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Abstract

Metabolic disease is accompanied by a range of cellular defects (“comorbidities”) whose origin is 

uncertain. To investigate this pathophysiological phenomenon we used the Spontaneously 

Hypertensive Rat (SHR), which besides an elevated arterial blood pressure also has many other 

comorbidities, including a defective glucose and lipid metabolism. We have shown that this model 

of metabolic disease has elevated plasma matrix metalloproteinase (MMP) activity, which cleaves 

the extracellular domain of membrane receptors. We hypothesize here that the increased MMP 

activity also leads to abnormal cleavage of the scavenger receptor and fatty acid transporter CD36. 

To test this idea, chronic pharmaceutical MMP inhibition (CGS27023A) of the SHR and its 

normotensive control, the Wistar Kyoto Rat (WKY), was used to determine if inhibition of MMP 

activity serves to maintain CD36 receptor density and function. Surface density of CD36 on 

macrophages from the heart, spleen, and liver was determined in WKY, SHR, CGS-treated WKY 

(CGS WKY), and CGS-treated SHR (CGS SHR) by immunohistochemistry with an antibody 

against the CD36 ectodomain. The extracellular CD36 density was lower in SHR heart and spleen 

macrophages compared to that in the WKY. MMP inhibition by CGS served to restore the reduced 

CD36 density on SHR cardiac and splanchnic macrophages to levels of the WKY. To examine 

CD36 function, culture assays with murine macrophages (RAW 264.7) after incubation in fresh 

WKY or SHR plasma were used to test for adhesion of light-weight donor red blood cell (RBC) 
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by CD36. This form of RBC adhesion to macrophages was reduced after incubation in SHR 

compared WKY plasma. Analysis of the supernatant macrophage media by Western blot shows a 

higher level of CD36 extracellular protein fragments following exposure to SHR plasma compared 

to WKY. MMP inhibition in the SHR plasma compared to untreated plasma, served to increase the 

RBC adhesion to macrophages and decrease the number of receptor fragments in the macrophage 

media. In conclusion, these studies bring to light that plasma in the SHR model of metabolic 

disease has an unchecked MMP degrading activity which causes cleavage of a variety of 

membrane receptors, including CD36, which attenuates several cellular functions typical for the 

metabolic disease, including RBC adhesion to the scavenger receptor CD36. In addition to other 

cell dysfunctions chronic MMP inhibition restores CD36 in the SHR.

Keywords

CD36; MMP; TIMP; Spontaneously Hypertensive Rat (SHR); MMP inhibitor CGS27023A

Introduction

CD36 is an 88 kDa Class B scavenger receptor expressed on macrophages and other types of 

cells, such as platelets, endothelial cells, and adipocytes (Febbraio et al., 2001; Brookes & 

Cooper, 2007). CD36 functions as a scavenger receptor involved in phagocytosis of 

apoptotic cells and recognition of diacyl lipids of bacteria during infection. Among its 

functions, CD36 is a receptor for the glycoprotein thrombospondin-1 on microvascular 

endothelial cells contributing to anti-angiogenic activity important in cancer therapy 

(Febbraio et al., 2001; Simantov & Silverstein, 2003). As a fatty acid transporter, CD36 can 

recognize and internalize oxidized-low density lipoprotein (ox-LDL) (Febbraio et al., 2001; 

Taylor et al., 2005) important in lipid metabolism and accumulation of cholesterol in foam 

cells of atherosclerotic plaques (Itabe et al., 2011).

The SHR has mutations in the CD36 gene and defective adipocyte transport of long chain 

fatty acids (LCFAs) associated with type 2 diabetes (Febbraio et al., 2001; Lauzier et al., 

2011). The North American strain of SHR has a reduced expression of CD36 and is not a 

natural CD36 null model (Bonen et al., 2009). Specifically, the main 2.9 kb mRNA 

transcript of CD36 is not present in the North American strain of SHR while the 3.8 kb and 

5.4 kb transcripts are present (Bonen et al., 2009). Given the presence of these transcripts, 

there may be other mechanisms responsible for the defective adipose transport in the SHR in 

addition to genetic mutation. Functionally, SHR hearts have a reduced capacity to use 

exogenous LCFAs for β-oxidation and triglyceride formation prior to developing left 

ventricular hypertrophy (Lauzier et al., 2011). This is possibly due to alterations in CD36 

protein by post-translational modifications (Lauzier et al., 2011). In addition, a decrease in 

fatty acid and glucose metabolism was observed in stroke-prone SHR (SHRSP), and yet the 

quantitative trait loci on rat chromosome 4 with CD36 defects only accounted for 40% of 

insulin dysfunction (Collison et al., 2000).

Defective fatty acid metabolism in the SHR may be in part due to proteolytic cleavage of the 

CD36 scavenger receptor or fatty acid transporter (FAT) as a result of elevated matrix 
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metalloproteinase (MMP) activity in SHR plasma and its microvascular endothelium. 

Compared to its normotensive control, the Wistar Kyoto Rat (WKY), MMP levels, 

specifically MMP-2 and MMP-9, in the SHR are elevated (Chen et al., 2012; DeLano & 

Schmid-Schönbein, 2008; Tran et al., 2010), leading to ectodomain receptor cleavage and 

cellular dysfunctions (Chen et al., 2010; Delano et al., 2011; DeLano & Schmid-Schönbein, 

2008; Rodrigues et al., 2010; Tran et al., 2010) generating its co-morbidities, such as insulin 

resistance. Levels of the endogenous tissue inhibitors of metalloproteinases (TIMPs), such 

as TIMP-1 and TIMP-2 with the ability to inhibit MMP-9 and MMP-2, respectively 

(Bernardo & Fridman, 2003; Brumann et al., 2012) are undetermined and will be presented 

in this report.

MMP activities can be chronically attenuated in the SHR with a broad-spectrum MMP 

inhibitor (CGS27023A, CGS; Novartis, Basel, Switzerland) in the drinking water, an 

intervention that normalizes its blood pressure (Chen et al., 2012). The process of red blood 

cell removal via adhesion to scavenger receptors on macrophages in the SHR is impaired by 

MMP cleavage of the red blood cell glycocalyx (surface proteoglycans) (Pot et al., 2011). 

