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GENETICS

Mitochondrial ACSS1-K635 acetylation knock-in mice
exhibit altered metabolism, cell senescence, and
nonalcoholic fatty liver disease

Guogang Xu'*t, Songhua Quan>t, Joseph Schell’*t, Yucheng Gao®, Mahboubeh Varmazyad'?,
Prethish Sreenivas'?, Diego Cruz'?, Haiyan Jiang1'2, Meixia Pan?, Xianlin Han?,

Juan Pablo Palavicini**, Peng Zhao®, Xiaoli Sun®, Erik D. Marchant®>, Blake B. Rasmussen>>,
Guannan Li?, Sakie Katsumura®’, Masahiro Morita®”%, Erin Munkacsy'?, Nobuo Horikoshi'?,

E. Sandra Chocron'?, David Gius'%*

Acetyl-CoA synthetase short-chain family member 1 (ACSS1) uses acetate to generate mitochondrial acetyl-CoA
and is regulated by deacetylation by sirtuin 3. We generated an ACSS1-acetylation (Ac) mimic mouse, where ly-
sine-635 was mutated to glutamine (K635Q). Male Acss1%63°?¥635Q njice were smaller with higher metabolic rate
and blood acetate and decreased liver/serum ATP and lactate levels. After a 48-hour fast, Acss1/63°*635Q mice
presented hypothermia and liver aberrations, including enlargement, discoloration, lipid droplet accumulation,
and microsteatosis, consistent with nonalcoholic fatty liver disease (NAFLD). RNA sequencing analysis suggested
dysregulation of fatty acid metabolism, cellular senescence, and hepatic steatosis networks, consistent with
NAFLD. Fasted Acss1%63°9/K635Q g yse livers showed increased fatty acid synthase (FASN) and stearoyl-CoA desat-
urase 1 (SCD1), both associated with NAFLD, and increased carbohydrate response element-binding protein
binding to Fasn and Scd1 enhancer regions. Last, liver lipidomics showed elevated ceramide, lysophosphatidyl-
ethanolamine, and lysophosphatidylcholine, all associated with NAFLD. Thus, we propose that ACSS1-K635-Ac
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dysregulation leads to aberrant lipid metabolism, cellular senescence, and NAFLD.

INTRODUCTION

Acetyl-coenzyme A (acetyl-CoA) is essential for converting various
fuel sources involved in cellular energy metabolism or bioenergetics,
lipid synthesis, and epigenetic regulation (I, 2). Most acetyl-CoA in
mammalian cells is generated through glycolysis, fatty acid oxidation
(FAO), and, in specific organs, branched-chain amino acid oxidation
(3, 4). Acetyl-CoA synthetase short-chain family member 1 (ACSS1;
previously known as AceCS2) catalyzes the ligation of acetate and CoA
to generate acetyl-CoA in the mitochondrial matrix, enabling the uti-
lization of acetate for energy during conditions of nutrient deprivation
(5). This metabolic flexibility or switch can ensure survival but, when
dysregulated, can contribute to cellular dysfunction, including altered
responses to metabolic and oxidative stress (6, 7).

Acetate is an important metabolic molecule that provides a key
substrate for the generation of adenosine 5’-triphosphate (ATP) as
well as lipogenesis in the liver (8). Acetate can also function as a
small-molecule metabolic sensor that allows the cell and, impor-
tantly, the mitochondria to respond to nutrient and oxidative stress
through both the regulation of gene expression and posttranslational
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modifications (PTMs) (1). In this regard, a seminal study showed
that lysine-635-Ac (acetylation) can regulate the enzymatic activity
of ACSS1 (9). Furthermore, it is well established that acetylation is a
primary mitochondrial PTM that regulates multiple proteins, many
of which are important for the maintenance of metabolic/bioener-
getic balance (10, 11). These factors place acetate, ACSS1, and acety-
lation at the center of many mitochondrial processes that regulate
metabolism and bioenergetics.

Sirtuin 3 (SIRT3) is the primary mitochondrial deacetylase that
we, along with others, have shown to be activated by caloric restric-
tion, fasting, and oxidative stress, as well as playing a role in oncoge-
nicity (12-17). ACSS1 enzymatic activity is regulated, at least in part,
through a single lysine amino acid at K635 in mice and K642 in hu-
mans (5, 18, 19). While acetylation has been shown to inhibit or de-
crease the ligase activity of ACSS1 in vitro (5), the physiological
function of ACSS1 acetylation status in vivo and its role in cellular
metabolism and mitochondrial bioenergetics have not been fully
characterized.

