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Abstract The inducible degrader of LDL receptor
(IDOL) acts as a post-transcriptional degrader of the
LDL receptor (LDLR). IDOL is functionally active in
the liver and in peripheral tissues. We have evaluated
IDOL expression in circulating monocytes in subjects
with and without type 2 diabetes and determined
whether changes in IDOL expression could affect
macrophage function like cytokine production
in vitro. One hundred forty individuals with type 2
diabetes and 110 healthy control subjects were
recruited. Cellular expression of IDOL and LDLR in
peripheral blood CD14+ monocytes was measured by
flow cytometry. The expression of intracellular IDOL
was lower in individuals with diabetes than control
(213 + 4.6 mean fluorescence intensity x 1,000 vs. 23.8
+ 6.2, P < 0.01), and this was accompanied by an in-
crease in cell surface LDLR (5.2 + 3.0 mean fluores-
cence intensity x 1,000 vs. 4.3 + 15, P < 0.01), LDL
binding, and intracellular lipid (P < 0.01). IDOL
expression correlated with HbAlc (r = —0.38, P < 0.01)
and serum fibroblast growth factor-21 (FGF2l)
(r= —0.34, P < 0.01). Multivariable regression analysis,
including age, sex, BMI, smoking, HbAlc, and
log(FGF21), showed that HbAlc and FGF2l were sig-
nificant independent determinants of IDOL expres-
sion. IDOL knockdown human monocyte-derived
macrophages produced higher concentrations of
interleukin 1 beta, interleukin 6, and TNFa than
control macrophages upon stimulation with lipo-
polysaccharide (all P < 0.01).H8 In conclusion, the
expression of IDOL in CDI44 monocytes was
decreased in type 2 diabetes and was associated with
glycemia and serum FGF21 concentration.
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The LDL receptor (LDLR) mediates the endocytosis
of LDL, and the level of expression and activity of the
LDLR is tightly regulated. Transcriptional regulation of
the LDLR is mainly by the transcription factors of the
sterol regulatory element-binding protein family (1),
whereas post-transcriptional mechanism involves the
control of the degradation of LDLR. This is mediated

by proprotein convertase subtilisin/kexin type 9
(PCSK9) and the inducible degrader of LDL receptor
(IDOL) (2, 3). PCSK9 induces the internalization of the
LDLR by binding to the extracellular domain of LDLR
and is predominantly expressed in the liver. The role of
PCSK9 in cholesterol metabolism has been reviewed in
detail (4, 5). IDOL, also known as the myosin light chain
interacting protein (MYLIP), is an E3 ubiquitin ligase
and is ubiquitously expressed (3). Unlike PCSK9, IDOL
binds to the intracellular tail of the LDLR through its
N-terminal FERM domain. The C-terminal really
interesting new gene domain is responsible for its E3
ligase activity. By promoting ubiquitination of the
intracellular tail of LDLR, IDOL induces lysosomal
degradation of LDLR and inhibits LDL uptake (6). IDOL
is regulated by the sterol-responsive nuclear receptor
liver X receptors (LXRs) (3, 7), and genetic studies have
shown that IDOL may play a role in LDL metabolism in
humans (8-10).

As both IDOL and PCSK9 are involved in the post-
transcriptional regulation of LDLR, it has been sug-
gested that IDOL and PCSK9 might be differentially
utilized in a tissue-specific manner (7). Whether IDOL is
functionally active in peripheral tissues is under
investigation. IDOL has been reported to play a role in
a number of tissues, including the liver, intestine, adi-
pose tissue, and the central nervous system (11-14).
Furthermore, IDOL may be one of the main de-
terminants of LDLR expression in macrophages as we
and others have shown that PCSK9 is not expressed in
macrophages (15-17). Macrophages play a key role in
the pathogenesis of atherosclerosis, and circulating
monocyte-derived cells are recruited to the site of
atherosclerotic lesion where they differentiate into
macrophages and give rise to foam cells (18). Glycemia
may potentially influence IDOL expression as glucose
concentration has been shown to modulate the
expression of LXR-dependent genes like ABCAI in
macrophages (19). Insulin resistance is associated with
dysregulation of lipid metabolism and cellular choles-
terol homeostasis, and improvement in insulin
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resistance caused by weight loss in obese individuals
was associated with changes in ABCAl and IDOL/
MYLIP in monocytes (20). Furthermore, Do et al. (21)
have recently shown that fibroblast growth factor-21
(FGF21) can downregulate MYLIP/IDOL expression
in vitro. FGF-21 is mainly produced and secreted by the
liver under physiological conditions and is involved in
maintaining energy homeostasis. Administering FGF21
has favorable effects on glucose and lipid metabolism
in animal studies and reduces body weight (22). Clinical
studies have shown that serum levels of FGF21 are
elevated in obesity and type 2 diabetes (23). We there-
fore aimed to determine first, whether type 2 diabetes
was associated with changes in IDOL expression and
the relationship with glycemia and FGF21. Second, we
investigated if changes in IDOL expression affected the
function of macrophages like cytokine production
in vitro.

