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Abstract

High density lipoprotein (HDL) and its main protein, apolipoprotein AI (apoAI), have established 

benefits in various cells, but whether these cytoprotective effects of HDL pertain in renal cells is 

unclear. We investigated the in vitro consequences of exposing damaged podocytes to normal 

apoAI, HDL, apoAI mimetic (L-4F) and in vivo effects of L-4F on kidney and atherosclerotic 

injury in a podocyte-specific injury model of proteinuria.

In vitro, primary mouse podocytes were injured by puromycin aminonucleoside (PAN). Cellular 

viability, migration, production of reactive oxygen species (ROS), apoptosis and the underlying 

signaling pathway were assessed. In vivo, we used a proteinuric model, Nphs1-hCD25 transgenic 

(NEP25+) mice, which express human CD25 on podocytes, and podocyte injury can be induced by 

immunotoxin (LMB2) and generated a proteinuric atherosclerosis model, NEP25+:apoE−/− mice, 

by mating apoE-deficient (apoE−/−) mice with NEP25+ mice. Animals received L-4F or control 

vehicle. Renal function, podocyte injury and atherosclerosis were assessed.

PAN reduced podocyte viability, migration and increased ROS production, all significantly 

lessened by apoAI, HDL and L-4F. L-4F attenuated podocyte apoptosis and diminished PAN-

induced inactivation of Janus family protein kinase-2/ signal transducers and activators of 

transcription 3. In NEP25+ mice, L-4F significantly lessened overall proteinuria, and preserved 

podocyte expression of synaptopodin and cell density. Proteinuric NEP25+:apoE−/− mice had 

more atherosclerosis than non- proteinuric apoE−/− mice and these lesions were significantly 

decreased by L-4F.

Normal human apoAI, HDL and apoAI mimetic protect against podocyte damage. ApoAI mimetic 

provides in vivo beneficial effects on podocytes that culminate in reduced albuminuria and 
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atherosclerosis. The results suggest supplemental apoAI/apoAI mimetic may be novel candidates 

to lessen podocyte damage and its complications.

INTRODUCTION

Although chronic kidney disease (CKD) increases the risk for cardiovascular disease (CVD) 

and CVD potentiates CKD, the pathways linking these disorders and interventions that 

lessen the reciprocal potentiation of these diseases remain to be elucidated(1–4). 

Hyperlipidemia, specifically elevated low-density lipoprotein (LDL) cholesterol, is an 

essential mechanism underlying atherosclerotic CVD and is the central therapeutic target in 

CVD. The role of hyperlipidemia and the effects of lipid- lowering therapies on CKD are 

controversial(5, 6).

High density lipoprotein (HDL) and its main protein, apolipoprotein AI (apoAI), have well 

documented beneficial effects in various cell types by increasing cellular cholesterol efflux, 

reducing oxidative stress, inflammation and cellular apoptosis(7, 8). The capacity of 

apoAI/HDL to affect cellular functionality is now considered a better parameter to gauge 

their benefits in CVD. This is relevant to CKD since renal disease causes apoAI/HDL to 

become dysfunctional, losing many vasoprotective effects while acquiring noxious 

properties that propel pathophysiological pathways underlying CVD(9, 10). Indeed, recent 

strategies targeting lipoprotein functionality, including supplementation with normal apoAI/

HDL, have supplanted HDL-raising interventions to reduce CVD(11, 12). Currently, there is 

little understanding about the effects of normal or dysfunctional apoAI/HDL on progressive 

CKD, although impaired HDL functionality has been linked to progressive CKD(13). 

Glomerular membrane selectivity limits passage of large lipoproteins, however, the relatively 

small HDL, and the even smaller constituent particles of HDL, have been documented in the 

urine(14, 15). At 28kD, apoAI is less than half the size of albumin (66.5kD) and is thus 

predicted to cross the glomerular filtration barrier. Renal injuries that involve disruption in 

the glomerular capillaries are expected to allow filtration of more dysfunctional lipoproteins 

to interact with renal parenchymal cells beyond the barrier. This scenario is relevant because 

albuminuria reflects disruption of the filtration barrier and is a very strong independent risk 

factor for CKD as well as CVD(16, 17).