RESULTS

Characterization of Acss mouse model

To investigate the role of ACSS1 acetylation in vivo, a knock-in mouse
model was generated where the lysine (K) at amino acid position 635
was substituted with glutamine (Q) by changing the codon sequence
from AAA to CAA (Fig. 1A) (see figs. S1 and S2, A to C, and Materials
and Methods for details). This lysine-to-glutamine mutation has been
shown to functionally and biochemically mimic lysine acetylation in
ACSS1 (5). The AcssI¥**? mouse was first generated as a conditional
knock-in model and sequenced to confirm the K635Q codon substi-
tution (Fig. 1B). We crossed this conditional knock-in mouse with the
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Fig. 1. Characterization of ACSS1-K635Q mouse model. (A) DNA sequence for the mice that were genetically altered to express the K635-Ac mimic mutant Acss7 gene
by replacing lysine (AAA) at codon location 635 to glutamine (CAA). WT, wild type. (B) Genomic DNA was extracted from a hemizygous founder mouse and sequenced to
confirm the AAA to CAA substitution at codon 635. (C) PCR product sizes of the target region of Acss1 confirm the genotypes of Acss 1635246352 Acs1+/+ (WT), and het-
erozygous Acss1**?* mice. Hom, homozygous; Het, heterozygous. (D) RNA was isolated from Acss7*/* (WT) and Acss 103?432 (Hom) heart, kidney, and liver tissues,
and AcssT mRNA expression levels were quantified by qPCR. a.u., arbitrary units. (E) Immunoblot showing ACSS1 in heart and kidney extracts from Acss1*/* (WT),
Acss 19359+ (Het), and Acss 1163596350 (Hom) mice. (F) Immunoblot showing ACSST in liver extracts from wild-type and Acss 1¥63*%%635Q mice. (G) The body weights of male
Acss1**, Acss1¥63°9*  and Acss 1°63°2%635Q mice were measured from 3 weeks of age until 12 weeks (N = 5 mice per group). Exact P value shown, calculated by two-way
analysis of variance (ANOVA). (H) gMRI showing fat, lean mass, and total water as percentage of total body weight in 3-month-old male Acss 1K6350K635Q i versus wild-
type mice (N = 4 mice per group). (I) The body weights of female Acss1*/*, Acss1¥63*%*, and Acss 11035246352 mice were measured from 3 weeks of age until 12 weeks (N =5
mice per group). Exact P value shown, calculated by two-way ANOVA.
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Sox2Cre line to produce the full-body constitutive Acss1****? mouse

used in this study. The line is maintained as heterozygous with wild-type
Acss1 and followed by polymerase chain reaction (PCR) (Fig. 1C).
We confirmed that Acss1¥*YX6%Q mice showed equivalent levels of
AcssI expression to the wild-type genotype, as measured by quantita-
tive PCR (qPCR) (Fig. 1D), and equivalent ACSS1 protein levels by
immunoblot in the heart, kidney (Fig. 1E), and liver (Fig. 1F).

By 3 weeks after birth, it became apparent that male Acss1K03UKE5Q
mice were smaller than either heterozygous or wild-type mice, and they
did not catch up over time (Fig. 1G). We confirmed that this size differ-
ence was not due to altered food consumption (fig. S2D) or absorption,
as measured by fecal lipids (fig. S2E). Analysis of 3-month-old mice by
quantitative magnetic resonance imaging (QMRI) showed that male
Acss1¥63°YKE5Q mice were smaller overall but had comparable body
composition to wild-type mice, with similar percenta6ges of fat, lean
mass, and total water (Fig. 1H). While female Acss1K0PQURO3Q e
displayed reduced/delayed fertility, we observed no difference in
weight among the genotypes (Fig. 11). Since males seemed to exhibit
greater sensitivity to Acssl genotype, based on their smaller size
(fig. S2F), we used male mice for the rest of this study.

Acss1"¢**? alters metabolism

We performed indirect calorimetry studies on individually housed
3-month-old wild-type and Acss1¥**>¥X63Q mice to assess whole-body
metabolism. When normalized to lean body mass, the Acss1K635Q/K635Q
mice exhibited higher oxygen consumption (Fig. 2A) and carbon
dioxide production (Fig. 2B) than did wild-type mice. There was
no difference between the respiratory exchange ratio (RER) of the
genotypes, suggesting that there was not a preferential metabolic
switch between fat and carbohydrate usage (Fig. 2C). We also put
wild-type and Acss1¥¢*@K635Q mijce on a 3-week high-fat diet
(HFD) and, again, found no difference in RER between the geno-
types (fig. S3A).