MATERIALS AND METHODS

Subjects with type 2 diabetes were recruited from the dia-
betes clinics at Queen Mary Hospital. Enrolled subjects must
have stable glycemic control with no change in antidiabetic
therapy for the preceding 3 months. Key exclusion criteria
included type 1 diabetes, statin therapy, history of malignancy
or major illness with limited life expectancy, and any hospi-
talization in the preceding 3 months. Subjects on statins were
excluded because statin has been shown to reduce IDOL
expression (15). Healthy nondiabetic control subjects were
recruited from the community. The study was approved by
the Ethics Committee of the University of Hong Kong, and it
conforms to the provisions of the Declaration of Helsinki in
1995. Informed consent was obtained from all subjects.

Fasting blood samples were taken for the measurement of
glucose, HbAlc, lipids, creatinine, and FGF21, and IDOL and
LDLR expression was determined in circulating monocytes.
Estimated glomerular filtration rate was calculated using the
Chronic Kidney Disease Epidemiology Collaboration equa-
tion. Plasma total cholesterol, HDL-C, and triglycerides were
determined enzymatically. LDL-C was calculated by the
Friedewald equation or measured directly if plasma triglyc-
eride was >4.5 mmol/l. Serum FGF21 was measured using
commercially available ELISA (R&D Systems, Minneapolis,
MN) according to the manufacturer’s protocol.

Cellular expression of IDOL, LDLR, LDL binding, and lipid
accumulation in peripheral blood CDI44+ monocytes was
measured by flow cytometry in all subjects. Cellular expres-
sion of IDOL was also further determined by Western blot in
a random subgroup of control and diabetic subjects (n = 10).
For flow cytometry, antihuman IDOL antibody (catalog no.:
SAB1403211; Sigma, St. Louis, MO), anti-ABCGI (catalog no.:
ab204941; Abcam, Cambridge, UK), and anti-LDLR antibody
(catalog no. ab204941, Abcam, Cambridge, UK) were first
conjugated with allophycocyanin (APC) using Alexa Fluor™
647 Antibody Labeling Kits (catalog no. A02186; Thermo
Fisher Scientific, MA) according to the manufacturer’s pro-
tocol. Fifty microliters of anticoagulated whole blood freshly
collected from participants was incubated for 10 min at room
temperature with 2 ml of Pharmalysze solution (BD Bio-
sciences, San Jose, CA). To differentiate monocytes from
other leukocytes, anti-human CDI4+ IgG conjugated with
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FITC (catalog no. ab28061; Abcam, Cambridge, UK) was first
added and incubated on ice for 30 min. To measure surface
LDLR, anti-LDLR antibody as the primary antibody was
incubated with CD14-positive labeled monocytes for 30 min at
4°C. For intracellular IDOL and ABCGI detection, CDI4-
positive labeled monocytes were permeabilized and fixed
using Fixation/Permeabilization Solution Kit (BD Bio-
sciences) prior to immunostaining with APC-conjugated anti-
human IDOL antibody and anti-ABCGI, respectively. The
specificity of anti-ABCGI antibody had been confirmed in
ABCGI1 knockdown human cells by Western blot and flow
cytometry (supplemental Fig. S1). To quantify the amount of
surface LDL binding and intracellular lipid accumulation,
APC fluorochrome-conjugated LDL (10 pg/ml) and Nile-Red
(10 pg/ml) (Invitrogen, Waltham, MA) were used directly on
the stained monocytes, respectively. The samples were finally
analyzed with BD LSR Fortessa Analyzer (BD Biosciences). A
fixed number of 10,000 monocytes were analyzed for each
sample. Mean fluorescence intensity (MFI) was analyzed with
FAScan (BD Biosciences), and the results were presented as
the magnitude increase of MFI (MFT units of tested antibody
staining minus MFI units of control antibody staining). Data
were analyzed using Flow]Jo software, version X.0.7 (Tree Star,
Inc). Gating strategy for flow cytometry is shown in
supplemental Fig. S2. Gates were drawn according to respec-
tive fluorescence minus one controls. CD14+ monocytes in
peripheral blood mononuclear cells isolated from a healthy
individual were used as an internal control, and an aliquot of
stored blood mononuclear cells was included in each run. The
intra and inter coefficients of variation were 5.49% and 9.71%,
respectively.

To investigate whether downregulation of IDOL in dia-
betes was mediated by hyperglycemia and/or FGF21, human
monocyte-derived macrophages were incubated with glucose
or FGF21. Peripheral blood mononuclear cells were first iso-
lated from normal control subjects using Ficoll-Paque plus
density gradient separation (St. Louis) and were allowed to
differentiate into monocyte-derived macrophages using
RPMI 1640 medium with 10% autologous serum and 5 mM
glucose. Macrophages were then either treated with
increasing concentrations of FGF21 (10, 20, and 50 ng/ml), or
further added glucose (0, 5, 12.5, and 25 mM), or mannitol
(25 mM) as an osmotic control for 24 h (supplemental Fig. S3).
Cells were lyzed, and mRNA expression of IDOL was deter-
mined by TagMan gene expression assay (Hs00982312_ml;
Applied Biosystems, Grand Island, NY). Samples were run in
triplicates, and predesigned primers and probes for GAPDH
(Hs99999905_m1; Applied Biosystems) were amplified simul-
taneously in a separate tube as a house-keeping reference
gene to the IDOL target. Protein expressions of IDOL were
also determined by Western blot analysis.

