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Dyslipidemia, vascular inﬂammation, obesity, and insulin resistance often overlap and exacerbate each
other. Mutations in low density lipoprotein receptor adaptor protein-1 (LDLRAP1) lead to LDLR malfunction and are associated with the autosomal recessive hypercholesterolemia disorder in humans.
However, direct causality on atherogenesis in a deﬁned preclinical model has not been reported. The
objective of this study was to test the hypothesis that deletion of LDLRAP1 will lead to hypercholesteremia and atherosclerosis. LDLRAP1/ mice fed a high-fat Western diet had signiﬁcantly
increased plasma cholesterol and triglyceride concentrations accompanied with signiﬁcantly increased
plaque burden compared with wild-type controls. Unexpectedly, LDLRAP1/ mice gained signiﬁcantly
more weight compared with controls. Even on a chow diet, LDLRAP1/ mice were insulin-resistant, and
calorimetric studies suggested an altered metabolic proﬁle. The study showed that LDLRAP1 is highly
expressed in visceral adipose tissue, and LDLRAP1/ adipocytes are signiﬁcantly larger, have reduced
glucose uptake and AKT phosphorylation, but have increased CD36 expression. Visceral adipose tissue
from LDLRAP1/ mice was hypoxic and had gene expression signatures of dysregulated lipid storage
and energy homeostasis. These data are the ﬁrst to indicate that lack of LDLRAP1 directly leads to
atherosclerosis in mice and also plays an unanticipated metabolic regulatory role in adipose tissue.
LDLRAP1 may link atherosclerosis and hypercholesterolemia with common comorbidities of obesity and
insulin resistance. (Am J Pathol
2022, 192: 1092e1108; https://doi.org/10.1016/
j.ajpath.2022.03.014)

Atherosclerotic vascular syndromes remain a considerable
medical and socioeconomic problem, and contribute to the
mortality of many conditions such as myocardial infarction,
stroke, and peripheral vascular disease. Clariﬁcation of the
molecular mechanisms of lipoprotein metabolism and the
systemic effects of hyperlipidemia is essential to better understand and treat atherosclerosis and other chronic diseases.
Metabolic syndrome is a grouping of conditions that includes obesity, high blood pressure, high blood sugar, and
high serum triglycerides, and often occurs in concert with
hypercholesterolemia and insulin resistance. Clinically,
these conditions often overlap and exacerbate each other,
implying common cellular and molecular mechanisms in
diverse metabolic organs. In the obese animals, expanding

visceral fat depots secrete proinﬂammatory adipokines
systemically that exacerbate cardiovascular and other diseases.1 Indeed, ApoE/ mice transplanted with visceral fat
have increased levels of circulating proinﬂammatory cytokines and develop signiﬁcantly more atherosclerosis
compared with mice transplanted with subcutaneous fat.2
Nevertheless, pathways and molecules that may link
obesity, insulin resistance, and vascular inﬂammatory diseases such as atherosclerosis, are not yet clearly elucidated.
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Vascular and Metabolic Effects of LDLRAP1
Recognizing this gap in knowledge, one key to treat these
diseases is to identify molecules and cellular pathways in
common with each condition.
One lipoprotein receptor, the low density lipoprotein receptor (LDLR), plays a key role in LDL uptake and regulation of plasma LDL concentration.3,4 The LDLR enables
endocytosis of LDL by clustering within clathrin-coated
regions on the plasma membrane. Accumulating evidence
indicates that in the presence of increased plasma fatty acid
concentrations, LDLR internalization, endocytoplasmic
trafﬁcking, and plasma membrane translocation are dysregulated, with a concomitant association with insulin resistance.5,6 Dyslipidemia is associated with indicators of
metabolic syndrome such as atherosclerosis, insulin insensitivity, and obesity, indicating that a dysfunctional LDLR
can inﬂuence more than vascular symptoms.7 For example,
LRP1 (LDLR related-protein 1) is translocated to the plasma
membrane in response to insulin,8 and hepatocyte-speciﬁc
LRP1 knockout mice are insulin-resistant.9 Proteins
involved in regulation of these pathways may represent
targets for therapy to treat vascular and metabolic diseases.
Low density lipoprotein receptor adaptor protein 1
(LDLRAP1) is a cytosolic adaptor protein residing in
clathrin-coated pits that interacts with the cytoplasmic tail of
the LDL receptor, mediating endocytosis of the
LDLeLDLR complex.10 LDLRAP1 internalizes LDLR,
delivering into plasma endosomes, where it is either recycled into the plasma membrane, or lysosomes, where it is
degraded.11e13 Proper LDLR homeostasis requires exquisitely regulated endosomal trafﬁcking and sorting transportation machinery to ensure its proper destination when it
engages with LDL.14
Mutations in LDLRAP1 lead to LDL receptor malfunction and cause the autosomal recessive hypercholesterolemia (ARH) disorder in humans.15,16 ARH patients that lack
functional LDLRAP1 in the liver have much lower clearance of LDL from the circulation compared with normal
subjects.15 This hypercholesterolemia is assumed to be a
result of impaired LDL internalization by hepatocytes,
because disruption of LDLRAP1 results in 80% reduction in
LDL internalization in cultured hepatocytes.12,14,17,18
However, the cellular effects of LDLRAP1 are known to
be cell-type speciﬁc; for example, hepatocytes and lymphocytes require LDLRAP1 for normal LDLR functioning,
whereas ﬁbroblasts cultured from ARH patients have
normal internalization of LDL.19
Although associated with atherogenesis, surprisingly, no
preclinical investigation into direct causality of nonfunctional LDLRAP1 on development of atherogenesis has been
reported. The purpose of this study was to test the hypothesis that deletion of LDLRAP1 would lead to hypercholesteremia and increased atherosclerosis. Although
deletion of LDLRAP1 led to increased plasma cholesterol
and atherosclerotic plaque burden, LDLRAP1/ mice also
surprisingly gained signiﬁcantly more weight than control
mice and were insulin resistant even on a chow diet.
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LDLRAP1’s effects on obesity, metabolism, and insulin
sensitivity have not been previously reported. In wild-type
mice, LDLRAP1 was highly expressed in adipocytes and
visceral adipose tissue (VAT) in LDLRAP1/ mice was
inﬂammatory, hypoxic, and contained hypertrophic adipocytes. Insulin signaling and CD36 expression was dysregulated, and glucose uptake in chow-fed LDLRAP1/
adipocytes was attenuated. VAT in LDLRAP1/ mice displayed altered gene expression patterns indicative of dysregulated insulin sensitivity and metabolism. Taken together,
the results showed that in addition to a recognized function in
LDLR and cholesterol internalization, LDLRAP1 plays a
central role in adipocyte biology and participates in adipose
metabolism and regulation of insulin sensitivity and adipose
metabolic processes. This implicates LDLRAP1 as a key
molecule and potential therapeutic target in treatment of
diseases that collectively drive metabolic syndrome.