To evaluate how apoAI/HDL affect podocytes and proteinuric renal and atherosclerotic 

injuries, we studied the effects of apoAI, HDL and apoAI mimetic in normal and damaged 

podocytes and examined the impact of these interventions on renal injury and atherosclerosis 

in a podocyte-specific proteinuric mouse model.

MATERIALS AND METHODS

Animals and systemic parameters

In vivo studies were done using a well-established model of proteinuria, Nphs1- hCD25 

transgenic (NEP25+) mice. NEP25+ mice express human CD25 on podocytes that can be 

selectively injured by injection of recombinant immunotoxin, anti-Tac (Fv)- PE38 (LMB2) 

that results in proteinuria(18, 19). These animals were crossed with atherosclerosis-prone 
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apoE-deficient mice (apoE−/−) to generate NEP25+:apoE−/− mice to assess the effects of 

proteinuria on atherosclerosis. Fourteen-week-old NEP25+:apoE−/− mice were injected with 

LMB2 (1ng/g BW, i.v.) and compared to identically treated littermate controls 

(NEP25-:apoE−/−). The mice were fed a normal chow diet and sacrificed 4 weeks later. In 

studies assessing effects of apoAI mimetic, L-4F, NEP25+ and NEP25+:apoE−/− were 

randomized to groups that received either L-4F, (100ug i.p. 3x a week for 2 weeks in 

NEP25+ mice and for 4 weeks in NEP25+:apoE−/− mice) or saline vehicle(20, 21). The 

animal protocol was approved by Vanderbilt University Medical Center Institutional Animal 

Care and Use Committee in accordance with National Institutes of Health guidelines.

Body weight (BW) was assessed, and spot urine samples were obtained. Urinary apoAI was 

measured by Elisa (MyBiosource, SanDiego, CA, USA). Albuminuria was measured as spot 

urine albumin-to-creatinine ratio (ACR) using Albuwell M (Exocell, Philadelphia, PA, USA) 

and QuantiChrom™ Creatinine Assay Kit (Bio Assay Systems, Hayward, CA, USA), 

respectively. Systemic blood pressure (BP) was measured in conscious trained animals by 

tail cuff at sacrifice using BP-2000 SERIES II Blood Pressure Analysis System™ (Visitech 

Systems Inc., Apex, NC, USA). Blood was collected at sacrifice to measure the levels of 

serum total cholesterol and triglyceride by high-performance liquid chromatography (HPLC) 

and blood urea nitrogen (BUN) by QuantiChrom™ Urea Assay Kit (Bio Assay Systems).

Histological assessments

To assess atherosclerosis, mice were sacrificed under phenobarbital anesthesia and perfused 

with PBS through the left ventricle. The entire aorta, from the aortic valves to the iliac 

bifurcation, was dissected and the en face preparations opened longitudinally, pinned flat, 

and stained with Sudan IV (Sigma, St. Louis, MO, USA). The atherosclerotic lesions were 

compared by computerized analysis with lesions expressed as percentage of total vascular 

surface(22, 23). The operator was blinded to the group assignment.

The kidneys were fixed in 4% paraformaldehyde and embedded in paraffin. For collagen IV 

staining, tissues were digested with 0.1% trypsin (Sigma) at 37℃ for 25min. Citrate buffer 

antigen retrieval was done by microwaving for 15 min, cooling for 20 min, and then 

incubating with H2O2 in methanol (1:100) for 15 min. Synaptopodin was stained using 

M.O.M. Immunodetection kit (Vector Laboratories, Burlingame, CA, USA). For Wilms’ 

tumor 1 (WT1) and collagen IV staining, sections were blocked with 2.5% normal horse 

serum (VECTOR Laboratories) for 1 h, incubated with primary antibodies overnight, and 

then exposed to monoclonal anti-rat synaptopodin (Progen, Heidelberg, Germany), anti-

mouse WT1 (Abcam, Cambridge, UK), anti-mouse collagen IV (EMD Millipore, 

Burlington, MA, USA) or anti-mouse apoAI (Abcam). To quantify expression of each 

staining, all kidney samples were processed and sectioned at the same time. Thirty 

glomeruli, excluding tangential sections, were photographed with AxioCam MRc5 (Carl 