In vitro RNA silencing experiments were performed to
determine whether changes in IDOL expression affected
intracellular lipid accumulation and the function of macro-
phages. IDOL gene knockdown in human monocyte-derived
macrophages was performed using silencing IDOL RNA
gene techniques (Origene, Rockville, MD). Macrophages were
incubated with 10 pg/ml LDL for 6 h and then stained with
Oil Red O and hematoxylin to visualize lipid accumulation.
Images were acquired using the 40X objective on a micro-
scope (model BX51; Olympus) equipped with a digital camera
(model DP70; Olympus) using the ImagePro Plus software
program (Media Cybernetics, Inc.). Intracellular cholesterol
was also quantified. Hexane/isopropanol was used to extract
intracellular lipids, and cellular cholesterol levels were then
determined by commercially available kits (Wako Chemical,
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VA). Total cellular protein levels were measured by Lowry
method. Results were expressed in micrograms of cholesterol
per milligrams of cellular protein.

To determine the effect of IDOL knockdown on cytokine
production, cells were treated with or without lipopolysac-
charide (LPS) (100 ng/ml, 48 h), and cytokines were measured
in the supernatant. TNFa, interleukin 6, and interleukin 1 beta
were assayed according to the protocol provided (R&D Sys-
tems). Further experiments were performed to investigate
whether upregulation of cytokine production induced by LPS
stimulation in IDOL knockdown macrophages was due to
increased activation of the NF-kB proinflammatory pathway.
To evaluate the phosphorylation status of LPS-treated mac-
rophages, phospho-specific antibodies (1:1,000 dilution; Cell
Signaling) of phospho-NF-kB p-65 was performed by Western
blot analysis. Total NF-kB p-65 was used as normalization
control to phospho-NF-kB p-65. Beta-actin was employed for
protein loading control. All experiments were repeated four
times, and results were expressed as mean + SD.

Results were expressed as mean and SD or as median and
interquartile range if the distribution of the data was not
normally distributed. Skewed data were logarithmically
transformed before analyses were made. Student's #test and
one-way ANOVA were used to compare variables between
two and multiple groups, respectively. Pearson’s correlation
coefficient and multiple linear regression analysis were used
to test the relationships between variables.

RESULTS

One hundred forty individuals with type 2 diabetes
and 110 healthy control subjects were recruited. The
clinical characteristics are shown in Table 1. None of
the subjects had history of cardiovascular disease as we
have excluded subjects on statin therapy in our study.
As expected, subjects with diabetes had higher BMI,
fasting glucose, and HbAlc than control. Serum FGF21

TABLE 1. Clinical Characteristics of control and subjects with type

2 diabetes
Clinical and biochemical Type 2 diabetes
parameters Control mellitus
N 110 140
Age (years) 526 + 12.3 55.7 + 8.7*%
Male/female (%) 44/56 48/52
Duration of 0 117 + 85
diabetes gears)
BMI (kg/m") 237 + 37 275 + 5.3**
Smoker (%) 9.1 10.8
Hypertension (%) 0 70.7
Systolic blood pressure 124 + 15 135 + 18**
(mm Hg)
Diastolic blood pressure 76 + 10 78+9
(mm Hg)
Fasting glucose (mmol/1) 51+ 05 76 + 2.8%*
HbAlc (%) 56 + 04 79 + 1.8%*
Estimated glomerular 88 (79-95) 81 (64-93)
filtration rate
(ml/min/1.73 m?)
Total cholesterol (mmol/1) 528 + 0.84 542 + 094
Triglyceride (mmol/1) 1.02 (0.72-1.52) 1.40 (1.03-2.18)**
LDL-C (mmol/1) 318 + 0.82 322 +0.79
HDL-C (mmol/1) 140 £ 040 122 + 041%*

FGF21 (pg/ml) 896 (50.7-1538) 1264 (71.2-184.5)

Data are expressed as mean = SD or median (interquartile
range).
*P < 0.05 and **P < 0.01 compared with control.
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level was significantly elevated in subjects with diabetes
but was no longer significant after adjusting for age,
sex, and BMI.

The data on IDOL and LDLR expression in CDI14+
monocytes are shown in Table 2, and representative
figures of all flow cytometry measurements are shown
in Fig. 1A. The expression of intracellular IDOL was
significantly lower in individuals with diabetes than
control, and this was confirmed by Western blot
(Fig. 1B). The reduction in IDOL expression was
accompanied by an increase in the expression of cell
surface LDLR and in the binding of LDL as well as an
increase in intracellular lipid accumulation. The dif-
ferences in all these parameters between subjects with
diabetes and control remained significant even after
adjusting for age, sex, and BMI (P < 0.01). The rela-
tionship between IDOL expression and cell surface
LDLR expression, LDL binding, and intracellular lipid
accumulation is shown in Table 3. IDOL expression
inversely correlated with LDLR expression, LDL bind-
ing, and intracellular lipid content.

