated plasma lipids, particularly in the postprandial 
state, and their influx into peripheral tissues favoring sys-
temic lipotoxicity, insulin resistance, and hyperinsulinemia. 
This in time favors β-cell exhaustion, reduced insulin se-
cretion, and hyperglycemia (Faraj, 2020; Gastaldelli et al., 
2017). A lower insulin sensitivity combined with insufficient 
insulin secretion, measured as a lower disposition index (DI), 
is an independent predictor of the conversion of prediabetes 
to T2D across many ethnic groups and races (Lorenzo et al., 
2010).

Over the past 10 years, we established a role for native LDL 
in the dysfunction of murine adipocytes and human subcuta-
neous WAT (Bissonnette et al., 2013; Lamantia et al., 2017). 
We also reported that elevated plasma numbers of apoB-lipo-
proteins (i.e., plasma apoB) are associated with risk factors 
for T2D in overweight and obese subjects (Bissonnette et al., 
2013, 2015; Bissonnette, Saint-Pierre, et al., 2018; Lamantia 
et al., 2017; Wassef et al., 2015). However, the association 
of higher plasma apoB with WAT dysfunction and insulin 
resistance was strengthened by lower plasma PCSK9 (Wassef 
et al., 2015), suggesting a role for PCSK9-regulated receptors, 

such as LDLR and CD36 (Demers et al., 2015; Schmidt et al., 
2008) in metabolic dysfunction. More recently, we reported 
that higher fasting WAT-surface expression of LDLR and 
CD36 in subjects with overweight and obesity was positively 
associated with insulin resistance and plasma interleukin 1 
receptor antagonist (IL-1Ra) (Cyr et al., 2020), which is a 
measure of the systemic activation of the interleukin 1 (IL-1) 
signaling (Bissonnette et al., 2015).

A key sensor of metabolic stress in WAT that is im-
plicated in the etiology of WAT dysfunction and T2D is 
the Nucleotide-binding domain and Leucine-rich repeat 
Receptor, containing a Pyrin domain 3 (NLRP3) inflam-
masome (Koenen et al., 2011; Skeldon et al., 2014; Stienstra 
et al., 2010; Vandanmagsar et al., 2011). Activation of the 
NLRP3 inflammasome leads to the secretion of IL-1β 
(Swanson et al., 2019), which inhibits insulin signaling in 
adipocytes, pancreatic β-cells, and hepatocytes (Skeldon 
et al., 2014; Stienstra et al., 2010; Vandanmagsar et al., 
2011) and interferes with adipocyte differentiation (Stienstra 
et al., 2010). Activation of the inflammasome requires two 
signals, a priming signal that induces NLRP3 and pro-IL-1β 
expression, followed by an activation signal that promotes 
the assembly of the inflammasome complex, activation of 
caspase-1, cleavage of pro-IL-1β into IL-1β (biologically 
active form) followed by the secretion of IL-1β (Swanson 
et al., 2019). In macrophages, oxidized LDL (oxLDL) were 
reported to prime and activate the NLRP3 inflammasome in 
a mechanism dependent on CD36 (Sheedy et al., 2013), a 
scavenger receptor for native VLDL and LDL, oxLDL, and 
non-esterified fatty acids (NEFAs) (Calvo et al., 1998; Glatz 
& Luiken, 2018)). More recently, both oxidized and native 
LDL were reported to upregulate the NLRP3 inflammasome 
in endothelial tubular cells, suggesting a role for LDLR 
(Rampanelli et al., 2017). Moreover, preliminary work from 
our lab demonstrates that native LDL induces IL-1β secretion 
in human WAT (Bissonnette, Lamantia, et al., 2018). Taken 
together, this data suggests that the activation of the NLRP3 
inflammasome may be a mechanism linking receptor-medi-
ated tissue-uptake of LDL to metabolic risk in humans.

Accordingly, we ran post hoc analyses of two cohorts of 
overweight and obese subjects with normal plasma LDL-C 
grouped based on median plasma PCSK9 per sex as PCSK9 
regulates tissue-surface expression of LDLR and CD36 
(Demers et al., 2015; Schmidt et al., 2008). We tested the 
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hypotheses that, compared to subjects with higher plasma 
PCSK9, subjects with lower plasma PCSK9, identifying 
those with higher WAT surface expression of LDLR and 
CD36, have (a) higher WAT and systemic activation of 
NLRP3 inflammasome, and (b) higher risk factors for T2D; 
namely WAT dysfunction, insulin resistance, hyperinsulin-
emia, lower DI, and postprandial hypertriglyceridemia. We 
also examined whether native LDL directly regulates the 
NLRP3 inflammasome and adipocyte physiology in a human 
adipocyte model.

2 |  RESEARCH DESIGN AND 
METHODS

2.1 | Study population

This work represents post hoc analysis of the baseline data 
of two registered clinical trials conducted at IRCM between 
2010 and 2020 (ISRCTN14476404 and NCT04496154). Both 
studies enrolled men and postmenopausal women between 
45 and 74 years, who were non-smokers, sedentary (<2 h of 
structured exercise/week), and with low alcohol consumption 
(≤2 servings/day). The exclusion criteria included having 
≥20% Framingham Risk Score, prior history of chronic dis-
ease (including cardiovascular disease or event, inflammatory 
disease, and diabetes), and medication affecting metabolism 
(Bissonnette et al., 2015; Bissonnette, Saint-Pierre, et al., 
2018; Cyr et al., 2016; Lamantia et al., 2017, 2019; Wassef 
et al., 2015). All participants signed consent forms before ini-
tiating the two studies, which included the conservation and 
use of their biological samples for 10 years after the study 
end. The consent forms were approved by the ethics board at 
IRCM and respected the Declaration of Helsinki principles. 
Subject included in this analysis had a BMI of 25–44 kg/m2 
and normal plasma LDL-C (LDL-C  <  3.5  mmol or <75th 
percentile in the Canadian population (Connelly et al., 1999)) 
measured on two testing days (1–4  weeks apart). Included 
subjects had measures of insulin sensitivity and secretion and 
postprandial plasma clearance of fat and had preserved WAT 
samples and conditioned medium for the additional measure-
ment of surface-expression of LDLR and CD36 and WAT 
NLRP3 inflammasome activity (N = 27, 15 women and 12 
men).

