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novo FA synthesis or de novo lipogenesis (DNL), decreased 
FA oxidation, and reduced secretion of VLDLs ( 1, 2 ). 

 CD36 is a class B scavenger receptor that plays an impor-
tant role in several pathways of FA utilization. The protein 
is expressed in many cell types, including lingual taste bud 
cells, enterocytes, adipocytes, myocytes, and immune cells. 
On taste bud cells, CD36 is important for FA recognition 
and fat perception ( 3, 4 ). In skeletal muscle, heart, and 
adipose tissue, CD36 facilitates tissue FA uptake and utiliza-
tion ( 5, 6 ). In the small intestine, it is important for chylo-
micron secretion ( 7 ) and for FA-induced release of secretin 
and cholecystokinin ( 8 ). In the liver, CD36 is expressed on 
endothelial, parenchymal, and Kupffer cells ( 9 ). Basal ex-
pression of liver CD36 is low but increases in experimental 
models of hepatic steatosis, such as genetic obesity and high-
fat feeding ( 10, 11 ) or following activation of the prosteatotic 
transcription factors liver X receptor (LXR), pregnane X 
receptor (PXR), and aryl hydrocarbon receptor (AHR) by 
xenobiotics, bacteria, or cytokines ( 12 ). Mice fed a high-
fat diet have increased liver CD36 expression associated 
with enhanced hepatic FA uptake and TG accumulation, 
and these are prevented by CD36 deletion ( 11 ). Interest-
ingly, however, the prosteatotic effects of a high-fructose 
diet, which enhances DNL and TG accumulation in the 
liver ( 13 ), are exacerbated by CD36 deletion ( 14 ). 

 In humans with nonalcoholic fatty liver disease (NAFLD), 
hepatic CD36 positively correlates with liver fat content 
( 15 ), but its relationship to output of VLDL suggests that 
its impact on hepatic FA metabolism might not be limited 
to enhancing FA fl ux and TG accumulation. NAFLD is 
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  Hepatic steatosis is a common complication of obesity 
and is characterized by excess accumulation of triglyceride 
(TG) in hepatocytes. Multiple pathways contribute to ste-
atosis and include FA infl ux into the liver, increased de 
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 Serum measurements 
 Serum TG, glucose, and insulin were measured after an over-

night fast, and glucose tolerance tests (GTT) were performed 
after a 6 h fast. For GTT, mice were intraperitoneally injected 
with 2 g/kg glucose; glucose levels were measured on tail vein 
blood (OneTouch; LifeScan, Milpitas, CA). 

 Hepatic lipids 
 Lipids were extracted (chloroform:methanol 2:1, v/v) and 

analyzed for TG (Wako Chemicals, Richmond, VA) and FA com-
position. For the latter, extracts were methyl-esterifi ed and quan-
tifi ed by gas-liquid chromatography (HP 5890; Hewlett-Packard, 
Palo Alto, CA). 

 Western blots 
 Liver proteins, separated on 4–20% SDS-PAGE and transferred 

to immunobilon FL membranes, were blocked and incubated 
with primary antibodies 2 h at room temperature. Proteins were 
visualized with the Odyssey Imaging System (LI-COR Odyssey, 
Lincoln, NE) using near-infrared labeled secondary antibodies. 

 RNA extraction and RT PCR 
 Liver RNA (2  � g) extracted using TRIzol (Invitrogen, Carls-

bad, CA) was subjected to cDNA Reverse Transcription and RT 
quantitative PCR (ABI Prim 7000 Sequence Detection System, 
Applied Biosystems) using Power SYBR Green PCR Mix (Applied 
Biosystems, Foster City, CA). Real-time primers used were: 
CD36: forward, GATGACGTG GCAAAGAACAG; reverse, CAG-
T GA A GGCTCAAAGATGG. 18S: forward, GTAACCCGT TGAA-
C C C C ATT; reverse, CCATCCAATCGGTAGTAGCG. Peroxisome 
proliferator-activated receptor (PPAR) � : forward, TTGACCCA-
GAGCATGGTGC; reverse, GAAGTTGGTGGGCCAGAATG. 
Diglyceride acyltransferase (DGAT)1: forward, TCCGCCTCTG-
GGCATTC; reverse, GAATCGGCCCACAATCCA. DGAT2: forward, 
AGAACCGCAAAGGCTTTGTG; reverse, AGGAATAAG TGGG-
AACC AGATCAG. 

