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Abstract

BACKGROUND AND AIMS: Nonalcoholic steatohepatitis (NASH) is associated with obesity
and an increased risk for liver cirrhosis and cancer. Neutral ceramidase (NcDase), highly
expressed in the intestinal brush border of the small intestine, plays a critical role in digesting
dietary sphingolipids (ceramide) to regulate the balance of sphingosine and free fatty acids
(FFAS). It remains unresolved whether obesity-associated alteration of NcDase contributes to the
manifestation of NASH. Here we revealed that neutral ceramidase deficiency in murine models of
NASH prevents hepatic inflammation and fibrosis, but not steatosis.

APPROACH AND RESULTS: NcDase™~ mice display reduced SCD1 expression with a
compositional decrease of monounsaturated fatty acids (MUFAS) under the different dietary
conditions. We further found that neutral ceramidase is a functional regulator of intestinal B
cells and influences the abundance and quality of the secretory IgA response toward commensal
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bacteria. Analysis of composition of the gut microbiota found that Clostridiales colonization

was increased in NcDase™~ mice. The colonization of germ-free mice with gut microbiota from
NcDase ™/~ mice resulted in a greater decrease in the expression of SCD1 and the level of MUFAs
in the liver relative to gut microbiota from wild-type (WT) littermates, which are associated with
the alternation of IgA bound bacteria including increase of Ruminococcaceae and reduction of
Desulfovibrio.

CONCLUSIONS: Mechanistically, NcDase is a crucial link that controls the expression

of SCD1 and MUFAs-mediated activation of the Wnt/p-catenin. Very importantly, our
experiments further demonstrated that Wnt3a stimulation can enhance the activity of neutral
ceramidase in hepatocytes. Thus, the NcDase-SCD1-Wnt feedback loop promotes the diet-induced
steatohepatitis and fibrosis through the regulation of intestinal IgA* immune cells.
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Introduction

The progression of nonalcoholic steatohepatitis (NASH) is closely associated with
dysregulated intracellular lipid accumulation and metabolism, including sphingolipid

metabolism(1). High-fat diet (HFD)/palmitate alters expression and activity of the enzymes
involved in ceramide synthesis (ceramide synthases [CerSs]), specifically CerS2 and CerS6
(1-3). Through catabolic pathways, ceramides are also derived from the hydrolysis of
sphingomyelins by the action of sphingomyelinases or the catabolism of glycosphingolipids.
In the salvage pathway, ceramides are synthesized from sphingosine and fatty acyl-CoA by
CerSs. Ceramides can be hydrolyzed to produce sphingosine and free fatty acids (FAS) by
the action of ceramidases encoded by five distinct genes (N-acylsphingosine amidohydrolase
[ASAH] 1, ASAHZ2, ACERI, ACERZ2, and ACERS3) (3, 4). Neutral ceramidase (NcDase),
encoded by ASAHZ, is highly expressed in the small intestine and colon along the brush
border and facilitates the deacylation of ceramide (5). However, the specific role of NcDase
in sphingolipid crosstalk with fatty acids (FAs) in the development/progression of NASH
remains poorly defined.

FA composition of lipid species, especially the homeostasis of saturated fatty acids (SFAS)
and monounsaturated fatty acids (MUFAS), is an important determinant of the development
of hepatic insulin resistance and energy metabolism(6). Stearoyl-CoA desaturase (SCD) is
a central lipogenic enzyme that catalyzes the synthesis of MUFAs, primarily oleate and
palmitoleate (POA), from SFAs, stearate and palmitate, respectively(7). MUFAS serve as
better substrates for the synthesis of hepatic neutral lipids, and thus play a role in increasing
tissue lipid load and may initiate insulin resistance and NASH(8). The level of hepatic

FA desaturation by SCD1 might depend on the gut microbial load(9, 10). Microbiota have
emerged as a key regulator of metabolism within the mammalian host(11). Gut immune
responses, especially B cells-derived molecule immunoglobulin A (IgA), are critical in
regulating the composition of the microbiota(12). Overweight individuals and high fat diet
(HFD)-fed obese mice evince some diminished immune responses, such as reduced levels
of mucosal IgA, which was demonstrated as a critical regulator of HFD-induced intestinal
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inflammation and insulin resistance (13, 14). However, the relationship between gut IgA,
MUFAs, and the development of NASH remains unknown.

Activation of the canonical Wnt pathway is a hallmark of both liver fibrogenesis and
carcinogenesis(15). The MUFA, palmitoleate, plays a major structural role in mediating the
interaction of Wnt with its receptor frizzled(16). Wnt fatty acylation is necessary in order

to produce secreted, fully active Wnt protein(17). Thus, SCD1 is required for production

of active palmitoleated Wnt proteins and plays a critical role in the development of liver
fibrosis(18). Here, we found a deficiency of NcDase alters the pattern of MUFAS in the liver
at least in part by regulating the activity of hepatic SCD1 and gut B cells IgA response,

and disrupting the composition of commensal bacteria. Thus, the altered Wnt fatty acylation
renders the NcDase ™~ mice not susceptible to diet-induced steatohepatitis and fibrosis.

Animals and treatments

Results

C57BL/6 mice were obtained from Jackson Laboratory. NcDase knockout mice (NcDase ™)
were from Dr. Yusuf A. Hannun (Stony Brook University) and had been backcrossed at
least 8 generations to C57BL/6(5). NcDase™~ mice and WT littermates were placed on
standard chow or a high-fat diet (HFD) containing 60% kcal % Fat (D12492; Research
Diets, Inc.) at 5 weeks of age for 7 months (induction of steatosis by HFD) or 14

months (induction of NASH by HFD). For other NASH experiments, groups of mice were
placed on a Hydrogenated Vegetable Oil-HVO, sucrose, palmitate, cholesterol (“HSPC”)
diet (Teklad, TD. 160785) for four months or a methioninecholine- deficient (MCD) diet
(Teklad, TD. 90262) for 8 weeks. Studies were conducted in accordance with the principles
and procedures outlined in the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the University of Louisville Institutional Animal
Care and Use Committee.

Details of other methods used in this study are described in the Supplemental Materials and
Methods.

