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Lysosomal acid ceramidase (Ac) has been shown to be critical for ceramide hydrolysis and regulation of
lysosome function and cellular homeostasis. In the present study, we generated a knockout mouse
strain (Asah1ﬂ/ﬂ/PodoCre) with a podocyte-speciﬁc deletion of the a subunit (main catalytic subunit) of
Ac. Although no signiﬁcant morphologic changes in glomeruli were observed in these mice under light
microscope, severe proteinuria and albuminuria were found in these podocyte-speciﬁc knockout mice
compared with control genotype littermates. Transmission electron microscopic analysis showed that
podocytes of the knockout mice had distinctive foot process effacement and microvillus formation.
These functional and morphologic changes indicate the development of nephrotic syndrome in mice
bearing the Asah1 podocyte-speciﬁc gene deletion. Ceramide accumulation determined by liquid
chromatographyetandem mass spectrometry was demonstrated in isolated glomeruli of Asah1ﬂ/ﬂ/
PodoCre mice compared with their littermates. By crossbreeding Asah1ﬂ/ﬂ/PodoCre mice with Smpd1/
mice, we also produced a double knockout strain, Smpd1//Asah1ﬂ/ﬂ/PodoCre, that also lacks Smpd1,
the acid sphingomyelinase that hydrolyzes sphingomyelin to ceramide. These mice exhibited signiﬁcantly lower levels of glomerular ceramide with decreased podocyte injury compared with Asah1ﬂ/ﬂ/
PodoCre mice. These results strongly suggest that lysosomal Ac in podocytes is essential for
the maintenance of the structural and functional integrity of podocytes. (Am J Pathol 2020, 190:
1211e1223; https://doi.org/10.1016/j.ajpath.2020.02.008)

Podocytes are terminally differentiated epithelial cells covering
the outer surface of the glomerular capillaries, which do not
typically proliferate. Most glomerular diseases in which the
podocyte is the target of injury are not associated with podocyte
proliferation.1,2 Therefore, normal function of lysosomes as the
major degradative compartments to renew cellular activity is
essential for maintenance of podocyte structural and functional
integrity. In this regard, genetic studies with gene knockout
strategy showed that slit diaphragm proteins, nuclear proteins,
actin cytoskeleton proteins, and mitochondrial proteins in
podocytes are important in the regulation of podocyte function
and glomerular permeability.3 However, it remains poorly

understood whether lysosomal proteins for the control of
autophagy and related cellular activities participate in the
regulation of podocyte function. Some previous studies have
shown that activation of lysosomal acid ceramidase (Ac), an
essential protein consisting of a nonglycosylated a subunit and
a glycosylated b subunit that metabolizes ceramide within
cells, protects podocytes from oxidative stress and apoptosis
under pathologic conditions.4 Mutations in the AC gene
(ASAH1) or deﬁciency of lysosomal AC activity in human cells
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were found to be a major genetic or pathogenic mechanism for
the development of Farber disease, which features hoarseness
and painful swollen joints accompanied by nephropathy with
elevated urine ceramide levels as characteristic features.5 More
recently, the deﬁciency of sphingosine-1-phosphate (S1P)
lyase in humans and mice has been reported to increase S1P
and ceramide levels in blood or tissues, which results in steroidresistant nephrotic syndrome (NS) with mesangial hypercellularity, glomerular hypertrophy, and glomerular
ﬁbrosis.6e9 Although the latter studies support that ceramide
and associated sphingolipids may play a crucial role in the
development of glomerular disease, they do not address the
speciﬁc role of ceramide and associated sphingolipids in
podocytes because of the global nature of the gene mutation,
gene deletion, or pharmacologic interventions. These previous
results do, however, constitute a sound scientiﬁc premise for
investigating the importance of lysosomal Ac sphingolipid
signaling in the control of podocyte function and in the
development of podocytopathy.
In the present study, we used podocyte-speciﬁc Ac gene
deletion strategy to investigate the contribution of podocyte
Ac-associated sphingolipids to its function regulation and
related disease. A podocyte-speciﬁc Ac gene knockout mouse
strain using Asah1 ﬂoxed mice with podocin promoter-driven
Cre (Asah1ﬂ/ﬂ/PodoCre; Asah1 is mouse code of Ac gene) and
their littermates, including wild-type (WT/WT) or Asah1
ﬂoxed mice without Cre (Asah1ﬂ/ﬂ/Podowt) mice were generated, which were characterized and conﬁrmed using a range of
genetic, histologic, and biochemical analyses. Then, we
examined whether these Asah1ﬂ/ﬂ/PodoCre mice developed
podocytopathy and associated NS or glomerular sclerosis by
analysis of proteinuria and albuminuria and by examination
of glomerular morphologic changes using light and transmission electron microscopy (TEM). Using liquid
chromatographyetandem mass spectrometry (LC-MS/MS)
analysis, we deﬁned the role of increased ceramide levels in the
development of podocytopathy in Asah1ﬂ/ﬂ/PodoCre mice. We
also tested whether this podocytopathy or NS in Asah1ﬂ/ﬂ/
PodoCre mice is sensitive to steroid treatment and addressed
whether podocytes in these mice have altered insulin resistance, which may contribute to podocyte injury. Finally, we
knocked out their acid sphingomyelinase gene (Smpd1) in
Asah1ﬂ/ﬂ/PodoCre mice to generate a double deletion of Smpd1
and Asah1 gene in podocyte to test whether podocytopathy and
associated nephrotic syndrome can be reversed. Our results
demonstrate that podocyte-speciﬁc deletion of Asah1 gene
induces a steroid-resistant NS because of podocytopathy, and
ceramide accumulation in glomeruli is a critical mechanism
mediating the development of NS.