Materials and Methods
Mice and Study Design
Mice heterozygous for LDLRAP1 on the B6/129SF1/J
background were purchased (stock no. 005212; The Jackson
Laboratory, Bar Harbor, ME) and mated to produce a
LDLRAP1 homozygous knockout line (LDLRAP1/). B6/
129SF1/J mice (stock no. 101043) were purchased and used
as wild-type controls as indicated by the Jackson Laboratory
website. Starting at 8 weeks of age, LDLRAP1/ and wildtype mice of both sexes were fed a high-fat, high-cholesterol
Western diet (40% of total calories as fat, 1% cholesterol;
stock no. 5TJT; TestDiet, St. Louis, MO) for 16 weeks.
Fasting cholesterol and triglyceride serum levels (mg/dL)
from mice on a chow or Western diet were analyzed by the
Vanderbilt University Medical College Lipid Core (Nashville, TN). All animal procedures followed protocols
approved by the Temple University Institutional Animal
Care and Use Committee.
Bone-marrowederived macrophages (BMDM) were
generated as previously described.20 Brieﬂy, to generate
BMDM, mouse femurs and tibiae were ﬂushed with sterile
Dulbecco’s modiﬁed Eagle medium. Total bone marrow
cells were plated at a density of 3.5  106 cells per 10-cm
Petri dish in macrophage growth medium (complete Dulbecco’s modiﬁed Eagle medium with 10% fetal bovine
serum and 100 ng/mL M-CSF (PeproTech Inc., Cranbury,
NJ) and allowed to differentiate for 7 days, after which cells
were detached with Versene 1 solution (Gibco; Thermo
Fisher Scientiﬁc, Waltham, MA) and replated in macrophage complete medium (Dulbecco’s modiﬁed Eagle medium þ 10% fetal bovine serum).

Atherosclerotic Lesion Analysis
Atherosclerotic plaque formation in the aortic arch was
examined by en face staining with Sudan IV. Stained area
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Figure 1 Global knockout of LDLRAP1 increases atherosclerotic plaque formation. A: Western blot analysis of liver tissue from LDLRAP1/ and wild-type
mice immunoblotted with anti-LDLRAP1 and anti-GAPDH antibodies. B: Representative images of aortic arches from wild-type (left), LDLRAP1þ/ (middle),
and LDLRAP1/ (right) male mice fed high-fat diet for 16 weeks; plaques were identiﬁed by en face Sudan IV staining and analysis. C: Quantiﬁcation of
percent plaque formation in aortic arches from wild-type, homozygous knockout, and heterozygous LDLRAP1 knockout mice. D: Quantiﬁcation of percent
plaque formation in aortic arches from male and female wild-type mice compared with male and female LDLRAP1/ knockout mice. n Z 14 wild-type mice
(C); n Z 19 homozygous knockout mice (C); n Z 6 knockout mice (C). ***P < 0.001, ****P < 0.0001.

was calculated as a percentage of the aortic arch as the
authors have described.20,21

Immunohistochemistry
Tissue was ﬁxed in 10% neutral buffered formalin,
embedded in parafﬁn, sectioned at 5 mm, deparafﬁnized in
xylene, and then rehydrated through graded ethanol and
counterstained with hematoxylin. Adipose tissue was
immunostained with HIF1a antibody (Cat# NB100-479;
Novus Biologicals, Centennial, CO). Adipocyte size was
quantitated from formalin-ﬁxed, parafﬁn-embedded tissue
using ImageJ software version 1.53a (NIH, Bethesda, MD;
http://imagej.nih.gov/ij) from at least three high-power
ﬁelds from three sections from three different mice were
quantitated.

Metabolic Cage Analysis, Insulin Tolerance Test, and
Insulin Levels
Age-matched LDLRAP1/ and wild-type male mice were
entered into the study at 8 weeks of age where they were
either fed a chow or high-fat diet (HFD) for 16 weeks in
normal housing before being placed in the cages. After this
time, mice were individually housed in TSE PhenoMaster
metabolic cages (TSE Systems, Chesterﬁeld, MO) for 96
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hours. Measurements taken during the ﬁrst 24 hours were
disregarded because this time was used as an acclimation
period. Measurements were taken every 15 minutes, and
results for the following parameters were calculated: Carbon
dioxide production (mL/hour), respiratory exchange ratio
(carbon dioxide/oxygen), energy expenditure (kcal/hour),
energy balance (kcal/hour), hourly food consumption (kcal/
hour), total food consumed (kcal), total water consumed
(mL), locomotor activity (beam breaks), and ambulatory
activity (beam breaks). The data analysis was conducted
over a 72-hour time frame.22 All data were analyzed and
statistics were performed using the CalR software version
1.2 (Banks Lab; https://CalRApp.org)22 as part of the software package. The CalR program implements the most
widely accepted method of analysis, which is the analysis of
covariance where appropriate, and the generalized linear
model where analysis of covariance is not appropriate. In
each case, body mass is utilized as a covariate when
modeling mass-dependent metabolic parameters. For insulin
tolerance, mice as described above were starved for 4 hours,
then blood obtained from the tail vain was taken to measure
baseline blood glucose. Mice were then injected with 0.75 U
of insulin, then blood was obtained at 15, 30, 45, 60, and
120 minutes. Blood glucose test strips were read by the
AlphaTRAK Blood Glucose Monitoring System (Zoetis,
Parsippany-Troy Hills, NJ).

ajp.amjpathol.org

-

The American Journal of Pathology

Vascular and Metabolic Effects of LDLRAP1

Figure 2 LDLRAP1/ mice have signiﬁcantly higher levels of serum cholesterol and triglycerides, and gain more weight compared with wild-type mice. A:
Fasting (16 hours) serum cholesterol levels of LDLRAP1/ and wild-type mice on chow and after 16 weeks of a HFD diet. B: Fasting serum triglyceride levels of
LDLRAP1/ and wild-type mice on 16 weeks of HFD. C: Cholesterol levels in male and female LDLRAP1/ and wild-type mice on 16 weeks of HFD. D: Triglyceride levels in male and female LDLRAP1/ and wild-type mice on 16 weeks of HFD. E: LDLRAP1/ mice gain signiﬁcantly more weight during 16 weeks of
HFD compared with wild-type mice. F: Both male and female LDLRAP1/ mice gain more weight on 16 weeks of HFD compared with their wild-type male and
female counterparts. Asterisks indicate signiﬁcant differences between LDLRAP1/ and wild-type control mice. *P < 0.05, **P < 0.01, and ***P < 0.001.
HFD, high-fat diet; WT, wild-type.