Zeiss, Oberkochen, Germany) under the same conditions. The ratio of synaptopodin or 

collagen IV-positive area to glomerular tuft area and the density of WT1 positive cells in 

glomerular tuft area for each glomerulus were determined by Image J software (National 

Institutes of Health). The average ratio was determined for each mouse.
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In vitro assessment of cell viability, migration, and superoxide production

Primary podocytes were isolated from 5–7-week-old wild type mouse using a modified 

method of iron beads perfusion (Invitrogen, Carlsbad, CA, USA); collagenase A dissociation 

(Roche Applied Science, Penzberg, Germany); and sieving as previously described (BD 

Falcon, Bedford, MA, USA)(24, 25). In brief, mouse kidneys perfused with iron beads were 

minced and then digested in collagenase A (1.5mg/ml) at 37℃ for 30 min. After sieving, 

bead-containing glomeruli were collected by a magnetic particle concentrator, washed of all 

tubular structures and suspended in DMEM/Ham’s F12 containing 0.2-um-filtered 3T3-L1 

supernatant, 5% FBS, ITS solution, and 100U/ml penicillin-streptomycin. The glomeruli 

were then plated onto collagen type I pre-coated dishes and incubated at 37℃ in room air 

with 5% CO2. After 3 days, cell colonies began to sprout. The cells showed epithelial 

morphology with a polyhedral shape and were characterized as podocytes by WT1 and 

synaptopodin staining. Only cells less than the 4th passage were used in in vitro experiments.

Cells were incubated for 24h with or without puromycin aminonucleoside (PAN) (100ug/ml) 

and apoAI (10ug/ml), HDL (50ug/ml) or L-4F (50ug/ml). HDL used in the current study 

was isolated from participants of a previously completed study of normal controls approved 

by the Institutional Review Board at Vanderbilt University Medical Center (#121293). HDL 

was isolated by the well-established method of density gradient ultracentrifugation after 

adjustment with potassium bromide(26), then frozen at −80oC and thawed only once, which 

we and others have shown as having minimal effect on functionality(10, 27, 28). ApoAI was 

purchased from EMD Millipore. Podocyte cell viability assay was performed using XTT cell 

viability kit (Cell Signaling technology, Danvers, MA, USA). The same design was used in 

wound-healing assay to assess migration. The migration rate between 0 and 11h after scratch 

was calculated as percent change using the formula [100 X (Pre length – Post length) / Pre 

length].

Migration experiments were performed in triplicate wells. Podocyte production of 

superoxide was measured as cellular formation of the superoxide-specific product of 

dihydroethidium, 2-hydroxyethidium, using HPLC analysis. The experimental design 

followed that described for variability and migration studies(29).

Immunoblot analyses were done in podocytes cultured in medium with/without PAN and 

L-4F for 24h. Total protein was extracted by RIPA buffer containing EDTA, EGTA, 

phosphatase inhibitor, and protease inhibitor (Roche). Equal amounts of total proteins were 

separated by NuPAGE 4–12% Bis-Tris gel electrophoresis and electrophoreticaly transferred 

to nitrocellulose membranes by iBlot system (Invitrogen) blocked with 5% albumin from 

bovine serum (Sigma) in Tris-buffered saline containing 0.1% TWEEN 20 (TBS-T) and 

incubated with primary antibody for cleaved caspase-3 (1:500), p53 (1:1000), 

phosphorylated Janus family protein kinase-2 (JAK2) on tyrosine 1007/1008) (1:1000) and 

phosphorylated signal transducers and activators of transcription 3 (STAT3) on tyrosine 705) 

(1:1000) from Cell Signaling technology or β- actin (1:5000) from Sigma at 4℃ overnight. 