Materials and Methods
Animals
Podocyte-speciﬁc Cre recombinase (PodoCre) mice were
obtained from the Jackson Laboratory [Bar Harbor, ME;
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Figure 1 Characterization of Asah1ﬂ/ﬂ/PodoCre mice. A: Representative
gel showing detection of ﬂoxed Asah1 gene and Cre recombinase gene by
PCR genotyping. B: Representative images showing the colocalization of
podocin (green ﬂuorescence) and Ac a subunit (red ﬂuorescence) in
glomeruli of different groups of mice. C: Representative images showing
the colocalization of enhanced green ﬂuorescence protein (EGFP; green
ﬂuorescence) and podocin (red ﬂuorescence) in glomeruli of different
groups of mice. n Z 6 (B and C). Scale bars Z 50 mm (B and C).

B6.Cg-Tg(NPHS2-Cre)295Lbh/J; stock number 008205].
The mice carrying the ﬂoxed Ac a subunit construct were
obtained from Erich Gulbins (University of Duisburg-Essen,
Essen, Germany). The Asah1ﬂ/ﬂ/PodoCre mice and their littermates were on a C57/Bl6 background. Urine samples
were collected from the Asah1ﬂ/ﬂ/PodoCre mice and their
littermates at the indicated time. Four-weekeold WT/WT
mice and Asah1ﬂ/ﬂ/PodoCre mice received daily i.p. injection
of dexamethasone phosphate10 (Cayman Chemical, Ann
Arbor, MI) at 5 mg/kg or metformin hydrochloride11
(Cayman Chemical) at 200 mg/kg for 4 weeks.

Isolation of Glomeruli for LC-MS/MS
For quantitation of ceramide and its products, Asah1ﬂ/ﬂ/
PodoCre mice and their littermates were used to isolate
glomeruli of the kidney, as described previously.12,13 In
brief, the mice were anesthetized with 2% isoﬂurane and
then the kidneys were perfused with ice-cold phosphatebuffered saline and harvested. After blood samples were
taken, the mice were euthanized. The harvested kidneys
were hemisected on a sagittal plane; and the renal cortex

ajp.amjpathol.org

-

The American Journal of Pathology

Asah1 Gene Deletion and Podocytopathy
was separated from the medulla, chopped into ﬁne pieces,
and passed through ﬁlters with decreasing pore sizes from
150 to 106 mm (US standard sieve numbers 100 and 140,
respectively; Thermo Fisher Scientiﬁc, Waltham, MA) into
a petri dish. The glomeruli were captured on a 70-mm cell
strainer (BD Biosciences, San Jose, CA), then washed off
from the sieve with ice-cold Hanks solution containing 6%
bovine serum albumin (BSA), and pelleted for later use to
measure ceramide and sphingosine levels by LC-MS/MS.

PCR products were separated by gel electrophoresis on a 3%
agarose gel, visualized by ethidium bromide ﬂuorescence,
and compared with a 100-bp DNA ladder (New England
Biosystems, Ipswich, MA).

Immunoﬂuorescence Microscopy
Frozen mouse kidney sections were ﬁxed in acetone,
blocked, then incubated with the same aforementioned

LC-MS/MS Analysis
Glomeruli were isolated from mice as described above.
After homogenization of glomeruli, C12 ceramide (10 ng)
was added to the homogenate reaction mixture as an internal
standard. Then, the mixture was separated in chloroform/
methanol/water (2:2:1.8). After evaporation with nitrogen
and reconstitution with ethanol/formic acid (99.8:0.2), the
samples were ready for LC-MS/MS assay. The separation of
ceramide was performed on a Shimadzu SCL HPLC system
(Kyoto, Japan) with a C18 Nucleosil AB Column
(Macherey-Nagel, Duren, Germany). MS detection was
performed using an Applied Bio Systems 3200 Q trap with a
turbo V source for TurbolonSpray (Concord, ON, Canada).
The concentrations of total ceramide, including C14, C16,
C18, C20, C22, and C24 ceramide, and sphingosine were
calculated after normalization with glomerular numbers of
each sample. The fragment ion obtained with the highest
mass/charge ratio (m/z 264) was selected for quantitative
MS detection in the multiple reaction monitoring mode.