Mauldin et al. (24) have shown that monocytes from
type 2 diabetic patients show increased lipid accumu-
lation because of a decrease in ABCGI expression. We
have also previously reported that the expression of
ABCGI was significantly reduced in monocytes in pa-
tients with type 2 diabetes and was associated with
impaired cholesterol efflux, whereas no changes were
seen in ABCA1 and SR-B1 compared with controls (25).
Hence, another 47 patients with type 2 diabetes were
recruited, and IDOL and ABCGI expression was
determined to evaluate the contribution of IDOL and
ABCGI to intracellular lipid accumulation. Both the
expression of IDOL (r = —0.46, P < 0.01) and ABCGI
(r = =031, P < 0.05) correlated with intracellular lipid
accumulation (supplemental Fig. S4A, B). Forward
stepwise linear regression analysis showed that both
IDOL and ABCGI contributed to intracellular lipid
accumulation, accounting for 26% and 15% of the
variation in intracellular lipid respectively (adjusted R
of the model = 041, P < 0.01).

To investigate the potential mechanisms of diabetes-
mediated downregulation of IDOL, univariate analysis
showed that there were negative correlations between
HbAlc and FGF21 with IDOL expression both in in-
dividuals with and without diabetes (Figs. 2 and 3,
respectively). IDOL expression did not correlate with
age, BMI, plasma lipid levels, or estimated glomerular

TABLE 2. Expression of IDOL and LDLR in CD14+ monocytes in
control and subjects with type 2 diabetes

Monocyte IDOL and LDLR Control ~ Type 2 diabetes mellitus
Intracellular IDOL (MFI x 1,000) 23.8 + 6.2 21.3 + 4.6
Surface LDLR (MFI x 1,000) 43+ 15 52 + 3.0%*
LDL binding (MFI x 1,000) 40 + 14 4.9 £ 2.0%*
Intracellular lipid (MFI x 1,000) 7.7 + 2.7 10.9 + 4.7+

Data are expressed as mean + SD.
**P < 0.01 compared with control.
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Fig. 1. Representative figures of all flow cytometry measurements (A) and Western blots of IDOL (B) in type 2 diabetes mellitus

and control.

filtration rate in individuals with diabetes or in control.
Since the associations between HbAlc, FGF21, and
IDOL were similar in subjects with and without dia-
betes, the two groups were combined in subsequent
analysis. Forward stepwise linear regression analysis,
including age, sex, BMI, smoking, HbAlc, and
log(FGF21), showed that both HbAlc and FGF21 were
significant independent determinants of IDOL
expression, accounting for 15% and 6% of variation in
IDOL expression. There was no significant interaction
between HbAlc and FGF2L. In vitro experiments were
therefore carried out to determine the effects of
glucose and FGF21 on IDOL expression. Incubation of
human monocyte-derived macrophages with glucose
showed a reduction in IDOL expression (Fig. 4A).
FGF21 also downregulated IDOL expression in

TABLE 3. Correlations between IDOL expression and LDLR, LDL
binding, and intracellular lipid accumulation in CD14+ monocytes

Parameters IDOL LDLR LDL binding
Type 2 diabetes mellitus

LDLR —0.61%*

LDL binding —0.47%* 0.38%*

Intracellular lipid —0.33* 0.36%* 0.25%*
Control

LDLR —0.43%*

LDL binding —0.33%* 0.32%%

Intracellular lipid —0.39%* 0.45%* 0.29%*

Data are Pearson’s correlation coefficients.
P < 0.0L
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macrophages (Fig. 4B), consistent with the findings of
Do et al. (21).

RNA silencing experiments were performed to
verify that IDOL knockdown in human monocyte-
derived macrophages resulted in increased lipid accu-
mulation and to further investigate whether changes in
IDOL expression affected the function of macro-
phages. Knockdown of IDOL resulted in a significant
reduction in IDOL expression (Fig. 5A, B). Macro-
phages were stained with Oil Red O to visualize lipid
accumulation, and there was an increase in intracellular
lipid accumulation in IDOL knockdown macrophages
(Fig. 5C). There were no significant differences in in-
flammatory cytokine production between IDOL
knockdown macrophages and control macrophages
without stimulation. However, IDOL knockdown mac-
rophages produced much higher concentrations of
TNFq, interleukin 6, and interleukin 1 beta than control
macrophages when LPS was added (Fig. 6), and the
hyperinflammatory response in IDOL knockdown
macrophages was partly because of increased NF-kB
activation (Fig. 6D).

DISCUSSION

IDOL is a post-transcriptional degrader of LDLR.
Recent studies have shown that IDOL is active not only
in the liver but also in peripheral tissues and may have a
physiological role beyond systemic cholesterol homeo-
stasis (11-14). For instance, IDOL is highly expressed in

SASBMB
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Fig. 2. Pearson's correlation analysis of the association between HbAlc and IDOL expression in CD14+ monocytes in type 2 dia-
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the hippocampus, and loss of IDOL impairs plasticity
and memory formation in animal studies (14). It is un-
clear how IDOL is transcriptionally regulated in
different cell types and tissues. We have specifically
investigated the role and regulation of IDOL in mac-
rophages, as IDOL is the only post-transcriptional
degrader of LDLR in macrophages and act intracellu-
larly by ubiquitination of the intracellular tail of LDLR.
We have measured the expression of IDOL in CD14+
monocytes in subjects with and without type 2 diabetes
and shown that IDOL expression in CD14+ monocytes
was significantly reduced in individuals with diabetes
compared with healthy nondiabetic control. The
expression of IDOL in CDI44 monocytes was associ-
ated with glycemia and serum FGF21 level. Our results
concur with those reported by Ding e al (20) who
investigated the relationships between BMI and the
transcriptional signature in monocytes in participants
from the Multi-Ethnic Study of Atherosclerosis. In their
study, IDOL/MYLIP was one of the genes that were
downregulated in monocytes with increasing BML
Although we did not find an association between IDOL
expression and BMI, which might be due to differences

