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Abstract

Studies suggest that altered renal lipid metabolism plays a role in the pathogenesis of diabetic 

kidney disease and that genetic or pharmacological induction of cholesterol efflux protects from 

the development of diabetic kidney disease and focal segmental glomerulosclerosis (FSGS). Here 

we tested whether altered lipid metabolism contributes to renal failure in the Col4a3 knockout 

mouse model for Alport Syndrome. There was an eight fold increase in the cholesterol content in 

renal cortexes of mice with Alport Syndrome. This was associated with increased glomerular lipid 

droplets and cholesterol crystals. Treatment of mice with Alport Syndrome with hydroxypropyl-β-

cyclodextrin (HPβCD) reduced cholesterol content in the kidneys of mice with Alport Syndrome 

and protected from the development of albuminuria, renal failure, inflammation and 

tubulointerstitial fibrosis. Cholesterol efflux and trafficking related genes were primarily affected 

in mice with Alport Syndrome and were differentially regulated in the kidney cortex and isolated 

glomeruli. HPβCD also protected from proteinuria and mesangial expansion in a second model of 

non-metabolic kidney disease; adriamycin-induced nephropathy. Consistent with our experimental 

findings, microarray analysis confirmed dysregulation of several lipid related genes in glomeruli 

isolated from kidney biopsies of patients with primary FSGS enrolled in the NEPTUNE study. 

Thus, lipid dysmetabolism occurs in non-metabolic glomerular disorders such as Alport Syndrome 

and FSGS, and HPβCD improves renal function in experimental Alport Syndrome and FSGS.
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INTRODUCTION

Recent research suggests that renal rather than systemic dyslipidemia contributes to the 

pathogenesis and progression of kidney diseases1–5, similarly to what was described for 

atherosclerosis6–10 and non-alcoholic fatty liver disease11–13. Glomerular cholesterol 

accumulation was reported in experimental models of type 1 and type 2 diabetes2, 4, 14 and 

in patients with type 2 diabetic kidney disease (T2DKD)1. In these studies, genes involved in 

reverse cholesterol transport (RCT) were significantly modulated in glomeruli, and gene 

expression correlated with eGFR. These findings are consistent with our published data 

indicating that ATP-binding cassette transporter (ABCA1) expression is reduced in 

glomeruli of patients with T2DKD2 and that impaired ABCA1-mediated RCT occurs in a 

mouse model of focal segmental glomerulosclerosis (FSGS) developed by us where 

podocyte injury and development of chronic kidney disease (CKD) were rescued by ABCA1 

transgene expression or treatment with Hydroxypropyl-β-cyclodextrin (HPβCD)3. These 

observations challenge the concept that lipoid nephrosis is a consequence of the 

hyperlipidemia associated with nephrotic syndrome development and disease progression 

and suggest that lipid accumulation in glomerular cells may instead contribute to disease 

pathogenesis.

Consistent with this hypothesis, genetic diseases such as Tangier Disease15, LCAT 

deficiency16–19 and Niemann-Pick Type C disease20 also display cholesterol accumulation 

in peripheral organs, which contributes to the clinical manifestations. To a certain degree, 
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proteinuria, foamy podocytes and nephrotic syndrome are associated with these genetic 

disorders suggesting that altered cholesterol homeostasis (CH) may contribute to the 

development of glomerular diseases. Additionally, an important role of apolipoprotein A-I 

(APOAI) in the pathogenesis of nephrotic syndrome has been reported21, and APOAI 

variants were shown to play an important role in the recurrence of proteinuria after 

transplantation in FSGS patients22.

The objective of the present study was to determine if dysregulation of cellular lipid 

homeostasis can be observed in clinical and experimental non-metabolic glomerular diseases 

and to evaluate whether the protective effect of HPβCD as previously described by us in the 

FSGS NFAT mouse model3 can also be observed in experimental models of AS and in a 

second, less progressive model of Adriamycin-induced nephropathy, a model of FSGS23–25.

RESULTS

Esterified and free cholesterol accumulation occurs in kidney cortexes in an experimental 
Alport Syndrome (AS) nephropathy.