 De novo lipogenesis 
 Liver slices were incubated for 4 h in high glucose DMEM with 

insulin (150 nM) and  14 C-acetic-acid (2 µCi/ml). Liver slices were 
washed in cold PBS, and homogenates were counted for radioac-
tivity (Betafl uor, National Diagnostics, Atlanta, GA). 

 Hepatic triglyceride and apoB secretion and microsomal 
triglyceride protein activity 

 Overnight fasted mice were injected with Triton WR 1339 
(Tyloxapol). Blood samples were collected at baseline and 3 h 
after injection and analyzed for serum TG content (Wako Chemi-
cals). In vivo apoB secretion was determined as described previ-
ously ( 28 ). Briefl y, 5 h fasted mice were injected with Triton WR 
1339, and 2 h later blood was collected in tubes containing pro-
tease inhibitors. The lipoprotein fraction (d < 1.063 g/ml) was 
isolated from equal serum volumes by ultracentrifugation at 
100,000 rpm for 4 h at 10°C. ApoB content in the d < 1.063 frac-
tion was determined by Western blot analysis. For in vitro deter-
mination of TG and apoB secretion, liver slices (equivalent tissue 
weights) were incubated (3 h) in DMEM containing 800 µM OA 
(OA:BSA = 2) and 5 µCi/ml  3 [H]oleate. Lipid extracts of tissue 
and media were subjected to TLC (hexane:diethylether:acetic 
acid, 75:25:1), and the TG fraction was counted for radioactiv-
ity. For apoB secretion, liver slices were incubated with [ 35 S]pro-
tein labeling mix (3 h) in presence of 800 µM OA. [ 35 S]apoB 
was immunoprecipitated before separation on 4–12% SDS-gels. 
Microsomal triglyceride protein (MTTP) activity was assayed as 
described ( 29 ). 

typically characterized by increased output of TG in VLDL 
without parallel increases in VLDL-apoB output ( 16 ). How-
ever, our recent genetic studies associated CD36 level 
with serum apoB and with VLDL particle number in addi-
tion to VLDL-TG ( 17 ). These fi ndings suggest a poten-
tially signifi cant infl uence of CD36 on VLDL secretion in 
humans. 

 Recent data documented the role of CD36-mediated 
signaling in FA metabolism via affecting cellular calcium 
( 18, 19 ) and the MAPK ERK1/2 pathway ( 20, 21 ). An impor-
tant consequence of CD36’s ability to signal to intracellu-
lar calcium was its regulation of the formation and release 
of prostaglandins (PG) ( 20 ), bioactive compounds with 
pleiotropic effects that include inhibition of hepatic VLDL 
secretion ( 22, 23 ). In addition to PG, CD36 infl uences a 
number of other secretory events, including FA-triggered 
release of neurotransmitters in taste bud cells ( 18 ), FA-
induced insulin secretion by pancreatic islets ( 24 ), fat-
induced chylomicron secretion by enterocytes ( 7 ), and 
FA-induced release of gut peptides by enteroendocrine 
cells ( 8 ). A possible role of hepatic CD36 in VLDL secre-
tion remains unexplored. 

 In the present study, we examined the role of CD36 
defi ciency on hepatic TG stores, TG and apoB output, 
and PG formation in CD36 knockout (CD36  � / �  ) and wild-
type (WT) mice. We also determined the impact of CD36 
deletion on hepatic steatosis in the  ob/ob  mouse defi cient 
in the satiety factor leptin ( 25 ). The  ob/ob  mouse is hy-
perphagic and spontaneously develops obesity and fatty 
liver. Enhanced DNL plays an important role in the ste-
atosis of the  ob/ob  mouse ( 26, 27 ) and is reversed by in-
hibiting activation of the master lipogenic regulators, 
the sterol regulatory element-binding proteins (SREBPs) 
( 27 ) Overall, our fi ndings document a novel role of CD36 
in the regulation of hepatic PG levels and VLDL secre-
tion that might have relevance to some forms of fatty 
liver. 

