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Abstract
Farber disease (FD) is a rare lysosomal storage disorder (LSD) characterized by systemic ceramide accumulation caused by a
deficiency in acid ceramidase (ACDase). In its classic form, FD manifests with painful lipogranulomatous nodules in
extremities and joints, respiratory complications, and neurological involvement. Hepatosplenomegaly is commonly reported,
and severe cases of FD cite liver failure as a cause of early death. Mice homozygous for an orthologous patient mutation in
the ACDase gene (Asah1P361R/P361R) recapitulate the classical form of human FD. In this study, we demonstrate impaired
liver function and elevation of various liver injury markers in Asah1P361R/P361R mice as early as 5 weeks of age.
Histopathology analyses demonstrated significant formation and recruitment of foamy macrophages, invasion of neutrophils,
progressive tissue fibrosis, increased cell proliferation and death, and significant storage pathology within various liver cell
types. Lipidomic analyses revealed alterations to various lipid concentrations in both serum and liver tissue. A significant
accumulation of ceramide and other sphingolipids in both liver and hepatocytes was noted. Sphingolipid acyl chains were
also altered, with an increase in long acyl chain sphingolipids coinciding with a decrease in ultra-long acyl chains.
Hepatocyte transcriptome analyses revealed significantly altered gene transcription. Molecular pathways related to
inflammation were found activated, and molecular pathways involved in lipid metabolism were found deactivated. Altered
gene transcription within the sphingolipid pathway itself was also observed. The data presented herein demonstrates that
deficiency in ACDase results in liver pathology as well as sphingolipid and gene transcription profile changes that lead to
impaired liver function.

Introduction

Farber disease (FD) (OMIM #228000), also known as
Farber’s lipogranulomatosis, or acid ceramidase (ACDase)
deficiency, is an ultra-rare lysosomal storage disorder (LSD)
caused by homozygous or compound heterozygous muta-
tions in the ASAH1 gene [1]. ACDase is a hydrolase that
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breaks down the bioactive sphingolipid ceramide into
sphingosine (Sph) and a free fatty acid. To date, there have
been 152 cases of FD reported in the literature [2]. While
our understanding of the natural course of FD is incomplete,
case reports suggest that FD can manifest along a wide
clinical spectrum [3]. Patients with the classic severe FD
variant will die during infancy, while patients with atte-
nuated FD may live to early adulthood [1]. The most
common clinical manifestations include: formation of sub-
cutaneous nodules, joint contractures, and voice hoarseness
[1, 4, 5]. Patients who develop more severe FD may also
develop nervous system involvement, respiratory disease,
and hepatosplenomegaly [5–8]. There is no known cure for
FD. Hematopoietic stem cell transplantation (HSCT) may
be an effective option for Farber patients who display
minimal neurological involvement [9]. Beyond HSCT, most
patients receive symptomatic treatment [1].

Several FD patient case reports document hepatomegaly
during examination, as well as the presence of foamy his-
tiocytes and ceramide accumulation in post-mortem liver
tissue [4, 10–13]. Additionally, hepatic dysfunction is
common in the severe visceral variant of FD [1, 14, 15]. In
one such case, an infant was misdiagnosed with neonatal
giant cell hepatitis and treated with a liver transplant before
being properly diagnosed with FD [8]. However, aside from
superficial descriptions in infrequent case reports, there has
not been a detailed study performed on liver pathophy-
siology resulting from ACDase deficiency.

Proper sphingolipid homeostasis is vital for health, and
insults to this tightly regulated balance result in a variety of
disorders [16, 17]. This is apparent in FD and other
LSDs where inherited lysosomal deficiencies lead to
sphingolipid accumulation and pathogenesis. LSDs, such as
Niemann–Pick types A and B, Gaucher disease, and GM1
gangliosidosis, all exhibit forms of liver disease; corre-
sponding mouse models have been used to track disease
progression and the extent of liver involvement [18–21].

In this study, we utilize the Asah1P361R/P361R mouse
model of ACDase deficiency that we previously generated
[22]. Asah1P361R/P361R mice have a reported FD patient
mutation, proline (P) 362 to arginine (R), “knocked-in” to
the corresponding murine Asah1 locus (P361R) [22].
Homozygous Asah1P361R/P361R mice exhibit a phenotype
that recapitulates the clinical signs and symptoms seen in
FD patients including; extensive inflammation, a reduction
in lifespan, ceramide accumulation, pulmonary deficits,
neurological pathology, and failure to thrive [22–26].

ACDase deficiency results in ceramide accumulation, an
essential feature of FD. Ceramides and their metabolites are
key constituents of membranes and regulate a multitude of
cellular functions including inflammation, cell proliferation,
and apoptosis [27–29]. Studies in more common disorders
have shown that impairment of the ceramide pathway can

result in significant downstream effects on the liver [30, 31].
Due to the role of ceramides and associated sphingolipids in
hepatic health, in this study we performed a comprehensive
evaluation of liver pathology and examined the gene tran-
scription profile in Asah1P361R/P361R mouse hepatocytes. We
report here that ACDase deficiency leads to perturbed liver
function. This is characterized by significant inflammation,
liver injury, altered lipid profiles and sphingolipid accu-
mulation, and changes in gene transcription that affect
inflammation as well as lipid homeostasis. Taken together,
we demonstrate that ACDase deficiency results in sig-
nificant molecular and physiological alterations leading to
impaired liver function and hepatocyte cell death.

Materials and methods

Animal use, breeding, and genotyping

All animal procedures and experiments were approved
and carried out in adherence with the policies set forth by
the University Health Network Animal Care Committee
and the Medical College of Wisconsin Institutional Animal
Care and Use Committee. To generate homozygous
Asah1P361R/P361R mice, we crossed Asah1+/P361R hetero-
zygotes as previously reported [22]. Genotyping was con-
ducted by PCR performed on DNA from mouse ear notches
as previously reported [22].

Animal liver weight and collagen assay

Mice were weighed just prior to being euthanized by CO2

gas inhalation. Livers were immediately removed, weighed,
and collected on dry ice for further analyses. To determine
collagen levels in liver tissue, a Sircol Collagen Assay
(Biocolor Ltd, United Kingdom) was performed following
the manufacturer’s instructions.

Serum chemistry and ELISAs

For serum biochemistry, terminal cardiac puncture was used
to collect blood into serum separator SST microtainers (BD
Biosciences, San Jose, CA). Sample tubes were inverted
8–10 times immediately after collection and held at room
temperature for 30 min prior to centrifugation at 1200 × g
for 10 min. Serum was collected and immediately stored at
−80 °C until use. All samples that contained significant
hemolysis were excluded. Serum metabolites and enzymes
were measured using both the VetScan Comprehensive
Diagnostic Profile and Mammalian Liver Profile reagent
rotors (Abaxis, Union City, CA) on the Abaxis VetScan
VS2 chemistry analyzer (Abaxis, Union City, CA) follow-
ing the manufacturer’s instructions. Amino aspartate
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transferase (AST) levels in serum were measured with the
AST ELISA kit (Cloud-Clone Corp., Wuhan China) fol-
lowing the manufacturer’s instructions.

Western blotting

Mice were deeply anesthetized with isoflurane. Surgical
scissors were used to expose the heart and pleural cavity by
cutting through the diaphragm and ribs on both sides of the
sternum. The heart was excised, and the liver immediately
flash frozen in pH 8 RIPA buffer (50 mM Tris, 150 mM
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, 1 mM EDTA) containing HALT Protease and Phos-
phatase Inhibitor Cocktail (Thermo Scientific). Samples
were homogenized using a Bullet Blender Storm 24 (Next
Advance, Troy, NY) tissue homogenizer with 0.5 mm
zirconium oxide beads (Next Advance). Lysates were
cleared by centrifugation and stored at −80 °C. Protein
concentration was determined using a BCA assay (Thermo
Scientific). Ten microgram of each sample was resolved on
10% SDS-page and transferred onto PVDF membrane for
western blotting. Primary antibodies used: rabbit mono-
clonal specific for phosphorylated-STAT3 (9145, Cell
Signaling Technologies), rabbit monoclonal specific for
total STAT3 (4904, Cell Signaling Technologies), rabbit
monoclonal specific for phosphorylated-NF-κB p65 (3033,
Cell Signaling Technologies), rabbit monoclonal specific
for total NF-κB p65 (8242, Cell Signaling Technologies),
mouse HRP-conjugated monoclonal specific for β-actin
(A3854, Sigma–Aldrich, St. Louis, MO). Secondary anti-
body used: HRP-conjugated anti-Rabbit IgG (A6154,
Sigma–Aldrich). Immunoreactivity was visualized with
enhanced chemiluminescence substrate (Thermo Scientific)
on a ChemiDoc MP (Bio-Rad Laboratories, Inc, Des
Plaines, IL). Band densitometry was quantified using Ima-
geJ software v.1.51 (NIH). Total STAT3, phosphorylated
STAT3, total NF-κB p65, and phosphorylated NF-κB p65
were normalized to β-actin loading controls. Normalized
STAT3, p-STAT3, NF-κB p65, and p-NF-κB p65 from
Asah1P361R/P361R mice were expressed relative to normalized
STAT3, p-STAT3, NF-κB p65, and p-NF-κB p65 from
Asah1+/+ mice.