A

40.0

r=-0.34.0<0.01

IDOL (x1000 MFI)

10 15 20 25 30
log(FGF21)

in the population being studied, the reduction of IDOL
expression in obese individuals and in those with type 2
diabetes might both be related to serum FGF21 levels.
Circulating FGF21 concentration is known to be
increased in obesity and type 2 diabetes (22, 26, 27). In
our study, FGF21 level was independently associated
with IDOL expression, and FGF21 reduced IDOL
expression in a dose-dependent manner in vitro. How
IDOL is regulated by FGF21 has been elucidated by Do
et al. (21) who reported that FGF21 reduced IDOL
expression by increasing the expression of Canopy2/
MIR-interacting saposin-like protein, an inhibitor of
IDOL, in macrophages and hepatocytes in vitro. In
addition to FGF21, we have shown that glycemia may
also play an important role in the regulation of IDOL
expression as HbAlc was a major determinant of IDOL
expression in CD14+ monocytes. Experimental studies
have shown that glucose concentration can modulate
the expression of LXR-dependent genes like ABCAI in
macrophages (19), and we have shown that glucose can
also directly downregulate IDOL in vitro.

What is the effect of reducing IDOL expression in
CDI4+ monocytes? As expected, the reduction of IDOL

B

40.0 . .

r=-030, p<0.01

IDOL (x1000 MFI)

1.00 150 2,00 250 3.00
log(FGF21)

Fig.3. Pearson's correlation analysis of the association between FGF21 and IDOL expression in CD14+ monocytes in type 2 diabetes

mellitus (A) and control (B).
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expression in CDI4+ monocytes was accompanied by
an increase in LDLR. Using labeled LDL particles, we
demonstrated that LDL binding and intracellular lipid
accumulation was also increased. Knockdown of IDOL
in human monocyte-derived macrophages also resulted
in lipid accumulation. Intracellular lipid accumulation
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in macrophages is a net result of native as well as
modified LDL uptake by LDLR and scavenger re-
ceptors, respectively, and the efflux of cholesterol by
cholesterol transporters (28, 29). We and others have
previously shown that the expression of ABCGI in
monocytes was reduced in patients with type 2 diabetes
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Fig. 5. Human monocyte-derived macrophages from four healthy subjects were transfected with Si-SR309214A or Si-scramble
control SiRNA, and quantitative mRNA levels (A) and Western blot (B) confirmed the efficiency of IDOL knockdown 72 h after
transfection. Macrophages incubated with 10 pg/ml LDL for 6 h and stained with Oil Red O to visualize lipid accumulation showed
an increase in intracellular lipid accumulation in IDOL knockdown macrophages (C) and an increase in cellular cholesterol levels (D).
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(24, 25), and increased intracellular lipid accumulation
has been attributed to the decrease in ABCGI expres-
sion and cholesterol efflux (24). We have now shown
that the reduction in IDOL expression also contributed
to the increase in intracellular lipid accumulation in-
dependent of ABCGI in patients with type 2 diabetes
because the inverse correlation between IDOL expres-
sion and intracellular lipid accumulation remained
significant even after controlling for ABCGI
expression.

Whether the reduction in IDOL expression and the
concomitant increase in intracellular lipid accumulation
in CD14+ monocytes in type 2 diabetes has any adverse
consequences is unclear. Monocytes are important cells
of innate immunity and contribute to the pathogenesis
of atherosclerosis. Macrophages in atherosclerotic pla-
ques are derived from circulating monocytes and local
proliferating plaque macrophages. Lipoprotein uptake
and lipid accumulation by arterial macrophages giving
rise to foam cells is a key process in the formation of
atherosclerotic plaques. High fat meals can induce lipid
loading in circulating monocytes before their migration
into tissues and differentiate into macrophages (30).
Hence, reducing IDOL expression in monocytes/mac-
rophages may conceivably contribute to foam cell for-
mation. Moreover, the extent of intracellular lipid
loading can significantly affect macrophage functions
(31). Macrophages are known to participate in the in-
flammatory process in atherosclerosis (28, 29, 31). Acti-
vated macrophages contribute to the local
inflammatory response in atherosclerotic plaques and
secrete proinflammatory cytokines and chemokines. We
have performed knockdown experiments to evaluate
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the effect of modulating IDOL expression on the in-
flammatory response of macrophages. We observed a
significant increase in the production of proin-
flammatory cytokines upon stimulation with LPS, a
Toll-like receptor 4 ligand. Hence, macrophages with
reduced IDOL expression appear to display a more
proinflammatory phenotype when stimulated. This is
similar to the observation that monocytes in
patients with symptomatic atherosclerosis have a
proinflammatory phenotype. Bekkering et al. (32) have
shown that circulating monocytes from these in-
dividuals produced significantly more proinflammatory
cytokines upon LPS stimulation ex vivo than healthy
controls. Our preliminary data suggest that the
enhanced LPS-induced cytokine expression in IDOL
knockdown cells is partly because of increased activa-
tion of NF-kB. Whether the enhanced inflammatory
response is also related to altered cellular cholesterol
content and/or activation of mitogen-activated protein
kinase pathways remains to be determined. The specific
role of IDOL in macrophages in the pathogenesis of
atherosclerosis and the mechanism(s) involved in the
modulation of IDOL expression on inflammatory
response therefore warrants further investigation.