 METHODS 

 Materials 
 Sources for materials: [ 3 H]Oleic acid (OA) (American Radio-

labeled Chemicals), [ 35 S]protein labeling mix (PerkinElmer, 
Downers Grove, IL), Triton WR-1339 (Tyloxapol), Sc-236, Sc-560 
(Sigma, St. Louis, MO), silica Gel 60 plates (Fisher Scientifi c, 
Pittsburg, PA), alphaLISA® insulin Kit (PerkinElmer, Waltham, 
MA), Immunobilon FL membranes (Millipore, St. Charles, MO). 
Sources for antibodies: CD36 (R and D Systems, Inc., Minneapo-
lis, MN), CD68, perilipins 1 and 3 (PLIN1, PLIN3),  � -actin (Santa 
Cruz Biotechnology, Santa Cruz, CA), Ran, PLIN 5 (Abcam, 
Cambridge, MA), cyclooxygenase 1 (COX-1) (Cell signaling, 
Boston, MA), COX-2 (BD Transduction, San Jose, CA), PLIN2 
(Antibodies-online.com, Atlanta, GA). 

 Animals 
 CD36  � / �   and  ob/ob m ice on the C57BL/6J background were 

bred to generate mice double-knockout for leptin and CD36 
( ob- CD36  � / �   ).  Mice were used at 4–6 months of age. All protocols 
were approved by the Animal Study Committee of Washington 
University. 
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megapixel TEM camera (Advanced Microscopy Techniques, 
Danvers, MA). 

 Data analysis 
 Statistical analyses used Student  t -test. Differences were consid-

ered signifi cant at  P   �  0.05.   

 RESULTS 

 CD36 deletion impairs VLDL secretion 
 CD36 defi ciency reduces secretion into the lymph of the 

TG-rich small intestinal chylomicrons ( 30, 31 ). We exam-
ined whether it might also alter output of TG-rich VLDL 
from the liver. CD36-defi cient mice have a 20% smaller body 
weight (data not shown); however, liver to body weight ratio 
(  Fig. 1A  )  and liver triglyceride content ( Fig. 1B, C ) were 
similar to those in WT mice. Secretion of VLDL-TG and 
apoB determined in vivo in mice given Triton WR1339 
to block clearance of newly secreted VLDL was found re-
duced by about 60% in CD36  � / �   as compared with WT 
mice ( Fig. 1D ). Secretion of both apoB100 and apoB48, 
determined in the isolated VLDL fraction ( 28 ), was clearly 
reduced in CD36  � / �   as compared with WT mice ( Fig. 1D ). 
Triglyceride and apoB secretion were also determined 
in vitro with liver slices obtained from WT and CD36  � / �   
mice. Consistent with the in vivo data, liver slices from 
CD36  � / �   mice secreted less triglyceride and apoB into the 
medium as compared with slices from WT mice ( Fig. 1E ). 
MTTP is critical for VLDL assembly and secretion ( 32 ). 

 Hepatic PG levels 
 Mice fasted for 5 h were administered intragastrically 1/1 olive 

oil/corn oil (16.5 µl/g body weight). Hepatic PG levels were de-
termined 3 h later. Briefl y, liver lipid extracts (chloroform/meth-
anol, 2:1) with added (20 ng) PG standards (PGF2 � -d4, PGE2-d4, 
PGD2-d4) (Cayman Chemical Co., Ann Arbor, MI) were subjected 
to oximation with O-methoxyamine-HCL in NaOAc, followed by 
derivatization with pentafl uorobenxyl bromide in acetonitrile 
and BSTFA/TMCS for gas chromatography-mass spectroscopy 
(GC-MS). Areas of native compound to standard were used for 
computing relative PG levels. 

 Liver histology 
 Tissue fi xed in 10% formalin and embedded in paraffi n was 

stained for CD36. Frozen sections were stained with Oil Red O 
(ORO) (0.3% in 60% isopropanol). For immunofl uorescence, 
sections permeabilized with 0.5% Triton-X 100 were incubated 
with primary antibodies to CD36 and CD68 for 2 h and visualized 
using fl uorescein- (CD36, green) and rhodamine- (CD68, red) 
(1/200) conjugated antibodies (Jackson ImmunoResearch). 
DAPI (blue) stained the nuclei. For fl uorescence immunostain-
ing of COX-1 and COX-2, Alexa-conjugated secondary antibod-
ies were used (Invitrogen). 

 Electron microscopy 
 Tissues were immersion-fi xed in Karnovsky’s fi xative, postfi xed 

in 1% osmium tetroxide, dehydrated in graded ethanol and pro-
pylene oxide and embedded (Embed 812, Electron Microscopy 
Sciences, Hatfi eld, PA). Sections (90 nm thick) on 200 mesh cop-
per grids were stained with uranyl acetate and lead citrate and 
viewed (JEOL model 1200EX electron microscope, Tokyo, Japan). 
Digital images were acquired using a high-defi nition CCD, 1.3 

  Fig.   1.  CD36 deletion impairs VLDL secretion. (A) Liver to body weight ratio of WT and CD36   � / �    mice, 
n = 9/group. (B) Liver TG content, n = 6/group. (C) Representative ORO staining of liver sections. (D) TG 
and apoB secretion in vivo from fasted mice administered triton WR 1339 to block VLDL catabolism, n = 
4–6/group. (E) TG and apoB secretion from liver slices, n = 5 mice/group. (F) MTTP activity, n = 4 mice/
group. Data are means ± SE, * P  < 0.05.   
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hepatocyte sinusoids, indicating it involves Kupffer cells 
or macrophages. 