After washing, horseradish peroxidase- labeled at IgG secondary antibodies (1:3000 for 

rabbit and 1:5000 for mouse in 5% powdered non-fat milk/TBS-T, Promega, Madison, WI, 

USA) were added and incubated at room temperature for 1h. Protein bands were visualized 

by Western Lightning Plus- ECL (Perkin Elmer, Waltham, MA, USA). Abundance of 
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protein expression shown as a specific band was analyzed by image J software, normalized 

by loading control (β- actin).

Statistical analysis

Results are expressed as means ± SEM. Statistical difference was assessed by a single-factor 

analysis of variance (ANOVA) followed by unpaired t test with corrections for multiple 

comparisons as appropriate. P < 0.05 was considered to be significant.

RESULTS

Podocyte injury causes proteinuria and potentiates atherosclerosis

ACR was significantly higher in NEP25+:apoE−/− (generated by crossing the NEP25+ and 

atherosclerosis-prone apoE−/−) than in NEP25-:apoE−/− mice (Fig. 1A). ACR peaked at 7 

days and remained elevated until sacrifice. Although BW, systemic BP, total cholesterol, 

triglycerides, and BUN were not different between the groups at the end of the study (Table 

1), proteinuric animals had more extensive atherosclerotic lesions, with a three-fold increase 

in the area covered by atherosclerotic plaques in proteinuric NEP25+:apoE−/− mice than 

non-proteinuric NEP25-:apoE−/− mice (Fig. 1B).

Podocyte damage is lessened by normal ApoAI or HDL

We next evaluated how injured podocytes are affected by exposure to normal lipoproteins. 

For this purpose, we injured cultured podocytes by exposing them to PAN and assessed the 

effects of normal apoAI or HDL of normal controls without renal disease. PAN caused a 

significant reduction in podocyte viability. This effect was significantly abated by podocyte 

exposure to normal human apoAI and also exposure to HDL (Fig. 2A). Compared with 

untreated cells, PAN also decreased podocyte migration. Both apoAI or HDL, blunted this 

decreased migration (Fig. 2B). To investigate the effects of apoAI/HDL on the podocyte 

oxidant response, we measured superoxide as a measure of reactive oxygen species (ROS) 

production in podocytes exposed to PAN and apoAI, HDL. PAN significantly increased 

podocyte oxidative stress level. However, cellular exposure to apoAI or HDL lessened this 

response (Fig. 2C). Together, these data indicate that normal apoAI or HDL can protect 

podocytes against injurious stimuli.

ApoAI mimetic, L-4F, improves damaged podocytes and proteinuric renal injury

The increasing appreciation that kidneys participate in metabolism of apoAI/HDL prompted 

us to evaluate how proteinuria affects renal lipoprotein and how lipoproteins affect podocyte 

injury. Figure 3A shows apoAI immunostaining that illustrates more glomerular 

immunostaining in proteinuric NEP25+ mice compared to non-proteiuric NEP25- mice and 

also juxtaposition of apoAI with podocytes in kidneys of NEP25+ proteinuric mice (Fig. 

3A). This observation is complemented by data showing a striking increase in urinary apoAI 

in NEP25+ mice compared to non-proteinuric NEP25- controls where apoAI was non-

detectable (Fig. 3B).

Since proteinuric disease increases urinary lipoproteins, we next examined whether 

supplementation with a synthetic apoAI mimetic, L-4F would improve glomerular podocyte 
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response in vitro. apoAI mimetics have previously been shown to reduce or repress 

atherosclerosis(30, 31) and lessen renal damage following sepsis, unilateral ureteral 

obstruction of subtotal nephrctomy and angiotensin infusion(32, 33). We studied the effects 

of L-4F in podocytes damaged by PAN. L-4F added to PAN- injured podocytes significantly 

improved cellular viability (Fig. 4A), migration (Fig. 4B), and lessened ROS production 

(Fig. 4C). To evaluate apoptosis and the underlying signaling pathway, cleaved caspase-3, 

p53, and phosphorylated JAK2/STAT3 were assessed. PAN significantly increased cleaved 

caspase-3. Cellular exposure to L-4F significantly lessened this response (Fig. 4D). p53 

showed the same pattern, increasing with PAN-injury that abated in response to L-4F (Fig. 