Mouse Genotyping
Each mouse used in the in vivo studies was genotyped for the
Asah1ﬂ/ﬂ gene and Cre recombinase gene to conﬁrm
podocyte-speciﬁc gene deletion of acid ceramidase a subunit
before use in experiments. Brieﬂy, genomic DNA extracted
from the tail was subjected to PCR ampliﬁcation using taq
DNA polymerase (Invitrogen Inc., Grand Island, NY). Using
a Bio-Rad iCycler (Bio-Rad, Hercules, CA), PCR was performed using a validated protocol provided by Jackson Laboratory: denaturing the DNA at 94 C for 3 minutes, followed
by a ﬁrst round of 12 cycles: 94 C for 20 seconds, 64 C for 30
seconds (0.5 C per cycle), 72 C for 35 seconds, and then a
second round of 25 cycles: 94 C for 20 seconds, 58 C for 30
seconds, 72 C for 35 seconds, and a ﬁnal extension step at
72 C for 2 minutes. The Asah1wt and Asah1ﬂ/ﬂ genes were
detected using primers of 50 -ACAACTGTGTAGGATTCACGCATTCTCC-30 (forward) and 50 -TCGATCTATGAAATGTCGCTGTCGG-30 (reverse). The internal control
gene was detected using primers of 50 -CTAGGCCACAGAATTGAAAGATCT-30 (forward) and 50 -GTAGGTGGAAATTCTAGCATCATCC-30 (reverse). The Cre
recombinase gene was detected using primers of 50 GCGGTCTGGCAGTAAAAACTATC-30 (forward) and 50 GTGAAACAGCATTGCTGTCACTT-30 (reverse). The
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Glomerular injury in Asah1ﬂ/ﬂ/PodoCre mice. A: Urinary protein excretion of WT/WT, Asah1ﬂ/ﬂ/Podowt, and Asah1ﬂ/ﬂ/PodoCre mice at 4
and 8 weeks. B: Urinary albumin excretion of WT/WT, Asah1ﬂ/ﬂ/Podowt, and
Asah1ﬂ/ﬂ/PodoCre mice at 4 and 8 weeks. C: Changes in ﬂuorescence intensity in glomeruli isolated from Asah1ﬂ/ﬂ/PodoCre mice and their littermates at 8 weeks old. n Z 5 to 12 (A); n Z 5 to 10 (B); n Z 4 to 6 (C).
*P < 0.05 versus WT/WT. EGFP, enhanced green ﬂuorescence protein.

Figure 2
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Figure 3 Undetectable glomerular morphologic changes in Asah1ﬂ/ﬂ/PodoCre mice under light microscope. A: Representative images showing the
glomerular morphologic changes (periodic acideSchiff staining) of different groups of mice. B: Summarized data of glomerular damage indexes (GDIs) of
different groups of mice. n Z 6 (B). Scale bars Z 50 mm (A).

primary antibodies overnight at 4 C. Some coverslips with
frozen kidney sections were stained for podocin (1:100;
Sigma-Aldrich, St. Louis, MO). Immunoﬂuorescence
staining was performed by Alexa Fluor 488e or Alexa
Fluor 555elabeled secondary antibody (1:200; Invitrogen,
Carlsbad, CA) incubation for 1 hour at room temperature.
Slides were then washed, mounted, and observed using a
confocal laser scanning microscope (FluoView FV1000;
Olympus, Tokyo, Japan).

TEM Data
For TEM analysis of ultrastructural changes in podocytes, mouse
kidneys were perfused with a ﬁxative containing 3% glutaraldehyde and 4% paraformaldehyde in 0.1 mol/L phosphate
buffer. After ﬁxation and dehydration with ethanol, the samples
were embedded in Durcupan resin for ultrathin sectioning by the
Virginia Commonwealth University microscopy core facility.16

Immunohistochemistry
Urinary Protein and Albumin Measurements
Total urinary protein excretion was determined spectrophotometrically using the Bradford assay (Sigma-Aldrich),
and urinary albumin excretion was measured using a
commercially available mouse albumin enzyme-linked
immunosorbent assay kit (Bethyl Laboratories, Montgomery, TX).

Glomerular Morphologic Examination
Renal tissues were ﬁxed with a 10% formalin solution,
parafﬁn embedded, and stained with periodic acideSchiff.
Renal morphology was observed using a light microscope,
and glomerular sclerosis was assessed semiquantitatively
and expressed as glomerular damage index.14,15 Fifty
glomeruli per slide were counted and scored as 0, 1, 2, 3, or
4, according to 0%, <25%, 25% to 50%, 51% to 75%, or
>75% sclerotic changes, respectively, across a longitudinal
kidney section. The glomerular damage index for each
mouse
was
calculated
by
the
formula
[(N1  1) þ (N2  2) þ (N3  3) þ (N4  4)]/n, where
N1, N2, N3, and N4 represent the numbers of glomeruli
exhibiting grades 1, 2, 3, and 4, respectively, and n is the
total number of glomeruli scored.
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Kidneys were embedded with parafﬁn, and sections (5 mm
thick) were cut from the embedded blocks. After heat-induced
antigen retrieval, washing with 3% H2O2, and 30 minutes
blocking with fetal bovine serum, slides were incubated with
primary antibody diluted in phosphate-buffered saline with 4%
fetal bovine serum. Antiea-dystroglycan antibody (Santa
Cruz Biotechnology, Dallas, TX) and antieb-dystroglycan
antibody (Santa Cruz Biotechnology) were used as primary
antibodies in this study. After incubation with primary antibody overnight, the sections were washed in phosphatebuffered saline and incubated with biotinylated IgG (1:200)
for 1 hour and then with streptavidinehorseradish peroxidase
for 30 minutes at room temperature. Diaminobenzidine (50
mL) was added to each kidney section and stained for 1 minute.
After washing, the slides were counterstained with hematoxylin for 5 minutes. The slides were then mounted and observed
under a microscope in which images were taken.17,18

Glucose Tolerance Test
An oral glucose tolerance test was performed following
fasting for 14 hours. Plasma glucose concentrations were
measured in blood samples that were taken from the tail
using glucose meter at 0, 30, 60, 120, and 180 minutes after
administration of glucose (3 g/kg).19
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Figure 4 Ultrastructural changes in podocytes of mice
carrying podocyte-speciﬁc gene deletions in the a subunit
of acid ceramidase (Asah1ﬂ/ﬂ/PodoCre). A: Representative
electron microscopic images showing foot processes in
podocytes from Asah1ﬂ/ﬂ/PodoCre mice and control genotype littermates at 4 or 8 weeks of age. The foot process
effacement (arrows) was observed in podocytes of
Asah1ﬂ/ﬂ/PodoCre mice at 8 weeks. B: Representative images showing microvilli of podocytes in Asah1ﬂ/ﬂ/PodoCre
mice and their littermates at different ages. The microvilli
(arrows) were observed in podocytes of Asah1ﬂ/ﬂ/PodoCre
mice at 8 weeks. n Z 4 (A and B). Scale bars Z 1 mm (A
and B).

