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Abstract
Pro-atherogenic, hyperlipidemic states demonstrate increases in circulating ligands for scavenger
receptor CD36 (e.g. oxidized LDL (oxLDL)) and the Na/K-ATPase (e.g. cardiotonic steroids).
These factors increase inflammation, oxidative stress, and progression of chronic kidney disease.
We hypothesized that diet-induced obesity and hyperlipidemia potentiate a CD36/ Na/K-ATPase -
dependent inflammatory paracrine loop between proximal tubule cells (PTC) and their associated
macrophages and thereby facilitates development of chronic inflammation and tubulointerstitial
fibrosis. ApoE−/− and apoE−/−/cd36−/− mice were fed a high-fat diet (HFD) for up to 32 weeks and
examined for physiologic and histologic changes in renal function. Compared to apoE−/−, apoE−/−/
cd36−/− mice had improved creatinine clearance and blood pressure which corresponded
histologically to less glomerular and tubulointerstitial macrophage accumulation, foam cell
formation, oxidant stress, and interstitial fibrosis. Co-IP and a cell surface fluorescence-based
crosslinking assay showed CD36 and Na/K-ATPase α-1 co-localized in PTC and macrophages,
and this association was increased by oxLDL or the cardiotonic steroid ouabain. OxLDL and
ouabain also increased activation of Src and Lyn in PTC. Cell-free conditioned media from PTC
treated with oxLDL or ouabain increased macrophage migration. OxLDL, ouabain, or plasma
isolated from HFD-fed mice stimulated reactive oxygen species production in PTC which was
inhibited by N-acetyl-cysteine, apocynin or Na/K-ATPase α-1 knockdown. These data suggest
that ligands generated in hyperlipidemic states activate CD36 and the Na/K-ATPase, and
potentiate an inflammatory signaling loop involving PTC and their associated macrophages which
facilitates the development of chronic inflammation, oxidant stress, and fibrosis underlying the
renal dysfunction common to pro-atherogenic, hyperlipidemic states.
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INTRODUCTION
Pro-atherogenic hyperlipidemic states not only increase the risk of cardiovascular disease in
the chronic kidney disease (CKD) population but also increase the risk of worsening renal
function1, 2. Given the implications that accelerating both cardiovascular disease and renal
dysfunction have on morbidity and mortality in this population, investigating the
mechanisms of renal glomerular and tubulointerstitial injury observed in this setting is a
topic of great interest.

Recently, the apoE null mouse has been used as a model of hyperlipidemic renal injury and
offers a valuable tool to study such mechanisms3. On this genetic background, we and others
have demonstrated that the class B scavenger receptor CD36 is a key molecule in mediating
the inflammation, insulin resistance, and atherogenesis involved in pro-atherogenic
hyperlipidemic states4–7. CD36 is expressed on a variety of cell types including monocytes
and macrophages8 and proximal tubular cells (PTC)9, and recognizes modified lipoproteins
such as oxidized LDL (oxLDL) that arise as byproducts during an inflammatory response10.
Elevated levels of various forms of oxLDL have been demonstrated in pro-atherogenic
hyperlipidemic states such as uremia11, 12, and both human and experimental animal studies
suggest an important role for scavenger receptors such as CD36 in the uptake of oxLDL and
hyperlipidemic kidney injury that leads to inflammation and interstitial fibrosis in
CKD3, 13, 14. Monocyte CD36 expression and oxidant stress are increased in CKD patients
versus controls without renal insufficiency15, and increased levels of a circulating form of
CD36 in patients with diabetes and CKD predicts cardiovascular mortality in stage 5 CKD
patients16. Interestingly, in a hyperlipidemic model of CKD, CD36 null mice had attenuated
renal TGF-β signaling and NF-κB activity and displayed significantly reduced macrophage
accumulation, oxidative stress and renal fibrosis17.