Insulin levels were determined at the Vanderbilt University Hormone and Analytical services core facility using
a commercially available radioimmunoassay (Millipore Cat.
# RI-13K; Sigma-Aldrich, St. Louis, MO). The assay utilizes I125-labeled insulin and a double antibody technique
to determine serum insulin levels. The assay was modiﬁed
by the Vanderbilt Hormone and Analytical Services Core to
improve the sensitivity to 0.01 ng/mL. Serum from at least
six mice per group were used. Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated by
dividing the product of fasted glucose and insulin by 405
[(glucose  insulin)/405] as previously described.23
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Glucose Uptake
Glucose uptake by adipocytes isolated from male wild-type
and LDLRAP1/ mice on chow diet was quantiﬁed using a
kit from Promega (#J1342; Promega, Madison, WI) according to the manufacturer’s instructions. Brieﬂy, the assay
is based on glucose uptake in mammalian cells based on the
detection of nonradioactive 2-deoxyglucose-6-phosphate
(2DG6P). Reagent containing glucose-6-phosphate
dehydrogenase (G6PDH), NADPþ, reductase, and
recombinant luciferase and proluciferin substrate is added to
the sample wells. G6PDH oxidizes 2DG6P to
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Figure 3 LDLRAP1 knockout mice are insulin resistant on chow diet and HFD. A: Blood glucose levels in male LDLRAP1/ and wild-type mice after i.p.
injection of 0.75 U/kg insulin of mice on a chow diet. B: Blood glucose levels in male mice after 16 weeks of HFD diet after i.p. injection of 0.75 U/kg insulin.
No signiﬁcant differences between knockout and wild-type mice were noted. C: Fasting glucose levels in male mice on chow and HFD after being starved for 16
hours. D: Fasting glucose levels in female mice on chow and HFD after being starved for 16 hours. E: Serum insulin levels in male mice. LDLRAP1/ mice
trended higher. There were no signiﬁcant differences in insulin levels between knockout and wild-type mice on chow diet, but insulin levels in LDLRAP1/
mice were signiﬁcantly higher compared with those in wild-type mice after 16 weeks on HFD. F: Mice are insulin resistant. Homeostasis model assessment of
insulin resistance (HOMA-IR) was calculated from fasting glucose and insulin levels as described in Materials and Methods. Data were analyzed by two-way
analysis of variance with multiple comparisons, or t-test where appropriate *P < 0.05, **P < 0.01, and ***P < 0.001. HFD, high-fat diet; WT, wild-type.

6-phosphodeoxygluconate and simultaneously reduces
NADPþ to NADPH. The reductase uses NADPH to convert
the proluciferin to luciferin, which is then used by Ultra-Glo
Recombinant Luciferase to produce a luminescent signal that
is proportional to the concentration of 2DG6P.

RNA Isolation, Adipose Fractionation, and
Quantitative RT-PCR
RNA was isolated from tissue using the RNeasy PowerLyzer Tissue & Cells Kit (QIAGEN, Hilden, Germany) and
Direct-zol RNA Miniprep Plus (Zymo Research, Irvine,
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CA), according to the manufacturer’s protocol, and 100 ng
of RNA from each condition was reverse transcribed as the
authors have described.24,25 Target genes were ampliﬁed
using SYBR green and gene-speciﬁc primers, in triplicate,
using an Applied Biosystems StepOnePlus Real-Time PCR
System (Thermo Fisher Scientiﬁc). Results were normalized
using the housekeeping gene GAPDH. Multiple mRNAs
(CT values) were quantitated simultaneously by the StepOne
Software version 2.3 (Thermo Fisher Scientiﬁc), and relative gene expression was calculated. Primer pairs were
purchased from Integrated DNA Technologies (Coralville,
IA). The following primer pairs were used:
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GAPDH: F: 50 -GGAGAAACCTGCCAAGTATGA-30 R:
5 -TCCTCAGTGTAGCCCAAGA-30
LDLRAP1: F: 50 -CACTAGCCAGCTCATCGAGA-30 R:
0
5 -CACCTTGTCGTGCATCTTGT-30
HIF1a: F: 50 -CCTGCACTGAATCAAGAGGTTGC-30
R: 50 -CCATCAGAAGGACTTGCTGGCT-30
CD36: F: 50 -GATGACGTGGCAAAGAACAG-30 R: 50 TCCTCGGGGTCCTGAGTTAT-30
0

PCR Array
Gene expression in VAT from wild-type or LDLRAP1/
mice was performed using the RT2 Proﬁler PCR Array
Mouse Adipogenesis, Cat# PAMM-049Z from QIAGEN
as described by the manufacturer. The results are graphed
as SD from independent experiments. For separation of
adipocytes from the stromal vascular fraction (SVF),
RNA was isolated from the adipocytes separated from the
stromal vascular layer from wild-type mice as
described.26 Brieﬂy, epididymal adipose tissue was
removed, cut into small pieces, digested with collagenase,
shaken for 2 hours at 37 C, and then poured through a
100-mm ﬁlter and centrifuged at 600  g for 15 minutes.
The top layer consisting of adipocytes and the bottom
pellet consisting of stromal vascular cells were collected
and RNA isolated as described.

Western Blot Analysis
Protein extracts were made from VAT collected from
male LDLRAP1/ and wild-type mice, cut into pieces.
Tissue was homogenized in a lysis buffer using TissueLyser LT (QIAGEN) for 5 minutes at 50 Hz. Supernatants after centrifugation (14,000  g, 15 minutes at 4 C)
were used for Western blotting. After centrifugation, supernatant was collected and added to 5 SDS running
buffer and double-distilled water to obtain a protein
concentration of 100 mg. Protein extracts were separated
by SDS-PAGE, transferred to a nitrocellulose membrane,
and equal loading of protein extracts on gels was veriﬁed
by Ponceau S staining of the membrane and blotting with
the housekeeping protein anti-GAPDH; reactive proteins
were visualized using enhanced chemiluminescence. The
following antibodies were used for immunoblotting:
CD36 Invitrogen, Cat# PA5-27236 (Thermo Fisher Scientiﬁc), ARH (LDLRAP1) LSBio, Cat# LS-C377809
(Lifespan Biosciences, Seattle, WA), GAPDH Cell
Signaling, Cat# 2118S (Cell Signaling Technology,
Danvers, MA), AKT Cell Signaling (cs9272) (Cell
Signaling Technology), pAKT (Ser 473) Cell Signaling
(cs9271s) (Cell Signaling Technology). Relative intensity
of bands was quantitated by scanning image analysis and
the ImageJ densitometry software program version 1.53a
(NIH, Bethesda, MD; http://imagej.nih.gov/ij) and
normalized to internal control proteins.
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Statistical Analysis
Results are expressed as means  SEM. Differences between groups were determined by t-test or two-way analysis
of variance where appropriate using GraphPad Prism
version 8.4.3 (GraphPad Software, San Diego, CA). Differences were considered statistically signiﬁcant when
P < 0.05. For all metabolic cage experiments, differences
between groups were determined with one- or two-way
analysis of variance with multiple comparisons, analysis
of covariance, or the generalized linear model where
appropriate using the CalR software version 1.2 as part of
the cage software package.