Deletion of NcDase suppresses liver inflammation and fibrosis in mouse models of NASH

We analyzed the expression of NcDase in liver and intestinal extracts from HFD mice with
NASH versus steatosis and normal mice and observed a significant increase in NcDase
expression in the NASH livers (Figures 1A and 1B). The expression and activity of NcDase
was found at its highest level in the gut of mice with NASH (Figures 1A-1C, and Figure
S1A). We further explored NcDase expression in another mouse model of NASH induced by
a HSPC diet that was rich in HVO, Sucrose, Palmitate, Cholesterol (19, 20). Higher NcDase
MRNA expression was also found in the gut of HSPC fed mice (Figure S1B). To test the

role of NcDase on diet-induced NASH, we compared NcDase™~ mice with WT littermates
maintained on a HFD for 7 or 14 months. HFD-fed NcDase ™/~ mice had both lower total
body weight and a lower liver:body weight ratio than HFD-fed WT mice (Figure S1C). Liver
sections showed marked reductions in fibrosis (Figure 1D) and inflammatory cell infiltration
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(Figure 1E) in the NcDase™~ mice, while steatosis lipid (hematoxylin and eosin and Oil Red
0) was not affected (Figure 1E). The levels of hepatic fibrosis markers, including collagen
type | alpha 1 chain (Collal), fibronectin, and alpha-smooth muscle actin (a-SMA) mRNAs
and protein in NcDase™~ mice compared with WT mice (Figures 1F and 1G), and there

was also a reduction in a-SMA* cells (Figure 1H). Additionally, NcDase ™'~ mice showed
significant decreases in alanine aminotransferase (ALT), aspartate aminotransferase (AST)
and plasma insulin levels (Figure 11). However, plasma choline, plasma TG, plasma VLDL,
food intake, serum leptin, serum FFAs and liver FFAs were similar in the HFD-fed WT mice
and NcDase™'~ mice (Figures S1D-S1J). Low choline perturbs mitochondrial bioenergetics
and fatty acid beta oxidation, which are critical mechanisms in the pathogenesis of
NASH(21). More interestingly, liver choline was significantly increased in the livers of
obese NcDase ™~ mice, especially in the mice with NASH (Figure 1J). Real-time PCR
results revealed that amounts of TNF-a, chemokine (C-X-C motif) ligand 1 (CXCL1), IL-6,
TGFp and S100A8 mRNA in the liver were decreased in HFD-fed NcDase™~ mice (Figure
S2A). Furthermore, NcDase deficiency significantly reduced the infiltration of neutrophils
and macrophages into the liver (Figures S2B and S2C). FACS analysis confirmed that
HFD-fed NcDase™~ mice have decreased accumulation of F4/80-positive macrophages,
CD11b*Gr-1* immature myeloid cells (iMCs)/myeloid-derived suppressor cells (MDSCs)
and CD8* T cells, but not but not T helper (Th) 1 cells and Th17 cells (Figure S2D) in the
liver compared with HFD-fed WT mice. Thus, deletion of NcDase improved or reversed key
liver parameters related to inflammation and fibrosis.

To achieve NASH features within an experimentally acceptable time frame, we further
studied the role of NcDase in the HSPC diet-induced NASH model. After 16 weeks of
HSPC diet feeding, mouse body weight, liver:body weight ratio, fasting blood glucose,
and fasting blood insulin were similar in the NcDase ™/~ mice and WT control groups
(Figures S3A-3D). However, both inflammatory cell infiltration and fibrosis were reduced
in the livers of HSPC-fed NcDase™~ mice as compared to WT mice (Figures 2A-2C).
Plasma ALT was decreased in NcDase™~ mice (Figures 2D). Deficiency of NcDase also
caused a robust reduction in the expression of mMRNAs related to hepatic inflammation
(CXCL1 and IL-6) and fibrosis, including a-SMA, tissue inhibitor of metalloproteinase 1
(Timp1), and Collal (Figures 2E). These changes were accompanied by decreases in F4/80*
macrophages, but not in iIMCs/MDSCs (Figure 2F). We further confirmed these results

in the MCD diet-induced NASH model, in which deletion of NcDase showed decreased
both hepatic injury and fibrosis (Figure 2G and Figure S4A), as well as the same steatosis
and loss of body weight, liver:body weight ratio (Figure 2G and Figure S4B) and reduced
inflammatory and fibrotic gene expression and a-SMA* cells in the liver (Figures S4C—
S4D).

HFD-fed NcDase™~ mice display decreased MUFA-enriched hepatic neutral lipids

To examine the HFD-induced biochemical changes, we analyzed liver ceramide metabolism
and fatty acid composition including triglycerides (TGs), cholesterol esters (CE), and
phospholipids (PLs) in NcDase™~ mice and their WT littermates after a 14-month-HFD
feeding. Surprisingly, the level of total ceramide, acylation patterns of ceramide and
sphingosine-1-phosphate (S1p) were not significantly different in WT versus NcDase ™~
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mice in serum, liver and intestine tissue (Figure 3A and Figures SSA-S5B), possibly
resulting from a compensatory decrease in CerS5 and CerS6 transcripts in the livers and
intestines of NcDase™~ mice (Figure S5C). However, we saw a striking decrease in NcDase
metabolite sphingosine in the intestines of NcDase™~ mice (Figure S5A). Furthermore,
NcDase™~ mice with NASH displayed a significant decrease in the hepatic neutral lipid CE,
and an increase in PL compared to WT littermates (Figure 3B). Of note, NASH NcDase ™~
mice had markedly reduced levels of the MUFAs palmitoleate (C16:1) and oleate (C18:1),
but had similar levels of palmitic acid (C16:0) and stearic acid (C18:0) in total liver lipids
(Figure 3C). The reduced oleate was mainly attributed to a decrease in C18:1 n-7 in the TG,
CE and PL fractions and a significant decrease in C18:1 n-9 in the CE. (Figures 3D and
3E). Interestingly, palmitoleate (C16:1), a minor product of SCD1, was also significantly
decreased in the TG and CE fractions in NcDase™~ mice as compared to WT, but was not
statistically different in the PL fraction of NcDase™~ mice and WT littermates (Figure 3F).
Furthermore, in the liver CE and PL, but not the TG fraction, C18:2 levels were significantly
increased in NcDase™'~ mice relative to WT littermates (Figure 3G).