Binding of oxLDL to CD36 initiates Src family kinase activation and a pro-inflammatory,
pro-atherogenic phenotype in multiple cell types, yet the mechanism of regulation of
specific Src family kinases, including Fyn and Lyn, by CD36 remains unresolved. Since we
previously demonstrated that the Na/K-ATPase regulates Src family kinases,18, 19 and since
the signaling fraction of the Na/K-ATPase resides in similar cholesterol-rich, detergent-
insoluble lipid raft and caveolar domains as CD364, 20 we reasoned that the Na/K-ATPase
may be involved in regulating CD36-dependent signaling events mediated by oxLDL. The
association of the Na/K-ATPase with pathogenesis of pro-atherogenic, hyperlipidemic states
is not without precedent as Na/K-ATPase expression and activity is significantly reduced in
humans with type 2 diabetes 21, 22 and obesity23, suggesting a possible role of Na/K-ATPase
in these conditions.

In this report, we tested the hypothesis that diet-induced obesity and hyperlipidemia
potentiate a CD36-dependent inflammatory paracrine loop between proximal tubule cells
and their associated macrophages and thereby facilitates development of chronic
inflammation and tubulointerstitial fibrosis. We found that genetic deletion of CD36 on the
apoE null background was protective against pro-atherogenic hyperlipidemic renal injury
and identified molecular mechanisms that contributed to this effect.

METHODS
Animals and diets

Littermate derived apoE−/− and apoE−/−/cd36−/− (10x backcrossed to C57Bl/6), mice were
maintained as previously described24, 25. Age and sex matched mice were fed a high-fat diet
(HFD) (36% wt/wt adjusted calories from fat, Bio-Serv S3282) for up to 32 weeks; controls
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were maintained on a standard chow diet (Harlan Teklad, TD 2918). All animal procedures
were approved by the Institutional Animal Care and Use Committee and more fully
described in Supplementary material online.

Reagents, cell culture, and immunoblotting
Tissue culture media, supplements, reagents and immunoblotting material and methods are
described as in Supplementary material online.

In vitro adhesion and migration assays
Macrophage migration and adhesion was measured as described in Supplementary material
online.

In situ proximity ligation assay (PLA), immunofluorescence staining and confocal
microscopy The Doulink™ in situ PLA reagent (Olink Biosciences, Uppsala, Sweden) was
used as we have previously described to characterize endogenous protein interactions26 and
is described further in Supplementary material online.

Histology and Immunohistochemistry
Histochemical and morphometric analysis was performed on deparafinized rehydrated 4μm
serial kidney sections processed for staining with F4/80 (AbD Serotec), Galectin-3/MAC-2
(Cedarlane), 8-hydroxy-2′deoxyguanosine (Abcam), glomerular basement membranes
(American MasterTech), and picrosirius red as described in Supplementary material online.

Statistical Analysis
Data are presented as mean ± standard error of the mean and is described in Supplementary
material online.

RESULTS
Deletion of CD36 protects the kidney in a pro-atherogenic hyperlipidemic model

Age-matched apoE−/− and apoE−/−/cd36−/− mice fed HFD demonstrated significant
decreases in creatinine clearance as early as 12 wk, but the apoE−/−/cd36−/− mice had
significantly better glomerular function at each time point compared to the apoE−/− mice
(Figure 1A). Similarly, while both groups displayed increases in systolic blood pressure on
the HFD, apoE−/−/cd36−/− mice had significantly smaller increases at 24wk compared to
apoE−/− (125±5.4 vs. 147±6.3 mmHg, p<0.05, Figure 1B), although this difference was not
seen at 32 wk. Creatinine clearance and systolic blood pressure did not change significantly
in normal chow fed mice (Figure S1A, B). Plasma levels of the cardiotonic steroid (CTS)
marinobufagenin (MBG), an endogenous Na/K-ATPase ligand which is known to be
elevated in hypertension, volume expansion, and renal injury27, 28 were increased by ~30%
in normal chow fed apoE−/− and apoE−/−/cd36−/− mice compared to normal chow fed, age
matched C57/B6 mice, and both groups showed a further 2-fold increase after 12 wk HFD
(p<0.05, Figure 1C). As previously reported, both genotypes had equivalent body weights
(Figure S1C, D), adiposity, and lipid profiles on this diet.29