Statistical Analysis
All the values are expressed as means  SEM. Signiﬁcant
differences among multiple groups were examined using
analysis of variance, followed by a Student-Newman-Keuls
test. P < 0.05 was considered statistically signiﬁcant.

Results
Characterization of Podocyte-Speciﬁc Gene Deletion of
Ac a Subunit in Asah1ﬂ/ﬂ/PodoCre Mice
To investigate the physiological relevance of Ac inhibition or
ceramide metabolism in podocytes for glomerular function, a
mouse model with podocyte-speciﬁc Ac gene knockout was
generated, which is designated the Asah1ﬂ/ﬂ/PodoCre mouse
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colony (Asah1 is Ac gene code in mice). These mice and their
littermates were characterized using several genetic, molecular, and biochemical approaches. Detection of only the ﬂoxed
Asah1 and Cre recombinase gene alleles upon PCR genotyping indicated homozygosity for both genes, whereas if neither
ﬂoxed Asah1 gene nor Cre recombinase sequences were
detected, the mice were wild type at both loci (WT/WT)
(Figure 1A). If only ﬂoxed Asah1 gene was detected without
Cre recombinase gene, the mice were Asah1 ﬂoxed gene
controls without podocyte-speciﬁc deletion (Asah1ﬂ/ﬂ/
Podowt). Confocal microscopy showed no colocalization of the
podocyte marker, podocin (green ﬂuorescence), and the Ac a
subunit (red ﬂuorescence) in glomeruli of Asah1ﬂ/ﬂ/PodoCre
mice, compared with WT/WT and Asah1ﬂ/ﬂ/WT mice. This
indicates podocyte-speciﬁc gene deletion of Ac a subunit in
glomeruli of Asah1ﬂ/ﬂ/PodoCre mice (Figure 1B). To further
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green ﬂuorescence protein (green ﬂuorescence) and podocin
(red ﬂuorescence) was remarkable in glomeruli of Asah1ﬂ/ﬂ/
PodoCre/ROSA mice (Figure 1C). This is because expression
of enhanced green ﬂuorescence protein was activated when
two types of mouse strains were crossbred. Altogether, these
results conﬁrm podocyte-speciﬁc deletion of Ac gene in
Asah1ﬂ/ﬂ/PodoCre mice.

Glomerular Injury Induced by Podocyte-Speciﬁc Gene
Deletion of Ac a Subunit

Figure 5 Failure of corticosteroid to reverse nephrotic syndrome in
Asah1ﬂ/ﬂ/PodoCre mice. A: Urinary protein (UProtein) excretion of WT/WT and
Asah1ﬂ/ﬂ/PodoCre mice with treatments of vehicle or dexamethasone
phosphate. B: Representative images showing the glomerular expression of
a-dystroglycan (a-DG) and b-dystroglycan (b-DG) in WT/WT and Asah1ﬂ/ﬂ/
PodoCre mice. C: Summarized data showing the glomerular expression of adystroglycan and b-dystroglycan in WT/WT and Asah1ﬂ/ﬂ/PodoCre mice.
n Z 5 to 6 (A); n Z 4 (C). *P < 0.05 versus WT/WT-vehicle. Scale
bars Z 50 mm (B). gbw, gram of body weight.

conﬁrm the tissue-speciﬁc Asah1 gene deletion in podocytes,
Asah1ﬂ/ﬂ/PodoCre mice were mated with ROSA mice to produce Asah1ﬂ/ﬂ/PodoCre/ROSA mice. Using confocal microscopy, the expression of enhanced green ﬂuorescence protein
was analyzed in the glomeruli of Asah1ﬂ/ﬂ/PodoCre mice and
their littermates. Although the green ﬂuorescence emitted by
enhanced green ﬂuorescence protein was undetectable in
Asah1ﬂ/ﬂ/PodoCre or ROSA mice, colocalization of enhanced
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To determine whether podocyte-speciﬁc gene deletion of Ac a
subunit induces podocyte dysfunction and glomerular injury,
urinary protein and albumin excretion were measured per 24
hours in the WT/WT, Asah1ﬂ/ﬂ/Podowt, and Asah1ﬂ/ﬂ/PodoCre
mice. No signiﬁcant differences were found in urinary protein
and albumin excretion between 4-weekeold Asah1ﬂ/ﬂ/PodoCre
mice and their littermates (Figure 2, A and B). However, in 8weekeold mice, severe proteinuria and albuminuria were
found in Asah1ﬂ/ﬂ/PodoCre mice compared with WT/WT and
Asah1ﬂ/ﬂ/Podowt mice. Proteinuria and albuminuria were not
detected in PodoCre mice (data not shown). These data indicate
that podocyte-speciﬁc gene deletion of the Ac a subunit induces serious glomerular injury, leading to proteinuria and
albuminuria.
In addition, glomerular permeability to albumin of WT/WT,
Asah1ﬂ/ﬂ/Podowt, and Asah1ﬂ/ﬂ/PodoCre mice was measured, as
previously described.20 Glomeruli were isolated in an isotonic
Hanks’ balanced salt solution containing 6% BSA. Following a
rapid change in the concentration of the bath from 6% BSA to
4% BSA, an oncotic gradient of approximately 9 mmHg was
generated. This oncotic gradient drove water into the glomerular capillaries, which leads to reduction of the concentration
and
ﬂuorescence
intensity
of
the
ﬂuorescein
isothiocyanateedextran in the glomerular capillaries. This
oncotic pressureedependent ﬂuid movement within glomeruli
can be used for measurement of glomerular ﬁltration membrane permeability. The intensities of ﬂuorescence in glomeruli
isolated from WT/WT and Asah1ﬂ/ﬂ/Podowt mice were markedly decreased after the rapid change in BSA bath concentration from 6% to 4% (Figure 2C). This indicates the movement
of water into glomerular capillaries of WT/WT and Asah1ﬂ/ﬂ/
Podowt mice and normal permeability with intact barrier for
generation of oncotic pressure. In contrast, there were almost
no changes in intensity of ﬂuorescence in glomeruli isolated
from Asah1ﬂ/ﬂ/PodoCre mice after formation of the oncotic
gradient. This indicates oncotic molecules are balanced across
the glomerular ﬁltration membrane and a loss of the driving
force for water to move into the capillaries, leading to increased
glomerular permeability to albumin in Asah1ﬂ/ﬂ/PodoCre mice.