SCD1 is a member of the fatty acid desaturase family and catalyzes mainly the conversion
of saturated fatty acids (SFAs) to MUFAs (22). We hypothesized the changes in MUFAS
profile may subsequently attribute to the inhibition of SCD1 gene expression in the liver of
NcDase ™/~ mice. Indeed, the expression of SCD1 was reduced significantly in steatotic and
NASH livers in the NcDase™~ mice (Figure 4A). In addition, the levels of SCD1 mRNA
were downregulated about 20, 100, 300-fold in the livers of steatotic NcDase ™'~ mice with 3,
5 and 7 months of HFD feeding, respectively, compared to their WT littermates (Figure 4B).
Moreover, the livers of NcDase ™'~ mice with NASH had the lowest levels of SCD1, about

a 900-fold decrease, at 14 months of the HFD feeding (Figure 4B). SCD1 expression in the
gut was also abolished in NcDase™'~ mice with NASH (Figures 4C and 4D). The mRNAs
for MUFA elongation, elongation of very long chain fatty acids (Elovl) 5and Elovié
elongase, also exhibited decreased expression in NcDase™~ mice (Figure 4E). No changes
were observed in the level of lipogenesis genes sterol regulatory element binding protein

1c, acetyl-Coenzyme A carboxylase alpha, and fatty acid synthase mRNA (Figure S5D) in
NcDase™~ mice, however, peroxisome proliferator-activated receptor gamma expression was
found significantly downregulated (Figure 4E). We observed a significant decrease in fatty
acid-binding protein (Fabp) 1 and Fabp4 expression and similar expression of CD36 and
Fabp5 for FA uptake in HFD-fed NcDase™~ mice (Figure S5D). NcDase™~ mice exhibited
higher 3-hydroxy-3-methyl-glutaryl- CoA [HMG-CoA] reductase and acyl CoA: cholesterol
acyl transferase 2 mRNA expression for cholesterol synthesis and TG but lower aldehyde
oxidase 1 mRNA expression for fatty oxidation and similar diacylglycerol acyl transferase

1 and 2 (Dgatl and 2) mRNA expression compared with WT mice (Figure S5E). Thus, all
of our observations suggest that a decrease of hepatic SCD1 might be the main cause of the
altered balance between SFAs and MUFAs in HFD-fed NcDase ™'~ mice.

Given that weaning is accompanied by substantial alterations in energy expenditure and
maturation of the microbiota, and that liver SCD1 expression is microbiota dependent, we
next asked whether the decreased SCD1 expression in the liver of NcDase™™ mice is present
at birth or occurs after weaning onto the normal chow diet (NCD). At the time of suckling
(2 weeks), WT and NcDase™'~ mice displayed similar levels of SCD1 in the liver, which
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increased 2 weeks after weaning in both WT and NcDase ™'~ mice (Figure 4F). However, the
fold-increase in SCD1 mRNAs in WT littermates 2 weeks after weaning was about 20-fold
higher compared to the suckling stage, which was significantly higher than the fold-change
in NcDase™~ mice (Figure 4F). Interestingly, after 12 weeks of age, the expression of
SCD1 began to decrease in NcDase™~ mice, but not in WT mice. Notably, the levels of
SCD1 downregulated about 90-fold and 180-fold compared to WT mice at the age of 25
and 60 weeks, respectively (Figure 4F). Similarly, the levels of liver SCD1 protein were
also significantly downregulated in 60-week-old, but not in 5-week-old NcDase™~ mice,
compared to their WT littermates (Figure 4G). Next, we asked whether the level of MUFAS
in livers of NcDase™~ mice changed upon the suckling-to-weaning transition. As expected,
both WT and NcDase ™'~ mice displayed similar levels of MUFAs in the liver at the time

of suckling. Although levels of MUFAs increased in both WT and NcDase™~ mice after
weaning (Figure 4H); the percent increase in NcDase™~ mice was significantly lower than in
WT littermates. At 60 weeks of age, the levels of C18:1 and C16:1 FAs decreased strikingly
in NcDase™~ mice when fed the NCD, which was similar to the HFD fed mice (Figure 4H).
In addition to C18:1, liver total TG and CE levels decreased with age in NcDase ™'~ mice
(Figure 4H). Thus, the level of SCD1 and MUFAs in the liver is dependent on NcDase.

Neutral ceramidase deficiency improves obesity-associated lipid abnormalities via gut

microbiota

The intestinal microbiota are a known contributor to the metabolic function of SCD1 and
MUFAs and have been linked with the development of human obesity(23, 24). To determine
if the gut microbiota specifically modulate the SCD1 expression and lipogenesis in the

liver of NcDase ™~ mice, an antibiotic cocktail (Abx) was provided. Antibiotic treatment
clearly downregulated the expression of SCD1 and ELOVLS5 (Figure 5A), and reduced

the differences in the mRNA levels of SCD1 and ELOVL5 between the NcDase ™~ mice

and WT littermates (Figure 5A). Antibiotic treatment also decreased C16:1 and C18:1

in total lipid and TG and CE fractions in both NcDase™~ mice and WT littermates and
caused the levels of hepatic C16:1 and C18:1 in WT mice to approximate the levels in the
NcDase™~ mice (Figure 5B). To test whether the gut microbiota of NcDase ”~ mice fed

the HFD could attenuate the production of MUFAs, we transplanted the fecal microbiota
from 7-month-HFD fed NcDase™~ mice or WT mice into recipient germ-free (GF) mice and
then fed both groups of recipient mice a normal control diet (NCD) for 5 weeks. Strikingly,
GF mice that received microbiota from NcDase™~ mice gained less SCD1 and ELOVL5
expression than those that received microbiota from WT mice (Figures 5C and 5D). As
shown in Figure 5E, C16:1 and C18:1 n9 levels in total lipid, TG, and CE in GF mice

that received microbiota from NcDase™~ mice were significantly lower than GF mice that
received microbiota from WT mice (Figure 5E). These results clearly support the notion that
NcDase affects MUFA species generated by SCD1 via gut microbiota.