Histological analysis revealed a 3-fold decrease in F4/80+ macrophage staining in apoE−/−/
cd36−/− mice compared to apoE−/− after HFD (p<0.05, Figure 2A), and this corresponded to
more than a 5-fold reduction of foam cell positive glomeruli in both chow and HFD fed
animals at 32 wks (p<0.05, Figure 2B). Galectin-3, a soluble β-galactoside-binding lectin
expressed in many cell types including macrophages and renal epithelium, functions as an
important regulator of inflammation and promoter of fibrosis in cardiac and renal
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disease30, 31 and was highly expressed in the kidneys of apoE−/− mice after HFD feeding.
Staining intensity was diminished 2-fold in apoE−/−/cd36−/− mice (p<0.05, Figure 2C),
indicating attenuation of a pro-inflammatory, pro-fibrotic phenotype. Compared to apoE−/−

mice, we found >1.5-fold reduction in staining for 8-hydroxy-2-deoxyguanosine, a DNA
adduct that reflects oxidative damage, in both normal chow and HFD fed apoE−/−/cd36−/−

animals (p<0.05, Figure 2D). Similarly, HFD fed apoE−/−/cd36−/− mice had more than 2-
fold less renal collagen deposition compared to apoE−/− mice as measured by picosiurius red
staining (p<0.05, Figure 2E). Further, HFD fed apoE−/− mice had a 23% increase in
glomerular basement membrane thickening compared to apoE−/−/cd36−/− animals (Figure
2F). These findings together implicate CD36 as a contributor to the pro-inflammatory, pro-
fibrotic phenotype induced by hyperlipidemic renal injury.

OxLDL or ouabain induce Src-family kinase activation in proximal tubule cells and
enhance physical association of CD36 and Na/K-ATPase

To probe mechanisms underlying the protective effect of CD36 deletion on HFD-induced
renal injury we first investigated whether NO2LDL, a specific CD36 ligand, increased Src
family kinase activation in proximal tubular cells similar to the effects that we have reported
with the CTS Na/K-ATPase ligand ouabain19. As shown in Figure 3A, we found a > 5-fold
increase in phosphorylation of both Src (Tyr416) and Lyn (Tyr396) 30min after addition of
NO2LDL to HK-2 cells. We also found by co-immunoprecipitation that addition of
NO2LDL to LLC-PK1 cells induced a 6-fold increase in association of CD36 with the Na/K-
ATPase α-1 subunit (Figure S2). The effect was seen as early as 5min and was sustained for
at least 60min (Figure 3B). Pretreatment of the cells with the anti-oxidant n-acetyl-cysteine
significantly attenuated the association (Figure 3C). To demonstrate the interaction of CD36
and the Na/K-ATPase in cells in situ, we used a crosslinking assay which allows direct
observation of protein-protein interactions resolved to distances ≤40 nm32. We found
constitutive interactions between CD36 and the Na/K-ATPase α-1 subunit (denoted by
fluorescent spots) under basal conditions in both HK-2 cells and mouse peritoneal
macrophages (Figures 3D–E). The interaction was enhanced by addition of NO2LDL,
ouabain, or a combination of both ligands (Figures 3D–E) and not seen with irrelevant IgG
(Figure S3). These data suggest that oxLDL and/or CTS could promote renal injury by
triggering CD36-Na/K-ATPase interactions and subsequent downstream signaling through
activation of Src family kinases.

OxLDL Promotes Na/K-ATPase Endocytosis
As seen in Figure 4A and 4B using a surface biotinylation technique, we found that the
CD36 ligand NO2LDL also induced dose dependent reduction in cell surface Na/K-ATPase
α-1 subunit expression in both HK-2 cells and mouse macrophages. Notably, this reduction
was also induced by incubating cells with plasma from HFD fed apoE−/ − mice.
Immunofluorescence microscopy revealed that co-localization of Na/K-ATPaseα-1 and
clathrin in HK-2 cells was increased after 60min incubation with either ouabain or NO2LDL
and was diminished by pretreatment with n-acetyl-cysteine (Figure S4). Cell fractionation
studies with HK-2 cells showed that ouabain and NO2LDL induced an ~3-fold increase in
Na/K-ATPase α-1 subunit accumulation into early endosomes and a ~3.5-fold increase into
late endosomes (Figure 4C). Redistribution of Na/K-ATPase α-1 immunoreactivity was also
seen in situ in kidney sections from HFD fed mice where we observed a marked
redistribution of straining from tubular basolateral membranes to a more diffuse pattern
(Figure S5).
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CD36 and Na/K-ATPase ligands activate a pro-inflammatory phenotype in macrophages
and proximal tubule epithelial cells