2.2 | Anthropometrics and 
metabolic parameters

All subjects underwent a 4-week weight stabilization period 
before initiating metabolic testing (±2 kg). Body composition 
was assessed by dual-energy X-ray absorptiometry (iDXA; 
GE Healthcare) and basal metabolic rate was measured by 

indirect calorimetry (Vmax Encore, CareFusion). Three-day 
food records were completed by the subjects (two weekdays, 
one weekend) and verified by a dietitian for completion. Their 
nutritional analysis was conducted using The Food Processor 
software (version 11.3.285, ESHA Research). Plasma param-
eters were measured as follows: lipids and apoB by COBAS 
Integra 400 analyzer (Roche Diagnostic), apoB48 by ELISA 
(Fuji Films/WAKO), glucose by an automated analyzer (YSI 
Inc., InterScience), insulin and C-peptide by radioimmu-
noassay kit (Millipore Corporation), PCSK9 by ELISA kit 
(Circulex), and IL-1Ra by high-sensitivity ELISA kit (R&D 
system, Minneapolis, MN, USA)(Bissonnette, Saint-Pierre, 
et al., 2018; Bissonnette et al., 2013, 2015; Lamantia et al., 
2017; Wassef et al., 2015).

2.3 | Insulin sensitivity and secretion

On the first testing day, insulin sensitivity and secretion 
were measured by a gold-standard technique using modi-
fied Botnia clamp as reported (Bissonnette et al., 2015; 
Bissonnette, Saint-Pierre, et al., 2018; Cyr et al., 2020; 
Lamantia et al., 2017; Wassef et al., 2015). Briefly, subjects 
followed a 3-day high carbohydrate diet to maximize glyco-
gen storage, after which they underwent a 1-h intravenous-
glucose tolerance test (IVGTT, 0.3 g glucose/kg) followed by 
a 3-h hyperinsulinemic-euglycemic clamp (75  mU insulin/
m2/min). Insulin secretion was measured as glucose-induced 
insulin and C-peptide secretion during the 1st phase (first 
10 min) and total of 60 min of the IVGTT. Insulin sensitiv-
ity was assessed during the steady state of the clamp (last 
30 min) calculated as glucose infusion rate (GIR) divided by 
plasma insulin (termed M/I). The DI, which assesses insu-
lin sensitivity and secretion concomitantly, was calculated 
as the 1st phase or total glucose-induced C-peptide secretion 
multiplied by M/I (Lorenzo et al., 2010). Fasting index of 
insulin resistance was calculated as the Homeostatic Model 
Assessment of Insulin Resistance (HOMA-IR) (Bissonnette 
et al., 2015; Bissonnette, Saint-Pierre, et al., 2018; Cyr et al., 
2020; Lamantia et al., 2017; Wassef et al., 2015).

2.4 | Postprandial plasma clearance of 
fat and WAT biopsies

On the second testing day, 1–4 weeks after the first testing 
day, fasting WAT samples were collected from the hip by 
needle biopsy under local anesthesia (Xylocaine 20 mg/ml, 
AstraZeneca) and washed with cold antibiotic/antifungal-
supplemented HBSS buffer. Following that, subjects con-
sumed a high-fat meal composed of croissant, cheese, bacon, 
and brownies (600 kcal/m2, 68% fat, 36% saturated fat, 18% 
carbohydrate). Postprandial plasma clearance of fat was 
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measured over 6 hours. In both clinical trials, when sufficient 
WAT samples were collected, one portion was immediately 
snap-frozen in liquid nitrogen for mRNA and protein ex-
pression, a second portion was fixed overnight at 4°C in 4% 
paraformaldehyde, embedded in paraffin and cut into 5 µm 
sections, and a third portion was used fresh to measure WAT 
function ex vivo and collect WAT-conditioned medium over 
4 hours (Bissonnette et al., 2013; Cyr et al., 2016, 2020; 
Lamantia et al., 2017; Wassef et al., 2012).

2.5 | WAT protein expression

WAT protein was collected and analyzed as previously re-
ported (Cyr et al., 2020). Briefly, frozen WAT samples were 
crushed in liquid nitrogen, total proteins were extracted in 
radioimmunoprecipitation buffer (RIPA; Santa Cruz) and 
quantified by lipid-insensitive CBQCA fluorescence-based 
protein assay (Thermo Fisher). Protein samples were sepa-
rated by SDS-PAGE with equal loading verified by 1.0% 
TCE (Sigma T54801) stain-free total protein visualization. 
Proteins were transferred onto 0.45 µm polyvinylidene dif-
luoride membrane (PVDF; Millipore), blocked in 5% non-fat 
dry milk in 0.1% Tween-Tris buffer, and probed overnight 
with required antibodies as previously published (Cyr et al., 
2020). Protein bands were revealed by chemiluminescence 
(SuperSignal West Femto Substrate, Thermo Fisher) in the 
ChemiDoc XRS+imaging system (Bio-Rad). Band inten-
sities were quantified using Image Lab software (Version 
5.2.1; Bio-Rad). Normalization of WAT protein expression 
was in accordance with published guidelines (Murphy & 
Lamb, 2013). Inter-gel variability was mitigated by the use 
of an internal control made from pooled WAT from five sub-
jects as described (Cyr et al., 2020). Samples were ran in du-
plicate on two gels and % CTL of the two gels was averaged 
and presented.