In order to determine the features of the microbiota that affect MUFAs in NcDase ™~
mice, we performed 16 S ribosomal RNA (rRNA) gene sequencing on mice fed

the NCD. There were significantly different communities in the fecal contents of
NcDase ™/~ and WT mice, as shown by a principal component analysis (PCA) and
quantified by UniFrac dissimilarity distance (Figures 5F and 5G). Additionally, there
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was a significantly increased species richness in the feces of NcDase ™'~ mice as

observed in the Faith_RD and operational taxonomic units (OTU) results (Figures 5H—
51, and Figures S6A-S6B). Linear discriminant analysis effect size (LEfSe) indicated
that Order_Bacteroidales (f_Paraprevotellaceae, f_Prevotellaceae), Order_Clostridiales
(f_Lachnospiraceae, f_Ruminococcaceae and f_Mogibacteriaceae), Order_Burkholderiales
(f_Alcaligenaceae) and Order CWO040 (F16) were increased significantly in NcDase ™~
mice (Figures 5J-5K, and Figure S6C). Of note, when compared with WT mice,
NcDase™~ mice showed broad increases in diversity and overall abundance of

multiple Clostridiales taxa, including genus Ruminococcus, genus Clostridium and genus
Oscillospira (Ruminococcaceae family) (Figure 5K). Thus, Clostridiales present in the
NcDase™~ mice might have a reduced functional contribution to MUFAS.

Neutral ceramidase coordinates IgA responses against the microbiota

Alteration in sphingolipid S1p/Sphingosine-1-phosphate receptor 1 (S1PR1) signal during

B cell differentiation in the Peyer’s patches (PPs) controls the emigration of IgA plasma

cell precursors(25). Based on the observed diversity in gut microbiota in NcDase ™'~ mice,
intestinal B cell function was examined. Percentages of IgM*B220* B cells were increased
significantly in the small intestine lamina propria (SI-LP) of NcDase™~ mice relative to WT
littermate controls (Figure 6A). The percentages and the number of B220~IgA™* plasmablasts
were significantly increased in the small intestine but not large intestine lamina propria
(LI-LP) of NcDase™~ mice (Figures 6B and 6C). Furthermore, B220*IgA* cells slightly,

but not significantly, increased in the LI-LP of NcDase™~ mice compared to WT mice
(Figure 6B). No differences were seen in the frequency of B220*IgM™ cells in the colon

and PP or in B220*IgA* cells in the PP of NcDase™~ and WT mice (Figures 6A and

6B). Using immunofluorescence microscopy, we confirmed IgA-committed plasma cells (or
plasmablasts) exhibited an increase in the LP of NcDase™~ mice compared to WT mice
(Figure 6D). These studies showed the physiological requirement for NcDase in establishing
an adequate plasma cell distribution in the intestine.

Next, we examined the functional consequences of NcDase on gut B cells by studying
intestinal IgA secretion in NcDase™~ mice. We found that the production of secretory IgA
(SIgA), but not 1gG, was increased in NcDase™~ mice relative to WT controls (Figure

6E), illustrating the importance of neutral ceramidase for the generation of IgA. Our
studies further revealed that the quantity of IgA correlated with the quantity of luminal
extracellular vesicles (EVs), which appeared to be predominantly carried by luminal
exosome-like particles rather than by luminal microparticles in WT mice (Figure 6F).
Interestingly, 1gA in the luminal exosomes from large and small intestine were increased in
NcDase ™/~ mice (Figure 6F). However, there were no significant differences in the luminal
microparticle-related IgA quantities observed from large intestine between NcDase ™~ mice
and WT littermate controls (Figure 6F). Next, we found that 3%-10% of microbiota were
IgATSYBR* in naive WT mice, while a 3-fold increase in IgA targeting of the microbiota
was observed in naive NcDase™~ mice (Figures 6G and 6H). Studies have identified
CD4*CD25* regulatory T cells as major helper cells for IgA responses to microbial
antigens, presumably through their secretion of TGF-B(26). However, our results reveal
similar frequency of CD4*CD25*Foxp3™* T cells in the colon of NcDase™~ mice relative to
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that observed in WT mice (data not shown). C-X-C chemokine receptor type 5* (CXCR5™)
T follicular helper (Tfh) cells in B cell zones of lymphoid tissues possess significant
capacity for supporting IgA production by B cells (27, 28), we next examined the impact of
NcDase deficiency on the frequency of Tth cells in the intestine. Flow cytometric analysis
revealed an enrichment of the PD-1"CXCR5* (Programmed cell death protein [PD]) and
PD-1*ICOS* (Inducible T cell Costimulator [ICOS]) population of Tfh cells of PPs (Figure
61) and SI-LPL (Figure 6J) in the NcDase™~ mice compared to their WT littermate controls.
The expression of B cell lymphoma 6, a transcription factor required for Tth differentiation,
was also higher in the Ttfh cells in NcDase™'~ mice (Figure 61 and 6J). Thus, Tfh cells,
which are known to be involved in B cell activation(29), and likely thus contribute to the
ability of NcDase to regulate secretory intestinal immunity. Together, these data revealed
that a NcDase deficiency leads to increases in both the quantity and activity of IgA* plasma
cells in intestinal tissues, and indicated that neutral ceramidase influences the abundance and
quality of the SIgA response toward commensal bacteria.

As animals that lack NcDase have increased B cell responses within the gut, we asked
whether the IgA-bound microbiota of NcDase™~ mice was sufficient to influence hepatic
lipid MUFA levels. To do this, IgA-bound bacteria from HFD fed NcDase™~ or WT

mice were sorted and transplanted into GF-WT mice. One month after transfer, GF mice
administered WT IgA-bound bacteria showed a three-fold increase in the expression of
SCD1 compared to GF mice. Strikingly, GF mice that received 1gA-bound microbiota

from NcDase™~ mice gained lower SCD1 expression in the liver than WT mice (Figure
7A). Analysis of fatty acid profiles indicated that C16:1, C18:1n9, and C18:1 n7 levels

in total FA, TG, and CE, but not TG and CE C18:1n9 levels, were significantly lower