We first aimed at determining if glomerular lipid accumulation is associated with renal 

dysfunction in Col4a3 knockout mice (AS mice) as a model for AS nephropathy, similarly to 

what we previously described in experimental DKD2. We show that AS mice are 

characterized by renal cholesterol ester accumulation (Figure 1A) in the absence of changes 

in total kidney cholesterol (Figure 1B) content when compared to wildtype mice. 

Additionally, we detected cholesterol crystal accumulation in AS mice compared to wildtype 

littermates (Figure 1C) similarly to what was described in atherosclerosis26, 27 indicating 

that both free and esterified cholesterol accumulation occurs in kidneys of mice with AS and 

may contribute to the pathogenesis of the disease. However, the exact mechanisms by which 

dysregulation of CH may cause lipotoxicity warrants further investigation.

HPβCD prevents proteinuria and renal function decline and prolongs survival in 
experimental AS nephropathy.

We then investigated the potential beneficial effect of HPβCD in preserving renal function in 

another experimental model of non-diabetic kidney disease (NDKD) in AS mice. AS mice 

were subcutaneously injected with HPβCD (4000 mg/kg) three times per week and 

compared to untreated controls. We detected a decrease in the albumin-to-creatinine ratio 

(ACR) in AS mice treated with HPβCD (Figure 2A). More importantly, a drastic decrease of 

BUN (Figure 2B) and serum creatinine levels (Figure 2C) was observed. HPβCD treatment 

also reduced mesangial expansion (Figure 2D, E). Picrosirius red staining of kidney sections 

indicated increased fibrosis in AS mice which was reduced by treatment with HPβCD 

(Figure 2F, G). Moreover, electron microscopy analysis revealed significant improvement of 

podocyte foot processes effacement (Figure 2H, I) in the absence of changes in glomerular 

basement membrane thickness (Figure 2J) in AS mice treated with HPβCD compared to AS 

mice injected with saline solution. Finally, HPβCD treatment extended the lifespan of AS 

mice by about 22% compared to untreated mice (Figure 2K). Histological analysis of skin at 

the HPβCD injection site showed preserved histology and no inflammatory infiltrate 
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(Supplementary Figure 1). These data indicate that HPβCD prevents renal function decline 

in AS mice and suggest that this may occur by lowering cellular lipid content.

HPβCD affects renal lipid accumulation in experimental AS.

To investigate if HPβCD prevents cholesterol ester and crystal accumulation in kidneys of 

AS mice, Oil Red O staining was performed on kidney sections of AS mice. We found 

increased neutral lipid accumulation in AS mice compared to controls which was reduced by 

HPβCD (Figure 3A, B). Reduced lipid accumulation was associated with reduced 

cholesterol ester accumulation in AS mice four weeks after HPβCD administration (Figure 

3C), whereas total cholesterol (Figure 3D) level remained unchanged. Finally, HPβCD also 

prevented cholesterol crystal accumulation (Figure 3E, F) in kidney cortexes of AS mice. 

HPβCD did restore normal cellular CH and raised serum HDL levels while LDL and 

cholesterol levels remained unchanged (Table 1). These data indicate that HPβCD may 

prevent renal function decline in AS mice by lowering the cellular lipid content and/or 

affecting serum HDL.

QRT-PCR demonstrates impaired RCT in glomeruli of mice with AS.

We previously reported reduced ABCA1 expression in glomeruli of patients with T2DKD2 

as well as accumulation of cholesterol in kidney cortexes in experimental diabetic kidney 

disease (DKD) and in a mouse model of focal segmental glomerulosclerosis (FSGS)3. We 

therefore investigated Abca1 and Abcg1 expression was reduced in mRNA isolated from 

glomeruli of 4, 6, and 8 weeks old AS mice. We found that both Abca1 and Abcg1 

expression were significantly decreased in early stages of disease progression (Figure 4A, 

B). These data suggest that in experimental AS impaired glomerular RCT may contribute to 

the development of renal failure. Impaired RCT seems to be specific to glomeruli, as a 

different and opposite regulation of genes involved in RCT was observed by QRT-PCR when 

expression in whole kidney cortex was analyzed (Supplementary Figure 2).

HPβCD protects from experimental FSGS.