Podocyte Injury in Asah1ﬂ/ﬂ/PodoCre Mice
Morphologic examination by periodic acideSchiff staining
showed no remarkable sclerotic changes, such as mesangial
expansion, collapse of glomerular capillaries, or
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Figure 6 Ceramide (Cer) accumulation in glomeruli of Asah1ﬂ/ﬂ/PodoCre mice. A: Representative multiple reaction monitoring chromatography of
ceramides separated by liquid chromatographyetandem mass spectrometry. B: Summarized data showing the levels of C16 ceramide in isolated glomeruli of
different groups of mice. C: Summarized data showing the levels of total ceramide in isolated glomeruli of different groups of mice. D: Summarized data
showing the levels of sphingosine (Sph) in isolated glomeruli of different groups of mice. n Z 4 to 6 (BeD). *P < 0.05 versus WT/WT. cps, counts per second;
Cre, Cre recombinase.

hypercellularity in glomeruli of Asah1ﬂ/ﬂ/PodoCre mice.
There was no signiﬁcant increase in glomerular damage index
of Asah1ﬂ/ﬂ/PodoCre mice compared with their littermates at
both 4 and 8 weeks (Figure 3). Using transmission electron
microscopy, no remarkable changes in podocytes were
evident in Asah1ﬂ/ﬂ/PodoCre mice compared with their littermates at 4 weeks of age. However, at 8 weeks, Asah1ﬂ/ﬂ/
PodoCre mice had critical foot process effacement in podocytes compared with their littermates (Figure 4A). In addition,
microvillus formation was observed on the membrane of
podocytes in 8-weekeold Asah1ﬂ/ﬂ/PodoCre mice but not in
their control littermates (Figure 4B).

Failure of Corticosteroid to Reverse Nephrotic
Syndrome in Asah1ﬂ/ﬂ/PodoCre Mice
Mechanistically, the possibility that the nephrotic syndrome
developed in Asah1ﬂ/ﬂ/PodoCre mice would be sensitive to
steroid treatment was ﬁrst tested. The treatment of 4weekeold Asah1ﬂ/ﬂ/PodoCre mice for 4 weeks with dexamethasone phosphate failed to reverse the proteinuria
(Figure 5A). The rate of urinary protein excretion in the
dexamethasone phosphateetreated group was similar to the
vehicle-treated Asah1ﬂ/ﬂ/PodoCre mice. To further conﬁrm
the type of nephrotic syndrome in Asah1ﬂ/ﬂ/PodoCre mice,
both a-dystroglycan and b-dystroglycan were analyzed in
glomeruli by immunohistochemistry. a-dystroglycan was
not different between WT/WT mice and Asah1ﬂ/ﬂ/PodoCre
mice, whereas b-dystroglycan was found to be remarkably
reduced by the podocyte-speciﬁc Asah1 gene deletion
(Figure 5, B and C). Given that both a-dystroglycan and
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b-dystroglycan were reported to decrease in steroidsensitive nephrotic syndrome,21 it was concluded that the
nephrotic syndrome that developed in Asah1ﬂ/ﬂ/PodoCre
mice was not steroid-sensitive nephrotic syndrome.

Ceramide Accumulation in Glomeruli of Asah1ﬂ/ﬂ/
PodoCre Mice
To conﬁrm whether podocyte-speciﬁc gene deletion of the Ac
a subunit results in altered levels of either ceramide or sphingosine in podocytes, glomeruli of WT/WT, Asah1ﬂ/ﬂ/Podowt,
and Asah1ﬂ/ﬂ/PodoCre mice were isolated for sphingolipid
analysis by LC-MS/MS. Figure 6A shows the representative
MS chromatography of ceramide in standard and extracts of
sphingolipids from glomeruli of mice with different genotypes.
Seven distinct peaks corresponding to C12, C14, C16, C18,
C20, C22, and C24 ceramides were detected. Total ceramide
levels and C16 ceramide, the main substrate of Ac, were
analyzed after normalization for the number of glomeruli
collected for the analysis. It was found that both total ceramide
and C16 ceramide levels were much higher in glomeruli of
Asah1ﬂ/ﬂ/PodoCre mice, compared with WT/WT and Asah1ﬂ/ﬂ/
WT mice (Figure 6, B and C). On the other hand, there was no
signiﬁcant difference in the glomerular sphingosine level
among mice with different genotypes (Figure 6D).

