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Objective: The scavenger receptor CD36 facilitates the cellular uptake of long-chain fatty acids. As

CD36-deficiency attenuates the development of high fat diet (HFD)-induced obesity, the role of CD36-

deficiency in preadipocyte recruitment and adipocyte function was set out to characterize.

Design and Methods: Fat cell size and number were determined in gonadal, visceral, and subcutaneous

adipose tissue of CD36�/� and WT mice after 6 weeks on HFD. Basal lipolysis and insulin-inhibited

lipolysis were investigated in gonadal adipose tissue.

Results: CD36�/� mice showed a reduction in adipocyte size in all fat pads. Gonadal adipose tissue also

showed a lower total number of adipocytes because of a lower number of very small adipocytes (diameter

<50 lm). This was accompanied by an increased pool of preadipocytes, which suggests that CD36-

deficiency reduces the capacity of preadipocytes to become adipocytes. Regarding lipolysis, in adipose

tissue from CD36�/� mice, cAMP levels were increased and both basal and 8-bromo-cAMP stimulated

lipolysis were higher. However, insulin-mediated inhibition of lipolysis was more potent in CD36�/� mice.

Conclusions: These results indicate that during fat depot expansion, CD36-deficiency negatively affects

preadipocyte recruitment and that in mature adipocytes, CD36-deficiency is associated with increased

basal lipolysis and insulin responsiveness.
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Introduction
Obesity, and in particular abdominal obesity, is associated with sev-

eral metabolic abnormalities such as insulin resistance and hypertri-

glyceridemia, which increase the risk of developing type 2 diabetes

and eventually cardiovascular morbidity and mortality (1). Obesity is

caused by a chronic positive energy balance that increases the stor-

age of triglycerides (TG) in adipose tissue. This storage of energy is

partly regulated by fatty acid (FA) transporter proteins in adipocytes,

which facilitate the cellular entry of lipoprotein derived FA. One of

these FA transporters is CD36 (2,3), an 88 kDa glycoprotein

(reviewed in Silverstein and Febbraio [4]) that primarily facilitates

the transport of long-chain FA. The role of CD36 in white adipose

tissue (WAT) is illustrated by diminished uptake of the FA analogs

BMIPP and IPPA in adipose tissue of CD36-deficient (CD36�/�)

mice fed a chow diet (5). Other studies have demonstrated that

CD36-deficiency protects against obesity induced by a high fat diet

(HFD) (6,7) and development of cardiometabolic problems (8).

Because CD36-deficiency attenuates the development of HFD-induced

obesity, we were interested in the role of CD36 in adipocyte develop-

ment and function. We investigated adipocyte cell size and number in

various adipose tissue depots to determine whether CD36-deficiency

affects adipocyte hypertrophia (i.e., adipocyte growth) and/or hyperpla-

sia (i.e., recruitment of new adipocytes), as both these parameters

determine the expansion capacity of adipose tissue. Moreover, we

determined the intracellular lipid accumulation of isolated preadipo-

cytes of CD36�/� versus wild-type (WT) mice in vitro after incubation
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in adipogenic media. In addition, lipolysis rate of isolated mature adi-

pocytes of CD36-deficient mice versus WT mice was determined, as

adipocyte volume is not only determined by uptake of FA, which lead

to TG storage, but also by the level of FA release during the process

of adipocyte lipolysis. Taken together, we aimed to investigate the role

of CD36 in adipocyte development and function, because CD36 is

involved in the development of diet-induced obesity. The current study

shows that CD36 affects both adipocyte recruitment and lipolysis.

Methods
Animals
The generation of CD36�/� mice has been described previously (9).

For this study, CD36�/� mice were crossed back eight times to the

C57Bl/6J background. CD36�/� mice were bred at the Leiden Uni-

versity Medical Center, Leiden, The Netherlands. WT control mice

(C57Bl/6J background) were purchased from Charles River (Maas-

tricht, The Netherlands). The mice used in experiments were male,

housed under standard conditions with free access to water and

food. Mice were fed a HFD (45% energy derived from lard fat;

D12451, Research Diet Services, Wijk bij Duurstede, The Nether-

lands) when they were 12 weeks of age to induce obesity. Body

weight was measured regularly. All experiments were approved by

the animal ethics committee of Leiden University Medical Center.

Body composition
After 11 weeks of HFD feeding body composition was determined in

overnight fasted mice using dual energy X-ray absorptiometry (DEXA)

(Norland Stratec Medizintechnik GmbH, Birkenfeld, Germany).

Generation of TG-rich emulsion particles
Very low-density lipoprotein (VLDL)-like TG-rich emulsion particles

were prepared and characterized as described previously (10). Lipids

(100 mg) at a weight ratio of triolein:egg yolk phosphatidylcholine:

lysophosphatidylcholine:cholesteryl oleate:cholesterol of 70:22.7:2.3:

3.0:2.0, supplemented with 100 lCi of glycerol tri[9,10(n)-3H]oleate

([3H]TO) (GE Healthcare, Little Chalfont, UK) were sonicated at 10 lm

output using a Soniprep 150 (MSE Scientific Instruments, Crawley,

UK). Density gradient ultracentrifugation was used to obtain 80 nm-

sized emulsion particles, which were used for subsequent experiments.