To further evaluate changes in metabolism, we examined mito-

chondrial function. We isolated primary hepatocytes and fibroblasts
from wild-type and Acss1¥** Y52 mjce and measured oxygen con-
sumption rate (OCR) with Seahorse. Under standard glucose condi-
tions, Acss]<OYKEISQ hepatocytes had lower basal, ATP-coupled,
and maximal (uncoupled) OCR than wild-type hepatocytes (Fig. 2D),
suggesting a deficiency in mitochondrial respiration. However, pri-
mary fibroblasts in the same media showed no difference between the
genotypes (fig. S3B) but did show a difference when palmitate was
used as the primary substrate. Under these conditions, wild-type fi-
broblasts had a higher OCR than Acss1¥®¥X635Q 55 compared to bo-
vine serum albumin (BSA) controls (Fig. 2E). Finally, we used gPCR
to examine expression levels of genes involved in mitochondrial lipid
uptake and metabolism in the primary hepatocytes (fig. S3C). These
experiments suggest metabolic deficiencies in the Acss1<¢>¥K65Q
cells, including aberrant importation or utilization of palmitate to
generate ATP.
Metabolic dysregulation in fasted Acss7¥63°¥K635Q ice
It has been previously shown that, under conditions of fasting or oth-
er nutrient stress, acetate is an important energy source that is used to
generate ATP (20, 21). Thus, we were interested in exploring how fast-
ing would affect metabolism in mice expressing the ACSS1 constitu-
tive acetylation mimic. Since 48 hours of fasting has previously been
shown to ensure a switch to using stored triglycerides to fuel FAO and
ketogenesis (22), experiments were done at this time point.
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K635Q/K635Q mjce lost 20 to 25% percent of

Both wild-type and Acss1
R635Q/K635Q

their body weight on a 48-hour fast (fig. S4A). However, Acss1
mice displayed hypothermia (Fig. 3A) and a general failure-to-
thrive phenotype, many requiring euthanization. To identify any
changes in metabolism, we initially examined blood/serum metabo-
lites. In this regard, both wild-type and Acss1¥*¥X63Q mice exhib-
ited a similar and significant increase in blood ketone body levels
(Fig. 3B), as expected following a 48-hour fast. Both genotypes also
exhibited similar baseline blood glucose levels and the expected de-
crease with fasting (Fig. 3C). While fasting increased blood acetate
levels in wild-type mice, these remained significantly lower than
those in Acss1°°PYX¥Q mice under both fed and fasted conditions
(Fig. 3D). In the Acss1¥6¥ K52 mjice, fasting also led to a significant
reduction in both ATP (Fig. 3E) and lactate levels (Fig. 3F). While
Acss1¥6FUKEQ e displayed lower serum acylcarnitine levels than
wild-type mice at baseline, there was no overall difference between
the genotypes in the fasted state (fig. S4B). The increase in acetate,
which was also observed in the AcssI knockout mice (23), and the
decrease in ATP seem consistent with dysregulation of ACSS1.

We also examined metabolites in liver tissue from Acss1<03*@K635Q
and wild-type mice. While ATP levels were identical in both geno-
types at baseline, a much greater decrease was observed in the
Acss1¥0PYKE3Q pjce than in wild-type mice following the 48-hour
fast (Fig. 3G). Lactate levels were unchanged in the wild-type mice
with fasting, while the Acss1¥®*¥X63*Q mjce exhibited decreased levels
even at baseline and a significant reduction with fasting (Fig. 3H). Se-
rum levels of both alanine and glutamine were significantly lower in
Acss1K63°UKE5Q ice than in wild-type mice but were unchanged by
fasting (fig. S4, C and D). In contrast to serum, baseline levels of liver
acylcarnitine were similar in wild-type and Acss1¥**¥%635Q mice and
did not show a significant increase upon fasting (fig. S4E). Finally,
while acetyl-CoA was significantly reduced in the livers of wild-type
mice after fasting, we found no change in Acss1¥*YKHQ mice
(fig. S4F). These results suggest aberrant mitochondrial bioenergetics
in Acss 1} YKE5Q e that is exacerbated by fasting. Specifically, the
decreased ATP and lactate levels along with increased acylcarnitine
suggest dysregulation of fatty acid metabolism.