Our study has some limitations. Type 2 diabetic
cohort was significantly older than the control cohort.
Causality of the relationship between glycemia, FGF21,
and IDOL cannot be determined because of the cross-
sectional design of our study. We also cannot address
the association of IDOL in CDl144 monocytes with
atherosclerosis. None of our recruited subjects had
cardiovascular disease because statin therapy was one
of the exclusion criteria. Although the reduction of
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IDOL was associated with increased LDLR expression
and intracellular lipid accumulation in individuals with
diabetes, the relative contribution of IDOL and LDLR-
mediated lipoprotein uptake to intracellular lipid
accumulation in macrophages still needs to be further
evaluated since we have not measured scavenger re-
ceptor expression and modified lipoprotein uptake in
our study. Furthermore, we cannot rule out the possi-
bility that the differences in intracellular lipid accu-
mulation in CD144 monocytes seen in vivo may be a
reflection of the dyslipidemia present in subjects with
type 2 diabetes. Finally, the changes in IDOL expression
observed in monocyte samples may not reflect changes
in other tissues or cells.

In conclusion, the expression of IDOL in CDI14+
monocytes was decreased in subjects with type 2 dia-
betes and was associated with glycemia and serum
FGF21 concentration. The reduction in IDOL expres-
sion was accompanied by an increase in intracellular
lipid accumulation.

Data availability

The summary data that support the findings of this
study are available from the corresponding author
upon reasonable request. B

Supplemental data
This article contains supplemental data.

Author contributions

S.L,S. W.M. S, and K. C. B. T. conceptualization; S. L., S.
W.M. S, and K. C. B. T. methodology; S. L., D. T. W. L, and K.
C.B. T. formal analysis; Y. W. data curation; S. L.and D. T. W.
L. writing—original draft; K. C. B. T. writing-review & edit-
ing; K. C. B. T. supervision; Y. W. and K. C. B. T. project
administration; K. C. B. T. funding acquisition.

Author ORCIDs
Sum Lam @ https://orcid.org/0000-0002-2723-7935

David Tak Wai Lui @ https://orcid.org/0000-0002-9813-1126
Kathryn Choon Beng Tan https://orcid.org,/0000-0001-
9037-0416

Funding and additional information

This work was supported by the Hong Kong Research
Grants Council Research Fund (grant number: 17110017
awarded to K. C. B. T.).

Conflict of interest
The authors declare that they have no conflicts of interest
with the contents of this article.

Abbreviations

APC, allophycocyanin; FGF21, fibroblast growth factor-21;
IDOL, inducible degrader of LDL receptor; LDLR, LDL
receptor; LPS, lipopolysaccharide; LXR, liver X receptor;
MFI, mean fluorescence intensity; MYLIP, myosin light
chain interacting protein; PCSK9, proprotein convertase
subtilisin/kexin type 9.

8  J Lipid Res. (2023) 64(6) 100380

Manuscript received June 7, 2022, and in revised form April
12, 2023. Published, JLR Papers in Press, April 23, 2023,
https://doi.org,/10.1016/.j1r.2023.100380

REFERENCES

1. Weber, L. W,, Boll, M, and Stampfl, A. (2004) Maintaining
cholesterol homeostasis: sterol regulatory element-binding pro-
teins. World J. Gastroenterol. 10, 3081-3087

2. Park, S. W,, Moon, Y. A, and Horton, J. D. (2004) Post-transcrip-
tional regulation of low density lipoprotein receptor protein by
proprotein convertase subtilisin/kexin type 9a in mouse liver. J.
Biol. Chem. 279, 50630-50638

3. Zelcer, N, Hong, C., Boyadjian, R., and Tontonoz, P. (2009) LXR
regulates cholesterol uptake through IDOL-dependent ubig-
uitination of the LDL receptor. Science. 325, 100-104

4. Lambert, G, Sjouke, B., Choque, B., Kastelein, J. J., and Hovingh,
G. K. (2012) The Pcsk9 Decade. J. Lipid Res. 53, 2515-2524

5. Xia, X. D, Peng, Z. S, Gu, H. M,, Wang, M., Wang, G. Q., and
Zhang, D. W. (2021) Regulation of PCSK9 expression and func-
tion: mechanisms and therapeutic implications. Front. Cardiovasc.
Med. 8, 764038

6. Sorrentino, V., Scheer, L., Santos, A., Reits, E., Bleijlevens, B., and
Zelcer, N. (2011) Distinct functional domains contribute to
degradation of the low density lipoprotein receptor (LDLR) by
the E3 ubiquitin ligase Inducible Degrader of the LDLR (IDOL).
J. Biol. Chem. 286, 30190-30199