We will examine here whether CD36, a polyinosinic acid sensitive scavenger receptor on 

Kupffer cells (liver macrophages), important for clearance of oxidatively damaged red blood 

cells, is proteolytically cleaved by elevated MMPs in the SHR (Terpstra & van Berkel, 

2000; Yesner et al., 1996). By immunolabeling of the CD36 extracellular domain, we 

quantify the extracellular CD36 density on the macrophage cell membranes of frozen heart, 

spleen, and liver tissue sections in WKY, SHR, CGS WKY, and CGS SHR. To investigate 

the effect of red blood cell (RBC) removal by spleen cell attachment we determine in-vitro 

red blood cell adhesion to cultured murine macrophages in the presence of WKY, SHR and 

CGS-inhibited SHR plasma. Cleavage of the CD36 receptor by MMP activity is determined 

by detection of CD36 ectodomain fragments in supernatants from murine macrophage 

cultures.

Material and methods

Animals

All animal protocols were approved by the Institutional Animal Care and Use Committee 

(IACUC) at the University of California, San Diego. Male Wistar Kyoto Rats (WKY) and 

Spontaneously Hypertensive Rats (SHR) (Harlan Laboratories, Inc., Indianapolis, IN) at 8 

weeks of age were given standard diet ad libitum (n = 3 per group). A separate group of age-

matched WKY (n = 3) and SHR (n = 3) was given 3 mg/kg/day of the broad-spectrum 

matrix metalloproteinase inhibitor CGS27023A (Novartis Pharmaceuticals, Inc., Summit, 

NJ) in their drinking water for a period of 24 weeks. These animals are denoted as CGS-

treated WKY (CGS WKY) and CGS-treated SHR (CGS SHR). The dosage of the MMP 

inhibitor CGS27023A was based on the effective anti-metastatic dose (5–25 mg/kg) in a 

mouse melanoma model administered through an osmotic pump (Kasaoka et al., 2008) but 

was slightly decreased to adjust for an enhanced drinking volume of the water with the 

inhibitor. The treatment had no detectable side effects on the SHR or the WKY rats and 

significantly decreased the SHR’s plasma MMP activity and systolic blood pressure by 24 

weeks (Chen et al., 2012).
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Plasma collection and tissue harvest

Animals (WKY, SHR, CGS WKY, and CGS SHR) were anesthetized with 50 mg/kg of 

sodium pentobarbital (Abbott Laboratories, North Chicago, Illinois) through a catheter in the 

femoral artery. Whole blood was drawn from the arterial catheter and centrifuged at 1000 × 

g for 15 min. Plasma in the supernatant was collected and stored at −80 °C (later used for 

Western blot analysis).

After euthanasia (120 mg/kg, Beuthanasia, Intervet, Inc., Summit, NJ), a midline incision 

was made and the abdominal and chest cavity were exposed. The frontal half of the heart, 

distal edge of the right liver lobe, and distal edge of the spleen were dissected, further cut 

into a tissue of size within 1.5 cm3, placed in a mold filled with O.C.T. embedding medium 

(Sakura Tissue-Tek Optimal Cutting Temperature Compound), and flash-frozen with liquid 

nitrogen chilled 2-methylbutane (Fisher Scientific, Waltham, MA).

The heart, liver, and spleen were stored at −80 °C, and 5 μm-thick sections of each organ 

were cut with a cryostat (Bright Instrument Co. Ltd., Huntingdon, Cambridgeshire, England; 

OTF Microtome Cryostat 5030 Series) at chamber temperatures of −19 °C, −12 °C, and −16 

°C, respectively. Each section was adhered to a single microscope slide. The heart and 

spleen were removed for analysis given the SHR’s defective cardiac fatty acid transport and 

red cell removal mechanism, respectively (Lauzier et al., 2011; Pot et al., 2011; Terpstra & 

van Berkel, 2000). In addition, the liver was investigated due to increased levels of plasma 

soluble CD36 in patients prone to develop fatty liver and increased fatty acid transport in the 

liver of the North American strain of SHR (Bonen et al., 2009; Garciarena et al., 2009; 

Lauzier et al., 2011; Pot et al., 2011; Terpstra & van Berkel, 2000).

Immunohistochemistry of frozen tissue sections

Two 5 μm-thick sections of each organ (heart, spleen, and liver) were used per animal 

(WKY, SHR, CGS WKY, and CGS SHR; n = 3) for immunolabeling of the extracellular 

domain of the CD36 scavenger receptor on macrophages. Individual tissue sections (frontal 

cross section of the heart, spleen, and liver) were placed on a microscope slide within a ~1.5 

cm square, which was marked with a hydrophobic barrier (ImmEdge pen, #H-4000; Vector 

Laboratories, Burlingame, CA) around the tissue sections to prevent leakage of staining 

reagents. Tissue sections were fixed in acetone at −20 °C for 5 min. Endogenous peroxidase 

from the tissue was blocked with Peroxo-Block (#00-2015; Life Technologies, Grand Island, 

NY) for 45 s at room temperature, and non-specific binding was prevented by blocking with 

2.5% normal horse serum for 1 h at room temperature (#MP-7405: ImmPRESS anti-goat Ig 

peroxidase kit; Vector Laboratories Inc., Burlingame, CA).

After blocking for peroxidase and non-specific binding, we washed with 1× PBS and apply 

primary antibody (#sc-5522; polyclonal goat IgG; final concentration 5.5 μg/ml; 3:100 

dilution in 1× PBS from 200 μg/ml stock CD36 antibody solution; Santa Cruz 

Biotechnology Inc., Santa Cruz, CA) against the extracellular domain of CD36 on 

macrophage membranes of tissue sections for 1.5 h at room temperature in a closed and 

moisturized box lined with wet towels. As a negative control, the primary antibody was 

replaced with normal goat IgG (#sc-2028; final concentration 5.5 μg/ml; 1.5:100 dilution 
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from 400 μg/ml stock solution; Santa Cruz Biotechnology Inc., Santa Cruz, CA) on a 

separate tissue section. 1× PBS was used as a rinse buffer to remove non-bound antibody. 