To determine the functional consequences of Na/K-ATPase-CD36 signaling in the kidney
we exposed LLC-PK1 cells to NO2LDL and measured ROS production. As shown in Figure
5A, NO2LDL induced a rapid increase in ROS with a 3-fold increase at 60min compared to
control cells. ROS production was significantly attenuated by pretreatment with the
antioxidants n-acetyl-cysteine (NAC, 84% reduction at 60min) or apocynin (60% reduction
at 60min) (p<0.01). ROS production was also dramatically attenuated in a dose dependent
fashion by RNAi- mediated knock-down of the Na/K-ATPase α-1 subunit (22% reduction
in ROS with 40% knock-down of Na/K α-1, and 87% reduction in ROS with 90% knock-
down of Na/K α-1 at 60min, p<0.01, Figure 5B). In addition both ouabain and NO2LDL
elicited pro-inflammatory cytokine production in human HK-2 cells (Table S1). Thus,
NO2LDL promotes a pro-inflammatory phenotype in proximal tubule cells and this requires
expression of Na/K-ATPase.

Because macrophage infiltration and foam cell formation were prominent features in our in
vivo studies, we also explored the phenotype of macrophages exposed to both CTS and
oxLDL. Treatment with ouabain and NO2LDL increased inflammatory cytokine production
(Table S2) as well as ROS production (Figure 5C, 5D). Increases in ROS were attenuated by
pretreatment with NAC or apocynin.

We used a modified Boyden chamber migration assay to assess the functional interaction
between macrophages and proximal tubule cells. HK-2 cells were exposed to various
ligands, washed, and then conditioned media collected and placed in a transwell migration
chamber. Conditioned media from cells treated with ouabain or NO2LDL significantly
increased macrophage migration compared to media from control HK-2 cells (30% and
200% increase respectively; p<0.05, Figure 5E). These increases were similar to those
elicited by conditioned media from HK-2 cells treated with H2O2 or MCP-1. We also found
that both ouabain and NO2LDL increased macrophage attachment to shaking tissue culture
plastic (≥50% increase, p<0.05, Figure 5F). Taken together, these findings suggest that
known Na/K-ATPase and CD36 ligands, such as CTS and oxidized LDL, are capable of
initiating key events (ROS and cytokine production, macrophage migration and adhesion)
which promote an inflammatory phenotype in cell types important for the development of
inflammation, oxidant stress, and fibrosis in the kidney.

DISCUSSION
In this report, we provide multiple lines of in vitro and in vivo evidence supporting a
mechanistic link between inflammation, oxidative stress, hyperlipidemia and renal
dysfunction mediated by the type 2 scavenger receptor CD36 in agreement with previous
evidence from our lab and others25, 29, 33, 34. This work supports the hypothesis that CD36
not only recognizes pathological ligands and removes them in a physiologic manner, but in
circumstances of pro-atherogenic, hyperlipidemic states such as obesity, these ligands signal
via CD36 to affect pathophysiologic inflammatory signaling pathways in the kidney. Our
findings further suggest a novel role for the Na/K-ATPase in mediating a pro-inflammatory
signaling loop between macrophages and proximal tubule cells that may contribute to renal
fibrosis in hyperlipidemic settings.

CD36−/− mice on the apoE−/− background were protected from renal inflammation, oxidant
stress, and fibrosis induced by HFD feeding: they demonstrated significantly lower levels of
renal foam cell formation, as well as improved creatinine clearance and blood pressure
compared to apoE−/− mice, despite equivalent levels of the cardiotonic steroid MBG.
Although the blood pressure reduction in CD36−/− mice was not sustained for the duration
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of the study, it is possible it accounts for some of the reduced renal injury and inflammation
as well. In this same HFD feeding model, we have previously demonstrated that
macrophages from CD36−/− mice secreted less pro-inflammatory cytokines and ROS, had
increased arginase activity and decreased expression of key inflammatory mediators29.
Further, in the current study, conditioned media from HK-2 proximal tubule cells stimulated
with oxLDL and CTS had important functional consequences related to inflammation:
conditioned media from HK-2 cells treated with these ligands contained elevated levels of
pro-inflammatory cytokines and also enhanced macrophage migration, suggesting that
soluble factors released from PTC’s in response to CD36 signaling may play an important
role in macrophage recruitment and inflammation in the kidney as observed in in vivo
studies.