Pathology and immunohistochemistry

Following euthanasia, cardiac perfusion was conducted
with ice-cold PBS via a 24 G needle. Liver specimens were
immediately fixed in 10% phosphate-buffered formalin for
24–48 h. Liver specimens were then trimmed, embedded in
paraffin wax, and sectioned at 4 μm. Liver sections were
stained with hematoxylin and eosin (H&E), Masson’s
trichrome, and reticulin by standard techniques. For liver
immunohistochemistry (IHC), the following primary

antibodies were used: anti-mouse neutrophil (Ly-6B.2)
clone 7/4 (Cedarlane, Burlington, Canada) and rat anti-
mouse Mac-2 (Galectin-3) clone M3/38 (Cedarlane), rabbit
anti-cleaved caspase-3 (Cell Signaling Technology, Dan-
vers, MA), and rabbit anti-Ki-67 (Thermo Scientific). In situ
detection of cell death was performed via a Terminal
deoxynucleotidyl transferase (TdT) dUTP Nick-End
Labeling (TUNEL) assay (Promega, Madison, WI). The
following secondary antibodies and reagents were then used
to detect primary antibodies and TUNEL: biotinylated
rabbit anti-rat IgG (Vector Laboratories, Burlingame, CA);
biotinylated goat anti-rabbit IgG (Vector Laboratories);
biotinylated goat anti-rat IgG (Vector Laboratories);
biotinylated donkey anti-chicken IgG (Jackson ImmunoR-
esearch USA, West Grove, PA); biotinylated donkey
anti-rabbit IgG (ImmunoResearch); avidin-biotin/HRP
(Vector Laboratories); DAB kit (Vector Laboratories), and
Vectastain Elite ABC kit (Vector Laboratories). Histology
slides were scanned on the Aperio AT2 histology slide
scanner (Leica Biosystems, Buffalo Grove, IL) or Nano-
Zoomer 2.0-HT histology slide scanner (Hamamatsu Pho-
tonics, Ichinocho, Japan). Scanned micrographs were
analyzed with Aperio ImageScope analysis software (Leica
Biosystems, Buffalo Grove, IL).

Histopathology evaluation

H&E-stained liver slides derived from Asah1+/+ mice and
Asah1P361R/P361R mice at 3, 5, 7, and 9 weeks of age were
analyzed for liver pathology. An injury score was developed
that encompassed four main parameters: (1) histiocytic
abnormality [0—normal/none, 1—minimal (<5%), 2—mild
(5–10%), 3—moderate (>10–25%, scattered multinucleated
giant cells), 4—marked (>25%, positive for histiocytic
clusters within vessels, endothelial cells with lipid
inclusions, and mononuclear giant cells)]; (2) neutrophilic
infiltrates [(0—normal/none, 1—minimal (<5% section
affected), 2—mild (5–10%), 3—moderate (>10–25%),
and 4—marked (>25%)]; (3) fibrosis [(0—normal/none,
1—minimal (focal), 2—mild (>5–10%), 3—moderate
(>10–25%), and 4—marked (>25%, periportal fibrosis
along portal triads, and bridging fibrosis)]; and (4)
hepatocellular cytoplasmic vacuolation [(0—normal/none,
1—mild microvesiculation (<10%) or sporadic single cell
necrosis, 2—moderate microvesiculation (10–25%), 3—
generalized microvesiculation (>25–50%), and 4—diffuse
microvesiculation (>50)%]. The injury score was evaluated
by a pathologist (PVT) blinded to the experimental groups.
A total of three animals per genotype and age group were
scored. The sum of the four parameters was calculated as an
individual liver injury score; the age group injury score was
calculated by averaging the three individual liver scores for
each genotype.
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Quantitation of cell death and proliferation

Micrographs from Ki67- and cleaved caspase-3 (Casp-3)-
stained slides were analyzed using the Aperio IHC Nuclear
Image Analysis algorithm (Leica Biosystems). In brief, four
separate liver samples were collected from Asah1+/+ mice
and Asah1P361R/P361R mice at both 5 weeks and 9 weeks of
age. Tissues were prepared as described above. Three
consecutive sections per animal were obtained and stained
for Ki67 and Casp-3. Image analyses were performed on 10
random non-overlapping fields (250 × 450 µm) per section.
A section average was obtained from 10 individual fields
and a total animal value was calculated from the section
averages. Data from the algorithm were expressed as a
percentage of positive nuclear staining.

Transmission electron microscopy

Post-euthanasia, 8–9-week-old mice were perfused trans-
cardially with 4% paraformaldehyde (PFA). Liver tissue
was collected and stored in 4% PFA for 48 h. Multiple liver
samples (~1.0–1.5 mm3) were trimmed from the right lat-
eral, median, and left lateral lobes of each animal and
processed for transmission electron microscopy (TEM) as
previously described [25].

Murine liver perfusion and hepatocyte isolation

Liver perfusion and hepatocyte isolation was adapted from
Azuma and colleagues [32]. Briefly, 5-week-old Asah1+/+

mice and Asah1P361R/P361R mice were anesthetized with 5%
isoflurane in 100% oxygen and opened to expose the liver
and portal vein. Prior to perfusion, the portal vein was
cannulated with a 26 G ¾ inch IV catheter (Zoetis, Inc.,
Parsippany-Troy, NJ) connected to a Watson–Marlow
323 S/D peristaltic pump (Watson–Marlow Fluid Technol-
ogy Group., Wilmington, MA). Once the catheter was
inserted, the vena cava was cut and perfused. The liver was
first flushed with Solution 1: 40–50 ml of Earle’s balanced
salt solution (EBSS) (Thermo Scientific) supplemented with
1x EDTA (Thermo Scientific) and 1X HEPES (Thermo
Scientific) at 40 °C for 10 min. The liver was next flushed
with Solution 2: 20–30 ml of EBSS containing calcium and
magnesium (Thermo Scientific) with 1x HEPES at 40 °C for
3–5 min. Lastly, the liver was flushed with Solution 3:
40–50 ml of Solution 2 supplemented with 1 mL of Liberase
(Roche Diagnostics., Indianapolis, IN) at 26 Wunsch units/
mL at 40 °C for 10 min. Once digested, the liver was
excised and transferred into a Petri dish containing Solution
2 where connective tissue was removed manually. The
digested liver was then transferred to a new Petri dish
containing 10–15 ml of cold hepatocyte culture medium
(DMEM, 10% FCS, 1% Pen-Strep, 1% Glutamine, and

0.1% 1M HEPES) and minced. The tissues and cell sus-
pensions were then transferred into a 50 ml conical tube and
allowed to settle prior to filtering the supernatant through a
100 μm cell strainer. The suspension was further washed
and passed through a 100 μm cell strainer with 10–15 ml of
hepatocyte culture media. A total of 50 ml of filtered cells
were collected. The collected cells were then passed once
more through a 70 μm cell strainer and spun at 300 × g for
3 min at 4 °C. The cell pellet was resuspended in 5 ml of
hepatocyte culture medium and counted using Trypan Blue
exclusion with the Countess II FL automated cell counter
(Life Technologies, Carlsbad, CA). Two and a half million
cells were seeded in 25 cm2 tissue culture flasks and incu-
bated at 37 °C with 5% CO2. After an overnight incubation,
cells were washed two times with PBS to eliminate cellular
debris before further analyses.

Flow cytometry analyses

Flow cytometry was performed on liver and hepatocyte-
enriched culture samples. To obtain a single cell suspen-
sion, liver cells were forced through a 40 µm nylon cell
strainer in PBS with 2% fetal calf serum (FCS). Cells were
collected, washed, resuspended in PBS with 2% FCS, and
counted on a hemocytometer. Liver cell- and hepatocyte-
enriched cultures were stained for 30 min at 4 °C with
CD11b (Mac-1) FITC (Biolegend; M1/70) antibodies to
assess for monocytes/macrophages. Flow cytometry was
performed using FACSDiva software (BD Biosciences) on
either Fortessa or ARIA II (BD Biosciences) cytometers.
Data was analyzed using FlowJo software (Tree Star Inc,
Ashland, OR).