 We next examined whether the altered PG formation 
contributes to the impaired VLDL secretion by livers from 
CD36  � / �   mice. TG secretion by liver slices was assayed in 
presence or absence of inhibitors of PG synthesis. Liver 
slices were incubated in control medium (CT) or in me-
dium containing 10 µM cyclooxygenase inhibitors (SC-560 
for COX-1 and SC-236 for COX-2). Both inhibitors mod-
estly (1.4- to 1.7-fold) augmented TG secretion by liver slices 
from WT mice ( Fig. 2F ). On the other hand, the inhibitors 
had much more pronounced effects on TG secretion by 
liver slices from CD36  � / �   mice, which was increased 8-fold 
by the COX-1 inhibitor SC-560 and 5-fold by the COX-2 
inhibitor SC-236 ( Fig. 2F ). Together, these data documented 
that CD36 deletion reduces VLDL secretion at least in part 
via altering hepatic PG levels. CD36 deletion enhances 
COX-1 expression by Kupffer cells, which would increase 
PG production and infl uence VLDL secretion by neigh-
boring hepatocytes. 

 Reduced VLDL secretion with CD36 defi ciency 
exacerbates hepatic steatosis in  ob/ob  mice 

 We next sought to determine whether the effect of CD36 
defi ciency to reduce VLDL secretion could impact hepatic 
steatosis under certain metabolic conditions. We chose the 
leptin-defi cient hyperphagic  ob/ob  mouse, a commonly used 
animal model of obesity ( 25 ), for two reasons. First, as in 

However, gene expression (data not shown) and activity of 
MTTP were normal in livers of CD36  � / �   mice ( Fig. 1F ), in-
dicating that an impairment of MTTP function did not con-
tribute to the defect in VLDL secretion. Expression of genes 
involved in lipid accumulation, such as DGAT1, DGAT2, 
and PPAR � , and protein levels of the FA synthase did not 
change with the CD36 genotype (supplementary Fig. I). 

 Increased hepatic PG levels with CD36 defi ciency reduce 
VLDL secretion 

 CD36 signaling regulates calcium activated release of 
arachidonic acid (AA) and PG formation ( 20 ). Liver PG 
produced under normal or pathological conditions mod-
ulate hepatocyte function ( 33 ). The major liver PG (PGD2, 
PGF2, and PGE2) were reported to reduce VLDL secre-
tion and increase hepatocyte TG content ( 22, 23 ). We in-
vestigated the effect of CD36 defi ciency on hepatic PG 
levels 3 h after intragastric oil administration (16.5 µl/g 
body weight). Levels of the three major hepatic prosta-
glandins (PGF2, PGD2, and PGE2) were significantly 
higher in livers from CD36  � / �   as compared with WT mice 
(  Fig. 2A  ).  The increase in hepatic PG appeared to refl ect 
higher AA content ( Fig. 2B ) and higher protein levels 
of the key cyclooxygenase enzyme COX  -1 ( Fig. 2C ). Lev-
els of COX-2 also trended higher without reaching sig-
nifi cance ( Fig. 2D ). Staining of liver sections for COX-1 
( Fig. 2E ) showed a clear increase in its levels in livers 
from CD36  � / �   mice; the increase primarily occurred in 