TG content of the emulsions was measured using a commercially avail-

able enzymatic kit from Roche Molecular Biochemicals (Indianapolis,

IN). Emulsions were stored at 4�C under argon and used within 7 days.

In vivo clearance of TG-rich emulsion particles
To study the in vivo clearance of the VLDL-like emulsion particles, mice

were fed a HFD for 13 weeks. Mice were fasted 4 h (from 8.00 am to

12.00 pm) prior to the start of the experiment and anesthetized by intraper-

itoneal injection of acepromazine (6.25 mg/kg Neurotranq, Alfasan Inter-

national BV, Weesp, The Netherlands), midazolam (6.25 mg/kg Dormi-

cum, Roche Diagnostics, Mijdrecht, The Netherlands), and fentanyl (0.31

mg/kg Janssen Pharmaceuticals, Tilburg, The Netherlands). Subse-

quently, mice were injected (t¼ 0) intravenously with 200 lL of [3H]TO-

labeled emulsion particles at a dose of 1 mg of TG per mouse. Blood sam-

ples were taken from the tail at 2, 5, 10, 20, and 30 minutes after injection

and plasma 3H-activity was counted. Plasma volumes in milliliter were

calculated as 0.04706 � body weight (g) as determined from 125I-BSA

clearance studies as described previously (11). After taking the last blood

sample, the liver, heart, spleen, quadriceps, brown adipose tissue, and

WAT (i.e., gonadal, visceral, and subcutaneous) were collected. Organs

were dissolved overnight at 60�C in Tissue Solubilizer (Amersham Bio-

sciences, Rosendaal, The Netherlands) and 3H-activity was counted.

Uptake of [3H]TO-derived radioactivity by the organs was calculated

from the 3H activity in each organ divided by plasma-specific activity of

[3H]TG and expressed per milligram wet tissue weight. Values were cor-

rected for plasma radioactivity present in the respective tissues (12).

Liver lipids
Lipids were extracted from livers of WT and CD36�/� mice fed a

HFD for 11 weeks according to a modified protocol from Bligh and

Dyer (13). Briefly, small liver pieces were homogenized in ice-cold

methanol. After centrifugation, lipids were extracted by addition of

1800 lL chloroform: methanol (3:1 v/v) to 45 lL homogenate. The

chloroform phase was dried and dissolved in 2% Triton X-100. He-

patic TG and total cholesterol (TC) concentrations were measured

using commercial kits (11488872 and 236691, Roche Molecular

Biochemicals, Indianapolis, IN).

Hepatic phospholipid (PL) concentrations were measured using the

commercial available kit phospholipids B (Wako Chemicals GmbH,

Neuss, Germany). Liver lipids were expressed per mg protein, which

was determined using the BCA protein assay kit (Thermo Fisher

Scientific, Etten-Leur, The Netherlands).

Determination of adipocyte size, adipocyte lipoly-
sis, and preadipocyte differentiation capacity
To measure adipocyte size, mice were fed a HFD for 6 weeks and

killed. Gonadal, visceral, and subcutaneous fat pads were removed

and kept in PBS. It was decided to perform the adipocyte morphology

and functionality experiments at the week 6 time point to be sure that

metabolic adaptions to a HFD were still occurring in the animals and

a new set-point had not yet been reached. The tissue was minced and

digested in 0.5 g/L collagenase in HEPES buffer (pH 7.4) with

20 g/L of dialyzed bovine serum albumin (BSA, fraction V, Sigma,

St Louis, MO, USA) for 1 h at 37�C. The disaggregated adipose tis-

sue was filtered through a nylon mesh with a pore size of 236 lm.

For the isolation of mature adipocytes, cells were obtained from the

surface of the filtrate and washed several times. Cell size was deter-

mined using an image-processing technique implemented in MAT-

LAB, which automatically determines adipocyte sizes of hundreds of

adipocytes from microscopic pictures of isolated adipocytes (�1,000

cells/fat tissue sample). A manuscript describing the method is under

preparation. From the measured cells the adipocyte size distribution,

mean adipocyte diameter, and adipocyte number per fat pad were

determined. Also the volume-weighted mean adipocyte diameter was

calculated, which is a measure of the mean adipocyte diameter cor-

rected for the amount of fat that an adipocyte can store (14). In addi-

tion, the anti-lipolytic effect of insulin was determined in the adipo-

cytes by incubating them for 2 h at 37�C in DMEM/F12 with 2%

BSA in combination with or without 8-bromoadenosine 30-50-cyclic

monophosphate (8b-cAMP) (10�3 M) (Sigma) and/or insulin

(10�11 M, 10�9 M, and 10�7 M). Glycerol concentrations (index of

lipolysis) were determined using a commercially available free glyc-

erol kit (Sigma) with the inclusion of the hydrogen peroxide-sensitive

fluorescence dye Amplex Ultra Red, as described by Clark et al. (15).