To further support our previous study which indicated a therapeutic effect of HPβCD in 

experimental FSGS (NFAT mouse model)3, we used a second, well-established experimental 

model for FSGS, mice with Adriamycin (ADR)-induced nephropathy28. These mice are 

characterized by a milder, less progressive form of nephropathy when compared to the 

NFAT mouse model. To validate the therapeutic effect of HPβCD in this model, five-week 

old BALB/c mice were injected with one dose of ADR (11 mg/kg). Twenty-four hours later, 

HPβCD (40 mg/kg) was delivered via subcutaneous osmotic pump for 10 weeks. Decreases 

in the albumin/creatinine ratio (ACR) (Figure 5A) and blood urea nitrogen (BUN) (Figure 

5B) were observed in the HPβCD treated mice after 10 weeks of treatment compared to 

untreated mice (CTRL), whereas serum creatinine levels remained unchanged (Figure 5C). 

Histological analysis of kidney sections confirmed a protective effect of HPβCD on 

glomerular injury as indicated by a reduction of the glomerular area exhibiting mesangial 

expansion (Figure 5D, E). Taken together, these data indicate that HPβCD protects from the 

development of renal disease in a second model of non-metabolic glomerular disease, ADR 

induced nephropathy.
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Genes regulating cholesterol homeostasis (CH) are differentially expressed in glomeruli 
patients affected by primary FSGS.

To determine if the dysregulation of genes important in regulating cellular lipid homeostasis 

can be observed in these glomerular diseases of non-metabolic origin, microarray analysis of 

mRNA isolated from glomerular compartments microdissected from kidney biopsies of 

FSGS patients enrolled in the NEPTUNE study was performed. We found that twenty-one 

out of forty-six key genes regulating cholesterol homeostasis and selected by us for further 

analysis (Supplementary Table 1) were differentially expressed in glomeruli of FSGS 

patients compared to control living donors (Figure 6). Differentially expressed genes 

included those regulating cholesterol influx (LDLR, NR1H2), synthesis (HMGCR, 

SREBF2, SCAP), efflux (ABCA1, ABCG1, APOC3, APOL1, APOM) and cholesterol 

trafficking and esterification (CETP, GPBAR1, NPC1, SOAT1). Interestingly, all but two 

genes, APOC3 and APOM, were upregulated in glomeruli of FSGS patients. Although a 

reduction in ABCA1 expression was not observed, these results support a hypothesis that 

dysregulation of genes regulating CH contributes to the pathogenesis of clinical FSGS.

DISCUSSION

Our study was designed to test if dysregulation of glomerular CH is a common mechanism 

that contributes to the pathogenesis of glomerular diseases of non-metabolic origin and if 

HPβCD represents a potential therapeutic option to prevent disease progression in these 

conditions.

Our findings suggest that lipotoxicity may contribute to the pathogenesis of glomerular 

diseases of non-metabolic origin. First, we showed that cholesterol ester and/or crystal 

accumulation occurs in glomeruli of AS mice suggesting that chronic kidney disease may 

represent a form of fatty kidney disease. Second, we found that HPβCD protects AS mice 

against the development of proteinuria, progressive renal failure and fibrosis. In addition, 

HPβCD treatment resulted in improved survival. Similarly, HPβCD protected mice with 

ADR induced nephropathy from proteinuria, increased BUN and mesangial expansion. 

Moreover, we determined the protective effect of HPβCD on kidney damage in AS mice was 

associated with a protection from lipid accumulation and found that HPβCD reduced renal 

cholesterol ester, lipid droplet, and cholesterol crystal content. These data support our 

previous study which indicated a preventive effect of HPβCD in the progression of DKD2 

and in a newly established model of experimental FSGS (NFAT mouse model)3. Findings 

from others showed that HPβCD promotes the regression of atherosclerosis29 and exercises 

neuroprotective effects in experimental models of Niemann-Pick C disease30, including 

ongoing clinical trials for the treatment of Niemann-Pick C disease, and Alzheimer 

disease31. Third, we validated our observations obtained in AS mice by demonstrating that 

genes important in regulating CH are differentially expressed in glomeruli from patients 

with FSGS enrolled in the NEPTUNE cohort.