2.6 | WAT surface-expression of 
LDLR and CD36

This was measured using immunohistofluorescence (IHF) 
and confocal microscopy as previously reported (Cyr et al., 
2020). Briefly, slide-mounted WAT sections were depar-
affinized and heat-induced epitope retrieval (HIER) was 
performed (PT Module, Thermo Fisher), before blockage in 
BSA 0.1%. Sections were co-incubated with goat anti-human 
LDLR and rabbit anti-human CD36 (Novus Biologicals, CO) 
in BSA 0.1% overnight at 4°C and then co-incubated with 
secondary antibodies (Alexa Fluor 555 anti-rabbit IgG, Alexa 
Fluor 647 anti-goat IgG, Invitrogen) and counterstained with 
the nuclear dye DAPI (0.5 µg/ml) in BSA 0.1%. Slides were 
mounted in Vectashield antifade mounting medium (Vector 

Labs). Immunofluorescence acquisition was performed on 
a Zeiss LSM-710 confocal microscope. Image analysis was 
performed using FIJI open-access software (GitHub) and 
computed as corrected total fluorescence (CTF) of at least 
eight non-overlapping fields per subject. A representative 
section of WAT with plasma membrane localization of CD36 
and LDLR is presented in Figure 1. To reduce inter-assay 
variability in immunofluorescence analyses, an internal con-
trol (CTL) made of consecutive sections of one subject was 
ran with each analysis and subject data were normalized to it 
and expressed as a percent of CTL.

2.7 | WAT function and IL-1β secretion

WAT function was measured ex vivo in fresh WAT samples 
as in situ lipoprotein lipase (LPL) activity. This technique 
assesses the overall hydrolysis of synthetic 3H-triolein-
labeled-triglyceride-rich-lipoproteins (3H-TRL, 95% TGs, 
1.27  mM TGs) and storage of generated 3H-fatty acids as 
WAT 3H-lipids over 4 hours. It is expressed as the mass of 
3H-TG hydrolyzed per milligram of WAT (Bissonnette et al., 
2013, 2015; Cyr et al., 2016, 2020; Lamantia et al., 2017). 
WAT IL-1β secretion was measured using AlphaLISA 
kits (Perkin Elmer) as the accumulation of IL-1β in WAT-
conditioned medium over 4 hours (DMEM/F12 medium, 
Life Technologies) supplemented with 5% FBS (Wisent)). 
Each data point represents the mean of 2–4 WAT pieces 
(5–10 mg total) per well. WAT function represents the mean 
of 3–6 replicate wells and WAT IL-1β secretion represents 
the mean of 2–3 replicate wells per subject.

2.8 | Separation of subjects into groups with 
lower and higher plasma PCSK9

Included subjects were divided based on median plasma 
PCSK9 per sex to account for sex-differences in measured 
parameters. This generated two groups with lower plasma 
PCSK9 (80.0–259.5 pg/ml in women and 155.2–211.1 pg/ml 
in men) and higher plasma PCSK9 (272.5–559.7  pg/ml in 
women and 213.6–305.6 pg/ml in men).

2.9 | Effect of native human LDL on SGBS 
preadipocyte differentiation

Native LDL was isolated from healthy volunteers based on 
the following inclusion criteria: non-smoker, not taking any 
medication affecting lipid metabolism, not having dyslipi-
demia or chronic diseases. Blood (60 mL) was drawn after an 
8 h fast and plasma LDL was isolated by sequential ultra-cen-
trifugation, sterilized by filtration, stored in sterile saline, and 
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used within 4 weeks as published (Bissonnette et al., 2013; 
Lamantia et al., 2017). Participants signed a consent form 
that was approved by the ethics board at IRCM in accordance 
with the Declaration of Helsinki principles. All LDL prepara-
tions were used anonymously.

Simpson-Golabi Behmel-syndrome (SGBS) cells are 
not transformed nor immortalized but have a high prolifer-
ation and differentiation capacity and are classically used as 
a human model of preadipocytes (Fischer-Posovszky et al., 
2008). Simpson-Golabi Behmel-syndrome cells are used as 
the yield of preadipocytes from subject WAT biopsies is too 
small for differentiation and experimentation. cells were main-
tained in 10% active FBS DMEM/F12 (Life Technologies) 
supplemented in pantothenate (2.17 µM), biotin (0.33 µM), 
1% penicillin-streptomycin, and gentamicin (0.25  µg/ml) 
(Fischer-Posovszky et al., 2008). They were passaged at 80% 
confluence and plated (8000 cells/cm2) in 96-well poly-D-ly-
sine coated optical plates (Nunc). Differentiation was initiated 
3-days post-plating (day 0, 90% confluency) and induced in 
albumin-free medium by withdrawing FBS from the culture 
medium and supplementing the medium with an adipogenic 
cocktail (Fischer-Posovszky et al., 2008). Preadipocytes were 
differentiated in the presence of saline 1.006 g/L as a con-
trol or in the presence of LDL in saline (0.05 −1.00 g apoB 
/L). At 7-days of differentiation, cell number was measured 

by Hoechst stain (Life Technologies) and lipid accumulation 
by Nile Red staining (AdipoRed; Lonza Enterprises) using 
a SpectraMax I3 fluorometer (Molecular Devices). Images 
were developed using laser-scanning confocal microscopy 
(LSM710, Zeiss). Adipocyte function was measured as in 
situ LPL activity over 4 hours using 1.27 mM of TGs sub-
strate and expressed as the mass of 3H-TG hydrolyzed per cell 
(Bissonnette et al., 2013; Faraj et al., 2004).

RNA was isolated from SGBS preadipocytes (day 0) and 
from mature adipocytes (6–7  days of differentiation) using 
TRIzol reagent (Qiagen). RNA (1  µg) was treated with 
DNaseI, reverse-transcribed using the High Capacity Reverse 
Transcription Kit (Applied Biosystems), and quantified by 
real-time PCR using SYBR Green PCR master mix with the 
Viaa7 RT-PCR system (Life Technologies). Gene expres-
sion was normalized to beta-2-microglobulin (B2M) mRNA 
and expressed relative to normally differentiated adipocytes 
(CTL) using the ∆∆Ct threshold cycle method of normaliza-
tion. The expression of NLRP3 was assessed in SGBS cells 
with and without priming with lipopolysaccharides (LPS, 
0.1 to 1 ng/ml for 4 hours), which is a priming control for 
the NLRP3 inflammasome in macrophages (Swanson et al., 
2019). Identical primers were used in SGBS cells and in sub-
ject WAT (primer sequences are available upon request to the 
corresponding author).