For the isolation of preadipocytes, the infranatant of the adipose tis-

sue filtrate was centrifuged at 200g for 10 min at room temperature
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and treated with erythrocyte lysis buffer. The cells were washed two

times, resuspended in DMEM/NUT.MIX.F12 medium and supple-

mented with 10% fetal calf serum (FCS) and 100 lg/mL penicillin-

streptomycin, and inoculated into 96-well plates (6 wells/adipose tis-

sue region) at a density of 30,000 cells/mL and kept at 37�C, in 5%

CO2. The cells were expanded until confluency after which adipo-

cyte differentiation was induced using an adipogenic medium con-

taining DMEM/F12 with dexamethasone 0.1 lM, 3-isobutyl-1-meth-

ylxanthine (IBMX) 25 lM, insulin 17 nM, indomethacin 60 lM,

10% FCS, and 100 lg/mL penicillin-streptomycin. After 4 days, me-

dium was changed to maintenance medium containing insulin

17 nM and 10% FCS. After 1 more day the cells were lipid filled

and intracellular lipid accumulation was determined using a fluo-

rometer after incubating the cells with Nile Red (Sigma-Aldrich).

Adipose tissue cyclic AMP level, RNA isolation,
and qPCR analysis
Adenosine 30-50-cyclic monophosphate (cyclic AMP, cAMP) levels

were determined in gonadal fat samples of mice fed a HFD for 6

weeks using the cAMP direct immunoassay kit from Biovision (Bio-

vision, Inc, Milpitas, CA, USA) according to the instructions of the

manufacturer. RNA from gonadal fat of mice was isolated using the

Nucleospin RNA/Protein kit (Macherey-Nagel, Düren, Germany)

according to the instructions of the manufacturer. The quality of

each mRNA sample was examined by lab-on-a-chip technology

using Experion Stdsens analysis kit (Bio-Rad, Hercules, CA, USA).

A total of 600 ng of total RNA was reverse-transcribed with iScript

cDNA synthesis kit (Bio-Rad) and obtained cDNA was purified

with Nucleospin Extract II kit (Macherey-Nagel). Real-time PCR

was carried out on the IQ5 PCR machine (Bio-Rad) using the Sensi-

mix SYBR Green RT-PCR mix (Quantace, London, UK) and

QuantiTect SYBR Green RT-PCR mix (Qiagen). mRNA levels were

normalized to mRNA levels of glyceraldehyde-3-phosphate dehydro-

genase (Gapdh). Primer sequences are listed in Table 1.

Hyperinsulinemic–euglycemic clamp analysis
To assess insulin sensitivity, we fed mice a HFD for 11 weeks. Hyperin-

sulinemic–euglycemic clamps were performed as described earlier (16).

Briefly, after an overnight fast, animals were anesthetized as described

above and an infusion needle was placed in the tail vein. Basal glucose

parameters were determined during a 60-min period, by infusion of D-

[3-3H]glucose to achieve steady-state levels. A bolus of insulin (3 mU)

was given and a hyperinsulinemic–euglycemic clamp was started with

a continuous infusion of insulin (5 mU/h) and D-[3-3H]glucose and a

variable infusion of 12.5% D-glucose (in PBS) to maintain blood glu-

cose levels at euglycemic levels. Blood samples were taken every 5-10

min from the tip of the tail to monitor plasma glucose levels (Accu-

Check). Seventy, eighty, and ninety minutes (steady-state) after the start

of the clamp, blood samples (70 lL) were taken for determination of

plasma glucose and insulin using commercially available kits (Instru-

chemie, Delfzijl, the Netherlands and Crystal Chem Inc., Downers

Grove, IL). Turnover rates of glucose (lmol/min/kg) were calculated

during the basal period and in steady-state clamp conditions as the rate

of tracer infusion (dpm/min) divided by the plasma-specific activity of
3H-glucose (dpm/lmol). All metabolic parameters were expressed per

kilogram of body weight. The hepatic glucose production (EGP) is cal-

culated from the rate of disappearance (Rd) and glucose infusion rate

(GIR) by the following equation: Rd ¼ EGP þ GIR. The Rd is meas-

ured from Steele’s equation in steady state using the tracer infusion rate

(Vin) and plasma-specific activity (SA) of 3H-glucose (dpm/lmol) by

the following formula: Rd ¼ Vin/SA.

Statistical analysis
Data are presented as means 6 SD. Statistical differences were cal-

culated using the nonparametric Mann–Whitney test or two-way

ANOVA (SPSS 16, SPSS Inc, Chicago, IL, USA). A P-value <
0.05 was regarded statistically significant.

Results
CD36-deficiency reduces HFD-induced obesity
To induce obesity, we fed male CD36�/� and WT mice a HFD con-

taining 45 energy% fat for 12 weeks, and body weight of the mice was

followed during the HFD intervention. CD36�/� mice gained less body

weight than WT mice (Figure 1A). After 11 weeks, body composition

was determined using DEXA analysis. As compared to WT mice, lean

body mass was similar, but total body fat was 36% lower in CD36�/�

mice (5.8 6 1.6 vs. 9.0 6 3.1 g; P < 0.05) (Figure 1B). In line with

this observation, weights of isolated fat pads were lower in CD36�/�

mice (gonadal fat �38%; P < 0.01, visceral fat �35%; P < 0.01, sub-

cutaneous fat �31%; P < 0.05) (Figure 1C). When mice were fed a

HFD for 6 weeks, similar differences in phenotype between WT and

CD36�/� mice were observed. Fat pad weights of CD36�/� mice were

significantly lower after 6 weeks of HFD (gonadal fat �48%; P <
0.001, visceral fat �33%; P < 0.01, subcutaneous fat �41%; P <
0.001), whereas liver weight was significantly higher (data not shown).