RNA isolation, library preparation for RNASeq, and
sequencing

To analyze the transcriptome of 5-week-old Asah1P361R/
P361R mouse hepatocyte-enriched cultures, an RNAseq
approach was employed. First, total RNA was isolated from
~2 × 106 cells using TRIzol (Life Technologies). RNA was
purified using RNeasy spin columns (Qiagen, Crawley, UK)
according to the manufacturer’s instructions. Total RNA
integrity was confirmed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA). The RNAseq
library preparation and sequencing was performed by the
Sequencing Core at MCW as follows: libraries were pre-
pared from 100 ng of total RNA using a Truseq Stranded
mRNA Kit on the Illumina NeoPrep automated library
preparation instrument (Illumina Inc., San Diego, CA). The
quality of the prepared libraries was analyzed using the
DNA1000 assay on the Agilent Bioanalyzer 2100 (Agilent
Technologies) and quantified via quantitative Real-Time
PCR using the Kapa Biosystems Library Quantification Kit
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(Kapa Biosystems, Inc., Wilmington, MA) and a Bio-Rad
CFX384 Real-Time PCR instrument (Bio-Rad Labora-
tories, Inc, Des Plaines, IL). Libraries were diluted and
pooled at equimolar ratios and sequenced with a 1 × 50
single-read Miseq run to assess for cluster density and index
distribution. The amplicon pool concentration was nor-
malized and then sequenced in a HiSeq 2500 Flowcell
(Illumina technology) with a single run. 2 × 125 bp paired-
end sequencing was performed across 2 lanes at a sample
density of eight samples per lane. Upon completion of the
sequencing run, the data were demultiplexed using Illumi-
na’s Bcl2Fastq v1.8.4 conversion software (Illumina Inc).

Quantitative real-time PCR

The RNAseq results were validated by confirming the RNA
expression of several high-scoring genes using quantitative
real-time PCR. TRIzol was used to isolate total RNA from
new cell samples. After reverse-transcription, real-time PCR
was conducted with Applied Biosystems™ PowerUp™
SYBR™ Green Master Mix (Thermo Scientific), following
the manufacturer’s instructions, on a ViiA7 System
(Applied Biosystems, Life Technologies Cooperation,
Carlsbad, CA, USA). The primer sequences that were used
are provided in Table S1.

Sphingolipids in liver tissue and hepatocytes

Liver tissue (~300 mg) was homogenized in ~600 µl of 2%
CHAPS with a Bullet Blender (Next Advance, Inc., Troy,
NY) using 0.5 mm zirconium oxide beads. Lipids were
extracted from 50 µl of tissue lysate with 200 µl iso-
propanol. The following internal standards were used for
sphingolipid measurements: ceramide, 100 ng (d18:1/ 22:0)
d4 (Medical University of South Carolina (MUSC) Lipi-
domics Core, Charleston, SC); monohexosylceramide
(MHC), 100 ng (d18:1/17:0) (Avanti Polar Lipids Inc.,
Alabaster, AL); sphingomyelin (SM), 1000 ng (d18:1/17:0)
(Avanti Polar Lipids Inc.); 100 ng ceramide-1-phosphate
(C1P) (d18:1/16:0), (d18:1/24:0) and (d18:1/24:1) (Matreya
Inc., Pleasant Gap, PA) (Avanti Polar Lipids Inc.); and
sphingosine (Sph), 100 ng (Avanti Polar Lipids Inc.) [33].

For enriched hepatocytes, ~2.0 × 106–3.0 × 106 cells
were lysed in 200 µl of PBS by passing through a 28 G
needle 15–20 times. Lipids were extracted from 100 µl of
each cell homogenate with 400 µl of isopropanol. The
supernatant from that extraction was reconstituted with
250 µl of water for LC-MS/MS analysis. The following
internal standards were used for sphingolipid measure-
ments: ceramide, 100 ng (d18:1/ 17:0) d4 (MUSC Lipi-
domics Core); MHC, 10 ng (d18:1/17:0) (Avanti Polar
Lipids Inc.); SM, 300 ng (d18:1/17:0) (Avanti Polar Lipids
Inc.); and C1P, 100 ng (d18:1/12:0) (Avanti Polar Lipids

Inc.). Liver and hepatocyte analyses were performed using
the Shimadzu 20AD HPLC system and a Leap PAL auto-
sampler coupled to a triple quadrupole mass spectrometer
(API-4000: Applied Biosystems) operated in the Multiple
Reaction Monitoring (MRM) mode. The positive ion elec-
trospray ionization (ESI) mode was used for detection of
sphingolipids. Samples were injected in duplicate for data
averaging. Data processing was conducted with Analyst
1.5.1 (Applied Biosystems). The relative quantification of
sphingolipids was expressed as the peak area ratios of
the analytes to the corresponding internal standards. The
data are presented as fold-change relative to the
averaged sphingolipid values detected in samples from
control Asah1+/+ mice.

Measurement of lipids in liver and serum

Following euthanasia, serum and liver tissue were collected
from mice that had been fasted overnight (~12 h). Liver
samples were homogenized and lipids were extracted from
50 µl of serum and liver lysates as described above.
The following internal standards were used to measure
lipids: phosphatidylcholine (PC) (14:1-14:1) (Avanti Polar
Lipids Inc,); triglyceride (TG) (17:0-17:0-17:0) (Avanti
Polar Lipids Inc,); free fatty acid (FFA) d4 (16:0) (Avanti
Polar Lipids Inc,). Internal standards were added to the
samples before extraction. Extracted FFA samples were
further derivatized by aminomethyl phenyl pyridium
(AMPP) into FA-AMPP derivatives to obtain increased
sensitivity in MS.

Free cholesterol (FC) and cholesteryl esters were
extracted with 200 µl isopropanol. After vortexing and
centrifugation, 10 µl of that supernatant was used for total
cholesterol (TC) analyses and the remaining supernatant
was used for FC determination. Five microgram of deuter-
ated cholesterol-d7 (Avanti Polar Lipids Inc,) was added as
an internal standard for FC and TC samples prior to lipid
extraction. Measurement of lipids was performed using a
Shimadzu 10 A HPLC system and a Shimadzu SIL-20AC
HT autosampler coupled to a Thermo Scientific TSQ
Quantum Ultra triple quadrupole mass spectrometer (API-
4000: Applied Biosystems) operated in MRM mode for PC,
FFA, TC and SRM mode under ESI (+) for TC and FC
samples. Data processing was conducted with Analyst 1.5.1
(Applied Biosystems).

Statistical analyses

Data are expressed as means ± standard error. Unless
otherwise stated, data were analyzed with Student’s t-test.
Serum biochemistry, ELISA, and FACS read-outs were
analyzed with a one-way ANOVA followed by Tukey’s
post-hoc test. All statistics were analyzed using GraphPad
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Prism 6.0 (GraphPad Software Inc, La Jolla, CA). Sig-
nificant differences are expressed in the Figures as *p <
0.05, **p < 0.01, and ***p < 0.001. For RNAseq, the
Benjamini–Hochberg method was used to control for false
discovery rates. False discovery rates of 0.05 were con-
sidered significant. The 95% confidence interval was con-
sidered significant.

Results

Hepatomegaly and liver injury

Asah1P361R/P361R mice displayed a phenotype analogous to
that which we previously reported [22]. Asah1P361R/P361R

mice demonstrated decreased body weight compared to
Asah1+/+ mice by 3 weeks of age (Fig. 1a). Livers from
Asah1+/+ mice were significantly heavier than those from
Asah1P361R/P361R mice from 7 weeks onward (Fig. 1b).
Normalizing liver tissue-weight to body-weight revealed
significant hepatomegaly in Asah1P361R/P361R mice as early
as 3 weeks of age (Fig. 1c).

Analyses of common liver injury markers in serum
revealed significantly higher serum levels of aspartate
aminotransferase, alanine aminotransferase, and alkaline
phosphatase at 5 weeks of age in Asah1P361R/P361R mice
(Fig. 1d-f). Gamma-glutamyl transferase, an enzyme that is
often analyzed in conjunction with alkaline phosphatase to
distinguish bone-versus-liver injury, was also significantly
increased in Asah1P361R/P361R mice compared to Asah1+/+

mice at 9 weeks of age (Fig. 1g) further confirming primary
hepatocyte involvement. No significant changes were
detected in total bilirubin between Asah1+/+ mice and
Asah1P361R/P361R mice; however, total bilirubin did trend
upward between 5 weeks of age and 9 weeks of age
(Fig. 1h). Both blood urea nitrogen and bile acids were also
found to be significantly increased in samples from
Asah1P361R/P361R mice at 9 weeks of age compared to
samples from Asah1+/+ mice (Fig. 1i, j), again emphasizing
hepatocellular functional deficits. A reduction in serum
albumin and total cholesterol levels was only detected
between Asah1+/+ mice and Asah1P361R/P361R mice at
9 weeks of age (Fig. 1k, l). Glucose levels in serum were
significantly decreased in both 5-week-old and 9-week-old
Asah1P361R/P361R mice compared to controls. Creatinine, a
commonly used indicator of renal function, and troponin, a
protein marker for cardiac health, were unchanged between
Asah1+/+ mice and Asah1P361R/P361R mice (Fig. 1n, o).