Results
LDLRAP1 Knockout Mice Are Dyslipidemic and Develop
Atherosclerotic Plaque on HFD
Heterozygous mice obtained from The Jackson Laboratory
were crossed to obtain homozygous LDLRAP1 knockout
mice. Figure 1A demonstrates absence of the LDLRAP1
protein. To test the hypothesis that mice lacking LDLRAP1
would develop atherosclerotic plaque, mice were fed an
atherogenic, Western diet (40% fat, 1% cholesterol) for 16
weeks, and aortic arches from these mice were removed and
examined by en face staining of the aortic arch. Figure 1, B
and C, show that whereas the wild-type and LDLRAP1þ/
mice did not develop plaque, aortic arches from
LDLRAP1/ mice had signiﬁcantly increased lesion area
compared with those in the wild-type and LDLRAP1þ/
mice. A wide variation in lesion areas in the LDLRAP1/
cohort was observed, which upon further analysis mirrored
sex of the mice. Although plaque accumulation was seen in
both male and female LDLRAP1/ mice, male mice
developed signiﬁcantly more plaque compared with female
mice (13.0%  4.8% vs 3.0%  1.5%, respectively)
(Figure 1D).
LDL receptor internalization participates in plasma
cholesterol clearance, therefore, the hypothesis that global
LDLRAP1 knockout would lead to an increase in plasma
cholesterol levels was tested. Figure 2A shows that fasting
LDLRAP1/ mice had signiﬁcantly higher total cholesterol
on a chow diet (90.9  5.8 vs 169.0  6.8 mg/dL, P < 0.001,
for wild-type and LDLRAP1/ mice, respectively).
LDLRAP1/ mice also had signiﬁcantly higher total
cholesterol after 16 weeks on HFD (124.2  14.6 vs
433.2  31.4, P < 0.001 for wild-type and LDLRAP1/
mice, respectively) (Figure 2A). Interestingly, there were no
signiﬁcant differences in plasma cholesterol between male
and female LDLRAP1/ mice under either dietary condition
(data not shown). Fasting serum triglyceride levels were also
measured. LDLRAP1/ mice displayed signiﬁcantly higher
levels of serum triglycerides compared with the wild-type
mice on both a chow (42.6  5.1 vs 91.7  13.8 mg/dL,
P < 0.01, for wild-type and LDLRAP1/ mice, respectively)

1097

Leigh et al

Figure 4

LDLRAP1 global knockout leads to altered metabolic proﬁle both on chow and on a high-fat diet. A: Mice on chow diet. B: Mice on HFD for 16
weeks. Mice were housed in metabolic cages as described in Materials and Methods. After 24 hours’ acclimation, measurements were taken every 15 minutes for
72 hours. Data were analyzed and statistics were performed using the CalR software version 1.2 as part of the software package. *P < 0.05, **P < 0.01, and
***P < 0.001. HFD, high-fat diet; WT, wild-type.

and 16 weeks of HFD (58.0  8.8 vs 147.0  14.3 mg/dL,
P < 0.001, for wild-type and LDLRAP1/, respectively)
(Figure 2B). LDLRAP1/ mice had signiﬁcantly higher
cholesterol and triglycerides than their wild-type counterparts
regardless of sex (Figure 2, C and D).

LDLRAP1/ Mice Have a Modiﬁed Metabolic
Phenotype
Mice were weighed prior to and upon completion of the
atherosclerosis study. Mice entered the study with
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approximately similar weights (22.5  4.0 g vs
24.5  4.4 g for wild-type and LDLRAP1/ mice,
respectively). As expected, all mice gained weight during
the 16-week study. However, Figure 2E shows that
LDLRAP1/ mice gained signiﬁcantly more weight after
HFD compared with wild-type mice (10.9  0.9 g vs
17.1  1.2 g, P < 0.01 for wild-type mice, n Z 32, and
LDLRAP1/ mice, n Z 28, respectively). Male and female LDLRAP1/ mice gained signiﬁcantly more weight
compared with their wild-type counterparts (12.3  1.0 vs
19.7  1.4 g, P < 0.001, for wild-type and LDLRAP1/
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Figure 5