CD36-deficiency decreases uptake of TG-rich
particle-derived FA by WAT
To confirm that CD36-deficiency affects the tissue-specific uptake of

FA that are derived from TG-rich particles, the plasma clearance and

organ distribution of [3H]TO-labeled TG-rich VLDL-like emulsion par-

ticles was evaluated in HFD-fed CD36�/� mice versus WT mice.

CD36-deficiency did not affect the plasma half-life of [3H]TO (t1=2 ¼
5.0 6 1.7 vs. 6.0 6 1.3 min) (Figure 2A). These results indicate that

CD36�/� mice have equal capacity to clear TG-derived FA from

plasma. However, tissue distribution of these FA was different for the

two mouse strains. CD36-deficiency significantly decreased the uptake

TABLE 1 Primers used for quantitative real-time PCR analysis

Gene Forward primer Reverse primer

F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG

MRC-1 GAGAGCCAAGCCATGAGAAC GTCTGCACCCTCCGGTACTA

MCP-1 GCATCTGCCCTAAGGTCTTCA TTCACTGTCACACTGGTCACTCCTA

IL-6 ACCACGGCCTTCCCTACTTC CTCATTTCCACGATTTCCCAG

IL-10 GACAACATACTGCTAACCGACTC ATCACTCTTCACCTGCTCCACT

HSL AGACACCAGCCAACGGATAC ATCACCCTCGAAGAAGAGCA

ATGL ACAGTGTCCCCATTCTCAGG TTGGTTCAGTAGGCCATTCC

CD45 GTTTTCGCTACATGACTGCACA AGGTTGTCCAACTGACATCTTTC

CD31 CTGCCAGTCCGAAAATGGAAC CTTCATCCACCGGGGCTATC

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
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of [3H]TO-derived activity in the heart (�38%; P < 0.001), gonadal

fat (�29%; P < 0.01), and visceral fat (�30%; P < 0.01), whereas the

uptake of [3H]TO-derived activity in the liver (þ42%; P < 0.01) and

spleen (þ49%; P < 0.01) was significantly increased in the CD36�/�

mice (Figure 2B). These results imply that CD36-deficiency increases

the flux of FA derived from TG-rich particles toward the liver, while

decreasing the flux of FA toward the heart and WAT. Indeed, CD36-

deficiency increased hepatic lipid content (þ88%; P < 0.001) (Figure

2C), without affecting hepatic TC and PL levels (data not shown).

CD36-deficiency decreases adipocyte size in all fat
pads and impairs adipocyte recruitment in gWAT
To investigate the effect of reduced FA uptake in adipose tissue on

adipocyte morphology, we determined adipocyte size distribution,

volume-weighted mean adipocyte diameter, and total adipocyte

number in isolated adipocytes from gonadal, visceral, and subcuta-

neous fat pads from CD36�/� and WT mice fed a HFD for 6 weeks.

In gonadal fat pads of CD36�/� mice, less hypertrophic adipocytes

(110-170 lM) were observed (Figure 3A). For visceral and subcuta-

neous fat, the distribution was also shifted to the left (Figure 3B and

C). Volume-weighted mean cell diameter was decreased in gonadal

(�12%; P < 0.001), visceral (�14%; P < 0.01), and subcutaneous

fat pads (�18%; P < 0.001) of CD36�/� mice, indicating indeed

smaller adipocytes (Figure 3D). In gonadal fat, but not in visceral or

subcutaneous fat, a decreased number of total adipocytes was

observed (�65%; P < 0.001) (Figure 3E).

The number of adipocytes in adipose tissue is dependent upon the

recruitment of preadipocytes out of the precursor pool that

FIGURE 1 CD36-deficiency reduces HFD-induced obesity. In a first set of mice, WT and CD36-deficient (CD36�/�)
mice were fed a HFD for 12 weeks. Body weight of WT mice and CD36�/� mice was measured at the indicated
time points (A). Values are means 6 SD (n ¼ 19-20 per group); *P < 0.05. In a second set of mice, after 11 weeks
of HFD and after o/n fast, lean body mass and fat mass were determined using DEXA scan (B). Values are means
6 SD (n ¼ 7-11 per group); *P < 0.05. In a third set of mice, after 12 weeks of HFD, tissues were dissected after a
4 h fast and weight of WT tissues and CD36�/� was determined (C). Values are means 6 SD (n ¼ 10 per group);
*P < 0.05, **P < 0.01, ***P < 0.001.