Liver pathology and cellular infiltration

Hematoxylin and eosin (H&E) staining of Asah1P361R/P361R

liver sections revealed significant and progressive

macrophage and neutrophil infiltration in comparison to
control Asah1+/+ liver sections (Fig. 2a-e). Macrophages in
Asah1P361R/P361R livers displayed a pale eosinophilic and
foamy cytoplasm (Fig. 2e). Multifocal, coalescing accu-
mulations of foamy macrophages were seen throughout the
parenchyma and surrounding vessels (Fig. 2e); hepatic
sinusoidal macrophages (Kupffer cells) also exhibited a
foamy appearance (Fig. 2e). On occasion, clusters of 3–4
foamy macrophages together with mild neutrophilic infil-
trates formed granulomas disrupting the hepatocellular tra-
beculae (Fig. 2e). Within these aggregates, single cell
necrosis was often observed (Fig. 2e).

Immunohistochemistry (IHC) for Cathepsin D (CathD), a
lysosomal marker, demonstrated cytoplasmic labeling
in Asah1P361R/P361R samples as early as 3 weeks of age
(Fig. 2b). CathD labeling was present within the vesiculated
cytoplasmic material and localized to foamy macrophages
by 9 weeks of age in Asah1P361R/P361R livers (Fig. 2e). To
further characterize the extent of macrophage and neu-
trophil infiltration, IHC with antibodies specific for
macrophage Mac-2 (galectin-3) and neutrophils was con-
ducted on liver sections from both Asah1+/+ mice and
Asah1P361R/P361R mice (Fig. 2a-e). Increased inflammation
was visible by 3 weeks of age in sections from
Asah1P361R/P361R livers (Fig. 2b). Between 5 weeks of age
and 7 weeks of age, liver sections from Asah1P361R/P361R

mice displayed increased neutrophil and macrophage
aggregation (Fig. 2c, d). Macrophages increased in size
and cytoplasmic vesiculation was more pronounced as the
mice aged. By 9 weeks of age, Asah1P361R/P361R mice dis-
played extensive neutrophil and macrophage infiltration
(Fig. 2e).

Hepatocellular storage pathology

Transmission electron microscopy (TEM) was conducted
on liver sections from Asah1+/+ mice and Asah1P361R/P361R

mice (Fig. 3). Ultrastructure analyses of liver sections from
Asah1+/+ control mice demonstrated normal cytology
(Fig. 3a). Hepatocytes from 9-week-old Asah1P361R/P361R

mice displayed excessive collagen fibers and atypical
macrophages containing abnormal cytoplasmic storage
vacuoles, fine granular-fibrillary content, and curvilinear
tubular bodies (CTB), also known as Farber bodies
(Fig. 3b). Kupffer cells in Asah1P361R/P361R liver sinusoids
demonstrated a similar storage pathology (Fig. 3d).
Asah1P361R/P361R liver endothelial cells also accumulated
CTB-like storage material (Fig. 3d). Hepatocytes in sections
from Asah1+/+ control livers displayed normal cytology
(Fig. 3c, e); in contrast, hepatocytes in sections from
Asah1P361R/P361R livers displayed numerous cytoplasmic
storage vacuoles (Fig. 3f, g). These abnormal hepatocyte
storage vacuoles were smaller and less abundant than those
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seen in macrophage and Kupffer cells in the same mice.
Further analyses of the liver sinusoids demonstrated
abnormal storage vacuoles in hepatic stellate (Ito) cells in

Asah1P361R/P361R mice (Fig. S1B). Lastly, within the bile
ductular epithelia of Asah1P361R/P361R mice, “zebra-like”
storage material was observed (Fig. S1D).
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Progressive liver fibrosis

While inflammation and aggregation of foamy macrophages
were the most obvious hepatic changes observed in tissue
samples from Asah1P361R/P361R mice, fibrosis was also
noted. This was assessed with soluble collagen measure-
ment, Masson’s trichrome staining, and reticulin staining
conducted on liver tissue samples from Asah1+/+ mice and
Asah1P361R/P361R mice (Fig. 4a-c). Trichrome staining
demonstrated progressive fibrosis with age in samples
from Asah1P361R/P361R mice (Fig. S2A-D). To quantify
fibrosis, soluble collagen was measured in liver tissue from
Asah1+/+ mice and Asah1P361R/P361R mice. Asah1P361R/P361R

mouse livers displayed significantly increased collagen
accumulation by 5 weeks of age compared to age-matched
controls (Fig. 4a). While Asah1+/+ control mouse livers
displayed no further increase in collagen staining between
5 weeks of age and 9 weeks of age, Asah1P361R/P361R mouse
livers continued to accumulate collagen (Fig. 4a). In tissues
from 9-week-old Asah1P361R/P361R mice, there was sig-
nificant periportal and periacinar accumulation of collagen
and reticulin fibers (Fig. 4c, d), portal fibrosis (Fig. 4d),
scarring in areas of histiocytic granulomas (Fig. 4e), and
bridging fibrosis (Fig. 4f).

Increased hepatocellular proliferation and death

Histopathological analyses demonstrated mild necrosis
and hepatocyte dropout (Table 1). To assess whether there
was also increased cell proliferation and apoptotic cell
death, IHC was conducted with antibodies for Ki67 and
cleaved caspase-3 in liver sections from 3-week-old, 5-
week-old, 7-week-old, and 9-week-old Asah1+/+ mice and
Asah1P361R/P361R mice (Fig. S3A-D). Asah1P361R/P361R mice
displayed an increase in Ki67 and cleaved caspase-3 nuclear
labeling by 7 weeks of age (Fig. 5a, b). IHC for Ki67 in
liver sections from 9-week-old Asah1+/+ mice demonstrated
scattered periportal cellular proliferation (Fig. 5c).
Asah1P361R/P361R mouse livers displayed significantly more
Ki67 labeling than controls at 9 weeks of age (Fig. 5d).

Fig. 2 Inflammation and pathology in the livers of Asah1P361R/P361R

mice. Light micrographs of liver sections stained with hematoxylin
and eosin (H&E), and antibodies for cathepsin D (CathD), neutrophils
(Anti-Neu), and macrophage (Mac-2) in Asah1+/+ mice and
Asah1P361R/P361R mice. Micrographs of tissue from a 9-week-old

Asah1+/+ mouse with normal liver histology (a). Representative
micrographs from 3-week-old, 5-week-old, 7-week-old, and 9-week-
old Asah1P361R/P361R mice reveal progressive liver pathology (b–e).
Annotations in figures: CV central vein, and PV portal vein. Scale bars
for all micrographs indicate 100 µm

Fig. 1 Hepatomegaly, liver injury, and perturbed serum metabolites in
Asah1P361R/P361R mice. Body-weight measurements of Asah1+/+ mice
and Asah1P361R/P361R mice at varying ages (n= 8 for both genotypes)
(a). Liver weight corresponding to age (n= 8 per genotype) (b). Liver
weight measured as a percentage of body weight corresponding to age
(n= 8 per genotype) (c). ELISA for aspartate aminotransferase (AST)
in serum from 5-week-old and 9-week-old mice (n= 5 per genotype)
(d). Liver specific and general metabolites as well as enzymes were
analyzed in serum samples from 5-week-old and 9-week-old mice for
each genotype. Analytes from the biochemistry panels include alanine
aminotransferase (ALT) (e), alkaline phosphatase (ALP) (f), gamma-
glutamyl transferase (GGT) (g), total bilirubin (TB) (h), blood urea
nitrogen (BUN) (i), bile acids (BA) (j), albumin (k), total cholesterol
(TC) (l), glucose (m), creatinine (n), and troponin (o). n= 5–8 per
genotype as indicated *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3 Storage pathology within the portal fields and liver sinusoids in
Asah1P361R/P361R mice. Electron micrograph of a representative portal
field in samples from a 9-week-old Asah1+/+ mouse; white arrows
highlight the lumen of a bile duct (a). Electron micrograph of a portal
field in a 9-week-old Asah1P361R/P361R mouse liver with excessive
collagen fibers (black arrowheads) and infiltrating macrophages dis-
playing cytoplasm containing excessive storage vacuoles with curved-
linear tubular profiles (CTB aka ‘Farber bodies’). The rectangle cor-
responds to the adjacent magnified panel (b). Representative electron
micrograph of a liver sinusoid in a 9-week-old Asah1+/+ mouse (c).
Electron micrograph of a liver sinusoid in a 9-week-old
Asah1P361R/P361R mouse featuring excessive storage vacuoles with
CTB-like content in endothelial and Kupffer cells (black arrows in the
magnified panel) (d). Electron micrograph of representative