Expression of LDLRAP1 in adipose tissue. A: Expression of LDLRAP1 is signiﬁcantly greater in VAT compared with liver and skeletal muscle. Tissue
was isolated from glucometabolic tissue and LDLRAP1 expression quantitated by quantitative RT-PCR. B: LDLRAP1 is primarily expressed in adipocytes
compared with stromal vascular cells. VAT isolated from wild-type and LDLRAP1/ mice was separated into adipocytes and stromal cells, and LDLRAP1
expression was quantitated by quantitative RT-PCR. C: Adipocytes from LDLRAP1/ mice are signiﬁcantly hypertrophic compared with wild-type adipocytes.
VAT from chow- and HFD-fed wild-type and LDLRAP1/ mice were stained, and adipocyte size was quantitated by ImageJ version 1.53a software. D: VAT from
LDLRAP1/ mice are hypoxic. VAT from chow- and HFD-fed wild-type and LDLRAP1/ mice were isolated and HIF1a expression quantitated by quantitative
RT-PCR. E: VAT was also immunostained with HIF1a antibody; red-brown staining indicates positive reaction. F: Quantitation of nuclear HIF1a in VAT shown in
E. Three sections from three mice each were counted and quantitated. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars Z 50 mm. Original magniﬁcation:
600 (C); 200 (E). HFD, high-fat diet; SVF, stromal vascular fraction; VAT, visceral adipose tissue; WT, wild-type.
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mice, respectively). Male LDLRAP1/ mice gained
signiﬁcantly more weight compared with female
LDLRAP1/ mice (19.7  1.4 g vs 13.9  1.5 g,
P < 0.01 for male and female mice, respectively)
(Figure 2F).
These signiﬁcant differences in weight gain suggested
that LDLRAP1/ mice might have a modiﬁed metabolic
phenotype. To determine whether LDLRAP1/ mice
display changes in insulin sensitivity, insulin tolerance tests
were performed on LDLRAP1/ and wild-type mice both
before and after administering a HFD. For the insulin
tolerance test, male mice were administered 0.75 U/kg of
insulin after 16 hours fasting. On a chow diet, male
LDLRAP1/ mice had signiﬁcantly higher blood glucose
levels before and after insulin bolus injection compared
with the wild-type mice (n Z 9 and 11 for wild-type and
LDLRAP1/ mice, respectively) (Figure 3A). After 16
weeks of HFD, glucose levels were not signiﬁcantly
different between the LDLRAP1/ and wild-type mice
(n Z 11 and 16 for wild-type and LDLRAP1/ mice,
respectively) (Figure 3B). This may be a result of the wildtype mice becoming obese and developing insulin resistance over the course of the HFD. On chow diet, female
LDLRAP1/ mice trended, but were not signiﬁcantly insulin resistant compared with female wild-type mice.
Importantly, on a chow diet, male mice had fasting glucose
levels signiﬁcantly higher than control mice (Figure 3C).
There were no differences in female mice; further metabolic studies were performed on male mice (Figure 3D).
Serum insulin levels were checked in male mice starved
for 16 hours. On a chow diet, although LDLRAP1/ mice
trended higher, there were no signiﬁcant differences in
insulin levels between knockout and wild-type mice
(0.10  0.04 ng/mL vs 0.25  0.11 ng/mL for wild-type
and LDLRAP1/ mice, respectively). However, insulin
levels in LDLRAP1/ mice were signiﬁcantly higher
compared with those in wild-type mice after 16 weeks on
HFD (0.48  0.10 ng/mL, and 1.29  0.32 ng/mL for
wild-type and LDLRAP1/ mice, respectively, P < 0.05)
(Figure 3E). HOMA-IR is a mathematical model that describes insulin sensitivity. High HOMA-IR values indicate
less sensitivity to insulin than low HOMA-IR values.27 As
expected, Figure 3F shows statistically signiﬁcant differences in HOMA-IR index between chow- and HFD-fed
mice, showing development of insulin resistance with
HFD. Importantly, signiﬁcant differences were noted between wild-type and LDLRAP1/ mice on HFD, and a
trend (P Z 0.057) between wild-type and LDLRAP1/
mice on the chow diet. These data suggest that the
increased insulin level in LDLRAP1/ mice is likely
compensatory and indicative of insulin resistance. On a
chow diet, although insulin resistant, the LDLRAP1/
mice were not yet hyperinsulinemic, but became so after 16
weeks of HFD. Together, these data indicate that male
LDLRAP1/ mice are insulin-resistant, both on chow and
on 16 weeks of HFD.
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To further characterize the metabolic effects of LDLRAP1
deletion, male LDLRAP1/ and wild-type mice were individually housed in metabolic cages for a total of 96 hours (24
hours for acclimatization, 72 hours for data collection) either
on a normal chow diet or after 16 weeks of consumption of a
HFD. Every 15 minutes, data were recorded for carbon dioxide produced (mL/hour), energy expenditure (kcal/hour),
energy balance (kcal/hour), food consumed (kcal), water
consumed (mL), locomotor activity (beam breaks), and
ambulatory activity (beam breaks). Weight was also quantitated each time the mouse entered a hanging glass tube. Male
mice were used because female mice did not show any signiﬁcant differences in insulin tolerance. Male LDLRAP1/
mice gained more weight both on chow and HFD (Figure 4),
although food consumption was not signiﬁcantly different.
LDLRAP1/ mice showed increased energy expenditure as
demonstrated by increased carbon dioxide production.
However, it should be noted that under these experimental
conditions, LDLRAP1/ mice had increased ambulatory
and locomotor activity compared with that of wild-type mice
(n Z 8). Because the relationship between locomotor activities and metabolic rate in mice is linear, it is possible that the
observed changes in energy expenditure were due to the
energetic cost of locomotion and not primary changes in the
activity of metabolic organs.28

Glucose Uptake and Insulin Signaling Are Dysregulated
in Adipose Tissue in LDLRAP1/ Mice
It is important to identify the molecular mechanisms of
LDLRAP1 metabolic effects. LDLRAP1 mRNA is detected
at low levels in most tissues. Its expression has been previously shown to be enhanced in liver, but mRNA abundance in
adipose tissue has not been reported.15 As a ﬁrst step toward
understanding why LDLRAP1 mice were obese and insulinresistant, glucometabolic tissue (adipose, skeletal muscle, and
liver) were isolated from wild-type mice before and after HFD
to determine LDLRAP1 abundance. Figure 5A shows that the
expression of LDLRAP1 is signiﬁcantly greater in VAT
compared with liver and skeletal muscle. This suggests that
although each of these tissues may be impacted by LDLRAP1
deletion, effects on insulin resistance may be more pronounced because of increased expression in adipose tissue,
and prompted further studies in VAT.
Adipose tissue is composed of adipocytes as well as a
SVF composed of, but not limited to, mesenchymal progenitor cells, leukocyte subtypes, and endothelial cells. To
determine in which compartment LDLRAP1 was preferentially expressed, visceral adipose tissue was separated into
SVF and adipocyte fractions by digestion and differential
centrifugation. Figure 5B shows that LDLRAP1 mRNA is
over 13-fold more abundant in the adipocyte fraction
compared with the SVF. Little to no LDLRAP1 was
detected in SVF or adipocytes from knockout mice.
Adipocyte hypertrophy is considered a key event associated
with a loss of insulin sensitivity both in lean and obese
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Figure 6 Dysregulated insulin signaling and CD36 expression in VAT in LDLRAP1/ mice. A: Decreased AKT phosphorylation in LDLRAP1/ mice. Proteins
were extracted from VAT from chow- and HFD-fed wild-type and LDLRAP1/ mice, and immunoblotted with the antibodies shown. B: Densiometric analysis of
immunoblot in A from four different mice for each condition. C: CD36 mRNA expression. VAT from chow- and HFD-fed wild-type and LDLRAP1/ mice were
isolated, and CD36 mRNA expression was quantitated by quantitative RT-PCR. D: Representative Western blot of CD36 protein expression. Proteins were
extracted from VAT from chow- and HFD-fed wild-type and LDLRAP1/ mice, and immunoblotted with the antibodies shown. E: Expression of HIF1a and CD36
is increased in VAT in LDLRAP1/ mice compared with wild-type and LDLR/ mice. VAT isolated from three mice in each in group were pooled, and mRNA
expression was quantitated by quantitative RT-PCR. Expression is signiﬁcantly higher in LDLRAP1/ VAT compared with wild-type and LDLR/. F: Adipocytes
from LDLRAP1/ mice take up less glucose compared with wild-type mice. Primary adipocytes were isolated from chow-fed male wild-type and LDLRAP1/
mice, and glucose uptake was determined. Experiment was performed in triplicate from at least three independent isolations. *P < 0.05, **P < 0.01, and
***P < 0.001. HFD, high-fat diet; VAT, visceral adipose tissue; WT, wild-type.