F I G U R E  1  Representative plasma 
membrane localization of CD36 and LDLR 
by immunohistofluorescence staining in 
WAT. Specificity of LDLR and CD36 
detection in WAT was verified by secondary 
antibody-only staining for CD36 (Alexa 
Fluor 555 anti-rabbit IgG) (a), and LDLR 
(Alexa Fluor 647 anti-rabbit IgG) (b), 
used as negative control; Positive staining 
(primary and secondary antibodies) of 
WAT section for CD36 (c) and LDLR (d) 
All samples counterstained with nuclear 
stain DAPI. A-B represent the same WAT 
section, C-D represent the same WAT 
section, all from the same subject

(a) (b)

(c) (d)
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2.10 | Statistical analyses

Data are presented as the mean ± SEM. Student's t-test 
was used for all group comparisons. Given the variabil-
ity of some data, sensitivity analysis was performed using 

the non-parametric Mann-Whitney U test for intergroup 
differences in Table 1 and Figures 2 and 3. Univariate 
ANOVA was used to adjust group-differences for covari-
ates (LDLR, CD36, apoB, and NEFAs). One-way ANOVA 
was used for univariate multiple analyses (Figure 4) and 

T A B L E  1  Anthropometric and metabolic parameters of the study population

Lower PCSK9 Higher PCSK9 p value

Women:men 7: 6 8: 6

Plasma PCSK9 (ng/ml) 199.0 ± 13.5 317.1 ± 27.1 0.001

Anthropometric parameters

Age (years) 57.6 ± 1.8 58.4 ± 1.9 0.761

BMI (kg/m2) 34.1 ± 1.8 30.6 ± 0.9 0.089

Total fat mass (kg) 39.1 ± 4.2 33.1 ± 2.2 0.211

Android fat mass (kg) 3.98 ± 0.53 3.32 ± 0.36 0.303

Gynoid fat mass (kg) 5.90 ± 0.57 5.35 ± 0.40 0.432

Android-to-gynoid fat ratio 0.67 ± 0.06 0.64 ± 0.06 0.658

% Body Fat (%) 40.2 ± 2.1 40.2 ± 1.8 0.996

Waist circumference (cm) 110.2 ± 6.0 104.0 ± 3.3 0.362

Hip circumference (cm) 112.1 ± 6.2 109.6 ± 1.6 0.684

Energy intake and expenditure

Basal metabolic rate (kcal/day) 1568 ± 105 1433 ± 87 0.331

Energy intake (kcal/day)a 2074 ± 205 2047 ± 122 0.907

% Fata 33.4 ± 2.0 34.4 ± 1.0 0.642

% Carbohydratea 48.8 ± 2.2 50.2 ± 1.4 0.571

% Proteina 16.4 ± 1.0 15.1 ± 0.7 0.254

% Saturated fata 10.2 ± 0.7 10.7 ± 0.7 0.681

% Alcohola 2.33 ± 0.87 1.09 ± 0.44 0.204

Sugar (g)a 86.7 ± 8.8 89.5 ± 8.5 0.826

Fiber (g)a 22.6 ± 2.2 27.1 ± 2.4 0.188

Fasting metabolic parameters

Systolic blood pressure (mm Hg) 128.1 ± 3.6 118.9 ± 5.9 0.196

Diastolic blood pressure (mm Hg) 79.5 ± 2.4 74.5 ± 3.4 0.234

Plasma total cholesterol (mmol/L) 4.60 ± 0.13 4.78 ± 0.17 0.432

Plasma non-HDL-C (mmol/L) 3.47 ± 0.15 3.09 ± 0.13 0.066

Plasma LDL-C (mmol/L) 2.66 ± 0.15 2.66 ± 0.13 1.000

Plasma HDL- C (mmol/L) 1.13 ± 0.07 1.68 ± 0.17 0.007

Plasma TGs (mmol/L) 1.79 ± 0.25 0.96 ± 0.08 0.003

Plasma NEFAs (mmol/L) 0.57 ± 0.05 0.48 ± 0.04 0.185

Plasma apoB (g/L) 0.97 ± 0.06 0.81 ± 0.05 0.039

Plasma apoB-to-PCSK9 (mg/µg) 5.24 ± 0.53 2.72 ± 0.23 <0.001

Plasma LDLC-to-PCSK9 (µmol/µg) 14.0 ± 1.1 8.9 ± 0.6 <0.001

11 in the higher PCSK9g/L) 1.41 ± 0.04 1.63 ± 0.10 0.067

Plasma glucose (mmol/L) 4.77 ± 0.11 5.21 ± 0.13 0.017

Plasma insulin (µU/ml) 18.2 ± 3.6 15.1 ± 2.5 0.478

Plasma C-peptide (ng/ml) 1.97 ± 0.28 1.83 ± 0.26 0.701

HOMA-IR (mmol/L × mU/L) 3.95 ± 0.80 3.48 ± 0.56 0.633

Data are presented as mean ± SEM.
aFor N = 11 in the lower PCSK9 group for uncompleted food journals. Significant data hold when performing sensitivity non-parametric analysis. N.B. All metabolic 
parameters were measured on the 1st testing day prior to the Botnia clamp. 
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two-way ANOVA with interaction for bivariate multiple 
analyses (group x time for plasma TG curves in Figure 
3, gene x experimental condition in Figure 5). When in-
teraction passed, unpaired t-test was used to compare 
group differences or experimental conditions (N.B. MCP-
1 expression was excluded from the interaction analysis 
as its high expression skewed the interaction analysis of 
the 20 genes in Figure 5). Dunnett correction was used 
to adjust for multiple comparisons in the ANOVA mod-
els. Statistical analyses were performed using SPSS V24 
(IBM) and GraphPad Prism V8 (GraphPad Software). 
Significance was set at p < 0.05.