  Fig.   2.  CD36 defi ciency increases hepatic PG levels. (A) PG levels and (B) free arachidonic acid content of livers from WT and CD36  � / �   
mice, n = 9 mice/group. Hepatic levels of COX-1 (C) and COX-2 (D), n = 4 mice/group. (E) Immunofl uorescence staining of COX-1 (red) 
and COX-2 (green). (F) TG secretion from liver slices from WT and CD36  � / �   mice incubated in control media (CT) or in presence of 
10 µM COX-1 (SC-560) or COX-2 (SC-236) inhibitors. Data are means ± SE, * P  < 0.05, *** P  < 0.001.     
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(green in  Fig. 4D ) confi rmed the higher CD36 levels in  ob/ob  
as compared with WT livers and the abundance of CD36 in 
sinusoids [ Fig. 4D , (a) WT and (d)  ob/ob ]. Staining for the 
macrophage/Kupffer cell marker CD68 (red in  Fig. 4D ) 
showed localization to sinusoids in liver sections from both 
WT and  ob/ob  mice, with much more intense staining in 
 ob/ob  sections [ Fig. 4D , (b) WT and (e)  ob/ob ]. A merge of 
signals for CD36 and CD68 [ Fig. 4D , (c) and (f)] showed 
significant colocalization of the two proteins on mac-
rophage/Kupffer cells consistent with CD36 presence on 
these cells. The extensive colocalization of CD36 and CD68 
( Fig. 4F ) indicated that Kupffer cells and macrophages con-
tributed an important fraction of the increase in CD36 ex-
pression observed in the liver of  ob/ob  mice. 

 ORO staining documented widespread lipid deposition 
in  ob/ob  and  ob- CD36  � / �   livers ( Fig. 4E ). Electron micros-
copy showed coalesced cytoplasmic vacuoles reaching 
30 microns in  ob/ob  hepatocytes, which pressed the nucleus 
toward the periphery [ Fig. 4F , (a) contiguous cells and (b) 
single cells]. In contrast, hepatocytes from  ob- CD36  � / �   
[ Fig. 4F , (c) contiguous cells and (d) single cells] had mul-
tiple small, heterogeneous lipid droplets (LD) of, on aver-
age, 5  � . 

 Perilipins 1–5 (PLIN1–5)   surround LD, playing a role in 
LD maturation and metabolism ( 36, 37 ). We examined 
content or distribution of LD proteins. PLIN2, the most 
abundant hepatic PLIN was upregulated in  ob/ob , with fur-
ther increases in  ob- CD36  � / �   livers in which it highlighted 
the smaller LD size ( Fig. 4G, H ). PLIN1 and PLIN5 were 
also upregulated in  ob- CD36  � / �   as compared with  ob/ob  liv-
ers, while PLIN3 was not altered ( Fig. 4G ). Thus, CD36 dele-
tion on the  ob/ob  background aggravated hepatic steatosis 

human NAFLD ( 34 ), hepatic steatosis in the  ob/ob  mouse 
is obesity-associated, spontaneous, and characterized by 
enhanced DNL ( 26, 27 ). Second, increased fatty acid up-
take by hepatocytes was reported not to be a major con-
tributor to the steatosis in this model ( 35 ), in contrast to 
other experimental models of hepatic steatosis ( 12 ). Ho-
mozygous  ob/ob  mice lacking CD36 ( ob- CD36  � / �  ) were 
generated and studied for hepatic TG accumulation and 
VLDL secretion. 

 CD36 defi ciency aggravates hepatic lipid accumulation in 
 ob/ob  mice 

  ob- CD36  � / �   mice knocked out for both CD36 and leptin 
had  � 30% lower body weight than  ob/ob  mice (  Fig. 3A  ). 
 Serum TG ( Fig. 3B ) and glucose ( Fig. 3C ) were reduced 
(30% and 40%, respectively), and insulin ( Fig. 3D ) was 6-fold 
lower in  ob- CD36  � / �   mice as compared with  ob/ob  mice. 
The impaired glucose tolerance of  ob-ob  mice was dramati-
cally improved by CD36 deletion ( Fig. 3E ). Liver to body 
weight ratios of  ob- CD36  � / �   mice were comparable to those 
of  ob/ob  mice ( Fig. 3F ). However,  ob- CD36  � / �   livers ap-
peared fatty ( Fig. 3G ), which was confi rmed by measuring 
hepatic TG content that was  � 1.7-fold higher in  ob- CD36  � / �   
as compared with  ob/ob  mice ( Fig. 3H ). 