We ran high-resolution respirometry on fresh liver tissue dissect-
ed from fed and fasted wild-type and Acss1<**@X¥Q mice to assess
fatty acid-supported respiration (fig. 4SH). Specifically, we measured
LEAK respiration [measure of inefficiency stimulated by palmitoyl-
carnitine but in the absence of adenosine 5’-diphosphate (ADP)],
coupled respiration stimulated by palmitoylcarnitine alone or palmi-
toylcarnitine and octanoylcarnitine, and uncoupled respiration stim-
ulated by palmitoylcarnitine and octanoylcarnitine, with and without
succinate. Although we did not find any differences between the
groups, the fasted Acss1¥6%6YX6352 mice tended to have lower OCR
on average, which might suggest that Acss1***@%6%Q mice are less
able to adapt to conditions of food depravation.

Liver microsteatosis in fasted Acss1¥63°¥/%635Q jce

Examination of the abdominal cavity revealed that the livers of fasted
Acss1K63°UKE5Q e were noticeably larger and had numerous white
and patchy areas suggestive of excess fat deposition, as commonly ob-
served in a fatty liver phenotype (Fi% 4A, upper panels). In addition,
the stomachs of the fasted Acss1***¥*635Q mice were enlarged and ap-
peared bloated (Fig. 4A, lower panels). Histological examination of
the livers of fasted Acss1¥°¥X63>2 mice further revealed microsteato-
sis, the accumulation of fat-containing vacuoles within hepatocytes,
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Fig. 2. ACSS1-K635Q alters metabolism. (A to C) Wild-type and Acss 1¥3*?%635Q jce were individually housed to measure (A) oxygen consumption, (B) carbon dioxide
production, and (C) RER during light and dark cycles (N = 4 mice per group). Data are normalized to lean body mass and represented as mean + SEM. *P < 0.05, **P < 0.01
calculated by one-way ANOVA. (D) Basal, ATP-coupled, and FCCP-uncoupled OCRs in wild-type and Acss 1K6350/K635Q primary fibroblasts with 0.5 mM glucose (N = 2 mice
per group, four to six technical replicates each). (E) Basal, ATP-coupled, and FCCP-uncoupled OCR in wild-type and Acss 1¥63*@%635Q primary fibroblasts with 0.5 uM carnitine
and 100 pM BSA-conjugated palmitate (N = 3 mice per group, four technical replicates each), as compared to BSA alone (OCR on BSA was subtracted from BSA-conjugated
palmitate). Data are represented as mean + SEM. *P < 0.05, #*P < 0.01, ***P < 0.001, calculated by two-tailed unpaired Student’s t tests.
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Fig. 3. Metabolic dysregulation in fasted Acss763*@K635Q mice, (A) Body temperature of fed and 48-hour—fasted wild-type and Acss 1635246352 mice, (B to F) Serum
extracted from wild-type and Acss 1163546352 mjce at baseline (fed) and after a 48-hour fast was measured for (B) ketones, (C) glucose, (D) acetate, (E) ATP, and (F) L-lactate.
(G and H) Liver tissue isolated from fed and fasted wild-type and Acss1K6350/K635Q e was used to measure (G) ATP and (H) -lactate levels. Data are represented as
mean + SEM. *P < 0.08, *P < 0.05, **P < 0.01, ***P < 0.001, calculated by two-tailed unpaired Student’s  tests.
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Fig. 4. Liver microsteatosis and fatty liver in fasted Acss7%6>*%¥635Q miice, (A) Images of liver and stomach from fasted wild-type and Acss 1963596350 mice (see arrows).

(B) Oil Red O staining of liver from fed and fasted wild-type and Acss 1¥63*9635Q mice, Scale bars, 100 pm. (C) Lipid droplet staining in primary hepatocytes from wild-type and
Acss 1¥63°9K635Q e under basal conditions (top) and after 1-hour starvation (bottom). Scale bars, 20 pm. (D to F) H&E staining of liver from (D) fasted wild-type and Acss 11635Q/K635Q
mice [scale bars, 300 pm (left) and 100 pm (right)], (E) fed wild-type and Acss 1"3°635Q mice (scale bars, 50 pm), and (F) 20-month-old Acss 1¢3°#635Q mice [scale bars, 100 pm
(left) and 50 um (right)]. (G) H&E staining of white adipose tissue from fasted wild-type and Acss 1"*¥635Q mice. Scale bars, 200 pm (left) and 100 pm (right).
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which is a key histologic feature of nonalcoholic fatty liver disease
(NAFLD) (Fig. 4B, upper panels versus lower panels). Oil Red O
staining showed a notable increase in lipid droplets in the livers of
fasted Acss1¥6YK635Q compared to the fasted control mice, indicated
by the areas of deep red staining (Fig. 4B, bottom right panel).