3 |  RESULTS

Baseline characteristics of the study groups with lower and 
higher plasma PCSK9 are presented in Table 1. Subjects with 
lower plasma PCSK9 had higher fasting plasma TGs, apoB, 
apoB-to-PCSK9 ratio, and LDLC-to-PCSK9 ratio and lower 
plasma HDL-C and glucose. Notably, average plasma glu-
cose and HDL-C are within the normal ranges, and average 
plasma apoB is less than the 50th percentile of the Canadian 
population (Connelly et al., 1999). There were no group dif-
ferences in adiposity, body composition (% fat) or fat distri-
bution (android and gynoid fat, android-to-gynoid fat ratio, 

F I G U R E  2  Subjects with lower 
PCSK9 have higher WAT surface LDLR 
and CD36 expression with upregulated 
NLRP3 inflammasome activity. Group 
difference in WAT surface LDLR (a) and 
CD36 (b), total WAT NLRP3 expression 
(c), pro-IL-1β expression (d), IL-1β medium 
accumulation (e), and plasma IL-1Ra (f). 
Data presented for N = 13 in the lower and 
N = 14 in the higher PCSK9 groups except 
for panel C where N = 11 in the higher 
PCSK9 group, panel D where N = 12 in the 
higher PCSK9 group, panel E where N = 12 
in the lower and N = 9 in the higher PCSK9 
group, and panel F where N = 12 in the 
higher PCSK9 group due to missing data. 
Women are presented as closed circles and 
men as open circles. Significant findings 
hold when performing non-parametric 
sensitivity analysis
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waist, and hip circumferences), basal metabolic rate, energy 
intake, % macronutrient intake, % alcohol intake, or sugar 
and fiber intake. There was also no group-difference in total 
fasting plasma NEFAs, cholesterol, non-HDL-C, LDL-C or 
apoA-1.

3.1 | Subjects with lower plasma PCSK9 
have higher WAT surface-expression of 
LDLR and CD36 and activation of WAT 
NLRP3 inflammasome

White adipose tissue plasma membrane localization of LDLR 
and CD36 (termed WAT-surface expression) was meas-
ured as previously published (Cyr et al., 2020). Compared 

to subjects with higher plasma PCSK9, subjects with lower 
plasma PCSK9 had significantly higher WAT-surface ex-
pression of LDLR (+81%, Figure 2a) and CD36 (+36%, 
Figure 2b). There was no significant group-difference in 
WAT NLRP3 protein expression (Figure 2c). However, sub-
jects with lower plasma PCSK9 had 66% lower WAT pro-
IL-1β protein expression than subjects with higher PCSK9 
(Figure 2d), 284% higher WAT secretion of active IL-1β ex 
vivo over 4  h (Figure 2e), and 85% higher plasma IL-1Ra 
(Figure 2f). This suggests higher cleavage of pro-IL-1β into 
its active IL-1β form and systemic activation of the IL-1 
pathway in subjects with lower plasma PCSK9. Adjustment 
for WAT surface-expression of LDLR or CD36 alone did 
not eliminate group differences in WAT NLRP3 inflamma-
some priming (pro-IL-1β protein) or activation (WAT IL-1β 

F I G U R E  3  Subjects with lower 
PCSK9 have lower disposition index, 
impaired WAT function, and delayed 
postprandial TG clearance. Group 
differences in ex vivo WAT function (a), 
and postprandial plasma clearance of 
TGs (b), glucose-induced total C-peptide 
secretion (c), insulin sensitivity index M/I 
(d), first phase disposition index (E), and 
total disposition index (F). Data presented 
for N = 13 in the lower and N = 14 in the 
higher PCSK9 group in both groups except 
for panel A where N = 12 in the higher 
PCSK9 group due to insufficient WAT 
samples. Women are presented as closed 
circles and men as open circles. Significant 
findings hold when performing non-
parametric sensitivity analysis except for 
WAT function (p = 0.054)
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secretion) nor in plasma IL-1Ra (Table 2). Similarly, adjust-
ing for LDLR and CD36 ligands, plasma apoB or NEFAs, 
did not eliminate group differences in these inflammatory pa-
rameters. Concomitant adjustment for two or more of these 
covariates is not possible considering the sample size.

3.2 | Subjects with lower plasma 
PCSK9 have lower WAT function, delayed 
postprandial plasma clearance of fat, and lower 
disposition index

As hypothesized, compared to subjects with higher plasma 
PCSK9, subjects with lower plasma PCSK9 and higher 
WAT surface-expression of LDLR and CD36 had lower 
WAT function, assessed as lower in situ LPL activity in 
fresh WAT over 4 hours ex vivo (−62%, Figure 3a). As 

WAT function data were skewed, we performed a Log10 
transformation and verified the group-difference in WAT 
function, which was significant (p = 0.031). Moreover, sub-
jects with lower PCSK9 had delayed postprandial plasma 
clearance of TGs over 6 hours after the ingestion of the 
high-fat meal (by 2-way RM ANOVA; group p = 0.040, 
Figure 3b). There was also a group × time interaction and 
a group-difference in plasma TG at 6 h (p = 0.003). There 
were no group-differences in 1st phase or total glucose-
induced insulin secretion (p  >  0.05), 1st phase or total 
C-peptide secretion (Figure 3c) or insulin sensitivity as-
sessed as GIR (data not shown) or M/I during the Botnia 
clamp (Figure 3d). However, subjects with lower plasma 
PCSK9 had 37% lower 1st phase DI and 28% lower total DI 
than subjects with higher PCSK9 (Figure 3e-f). This sug-
gests that insulin secretion is less sufficient to compensate 
for insulin resistance in this group.

F I G U R E  4  Native human LDL impairs differentiation and function of SGBS preadipocytes. The effect of differentiation of SGBS 
preadipocytes for 7 days on proliferation (a) and lipid-droplet accumulation per cell (b). A representative experiment using laser-scanning confocal 
microscopy (10×) to visualize cell number and lipid-droplet accumulation in preadipocytes, 7d-normally differentiated adipocytes (CTL), and 
7d-differentiated adipocytes in the presence of native human LDL (0.2 g apoB/L) (c). The effect of 7d-differentiation of SGBS preadipocytes in the 
presence of LDL (0–1.0 g apoB/L) on cell number (d), lipid-droplet accumulation per cell (e), and adipocyte function per cell (f). N = 3 different 
experiments measured in triplicates

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

In
tra

ce
llu

la
r L

ip
id

(N
ile

 R
ed

/H
oe

ch
st

: R
FU

 %
 o

f C
tl)

 p =  0.029

0.0 0.2 0.4 0.6 0.8 1.0
0

25

50

75

100

125

Ad
ip

oc
yt

e 
Fu

nc
tio

n
(n

m
ol

 in
tra

ce
llu

la
r3 H

-T
G

 /
ho

ec
hs

t; 
%

 o
f C

TL
)

 p <  0.0001

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

250

C
el

lN
um

be
r

(H
oe

ch
st

; R
FU

 %
 o

f C
TL

)

 p <  0.0001

Native human LDL (apoB g/L)

Preadipocyte Adipocyte
0

50

100

150

200

C
el

lN
um

be
r

(H
oe

ch
st

; R
FU

 %
 o

f C
TL

)
p =  0.019

Preadipocyte Adipocyte
0

50

100

150

In
tra

ce
llu

la
r L

ip
id

(N
ile

 R
ed

/H
oe

ch
st

: R
FU

 %
 o

f C
tl)

p <  0.001

(a)

(b)

(d) (e) (f)

(c)



10 of 15 |   CYR et al.