Failure of Metformin to Prevent Podocytopathy in
Asah1ﬂ/ﬂ/PodoCre Mice
To test whether insulin resistance of podocytes was induced
by podocyte-speciﬁc Asah1 gene deletion, blood glucose and
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podocyte injury in Asah1ﬂ/ﬂ/PodoCre mice, Asah1ﬂ/ﬂ/PodoCre
mice were mated with Smpd1/ mice to produce Smpd1/

/Asah1ﬂ/ﬂ/PodoCre mice. Considering that acid sphingomyelinase (ASM) catalyzes the breakdown of sphingomyelin
to ceramide and phosphorylcholine, it was hypothesized that
gene knockout of ASM may prevent ceramide accumulation
induced by podocyte-speciﬁc Asah1 gene deletion. The C16
ceramide level was much lower in glomeruli of Smpd1/

/Asah1ﬂ/ﬂ/PodoCre mice compared with Asah1ﬂ/ﬂ/PodoCre
mice (Figure 8A). The urinary protein excretion of Smpd1/

/Asah1ﬂ/ﬂ/PodoCre mice was signiﬁcantly lower than
Asah1ﬂ/ﬂ/PodoCre mice at 8 weeks (Figure 8B). At 4 weeks,
there were no signiﬁcant differences in urinary albumin excretions between Asah1ﬂ/ﬂ/PodoCre and Smpd1//Asah1ﬂ/ﬂ/
PodoCre mice. However, urinary albumin excretion of
Smpd1//Asah1ﬂ/ﬂ/PodoCre mice was remarkably lower
than Asah1ﬂ/ﬂ/PodoCre mice at 8 weeks (Figure 8C). Further
analysis by TEM revealed that the Smpd1//Asah1ﬂ/ﬂ/
PodoCre mice did not exhibit any evident foot process
effacement and formation of microvilli at 8 weeks of age in
contrast to Asah1ﬂ/ﬂ/PodoCre mice (Figure 9).

Discussion

Failure of metformin to prevent podocytopathy in Asah1ﬂ/ﬂ/
Podo mice. A: Summarized data of blood glucose in different groups of
mice at 8 weeks B: Summarized data of glucose tolerance in different
groups of mice at 8 weeks. C: Urinary albumin (UAlbumin) excretion of WT/WT
and Asah1ﬂ/ﬂ/PodoCre mice with treatments of vehicle or metformin hydrochloride. n Z 6 to 17 (A); n Z 4 to 6 (B); n Z 5 (C). *P < 0.05 versus
WT/WT-vehicle. gbw, gram of body weight.

Figure 7
Cre

glucose tolerance were measured in Asah1ﬂ/ﬂ/PodoCre mice
and their littermates. No signiﬁcant difference in blood
glucose level was observed in Asah1ﬂ/ﬂ/PodoCre mice
compared with their littermates (Figure 7A). Furthermore,
Asah1ﬂ/ﬂ/PodoCre mice and their littermates exhibited similar
responses in a glucose tolerance test (Figure 7B). In addition,
the podocyte-speciﬁc Ac a deleted mice were also tested for
their response to metformin hydrochloride, a treatment of
type 2 diabetes, and no difference in the hyperalbuminuric
response was observed (Figure 7C).

Role of Ceramide in Glomerular Injury of Asah1ﬂ/ﬂ/
PodoCre Mice
To test whether it was the accumulation of ceramide in the
glomeruli that was speciﬁcally responsible for the observed
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The major objective of the present study was to determine
whether lysosomal Ac activity contributes to the control of
podocyte function and whether its deﬁciency causes
glomerular disease. Toward that end, mice with a speciﬁc
knockout of the Ac a gene in podocytes were generated and
characterized, and they were found to exhibit glomerular
ceramide accumulation and markers of podocyte injury
consistent with podocytopathy and the development of
nephrotic syndrome. Further knockout of the Smpd1 gene in
these mice demonstrated that it not only prevented the
glomerular ceramide accumulation but also was protective
in the mice against the podocyte injury associated with
podocyte-speciﬁc Ac gene deletion. These results suggest
that lysosomal Ac gene expression and its functional activity tonically regulate the glomerular ceramide level and
thereby play essential roles in the maintenance of podocyte
structural and functional integrity. The defect of Ac gene
expression and its dysfunction result in podocytopathy and
nephrotic syndrome.
It has been reported that podocytes in glomeruli of
mammalian animals are highly differentiated and therefore
the maintenance of functional and structural integrity of
these cells during their long-term survival is more dependent
on the normal function of lysosomes.22e25 In this regard, we
recently demonstrated that lysosomal Ac activity is critical
for transient receptor potential mucolipin 1 (TRPML1)
channel-mediated Ca2þ release, which controls lysosome
function and exosome release in podocytes.26 This led us to
hypothesize that lysosomal Ac dysfunction may be an
important mechanism leading to pathologic changes of
podocytes, the visceral epithelial cells essential for the
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Figure 8

Attenuation of glomerular damage by global Smpd1 gene deletion. A: Summarized data showing the levels of C16 ceramide (Cer) in isolated
glomeruli of different groups of mice. B: Urinary protein (UProtein) excretion of
WT/WT, Smpd1/, Asah1ﬂ/ﬂ/PodoCre, and Smpd1//Asah1ﬂ/ﬂ/PodoCre mice
at 8 weeks. C: Urinary albumin (UAlbumin) excretion of Asah1ﬂ/ﬂ/PodoCre and
Smpd1//Asah1ﬂ/ﬂ/PodoCre mice at 4 and 8 weeks. n Z 3 to 7 (A); n Z 6 to
13 (B); n Z 3 to 4 (C). *P < 0.05 versus WT/WT at 8 weeks; yP < 0.05 versus
Asah1ﬂ/ﬂ/PodoCre at 8 weeks; zP < 0.05 versus Asah1ﬂ/ﬂ/PodoCre at 4 weeks.
gbw, gram of body weight.