hepatocytes from 9-week-old Asah1+/+ mice (e). Electron micrograph
of tissues from a representative 9-week-old Asah1P361R/P361R mouse
featuring a bi-nucleated hepatocyte with membrane-bound storage
vacuoles containing CTBs in the cytoplasm (black arrows) (f). High
magnification of a membrane-bound storage vacuole (black arrows) in
the cytoplasm of a hepatocyte. Higher magnification of a storage
vacuole within a hepatocyte (g). The rectangle corresponds to internal
panel featuring a single CTB. Annotations in the figure: BD bile duct
lumen, EC endothelial cell, EC ncl nucleus of an endothelial cell, glc
glycogen, HPC ncl nucleus of a hepatocyte, KC Kupffer cell, KC ncl
nucleus of a Kupffer cell, LS liver sinusoid lumen, MCP macrophage,
MCP ncl nucleus of a macrophage, PV portal vein lumen. Scale bars
on micrographs indicate 2 µm
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IHC labeling for Casp-3 and terminal deoxynucleotidyl
transferase (dUTP) Nick–End Labeling (TUNEL) were
muted in sections from Asah1+/+ liver (Fig. 5e, g). In
contrast, both Casp-3 and TUNEL labeling were present in
hepatocytes from 9-week-old Asah1P361R/P361R mice
(Fig. 5f, h).

Liver injury score

To (semi)quantify the extent of liver injury in Asah1P361R/
P361R mice, a liver injury scoring system was developed.
Significant liver injury was present by 5 weeks of age and
increased in 9-week-old Asah1P361R/P361R mice (Table 1).

Changes in Asah1P361R/P361R mouse livers included
increased accumulations of histiocytes, neutrophilic infil-
trates and formation of granulomas, fibrosis, and hepato-
cellular cytoplasmic vacuolation, degeneration, and death
(Table 1).

Alteration to lipids in plasma and liver tissue

Asah1P361R/P361R mice lost weight (Fig. 1a) and displayed
reduced fat pad sizes over time (data not shown). Serum
biochemistry panels revealed a reduction in total choles-
terol (Fig. 1l). However, those analyses were not per-
formed on fasted mice. Thus, we used LC-MS analysis to

Table 1 Liver Injury Score in Asah1+/+ mice and Asah1P361R/P361R mice

Sample
size

Histiocytic
abnormalities (0–4)

Neutrophilic
infiltrates (0–4)

Fibrosis
(0–4)

Hepatocellular cytoplasmic
vacuolation (0–4)

Total Score

Nine-week-old Asah1+/+ 5 0 0 0 0 0

Five-week-old Asah1P361R/P361R 5 2.6 ± 0.6 1.6 ± 0.2 1.8 ± 0.4 1.0 ± 0.3 7.0 ± 1.2

Nine-week-old Asah1P361R/P361R 5 3.6 ± 0.2 2.4 ± 0.2 3.0 ± 0.3 1.4 ± 0.2 10.4 ± 0.5

Average liver injury score ± SEM. Nine-week-old Asah1+/+ mice revealed no liver injury. Five-week-old and 9-week-old Asah1P361R/P361R mice
show progressive liver injury

Fig. 4 Collagen accumulation and fibrosis in the liver of
Asah1P361R/P361R mice. Soluble collagen content was measured from
the livers of 5-week-old and 9-week-old Asah1+/+ mice and
Asah1P361R/P361R mice (n= 6 mice per genotype) ***p < 0.001 (a).
Representative light micrographs of 9-week-old Asah1+/+ mouse and
Asah1P361R/P361R mouse liver sections stained with Masson’s trichrome

and reticulin (b, c). Higher magnification micrograph of 9-week-old
Asah1P361R/P361R mouse liver sections stained for trichrome displaying
fibrosis along the portal triad (d), extensive fibrosis within a histiocytic
granuloma (e), and presence of central to portal bridging fibrosis (f).
Annotations in figures: CV central vein, and PV portal vein. Scale bars
for all micrographs indicate 100 µm
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quantify free fatty acids (FFA), triglycerides (TG), phos-
phatidylcholine (PC), free cholesterol (FC), and total
cholesterol (TC) both in liver lysates (Fig. 6a-e) and
serum (Fig. 6f-j) from 8–9-week-old Asah1+/+ mice and
Asah1P361R/P361R mice that had been fasted overnight.
Asah1P361R/P361R mice demonstrated significantly
decreased FFA and TG in both liver tissue and serum
(Fig. 6a, b, f, g). PC, FC, and TC were found to be sig-
nificantly decreased in the serum, but not changed in liver
lysates from Asah1P361R/P361R mice (Fig. 6c-e, h-j).

Altered sphingolipid profile in the liver

Sphingolipids were quantified in liver lysates from 8–9-
week-old Asah1+/+ mice and Asah1P361R/P361R mice by LC-
MS. Liver tissue from Asah1P361R/P361R mice displayed a

significant increase in all species of ceramides including
monohexosylceramides (MHC; including glucosylceramide
and galactosylceramide) and derivatives such as ceramide-
1-phosphate (C1P) (Fig. 7a, d, e). While total sphingo-
myelin (SM) was significantly increased in liver lysates
from Asah1P361R/P361R mice, the greatest increase was seen
in the SM16:0 and SM18:0 species (Fig. 7b). In contrast, no
changes were seen in SM22:0 and SM24:0 species
(Fig. 7b). Notably, the C16:0 and C18:0 species were also
the most elevated in the ceramide and MHC analysis
(Fig. 7a, d). Sphingosine (Sph) was significantly decreased
in liver lysates from Asah1P361R/P361R mice (Fig. 7c). When
the relative abundance of each class of sphingolipids was
calculated, an increase in 16:0 and 18:0 chain lengths was
seen in each of ceramide, SM, and MHC, and 20:0 and 24:1
chain lengths were found elevated in ceramide, and MHC,

Fig. 5 Increased cell death and
proliferation in the liver of
Asah1P361R/P361R mice.
Percentage of Ki67 (a) and
cleaved capsase-3 (Casp-3) (b)
positive cells quantified from
tissue samples from 3-week-old,
5-week-old, 7-week-old, and 9-
week-old Asah1+/+ mice and
Asah1P361R/P361R mice (n= 4
mice per genotype).
Representative IHC staining for
Ki67 in liver sections from 9-
week-old Asah1+/+ mice (c) and
Asah1P361R/P361R mice (d).
Proliferating cells were noted
within the periportal hepatic
lobules (black arrowheads)
occasionally in Asah1+/+ mice
but more frequently in
Asah1P361R/P361R mice.
Ki67 staining in hepatocytes of
Asah1P361R/P361R mice (white
arrowheads). Representative
IHC staining for Casp-3 and
terminal deoxynucleotidyl
transferase (TdT) dUTP Nick-
End Labeling (TUNEL) on 9-
week-old liver samples from
Asah1+/+ mice (e, g) and
Asah1P361R/P361R mice (g, h).
Cell death was noted within
hepatocytes (black arrows) and
invading inflammatory cells
(white arrows). Annotations in
figures: CV central vein, and PV
portal vein. Scale bars for all
micrographs indicate 100 µm
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but not SM from Asah1P361R/P361R mouse liver lysates
(Fig. 7f, h). 22:0 and 24:0 chain lengths were found
decreased in ceramide, SM, and MHC, while 20:0 and 24:1
chain lengths were found decreased in SM from
Asah1P361R/P361R mouse liver lysates (Fig. 7f-h). The relative
abundance of the C1P species measured (C22:0, C24:1, and
C24:0) was similar in Asah1+/+ mice and Asah1P361R/P361R

mice (Fig. 7i).

Hepatocyte isolation and sphingolipid profile

Lipidomic analyses were also conducted on hepatocyte-
enriched cultures. A ‘two-step’ collagenase liver perfusion
method [32, 34] was used to isolate primary hepatocytes
and reduce macrophage contamination from Asah1+/+

mouse and Asah1P361R/P361R mouse livers. The 5-week
timepoint was selected for evaluation as it represents the
mid-point in Asah1P361R/P361R mouse lifespan and presents a
milder inflammatory phenotype. Flow cytometry for CD11b
(Macrophage-1 antigen) demonstrated a significant reduc-
tion in macrophages compared to non-hepatocyte-enriched
liver tissue from 5-week-old Asah1P361R/P361R mice
(Fig. S4).