4E). PAN significantly decreased phosphorylated JAK2 that was attenuated by L-4F (Fig. 

4F). Phosphorylated STAT3 followed the same response, decreasing after PAN, improved 

with exposure to L-4F (Fig. 4G).

To determine whether the beneficial effects of apoAI mimetic on damaged podocytes in 
vitro could be seen in vivo, we treated NEP25+ proteinuric mice with L-4F. L-4F 

administration did not affect the BW, systolic BP, lipid profile, or BUN (Table 2). As shown 

in Figure 5, one week after administration of LMB2, there was a dramatic increase in 

albuminuria, which was similar in treated and untreated mice. Notably, the reduction in 

proteinuria by the 2nd week was significantly greater in mice treated with L- 4F (Fig. 5A). 

To determine if this reduction in albuminuria is linked to less podocyte injury, we examined 

kidneys of NEP25+ proteinuric mice with or without L-4F treatment. The podocyte 

differentiation marker, synaptopodin, was significantly preserved in kidneys of NEP25+ 

proteinuric mice treated with L-4F versus untreated mice (Fig. 5B). Complementing these 

findings, podocyte density quantified by staining of WT1, a marker of mature podocytes, 

was preserved in the treated group (Fig. 5C). L-4F treatment also significantly lessened 

mesangial matrix expansion by expression of collagen IV compared to vehicle-treated 

proteinuric mice (Fig. 5D).

ApoAI mimetic, L-4-F, improves proteinuria-driven atherosclerosis

Our initial study showed that albuminuric NEP25+:apoE−/− mice have more atherosclerosis 

than NEP25-:apoE−/− mice, Figure 1. Therefore, we examined if supplementation with 

apoAI mimetic can affect this augmented atherosclerosis induced by podocyte damage. For 

this purpose, we determined the extent of atherosclerosis in NEP25+:apoE−/− mice treated 

with L-4F. We chose a 4-week treatment course because the dose of LMB2 used causes 

albuminuria over this time frame and because it is sufficiently long to demonstrate 

progression of atherosclerosis. Administration of L-4F for 4 weeks did not affect the BW, 

systolic BP, lipid profile, or BUN (Table 3). As in NEP25+ mice, the apoAI mimetic reduced 

albuminuria in the NEP25+:apoE−/− mice (Fig. 6A). Atherosclerosis was significantly 

reduced in these mice with L-4F treatment compared to mice without L-4F treatment as 

assessed in en face aortas by Sudan IV staining (Fig. 6B).

DISCUSSION

Our study shows that podocyte injury in vitro can be ameliorated by normal apoAI/HDL. 

ApoAI mimetic also protected podocytes against injury through mechanisms involving 
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reduced apoptosis and maintenance of activated JAK2/STAT3 pathway. In vivo, this 

podocyte-injury induced proteinuria amplified atherogenesis in NEP25+:apoE−/− mice 

compared to non-proteinuric NEP25-:apoE−/−mice, an effect not dependent on changes in 

BP, renal function, or lipid profile. ApoAI mimetic preserved glomerular synaptopodin 

expression and podocyte density, together with reduction in albuminuria in NEP25+ mice. It 

also significantly blunted atherosclerosis in proteinuric NEP25+:apoE−/− mice. These data 

indicate that normal apoAI/HDL as well as apoAI mimetic can lessen podocyte injury, 

reduce albuminuric kidney damage and abate atherosclerosis.

Filtration of the potentially anomalous lipoproteins may be particularly relevant in 

albuminuric settings since albuminuria per se amplifies atherosclerotic cardiovascular 

disease and is a very strong risk factor of cardiovascular mortality and progressive CKD(16). 