7. Sorrentino, V., and Zelcer, N. (2012) Post-transcriptional regula-
tion of lipoprotein receptors by the E3-ubiquitin ligase inducible
degrader of the low-density lipoprotein receptor. Curr. Opin.
Lipidol. 23, 213-219

8. Teslovich, T. M., Musunuru, K., Smith, A. V., Edmondson, A. C,,
Stylianou, I. M., Koseki, M., et al (2010) Biological, clinical and
population relevance of 95 loci for blood lipids. Nature. 466,
707-713

9. Waterworth, D. M,, Ricketts, S. L., Song, K., Chen, L., Zhao, J. H.,
Ripatti, S., et al (2010) Genetic variants influencing circulating
lipid levels and risk of coronary artery disease. Arterioscler.
Thrombuasc. Vasc. Biol. 30, 2264-2276

10. Adi, D, Lu, X. Y, Fu, Z. Y., Wei, ], Baituola, G., Meng, Y. |, et al
(2019) IDOL G51S variant is associated with high blood choles-
terol and increases low-density lipoprotein receptor degrada-
tion. Arterioscler. Thromb. Vasc. Biol. 39, 2468-2479

11. van Loon, N. M, Lindholmb, D., and Zelcer, N. (2019) The E3
ubiquitin ligase inducible degrader of the LDL receptor/myosin
light chain interacting protein in health and disease. Curr. Opin.
Lipidol. 30,192-197

12. van Loon, N. M,, van Wouw, S. A, Ottenhoff, R, Nelson, J. K,
Kingma, |, Scheij, S, et al (2020) Regulation of intestinal LDLR
by the LXR-IDOL axis. Atherosclerosis. 315, 1-9

13. van Loon, N. M,, Ottenhoff, R., Kooijman, S., Moeton, M., Scheij, S.,
Roscam Abbing, R. L., et al (2018) Inactivation of the E3 ubiquitin
ligase IDOL (inducible degrader of the low-density lipoprotein
receptor) attenuates diet-induced obesity and metabolic
dysfunction in mice. Arterioscler. Thromb. Vasc. Biol. 38, 1785-1795

14. Gao, J., Marosi, M., Choli, J., Achiro, J. M, Kim, S, Li, S,, et al. (2017)
The E3 ubiquitin ligase IDOL regulates synapticApoER2 levels
and is important for plasticity and learning. Elife. 6, 1741

15. Chan, M. L, Shiu, S. W., Cheung, C. L, Leung, Y. H, and Tan, K. C.
(2022) Effects of statins on the inducible degrader of low-density
lipoprotein receptor in familial hypercholesterolemia. Endocr.
Connect. 11, €220019

16. Maxwell, K. N,, Fisher, E. A, and Breslow, J. L. (2005) Over-
expression of PCSK9 accelerates the degradation of the LDLR
in a post-endoplasmic reticulum compartment. Proc. Natl. Acad.
Sci. U. S. A. 102, 2069-2074

17. Ferri, N, Tibolla, G., Pirillo, A, Cipollone, F., Mezzett, A., Pacia, S,
et al. (2012) Proprotein convertase subtilisin kexin type 9 (PCSK9)
secreted by cultured smooth muscle cells reduces macrophages
LDLR levels. Atherosclerosis. 220, 381-386

18. Bobryshev, Y. V., Ivanova, E. A, Chistiakov, D. A., Nikiforov, N.
G., and Orekhov, A. N. (2016) Macrophages and their role in
atherosclerosis: pathophysiology and transcriptome analysis.
Biomed. Res. Int. 2016, 9582430

SASBMB


https://orcid.org/0000-0002-2723-7935
https://orcid.org/0000-0002-2723-7935
https://orcid.org/0000-0002-9813-1126
https://orcid.org/0000-0002-9813-1126
https://orcid.org/0000-0001-9037-0416
https://orcid.org/0000-0001-9037-0416
http://doi.org/https://doi.org/10.1016/j.jlr.2023.100380
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref1
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref1
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref1
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref1
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref2
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref2
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref2
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref2
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref2
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref3
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref3
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref3
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref3
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref4
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref4
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref4
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref5
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref5
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref5
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref5
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref6
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref6
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref6
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref6
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref6
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref6
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref7
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref7
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref7
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref7
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref7
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref8
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref8
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref8
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref8
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref8
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref9
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref9
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref9
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref9
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref9
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref10
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref10
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref10
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref10
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref10
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref11
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref11
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref11
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref11
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref11
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref12
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref12
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref12
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref12
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref13
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref13
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref13
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref13
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref13
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref13
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref14
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref14
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref14
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref15
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref15
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref15
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref15
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref16
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref16
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref16
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref16
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref16
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref17
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref17
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref17
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref17
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref17
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref18
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref18
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref18
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref18

19.

20.

21.

22.

23.

24.

25.