Consistent with our prior findings in clinical and experimental DKD2, the expression of 

Abca1 and Abcg1 was significantly decreased in glomeruli of mice with AS at early stages 

of disease. This observation indicated that in AS cholesterol accumulation due to impaired 

RCT in glomeruli occurs concomitantly with the development of renal failure and may 
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contribute to the pathogenesis and/or progression of kidney disease. Nevertheless, the exact 

mechanisms as to how the dysregulation of ABCA1 and ABCG1 as well as other genes 

important in regulating RCT in other structures of the kidney cortex, such as in the tubules, 

contributes to disease pathogenesis and/or progression in AS warrants further investigation, 

as ABCA1, ABCG1 and other genes involved in cholesterol efflux were indeed upregulated 

when mRNA analysis were performed in whole kidney cortex.

In order to clinically validate altered CH in glomerular diseases of non-metabolic origin, we 

interrogated glomerular gene expression datasets from FSGS patients (NEPTUNE) for 

differential gene expression of forty-five lipid related genes and identified twenty-two genes 

that were modulated in FSGS when compared to healthy living donors. Interestingly, genes 

regulating cholesterol influx (LDLR), synthesis (HMGCR) and a master regulator of the 

cholesterol pathway, SREBF2, were found strongly upregulated, indicating that cholesterol 

accumulation also contributes to the pathogenesis of clinical FSGS but possibly through a 

more complex modulation involving several pathways important in CH. However, as the 

glomerular expression of ABCA1 and ABCG1 was not affected in clinical FSGS, it is 

possible that different mechanisms contribute to lipid accumulation in experimental and 

clinical FSGS. Alternatively, as the kidney biopsies in NEPTUNE patients were done at 

disease onset, it is possible that the downregulation of ABCA1 and ABCG1 occurs at a later 

stage and contributes to disease progression or that the heterogeneity of this study 

population was responsible for this negative result.

In conclusion, our study suggests that renal cholesterol accumulation due to impaired RCT 

in experimental models of non-metabolic glomerular disorders might contribute to renal 

cholesterol accumulation, proteinuria and, in the case of AS, to a progressive decline in renal 

function. Similarly to what we observed for experimental DKD where ABCA1/APOA1 

mediated RCT is impaired and seems to be the driving pathogenic factor, impaired 

glomerular ABCA1/APOA1 mediated RCT may also to be a key contributing factor in AS. 

While some concerns on HPβCD ototoxicity have been raised32, our data suggest that 

HPβCD treatment could overcome the effect of cholesterol mediated toxicity in renal cells 

and prevent renal failure.

METHODS

Microarray analysis.

The institutional review board and ethics committee approved this research protocol. Kidney 

biopsies were obtained from 48 patients with biopsy proven FSGS from the NEPTUNE 

study (NCT01209000) and 6 healthy living donors controls33. Glomerular compartments of 

the kidney biopsy tissue specimens were manually microdissected and mRNA was isolated 

as previously described34, 35. Glomerular gene expression profiling was performed using 

Human Genome ST2.1 Affymetrix Gene Chip arrays was processed using a modified affy 

package in R36, with custom CDF annotations applied such that a single gene is represented 

by a single probe set (ENTREZG v19, brainarray.mbni.med.umich.edu)37. Differential 

expression analysis of glomerular transcripts between control and disease group was 

performed using Significance Analysis of Microarray (SAM) as implemented in the TIGR 
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Multiexperiment Viewer software suite. Forty-five genes involved in lipid metabolism were 

selected and included in this study (Supplementary Table 1).

Animal studies.

All animal procedures were conducted under protocols approved by the Institutional Animal 

Care and Use Committee at the University of Miami. Col4a3 knockout mice were used as a 

model of AS (129-Col4a3tm1Dec/J, #002908, Jackson Laboratories, USA). Four-week-old 

female Col4a3 knockout (Col43−/−) and Col4a3 wildtype (Col4a3+/+) mice were injected 

subcutaneously with ready-to-use hydroxypropyl-β-cyclodextrin solution (HPβCD)(CTD 

Inc., FL) or 0.9% saline solution (NS) (Teknova, CA). HPβCD (4000 mg/kg) was 

administered subcutaneously 3-times per week for 4 weeks as described by us2. ADR 

nephropathy was induced by a single intravenous Adriamycin (11 mg/kg) injection (Sigma-

Aldrich, MO) followed 24 hours later by subcutaneous administration of HPβCD (40 mg/kg, 

Sigma Aldrich, MO) using osmotic pumps (Alzet 2004, 0.25 μl/hr, Alzet, CA) for 10 weeks. 