in the liver of GF mice that received NcDase™~ IgA-bound microbiota than GF mice

that received WT IgA-bound microbiota (Figures 7B). Mice receiving IgA-bound bacteria
from NcDase™~ mice were ultimately colonized with significantly higher amounts of the
Ruminococcaceae family (Figure 7C). Three taxa at the genus level were differentially
targeted by IgA, including the Ruminococcus and Oscillospira genus of Clostridiales
(Figure 7C). Interestingly, analysis of bacteria in GF mice transferred with 1gA-bound
bacteria from WT mice showed increased Desulfovibrio (Figure 7C), which antagonizes
stable colonization of Clostridia and causes metabolic disease (13). Indeed, there was a
significant negative correlation between the abundance of MUFA 16:1 in total FAs and
Ruminococcaceae (Figure 7D). We further explored how IgA-bound bacteria regulates the
expression of SCD1. Gnotobiotic mice colonized with the Ruminococcaceae alone had
significant reductions in SCD1 expression in the liver and ileum when compared with GF
mice (Figure 7E). Interestingly, the colonization of GF mice with Desulfovibrio significantly
increased the expression of SCD1 in the liver (Figure 7F and 7G). The administration of
probiotic Ruminococcaceaeto GF mice colonized with the Desulfovibrioto led to a decrease
in SCD1 expression in the liver (Figure 7F and 7G). Moreover, supernatants collected

from the cultured Desulfovibrio significantly elevated SCD1 in cultured primary hepatocytes
(Figure 7H). By contrast, supernatants collected from cultured Ruminococcaceae directly
down-regulated the expression of SCD1 on hepatocytes (Figure 7H). Thus, Desulfovibrio-
derived metabolites from WT mice can directly regulate the SCD1 expression in the liver.
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However, IgA-bound Clostridia species, likely Ruminococcaceae, from NcDase™~ mice
have more of an ability to suppress the expression of hepatic SCD1.

NcDase is Wnt target gene induced in hepatocytes and stabilizes B-catenin in a manner
dependent on MUFASs.

We sought to explore possible mechanisms linking NcDase to SCD1-related fibrosis
progression. Previous studies have demonstrated that SCD is implicated in obesity and

fatty liver, and MUFAs produced by SCD provided a feedback loop to amplify Wnt
signaling, contributing to liver fibrosis and tumor growth(18). We therefore considered

the hypothesis that increased SCD1/MUFA levels lead to the activation of Wnt-p-catenin
signaling, which promotes the expression of pro-fibrotic genes. We found the expression of
Whnt ligands (Wnt3a, Wnt7a, Wnt7b) and receptor receptor frizzled homolog 6 (Drosophila)
was downregulated by NcDase deletion (Figure 8A). The phosphorylation of p-catenin

is also lower in the NcDase-null liver lysates independent of altered 5 AMP-activated
protein kinase phosphorylation (AMPK), indicative of inactivated p-catenin (Figure 8B).
Decreased phosphorylation of low-density lipoprotein receptor-related protein 6 (LRP6),
phosphorylation of GSK3p, and Wnt3a demonstrated lower activation of the Wnt-p-catenin
signal had occurred in the NcDase-null livers (Figure 8B). We also found mRNA expression
of AxinZ, Myc, and Cyclin(Ccnd) 1, which are downstream targets of the B-catenin
pathway, showed markedly lower expression in livers of NASH NcDase ™~ mice than in

the livers of control mice (Figure 8C). These results indicate a novel role for NcDase as a
potential mediator for Wnt activation (Wnt3a and Wnt7b) in the development of NASH.

To explore the possibility of whether NcDase-induced Whnt activation is mediated by SCD1/
MUFAs, we moved to an /in vitro model using primary murine hepatocytes. Wnt3a treatment
promoted the nuclear translocation of endogenous p-catenin (Figure 8D) in hepatocytes
from WT mice, but not from NcDase ™~ mice. Importantly, the decreased level and nuclear
translocation of B-catenin are rescued by addition of MUFAs (palmitoleate, POA), but not
with SFAs (palmitic acid, PA), in hepatocytes from NcDase™~ mice (Figure 8D). Deletion
of NcDase abrogates Whnt activity in hepatocytes, as assessed by the phosphorylation of
LRP6 and GSK3p at S9, and abrogates the level of the nonphosphorylated and active form
of B-catenin (non-p-p-catenin); these effects are rescued by POA but not by PA (Figure

8E). Interestingly, addition of Wnt3a significantly induced the level of NcDase mRNA

and enhanced ceramidase activity in primary hepatocytes (Figures 8F and 8G) and HepG2
cells (data not shown) cultured for 24 h. NcDase expression is induced at a >6-fold higher
level by Wnt3a+ POA than Wnt3a (Figure 8F). We further demonstrated by real-time PCR
analysis of cultured mouse hepatocytes treated with wnt3a canonical Whnt inhibitor ICG-001
that both NcDase and SCD1 are putative Wnt target genes (Figure 8H), indicating that the
NcDase expression level is increased upon Wnt signaling. Consistent with our /n vivo data,
Whnt3a plus PA treatment resulted in lower expression of Wnt-dependent genes MY C proto-
oncogene (cMyc) and Cendl (cyclin D1) in the NcDase ™~ hepatocytes compared with WT
hepatocytes (Figure 8l1), suggesting that NcDase may support the Wnt-B-catenin pathway
and Wnt3a feedback upregulates NcDase activity. Collectively, these results demonstrate
that MUFA, generated by neutral ceramidase-dependent SCD1, provides a positive feedback
loop to enhance Wnt activity and stabilize p-catenin in hepatocytes.
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NcDase-SCD1-Wnt loop promotes NASH