Similar sphingolipid expression changes as those seen in
liver tissue were observed by LC-MS conducted on these
hepatocyte-enriched cultures. Hepatocyte-enriched cultures
from Asah1P361R/P361R mice displayed significantly
increased levels of total ceramide, SM, and MHC (Fig. 8a,
c, e). The 16:0 and 18:0 chain length species showed the
largest fold-changes for each of ceramide, SM, and MHC
(Fig. 8a, c, e). C1P and Sph levels were below the limit of
detection (data not shown). When the relative abundance of
each class of sphingolipids was calculated, an increase in
16:0 and 18:0 chain lengths was seen in each of ceramide,
SM, and MHC, and the 20:0 chain length was elevated in

ceramide, and SM, but not MHC from Asah1P361R/P361R

mouse hepatocyte-enriched cultures (Fig. 8b, d, f). 22:0,
24:1, and 24:0 chain lengths were found decreased in cer-
amide, SM, and MHC, while the 20:0 chain length was
decreased in MHC from Asah1P361R/P361R mouse
hepatocyte-enriched cultures (Fig. 8b, d, f).

Differential gene expression in hepatocytes

RNAseq analyses were conducted on hepatocyte-enriched
cultures derived from 5-week-old Asah1+/+ mice and
Asah1P361R/P361R mice. Across all cDNA libraries we found
high transcript yields (2.96 ± 3 × 10-3Gb), read numbers
(24.2 ± 0.02 million/library), and mapping rates (88.8 ±
0.13%) (Table S2). Substantial differences in the tran-
scriptomes were detected between samples from Asah1+/+

mice and Asah1P361R/P361R mice. The complete RNAseq
dataset is provided in Table S3.

Perturbed sphingolipid homeostasis

To gain insight into the molecular pathway changes in
ACDase deficiency, all gene transcripts found differentially
expressed in hepatocyte-enriched cultures from Asah1+/+

mice and Asah1P361R/P361R mice were further analyzed using
Ingenuity Pathway Analysis (IPA) software. The 2000 gene
transcripts identified to be most up or downregulated in
Asah1P361R/P361R mice are presented as a heat map in
Fig. S5. Of these gene transcripts, the most significantly
altered play roles in cellular lipid metabolism (146 gene
transcripts, p-value range 8.54 × 10−7–7.42 × 10−39),
molecular transport (164 gene transcripts, p-value 9.54 ×
10−7–4.38 × 10−27), the inflammatory response (168 gene
transcripts, p-value 8.22 × 10−7–2.84 × 10−26), cellular
function and maintenance (152 gene transcripts, p-value

Fig. 6 Decreased lipids in serum and liver of Asah1P361R/P361R mice.
Free fatty acid (FFA) (a, f), triglyceride (TG) (b, g), phosphati-
dylcholine (PC) (c, h), free cholesterol (FC) (d, i), and total cholesterol

(TC) (e, j) measured in liver and plasma samples respectively from
8–9-week-old Asah1+/+ mice and Asah1P361R/P361R mice. n= 5 mice
per genotype *p < 0.05, **p < 0.01
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8.09 × 10−7–2.84 × 10−26), and immune cell trafficking
(102 gene transcripts, p-value 9.54 × 10−7–7.40 × 10−26).
We were most interested in the dysregulated genes involved
in cellular lipid metabolism. Cluster analysis revealed many
significant genes in this pathway to be dysregulated in the
hepatocyte-enriched cultures from Asah1P361R/P361R mice
(Fig. 9a).

We validated the RNAseq analysis by conducting real-
time PCR measurements on several of the upregulated and
downregulated gene transcripts in this pathway in
hepatocyte-enriched cultures obtained from a separate
cohort of mice (Fig. 9b-g). Ceramide kinase (CerK), a gene
that encodes for the enzyme that converts ceramide to C1P,
was found by RNAseq analysis (z-score from −0.89 to

Fig. 7 Sphingolipid accumulation in the livers of Asah1P361R/P361R

mice. Quantification of ceramide species in liver lysates from
Asah1+/+ mice and Asah1P361R/P361R mice (a). Quantification of
sphingomyelin (SM) species in liver lysates from Asah1+/+ mice and
Asah1P361R/P361R mice (b). Quantification of sphingosine (Sph) in liver
lysates from Asah1+/+ mice and Asah1P361R/P361R mice (c). Quantifi-
cation of monohexosylceramide (MHC) species in liver lysates from
Asah1+/+ mice and Asah1P361R/P361R mice (d). Quantification of
ceramide-1-phosphate (C1P) species in liver lysates from Asah1+/+

mice and Asah1P361R/P361R mice (e). Relative abundance of ceramide
species in liver lysates from Asah1+/+ mice and Asah1P361R/P361R mice
(f). Relative abundance of SM species in liver lysates from Asah1+/+

mice and Asah1P361R/P361R mice (g). Relative abundance of MHC
species in liver lysates from Asah1+/+ mice and Asah1P361R/P361R mice
(h). Relative abundance of C1P species in liver lysates from Asah1+/+

mice and Asah1P361R/P361R mice (i). Liver lysates were obtained from
8–9-week-old Asah1+/+ mice and Asah1P361R/P361R mice. n= 4 mice
per genotype. *p < 0.05 **p < 0.01, ***p < 0.001
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0.89) and real-time PCR to be significantly upregulated
(Fig. 9a, b). Psap, which encodes for a glycoprotein that
generates four different polypeptides known as saposins A,
B, C, and D, was also found upregulated by RNAseq (z-
score from −0.90 to 0.90) and real-time PCR (Fig. 9a, c).
The four saposins act as activators of lysosomal hydrolases
for sphingolipid catabolism. Additionally, we observed
significant upregulation in ceramide glucosyltransferase
(Ugcg), a gene that is involved in the production of glu-
cocerebrosides, by RNAseq analysis (z-score from −0.63 to
0.63) and real-time PCR (Fig. 9a, d).

Several downregulated gene transcripts were also vali-
dated, including ceramide synthase 2 (Cers2) and Cers4
(Fig. 9a). Ceramide synthases are proteins that catalyze the
synthesis of ceramide. Cers2 is the enzyme that primarily
synthesizes very long acyl chain ceramides (C22-24) while
Cers4 primarily synthesizes C18-C22. Both Cers2 and

Cers4 were found downregulated by RNAseq (Cers2
z-score from −0.64 to 0.64, Cers4 z-score from −0.87 to
0.87) and validated by real-time PCR (Fig. 9e, f). Addi-
tionally, diacylglycerol acyltransferase 2 (Dgat2), a gene
that encodes for an enzyme that catalyzes triglyceride and
acyl ceramide generation, was also found downregulated by
RNAseq (z-score from −0.89 to 0.89) and real-time PCR
analysis (Fig. 9a, g).

Inflammatory response and lipid homeostasis
pathways

IPA software analyses revealed that while many pathways
displayed gene transcript expression changes, only a few
pathways were significantly activated (the combined result
of all gene transcript expression changes predicts pathway
activation) or deactivated (the combined result of all gene

Fig. 8 Sphingolipid accumulation in hepatocytes from Asah1P361R/P361R

mice. Quantification (a) and relative abundance (b) of ceramide
species in hepatocyte-enriched cultures from Asah1+/+ mice and
Asah1P361R/P361R mice. Quantification (c) and relative abundance (d) of
SM species in hepatocyte-enriched cultures from Asah1+/+ mice and
Asah1P361R/P361R mice. Quantification (e) and relative abundance

(f) of MHC species in hepatocyte-enriched cultures from Asah1+/+

mice and Asah1P361R/P361R mice. Hepatocyte-enriched cultures were
isolated from 5-week-old Asah1+/+ mice and Asah1P361R/P361R mice as
previously described. n= 4 samples per genotype *p < 0.05, **p < 0.01,
***p < 0.001
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transcript expression changes predicts pathway deactiva-
tion). The most significantly activated pathway in
Asah1P361R/P361R mouse hepatocytes was the leukocyte
extravasation signaling pathway (z-score= 3.61; 15 of 211

genes significantly modified, p-value= 3.91 × 10−6). Clus-
ter analysis of genes within this pathway revealed sig-
nificant differences between the transcriptomes of
hepatocyte-enriched cultures from 5-week-old Asah1+/+