FIGURE 2 CD36-deficiency decreases uptake of TG-rich particle-derived FA by WAT. Wild-type (WT) and CD36-deficient
(CD36�/�) mice were fed a HFD for 13 weeks. After a 4 h fast, mice received an intravenous injection of glycerol tri[3H]oleate-
labeled VLDL-like emulsion particles (1.0 mg TG). At 2, 5, 10, 20, and 30 minutes after injection; blood samples were taken
and 3H activities in plasma were counted and calculated as a percentage of the injected dose (ID) (A). Uptake of radioactivity
by various organs of WT and CD36�/� mice was determined and presented as % of injected dose per gram wet weight (B).
Values are means 6 SD (n ¼ 9); **P < 0.01, ***P < 0.001. BAT, Brown adipose tissue; WAT, white adipose tissue; g,
gonadal; v, visceral; s, subcutaneous. In a second set of mice, after 12 weeks of HFD, liver TG content was determined and
expressed per milligram protein (C). Values are means 6 SD (n ¼ 10-11); ***P < 0.001.
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differentiate into adipocytes. The total number of cells in the stromal

vascular fraction (SVF) (which includes the preadipocyte pool) was

higher per gram of gonadal fat in CD36�/� mice (5.0 � 105 6 3.3

� 105 vs. 2.3 � 105 6 5.3 � 104 cells; P < 0.01), indicating that

the preadipocyte pool may be larger in gonadal fat of CD36�/�

mice. In contrast, for visceral and subcutaneous fat, no differences

were observed in number of cells in the SVF (visceral: 1.0 � 106 6

7.4 � 105 vs. 8.0 � 105 6 2.6 � 105 and subcutaneous: 4.0 � 105

6 3.0 � 105 vs. 2.4 � 105 6 8.2 � 104) (Figure 3F).

The SVF is a mixture of cell types where preadipocytes, leukocytes,

and endothelial cells constitute the major cell populations. mRNA

expression of DLK1, a preadipocyte marker, tended to be higher in

gonadal fat pads of CD36�/� mice (CD36�/� mice had a 44%

higher DLK-1 expression; P ¼ 0.09), whereas expression of CD45,

a leukocyte marker, was lower in CD36�/� mice (�39%; P < 0.01),

and CD31, an endothelial cell marker, was similar for CD36�/� and

WT mice (Figure 4A). These data indicate that the increased number

of cells in the SVF may be accounted for by an increased number of

preadipocytes, but not of leukocytes or endothelial cells. The num-

ber of very small adipocytes (diameter <50 lm), on the contrary,

was much lower in the gonadal adipose tissue of CD36�/� mice

(�65%; P < 0.001) (Figure 4B), which may indicate that less adipo-

cytes are being recruited within gonadal fat pads of CD36�/� mice

on a HFD, resulting in a higher pool of preadipocytes that remains

in their SVF. This is illustrated in Figure 3A by the bimodal cell

size distribution in the gonadal fat of WT mice as opposed to the

single peak in the cell size distribution in CD36�/� mice.

CD36-deficiency does not affect preadipocyte in-
tracellular lipid accumulation
To further study the underlying mechanisms that may explain the

morphology of adipocytes in CD36�/� mice, we determined the in-

tracellular lipid accumulation in these cells. This was assessed using

isolated preadipocytes from CD36�/� and WT mice that were differ-

entiated in an adipogenic medium. No differences were observed in

intracellular lipid accumulation between CD36�/� and WT mice for

all fat pad regions (Figure 5).

FIGURE 3 CD36-deficiency decreases adipocyte size. WT (solid line) and CD36-de-
ficient (CD36�/�) (dashed line) mice were fed a HFD for 6 weeks. Gonadal (gWAT),
visceral (vWAT), and subcutaneous (sWAT) WATs were dissected. Adipocytes were
isolated and adipocyte size distribution was determined (A-C). Values are means
(n ¼ 9-10). Volume-weighted mean diameter (D) and total number of adipocytes
were calculated (E). SVF was obtained and total number of cells in SVF of gWAT,
vWAT, and sWAT was determined (F). Values are means 6 SD (n ¼ 9-10);
**P < 0.01, ***P < 0.001.

FIGURE 4 CD36-deficiency impairs adipocyte recruitment in gonadal WAT. Wild-
type WT and CD36-deficient (CD36�/�) mice were fed a HFD for 6 weeks. Gonadal
WAT (gWAT) was dissected and mRNA levels of DLK-1, CD45, and CD31 in
gWAT were determined (A). Values are means 6 SD (n ¼ 10); **P < 0.01. In addi-
tion, the % of very small adipocytes (<50 lM) in gWAT was calculated (B). Values
are means 6 SD (n ¼ 9-10); ***P < 0.001.

FIGURE 5 CD36-deficiency does not affect preadipocyte intracellular lipid accumula-
tion. Wild-type (WT) and CD36-deficient (CD36�/�) mice were fed a HFD for 6
weeks. Gonadal (gWAT), visceral (vWAT), and subcutaneous (sWAT) WATs were
dissected and preadipocytes were isolated and differentiated in adipogenic me-
dium. Lipid accumulation was determined with Nile Red. Values are means 6 SD
(n ¼ 9-10) (six wells/adipose tissue region per mouse).
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CD36-deficiency stimulates lipolysis but
improves insulin-mediated inhibition of lipolysis
Morphology of adipocytes is not only determined by uptake of FA,