Adjustment for WAT-surface expression of LDLR elim-
inated all group-differences in risk factors for T2D (Log10 
WAT function, 1st and total DI and postprandial hyper-
triglyceridemia), while adjustment for WAT-surface ex-
pression of CD36 eliminated group-differences in all risk 
factors except 1st phase DI and plasma TGs at 6 h (Table 
2). Moreover, adjustment for plasma apoB as a measure of 
the number of apoB-lipoproteins, mostly as LDL, elimi-
nated group-differences in Log10 WAT function and post-
prandial plasma clearance of TGs, while adjustment for 
plasma NEFAs eliminated all differences except in plasma 
TGs at 6 h (Table 2).

3.3 | Effect of native human LDL on SGBS 
adipocyte differentiation, function, and 
inflammation

Whether human adipocytes express NLRP3 mRNA is 
controversial (Koenen et al., 2011; Stienstra et al., 2010; 
Vandanmagsar et al., 2011). To explore the mechanism by 
which apoB-lipoproteins may regulate human WAT function 

and inflammation, we compared the differentiation, function, 
and inflammation of human SGBS preadipocytes at baseline 
and after 7 days (7d) of differentiation in the absence or pres-
ence of low to physiological concentrations of human native 
LDL. Of note, the preadipocyte yield from human WAT bi-
opsies is too small to complete multiple cycles of prolifera-
tion without losing differentiation capacity, hence the use of 
SGBS cells.

As presented in Figure 4, 7d-differentiation of SGBS 
preadipocytes is associated with about a 40% decrease in cell 
number (Figure 4a,c) and a 770% increase in lipid-droplet 
accumulation per cell (Figure 4b,c). Moreover, chronic ex-
posure to LDL during differentiation increased cell num-
ber by about 100% (Figure 4d) and decreased lipid-droplet 
accumulation per cell by about 50% in a dose-dependent 
manner, reaching a plateau at 0.2–0.4 g/L of apoB (Figure 
4e). Moreover, chronic exposure to native LDL inhibited ad-
ipocyte function measured as reduced in situ LPL activity, 
reaching a plateau of inhibition by 60% at 0.2 g/L of apoB 
(Figure 4f). Notably, 0.2–0.4 g/L of apoB represents lower 
than the 5th percentile of plasma apoB concentrations in the 
Canadian population (Connelly et al., 1999).

F I G U R E  5  Native human LDL downregulate genes related to differentiation and function and upregulate MCP-1 expression during SGBS 
preadipocyte differentiation. Expression of genes related to differentiation (a), lipid metabolism (b), glucose uptake/utilization and insulin 
sensitivity (c), and inflammation (d) in SGBS preadipocytes and 7d-differentiation of SGBS preadipocytes in the presence of native human LDL 
(0.05 or 0.20 g apoB/L) compared to normally differentiated adipocytes. mRNA are normalized to beta-2-microglobulin (B2M) and expressed 
relative to control adipocytes. Data were analyzed by 2-way ANOVA with interaction and Dunnett correction for multiple comparisons. N = 4 
experiments in duplicates. *p < 0.05, **p < 0.01, ***p < 0.001; compared to control adipocytes
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We further measured the expression of 20 key genes 
related to differentiation, function, and the NLRP3 inflam-
masome in the absence or presence of LDL (0.05 and 0.20 g 
apoB/L). Normal differentiation of SGBS preadipocytes 
upregulated the mRNA expression of peroxisome-pro-
liferator-activated receptor γ (PPARG) and CCAT/en-
hancer-binding protein-α (CEBPA), but downregulated 
CEBPD (Figure 5A). It also upregulated the expression of 
key genes related to lipid metabolism (lipoprotein lipase 
[LPL], diacylglycerol acyltransferase [DGAT], adipose tis-
sue triglyceride lipase [ATGL], acetyl-CoA carboxylase 1 
[ACC1], sterol regulatory element-binding factors 1 and 2 
[SREBF1, SREBF2], LDLR and CD36, Figure 5b) and to 
glucose metabolism and insulin action (adiponectin, glu-
cose transporter 4, and hexokinase 2 [ADIPOQ, GLUT4, 
and HK2], Figure 5c). There was a detectable expression 
of PCSK9 in preadipocytes, which is under the regulation 
of SREBP2 (Dubuc et al., 2004) that was further increased 
upon differentiation (Figure 5b). However, we could not 
detect PCSK9 measured by immunoblot in the medium 
(data not shown). NLRP3 expression was not detected 
in SGBS preadipocytes or adipocytes, with or without a 
4-hour incubation with LPS (0.1–1 ng/ml). Differentiation 
of SGBS cells markedly suppressed the expression of 
monocyte chemoattractant protein-1 (MCP-1), caused a 
minor but significant reduction in IL1B expression, but in-
creased caspase-1 (CASP1) expression, which is required 
for normal adipocyte differentiation (Stienstra et al., 2010) 
(Figure 5d).

Differentiation of SGBS was consistently affected in the 
presence of LDL in the differentiation medium generally in 
a dose-dependent manner. Native LDL inhibited the expres-
sion of differentiation gene CEBPA (Figure 5a). They also 
inhibited the expression of genes related to lipid metabolism 
(LPL, DGAT, ATGL, SREBF1, SREBF2, PCSK9, LDLR, 
and CD36, Figure 5b) and to glucose metabolism and insu-
lin action (ADIPOQ and HK2, Figure 5b,c). Finally, native 
LDL suppressed the expression of CASP1 and markedly up-
regulated MCP-1, particularly at 0.20 g apoB/L (Figure 5d).