Subsequently, secondary antibody (#MP-7405; ImmPRESS anti-goat Ig peroxidase kit; 

Vector Laboratories, Inc., Burlingame, CA) was applied to tissue sections for 30 min at 

room temperature. After washes, ImmPACT DAB (#SK-4105; Vector Laboratories, Inc., 

Burlingame, CA) was applied and slides were developed for 15 s, 30 s, and 25 s for the 

heart, spleen, and liver sections, respectively. Finally, slides were placed through an ethanol 

gradient (50% ethanol for 1 min, 70% ethanol for 1 min, and twice in 100% ethanol for 1 

min) as well as 30 s in xylene for dehydration of slides. Slides were dried in the hood for 3 h 

and mounted with coverslips.

A separate primary antibody against the extracellular domain (between amino acid #25–75; 

Protein Accession #P31996; UniProt Consortium) of CD68 (#sc-5474; polyclonal goat IgG; 

3:100 dilution from stock 200 μg/ml solution; final concentration 5.5 μg/ml; Santa Cruz 

Biotechnology, Inc., Burlingame, CA) was used as a macrophage marker on separate tissue 

sections.

Digital image analysis of tissue sections

Brightfield micrographs of macrophages (with CD36 labeled by immunohistochemistry) in 

the heart, liver, and spleen frozen sections were captured (SM-LUX microscope, Leitz 

Wetzlar, Germany) using a 100× oil-immersion objective (numerical aperture 1.25) and 

digitized (VC500 One-Touch Video Capture USB 2.0, Diamond Multimedia, Chatsworth, 

CA). The morphology of macrophages in the heart, liver, and spleen was determined by 

comparisons with sections labeled with the CD68 macrophage marker.

Macrophage count

The number of macrophages in WKY (n = 3) and SHR (n = 3) per image (area = 0.0016 

cm2) of heart, spleen, and liver sections under the 10× objective captured in a light 

microscope (SM-LUX microscope, Leitz Wetzlar, Germany) was counted and averaged 

over 5 images per tissue section per organ.

Measurements of CD36 density on macrophages in the heart, spleen, and liver

CD36 densities on macrophages in WKY, SHR, CGS WKY, and CGS SHR were 

determined by two digital methods (ImageJ, version 1.42q; 8-bit). First, a cellular contour 

for each macrophage was drawn with a freehand selection tool (ImageJ). The average pixel 

gray value was calculated within the cell area as a qualitative measurement. In order to 

confirm these measurements as a quantitative index for the CD36 density, a second method 

was used. To detect peak label intensities on the membrane, a straight-line segment across 

the macrophage cell membrane (from the cytoplasmic to the extracellular side of a cell) was 

selected at 5 different and random membrane locations for each cell. The peak intensity for 

each line was recorded and the 5 peak values (in each line) averaged for each cell. 30 

macrophages per animal per group (WKY, SHR, CGS WKY, and CGS SHR) per organ 

(heart, liver, and spleen) were sampled and averaged.
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Western blot detection of plasma TIMP-1 and TIMP-2 levels

Precast gels (Bio-Rad 4–20% Mini-PROTEAN TGX; Bio-Rad Laboratories, Inc., Hercules, 

CA; #456-1099) were used to resolve proteins in plasma samples of WKY, SHR, CGS 

WKY, and CGS SHR (n = 3 rats per group) via electrophoresis. Equal volumes of plasma 

(2.5 μl) were loaded into the gel. Gel electrophoresis was run at a constant voltage (160 V) 

and transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Inc., Hercules, CA; 

#162-0097) at constant current (300 mA). Membranes were then blocked with 5% milk in 

Tris-Buffered Saline and Tween 20 (TBST) followed by an overnight primary antibody 

incubation (TIMP-1 antibody #sc-6834 or TIMP-2 antibody #sc-9905; 1:500 dilution; final 

concentration 0.4 μg/ml; Santa Cruz Biotechnology Inc., Santa Cruz, CA) and a secondary 

anti-goat IgG polyclonal antibody (Sigma-Aldrich Co., LLC; #A5420; 1:5000 dilution). 

Antibody dilutions were prepared in 5% milk in Tris-Buffered Saline and Tween 20 

(TBST). Supersignal West Pico Chemiluminescent substrate (Thermo Fisher Scientific, 

Waltham, MA; #34096) was used for imaging with digital analysis (ImageJ). The band 

density was normalized by a reference sample (the initial WKY plasma sample) that was 

added on each gel in a separate lane parallel to the experimental samples (WKY, SHR, CGS 

WKY, and CGS SHR).

Quantification of red blood cell attachment after plasma incubation

Plasma was obtained from WKY (n = 3) and SHR (n = 3) rats by centrifugation at 600 ×g 

for 10 min. One WKY rat was selected as the source of low-weight density red blood cells 

(LRBCs). These were isolated from WKY whole blood by centrifugation at 600 ×g for 10 

min and collection of the top fraction of erythrocytes. SHR plasma (n = 3) was incubated for 

20 min at room temperature with CGS at a final concentration of 7.6 μM. Plasma samples 

were diluted in a 1:10 ratio. Murine macrophages (Raw 264.7) were cultured in Dulbecco’s 

modified eagle medium (DMEM; ATCC, Manassas, Virginia) and 10% fetal bovine serum 

(FBS; ATCC, Manassas, Virginia) at 37 °C in an atmosphere of 5% CO2 and allowed to 

grow to about 100% confluency before being exposed to either DMEM, WKY, SHR, or 

CGS-SHR plasma. Immediately following the administration of plasma, 7 μl of WKY 

LRBCs was added to each well. Macrophages were incubated in the presence of a given 

plasma variant or DMEM and WKY LRBCs for 30 min at 37 °C. Cells were starved in 

serum free media for 12 h prior to experimentation. Cultures were then removed from the 

incubator and given 2× washes of PBS. After each wash cells were manually shaken for 10 s 

to remove unattached LRBCs. The shear stress applied was on the order of 10 dyn/cm2. 

Images were recorded at 40× and in each field of view the ratio of attached LRBCs to 

macrophages and number of macrophages was calculated to yield an average number of 

attached LRBCs per macrophage.

Soluble CD36 fragments in supernatant fluid after incubation with WKY and SHR plasma

Supernatant media fluid was removed from macrophages cultured in 24 well plates 

following 1 h of incubation in WKY (n = 3), SHR (n = 3), or CGS SHR (n = 3) plasma. 