Four groups of five-week-old BALB/c mice were utilized: control (n=6), ADR injected 

(n=6), HPβCD treated (n=6), and mice injected with ADR and HPβCD (n=6). Urines were 

collected, body weight was determined weekly. Ten weeks after treatment initiation, kidneys 

were harvested for further analysis as previously described2. Blood samples were collected 

and analyzed for serum cholesterol, triglycerides, HDL, VLDL and blood urea nitrogen 

(BUN) levels in the Comparative Laboratory Core Facility (University of Miami). Serum 

creatinine was determined by tandem mass spectrometry at the UAB-UCSD O’Brien Core 

Center (University of Alabama at Birmingham) as previously described38. The urine 

albumin content was measured by ELISA (Bethyl Laboratories, TX). The urine creatinine 

content was assessed by an assay based on the Jaffe method (Stanbio Laboratory, USA). 

Albumin/creatinine ratio (ACR) values were calculated and expressed as microgram albumin 

per milligram creatinine.

Quantitative real-time PCR.

mRNA from kidney cortexes of Col4a3 knockout mice was extracted using RNAspin Mini 

kit (GE Healthcare, USA). Reverse transcription was performed and relative gene expression 

was determined as previously described by us2, 3. Primers used are listed in Supplementary 

Table 2.

Cholesterol content determination.

Briefly, tissue from kidney cortexes was homogenized in hypotonic buffer (10mM HEPES 

pH7.0, 15mM KCl, 1mM MgCl2, 10mM phosphatase inhibitors). Lipids from 100μl of the 

homogenate were extracted and cholesterol content was determined using the Amplex Red 

Cholesterol Assay Kit (ThermoFisher Scientific, MA) following the manufacturer’s 

instructions. Cholesteryl ester (CE) quantification was performed as previously described39.

Histology and assessment of mesangial expansion.

Periodic acid-Schiff (PAS) staining of 4μm-thick tissue sections was performed using a 

standard protocol. Twenty glomeruli per section were analyzed for mesangial expansion by 

semi quantitative analysis (scale 0–4) performed by two blinded independent investigators.
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Oil red O staining.

Filtered Oil-Red O-Isopropanol solution (Electron Microscopy Science, PA) was diluted 

with water (6:4). 4μm kidney sections were incubated with 100μl freshly prepared Oil-Red 

solution for 15 minutes and counterstained with Hematoxylin Harris Hg Free (VWR, PA) to 

detect lipid deposition. Glomeruli staining was evaluated using a light microscope (Olympus 

BX 41, Tokyo, Japan)40.

Transmission electron microscopy and measurement of foot processes effacement and 
glomerular basement membrane thickness.

For ultrastructural analyses, samples were fixed in 4% paraformaldehyde/1% glutaraldehyde 

(Boston BioProducts, MA, USA) in 100 mM phosphate buffer, pH 7.2 for 2 h at room 

temperature and then overnight at 4°C. Samples were then rinsed extensively in dH20 prior 

to en bloc staining with 1% aqueous uranyl acetate (Ted Pella Inc., Redding, CA, USA) for 1 

hr. Following several rinses in dH20, samples were dehydrated in a graded series of ethanol 

and embedded in Eponate 12 resin (Ted Pella Inc., USA). Sections of 95 nm were cut with a 

Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc., Bannockburn, IL, USA), 

stained with uranyl acetate and lead citrate, and viewed on a JEOL 1200 EX transmission 

electron microscope (JEOL USA Inc., Peabody, MA, USA) equipped with an AMT 8 

megapixel digital camera and AMT Image Capture Engine V602 software (Advanced 

Microscopy Techniques, Woburn, MA, USA). Electron micrographs were captured at 

10,000x magnification. Eight images per mouse were analyzed using the distance between 

two points on a ruler of a photograph as a measurement scale. Glomerular basement 

membrane (GBM) thickness was measured in thirty different points. The number of 

podocyte foot processes (FP) along the GBM was counted by hand. A FP was defined as any 

connected epithelial segment butting on the basement membrane, between two neighboring 

filtration pores or slits.