which leads to TG storage, but also by the level of FA release

because of lipolysis. To investigate whether CD36 plays a role in li-

polysis, we determined basal lipolysis in isolated mature gonadal adi-

pocytes of CD36�/� versus WT mice. Only gonadal adipocytes were

studied because only from the gonadal fat pad the yield of adipocytes

was enough to perform these experiments. CD36�/� mice had higher

glycerol release both expressed per gram adipose tissue (data not

shown) and expressed as lipolysis per adipocyte, which was found

for both unstimulated and 8-bromo-cAMP (8b-cAMP) stimulated

cells (2.1-fold and 2.8-fold, respectively; P < 0.05) (Figure 6A). To

test whether the increased lipolysis was because of higher levels of

the lipolytic enzymes adipose triglyceride lipase (ATGL) and hor-

mone sensitive lipase (HSL), we determined mRNA expression of

these enzymes. However, both ATGL and HSL mRNA were lower

in gonadal adipose tissue of CD36�/� versus WT mice (�27%; P <
0.01 and �48%; P < 0.001, respectively) (Figure 6B). On the con-

trary, cAMP levels, which are reported to stimulate lipolysis, were

increased in gonadal fat samples of CD36�/� mice (þ31%; P <
0.05) (Figure 6C). Also the suppression of lipolysis by insulin was

investigated in CD36�/� versus WT mice. Inhibition of lipolysis by

three different insulin concentrations (10�11, 10�9, and 10�7 M)

expressed as % of 8b-cAMP-induced lipolysis was tested. An insulin

concentration of 10�11 M already maximally suppressed lipolysis,

because no further inhibition was found with insulin concentrations

of 10�9 and 10�7 M (two-way ANOVA F ¼ 0.37; P ¼ 0.7). How-

ever, inhibition of lipolysis was more potent in CD36�/� mice com-

pared with WT mice (50% vs. 29%; 2 way ANOVA F ¼ 10.65; P <
0.01) (Figure 6D). To investigate whether the increased adipocyte in-

sulin sensitivity in lipolysis may be related to changes in adipose tis-

sue inflammation, we determined the expression of inflammatory

markers in gonadal adipose tissue. As mentioned above, expression

of CD45 was lower in CD36�/� mice. Moreover, a decreased expres-

sion of macrophage marker F4/80 (�29%; P < 0.05) and a trend for

higher IL-10 expression in gonadal adipose tissue of CD36�/� mice

(þ53%; P ¼ 0.08) (Figure 6E) was observed.

CD36-deficiency decreases hepatic insulin
sensitivity
To investigate the effect of decreased adiposity and increased he-

patic lipid content on metabolic abnormalities such as insulin resist-

ance, we performed a hyperinsulinemic–euglycemic clamp after an

o/n fast. Glucose (5.4 6 0.7 vs. 5.4 6 0.7 and 5.8 6 0.6 vs. 5.6 6

0.6 mM) and insulin levels (0.5 6 0.2 vs. 0.4 6 0.2 and 4.0 6 0.9

vs. 4.5 6 1.0 ng/mL) were equal for the two genotypes under basal

as well as under hyperinsulinemic conditions. To maintain euglyce-

mia during the insulin infusion, a similar amount of glucose was

needed to be infused in CD36�/� mice compared with WT mice

(GIR 25.7 6 12.9 vs. 28.1 6 5.9 lmol/min/kg) (Figure 7A). The

glucose disposal rates under basal conditions were higher for

CD36�/� animals (32.3 6 8.8 vs. 25.1 6 4.3 lmol/min/kg; P <
0.05). During hyperinsulinemic conditions, glucose disposal rates

were similar for CD36�/� and WT animals (55.2 6 19.9 vs. 43.7 6

4.6 lmol/min/kg), indicating that there was no difference in periph-

eral insulin sensitivity between CD36�/� mice compared with WT

mice (Figure 7B). Nevertheless, the CD36�/� mice developed aggra-

vated hepatic insulin resistance compared with WT mice as indi-

cated by the higher EGP during hyperinsulinemia (29.3 6 11.3 vs.

15.5 6 3.6 lmol/min/kg; P < 0.01) (Figure 7C).

Discussion
The current study investigated the effects of CD36-deficiency on

adipocyte morphology and functionality during HFD to get a better

understanding of the role of CD36 in adipocytes.

In accordance with others (6,7), we found less adiposity in CD36�/�

mice, which was because of a reduced uptake of FA in the adipose

FIGURE 6 CD36-deficiency stimulates lipolysis but improves insulin-mediated inhibi-
tion of lipolysis. WT and CD36-deficient (CD36�/�) mice were fed a HFD for 6
weeks. Gonadal (gWAT) was dissected and adipocytes were isolated. Adipocytes
were incubated for 2 h at 37�C in DMEM/F12 with 2% BSA in combination with or
without 8-bromo-cAMP (8b-cAMP) (10-3 M). Glycerol concentrations (index of lipol-
ysis) were determined using a fluorometric method (A). Values are means 6 SD (n
¼ 5); *P < 0.05. RNA was isolated from gWAT and mRNA levels of ATGL and
HSL were determined (B). Values are means 6 SD (n ¼ 10); **P < 0.01, ***P <
0.001. gWAT cAMP levels were determined using an immunoassay kit (C). Values
are means 6 SD (n ¼ 9-10); *P < 0.05. The anti-lipolytic effect of insulin was
determined as % of 8b-cAMP-induced lipolysis. Adipocytes were incubated with in-
sulin (10�11,10�9, and 10�7 M) Statistical analysis was done using two-way ANOVA
(D). Values are means 6 SD (n ¼ 5). mRNA levels of macrophage marker F4/80,
mannose receptor C1 (MRC-1), monocyte chemotactic protein-1 (MCP-1), interleu-
kin-6 (IL-6), and IL-10 were determined (E). Values are 6 SD (n ¼ 10); *P < 0.05.
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tissues. A decrease in fat pad mass can be caused by smaller adipo-

cytes and/or by a decreased number of adipocytes. The CD36�/�

mice showed less hypertrophy of their gonadal, visceral, and subcu-

taneous adipocytes and the volume-weighted mean cell diameters of

all fat pads studied were significantly lower in the CD36�/� mice.