To demonstrate that PA-induced Wnt3a secretion from NcDase-null hepatocytes has less
ability to activate hepatic stellate cells (HSC) due to a lower level of switched POA, we
moved to an /n vitro model using primary murine HSCs. PA-conditioned medium (PA-CM)
and bovine serum albumin (BSA)-conditioned medium (BSA-CM) from NcDase™'~ or WT
hepatocytes, were added to primary murine HSCs. Compared with BSA-CM, hepatocyte
PA-CM from WT hepatocytes markedly induced higher levels of osteopontin (Opn), Timp1
and Collal mRNA, which are involved in HSC-induced fibrosis in NASH when compared
to the results for PA-CM from NcDase ™'~ hepatocytes (Figure S7A). To make a more direct
link between POA and NcDase-induced Wnt3a in the activation of HSCs, we restored
Wnt3a in NcDase ™~ hepatocytes by Wnt3a transfection. We found that restoration of Wnt3a
in these NcDase ™~ hepatocytes rescued PA-CM-induced HSC gene expression (Figure
S7B). Together, these studies suggest that POA-activated Wnt3a promotes the expression

of pro-fibrotic genes in HSCs. To validate the hypothesis that NcDase may play the

critical role in NASH progression via the interaction of SCD1-Wnt, NcDase ™~ mice were
injected with SCD1 adenovirus or control virus and then fed the HSPC diet for 16 weeks.
Compared to mice transfected with control adenovirus, there was a striking increase in
hepatic SCD1 expression and inflammation or fibrosis (Figure 8J, and Figure SBA-S8C),
but no appreciable steatosis in WT mice who received SCD1-Adv and fed the HSPC diet
(Figure 8J). Of note, the livers of NcDase™~ mice who received SCD1-Adv showed marked
increases at 16 weeks in fibrosis endpoints, inflammatory cells, inflammatory-related and
fibrosis-related genes, F4/80* macrophages, and a-SMA* cells but not steatosis compared
with those in NcDase ™'~ mice received control adenovirus (Figure 8J, and Figure S8A-S8C).
Serum ALT was also increased by SCD1-adv (Figure S8D). These data suggest that the
NcDase-SCD1 axis is particularly important in the critical processes that promote steatosis-
to-NASH progression.

Discussion

Using several different animal models (HFD, HSPC, MCD and adenoviral overexpression),
we clearly demonstrate that NcDase plays an important role in promoting NASH
development. Deficiency for NcDase did not affect total ceramide levels, likely because

of compensatory decreases in transcripts encoding CerSs (such as CerS5 and CerS6), which
function to control metabolic levels of ceramide in cells. A very recent study showed

that deficiency of alkaline ceramidase 3 (ACERS3) alleviates the pathogenesis of NASH by
regulating the hepatic levels of C18:1-ceramide (30). It is intriguing that NcDase activity
influences the composition of MUFASs and the reduction of particularly FA18:1 n-9 and
FA16:1 in the total lipid fraction in TG, cholesterol ester, and the phospholipid fractions in
NcDase™~ mice (Figure 3). The protective effect of NcDase deficiency on NASH could be a
result of a reduction in MUFAS, which might have effects on the inflammatory cascade,
reactive oxygen species generation, kinase activity, and apoptosis. Experiments with a
combination of NcDase deficiency and SCD1 overexpression by adenoviruses indicated
that the subsequent SCD1-mediated SFA desaturation plays an important role in steatosis-
to-NASH conversion and provides new insight into NASH.
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Understanding the mechanisms by which neutral ceramidase governs hepatic SCD1 activity
will be an important endeavor. Recent studies provide strong evidence that the presence

of microbes increases desaturation of palmitate by SCD1(9, 10). Notably, we identified

that neutral ceramidase tends to target the expression of hepatic SCD1 in not only obese
mice, but also in healthy animals. Importantly, our results showed that hepatic SCD1 level
is substantially reduced in GF and microbiota-ablated mice, indicating that liver SCD1 is
regulated in part via gut microbiota. Examination of mechanisms potentially responsible
for increased total colonic fecal IgA in NcDase™~ mice revealed an increased T follicular
helper (Tfh) cells required for the formation of long-lived plasma B cells and promoting
secretory IgA immunity (29, 31). However, we cannot exclude that the increased B cell IgA
response might be caused by migration/trafficking because S1p-S1PR1 signaling regulates
the B cell trafficking/migration in the PPs for the intestinal IgA production (25). Therefore,
disturbance of the sphingosine/S1p-S1PR1 signal in NcDase™~ mice might affect the
migration of IgA committed B cells from the PPs to the lamina propria of intestine. It

has been reported that individuals that are obese and have type 2 diabetes have lower
mucosal IgA and decreased responses to immunizations(32, 33). Several studies using
rodent models of NAFLD/NASH also showed altered intestinal IgA secretion (13, 14)

(34, 35). We found that gut microbiota displays increased IgA coating in NcDase™~ mice,
and GF mice have decreased expression of SCD1 and the levels of hepatic MUFAs after
receiving IgA bound bacteria from HFD fed NcDase ™~ mice compared to those from WT
mice. Our data suggest that neutral ceramidase-dependent targeting of the microbiota is
important for the maintenance of a healthy community. We found that NcDase ™~ mice
display decreased Desulfovibrio and increased numbers of several Clostridiales, including
the Ruminococcaceae family, Ruminococcus and Oscillospira genus. A recent study showed
that the inappropriate targeting of Clostridiaby 1gA may change their metabolic functions to
influence development of obesity(13, 36). We further showed that Desulfovibrio-colonized
GF animals upregulated SCD1, whereas the addition of Ruminococcaceae downregulated
the expression of SCD1. Our results indicate that the IgA-bound Clostridia species, likely
Ruminococcaceae, might contribute to decreased SCD1/MUFAs in NcDase ™~ mice. The
mechanism by which Desulfovibrio and Clostridia alter SCD1 remains unknown, and future
studies will be needed to elucidate this interaction.

Aberrant activation of the Wnt pathway is common in NASH, and SCD1 upregulation is not
limited to obesity, but also is evident in liver fibrosis and cancer(37, 38) via mechanisms
possibly involving B-catenin signaling(18). Our current study establishes a novel role for
steatosis in driving fibrosis by the recruitment of MUFAs that promote Whnt activation.
Increased levels of MUFAS, particularly palmitoleic acid, have been reported in NASH
patients(39). Wnt proteins contain palmitoleic acid, with an unusual lipid modification.
Production of an active Wnt signal depends on the attachment of palmitoleic acid to

Whnt. SCD1 generates palmitoleic acid that is then transferred by Porcupine to Wnt for
activation(17, 40). Our findings indicate that NcDase may lead to Wnt activation through
SCD1-regulated palmitoleic acid (Figures 8D and 8E). Very importantly, our in vitro
experiments also demonstrated that Wnt3a stimulation can increase the expression of neutral
ceramidase and enhance the activity of neutral ceramidase (Figures 8F and 8G), which
triggers p-catenin-dependent gene activation. Thus, the Wnt-NcDase crosstalk is elegantly
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coupled to the previously described SCD-Wnt release pathway to maximize the positive
Wnt-SCD1-NcDase feedback loop by promoting both release and signal transduction of Wnt
(Figure 8K). Although NcDase is more highly expressed in the ileum of steatotic and NASH
mice, more in-depth mechanistic approaches including studies in mice with liver/gut-specific
deletion of NcDase will be required to fully understand the mechanism of MUFA-mediated
NASH.