The current study shows that even in the absence of changes in systemic cholesterol, 

triglycerides, or BP, proteinuric animals develop more extensive atherosclerosis than non-

proteinuric mice. Albuminuria has been put forth as reflecting a generalized endothelial cell 

dysfunction. In our model, proteinuria is unlikely to reflect systemic endothelial dysfunction 

as it is created by specifically damaging the podocytes. Thus, renal specific damage can 

rapidly amplify atherosclerotic vasculopathy and does not necessarily depend on systemic 

endothelial dysfunction or hyperlipidemia, which often accompany proteinuria, especially 

severe proteinuria. Nonetheless, it is possible that proteinuric kidney disease alters 

apoAI/HDL function, which can contribute to vasculopathy. Previous studies have noted 

that, even in the absence of reduced glomerular filtration rate, proteinuria can alter levels, 

distribution in particle size and composition of the HDL particles(14, 34–36).

In addition to the classical link between apoAI/HDL, macrophage foam cells, and 

atherosclerotic CVD, there is an increasing recognition that apoAI/HDL interacts with and 

provides beneficial effects to many different types of cells, in many organ systems; including 

endothelial cells, cardiomyocytes, and adipocytes(8, 37). Relatively little is understood 

about whether apoAI/HDL interacts with and benefits renal parenchymal cells. In part, this 

is due to limitations imposed by the glomerular filtration barrier, which restricts passage of 

most plasma proteins and large molecules. However, disruption in the glomerular filter that 

characterizes proteinuric kidney injury predicts increased passage of greater number of 

particles, including apoAI/HDL(38). Our study in NEP25+ mice shows co-localization of 

apoAI with podocytes, which suggests passage of this plasma protein across the glomerular 

filtration barrier. The observation is supported by elevated levels of urinary apoAI in 

NEP25+ proteinuric mice compared to control mice (Fig. 3). Normally, filtered apoAI is 

reabsorbed by tubular epithelial cells expressing receptors (cubilin/megalin)(39). In addition, 

kidneys express transporters for apolipoproteins and HDL, including ATP-binding cassette 

transporter-A1 (ABCA1) and scavenger receptor-BI (SRBI) which we recently found have 

an important role in binding, trafficking or salvage of filtered apoAI.(38) Deficiency or 

disruption of the transporters or receptor affects tubular handling of apoAI(39, 40). Thus, 

increased urinary apoAI in our NEP25+ model likely reflects disruption of the glomerular 

filtration barrier together with some degree of tubular damage.

Because of the limited volume of mouse HDL samples, we tested our hypothesis that normal 

apoAI or HDL can protect damaged podocytes, using human apoAI/HDL. We exposed 
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PAN-injured podocytes to normal apoAI or HDL from subjects with normal kidney function. 

Our data show that normal apoAI as well as HDL from normal subjects improves cellular 

viability, increases migration, and reduces production of ROS in PAN-injured podocytes 

(Fig. 2). These observations complement previous reports that podocytes exposed to sera of 

albuminuric diabetics with nephropathy had greater impairment in cholesterol efflux than 

podocytes exposed to sera of non-albuminuric diabetic patients, despite similar lipid profiles 

and duration of diabetes(41). In the same study, cyclodextrin treatment to mend lipoprotein 

functionality improved efflux in cultured podocytes, preserved podocyte function, and 

lessened albuminuria. Similar benefits of cyclodextrin were recently observed in NFATc1-

dependent podocyte injury as well as non-metabolic disorders including experimental Alport 

syndrome and adriamycin-induced model of focal segmental glomerulosclerosis(42, 43). 

Interestingly, a prospective study in renal transplant recipient found that, while HDL efflux 

capacity did not predict cardiovascular or all-cause mortality, a strong inverse association 

between graft failure and HDL efflux capacity was observed(13). Together, these data 

support the concept that normal apoAI/HDL modulate renal cell function and impact 

pathways involved in progressive renal damage.