conditions.29 Morphological analysis of adipose tissue in
chow- and HFD-fed mice determined that the adipocytes
from LDLRAP1/ mice were signiﬁcantly hypertrophic
compared with wild-type adipocytes (Figure 5C), which is
indicative of insulin insensitivity. Hypoxic conditions are
recognized to contribute to insulin resistance.30 Further
characterization of VAT from LDLRAP1/ mice showed
signiﬁcantly increased expression of HIF1a mRNA and
protein in chow conditions, and trended (P Z 0.057) higher
in HFD-fed LDLRAP1/ mice (Figures 5D-5F), suggesting
increased hypoxic conditions in VAT in LDLRAP1/ mice.
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Insulin signal transduction utilizes the protein kinase AKT,
which is phosphorylated and activated in normal adipocytes
upon insulin exposure.31,32 The phosphorylation state of
AKT in adipose tissue from wild-type and LDLRAP1
knockout mice was determined by Western blot analysis
using phospho-speciﬁc antibody. Figure 6A indicates a
representative Western blot, and Figure 6B indicates densiometric quantiﬁcation from four mice showing that on
HFD, AKT phosphorylation is signiﬁcantly decreased in
VAT from LDLRAP1 knockout mice compared with that in
wild-type mice (P < 0.05, n Z 4 mice). This is noteworthy
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considering the hyperinsulinemic state of the LDLRAP1/
mice. Decreased AKT phosphorylation is a molecular indicator suggesting insulin signaling in adipose tissue from
LDLRAP1 knockout mice is impaired.
CD36 is an oxLDL receptor as well as a fatty acid
transporter whose activation, leading to increased fatty acid
uptake, requires AKT phosphorylation.32 Because
hypercholesteremia-induced insulin resistance is associated
with increased CD36 abundance, and CD36 has been
implicated as a mediator of lipid-induced insulin resistance,33,34 it was logical to examine CD36 abundance in
VAT from LDLRAP1/ mice. Figure 6C shows signiﬁcantly more CD36 mRNA (P < 0.05, n Z 4 mice) and
Figure 6D shows increased CD36 protein expression in
adipose tissue from LDLRAP1/ mice compared with that
from wild-type mice. Thus, despite increased abundance of
fatty acid transporters, LDLRAP1 knockout mice remain
hyperlipidemic. To determine whether this modiﬁed
expression is similar to LDLR knockout mice, gene
expression in VAT in chow-fed wild-type, LDLR/, and
LDLRAP1/ mice was compared. Figure 6E shows that
both HIF1a and CD36 mRNA are signiﬁcantly increased in
VAT from LDLRAP1/ mice compared with both wildtype and LDLR/ mice, indicating that increased expression of these genes is associated with absence of LDLRAP1.
CD36 expression in aorta and BMDM in LDLRAP1/ and
wild-type mice was also examined. Interestingly, and
consistent with that observed in VAT, CD36 mRNA was
signiﬁcantly increased in BMDM isolated from LDLRAP1/

mice compared with controls, but was not signiﬁcantly
increased in aorta in mice fed HFD (Supplemental
Figure S1).
Having established that CD36 abundance is increased and
AKT phosphorylation is decreased in LDLRAP1/ VAT,
whether depletion of LDLRAP1 effected the ability of adipose tissue to take up glucose was determined next. Primary
adipocytes were isolated from chow-fed male wild-type and
LDLRAP1/ mice, and glucose uptake was determined.
Figure 6F shows that adipose tissue from LDLRAP1/ mice
takes up signiﬁcantly less glucose compared with adipose
tissue from wild-type mice (2646.0  50.1 vs
1483.0  162.9 relative ﬂuorescence units, P < 0.01 for
wild-type and LDLRAP1/ mice, respectively), and corroborates the attenuated AKT phosphorylation observed in
the LDLRAP1/ mice. Insulin receptor 1 (IRS1) is
important to mediate insulin-dependent regulation of both
glucose and lipid metabolism in adipose tissue.
Supplemental Figure S2 shows that IRS1 phosphorylation
is decreased in VAT in HFD-fed LDLRAP1/ mice
compared with that in wild-type mice.

Dysregulated Gene Expression in LDLRAP1 Depleted in
Adipose Tissue
VAT is a synthetic organ, and differences in insulin resistance and AKT activation are often reﬂected in differences
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in gene expression. To determine whether lack of
LDLRAP1 affected VAT gene expression, RNA was isolated and pooled from VAT from three wild-type or
LDLRAP1 knockout mice each, fed a HFD for 16 weeks,
and gene expression was quantiﬁed using a metabolismbiased quantitative RT-PCRebased array (Supplemental
Table S1). Figure 7A lists signiﬁcantly different transcript
expression and reﬂects a dysregulated transcriptional proﬁle
characteristic of altered energy metabolism and lipid storage. Expression of a number of these transcripts was validated on VAT isolated and quantitated from individual mice
(Figure 7B). mRNA for a number of adipokines are
increased in LDLRAP1/ including Cfd, leptin, and adiponectin, genes involved in adipogenesis such as Bmp7 and
Cdkn1a, and PPAgc1a, an important metabolic gene regulatory factor. A decrease in gene expression was noted in
transcripts associated with glucose homeostasis, insulin
resistance, and metabolism, which together may be reﬂective of increased hypoxia and inﬂammation in this tissue.