CGS SHR plasma was prepared by adding CGS inhibitor to SHR plasma aliquots at 7.6 μM 

concentrations. WKY, SHR, and CGS SHR plasma samples were then diluted 1:5 in 

DMEM. After incubation, aliquots of 150 μl were centrifuged (Savant DNA 110 SpeedVac 
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Concentrator, Thermo Fisher Scientific, Waltham, MA; # DNA110-220) for 65 min to 

concentrate samples. An equal volume of sample buffer (Bio-Rad Laboratories, Inc., 

Hercules, CA; # 161-0737) with beta-mercaptoethanol (Sigma-Aldrich Co., LLC, St. Louis, 

MO; # M6250) was added to samples. Equal volumes of samples were added to lanes of a 

15% polyacrylamide gel.

For Western blotting, proteins were transferred to a 0.45 μm pore size nitrocellulose 

membrane (Bio-Rad Laboratories, Inc., Hercules, CA; #162-0097). Following blockade with 

5% nonfat dry milk in TBST, primary antibodies against the extracellular domain of CD36 

(Abcam, Cambridge, England; ab80978) were applied at a 1:500 dilution. Secondary 

antibodies (anti-rabbit IgG polyclonal antibody; Sigma-Aldrich Co., LLC; #A5420) were 

applied at a 1:5000 dilution. All antibody dilutions were prepared in 5% milk in Tris-

Buffered Saline and Tween 20 (TBST). Supersignal West Pico Chemiluminescent substrate 

(Thermo Fisher Scientific, Waltham, MA; #34096) was used for imaging. DMEM was used 

as a negative control.

Statistical analysis

Results are presented as mean ± standard deviation. Single-factor analysis of variance 

(ANOVA) was used to evaluate statistical significance for groups greater than 2, and 

Student’s t-test was used to compare between two groups. For culture experiments, multiple 

comparison t-test with a post hoc Bonferroni correction was used. A value of p < 0.05 was 

considered statistically significant.

Results

Our previous measurements indicate that the gelatinase levels (MMP-2 and MMP-9) in SHR 

plasma are significantly higher than those in the normotensive WKY control (Chen et al., 

2012; DeLano & Schmid-Schönbein, 2008; Timlin et al., 2005). Chronic MMP inhibition 

for 24 weeks by a broad-spectrum MMP inhibitor CGS restores SHR gelatinase levels to 

significantly lower levels found in the WKY (Chen et al., 2012). Furthermore the TIMP-1 

levels (with molecular weight of 22 kD) in SHR plasma were on average significantly lower 

than those in the WKY (Fig. 1). TIMP-2 levels (molecular weight ~ 21 kD) in SHR plasma 

were significantly decreased compared to that in the WKY rats (Fig. 2). Chronic MMP 

inhibition by CGS reduced TIMP-1 levels further and reached a value that was not different 

compared to control groups (CGS WKY vs WKY; CGS SHR vs. SHR; Fig. 1). TIMP-2 

levels in WKY plasma were not significantly increased by CGS treatment compared to that 

in the WKY without treatment, and neither was TIMP-2 levels in CGS SHR plasma 

significantly decreased compared to that in the SHR (Fig. 2).

Identification of CD68-positive macrophages in the heart, spleen, and liver of WKY and 
SHR

CD68-positive macrophages as determined by antibody labeling of its extracellular domain 

were found on both WKY and SHR heart, spleen, and liver (Fig. 3A). SHR macrophages in 

the heart and the spleen on average assume a rounder shape than the WKY (Fig. 3A). In 

contrast, the SHR macrophages in the liver tend to have a more extended shape (Fig. 3A). 
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The average CD68 label density on WKY macrophage membrane was higher compared to 

those of the SHR (Fig. 3A; blue arrows (WKY) vs. black arrows (SHR)). The SHR 

macrophage density (cell count) in the heart and spleen was significantly higher than that in 

the WKY (Fig. 3B).

Extracellular domain density of CD36 on macrophages in the SHR heart

Macrophages were found near blood vessels and between myocardial cells in the atria and 

ventricles of the heart. In heart sections, the SHR macrophages possess a rounder 

morphology than that of the WKY (Fig. 4A). The average extracellular CD36 density in 

SHR heart macrophages as measured by both light absorption (Fig. 4B) and peak intensity in 

the cell membrane was significantly lower than that in the WKY (Fig. 4A; black arrows 

(SHR) vs. blue arrows (WKY)). After chronic CGS treatment, the CD36 label density for 

CGS SHR was significantly higher than that of the SHR and reached similar levels as in the 

WKY (Figs. 4B and C). Although the CD36 label density in the CGS WKY group was on 

average higher than that of the WKY, it was not significantly different (Figs. 4B and C).

Extracellular CD36 label density on SHR macrophages in the spleen

Macrophages in the spleen were found in the interstitial space of the red pulp and at 

locations near blood vessels. The morphology of macrophages in the spleen sections varied 

across the SHRs and WKYs. However, the majority of SHR macrophages had rounder 

shapes than the WKY (Fig. 5A). We found that the average extracellular CD36 density in 

SHR spleen macrophages as measured by both light absorption (Fig. 5B) and peak intensity 

was significantly lower than that in the WKY (Fig. 5A; black arrows (SHR) vs. blue arrows 

(WKY)). After chronic MMP inhibition in the SHR, the CD36 label density was 

significantly higher than that in the untreated SHR group (Fig. 5B). Extracellular CD36 label 

density in the CGS SHR spleen macrophages was not significantly different from that in the 

WKY. There was also no significant increase in the extracellular CD36 label density on 

spleen macrophages of CGS WKY compared to that in the WKY (Fig. 5B).

Extracellular CD36 label density in SHR liver macrophages

Liver macrophages (Kupffer cells) were found near blood vessels in liver sections. The 

morphology of SHR Kupffer cells varied from cell to cell, but the majority of macrophages 

had an extended shape (Fig. 6A). The WKY had relatively few extended macrophages 

present in its liver compared to the SHR (Fig. 6A; rounder morphology of WKY 

macrophage). In contrast to the extracellular CD36 label density in the heart and spleen, the 

SHR liver macrophages (Fig. 6A; black arrows) showed an elevated average CD36 label 

density compared to that in the WKY (Fig. 6A; blue arrows) as measured by both light 

absorption (Fig. 6B) and peak intensity. In addition, the average extracellular CD36 label 

density in CGS SHR was not significantly different from that in the WKY (Fig. 6B).