Fig. 9 Altered expression of gene transcripts involved in sphingolipid
metabolism in Asah1P361R/P361R mice. Hierarchical clustering of sig-
nificantly altered transcripts of genes involved in the sphingolipid
metabolism pathway analyzed in samples from 3 Asah1+/+ mice (left)
and 3 Asah1P361R/P361R (right) mice (a). Gene transcripts induced are
depicted in red, gene transcripts repressed are depicted in blue. Real-
Time PCR analyses confirmed altered regulation of sphingolipid

metabolism pathway members ceramide kinase (Cerk) (b), prosaposin
(Psap) (c), ceramide glucosyltransferase (Ugcg) (d), ceramide syn-
thase 2 (Cers2) (e), ceramide synthase 4 (Cers4) (f), and diacylglycerol
o-acyltransferase 2 (Dgat2) (g) in tissue samples from a different
cohort of 4 Asah1+/+ mice and 4 Asah1P361R/P361R mice. *p <
0.05 **p < 0.01, ***p < 0.001
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mice and Asah1P361R/P361R mice (Fig. 10a). To validate
changes in this pathway, we confirmed expression of two of
the upregulated gene transcripts, Vcam1 (z-score from
−0.90 to 0.90 by RNAseq), and Cxcr4 (z-score from −0.89
to 0.89 by RNAseq) by real-time PCR in lysates obtained
from hepatocyte-enriched cultures from a separate cohort of
Asah1P361R/P361R mice (Fig. 10c, d). We also evaluated
inflammatory pathway activation by assessing STAT3 and
NF-κB p65 phosphorylation in liver lysates from 5-week-
old and 9-week-old Asah1+/+ mice and Asah1P361R/P361R

mice by western blot (Fig. S6). No differences in STAT3 or
NF-κB p65 phosphorylation were noted between liver tissue
extracts from 5-week-old Asah1+/+ mice and 5-week-old

Asah1P361R/P361R mice (Figure S6). In 9-week-old mice,
STAT3 phosphorylation was significantly increased in
extracts from the livers of Asah1P361R/P361R mice in com-
parison to Asah1+/+ mice (Fig. S6).

The most significantly deactivated pathway in
Asah1P361R/P361R mouse hepatocytes was the liver X recep-
tor/retinoid x receptor (LXR/RXR) pathway (z-score −3.00;
18 of 121 genes significantly modified, p-value= 2.75 ×
10−12). Genes within this pathway play a role in the
homeostasis of cholesterol and triglyceride metabolism.
Within this pathway, a number of the apolipoprotein tran-
scripts were downregulated (Fig. 10b); two of which were
Apolipoprotein M (ApoM) (z-score from −0.83 to 0.83 by

Fig. 10 Altered expression of gene transcripts involved in leukocyte
extravasation signaling and LXR/RXR activation pathways in
Asah1P361R/P361R mice. Hierarchical clustering of significantly altered
transcripts of genes involved in the leukocyte extravasation signaling
(a) and LXR/RXR activation (b) pathways in samples from 3
Asah1+/+ mice (left) and 3 Asah1P361R/P361R (right) mice. Gene tran-
scripts induced are depicted in red, gene transcripts repressed are
depicted in blue. Real-Time PCR analyses confirmed leukocyte

extravasation signaling pathway member vascular cellular adhesion
molecule 1 (Vcam1) (c), and chemokine (C-X-C motif) receptor 4
(Cxcr4) (d) upregulation in a different cohort of 4 Asah1+/+ mice and
4 Asah1P361R/P361R mice. Real-Time PCR analyses confirmed LXR/
RXR activation pathway member Apolipoprotein M (ApoM) (e), and
Apolipoprotein A2 (ApoA2) (f) downregulation in tissues from a dif-
ferent cohort of 4 Asah1+/+ mice and 4 Asah1P361R/P361R mice. *p <
0.05, **p < 0.01
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RNAseq) and Apolipoprotein A2 (ApoA2) (z-score from
−0.76 to 0.76 by RNAseq) (Fig. 10b). The expression
changes of both ApoM and ApoA2 were validated by real-
time PCR in lysates from hepatocyte-enriched cultures
obtained from a different cohort of animals (Fig. 10e, f).

Discussion

The clinical spectrum of ACDase deficiency in humans is
broad. The most common clinical manifestations include
subcutaneous nodules, joint contractures, and a hoarse
voice. Beyond that, patients also develop neurological,
respiratory, and other visceral disease. We have previously
reported that our ACDase deficient mouse develops
significant pathology within the hematopoietic, central
nervous, and pulmonary systems [23, 25, 35]. In this report,
we document liver pathology in this mouse. We further
catalogue lipid and sphingolipid profiles and highlight
changes in liver gene expression versus controls.

Within the limited medical literature on FD, the most
typical hepatic sign is hepatomegaly in which the liver is
often palpable during a clinical examination [10–
12, 36, 37]. In one of Dr. Sidney Farber’s original case
reports on three FD patients, he described the presence of
hepatic necrosis, a faint cytoplasmic staining in both
hepatocytes and Kupffer cells, and dilation of the liver
sinuses [4]. Other postmortem reports demonstrated the
presence of highly vacuolated atypical histiocytes
[1, 37, 38]. Additionally, TEM analyses of liver biopsies
from Farber patients revealed cells containing large intra-
cytoplasmic inclusions, many of which contained low
electron dense amorphous material [12, 39, 40]. The FD
mouse model allows for a more detailed analyses of liver
pathology than that which can be obtained from the limited
human FD patient studies. Indeed, our analyses of livers
from ACDase deficient mice are highly analogous to the
pathology reported in FD patients. The livers of Asah1P361R/
P361R mice displayed significant fibrosis and inflammatory
cell infiltration characterized by considerable storage
pathology in recruited macrophages, resident Kupffer cells,
and other cells within the liver sinusoid and portal areas
(Fig. 2e). Similar observations have previously been
reported in the spleen and thymus of Asah1P361R/P361R

mice [23].
Importantly, life-threatening liver failure has been

reported to occur in neonates, infants, and juveniles affected
by LSDs including acid sphingomyelinase deficiency
[41, 42] and Niemann–Pick disease type C [43]. Liver
enlargement and histiocytosis are common in classical FD,
and severe liver pathology including organomegaly, and
histiocytosis, has been documented in “visceral-neonate”
cases, which usually do not live past 1 year of age [1]. Of

the handful of case reports available, the presence of cho-
lestatic jaundice, liver fibrosis, ascites, and liver injury have
also been documented [8, 14, 15]. In one of these case
reports, a 6-month-old infant that exhibited severe liver
pathology was misdiagnosed with neonatal giant cell
hepatitis. In this instance, proper diagnosis of FD was only
achieved after the appearance of arthritic-like symptoms [8].
Cases such as these have expanded the clinical spectrum of
FD, where liver involvement may precede the appearance of
more common FD symptoms such as nodule formation. The
Asah1P361R/P361R mouse displays significant liver pathology
including an elevation of liver injury markers, progression
of fibrosis, and cell death, similar to that seen in cases of
visceral-neonate FD.

To investigate gene expression changes in the liver
and potentially identify other therapeutic targets in
Asah1P361R/P361R mice, we performed RNAseq analysis.
Since the liver contains various cell types, we wanted to
approach this study using a uniform primary cell popula-
tion. Skin fibroblasts were first considered; however, we
ultimately decided to perfuse the liver and isolate hepato-
cytes as they are a more physiologically relevant cell type.
We enriched for hepatocytes with the aim of studying both
the sphingolipid profile and gene expression changes in the
liver of Asah1P361R/P361R mice. It should be noted that we
analyzed hepatocyte cultures from 5-week-old animals for
these experiments. This represents the mid-life timepoint for
Asah1P361R/P361R mice where they present with a much
milder inflammatory phenotype than their older siblings.
This timepoint may also afford an opportunity to see gene
dysregulation that will contribute to the development of
pathology in these mice.

Many gene transcripts were found significantly altered in
cells from the hepatocyte-enriched Asah1P361R/P361R cultures
in comparison to controls (Fig. S5). Pathway analyses
conducted on gene transcripts found significantly altered in
Asah1P361R/P361R mice revealed an upregulation of tran-
scripts related to the inflammatory response. This was
unsurprising as we have previously reported on increased
inflammation in Asah1P361R/P361R mice [22, 24–26].

One of the upregulated genes in the leukocyte extra-
vasation pathway that we validated with real-time PCR was
Vcam1, a gene that functions in leukocyte-endothelial cell
adhesion (Fig. 10a, c). We recently reported presence of
chronic lung injury in the lungs of the Asah1P361R/P361R

mice. One of the findings from that study was a significant
increase in vascular permeability in Asah1P361R/P361R mice
resulting in vascular leakage in various organs including the
liver [25]. Upregulation of Vcam1 in the liver may
contribute to this observation and may partly explain the
progressive infiltration of immune cells. Other genes we
observed to be upregulated included CXCR4 and the che-
mokine CXCL12, which contribute to a wide range of
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biological functions [44]. Within the context of the liver,
activation of CXCR4 signaling has been associated with the
promotion of fibrosis [45]. Furthermore, targeting the
CXCR4 pathway improves acute liver injury response and
promotes liver regeneration [46]. In our mice, the presence
of liver injury and progressive fibrosis may be related to
these upregulated CXCR4 levels.