CD36 signaling partners in the kidney: Src kinases and the Na/K-ATPase
Our understanding of the mechanisms by which CD36 can activate multiple signaling
pathways in multiple cell types despite its short cytoplasmic domains and the lack of
requisite signaling features such as scaffolding domains, intrinsic kinase or phosphatase
activity, or links to GTPases remains a topic of intense research. While it is clear that a
common theme in CD36 signal transduction is activation of Src family kinases and
MAPKs35, the mechanisms underlying this interaction are unknown. CD36 has been shown
to coprecipitate with Src kinases and upstream MAPK kinases (MAPKKs) in multiple cell
types, and engagement with ligands such as oxLDL increases the amount of activated Src
kinases in the precipitates36, 37. These studies suggest that CD36 associates with and
participates in assembly of a dynamic signaling complex essential to downstream functions.

Given the regulation of Src family kinases by the Na/K-ATPase18, 19, as well as its residence
in similar cholesterol-rich, detergent-insoluble lipid raft and caveolar domains as CD364, 20,
we hypothesized that the Na/K-ATPase may be involved in regulating the CD36-dependent
signaling events mediated by oxLDL. Indeed, using both conventional co-
immunoprecipitation as well as a novel proximity ligation assay, we confirmed the
association of CD36 with the Na/K-ATPase in both PTC’s as well as macrophages. This
association was enhanced by prototypical ligands for both of these receptors, and attenuated
with the addition of the antioxidant NAC. Furthermore, reduction of Na/K-ATPase α-1 in
PTC’s resulted dose dependent reductions in ROS generation in response to a specific
oxLDL ligand for CD36. These data suggest that CD36 may partner with the Na/K-ATPase
in these cells types and that ROS are important second messengers in the crosstalk,
potentiating a pro-inflammatory feedback loop between macrophages and PTCs.

Implications of Na/K-ATPase signaling in obesity and CKD
While initially discovered as an ion pump, cumulative studies from multiple laboratories
have shown that the Na/K-ATPase is also a signal transducer involved in regulation of
several gene-regulatory second messengers and pathways38. Na/K-ATPase-mediated
signaling directs a number of important cellular functions including protein trafficking, gene
expression, cell growth, cardiac and renal fibrosis and ROS production (reviewed in38, 39).

Obesity is a volume expanded state which increases risk for progressive CKD and end-stage
renal disease1, 40 and is accompanied by increases in CTS, endogenous ligands for the Na/
K-ATPase41. Increases in the circulating concentrations of, CTS, has been postulated in
CKD as an adaptive response to volume expansion. Here, volume may be reduced when
CTS induce endocytosis of PTC Na/K-ATPase, removing it from the basolateral membrane,
reducing the vectorial transport of sodium from the tubular lumen to the blood compartment,
and thus increasing sodium excretion38, 39.
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In the current study we identified elevated levels of the CTS MBG in the hyperlipidemic
apoE−/− model. Further, we found that both NO2LDL and plasma from hyperlipidemic mice
induced dose-dependent reductions in cell surface Na/K-ATPase in PTC’s similar to the
effects of the CTS ouabain. Interestingly, in kidneys from HFD fed mice, we also noted an
apparent redistribution of the Na/K-ATPase α-1 from basolateral membranes in chow fed
mice to a more diffuse tubular distribution after HFD. This endocytosis was also evidenced
by accumulation of the plasmalemmal Na/K-ATPase in early and late endosomes and by
colocalization studies of Na/K-ATPase α-1 and clathrin in HK-2 PTC’s. Together, these
findings indicate that similar to known effects of CTS, endocytosis of the plasmalemmal Na/
K-ATPase also occurs in response to oxLDL and may represent an adaptive mechanism to
volume expansion in the setting of hyperlipidemic states such as obesity.