Discussion
Individuals with ARH are prone to premature atherosclerosis and coronary artery disease, but direct causality of
deletion of this gene on atherogenesis has not been reported.
In the current study, LDLRAP1/ mice were shown to have
increased atherosclerotic plaque burden compared with
controls, with male knockout mice demonstrating the most
severe atherosclerotic phenotype compared with female
knockout mice. Although it is recognized that sex can exert
major effects on the outcome of atherosclerosis studies,
there is no consensus linking a particular sex with increased
plaque formation, particularly in mice. Many observations
are inﬂuenced by aortic location, diet, and strain. Initial
reports suggest that atherosclerotic lesions in the aortic root
were larger in female mice35; however, this ﬁnding is not
consistent.36,37 In the current study, male mice clearly
weighed more and had increased atherosclerosis and insulin
resistance compared with female mice. LDLRAP1 function
has been posited to be tissue-speciﬁc, because while hepatocytes and lymphoblasts from ARH patients display
impaired LDL internalization, lipid uptake is normal in ﬁbroblasts from the same patients.19 Disruption of LDLRAP1
has been shown to result in 80% reduction in LDL internalization in cultured hepatocytes.14,17,18 As expected,
serum cholesterol and triglycerides were also signiﬁcantly
increased in LDLRAP1/ mice.
In humans, LDLR polymorphisms have been associated
with obesity,38 suggesting a link between LDLR function,
peripheral lipid deposition, and metabolic dysfunction.
Although all mice gain weight as they mature, and particularly so on HFD, surprisingly, the LDLRAP1/ mice
gained signiﬁcantly more weight compared with control
mice. Signiﬁcant weight gain is often accompanied by loss
of insulin sensitivity, and the insulin tolerance tests showed
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Figure 7

Altered gene expression in LDLRAP1 depleted in adipose tissue. A: RNA was isolated and pooled from visceral adipose tissue from three wild-type
and three LDLRAP1/ mice fed HFD, and expression of atherosclerosis-related transcripts was quantitated by biased mouse adipogenesis RT-PCR array. Shown
are statistically signiﬁcant transcripts from the array with P < 0.05. B: Validation of transcripts adiponectin (Adipoq), complement factor D (Cfd), hormonesensitive lipase (Lipe), and Src proto-oncogene (Src) in individual wild-type or LDLRAP1/ mice. Values are normalized to wild-type mouse #1, and expression
in each LDLRAP1/ mouse is signiﬁcantly different from each wild-type control mouse. *P < 0.05, **P < 0.01. WT, wild-type.

that LDLRAP1/ mice were indeed insulin insensitive even
prior to consumption of the HFD. In support of this observation, serum insulin levels in LDLRAP1/ mice were
signiﬁcantly higher compared with wild-type mice after 16
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weeks HFD, suggesting that the increased insulin level in
LDLRAP1/ is likely compensatory and indicative of insulin resistance. The LDLRAP1 protein plays a critical role
in LDLR and LDL internalization. Studies linking the
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LDLR with type 2 diabetes are complex and often contradictory. In one correlative study, the prevalence of type 2
diabetes among patients with familial hypercholesterolemia
was signiﬁcantly lower than among unaffected relatives.38
Several studies have shown that in addition to the amount
of lipid in the diet, fatty acid composition affects serum
LDL-cholesterol levels both in man and experimental animals.39,40 One study showed that when fed a HFD, wildtype mice became obese and developed hypercholesterolemia with hyperglycemia, but not hypertriglyceridemia,
whereas LDLR/ mice fed the same diet became more
obese than wild-type mice and developed high triglycerides
in addition to hyperglycemia and hypercholesterolemia.41
This study showed that glucose and insulin levels in these
mice were only modestly higher, and insulin-to-glucose
ratios were not strikingly different from wild-type mice.
Despite having similar food intake and increased energy
expenditure, LDLRAP1/ mice gained more weight
compared with controls. This may be due to the hyperinsulinemia observed in LDLRAP1/ mice on HFD as
mice with improved insulin sensitivity accumulate less adipose tissue even when fed a HFD, and pharmacological
reduction of insulin secretion lowers body weight.42,43 This
implies that the hyperinsulinemia developed by LDLRAP1/
mice after HFD contributes to increased weight gain due to
expanded visceral adipose tissue mass, and may also
suggest that insulin levels may predict obesity even in the
absence of high-fat feeding and regardless of energy expenditures. Increased activity may be due to absence of
LDLRAP1 from neural tissue, which may have unanticipated effects on behavioral activity.
Dyslipidemia may not only be a consequence of impaired
glucose metabolism, but may also cause it. Apolipoprotein
A1 (apoA1) knockout in mice results in a phenotype
resembling metabolic syndrome, whereas apoA1 overexpression improves glucose metabolism and results in a
higher lean body mass and a higher expression of mitochondrial ATP synthase.44 Interestingly, in the same model,
apoA1 overexpression could also prevent diet-induced
obesity. Although rodent and human lipoprotein metabolism differs considerably, these ﬁndings may also help to
explain the interaction of lipoprotein clearance and glucose
metabolism. Focusing on adipose tissue, recent studies have
shown that LDL metabolism in adipocytes is associated
with insulin receptor trafﬁcking and regulation, and glucose
metabolism.45 Thus, a complex interplay between insulin
signaling and adipose LDLRAP1 is likely to exist. Additional studies are needed to determine whether the
LDLRAP1-mediated uptake mechanism is altered in the
insulin-resistant organism and whether altered LDLRAP1
function further inﬂuences glucose metabolism and insulin
sensitivity in humans.
LDLRAP1 effects on dyslipidemia, obesity, metabolism,
and insulin sensitivity have not been previously reported,
and the next series of experiments aimed to clarify its
expression and effects on adipose tissue. Of the three
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glucometabolic tissues, LDLRAP1 mRNA expression is
most abundant in VAT. The role of LDLRAP1 in liver and
skeletal muscle insulin sensitivity remains to be determined.
Adipose tissue is not homogenous and is composed of adipocytes as well as ﬁbroblasts, vascular cell types, and immune cells, with the latter three collectively referred to as
SVF. Notably, LDLRAP1 mRNA was signiﬁcantly more
abundant in adipose cells compared with that in SVF.
Adipocyte hypertrophy is indicative of loss of insulin
sensitivity both in lean and obese conditions.46,47 Histochemical analysis of VAT revealed that adipocytes were
signiﬁcantly larger in chow- and HFD-fed LDLRAP1/
compared with wild-type mice. The observation of larger
adipocytes in both chow- and HFD-fed LDLRAP1/ mice
compared with wild-type controls is consistent with their
altered metabolic proﬁle, obesity, and insulin resistance.
VAT from chow-fed LDLRAP1/ mice also had signiﬁcantly greater expression of CD36 and HIF1a compared
with both wild-type and LDLR/ mice, suggesting fundamental differences in adipose pathophysiology between the
groups. Taken together, LDLRAP1 expression in adipocytes, increased insulin insensitivity and obesity in mice
lacking LDLRAP1 indicate a previously unrecognized, but
central, function for this protein in VAT, and subsequently
in maintenance of a healthy metabolic phenotype.
Several lines of evidence suggest that loss of LDLRAP1
might decrease glucose uptake in adipocytes. Reduction of
insulin-stimulated glucose transport in adipocytes results in
whole-body insulin resistance, as demonstrated in adipose
tissueeselective GLUT4-null mice.48 Further, loss of the
LDL receptor function substantially reduces GLUT4 sorting
to the plasma membrane, which promotes decreased glucose
uptake.49 LRP1, a receptor related to LDLR also involved in
lipid homeostasis, regulates the intracellular trafﬁc of
insulin-responsive vesicles containing the glucose transporter GLUT4 in adipose and muscle cells.50 Blockage of
LRP1 exocytosis to the plasma membrane negatively affects
insulin-induced intracellular signaling.51 In the current
study, adipocytes isolated from LDLRAP1/ mice took up
signiﬁcantly less glucose compared with adipocytes isolated
from wild-type mice in an ex vivo assay, which can account
for the insulin resistance observed in vivo, as well as indicate that LDLRAP1 directly participated in glucose uptake.
Protein kinase AKT is at the center of many signal
transduction pathways and is phosphorylated in insulinstimulated glucose uptake. VAT from LDLRAP1/ mice
show decreased AKT phosphorylation, which is consistent
with insulin resistance demonstrated in vivo and the
depressed glucose uptake in isolated adipocytes demonstrated ex vivo. Efﬁcient endocytosis of the LDLeLDLR
complex is mediated by LDLRAP1, where, along with
endosomal sorting and trafﬁcking machinery, the LDLR is
either recycled to the plasma membrane, or in a
PCSK9-dependent mechanism, is delivered to lysosomes
and degraded.52 The FXNPXY motif in the amino-terminal
PTB domain of LDLRAP1 is very similar to the PTB
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Figure 8 Schematic representation of proposed role of LDLRAP1 in adipose tissue. Efﬁcient
endocytosis of the LDLeLDLR complex is mediated
by LDLRAP1. LDLRAP1 contains domains common
in adaptor proteins, suggesting that it can interact
with other molecules in a cargo-sorting endocytic
web. CD36 abundance and trafﬁcking is essential
for appropriate insulin receptor signal transduction, and its abundance in adipose is suggested
as a link between hypercholesteremia and insulin
resistance. Long-term overexposure to circulating
lipids increases CD36 abundance. In the absence of
LDLRAP1, CD36 abundance is dysregulated,
possibly contributing to insulin resistance. LDL,
low-density lipoprotein.