Thus, the smaller fat pads in the CD36�/� are because of smaller fat

cells in their adipose tissues. Moreover, for the gonadal adipose tis-

sue, the CD36�/� mice showed a lower total number of adipocytes.

The gonadal (but neither visceral nor subcutaneous) adipose tissue

of CD36�/� mice had a larger pool of preadipocytes, and a reduced

number of very small adipocytes (<50 lm). These results suggest

that less preadipocytes are being recruited to become adipocytes in

the gonadal adipose tissue, resulting in a higher pool of preadipo-

cytes that remain in the SVF. So, the CD36�/� mice seem to have a

reduced adiposity not only because of a reduced hypertrophy but

also because of a reduced hyperplasia of the adipocytes, at least in

the gonadal adipose tissue.

The fact that the observed differences in preadipocyte recruitment

seemed restricted to the gonadal tissue may be explained by the go-

nadal adipose tissue being the largest fat pad in the animals and that

it has the largest fat cells, as also shown in this article. We hypothe-

size that the gonadal adipose tissue was thus exposed to the highest

metabolic stress, and therefore, the need for preadipocyte recruit-

ment was probably the highest in this adipose tissue region. There

were no differences in gene expression of CD36 between the subcu-

taneous and gonadal fat pads of WT mice (data not shown), so dif-

ferential expression of CD36 cannot explain the observation that the

gonadal fat is more affected. Gonadal fat depots are larger in male

mice, in both absolute and relative terms. In male mice, gonadal fat

depots are larger than subcutaneous fat depots after HFD feeding,

whereas in female mice, the two fat depots are of almost equal size

(17). The current study investigated only male mice, because male

mice are more susceptible to diet-induced obesity and diet-induced

insulin resistance than female mice (18). It remains to be studied

whether in female mice changes in adipose tissue because of CD36-

deficiency are less restricted to gonadal adipose tissue.

Interestingly, despite the in vivo differences in adipocyte size distri-

butions, isolated preadipocytes showed equal intracellular lipid accu-

mulation in vitro for CD36�/� mice and WT for all fat depots. Our

results are in line with a recent study from Cai et al. (19) that also

showed similar differentiation capacity of the SVF of adipose tissue

between WT and CD36�/� mice. These in vitro observations may

be explained by de novo lipogenesis from carbohydrates present in

the culture medium. Collins et al. have shown that de novo lipogen-

esis in differentiating adipocytes can provide all the FA that are nec-

essary for adipocyte maturation. They showed this using an in vitro
model of human preadipocytes, which are cultured under serum-free

conditions without any exogenous fat (20). We added 10% FCS to

our mouse preadipocyte cultures—as these cells cannot survive

under serum-free conditions and serum contains FA. Despite the

availability of exogenous FA as an energy source in our in vitro
experiments, uptake of FA may have been bypassed and glucose

was used instead to synthesize FA intracellularly. The fact that the

gonadal adipose tissue of CD36�/� mice showed a reduced preadi-

pocyte recruitment in the in vivo experiments may have been due to

the HFD, which puts a maximum pressure on the expandability of

the adipose tissue. The WT mice were able to cope with the FA

overload by delivering them to the existing mature adipocytes as

well as to the preadipocytes, whereas in the CD36-deficient mice

neither mature adipocytes nor preadipocytes could efficiently take

up the excess of FA. During the preparation of this manuscript, a

study was published by Christiaens et al. (21) that showed impaired

adipogenesis of 3T3-F442A preadipocytes upon CD36 silencing dur-

ing preadipocyte differentiation. Whether the discrepancies between

the studies are because of differences in cell type and/or CD36

expression level (none in our CD36�/� cells, low in the knock-down

3T3-F442A cell line) remains to be determined.

Gonadal adipocytes of CD36�/� mice showed increased basal and

8b-cAMP-induced lipolysis. Published literature suggests that large

adipocytes have a higher rate of lipolysis (22). However, we

observed a higher basal- and 8b-cAMP-stimulated lipolysis in adipo-

cytes from CD36�/� mice, despite the decreased volume of these

adipocytes. The increased lipolysis might be explained by dimin-

ished product inhibition of HSL by FA. Because CD36-deficiency

impairs FA uptake by adipocytes, less FA might be present intracell-

ularly, which may lead to decreased product inhibition of HSL.