Perspectives
In the present study we provide evidence supporting the role of CD36 as a mediator of
oxLDL induced inflammation in the kidney which provides a potential signaling pathway to
be targeted by therapeutics. This is particularly relevant as pro-atherogenic, hyperlipidemic
states such as obesity significantly increase circulating levels of oxLDL and are associated
with increased cardiovascular morbidity and mortality. Multiple human and experimental
animal models support a causal relationship between hyperlipidemia and renal injury3, 42, 43.
In the RENAAL study, increased total and LDL cholesterol and triglycerides were
associated with an increased risk of doubling of serum creatinine, ESRD, and all-cause
death2. Patients with hyperlipidemia are at increased risk for progressive renal disease40, 44,
while elevated cholesterol and obesity have been associated with glomerular structural
changes and end-stage renal disease1, 45 Furthermore, lipid lowering therapy has shown
promise in attenuating renal injury in this population46.

These data suggest that ligands generated in volume expanded, hyperlipidemic states such as
obesity activate CD36 and the Na/K-ATPase, both of which involve activation of Src family
kinases and ROS generation. We propose that CD36 and the Na/K-ATPase act
synergistically through shared ligands and/or downstream molecular cross-talk in the kidney
to potentiate an inflammatory paracrine loop between PTC and their associated
macrophages. The paracrine effects of elevated ROS and cytokines in these facilitates the
development of chronic inflammation, oxidant stress, and fibrosis underlying the renal
dysfunction common to pro-atherogenic, hyperlipidemic states (Figure 6).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

1) What is new?

This work demonstrates a functional role for the type 2 scavenger receptor CD36 on
proximal tubule cells and shows for the first time that CD36 and the Na/K ATPase
function together to respond to endogenous ligands generated in circumstances of obesity
and hyperlipidemia to trigger a pro-inflammatory signaling pathway in the kidney.

2) What is relevant?

These findings provide a mechanistic connection between pro-atherogenic,
hyperlipidemic states and the renal glomerular and tubulointerstitial injury observed in
this setting.