domains of proteins involved in protein trafﬁcking.
Signaling from the plasma membrane LDLRAP1 also contains a clathrin binding motif, suggesting that it can interact
with other molecules in what is termed a cargo-sorting
endocytic web.12 CD36 is an integral membrane protein
and an oxLDL receptor for adipocytes. CD36 plasma
membrane translocation involves clathrin coat proteins for
endosome formation and transport.53 CD36 trafﬁcking is
essential for appropriate insulin receptor signal transduction,
and its dysregulated expression in adipose is suggested as a
link between hypercholesteremia and insulin resistance.54 In
adipocytes, CD36 can mediate storage and release of fatty
acids, and increased CD36 expression is associated with
obesity in humans and rodents.55,56 Long-term overexposure to circulating lipids as in hypercholesteremic mice
has been shown to increase CD36 abundance in vitro and
in vivo, which may explain why CD36 abundance is
increased in LDLRAP1/ VAT.57,58 Much of CD36 is
stored in intracellular endosomes, and its tightly regulated
vesicle-mediated trafﬁcking is essential for appropriate insulin receptor signal transduction.59 In the current study,
CD36 expression increased in VAT in LDLRAP1 knockout
mice, consistent with the elevated hypercholesteremia
observed in LDLRAP1/ mice. Because CD36 endosomal
trafﬁcking involves clathrin coat adaptor proteins such as
LDLRAP1, and its appropriate endocytosis trafﬁcking is
essential for appropriate insulin receptor signaling, depletion
of LDLRAP1 may affect insulin signaling and/or endosome
sorting, which is manifested by insulin resistance displayed
in the LDLRAP1/ mice. This is supported by the fact that
CD36 is increased in LDLRAP1/ compared with LDLR/

mice, which are also hyperlipidemic. Together, deletion of
LDLRAP1 in visceral adipose tissue results in impaired
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insulin signaling, increased CD36 expression, and impaired
glucose uptake in adipocytes (Figure 8).
White adipose tissue is a secretory organ, capable of
synthesis of many adipokines upon the appropriate stimuli.1 Hypertrophic adipocytes demonstrate an altered
secretory repertoire which effects local as well as systemic
inﬂammation, obesity, and insulin resistance. Using biased
quantitative RT-PCR array, a number of transcripts have
been identiﬁed that participate in metabolic regulation
whose expression was increased, including Bmp7, Src,
Cfd, leptin, and PPARgC1a. Cfd is an adipokine that
regulates insulin secretion,60 and leptin is an adipokine
that regulates insulin secretion and promotes energy
expenditure.61 PPARgC1a in particular is implicated in
regulation of cellular cholesterol homeostasis and development of obesity.62 It is a potent transcriptional coactivator that regulates many genes involved in energy
metabolism by interacting with PPARg, permitting its
interaction with other transcription factors. Because these
are considered to be protective, their expression may be
increased in a compensatory manner. Abundance of a
number of transcripts was decreased, each of which are
involved in lipid storage, adipocyte differentiation, and
insulin signaling. LMNA is associated with familial partial
lipodystrophy of the Dunnigan type (FPLD2), the loss of
which is associated with insulin resistance and type 2
diabetes.63 Sirt1 is expressed in metabolically active tissues and is an important nutrient sensor and regulator of
metabolism and energy homeostasis by limiting VAT
expansion and promotion of VAT browning.64 Expression
of each of these can support the observed phenotype of the
LDLRAP1/ mouse. Within the context of this dysregulated gene expression proﬁle, it may not be entirely
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surprising that LDLRAP1/ mice are hyperlipidemic,
obese, and insulin insensitive.
In summary, global loss of LDLRAP1 results in dyslipidemia and atherosclerotic plaque formation, which may be
expected. However, increased weight gain and insulin
insensitivity, and decreased glucose uptake were unexpected
ﬁndings and indicate a previously uncharacterized role for
LDLRAP1 in maintenance of the appropriate metabolic
phenotype. Dysregulation of CD36 expression, AKT
signaling, and metabolic gene expression was also unexpected and may explain the mechanism(s) driving the
observed metabolic phenotype. One limitation to these
studies is that LDLRAP1 deletion is global, and future
studies are necessary to fully characterize the tissue-speciﬁc
role of LDLRAP1 in lipid uptake and metabolism. Nevertheless, when taken in its entirety, a picture emerges where
LDLRAP1 participates in more than LDLR internalization.
LDLRAP1 deletion leads to systemic effects and may act as
a molecular link that regulates dyslipidemia, atherosclerosis,
insulin resistance, and obesity.

Supplemental Data
Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2022.03.014.
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