In conclusion, we demonstrate that expression of neutral ceramidase is a regulator of gut

B cells that produce IgA to control gut microbiota homeostasis. Gut microbiota regulates
the activity of SCD1 that produces MUFA to activate the canonical WNT pathway.
Understanding the differential effects of specific FAs on the downstream pathway is critical
for understanding NASH development and progression. Our findings suggest that NcDase
might be an attractive therapeutic target for NASH and associated complications such as
cirrhosis and hepatocellular carcinoma. Future investigations should be focused on restoring
gut IgA in WT mice or identifying the metabolites from IgA-bound bacteria in NcDase™~
mice, and studying the interaction between the gut IgA immune response and MUFASs in
individuals with NASH, which may hold promise for obesity-related NASH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NcDase deficiency reduces liver inflammation and fibrosis in HFD-fed mice.
WT mice or NcDase™'~ mice were fed the HFD diet for 7 months (inducing steatosis) or 14

months (inducing NASH).

(A) Quantification of NcDase mRNA in liver and ileum in normal, steatotic and NASH
mice.

(B) Immunoblots of NcDase in liver and ileum in normal, steatotic and NASH mice.

(C) The activity of NcDase in liver and ileum in normal and NASH mice

(D-H) Liver section from mice with induction of NASH.

(D) Staining for Masson’s trichrome and Aniline blue-positive area (Top) and for Sirius red
and Sirius red-positive area (Bottom).

(E) Staining for H&E and Oil red O.

Hepatology. Author manuscript; available in PMC 2022 March 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Guetal.

Page 16

(F) mRNA levels of the indicated genes related to fibrosis in liver.

(G) Immunoblot of the protein related to fibrosis in liver.

(H) a-SMA immunofluorescence (red) and DAPI counterstain (blue) and quantification.
The white dot lines indicate the fibrotic pattern of a-SMA*(red) cells.

(1-J) Serum ALT and AST, and insulin levels (1) or liver choline levels (J) in mice with
steatosis or NASH.

Mean + SEM; n = 10, *p < 0.05, **p < 0.01. Abbreviation: GAPDH, glyceraldehyde
3-phosphate dehydrogenase.
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Figure 2. NcDase deficiency reduces liver inflammation, fibrosis, and cell death in HSPC-or
MCD-fed mice
WT mice or NcDase™'~ mice were fed the HSPC diet (A-F) or MCD diet (G).

(A-C) Masson’s trichrome staining (A), Sirius red staining (B) or H&E staining (C) of liver
sections.

(D) Serum ALT levels.

(E) mRNA levels of the indicated genes related to inflammation and fibrosis in liver.

(F) FACS analysis of CD11b*F4/80* macrophages and CD11b*Gr-1" iMCs/MDSCs in the
liver.

(G) H&E staining (top) or Sirius red (bottom) staining of liver sections in MCD-fed mice.
Mean + SEM; n =10, *p < 0.05, **p < 0.01.
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Figure 3. Decreased MUFAs and hepatic neutral lipids in HFD NcDase ™~ mice
Age-matched NcDase™~ male mice and their WT littermates were fed HFD for 30-60

weeks.

(A) Levels of acyl-chain ceramides in the liver and ileum.
(B) Gas chromatography analysis of hepatic lipids TG, CEs and PLs.

(C-G) Gas chromatography analysis of fatty acid composition of hepatic lipid fractions,
represented as (%). Fatty acid composition in total hepatic lipid (C); C18:1 n7 (D), C18:1 n9
(E) or C16:1(F) in TG, CEs and PLs; C18:2 in total hepatic lipid, TG, CEs and PLs (G)
Mean + SEM; n=10, *p < 0.05, **p < 0.01.
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Figure 4. NcDase deficiency reduces the expression of SCD1
(A and C) Immunoblots of SCD1 in the liver (A) and gut (C) of HFD-fed WT and

NcDase™~ mice.

(B and D) Fold changes of hepatic (B) and gut (D) SCD1 mRNAs in WT mice related to
NcDase ™'~ mice during HFD feeding.

(E) mRNA levels of the indicated genes related to lipid metabolism in the liver in HFD-fed
mice.

(F) Fold changes of hepatic SCD1 mRNAs in NCD-fed mice.

(G) Immunoblots of SCD1 in the liver of NCD-fed mice.

(H) Gas chromatography analysis of hepatic total TG and CE and fatty acid composition in
total lipids in NCD-fed mice.
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Mean £ SEM; n = 10, *p < 0.05, **p < 0.01.
Abbreviations;: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PPAR, peroxisome
proliferator-activated receptor.
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Figure 5. Decreased he
microbiota in NcDase™

(A) mMRNA levels of the SCD1 and Elovl5 in the liver after antibiotics (Abx) treatment.
(B) Hepatic C18:1 and C16:1 FA in total hepatic lipid, TG, CEs and PLs after antibiotics
treatment.
(C-E) Eight-week-old male GF C57BL/6 WT mice were orally administered fecal
microbiota from HFD-fed either WT (GFWT) or NcDase™'~ (GFNcDase) mice and housed
for 5 weeks.
(C) mRNA levels of the SCD1 and ELOVLS5 in the liver.

(D) Immunoblots of SCD1 in the liver.

(E) Hepatic MUFAs in in total hepatic lipid, TG, CEs and PLs.
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(F and G) Principal component (PC) analysis plot showing microbial unweighted UniFrac
compositional differences (F), quantified by UniFrac distance (G) between WT and
NcDase™~ mice on NCD at different ages (in months).

(H and 1) Rarefaction curves of species richness and diversity between WT and NcDase™~
mice samples based on (H) Faith’s phylogenetic diversity (PD) measure and (1) observed
OTUs.