Attachment of LRBCs to macrophage cultures after incubation with WKY plasma as 
compared to SHR plasma

The level of LRBC attachment to macrophages was significantly reduced after incubation 

with SHR as compared to WKY plasma (Fig. 7). CGS SHR plasma incubation resulted in 
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further reduction LRBC below the levels with WKY plasma and significantly reduced 

attachment compared to SHR plasma. The average number of LRBC per macrophage 

(attachment ratio) between CGS SHR and WKY plasma incubations was also significantly 

reduced.

Extracellular CD36 levels in supernatant from macrophages incubated in SHR and WKY 
plasma

Extracellular CD36 levels (molecular weight ~53kD) in supernatant incubated with SHR 

plasma were significantly higher than supernatant from cell cultures incubated with WKY or 

SHR plasma with CGS (Fig. 8).

Discussion

The current experiments provide evidence that the elevated MMP activity in the SHR is 

accompanied by reduced TIMP-1,2 levels. Compared to its WKY control, the enhanced 

proteolytic activity in the SHR is accompanied by increased cleavage of the CD36 

ectodomain on macrophages in several tissues and reduced adhesion to a subpopulation of 

light-weight RBCs to which macrophages show a tendency to adhere. Macrophages exposed 

in-vitro to SHR plasma form higher concentrations of the extracellular domain fragments 

than the WKY and chronic treatment with a MMP inhibitor attenuates the ectodomain 

cleavage in the SHR.

The reduction in TIMP-1 and TIMP-2 levels (Figs. 1, 2) in the SHR is in line with the 
elevation in gelatinase (MMP-2 and MMP-9) activity levels (Chen et al., 2012; DeLano & 
Schmid-Schönbein, 2008; Tran et al., 2010)

CGS treatment did not significantly affect plasma TIMP-1 and TIMP-2 levels in control 

animals (WKY and SHR in Figs. 1, 2). Also, the inhibition mechanism of TIMPs is based on 

binding to the active sites or catalytic domains of MMPs (Nagase et al., 2006). Several 

genetic and post-translational modifications can lead to inactivation of TIMPs, including 

mutations of the amino acid threonine into glycine in TIMP-1, carbamylation of N-terminal 

amino groups in TIMPs, and additions of the amino acid alanine at the N-terminus in TIMPs 

(Nagase et al., 2006). Dissection of the regulation of TIMPs both in response to MMP levels 

and via other biochemical mechanisms is needed to understand the endogenous inhibition 

process as well as the real-time plasma TIMP levels in the SHR.

The SHR has elevated levels of tissue macrophages

In line with previously reported elevated macrophage counts in the SHR brain and kidney 

(Kobori et al., 2005; Liu et al., 1994), we also found higher macrophage density in the heart 

and spleen in SHR rats indicating higher rates of tissue infiltration. In contrast, the rounder 

shape of the SHR macrophages is in line with a potentially lower phagocytic activity of 

damaged or apoptotic cells.

The SHR heart and spleen displayed reduced CD36 density

The susceptibility of the SHR heart to apoptosis (Garciarena et al., 2009) may lead to higher 

number of apoptotic cells present and subject to clearance. This fact compounded with 
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CD36 reduction may lead to reduced phagocytic clearance in this organ. Similarly, although 

the SHR may be in greater need for clearance of apoptotic cells in the spleen, the rounder 

shape of its macrophages may also be an indication of a lower level of phagocytosis in its 

spleen. Increased extracellular CD36 label density in the CGS SHR spleen and heart 

macrophages to the levels of the WKY indicates that CGS was able to restore the 

extracellular CD36 label density in the SHR to levels similar to that in the WKY (Figs. 5B, 

C).

In contrast to the spleen and heart, the liver of the SHR displayed a greater CD36 density 
than that of the treated and untreated WKY rats

This is in line with previous observations indicating an increase in fatty acid transport in the 

liver of the North American strain of SHR compared to controls (Bonen et al., 2009). It is 

associated with the thymus of the SHR that has enhanced atrophy at 15-weeks of age 

(Suzuki et al., 1999) which affects liver functions via the hypothalamus–pituitary–gonad 

axis (Li et al., 1996). Specifically, male thymectomized rats have significant reductions in 

liver microsome cytochrome P-450 and aminopyrine-N-demethylase activities (Li et al., 

1996). Gonadal steroid hormones affect CD36 expression as well as blood pressure in 

deoxycorticosterone-salt hypertensive rats (Crofton & Share, 1997; Zeng et al., 2003). 

Hence the steroid hormone receptor may be part of the pathways for the increased CD36 

membrane density in Kupffer cells of the SHR. The MMP blockade in the CGS SHR and 

CGS WKY lead to a non-significant reduction in extracellular CD36 label density compared 

to that in the SHR and WKY, respectively (Figs. 6B, C). The control by hormone receptor 

could be part of the CD36 density on Kupffer cells in the SHR and requires further 

investigation.

Adhesion of LRBCs to murine macrophages after incubation with SHR plasma

LRBCs constitute a population of red blood cells prone to removal from the circulation by 

the spleen (Pot et al., 2011). The capacity of macrophages to attach to and phagocytize 

LRBCs as a mechanism for removal in the spleen is reduced in the SHR due to factors 

extant in the plasma. Macrophage activation by plasma is needed for cell surface receptors 

to initiate attachment (Zhang et al., 2003), but the attachment may be reduced in SHR and 

partially restored during MMP inhibition by a mechanism that involves CD36 cleavage. 

Incubation of macrophages in SHR plasma with its enhanced MMP activity resulted in a 

greater amount of extracellular CD36 fragments in supernatant medium. Incubation of SHR 

plasma with CGS reduced the ectodomain levels of CD36 on macrophage supernatants. 

Thus, MMPs are a possible source of CD36 cleavage. The level of CD36 extracellular 

fragments in the supernatant of cultures incubated with WKY plasma may also stem from 

MMP activity. WKY MMP activity levels are also slightly elevated above the activity in 

plasma of the rat Wistar stain from which the SHR and WKY were bred (Tran et al., 2010).

Potential MMP cleavage sites on the CD36 scavenger receptor

The current evidence for enhanced CD36 receptor cleavage in the presence of unchecked 

MMP activity is in line with the presence of potential cleavage sites in its ectodomain. 