3) Summary

The present study supports a mechanistic link between pro-atherogenic hyperlipidemic
states such as obesity and renal inflammation, oxidative stress, and fibrosis mediated by
the type 2 scavenger receptor CD36. This work supports the hypothesis that CD36 not
only recognizes pathological ligands and removes them, a physiologic role, but in
circumstances of obesity and hyperlipidemia, these ligands signal via CD36 in
cooperation with the Na/K ATPase to affect pro-inflammatory signaling pathways in a
pathophysiologic response. This newly recognized role of CD36 has the potential to be
targeted by therapeutics.
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Figure 1. Absence of CD36 improves renal function and blood pressure after high fat diet
feeding
(A) 24 hour creatinine clearance adjusted for Body Surface Area and (B) systolic blood
pressure in apoE−/− and apoE−/− /cd36−/− mice after high-fa diet feeding at the indicated
times. *p < 0.05, **p < 0.01 vs. apoE−/−, n ≥ 8 mice per group per time point. (C) Plasma
MBG levels in wild type C57/B6, apoE−/− and apoE−/− /cd36−/− mice on normal chow or 12
week high-fat diet feeding. **p < 0.01 vs. wild type C57/B6; #p < 0.05 vs. normal chow
controls, n ≥ 8 mice/group.
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Figure 2. CD36 contributes to inflammation, oxidant stress and fibrosis in kidney after high fat
diet feeding
Representative immunohistochemistry, histology, and quantification from apoE−/− and
apoE−/− /cd36−/− mouse kidneys after high-fat diet feeding for the indicated time points
identifying (A) F4/80+ macrophages (B) glomerular foam cell formation (C) inflammatory
marker Galectin-3, (D) oxidative stress marker 8-hydroxy, 2′deoxyguanosine (E) picosirius
red collagen staining, and (F) Jones glomerular basement membrane stain and
quantification. *p < 0.05, **p < 0.01 vs. apoE−/−, n ≥ 8 mice per group per time point.
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Figure 3. CD36 interaction with the Na/K-ATPase
(A) Src (Y416) and Lyn (Y396) phosphorylation in HK-2 cells treated for 30 minutes with
ouabain and NO2LDL. (B) Co-immunoprecipitation of CD36 with the Na/K-ATPase α-1
subunit in LLC-PK1 cells is increased by NO2LDL and (C) inhibited by pretreatment with
n-acetyl-cysteine (NAC). Confocal images from Proximity Ligation Assay demonstrate
CD36 interaction with the Na/K-ATPase α-1 subunit in (D) peritoneal macrophages and (E)
HK-2 cells is increased after 60 minute treatment with ouabain, NO2LDL, or a combination
of both ligands. Quantitative data in (A–E) summarized from n ≥ 3 separate experiments, *p
< 0.05 vs control.
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Figure 4. CD36 ligands activate Na/K-ATPase signaling pathways
Biotinylation of both (A) HK-2 cells and (B) peritoneal macrophages demonstrates
reductions in cell surface Na/K- ATPase α-1 in response to 60 minute treatment with
ouabain, NO2LDL and plasma from high- fat fed mice. (C) Two hour treatment with
ouabain and NO2LDL induce similar increases of Na/K-ATPase α-1 in the early and late
endosome fraction of HK-2 proximal tubular cells. Quantitative data summarized from n ≥ 3
separate experiments, *p < 0.05 vs control.
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Figure 5. CD36 and Na/K-ATPase ligands activate pro-inflammatory phenotype in macrophages
and proximal tubule cells
(A) NO2LDL (50 ug/mL) induced ROS in LLC-PK1 cells is attenuated by 30 minute
pretreatment with antioxidants (20 mM n-acetyl-cysteine, NAC, or 10 μM apocynin); #p <
0.01 vs. control, *p < 0.05, **p < 0.01 vs. NO2LDL treatment from n ≥ 5 separate
experiments. (B) NO2LDL (50 ug/mL) induced ROS in LLC-PK1 cells is attenuated in a
dose dependent manner by knockdown of the Na/K-ATPase α-1 in A411 (40% knockdown
of Na/K,α-1) and PY17 (90% knockdown of Na/K,α-1) vs P11 empty vector control LLC-
PK1cells; **p < 0.01 vs. P11 control from n ≥ 5 separate experiments. (C) Ouabain (50 μM)
and (D) NO2LDL (50 ug/mL) induced ROS is attenuated by 30 minute pretreatment with
antioxidants (20 mM NAC or 10 μM apocynin) in mouse peritoneal macrophages; #p < 0.01
vs. control, *p < 0.05, **p < 0.01 vs. treatment from n ≥ 5 separate experiments. (E)
Macrophage migration is increased to conditioned media from HK-2 cells which had been
previously exposed to ouabain and NO2LDL vs. control conditioned media from vehicle
treated HK-2 cells. (F) Ouabain and NO2LDL induced macrophage attachment to tissue
culture plastic. *p < 0.05, **p < 0.01 vs. control from n ≥ 5 separate experiments.
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Figure 6. Proposed mechanism a CD36-Na/K-ATPase signaling loop which leads to
inflammation and oxidant stress in proximal tubules cells and macrophages and contributes to
renal interstitial fibrosis
Ligands generated in volume expanded, hyperlipidemic states such as obesity activate CD36
(oxLDL) and the Na/K-ATPase (CTS), both of which involve activation of Src family
kinases (Fig. 3A) and ROS generation (Fig. 5A–C). We propose that CD36 and the Na/K-
ATPase act synergistically (Fig. 3B–E) through shared ligands and/or downstream
molecular cross-talk in the kidney to potentiate an inflammatory paracrine loop between
PTC and their associated macrophages (Figs. 2, 5D–E and Tables S1,2). The paracrine
effects of ROS and cytokine release may facilitate the development of chronic inflammation,
oxidant stress, and fibrosis underlying the renal dysfunction common to pro-atherogenic,
hyperlipidemic states. This proposed model is further supported by data in macrophages
demonstrating that oxLDL activates Lyn, JNK, ROS, and inflammatory cytokines25, 29, 37, 47

and in proximal tubule cells that demonstrating that cardiotonic steroids activate Lyn,
MAPK, and ROS18, 19, 39.
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