Hussein, M. A., Shrestha, E.,, Ouimet, M., Barrett, T. J., Leone, S.,
Moore, K. ], et al (2015) LXR-mediated ABCAI1 expression and
function are modulated by high glucose and PRMT2. PLoS
One. 10, €0135218. https://doiorg/10.1371/journal pone.0135218
Ding, J, Reynolds, L. M., Zeller, T., Muller, C., Lohman, K,
Nicklas, B. J., et al (2015) Alterations of a cellular cholesterol
metabolism network are a molecular feature of obesity-related
type 2 diabetes and cardiovascular disease. Diabetes. 64,
3464-3474

Do, H. T., Tselykh, T. V., Makela, J., Ho, T. H., Olkkonen, V. M,,
Bornhauser, B. C, et al. (2012) Fibroblast growth factor-21 (FGF21)
regulates low-density lipoprotein receptor (LDLR) levels in cells
via the E3-ubiquitin ligase Mylip/Idol and the Canopy2
(Cnpy2)/Mylip-interacting saposin-like protein (Msap). J. Biol.
Chem. 287, 12602-12611

Staiger, H., Keuper, M., Berti, L., Hrabe de Angelis, M., and
Haring, H. (2017) Fibroblast growth factor 21-metabolic role in
mice and men. Endocr. Rev. 38, 468-488

Geng, L, Lam, K. S. L, and Xu, A. (2020) The therapeutic po-
tential of FGF2I in metabolic diseases: from bench to clinic. Nat.
Rev. Endocrinol. 16, 654-667

Mauldin, J. P., Nagelin, M. H,, Wojcik, A. J,, Srinivasan, S., Skaflen,
M. D, Ayers, C. R, et al (2008) Reduced expression of ATP-
binding cassette transporter Gl increases cholesterol accumu-
lation in macrophages of patients with type 2 diabetes mellitus.
Circulation. 117, 2785-2792

Zhou, H, Tan, K. C, Shiu, S. W,, and Wong, Y. (2008) De-
terminants of leukocyte adenosine triphosphate-binding

SASBMB

26.

27.

28.
29.

30.

31

32.

cassette transporter Gl gene expression in type 2 diabetes mel-
litus. Metabolism. 57, 1135-1140

Fisher, F. M., Chui, P. C, Antonellis, P. ], Bina, H. A., Khar-
itonenkov, A,, Flier, J. S., et al (2010) Obesity is a fibroblast growth
factor 21 (FGF21)-resistant state. Diabetes. 59, 2781-2789

Mraz, M., Bartlova, M,, Lacinova, Z., Michalsky, D., Kasalicky, M.,
Haluzikova, D., et al (2009) Serum concentrations and tissue
expression of a novel endocrine regulator fibroblast growth
factor 21 in patients with type 2 diabetes and obesity. Clin.
Endocrinol. 71, 369-375

Moore, K. ], and Tabas, 1. (2011) Macrophages in the pathogen-
esis of atherosclerosis. Cell. 145, 341-355

Malekmohammad, K., Bezsonov, E. E, and Rafieian-Kopae, M.
(2021 Sep 6) Role of lipid accumulation and inflammation in
atherosclerosis: focus on molecular and cellular mechanisms.
Front. Cardiovasc. Med. 8, 707529

Varela, L. M., Ortega, A., Bermudez, B, Lopez, S, Pacheco, Y. M,,
Villar, J.,, et al (2011) A high-fat meal promotes lipid-load and
apolipoprotein B-48 receptor transcriptional activity in circu-
lating monocytes. Am. J. Clin. Nutr. 93, 918-925

Vogel, A, Brunner, J. S, Hajto, A,, Sharif, O., and Schabbauer, G.
(2022) Lipid scavenging macrophages and inflammation. Bio-
chim. Biophys. Acta Mol. Cell Biol. Lipids. 1867, 159066

Bekkering, S., van den Munckhof, I, Nielen, T, Lamfers, E,
Dinarello, C, Rutten, |, et al (2016) Innate immune cell acti-
vation and epigenetic remodeling in symptomatic and
asymptomatic atherosclerosis in humans in vivo. Atherosclerosis.

254, 228-236

Type 2 diabetes mellitus and IDOL 9


https://doi.org/10.1371/journal.pone.0135218
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref20
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref20
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref20
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref20
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref20
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref20
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref21
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref21
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref21
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref21
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref21
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref21
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref21
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref21
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref21
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref22
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref22
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref22
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref22
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref23
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref23
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref23
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref23
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref24
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref24
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref24
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref24
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref24
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref24
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref25
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref25
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref25
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref25
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref25
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref26
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref26
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref26
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref26
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref27
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref27
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref27
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref27
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref27
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref27
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref28
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref28
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref28
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref29
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref29
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref29
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref29
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref30
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref30
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref30
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref30
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref30
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref31
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref31
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref31
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref32
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref32
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref32
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref32
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref32
http://refhub.elsevier.com/S0022-2275(23)00053-6/sref32

	Effect of type 2 diabetes on the inducible degrader of LDL receptor
	Materials and methods
	Results
	Discussion
	Data availability

	Supplemental data
	Author contributions
	Funding and additional information
	References