4 |  DISCUSSION

In this analysis examining overweight and obese subjects 
with normal plasma LDL-C separated based on median 
plasma PCSK9 per sex, we report that subjects with lower 
plasma PCSK9 identifying subjects with higher WAT-
surface LDLR and CD36 have (a) activation of WAT NLRP3 
inflammasome measured as higher secretion of IL-1β, higher 
plasma IL-1Ra and lower WAT expression of pro-IL-1β; (b) 
higher risk factors for T2D assessed as lower WAT function, 
delayed postprandial plasma clearance of TGs and lower 
DI. Adjustment for WAT-surface expression of LDLR or 
CD36 separately eliminated group-differences in risk fac-
tors for T2D more than adjusting for their ligands (plasma 
apoB and NEFAs). However, adjustment for each receptor 
separately did not eliminate group-differences related to 
WAT or systemic NLRP3 inflammasome activation. Low 

T A B L E  2  Univariate ANOVA comparing subjects with lower versus higher plasma PCSK9 with adjustment for WAT-surface expression of 
LDLR or CD36, plasma apoB or plasma NEFAs

WAT-surface expression 
of LDLR (% of CTL)

WAT-surface expression 
of CD36 (% of CTL)

Plasma 
apoB (g/L)

Plasma NEFAs 
(mmol/L)

p-value

WAT Pro-IL−1β protein (% of CTL)a 0.030 0.026 0.031 0.031

WAT IL−1β secretion (pg/mg WAT)b 0.015 0.027 0.015 0.026

Plasma IL−1Ra (ng/ml)c 0.044 0.042 0.021 0.040

Log10 [WAT function]c 0.103 0.068 0.073 0.081

1st phase DI (1st phase C-peptide × M/I)
((ng/mL)*(mg/kg/min)/(uU/mL)

0.087 0.039 0.047 0.081

Total DI (Total C-peptide × M/I)
((ng/mL)*(mg/kg/min)/(uU/mL)

0.076 0.077 0.018 0.072

Postprandial plasma TG curves (mmol/L) —

Group effect 0.285 0.080 0.114 0.063

Group × time interaction 0.184 0.021 0.021 0.010

Plasma TGs at 6 hours — 0.034 <0.001 0.026

p value in bold represents significant values.
aN = 12 in the higher PCSK9 group. 
bN = 12 in the lower and N = 9 in the higher PCSK9 group. 
cN = 12 in the higher PCSK9 group due to missing samples. 
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and physiological concentrations of native human LDL im-
pair human SGBS adipocyte differentiation and function in 
a dose-dependent manner, an effect that was independent of 
adipocyte NLRP3 inflammasome.

It should be underscored prior to discussion that this is a 
post hoc analysis of pooled data from two separate studies. 
A clinical trial was recently initiated in our lab that was 
designed to test the novel findings between subjects with 
lower and higher WAT surface-expression of LDLR and 
CD36 identified using plasma PCSK9 that was unveiled 
by this analysis (clinical trial registry NCT04485871). 
Moreover, strength of this work is complementing obser-
vational data in human WAT with cellular studies in human 
adipocytes using native LDL. However, while native LDL 
was isolated from healthy young volunteers and kept in 
EDTA until used, it cannot be excluded that LDL prepara-
tions may have contained oxLDL or other toll-like receptor 
ligands like LPS, which may have potentiated or increased 
LDL effects on adipocyte differentiation, function, and 
inflammation.

Data analysis emerging since 2010 reported that statin 
therapy is associated with ~12% higher incidence of diabe-
tes in a dose-dependent manner (Corrao et al., 2014; Ridker 
et al., 2012; Sattar et al., 2010; Swerdlow et al., 2015). Statins 
act by inducing the expression of LDLR (Preiss & Sattar, 
2015). Further evidence linking the upregulated LDLR 
pathway to T2D emerged in 2015 using genetic data. One 
Mendelian-randomization study in ~113,000 subjects with 
average plasma LDL-C of 3.36  mmol reported that LDL-
lowering variants in HMGCR, PCSK9, and LDLR were 
associated with a 10–13% rise in diabetes risk for every 
0.26 mM decrease in plasma LDL-C (Ference et al., 2016). 
Another study in 568,448 subjects (average plasma LDL-C 
of 3.41 mmol/L) reported an increase of 0.09 mmol/L in fast-
ing plasma glucose and 29% in the diabetes risk for every 
1 mmol/L decrease in plasma LDL-C attributed to 4 PCSK9 
LOF variants (Schmidt et al., 2016). Taking into account the 
allele frequency of these variants and their T2D odds ratio, 
it can be deducted that the majority of T2D patients carry 
at least one allele of these variants. For example, ~77% of 
patients with T2D carry at least one copy of PCSK9 allele 
rs2479409 (Schmidt et al., 2016) and ~84% of T2D patients 
are carriers of at least one copy of HMGCR allele rs12916 
(Lotta et al., 2016). Notably, the addition of anti-PCSK9 to 
statins in the FOURIER trial (using Evolocumab over a me-
dian of 2.2 years) (Sabatine et al., 2017) or in the ODYSSEY 
trial (using Alirocumab over a median of 2.8  years) (Ray 
et al., 2019) did not increase in the risk for T2D compared 
to statins alone. However, evidence from longer trials target-
ing PCSK9 are still awaited (Mascitelli & Goldstein, 2018; 
Schmidt et al., 2016).

Subjects with normal plasma LDL-C (<3.5  mmol/L) 
were examined in this work to mimic plasma LDL-C 

concentrations found in human conditions with LDL-C low-
ering variants such as PCSK9 loss-of-function variants and to 
focus inter-subject variability on WAT expression of LDLR 
and CD36. Our findings indicate that subjects with higher 
WAT-surface expression of LDLR and CD36, identified by 
lower plasma PCSK9, have an accumulation of WAT and sys-
temic activation of NLRP3 inflammasome and related risk 
factors for T2D compared to subjects with higher PCSK9 and 
lower WAT LDLR and CD36 despite lack of group differ-
ences in body composition, basal metabolic rate, and energy 
and macronutrient intake.