 Livers of  ob/ob mice  had 20-fold more CD36 mRNA than 
WT as was previously reported ( 35 ) (  Fig. 4A  ),  and this was 
paralleled by 6-fold higher CD36 protein levels ( Fig. 4B ). 
In WT livers, CD36 staining was detectable on hepatocytes 
( Fig. 4C , arrow) but was mostly present in sinusoids, in-
dicative of localization on Kupffer cells. CD36 distribution 
was similar in  ob/ob  livers, but CD36 staining was more intense 
( Fig. 4C ). Immunofl uorescence staining of liver sections 

  Fig.   3.  CD36 defi ciency aggravates hepatic lipid accumulation in  ob/ob  mice. (A) Body weight of  ob/ob  and  ob- CD36  � / �   mice, n = 15/group. 
Serum levels of (B) TG, (C) glucose, and (D) insulin. (E) Glucose tolerance tests. (F) Liver to body weight ratios. (G) Representative livers 
from WT,  ob/ob , and  ob- CD36  � / �   mice. (H) Hepatic TG levels. Data are means ± SE, n = 4–9/group.* P  < 0.05,*** P  < 0.001.   
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liver slices from  ob/ob  and  ob- CD36  � / �   mice was similar 
(data not shown). 

 We next examined the effect of CD36 deletion on VLDL 
secretion in  ob/ob  mice. In vivo TG secretion in overnight-
fasted mice given Triton WR1339 was reduced by 50% in 
 ob- CD36  � / �   as compared with  ob/ob  mice ( Fig. 5D ). Further-
more, TG and apoB secretion using liver slices incubated 
in vitro was similarly reduced ( Fig. 5E ). Activity ( Fig. 5G ) 
and gene expression (data not shown) of MTTP did not 
change. Expression of DGAT1 and DGAT2 was similar for 
livers of  ob/ob  and  ob -CD36  � / �   mice. Expression of PPAR �  
and protein levels of FA synthase were increased in  ob/ob  
mice but were not signifi cantly altered by CD36 deletion 
(supplementary Fig. I). 

 As shown earlier in lean CD36  � / �   mice, levels of PGF2, 
PGD2, and PGE2 were signifi cantly higher in  ob- CD36  � / �   
as compared with  ob/ob  mice (  Fig. 6A  ).  The increase in 
hepatic PG in  ob- CD36  � / �   mice appeared to refl ect higher 
AA content (data not shown) and higher protein levels of 

and altered the LD pattern from macrovesicular to mi-
crovesicular. This associated with increased content of the 
LD proteins PLIN1, PLIN2, and PLIN5, consistent with the 
increased LD surface requiring additional protein coating. 

 CD36 deletion alters VLDL secretion and PG levels 
in  ob/ob  livers 

 The  ob/ob  liver is characterized by enhanced DNL ( 26, 
27, 38, 39 ), with accumulation of monounsaturated FA end 
products 18:1 and, to a lesser extent, 16:1 ( 39 ). Lipogene-
sis produces palmitate (16:0) that is elongated by elongase 
6 to stearate (18:0), and then palmitate and stearate are 
converted by stearoyl CoA desaturase (SCD) to 16:1 and 18:1, 
substrates for TG synthesis. Livers from  ob/ob  and  ob- CD36  � / �   
mice showed similar levels of 18:1 and 16:1 (  Fig. 5A  );  the li-
pogenic index (16:0/18:2) was unaltered by CD36 defi ciency 
( Fig. 5B ). Further, liver slices from  ob/ob  and  ob- CD36  � / �   
mice incubated in vitro with  14 C-acetate showed similar label 
incorporation into lipid ( Fig. 5C ). Palmitate oxidation by 

  Fig.   4.  Increase in hepatic CD36 levels in  ob/ob  mice and change in lipid droplet pattern with CD36 defi ciency. (A) CD36 mRNA levels in 
WT and  ob/ob  mice. (B) CD36 protein levels. Data are means ± SE, n = 6–8/group. *** P  < 0.001. (C) Immunostaining of liver sections for 
CD36. (D) Immunofl uorescence of CD36 and CD68 in livers from WT and  ob/ob  mice. CD36 is green (a, d) and CD68 is red (b, e). Overlay 
images (c, f) demonstrate colocalization of CD36 and CD68. Data are representative of 3 mice/group (40× magnifi cation). (E) ORO stain-
ing of neutral lipid in  ob/ob  and  ob- CD36  � / �   livers (40× magnifi cation). (F) Electron microscopy of  ob/ob  (a, b) or  ob- CD36  � / �   (c, d); micro-
graphs show contiguous (a, c) or single hepatocytes (d, b). (G) Western blot analysis of hepatic levels of PLIN1, PLIN2, PLIN3, and PLIN5. 
(H) Immunostaining of liver sections for PLIN2.   
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( 7, 21 ), neurotransmitter release in taste buds ( 3 ), and 
FA-induced cholecystokinin and secretin release from 
enteroendocrine cells ( 8 ). The current study shows that 
CD36 plays a role in hepatic VLDL secretion since its 
deletion reduces TG and apoB output by the liver. The 
effect on VLDL output is mediated at least in part by reg-
ulation of PG formation. CD36 deletion increased he-
patic levels of the prostaglandins PGF2, PGD2, and PGE2, 
and treatment of liver slices with COX inhibitors strongly 
upregulated TG secretion from CD36 defi cient slices while 
having much smaller effects on CD36 suffi cient slices. The 
data suggest that an increase in free AA levels and up-
regulation of COX enhanced production of PG by resi-
dent macrophages and Kupffer cells. The increase in PG 
contributed to the reduction of hepatic TG secretion by 
neighboring hepatocytes. 