Screening the linear sequence of the CD36 receptor yields four potential cleavage sites for 

MMP-2 and MMP-9 at the amino acid scissile bond, serine and leucine (Tran et al., 2010). 
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The actual cleavage site in-vivo depends on the conformation of the receptor in the 

physiological state as well as ligands specific for the CD36 receptor that may influence cell 

signaling. Proteolytic cleavage yields soluble fragments of the receptor that we can identify 

by ELISA. But there may also be additional cleavage sites on the ectodomain so that binding 

sites for antibodies may be cleaved and the receptor fragment levels determined in the 

current experiments may underestimate the actual degree of receptor cleavage.

Soluble CD36 levels in the plasma of patients with the metabolic syndrome

Levels of soluble CD36 in the plasma can serve as indirect evidence for proteolytic 

ectodomain cleavage, as we have shown previously for other receptors in the SHR, such as 

soluble P-selectin (Chen et al., 2012). Detected by ELISA, soluble CD36 in the plasma is 

higher in SHR (Fig. 8) and reduced after MMP inhibition (CGS-SHR). Soluble CD36 levels 

are also higher in plasma of patients with impaired glucose regulation, insulin resistance, 

and metabolic syndrome as well as patients who are prone to develop fatty livers (Handberg 

et al., 2012).

Transcriptional regulation of CD36

The expression of the CD36 scavenger receptor is controlled by transcription factors and 

receptor ligand levels. In normal physiological conditions, CD36 is transcriptionally 

regulated by nuclear receptors, including the pregnane X receptor (PXR), the peroxisome 

proliferator activated receptor-γ (PPAR-γ), and the liver X receptor (LXR) (He et al., 2011). 

LXR can bind to the liver X receptor response element (LXRE) in the CD36 gene promoter 

(He et al., 2011). The liver contributes to fatty acid metabolism by receiving and responding 

to fatty acids from diet, adipose stores, and fatty acids produced de novo (Terpstra & van 

Berkel, 2000). Low CD36 expression is associated with greater fatty acid flux to the liver 

leading to an increase in CD36 ligands such as ox-LDL with subsequent upregulation in 

CD36, accumulation of cholesterol in macrophages, dyslipidemia, and insulin resistance 

(Handberg et al., 2012). Upregulation of CD36 is due to the ability of ox-LDL to activate the 

transcription factor PPAR-γ(Feng et al., 2000). In monocytes, CD36 mRNA upregulation is 

triggered by exposure to interleukin-4 and monocyte-colony stimulating factor while 

lipopolysaccharide and dexamethasone exposure lead to its downregulation (Yamashita et 

al., 2007). Non-diabetic hypertensives have a higher incidence of fatty liver than healthy 

controls (Brookes & Cooper, 2007). In the case of the SHR, the PPAR-γ protein expression 

is significantly upregulated in the kidney, liver, heart, and brain compared to the WKY (Sun 

et al., 2008). Agonists and activators of PPAR-γ have also been shown to lower blood 

pressure for hypertensives without diabetes (Sun et al., 2008). Further investigation of the 

role of PPAR-γ in CD36 receptor signaling in the SHR is required.

Ligand uptake of the CD36 receptor

Ox-LDL, fibrillar amyloids, apoptotic cells, and infected red blood cells are key ligands to 

the CD36 scavenger receptor (Collins et al., 2009). Uptake of ox-LDL by the scavenger 

receptor CD36 is an actin-dependent process (Collins et al., 2009). Ligands to CD36 

promote micropinocytosis and internalization of the ligand–receptor complexes (Collins et 

al., 2009) through actin-dependent endocytosis and involves activation of Src family 

kinases, June N-terminal Kinases (JNK), and Rho family Guanosine Triphosphate 
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hydrolyzing enzyme (GTPase) (Collins et al., 2009). In line with reduced CD36 expression 

on SHR macrophages, these cells internalize significantly fewer non-opsonized Plasmodium 

falciparum parasite-infected red blood cells compared to WKY macrophages expressing 

high levels of CD36 (Patel et al., 2004). As a genetic strain the SHR has mutations in the 

CD36 gene (Lauzier et al., 2011). Comparisons with genetic knockouts of CD36 may 

provide insights into potential links between the CD36 knockouts and the SHR pathology.

Fatty acid metabolism in CD36 knockout mice, CD36 deficient patients, SHR rats, and 
normotensive WKY controls

As indicated by the CD36 knockout mice, CD36 is necessary in mitochondrial fatty acid 

oxidation, specifically palmitate oxidation during muscle contraction (Holloway et al., 

2009). Not only is the Liver X Receptor (LXR) agonist no longer capable of increasing 

hepatic and circulating levels of triglycerides and free fatty acids in CD36 knockout mice 

(He et al., 2011), but cultured macrophages of CD36(−/−) also exhibit reduced uptake of 

oxidized-LDL (Collins et al., 2009). CD36 deficient patients have higher plasma glucose 

levels, serum triglyceride levels, and blood pressure as well as lower HDL-cholesterol levels 

(Turk et al., 2001). Higher baseline lipoprotein levels in the circulation could be an indicator 

for inadequate fatty acid metabolism. Transgenic mice that over-express CD36 have lower 

blood lipid levels, and hypertensive rats have impaired fatty acid and glucose metabolism 

due to CD36 deficiency compared to the WKY rat strain. This evidence is in line with the 

current results (Figs. 4 and 5) (Aitman et al., 1999). Fatty acid levels were not measured in 

the WKY, SHR, or treated groups, and so the effect of CGS on these factors remains to be 

investigated. Interestingly, lack of CD36 in CD36 knockout mice can be protective against 

atherosclerotic plaques with reduced pro-inflammatory migration and accumulation of 

macrophages to inflammatory sites (Cai et al., 2012; Kuchibhotla et al., 2008).