Recently, it has been shown that long-chain FA reduce production

of cAMP, which results in a decreased phosphorylation of HSL

(23). Moreover, it has been shown that A-FABP null mice have

decreased lipolysis, whereas E-FABP transgenic mice have increased

lipolysis (24). This was explained by FABP being able to bind FA,

thereby relieving product inhibition of HSL. We found an unex-

pected decrease in mRNA levels of ATGL and HSL in adipose

FIGURE 7 CD36-deficiency decreases hepatic insulin sensitivity. WT and CD36-deficient (CD36�/�) mice were fed a
HFD for 11 weeks. After o/n fast a hyperinsulinemic–euglycemic clamp was performed. GIR (A), rate of disappear-
ance during basal and hyperinsulinemic period (B) and EGP during hyperinsulinemic period (C) were determined.
Values are means 6 SD (n ¼ 7-10 per group); *P < 0.05, **P < 0.01.
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tissue of CD36�/� mice compared to expression in WT mice. How-

ever, cAMP levels were increased in CD36�/� mice, which results in

increased phosphorylation of HSL rather than increased expression

and thus may explain the increased lipolysis. Because muscle nor-

mally relies on FA, it might also be that in CD36�/� mice there is a

continuous signal from muscle to fat to release more FA and/or that

there is absence of a stop signal to inhibit adipocyte lipolysis. Our

results are in contrast with Zhou et al. who reported similar basal li-

polysis and phosphorylation of HSL by WT and CD36�/� adipose

tissue. This discrepancy could be because Zhou et al. (25) measured

rates in incubated tissue versus adipocytes in the present study.

Insulin was more potent in inhibiting lipolysis in the CD36-deficient

mice, suggesting higher insulin sensitivity of the adipocytes. Hyper-

trophic subcutaneous adipocytes were associated with increased

insulin resistance (26-28). The fact that CD36�/� mice have less hy-

pertrophic adipocytes could therefore help to explain the more

potent inhibition of lipolysis by insulin. Kennedy et al. (29) also

observed increased insulin sensitivity in adipocytes from CD36�/�

mice. They discovered that adipose tissue of HFD-fed CD36�/�

mice is less inflamed, which could explain the increased insulin sen-

sitivity. In accordance with these findings, we measured a decreased

expression of the leukocyte marker CD45 as well as the macrophage

marker F4/80 and found a trend toward higher expression of the

antiinflammatory cytokine IL-10 in gonadal adipose tissue of the

CD36-deficient mice.

The observed reduction in body weight of CD36�/� mice on HFD is

in accordance with recent studies by others, although the effect was

less pronounced in our study (�6% vs. �23% and �51%, respec-

tively) (6,7). The smaller effect on body weight gain could be

because of differences in HFD composition. We used a HFD con-

taining 45 energy% of fat, whereas others used a HFD containing

60 energy% of fat (6,7).

The reduced FA uptake in adipose tissue in CD36-deficient mice

was paralleled by a reduced uptake in heart and an increased FA

uptake in the liver and spleen. In contrast to the heart and muscle,

CD36 is not a major facilitator of FA uptake in the liver; therefore,

FA uptake was not affected by the loss of CD36. Instead, the

impaired uptake of FA in other peripheral organs such as muscle

and adipose tissue results in a higher flux of FA to the liver. Our

findings are partly in accordance with the study of Coburn et al.,

which showed that uptake of FA analogs was decreased in muscle

and adipose tissue of chow-fed CD36�/� mice. We also found that

the decreased FA uptake is solely caused by a lack of the FA trans-

porter CD36 and not because of reduced capacity of lipoprotein

lipase (LPL), because we found an even higher post-heparin LPL ac-

tivity in CD36�/� mice (data not shown), probably because of com-

pensatory mechanisms.

The livers of the CD36-deficient mice contained more TG and were

more insulin resistant as indicated by the higher EGP under hyperin-

sulinemic conditions. It is well established that ectopic fat deposition

in the liver contributes to development of hepatic insulin resistance

(30,31). Although the adipocytes of the CD36�/� mice showed

increased insulin sensitivity in vitro; in vivo, we did not observe

increased peripheral insulin sensitivity. This could be because glu-

cose uptake in adipose tissue under hyperinsulinemic conditions is

relatively small. Under these conditions, most of the glucose is taken

up by heart and muscle (32).

One hypothesis to explain FA trafficking toward other places than

adipose tissue, is the so-called ‘‘sick adipose tissue’’ hypothesis

(33). According to this hypothesis, unhealthy adipose tissue consists

of hypertrophic cells because of impaired creation of new adipo-

cytes. Ultimately, these hyperthropic adipocytes become dysfunc-

tional, which results in increased FA release leading to increased FA

availability to nonadipose tissues. Our study shows that CD36-defi-

ciency also leads to ‘‘sick adipose tissue.’’ However, in this case the

adipose tissue has dysfunctional adipocytes, which cannot store an

overload of FA together with an impaired ability to recruit new adi-

pocytes. As a consequence, the FA are translocated to the liver. De-

spite the lack of hypertrophic adipocytes, CD36-deficient adipose

tissue has an unexpected higher FA release during basal lipolysis,

which even further increases the availability of FA to the liver.

Therefore, it appears that CD36 plays an important role in adipose

tissue functionality—both by regulating FA uptake and release—and

likewise the distribution of fat to adipose and nonadipose tissues.O
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