 In rat hepatocytes, PGE2, PGD2, or PGF2 were shown to 
suppress both VLDL-apoB and TG output and to increase 
hepatocyte lipid content ( 22, 23 ). Furthermore, Kupffer 
cell-derived PGE2 has been implicated in alcohol-induced 
steatosis in rat liver ( 40 ). Despite their importance to he-
patic lipid metabolism, little is known about the factors 
regulating PG production. Our data implicate CD36 in he-
patic PG formation, consistent with our earlier report show-
ing that CD36 signaling acutely regulates Ca 2+ -activated AA 
release by phospholipases ( 20 ). Livers from CD36  � / �   mice 
have upregulation of COX enzymes and enhanced PG pro-
duction ( Fig. 2 ) similar to peritoneal macrophages from 
these mice ( 20 ). 

the key cyclooxygenase enzyme COX-2 ( Fig. 6B ). Levels 
of COX-1 trended higher without reaching signifi cance 
( Fig. 6C ). Immunofl uorescence staining for the cyclooxy-
genases COX-1 (red) and COX-2 (green) showed localiza-
tion of both enzymes to macrophage/Kupffer cells in liver 
sinusoids with higher staining in  ob- CD36  � / �   liver sections 
( Fig. 6D ). This is consistent with the higher hepatic expres-
sion and protein levels of these enzymes with CD36 dele-
tion ( Fig. 6B, C ). 

 The response of TG secretion to inhibitors of PG syn-
thesis was examined next using liver slices. The COX 
inhibitors SC-560 and SC-236 strongly augmented secre-
tion from  ob- CD36  � / �   slices (5- and 8-fold) with much 
smaller (<2-fold) effects on secretion from  ob/ob  slices 
( Fig. 6E ). 

 These data indicated that alterations in hepatic PG lev-
els as a result of CD36 defi ciency reduce VLDL secretion 
and aggravate hepatic steatosis in  ob/ob  mice. The reduced 
TG output is consistent with the low fasting serum TG lev-
els measured in  ob- CD36  � / �   mice ( Fig. 3B ). In addition, 
the fi ndings suggest that CD36 deletion increases PG pro-
duction by macrophage/Kupffer cells and this in turn re-
duces VLDL secretion by hepatocytes. 

 DISCUSSION 

 In addition to functioning in FA uptake, CD36 has signal 
transduction capabilities that infl uence a number of secre-
tory events, including chylomicron secretion by enterocytes 

  Fig.   5.  CD36 defi ciency alters VLDL secretion in  ob/ob  mice. (A) Lipogenic FA products and (B) lipogenic index for livers from  ob/ob  and 
 ob- CD36  � / �   mice. (C)  14 -C acetate incorporation into  ob/ob  and  ob- CD36  � / �   liver slices. (D) In vivo TG production in  ob/ob  and  ob- CD36  � / �   
mice. (E) TG and apoB secretion from livers slices. (F) MTTP activity. Data are means ± SE, n = 4–6/group, * P  < 0.05.     
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mechanism involved and whether it can be related to the 
altered expression of the various perilipins. Microvesicular 
steatosis has been previously reported under conditions 
of altered fatty acid metabolism ( 52, 53 ). 

 The marked increase in CD36 mRNA in livers of  ob/ob  
compared with WT mice has been described previously 
( 10, 35 ), a fi nding we confi rmed and extended to protein 
levels. However, this increase is unlikely to contribute to he-
patic steatosis of  ob/ob  mice since steatosis was not reversed 
but was rather exacerbated by CD36 deletion. We believe 
this would refl ect the signifi cant contribution of lipogenesis 
to hepatic steatosis in the  ob/ob  mouse, as demonstrated 
recently ( 27 ). Interestingly, FA uptake was not increased 
in hepatocytes isolated from  ob/ob  mice while increases were 
measured in hepatocytes from mice fed high fat or admin-
istered ethanol ( 35 ). Our data suggest that a major part of 
the increase in CD36 expression observed in  ob/ob  livers 
involves Kupffer cells and macrophages as opposed to he-
patocytes, although the latter might be more involved in 
high-fat fed mice ( 11, 35 ). 