structural and functional integrity of renal glomeruli. In this
study, our development of the Asah1ﬂ/ﬂ/PodoCre mouse
strain enabled this hypothesis to be further tested. Indeed,
our data support that lysosomal Ac is a critical regulator of
function and integrity of podocytes. Podocyte-speciﬁc
deletion of the Ac a gene caused severe proteinuria and
albuminuria. Surprisingly, no signiﬁcant morphologic
changes were detected in glomeruli of Asah1ﬂ/ﬂ/PodoCre
mice versus their control littermates on the basis of histologic analysis of periodic acideSchiff stained kidney sections. However, we detected podocyte foot process
effacement and microvillus formation in podocytes of
Asah1ﬂ/ﬂ/PodoCre mice under TEM. Therefore, it can be
concluded that podocyte-speciﬁc Asah1 gene deletion may
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generate a novel mouse model for podocytopathy and
nephrotic syndrome. To our knowledge, these results
represent the ﬁrst experimental evidence that podocytespeciﬁc dysfunctional mutation of Asah1 gene induces
podocytopathy and nephrotic syndrome. In previous studies,
the earliest identiﬁable genetic defects leading to nephrotic
syndrome were in genes encoding the slit diaphragm proteins, nephrin (NPHS1) and podocin (NPHS2).27,28 Nephrin
plays critical roles in maintaining podocyte integrity, and
loss-of-function mutations in NPHS1 result in congenital
nephrotic syndrome and focal segmental glomerular sclerosis.27,29,30 NPHS2 mutations induce injury in part via effects on the NPHS1 and the actin cytoskeleton. Recessive
NPHS2 mutations are the most common mutations identiﬁed in central European patients with early-onset steroidresistant nephrotic syndrome.28,31,32 Following the discovery of the role of NPHS1 and NPHS2, mutations in actin
cytoskeletoneassociated genes were identiﬁed in patients
with nephrotic syndrome.33e35 More recent studies have
revealed the contribution of mutations in genes encoding
nuclear proteins, mitochondrial proteins, and glomerular
basement membrane proteins.36 Mutations of SCARB2, the
gene that encodes lysosomal integral membrane protein
lysosomal integral membrane protein II (LIMP-II), a bglucocerebrosidase receptor, have been reported to cause
glomerular sclerosis.37 Because autophagy is an essential
mechanism for maintenance of podocyte homeostasis,38e40
the dysregulation of autophagy can be considered as a potential mechanism for SCARB2-mediated podocyte injury.
More recently, cathepsin D as a lysosomal aspartic proteinase has been found to be essential for the maintenance of
podocyte function. Loss of cathepsin D in podocytes causes
autophagy impairment, triggering the accumulation of toxic
subunit c-positive lipofuscins as well as slit diaphragm
proteins, followed by apoptotic cell death.24 Our results
together with these previous ﬁndings indicate that lysosome
dysfunction may be a potential mechanism mediating
podocyte injury in Asah1ﬂ/ﬂ/PodoCre mice.
Next, the steroid sensitivity of the development of
podocytopathy and nephrotic syndrome was studied in
Asah1ﬂ/ﬂ/PodoCre mice, the rationale being that undetectable glomerular morphologic changes under light microscope and foot process effacement and microvillus
formation in podocytes under TEM are hallmarks of
steroid-sensitive nephrotic syndrome mice.41,42 However,
dexamethasone phosphate, the corticosteroid typically
used for treatment of steroid-sensitive nephrotic syndrome,
was found to have no effect on the development of the
nephrotic syndrome markers in Asah1ﬂ/ﬂ/PodoCre mice.
Although previous studies have reported that glomerular
expression levels of both a-dystroglycan and b-dystroglycan are down-regulated during steroid-sensitive
nephrotic syndrome,43 the reduction of glomerular a-dystroglycan was not observed in Asah1ﬂ/ﬂ/PodoCre mice.
These ﬁndings indicate that the nephrotic syndrome
that developed in Asah1ﬂ/ﬂ/PodoCre mice is of a steroid-
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Figure 9 Inhibition of podocyte injury by global acid sphingomyelinase knockout. A: Representative images showing foot processes of podocytes in
different groups of mice at 8 weeks. The foot process effacement (arrows) was observed in podocytes of Asah1ﬂ/ﬂ/PodoCre mice at 8 weeks. B: Representative
images showing microvilli of podocytes in different groups of mice at 8 weeks. The microvilli (arrows) were observed in podocytes of Asah1ﬂ/ﬂ/PodoCre mice at
8 weeks. n Z 4 (A and B). Scale bars Z 1 mm (A and B).