Cholesterol crystal detection.

TissueTek OCT (VWR, PA, USA) embedded kidney sections (4 μm) were used to detect 

cholesterol crystals. Cryosections were stained with hematoxylin (VWR, PA, USA) for 5 

min and then mounted with glycerol 10%. Crystal area was visualized using polarized light 

microscope (Olympus BX 41, Tokyo, Japan) at 40x magnification41.

Statistical analysis.

Data are expressed as a mean ± standard deviation (SD). A number of experiments ranging 

between 3 and 5 was utilized as indicated for each distinct experiment. Minimal group sizes 

for in vitro and in vivo studies were determined via power calculator using the DSS 

Researcher’s Toolkit with an α of 0.05. Animals were grouped unblinded, but randomized, 

and investigators were blinded for the quantification experiments. GraphPad Prism Outlier 

calculator software (https://www.graphpad.com/quickcalcs/Grubbs1.cfm) was used to 

indicate outliers in each set of data obtained for in vitro and in vivo experiments. Significant 

outliers were excluded from further statistical analysis. Two groups of data were compared 

using the two-tailed t-test. Three and more groups of data were compared using the One-

Way analysis of variance (ANOVA), followed by Tukey’s post-test or Two-Ways ANOVA 
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with multiple comparisons. p<0.05 was taken to indicate statistical significance. Statistical 

analysis was performed using the GraphPad Prism, version 5.0 (GraphPad Software Inc.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cholesterol accumulation in kidney cortexes of Col4a3 knockout mice.
(A) Bar graph analysis showing significant accumulation of cholesterol esters in kidney 

cortexes of Col4a3 knockout mice compared to wildtype controls. *p<0.05, t-test. (B) No 

changes in total cholesterol levels are detected in kidney cortexes between Col4a3 knockout 

mice and wildtype littermates. *p<0.05, t-test. (C) Cholesterol crystal staining of kidney 

sections and bar graph analysis reveal significant cholesterol crystals accumulation (white 

arrows) in Col4a3 knockout mice (Col4a3−/−) when compared to wildtype littermates 

(Col4a3+/+). Bars are 20μm. *p<0.05, t-test. All data are presented as mean ± SD.
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Figure 2. Hydroxypropyl-β–Cyclodextrin (HPβCD) improves the renal function in Col4a3 
knockout mice.
Col4a3 knockout mice (Col43−/−) and wildtype littermates (Col4a3+/+) were injected 

subcutaneously with hydroxypropyl-β-cyclodextrin solution (HPβCD) at a dosage of 4000 

mg/kg or with 0.9% saline solution (NS). Four groups of mice were analyzed: Col4a3+/+ 

NS (n=4), Col4a3+/+ CD (n=5), Col4a3−/− NS (n=4), and Col4a3−/− CD (n=4). All data 

are presented as mean ± SD. (A) CD treatment of Col4a3 knockout mice results in a 

reduction in the albumin/creatinine ratio (ACR). *p<0.05; ***p<0.001, t-test. (B) Bar graph 

analysis showing that serum BUN levels are significantly increased in Col4a3 knockout 

mice compared to wildtype littermates whereas HPβCD treatment prevents increases in 

serum BUN levels in Col4a3 knockout mice. **p<0.005, ***p<0.01, One-Way ANOVA. (C) 
Serum creatinine levels are increased in Col4a3 knockout mice compared to controls. 

HPβCD treatment results in reduction of the serum creatinine levels. *p<0.05, ***p<0.01, 

One-Way ANOVA. (D) Representative Periodic Acid-Schiff staining of kidney sections (4 

μm) in Col4a3 knockout mice (40x). Bars are 20 μm. (E) Bar graph analysis of the scores for 

mesangial expansion after 4 weeks of treatment with HPβCD. Quantification was performed 

by two blinded, independent investigators. HPβCD treatment significantly reduces 

mesangial expansion in Col4a3 knockout mice. *p<0.05, One-Way ANOVA. (F) 
Representative Picrosirius Red (PSR) staining of kidney sections (4 μm) in Col4a3 knockout 
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mice (40x). Bars are 20 μm. (G) Bar graph analysis of PSR staining demonstrates increased 

fibrosis in Col4a3 knockout mice when compared to wildtype littermates. Treatment with 