WAT NLRP3 inflammasome is believed to link obesity 
to T2D (Koenen et al., 2011; Skeldon et al., 2014; Stienstra 
et al., 2010; Vandanmagsar et al., 2011). Stienstra et al first 
reported in 2010 that adipogenesis and insulin sensitivity 
were increased in human preadipocytes treated with IL-1Ra, 
and IL-1β antibodies, and in preadipocytes from Nlrp3−/− 
or Casp1−/− mice (Stienstra et al., 2010). Moreover, abla-
tion of Nlrp3 protected mice against high fat-diet induced IR 
in WAT and liver (Vandanmagsar et al., 2011). In humans, 
targeting IL-1β by recombinant IL-1Ra (Larsen et al., 2007) 
or anti-IL-1β (Cavelti-Weder et al., 2012; Sloan-Lancaster 
et al., 2013) improves plasma glucose, β-cell function, in-
sulin resistance, and/or inflammation in T2D patients. As 
subjects with upregulated WAT-surface expression of LDLR 
and CD36 have upregulated WAT NLRP3 inflammasome, 
our findings may explain why human conditions with inher-
ited or induced upregulation of LDLR pathway are linked to 
higher risk of diabetes. Notably, adjusting for WAT-surface 
expression of LDLR, as opposed to CD36 or plasma apoB 
and NEFAs, had the greatest effect on eliminating group-dif-
ferences in WAT function, postprandial plasma clearance of 
TG and DI. Intriguingly, despite the reported roles of CD36 
(Sheedy et al., 2013), LDLR (Rampanelli et al., 2017), native 
LDL (Bissonnette, Lamantia, et al., 2018; Rampanelli et al., 
2017), and NEFAs (Wen et al., 2011) in the upregulation of 
the NLRP3 inflammasome in cellular models and human 
WAT (Bissonnette, Lamantia, et al., 2018), adjustment for 
any of these parameters separately did not eliminate group 
difference in WAT NLRP3 inflammasome priming or activa-
tion nor in plasma IL-1Ra. This may be related to the additive 
effect and interaction of the two receptors with their ligands 
to upregulate WAT NLRP3 inflammasome in subjects with 
lower plasma PCSK9 that could not be mimicked using con-
comitant adjustment for all variables in this analysis given 
the small sample size.

Controversy exists regarding the cell population within 
WAT that is responsible for NLRP3 inflammasome activ-
ity, being attributed to the stromal vascular fraction alone 
(Vandanmagsar et al., 2011), or to the adipocytes as well 
(Koenen et al., 2011). Thus, we examined the expression of 
NLRP3 in SGBS cells. We could not detect NLRP3 mRNA 
in SGBS adipocytes, and to our knowledge, NLRP3 mRNA 
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or protein expression has not yet been reported in these cells. 
This suggests that the source of increased WAT IL-1β se-
cretion in subjects with lower plasma PCSK9 and upregulate 
WAT LDLR and CD36 pathways, and after the incubation 
of human WAT with native LDL (Bissonnette, Lamantia, 
et al., 2018), may not be adipocytes but resident macro-
phage within WAT. In line with this hypothesis, we recently 
reported macrophage infiltration of WAT in the fasting and 
4-hour postprandial states in a similar population of subjects 
with overweight and obesity (Cyr et al., 2020). Lower fasting 
plasma PCSK9 also predicted the increase in WAT macro-
phage infiltration in the postprandial state in this population 
(Cyr et al., 2020). The interaction between native LDL with 
LDLR, CD36, and PCSK9 in the regulation of NLRP3 in-
flammasome in primary human macrophages and adipocytes 
is currently being investigated.

Nevertheless, independent of the NLRP3 inflammasome, 
chronic exposure of SGBS cells to native LDL reduced their 
differentiation. This effect is likely to occur at a later stage 
of differentiation as the expression of CEBPB and CEBPD, 
which are expressed early in the differentiation process up-
regulating the expression of PPARG (Hamm et al., 2001), 
was unaffected by LDL treatment. Moreover, LDL downreg-
ulated CEBPA, which is expressed later in the differentiation 
process and is required, together with PPARγ, for the tran-
scriptional activation of adipogenic genes, as shown in mu-
rine 3T3-L1 adipocytes (Lefterova et al., 2008). Moreover, 
very low concentrations of LDL were sufficient to inhibit the 
expression of various genes involved in adipocyte function, 
lipid and glucose metabolism and insulin action. These low 
concentrations of LDL applied to SGBS cells also upreg-
ulated inflammation (MCP-1), which would explain lower 
adipocyte lipid accumulation and function in LDL-treated 
preadipocytes. This may be a reflection of reduced differen-
tiation, a consequence of excess LDL uptake, or both. Given 
that about 10% of adipocytes are believed to die annually 
and be replaced by an equal number of differentiating pread-
ipocytes (Arner et al., 2010), and that impaired adipocyte 
differentiation plays a major role in WAT dysfunction, li-
potoxicity, and cardiometabolic risk (Medina-Gomez et al., 
2007; Sauer, 2015), increased LDL uptake into preadipo-
cytes of subjects with upregulated WAT-surface expression 
of LDLR and CD36 pathway may promote reduced WAT 
function. LDL-induced increases in MCP-1 expression in 
SGBS cells may also favor macrophage infiltration of WAT 
in these subjects, perpetuating the activation of NLRP3 in-
flammasome and reduced adipocyte differentiation during 
WAT turnover.

In conclusion, normocholesterolemic subjects with 
lower plasma PCSK9 and higher WAT-surface expression 
of LDLR and CD36 have higher NLRP3 inflammasome 
activation and secretion of IL-1β, systemic activation of 
IL-1 system, lower WAT function, delayed postprandial 

plasma clearance of TGs and lower DI. This may explain, 
at least in part, the association of human conditions with 
naturally upregulated LDLR pathway with increased risk 
for T2D. The effect of LDL uptake on human WAT may be 
mediated by LDL-induced reduction in adipocyte differ-
entiation and function and increased MCP-1 expression. 
This we propose would fuel the cross-talk between adipo-
cytes and macrophages promoting WAT inflammation and 
dysfunction.
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