SHR with CD36 transgene

Compared to SHR with a CD36 variant gene and insulin resistance, congenic SHR-4 (SHR 

with a wildtype CD36 transgene) exhibit reduced levels of serum free fatty acids and insulin 

(Klevstig et al., 2011). Reduced insulin resistance in SHR-4 was confirmed to be associated 

with protein kinase Cs (PKCs) in insulin signaling pathways (Klevstig et al., 2011). Cultured 

macrophages exposed to PKC activators have up-regulated mRNA expression for CD36, 

and certain inhibitors of PKCs reduced expressions of CD36 time-dependently (Feng et al., 

2000). The wild type CD36 gene and physiological levels of CD36 receptor expression is 

required for normal fatty acid and glucose metabolism. In fact, the wild type CD36 

transgene introduced into the SHR improves metabolic disorders but has no effect on 

hypertension (Pravenec et al., 2003). This is in line with our basic hypothesis that receptor 

cleavage involved in ectodomain cleavage of the β2-adrenergic receptor leads to arteriolar 

constriction and consequently elevation of the central blood pressure (Rodrigues et al., 

2010), cleavage of the insulin receptor causes insulin resistance (DeLano & Schmid-

Schönbein, 2008), cleavage of the VEGF-R2 leads to endothelial apoptosis and capillary 

rarefaction (Tran et al., 2010), cleavage of the fMet-Leu-Phe receptor (FPR) on SHR 

leukocytes leads to a defective pseudopod formation (Chen et al., 2010), or cleavage of 

leukocyte adhesion molecules (CD18, P-selectin, PSGL-1) leads to a defective adhesion to 

the endothelium and reduced migration into tissue under acute inflammatory conditions 
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(Chen et al., 2012; DeLano & Schmid-Schönbein, 2008; Fukuda & Schmid-Schönbein, 

2003). Each of these functional defects in the SHR is attenuated by chronic treatment with 

an MMP inhibitor, which restores a normal ectodomain receptor density in the SHR. The 

evidence presented in the current study shows that proteolytic cleavage of the CD36 

ectodomain on SHR macrophages in the heart and spleen could potentially contribute to 

impaired fatty acid and glucose metabolism.

Changes in systolic blood pressure with inhibitor CGS

Systolic blood pressure for all animals groups was measured in a prior study with results 

showing a decrease in blood pressure in the SHR group compared to the WKY rat control 

levels (Chen et al., 2012).

Use of Wistar-Kyoto rats as normotensive control compared to Wistar rats

The WKY rats are the low pressure “normotensive” control for the SHR both of them are 

derived from the WKY strain. There is variability in the WKY strain with regard to size and 

mean blood pressures depending on the breeder (Kurtz & Morris, 1987). While the blood 

pressure of the WKY strain is suitable as a normotensive control the SHR, the blood 

pressure and the MMP activity levels of the WKY strain is higher than that of the original 

Wister strain. As it pertains to CD36, Wistar rats also maintain a higher level of the receptor 

compared to the SHR (Purushothaman et al., 2011). This supports the utility of WKY as a 

low-pressure control for studies of receptor levels.

Conclusions

As a model of genetic hypertension and a rodent strain with several co-morbidities 

encountered in the metabolic syndrome, the SHR’s impaired fatty acid metabolism and 

impaired red blood cell removal may be associated with proteolytic cleavage of the CD36 

scavenger receptor. Enhanced plasma MMP activity together with reduced plasma TIMP-1 

and TIMP-2 levels, the SHR has elevated proteolytic activity in not only its plasma but also 

its microvascular endothelium that may lead to a reduced extracellular CD36 density on 

macrophages in the heart and the spleen. In contrast, SHR’s liver extracellular CD36 density 

is higher than the control WKY rat as detected by immunohistochemistry. Chronic MMP 

inhibition by CGS significantly restored the reduced extracellular CD36 density in the SHR 

heart and spleen. As a pharmaceutical intervention, the broad-spectrum MMP inhibitor CGS 

could serve as a potential candidate to prevent proteolytic receptor cleavage and cellular 

dysfunctions in the microcirculation and surrounding tissues.
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Abbreviations

CGS CGS27023A (broad spectrum MMP inhibitor)

CGS SHR CGS-treated Spontaneously Hypertensive Rat

CGS WKY CGS-treated Wistar Kyoto Rat

FAT Fatty Acid Transporter

FPR Formyl Peptide Receptor

GTPase Guanosine Triphosphate Hydrolyzing Enzyme

IL-4 Interleukin-4

JNK June N-terminal Kinase

LRBC Light-weight red blood cell

LXR Liver X receptor

LXRE Liver X response element

MMP Matrix Metalloproteinase

M-CSF Monocyte-Colony Stimulating Factor

Ox-LDL Oxidized-Low Density Lipoprotein

PKC Protein Kinase C

PXR Pregnane X Receptor

PPAR-γ Peroxisome Proliferator Activated Receptor-γ RBC, Red blood cell

SHR Spontaneously Hypertensive Rat

SHRSP Stroke-Prone Spontaneously Hypertensive Rat

sCD36 Soluble CD36

TIMP-1 Tissue Inhibitor of the Metalloproteinase-1

TIMP-2 Tissue Inhibitor of the Metalloproteinase-2

VEGF-R2 Vascular Endothelial Growth Factor-Receptor 2

WKY Wistar Kyoto Rat
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Fig. 1. 
TIMP-1 levels in WKY, SHR, CGS WKY, and CGS SHR plasma. Representative TIMP-1 

band at 22 kDa (the molecular weight of TIMP-1) for Western blots performed. Plasma from 

WKY, SHR, CGS WKY, and CGS SHR (n = 4 rats per group) were tested. One WKY 

plasma sample was used as normal reference between blots and included in every Western 

blot. Histogram shows average relative band density for TIMP-1 levels in plasma of WKY, 

SHR, CGS WKY, and CGS SHR. By Student’s t-test, *p < 0.05 WKY vs. SHR. By single-

factor ANOVA, p < 0.01 among WKY, SHR, CGS WKY, and CGS SHR.
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Fig. 2. 
TIMP-2 levels in WKY, SHR, CGS WKY, and CGS SHR plasma by Western blot. 

Representative TIMP-2 band at 21 kDa (the molecular weight of TIMP-2) for Western blots 

performed. Plasma from WKY, SHR, CGS WKY, and CGS SHR (n = 4 rats per group) 

were tested. One WKY plasma sample was used as a normalizing reference between blots 

and included in every Western blot. The histogram shows the average relative band density 

for TIMP-2 levels in plasma of WKY, SHR, CGS WKY, and CGS SHR. By Student’s t-test, 

*p < 0.05 WKY vs. SHR. By single-factor ANOVA, p < 0.01 among WKY, SHR, CGS 

WKY, and CGS SHR.
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Fig. 3. 
WKY and SHR macrophages labeled with CD68 macrophage marker by 

immunohistochemistry in frozen tissue sections. A. Representative micrographs of heart, 

spleen, and liver macrophages labeled with CD68 antibody are shown along with respective 

negative controls in which the primary CD68 antibody was replaced by an irrelevant goat 

IgG. Scale bar = 20 μm. Single cell macrophage boundaries are outlined by dashed lines. 