RNAseq analyses has been used to study gene changes in
other LSDs including profiling the cerebral cortex, mid-
brain, diencephalon, and hippocampus in a mouse model of
MPSII [47] and investigating liver, lung, and spleen in a
mouse model of Gaucher disease [48]. Neuroinflammation
and Wnt signaling were some of the most significantly
altered pathways in MPSII [47]. Inflammation, cell growth
and proliferation, cell cycle, heme metabolism, and mito-
chondrial dysfunction were the most altered in Gaucher
disease [48]. Immune activation has been reported in many
LSD mouse models including MPS I [49], MPS II [47],
MPS IIIA [49], MPS IIIB [49], MPS VII [50], GM2
gangliosidosis [51], Gaucher [51], and Niemann–Pick C
[51]. This is not surprising as lysosomes are inherently
important for many immune functions.

Interestingly, the lipid homeostasis pathway was sig-
nificantly deactivated in our hepatocyte cultures, which may
in part explain the reduction of TG and FFA noticed in both
liver and serum samples (Fig. 6a, b, f, g). Asah1P361R/P361R

mice begin to show a decrease in total body weight and lose
fat around 5 weeks of age [22]. While we did not assess
adipose tissue content per se, during necropsy we often saw
an absence of fat pads in the visceral, anterior subcutaneous,
and posterior subcutaneous regions (data not shown).
Additionally, a number of case reports have reported pro-
gressive weight loss in FD [52–54]. One patient with the
mild variant of FD was also described as lacking cutaneous
fat [54]. One of the significantly downregulated pathways
we identified was the LXR/RXR activation pathway, which
plays a role in cholesterol absorption and excretion
(Fig. 10b). Within this pathway, a number of genes for
apolipoproteins were downregulated. ApoM and ApoA2
encode for lipoproteins found in high-density lipoprotein
(HDL) particles. Deactivation of these pathways might
contribute to the reduced free fatty acid and triglyceride
levels in liver and serum in the Asah1P361R/P361R mouse.

Disturbances in lipid homeostasis have been demon-
strated in other animal models of sphingolipid pathway
dysfunction. One study in the S1P lyase-deficient mouse
demonstrated elevated lipid storage in both serum and liver,
but decreased adiposity [55]. A report on the acid sphin-
gomyelinase and LDL receptor double-deficient mouse
demonstrated reduced hepatic TG accumulation and less fat
accumulation compared to controls when animals were
placed on a high-fat diet [56]. Studies have demonstrated
the role of adiponectin regulation of ceramidase activity in

the maintenance of insulin resistance [57–59], and that
overexpressing ACDase in the liver led to improved insulin
sensitivity and prevented hepatic steatosis in mice on a
high-fat diet [60]. Most recently one study that performed
transcriptome analyses on liver tissue from CerS2 deficient
mice also revealed a significant downregulation in tran-
scripts related to fatty acid oxidation [61]. Here we report
downregulation of CerS2 expression (Fig. 9a, e) and a
ceramide profile in the liver (Fig. 7a, f) similar to that in
CerS2 mutant mice [62]. While more work will be required
to understand this mechanism, these studies and ours col-
lectively demonstrate that insults to the sphingolipid path-
way can lead to similar functional consequences that cross
over to other lipid metabolic pathways.

Lipidomic analyses of our liver lysates and hepatocyte-
enriched cultures revealed significant accumulation of total
ceramide, SM, and MHC (Fig. 7a, b, d). Assessment of
ceramide abundance revealed a proportional increase in the
ratio of C16:0/SM16:0 acyl chain and C18:0/SM18:0 acyl
chain sphingolipids and a reduction in the C22:0/SM22:0
acyl chain and C24:0/SM24:0 acyl chain sphingolipids in
the liver of Asah1P361R/P361R mice (Fig. 7f). This alteration
in long chain versus very long chain species ratios appears
to be specific to the liver: our previous analyses of cer-
amides in the lung did not reveal such alterations in acyl
chain composition [25, 26]. As well, another of our studies
on the brains of Asah1P361R/P361R mice revealed the oppo-
site: there was an increase in the C24:0 species and a
decrease in the C18:0 species in Asah1P361R/P361R mouse
brains [35]. These differences in ceramide acyl chain dis-
tribution are partly due to the expression of the six CerS
genes [29]. Our current data revealed a significant reduction
in Cers2 and Cers4 transcripts in samples from Asah1P361R/
P361R mice (Fig. 9a, e, f). Normal mice display high Cers2
and Cers4 expression in the liver [63]. Cers2 is important
for the synthesis of the very long chain ceramides, which
include C20-C26 whereas Cers4 is important for the for-
mation of C18-C22 ceramides [63]. Thus, decreased
expression of Cers2 and Cers4 may partly explain the
reduced abundance of C22:0 and C24:0 species we
observed herein. Work on the Cers2-deficient mouse
revealed a similar pattern wherein the C16:0 species were
significantly elevated to account for the reduction in C22:0
and C24:0 ceramides [64]. Analyses of the livers of those
mice also revealed some similarities in liver pathology, such
as increased cell death, increased expression of injury
markers, inflammation, and fibrosis [62].

Ceramide is considered to be pro-apoptotic while S1P is
considered to promote survival [65]. Particular to this
rheostat is the role of C16:0 ceramide in the promotion of
apoptosis [66]. One study demonstrated that overexpression
of neutral ceramidase leads to a protective effect from TNF-
α induced apoptosis in rat hepatocytes [67]. Not only was
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C16:0 reduced, but also an increase in S1P levels was
detected [67]. Another report showed that knockdown of
Cers2 led to increased cell death in HeLa cells treated with
cisplatin and a shift in sphingolipid composition from C24:0
to C16:0 [68]. With respect to our study, the increased cell
death noted may be in part due to the increased abundance
of C16:0 ceramide. We also detected significantly increased
SM in Asah1P361R/P361R mouse liver lysates, possibly the
result of defective ceramide breakdown (Fig. 7b).

Lastly, we demonstrated a significant upregulation of
Cerk and Ugcg transcripts (Fig. 9a, b, d). Cerk converts
ceramide to C1P, and Ugcg is an important enzyme in the
biosynthesis of glucosylceramides [17]. This upregulation
may explain the increased level of MHC and C1P in liver
lysates that we observed (Fig. 7d, e). In fact, secondary lipid
accumulation is a common observation seen in other LSDs
[69, 70]. One example is the accumulation of gangliosides
in Niemann–Pick disease type C (NPC)-deficient mice [71].
A possible explanation for this phenomenon is that the
impairment of the endosomal/lysosomal system caused
by the primary genetic defect results in accumulation of
gangliosides [70]. This sequestration leads to a state
of starvation within a cell that could lead to upregulation
of genes responsible for glycosphingolipid synthesis [70].
As ceramide is central to the formation of more complex
sphingolipids, the upregulation of CerK and Ugcg could be
due to such a mechanism.

Additionally, we noted upregulation of Psap, which
encodes for a precursor glycoprotein that is cleaved into
four sphingolipid activator proteins collectively called
saposins A–D (Fig. 9a, c) [72]. Since saposin D acts as a
stimulant for ACDase, it is possible that an increase in Psap
is stimulated in order to boost enzyme effectiveness [73].
Additionally, as a pan increase in sphingolipids was
detected, upregulation of Psap may impact the activity of
other sphingolipid metabolizing enzymes. Not surprisingly,
transcription factor EB (TFEB), a master lysosomal reg-
ulator that is elevated in numerous LSDs, was also found
upregulated (Table S3). Taken together, these results
demonstrate that mutations to Asah1 not only lead to
sphingolipid buildup, but also to significant alteration in
genes that control sphingolipid homeostasis.

Our study has provided a comprehensive analysis of
hepatic pathology in the ACDase deficient mouse. We have
highlighted parallels between human cases and our model
for liver injury, inflammation, and ultrastructure pathology.
With limited availability of FD patient tissues, our
Asah1P361R/P361R mouse model has aimed to fill this gap by
allowing pathological and molecular study of acid cer-
amidase deficiency. Our findings provide the first insight
into the pathology and perturbed metabolic regulation pre-
sent in the liver of acid ceramidase-deficient mice.
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