The shift in the therapeutic goal of raising HDL-C levels to enhancing HDL function, 

prompted us to evaluate the therapeutic implications of supplementing with an apoAI 

mimetic, L-4F, previously reported to lessen inflammation and oxidation(44–46). Our results 

show that L-4F significantly improved viability of PAN-injured podocytes, increased 

migration and lessened ROS production (Fig. 4). These beneficial effects of apoAI mimetic 

were directionally similar to the benefits observed in injured podocytes exposed to native 

apoAI or HDL of normal non-CKD subjects (Fig. 2). In complementary studies we showed 

that, at least in part, the beneficial effects involve reduction in apoptosis reflected by 

reduction of cleaved caspase-3 and p53 expression in PAN-injured podocytes (Fig. 4). 

ApoAI and apoAI mimetic have previously been reported to prevent apoptosis by activation 

of JAK2/STAT3 pathway(47). The current study also shows podocyte activation of JAK2/

STAT3, implicated in apoptosis, which can be inhibited by the apoAI mimetic. Activation of 

the JAK2/STAT3 signaling pathway reduces apoptosis in various cells including adipocytes 

and cancer cells(48–51). In podocytes, activation of JAK2 pathway by the erythropoiesis 

stimulating protein, darbepoetin alfa, reduces podocyte apoptosis and proteinuria(52). In 

cardiac microvascular endothelial cells, activation of the JAK2/STAT3 signaling pathway 

also reduces apoptosis induced by cellular oxidative stress(53). Antioxidant intervention can 

ameliorate podocyte apoptosis(54, 55). Overall, these reports fit with our observations that 

the anti-oxidative capacity of apoAI mimetic lessens podocyte apoptosis through activation 

of the JAK2/STAT3 signaling pathway.

To determine the in vivo consequences of apoAI mimetic, we directly infused L- 4F into 

albuminuric mice. L-4F preserved podocyte structure and density with significantly less 

albuminuria than untreated mice (Fig. 5). L-4F also significantly reduced the extent of 

atherosclerosis in NEP25+:apoE−/− mice compared to untreated NEP25+:apoE−/− mice 

(Fig. 6). This anti- atherogenic effect of apoAI mimetic may reflect their anti-oxidative 

capacity. Indeed, oxidative stress induced by higher ROS production and lower antioxidant 

defenses is increasingly recognized as a critical cardiovascular risk factor in the CKD setting 

[54]. Our observations that normal apoAI, HDL, and apoAI mimetic can all lessen ROS in 
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injured podocytes but also benefit cardiovascular disease are consistent with the suggestion 

that local ROS production drives systemic stress(56, 57). It is also possible that apoAI 

mimetic lessens ROS throughout the body. Interestingly, immune modulation by apoAI 

mimetics appears to be a pivotal pathway for the beneficial effects observed in a variety of 

diseases including sepsis, cancer, asthma and progressive fibrosis.(58–61) Regardless of 

mechanism, reduction of kidney disease per se may be the key mechanism for reduction in 

atherosclerosis in that setting.

In conclusion, our study shows that proteinuric kidney disease increases atherosclerosis. 

Normal apoAI/HDL and apoAI mimetic have protective effects on damaged podocytes. 

Direct infusion of apoAI mimetic significantly lessens glomerular damage, proteinuria, and 

atherosclerosis. Based on these results, we suggest supplemental apoAI/apoAI mimetic may 

be novel interventions to lessen podocyte damage, and the resulting proteinuria and 

atherosclerosis.
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Figure 1. 
Albuminuria and atherosclerosis in NEP25-:apoE−/− and NEP25+:apoE−/− mice. (A) Urine 

albumin-creatinine ratio (ACR) at 1, 7, 14, and 28 days after LMB2. (B) En face pinned-

open aortas stained with Sudan IV. Graph shows the quantitative data of atherosclerosis in 

NEP25-:apoE−/− and NEP25+:apoE-/−. Mean ± SEM, n=5 in each group. * P <0.05.
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Figure 2. 
Effects of normal apolipoprotein AI (apoAI), high density lipoprotein (HDL) from normal 

subjects on cultured podocytes injured by puromycin aminonucleoside (PAN). (A) Cell 

viability was assessed by colorimetric assay, (B) migration was assessed by scratch test, (C) 

cellular production of reactive oxygen species (ROS) was measured by high-performance 

liquid chromatography. Mean ± SEM, n=6 in each group. *P<0.05.
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Figure 3. 
(A) Representative micrograph illustrating juxtaposition of apolipoprotein AI (apoAI) with 

podocytes in glomeruli of NEP25- and NEP25+ mice. (B) Urinary apoAI in NEP25- and 