HPβCD significantly reduces fibrosis in Col4a3 knockout mice. *p<0.05, **p<0.01, One-

Way ANOVA. (H-J) Representative transmission electron micrograph (H) and bar graph 

analysis of foot process effacement (yellow arrows) (I) and glomerular basement membrane 

thickness (GBM; yellow asterisk) (J) in wildtype and Col4a3 knockout mice treated with 

normal saline (NS) and HPβCD (CD). (K) Kaplan-Meier mortality curve showing that 

HPβCD treatment extends the lifespan of Col4a3 knockout mice compared to vehicle treated 

mice.
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Figure 3. Effect of HPβCD on cholesterol homeostasis in Col4a3 knockout mice.
(A, B) Representative oil red O (ORO) staining of kidney sections (4 μm) (A) and bar graph 

analysis (B) from wildtype mice treated with normal saline (Col4a3+/+ NS) or cyclodextrin 

(Col4a3+/+ CD) and Col4a3 knockout mice treated with normal saline (Col4a3−/− NS) or 

HPβCD (Col4a3−/− CD) (40x). Bars are 20μm. *p<0.05, **p<0.01, One-way ANOVA. (C) 
Bar graph analysis showing significant reduction of cholesterol esters accumulation in 

Col4a3 knockout mice after 4 weeks of HPβCD treatment. *p<0.05, One-way ANOVA. (D) 
Bar graph analysis showing that HPβCD treatment does not affect total cholesterol levels in 

kidney cortexes of Col4a3 knockout mice when compared to wild type littermates. (E, F) 
Cholesterol crystal staining (E) and bar graph analysis (F) indicating significant cholesterol 

crystal accumulation in Col4a3 knockout mice compared to wild type littermates. HPβCD 

treatment leads to significant reduction in cholesterol crystals in Col4a3 knockout mice. 

Bars are 20μm. *p<0.05, **p<0.01, One-Way ANOVA. All data are presented as mean ± 

SD.
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Figure 4. Analysis of Abca1 and Abcg1 gene expression in glomeruli of Col4a3 knockout mice.
(A) Quantitative real time PCR analysis of Abca1 expression in glomeruli isolated from 4, 6 

and 8 week old Col4a3 knockout (Col4a3−/−) mice and 4 week old wildtype mice (Col4a3 

+/+). *p<0.05, **p<0.01, One-Way ANOVA. (B) Quantitative real time PCR analysis of 

Abcg1 expression in glomeruli isolated from 4, 6 and 8 week old Col4a3 knockout 

(Col4a3−/−) mice and 4 week old wildtype mice (Col4a3 +/+). *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, One-Way ANOVA. All data are presented as mean ± SD.
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Figure 5. Hydroxypropyl-β–Cyclodextrin (HPβCD) improves renal function in Adriamycin 
(ADR) injected mice.
Four groups of BALB/c female mice (n=6 per group) were utilized: 1) Control (CTRL); 2) 

ADR, mice injected with a single dose of ADR (11 mg/kg); 3) CD, mice receiving only 

HPβCD subcutaneously (40 mg/kg); 4) ADR+CD, mice receiving HPβCD subcutaneously 

(40 mg/kg) after a single dose of ADR (11 mg/kg). All data are presented as mean ± SD. (A) 
HPβCD administration after a single dose of ADR results in a significant reduction in the 

albumin/creatinine ratio (ACR) 10 weeks after initiation of the treatment compared to 

untreated mice (CTRL). **p<0.01, One-Way ANOVA. (B) Bar graph analysis showing 

significantly increased serum BUN levels in ADR mice compared to controls. Treatment 

with HPβCD results in a significant reduction of serum BUN levels in the ADR+CD group 

compared to ADR group. *p<0.05; **p<0.01, One-Way ANOVA. (C) Serum creatinine did 

not increase in ADR-treated mice and was not affected by HPβCD. (D) Representative 

Periodic Acid-Schiff staining of kidney sections (4 μm) from CTRL, ADR, CD and ADR