resistant type. In this regard, mutations in or deletion of the
S1P lyase gene in humans and mice has been reported to
increase S1P and ceramide levels in blood or tissues,
which results in steroid-resistant nephrotic syndrome with
mesangial hypercellularity, glomerular hypertrophy, and
glomerular ﬁbrosis.6e9 In addition, both S1P and ceramide
were elevated in kidneys of rats treated with an S1P lyase
inhibitor, compared with a vehicle-treated control group.9
This led us to hypothesize that the nephrotic syndrome
in the mice with a podocyte-speciﬁc Asah1 gene knockout
is caused by the accumulation of ceramide in glomeruli.
Using LC-MS/MS, remarkable ceramide accumulation was
detected in glomeruli isolated from Asah1ﬂ/ﬂ/PodoCre mice.
Given the known contribution of ceramide to the development of insulin resistance and type 2 diabetes, we also
addressed the question whether the glomerular ceramide
accumulation observed in the podocyte-speciﬁc Asah1
gene-deleted mice induced insulin resistance in podocytes.
It was found that neither the blood glucose level nor
glucose tolerance was signiﬁcantly changed in the
podocyte-speciﬁc Ac knockout mice compared with littermates with control genotypes. In addition, the albuminuric response of Asah1ﬂ/ﬂ/PodoCre mice was not altered
by metformin hydrochloride, which is used for treatment
of type 2 diabetes. In this regard, previous studies have
demonstrated the existence of an inverse relationship
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between the level of ceramide in skeletal muscles and insulin sensitivity.44e46 It was found that inhibition of the de
novo synthesis pathway prevents accumulation of ceramide and reduction of insulin sensitivity in mice fed a
high-fat diet and in db/db mice.47,48 Overexpression of Ac
blocks saturated fatty acideinduced elevation in the level
of ceramide in C2C12 myotubes with concomitant prevention in reduction of insulin sensitivity.49 More recently,
ceramide reduction due to activation of lysosomal Ac has
been found to ameliorate diabetic nephropathy.4 Despite
these observations of lysosomal Ac-dependent ceramide
metabolism in insulin signaling, it remained unknown
whether insulin sensitivity controlled by Ac-ceramide
signaling plays an important role in the regulation of
podocyte function. According to our results, insulin
resistance may not be the key inducer of the podocytopathy and nephrotic syndrome induced by podocyte-speciﬁc
Asah1 gene deletion. Also, it is possible that insulin
resistance induced by ceramide accumulation may not be
reversed by metformin.
To conﬁrm the role of glomerular ceramide accumulation
in the observed pathology, Asah1ﬂ/ﬂ/PodoCre mice carrying
an additional knockout in the acid sphingomyelinase gene
were generated (Smpd1//Asah1ﬂ/ﬂ/PodoCre mice). As expected, these mice exhibited signiﬁcant reductions in
glomerular ceramide accumulation compared with mice
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with the podocyte-speciﬁc Asah1 gene deletion alone.
Functionally, the proteinuria and albuminuria observed in
the Asah1ﬂ/ﬂ/PodoCre mice was completely prevented in the
double acid sphingomyelinase/podocyte-speciﬁc Ac gene
knockouts. Morphologically, foot process effacement and
microvillus formation were not observed in podocytes of
Smpd1//Asah1ﬂ/ﬂ/PodoCre mice. These results suggest
that normal ceramide metabolism exerts an important regulatory role on maintenance of podocyte integrity and that
imbalanced ceramide metabolism may induce podocytopathy. To our knowledge, these results provide the ﬁrst evidence that glomerular ceramide accumulation due to speciﬁc
Ac dysfunction in podocytes serves as a critical mechanism
activating or enhancing podocyte injury and nephrotic
syndrome. In this regard, some previous studies in our
laboratory have demonstrated that hyperhomocysteinemia
induces ASM overexpression, leading to renal ceramide
accumulation, podocyte injury, and glomerular sclerosis.50,51 Activation of ASM by obesity contributes to
nucleotide-binding oligomerization domain-like receptor
containing pyrin domain 3 (NLRP3) inﬂammasome activation in podocytes and proteinuria.52 On the contrary,
Smpd1 gene deﬁciency ameliorates podocyte injury and
glomerular sclerosis during hyperhomocysteinemia and
obesity.50e52 More recently, it has been reported that Dribose induces ceramide accumulation and elevates exosome
release, which are attenuated by inhibition of ASM activity
in podocytes.23 In patients with diabetic kidney disease,
glomerular acid sphingomyelinase-like phosphodiesterase
3b mRNA expression is signiﬁcantly increased compared
with normal controls. In addition, knockout of
sphingomyelinase-like phosphodiesterase 3b protects
podocytes from apoptosis induced by soluble urokinase
plasminogen activator receptor.53 In patients with recurrent
focal segmental glomerular sclerosis, however, the expression of sphingomyelinase-like phosphodiesterase 3b has
been found to be down-regulated in podocytes. Overexpression of sphingomyelinase-like phosphodiesterase 3b
or treatment with rituximab was able to prevent disruption
of the actin cytoskeleton and podocyte apoptosis induced by
patient sera.54 These results suggest that both accumulation
and reduction in ceramide due to imbalance of associated
enzyme activity may result in podocyte injury and renal
diseases through different mechanisms. Our ﬁndings,
together with these previous studies, provide strong evidence that abnormal ceramide metabolism due to imbalance
of associated enzymes may play a crucial role in the
development of podocyte injury and nephrotic syndrome.
In summary, the present results demonstrate that
lysosomal Ac is essential for the maintenance of podocyte
function and structural integrity. Podocyte-speciﬁc Asah1
gene deletion leads to podocytopathy and nephrotic
syndrome. Glomerular ceramide accumulation contributes
to the molecular mechanism of podocyte injury in
Asah1ﬂ/ﬂ/PodoCre mice. These ﬁndings shed new light on
potential pathogenesis underlying podocytopathy and
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nephrotic syndrome and point to lysosomal acid ceramidase as a potential therapeutic target for prevention or
treatment of nephrotic syndrome and other glomerular
diseases.
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