NEP25+ mice 14 days after LMB2. Mean ± SEM, n=8 in each group. * P <0.05.
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Figure 4. 
Effects of the apolipoprotein AI (apoAI) mimetic, L-4F, on podocytes injured by puromycin 

aminonucleoside (PAN). (A) Cell viability was assessed by colorimetric assay, (B) migration 

by scratch test, and (C) cellular production of reactive oxygen species (ROS) measured by 

high-performance liquid chromatography. Specific immunoblotting bands for (D) cleaved 

caspase 3, (E) p53 (F) phosphorylated Janus family protein kinase-2 (p-JAK2) (tyrosine 

1007/1008), and (G) phosphorylated signal transducers and activators of transcription 3 (p-

STAT3) (tyrosine 705) were analyzed by image J software and quantitated as the average 

ratio of specific bands/β-actin bands. Mean ± SEM, n=6 in each group. *P<0.01.
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Figure 5. 
Effects of the apolipoprotein AI (apoAI) mimetic, L-4F, on albuminuria and glomerular 

structure of NEP25+mice. (A) Urine albumin-creatinine ratio (ACR) at 7 and 14 days after 

LMB2, (B) Immunostaining was quantified as the ratio of synaptopodin- stained area/

glomerular tuft area, (C) Wilms’ tumor 1 (WT1)-stained cell number/glomerular tuft area, 

(D) ratio of collagen IV-stained area/glomerular tuft area. Magnification X 400. Mean ± 

SEM, n=8 in each group. *P<0.05.
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Figure 6. 
Effects of the apolipoprotein AI (apoAI) mimetic, L-4F, on albuminuria and atherosclerosis 

in NEP25+:apoE−/− mice. (A) ApoAI mimetic, L-4F, lessened albuminuria and 

atherosclerosis in NEP25+ albuminuric mice. Urine albumin-creatinine ratio (ACR) at 7, 14, 

and 28 days after LMB2. (B) Representative pictures of en face pinned-open aortas stained 

with Sudan IV. Graph shows the quantitative data of atherosclerosis in NEP25+:apoE−/− 

with or without L-4F treatment. Mean ± SEM, n=8 in each group. *P<0.05.
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Table 1.

Systemic Parameters in NEP25-:apoE−/− vs NEP25+:apoE−/−

NEP25-:apoE−/− NEP25+:apoE−/− P value

BW (g) 23.1±1.2 23.4±1.0 NS

Systolic BP (mmHg) 109±10 110±11 NS

Total cholesterol (mg/dl) 318.5±57.1 358.1±66.4 NS

Triglycerides (mg/dl) 71.9±13.7 84.4±4.8 NS

BUN (mg/dl) 31.3±9.9 33.2±4.5 NS
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Table 2.

Systemic Parameters in Nep25+± L-4F

NEP25++ Vehicle NEP25+ + L-4F P value

BW (g) 23.5±1.1 25.4±1.6 NS

Systolic BP (mmHg) 107±11 100±6 NS

Total cholesterol (mg/dl) 77.8±5.4 73.6±4.7 NS

Triglycerides (mg/dl) 20.0±5.6 26.4±3.8 NS

BUN (mg/dl) 39.9±3.1 35.8±2.0 NS
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Table 3.

Systemic Parameters in Nep25+/ApoE−/− with or without L-4F Treatment

NEP25+:apoE−/−+ Vehicle NEP25+:apoE−/− + L-4F P value

BW (g) 22.4±2.1 21.6±2.0 NS

Systolic BP (mmHg) 112±12 106±4 NS

Total Cholesterol (mg/dl) 335.4±47.9 391.5±75.9 NS

Triglycerides (mg/dl) 76.3±18.1 102.1±18.4 NS

BUN (mg/dl) 44.0±7.2 48.1±8.5 NS
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