 In summary, this study described the novel fi nding that 
CD36 deletion inhibits VLDL secretion by enhancing 

 VLDL production has been reported to be infl uenced 
by cellular calcium metabolism ( 22, 41, 42 ), which regu-
lates phospholipid turnover ( 43, 44 ). Enhanced phospho-
lipid deacylation associates with VLDL production and 
might be important for sorting the lipid to the secretory 
pool and/or for VLDL particle maturation ( 45–47 ). CD36-
mediated signaling infl uences phospholipase activation 
and phospholipid remodeling ( 19, 20, 48 ), resulting in 
the generation of PG, with additional effects on ionic fl ux 
and lipid turnover ( 49, 50 ). Thus CD36 expression in 
the liver might play dual roles: facilitating FA fl ux under 
conditions of high FA supply ( 11, 12 ) and transducing 
intracellular signals that regulate phospholipid deacyla-
tion and eicosanoid production, events that would in-
fl uence assembly and secretion of VLDL particles. Future 
studies will need to determine whether CD36 is part of 
the protein complex required for VLDL formation as has 
been documented in enterocytes during chylomicron 
production ( 51 ). 

 Interestingly, the inhibition of VLDL secretion in the 
CD36 fatty liver associated with a microvesicular pattern 
of steatosis; further study is needed to understand the 

  Fig.   6.  Effect of CD36 defi ciency to impair VLDL secretion is mediated by increasing hepatic PG levels. (A) PG levels in  ob/ob  and 
 ob- CD36  � / �   mice. (B) Hepatic COX-2 and (C) hepatic COX-1 levels. (D) Immunofl uorescence staining of liver sections for COX-1(red) 
and COX-2 (green). (E) TG secretion from liver slices of WT and CD36  � / �   mice incubated in control media (CT) or in presence of 10 µM 
COX-1 (SC-560) or COX-2 (SC-236) inhibitors. Data are means ± SE, n = 4–5/group * P  < 0.05, *** P  < 0.001.   
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hepatic prostaglandin formation. The studies with  ob/ob  
mice defi cient in CD36 showed that the net impact of 
CD36 on hepatic steatosis might differ depending on the 
metabolic context. While deletion protects from high-
fat-induced steatosis in which FA uptake is a major con-
tributor ( 11 ), it is not protective and might worsen lipid 
accumulation in obesity-associated steatosis where he-
patic lipogenesis is a signifi cant contributor. Consistent 
with this, a diet high in fructose/sucrose results in more 
accumulation of TG in livers of CD36  � / �   as compared with 
WT mice ( 14 ). 

 Relevance to humans 
 NAFLD is a frequent and major complication of obesity 

in humans ( 16 ). In NAFLD, there is dysfunction of the fac-
tors balancing liver supply of fatty acids from plasma and 
from endogenous lipogenesis with hepatic lipid utilization 
and output through VLDL secretion ( 54, 55 ). Liver CD36 
levels are normally low, and hepatic fatty acid uptake, in 
contrast to myocardial uptake, is independent of CD36 
( 56 ). However, CD36 levels are increased in NAFLD where 
they correlate with hepatic liver content ( 15, 57, 58 ). We 
propose that the increase in CD36 level in NAFLD might be 
in part an adaptation to increase VLDL secretion under 
conditions of lipid accumulation. Our previous genetic as-
sociation study documented a positive relationship between 
CD36 protein expression on monocytes and serum levels of 
VLDL-apoB and the number of VLDL particles in addition 
to VLDL-TG ( 17 ). This together with the data from the cur-
rent study strongly supports relevance of hepatic CD36 to 
VLDL secretion in humans. The liver of the obese human 
with NAFLD derives the major part of FA for VLDL-TG via 
uptake from the circulating fatty acid pool and about one 
third from endogenous FA synthesis ( 59 ). Hepatic DNL is 
especially enhanced under conditions of high carbohydrate 
intake ( 13 ), and under such conditions, the infl uence of 
CD36 on VLDL secretion might predominate as compared 
with its effect on hepatic FA uptake. It would be informative 
to determine how CD36 defi ciency in humans infl uences the 
response of hepatic lipid metabolism to high-carbohydrate 
as compared with high-fat intake.  
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