(J) Cladogram generated from LEfSe analysis, showing the most differentially abundant
taxa enriched in microbiota from WT and NcDase ™~ mice.

(K) Linear discriminant analysis (LDA) scores of the differentially abundant taxa shown in
(J). Taxa enriched in microbiota from NcDase™~ mice (red) are indicated with a positive
LDA score related to that from WT mice (blue) (Kruskal-Qallis test, p<0.05 and LDA = 2).
Mean £ SEM; n = 8-12, *p < 0.05, **p < 0.01. Abbreviation: PC1, Principal component 1.
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Figure 6. NcDase regulates the secretory IgA immunity
(A-B) FACS analysis of B220*1gM* cells (A) and B220~IgA* plasma cells (B) in the

lamina propria lymphocytes (LPL) from large intestine (LI-LPL), small intestine (SI-LPL),
intestinal epithelial lymphocytes (IEL) from small intestine (SI-IEL) or Peyer's Patch (PP).
(C) The number of IgA-secreting plasma cells (SPC) in lamina propria of small (SI) or large
(L1) intestine.

(D) Immunofluorescence staining of IgA* B cells (B220 with green, IgA with red) in the
lamina propria.

(E) ELISA analysis of secretory IgA and IgG in the gut lumen.

(F) ELISA analysis of IgA in luminal particles including exosome-like particles (EXO) and
microparticles (MP) in the small and large intestine.
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(G) IgA-bound bacteria in the intestinal lumen was measured by flow cytometry.
Representative plots were gated on SYBR green.

(H) Fold change of frequencies of IgA-bound bacteria (n=8 per group).

(1-J) FACS analysis of PD-1*1COS* Tth cells, PD-1*CXCR5™ Tfh cells or geometric mean
fluorescence intensity (MFI) of BCL6* PD-1*1COS™ Tth cells in the Peyer's Patch (PP, I)
and lamina propria lymphocytes (LPL) from small intestine (SI-LPL, J).

Mean + SEM; n = 8, *p < 0.05, **p < 0.01. Abbreviation: BCL6, B cell lymphoma 6.
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Figure 7. NcDase modulates the expression of SCD1 and MUFAs levels in the liver by 1gA-bound

bacteria.

(A-D) Eight-week-old male GF C57BL/6 mice (n = 5) were orally administered IgA-bound
microbiota from HFD-fed NcDase™~ (GFNcDase) or WT (GFWT) mice and housed for 3-5

weeks.

(A) mRNA levels of the SCD1 and ELOVLS5 in the liver after microbiota transplantation.
(B) Hepatic MUFAs in in total hepatic lipid, TG, CEs and PLs.
(C) Relative abundance of indicated bacteria in GF mice colonized with IgA-bound

microbiota.
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(D) Correlation between MUFASs and Ruminococcaceae abundance in GF mice colonized
with IgA-bound microbiota from WT mice. Mean + SEM; n =5, *£< 0.05, **P< 0.01,
**%*p<0.001.

(E-G) GF mice with colonization of PBS, Ruminococcaceae (Rumino), Desulfovibrio.
desulfuricans (DSV/) or Both housed for 3 weeks. Mean + SEM; n = 4, *p < 0.05, **p <
0.01,

(E) SCD1 mRNA expression in the liver and in the ileum.

(F) SCD1 mRNA expression in the liver.

(G) Immunoblots of SCD1 in the liver.

(H) SCD1 mRNA expression in primary hepatocytes incubated for 12 hours with media or
bacterial supernatant (SP).

Abbreviation: GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 8. Wnt signaling is reduced in fibrotic livers of NcDase ™~ mice
(A-D) Livers of HFD-induced NASH NcDase™~ mice and WT mice were examined.

(A) Real time PCR analysis for the expression of Wnt ligands and receptors in livers.

(B) Immunoblotting analysis of Wnt signal in the liver.

(C) Real-time PCR analysis for the expression of Wnt target genes.

(D-E) Primary hepatocytes were treated with control media, or media from L-Wnt3a with/
without a final concentration of 200 uM BSA-conjugated fatty acids or vehicle control for
12h-48h.

(D) Immunofluorescence staining of p-catenin in hepatocytes.

(E) Immunoblotting analysis of Wnt signal in hepatocytes 24h after treatment.
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(F) Real time PCR analysis for the mRNA levels of NcDase, SCD1, SCD2 and CCND1
12h-24h after treatment in primary hepatocytes from WT mice.

(G) The activity of NcDase in primary WT 24h after Wnt3a treatment.

(H) Primary hepatocytes were treated with DMSO or Wnt3a inhibitor ICG-001 for 24h.
Real-time PCR analysis for the mRNA levels of indicated target genes.

(1) Primary hepatocytes from NcDase ™'~ or WT mice were treated with control or
PA+Wnt3a for 24h. Real-time PCR analysis for the mRNA levels of indicated target genes.
Mean £ SEM; n=7. *p < 0.05, **p < 0.01.

(J) Masson’s trichrome (top) and H&E (bottom) staining of liver sections. Four groups of
mice, including WT mice injected with control adenovirus (WT-Adv), WT mice injected
with SCD1 adenovirus (WT-Adv-SCD1), NcDase ™~ mice injected with control adenovirus
(NcDase™/~-Adv), NcDase™~ mice injected with SCD1 adenovirus (NcDase™~-Adv-SCD1),
were fed with HSPC for 16 weeks. n=5.

(K) Schematic diagrams of how NcDase regulates the SCD1-Wnt/p-catenin loop to protect
from NASH via gut IgA associated microbiota. NcDase regulates IgA production, which
appropriately affects the expansion of Desulfovibrio and the colonization of beneficial
Ruminococcaceae family. Ruminococcaceae function to temper expression of SCD1 and
MUFAs production. MUFAs promotes Whnt fatty acylation and B-catenin activation,

which leads to NASH. Abbreviations: AXINZ2, axis inhibition protein 2; EV, extracellular
vesicle; FZD6, frizzled homolog 6 (Drosophila); GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; Jagl, jagged canonical Notch ligand 1; Myc, MY C proto-oncogene; OA,
Oleic acid; p-AMPK, AMP-activated protein kinase phosphorylation.
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