+CD mice after 10 weeks of treatment with HPβCD (40x). Bars are 20μm. (E) Bar graph 

analysis of the mesangial expansion scored by two blinded, independent investigators in 

PAS-stained kidney sections after 10 weeks of treatment with HPβCD. Treatment with 

HPβCD protects ADR injected mice from mesangial expansion. *p<0.05, ***p<0.001, One-

Way ANOVA.
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Figure 6. Microarray analysis of genes important in regulating lipid homeostasis using mRNA 
isolated from glomeruli of patients with FSGS enrolled in NEPTUNE study.
Microarray analysis of the glomerular transcripts in patients with FSGS enrolled in the 

NEPTUNE study. Numbers reflect fold change in glomerular gene expression in patients 

with FSGS when compared to living donors. Genes that passed FDR correction (q≤0.05) for 

multiple testing were considered significantly regulated and highlighted in blue (decreased 

expression) or red (increased expression) background colors. Genes that are not expressed in 

glomeruli from patients with FSGS are highlighted in white color.

Gene abbreviations: ABCA1 – ATP-binding cassette subfamily A member 1; ABCG1 – 

ATP-binding cassette subfamily G member 1; ACACA – acetyl-CoA carboxylase alpha; 

ACOX1, ACOX2 – acyl-CoA oxidase 1 and 2, respectively; APOC3 – apolipoprotein C3; 

APOL1 – apolipoprotein L1; APOM – apolipoprotein M; CD36 – cluster of differentiation 

36; CETP – cholesteryl ester transfer protein; CPT1A – carnitine palmitoyltransferase I; 

CYP1B1 – cytochrome P450 family 1 subfamily B member 1; FASN – fatty acid synthase; 

GPBAR1 – G protein-coupled bile acid receptor 1; HMGCR – HMG-CoA reductase; 

INSIG1 – insulin induced gene 1; LDLR – low density lipoprotein receptor; NPC1 and 
NPC2 – Niemann-Pick disease, intracellular cholesterol transporter type 1 and type 2, 

respectively; NR1H2 – nuclear receptor subfamily 1, group H, member 2; PLIN3 – perilipin 
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3; SCAP – sterol regulatory element-binding protein cleavage-activating protein; SCD – 

stearoyl-CoA desaturase 1; SOAT1 – sterol O-acetyltransferase 1; SREBF1 – sterol 

regulatory element binding transcription factor 1; SREBF2 – sterol regulatory element 

binding transcription factor 2.
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Table 1.

Serology of ADR injected and Col4a3 knockout mice.

FSGS Alport syndrome

CTRL ADR CD ADR+CD Col4a3+/+ NS Col4a3+/+ CD Col4a3−/− NS Col4a3−/− CD

Cholesterol, mg/dL 92.7±2.7 113.2±14.7 89.8±0.3
120.3±13.0

& 117.9±3.4 131.3±4.7 203.5±10.0*** 145.5±7.6**

HDL mg/dL 51.7±22.4 98.2±17.1 57.0±10.4 112.0±12.3 129.8±6.7 137.0±6.1
162.8±6.7

# 138.3±5.4*

LDL mg/dL BDL −5.0±3.7 BDL −3.3±0.5 5.4±0.3 5.8±0.9
14.9±1.2

# 10.0±2.0

Triglycerides mg/dL 46.7±15.5 83.0±8.6 54.0±5.0 58.3±3.8 61.6±2.9 63.0±2.8 81.6±6.6 98.3±17.0

VLDL mg/dL 12.0±2.0 15.4±1.9 11.0±1.1 11.7±0.9 14.6±1.4 16.0±1.4 13.7±1.0 19.8±3.5*

Data are mean ± SD. ADR – adriamycin; CD – 2-hydroxypropyl-β-cyclodextrin (HPβCD); CTRL – control; NS – normal saline solution; HDL – 
high density lipids, LDL – low density lipids; VLDL – very low density lipids; BDL – below detection level.

*
p<0.05

**
p<0.01, when comparing CD treated vs. non-treated

#
p<0.01

***
p<0.001, when comparing knockout vs. controls

&
p<0.05, when comparing ADR+CD vs. CD group.
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