Blue arrows in micrographs of WKY macrophages point towards areas on the cell 

membrane with higher CD68 label density compared to those of the SHR. Black arrows in 

micrographs of SHR macrophages indicate areas of reduced CD68 label. B. Average 

macrophage count per 0.0016 cm2 area of heart, spleen, and liver sections (n = 3; average of 

5 image frames per animal per tissue section) in WKY and SHR. *p < 0.05 WKY vs. SHR 

macrophage count in the heart. **p < 0.05 WKY vs. SHR macrophage count in the spleen.
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Fig. 4. 
Immunolabeling of extracellular CD36 on macrophage membranes in the heart. A. 

Representative micrographs of WKY, SHR, CGS WKY, and CGS SHR macrophages with 

CD36 labeled (brown) in 5 μm frozen heart sections. Single cell macrophage boundaries are 

outlined by dashed lines. Negative control (normal goat IgG) has near undetectable intensity 

levels. Scale bar = 20 μm. Blue arrows shown on the micrograph of WKY macrophage 

indicate areas on the cell membrane that have higher and more evenly distributed CD36 

density than that of the SHR. Black arrows point towards areas on the SHR cell membrane 

that have low CD36 ectodomain density. B. Histogram of average CD36 label density by 

light absorption where a contour of each cell was drawn. The log10 of {the mean intensity 

within the contour of a given cell was normalized to background intensity without cells}. 

The light absorption was measured in 30 cells per animal and averaged between 3 rats (n = 

3) per following groups of animals: WKY, SHR, CGS WKY, and CGS SHR. By Student’s 

t-test, *p < 0.05 WKY vs. SHR. **p < 0.05 SHR vs. CGS SHR. By single-factor ANOVA, p 

< 0.01 among WKY, SHR, CGS WKY, and CGS SHR.
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Fig. 5. 
Immunolabeling of extracellular CD36 on macrophage membranes in the spleen. A. 

Representative micrographs of WKY, SHR, CGS WKY, and CGS SHR macrophages with 

CD36 labeled (brown) in frozen spleen sections. Single cell macrophage boundaries are 

outlined by dashed lines. Negative control with replacement of the CD36 primary antibody 

with normal goat IgG is shown on the right panel. Scale bar = 20 μm. Blue arrows on the 

micrograph of WKY macrophage indicate areas on the WKY cell membrane with higher 

and more evenly distributed CD36 label density compared to that of the SHR. Black arrows 

point towards areas on the SHR cell membrane that have low CD36 ectodomain density. B. 

Histogram of average CD36 label density by light absorption where a contour of each cell 

was drawn. The log10 of {the mean intensity within the contour of a given cell was 

normalized to background intensity without cells}. The light absorption was measured in 30 

cells per animal and averaged between rats (n = 3) in each of the following animal groups: 

WKY, SHR, CGS WKY, and CGS SHR. By Student’s t-test, *p < 0.05 WKY vs. SHR. **p 

< 0.05 SHR vs. CGS SHR. By single-factor ANOVA, p < 0.05 among WKY, SHR, CGS 

WKY, and CGS SHR.
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Fig. 6. 
Immunolabeling of extracellular CD36 on macrophage membranes in the liver. A. 

Representative micrographs of WKY, SHR, CGS WKY, and CGS SHR macrophages with 

CD36 labeled (brown) in frozen liver sections. In negative controls, the CD36 primary 

antibody was replaced with normal goat IgG. Scale bar = 20 μm. Blue arrows in the 

micrograph of WKY macrophage point towards areas on the cell membrane with sparse 

CD36 label. Black arrows in the micrograph of SHR macrophage point towards areas on the 

cell membrane with higher CD36 label density compared to the WKY. B. Histogram of 

average CD36 label density by light absorption where a contour of each cell was drawn. The 

log10 of {the mean intensity within the contour of a given cell was normalized to 

background intensity without cells}. The light absorption was measured in 30 cells per 

animal and averaged between 3 rats (n = 3) per following animals: WKY, SHR, CGS WKY, 

and CGS SHR. By Student’s t-test, *p < 0.05 WKY vs. SHR.
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Fig. 7. 
Red blood cell attachment to macrophages after incubation in WKY, SHR, and CGS SHR 

plasma. A. Representative micrographs of cultured murine macrophages (black arrows) 

incubated in control incubation medium (DMEM) and diluted WKY, SHR and CGS-

inhibited SHR plasma in the presence of light-weight red blood cells (red arrows). Panel 

inset shows the smaller red blood cell adhered to a larger macrophage (green arrow). Excess 

red blood cells were removed by mild fluid shear. Micrographs show the relative ratios of 

attached red blood cells to macrophages. B. Histogram of average ratio of light-weight red 

blood cell attachment to macrophages after DMEM, and diluted WKY, SHR and CGS-SHR 

plasma conditions. The ImageJ cell counter tool was used to generate the ratio of attached 

light-weight red blood cells over macrophages per field of view. Ratios from 10 fields of 

view were calculated per animal with n = 4 animals used WKY plasma group and n = 5 for 

the SHR and CGS SHR groups. p < 0.0001 among all groups by single-factor ANOVA 

****p < 0.0001 WKY plasma vs. SHR plasma and **p < 0.01 CGS-SHR plasma vs. SHR 

plasma by Student’s t-test with Bonferroni correction.
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Fig. 8. 
Soluble extracellular CD36 levels in macrophage culture supernatant after exposure to 

plasma of WKY, SHR, CGS WKY, and CGS SHR. A. Representative extracellular CD36 

band at 53 kDa (the molecular weight of extracellular CD36) for Western blots performed. 

Culture supernatant from WKY, SHR, and CGS SHR (n = 3 rats per group) was tested. One 

WKY plasma sample was used as control reference for every Western blot. Histogram of 

normalized band density (relative to WKY plasma band density) for extracellular CD36 

levels in culture supernatant of WKY, SHR, and CGS SHR. **p < 0.01 WKY and CGS 

SHR vs. SHR by Student’s t-test with Tukey post hoc correction. ***p < 0.001 among 

WKY, SHR, and CGS SHR by single-factor ANOVA.
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