We saw a similar phenotype in primary Acss1¥63>@K635Q hepato-
cytes. After 1-hour starvation, Acss1K6¥@K635Q hepatocytes showed a
significant increase in the percentage of large lipid droplets (>1.5 pm?)
and a decrease in small lipid droplets (<0.8 pm*) compared to
either basal conditions (Fig. 4C, lower panels) or starved wild-type
hepatocytes (Fig. 4C, right panels) (see fig. S4G for quantification).
The increased lipid accumulation in fasted Acss1¥*°¥X6%2 mouse
livers is also shown by hematoxylin and eosin (H&E) staining
(Fig. 4D) and is not seen in Acss1K635Q/K635Q ice on normal diet
(Fig. 4E), even when the mice are aged to 20 months (Fig. 4F). Nota-
bly, this acute NAFLD phenotype and the lipid droplet accumulation
were not observed in the Acss1 knockout mice (23).

In addition, the white adipose tissue also apI?eared smaller with a
more irregular border in the fasted Acss1¥***¥X°Q mice than in the
fasted control mice (Fig. 4G, upper panels versus lower panels), while
no differences were seen in brown adipose tissue, muscle, intestine, or
testes (fig. S5). These biochemical and histological assays suggest that
ACSSI is critical to maintaining cellular metabolism and bioenerget-
ics, leading to abnormal pathology in two critical bioenergetic organs
in response to nutrient status, specifically in a fasting state.
Dysregulated cell senescence in Acss1¥63°¥K635Q |jyep
To further investigate a potential mechanism for the development of
acute NAFLD with fasting, we performed RNA sequencing (RNA-
seq) analysis on liver tissue from fasted Acss1¥¢*¥%*>Qand wild-type
mice. Sequence reads were mapped to the UCSC/mm9 mouse ge-
nome using the HiSAT? aligner, and quantification was carried out
via StringTie. Differential expression analysis was done using the
DESeq R package, and the following significance criteria were applied
to the resulting gene list: Fragments Per Kilobase of transcript per
Million mapped reads (FPKM) > 1, adjusted P value < 0.05, and fold
change > 2. The differentially expressed genes were then processed
using the Qiagen Ingenuity Pathway Analysis (IPA) software to deter-
mine enrichment and significance scores.

The RNA-seq analysis showed altered expression in multiple path-
ways involved in metabolism and stress response (Fig. 5A). This in-
cluded altered expression of genes involved in (i) hepatic steatosis
(fig. S6A), (ii) NAFLD (fig. S6B), (iii) cellular senescence (fig. S6C),
and (iv) fatty acid metabolism (fig. S6D) in the fasted AcssI K635Q/K635Q
mice, as compared to fasted controls. It has been established that, us-
ing both animal models and human samples, cellular senescence in
the liver can be an early event in the development of a liver phenotype
permissive to liver steatosis as well as subsequent progression to
NAFLD (24). In this regard, a number of differentially regulated genes
in our dataset are implicated in both cellular senescence and hepatic
steatosis (Fig. 5A, Venn diagram).

We examined liver tissue from fed and fasted wild-type and
Acss1¥6PUKE3Q mice for markers of cell senescence, including the
senescence-associated isoform of B-galactosidase (SA-p-gal). Unex-
pectedly, we found elevated SA-B-gal not only in fasted Acss1<63*@X63>Q
mice as compared to wild-type mice (Fig. 5B) but also in fed
Acss1KYKEBQ mice (Fig. 5C and fig. S7A). We also observed a sub-
stantial increase in SA-B-gal by immunohistochemistry (IHC) stain-
ing in the livers of fasted Acss1*¥X635Q mice (Fig. 5D). In addition
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to SA-p-gal, we found increased levels of p21 (which can induce cell
senescence) and p53 (transcriptional regulator of p21) (Fig. 5, B and
C, and fig. S7A). These results suggest that Acss1K63¥K635Q hepato-
cytes may exhibit preexisting cellular stress, priming them for meta-
bolic dysfunction such as when further stressed by fasting (24).

In light of the evidence of metabolic dysregulation, microsteatosis,
and increased cellular senescence in livers of fasted Acss1<®¥¥X635Q
mice, we expected to find elevated biomarkers of liver damage, specifi-
cally, aspartate transaminase (AST) or alanine transaminase (ALT).
Unexpectedly, we did not find increased levels of either enzyme or any
difference in the AST/ALT ratio in the sera of fasted AcssIX63°@K635Q
mice compared to fasted controls (fig. S7, B to D).

Dysregulated fatty acid synthesis in Acss 1/63°¥K635Q |jyer
Next, we sought to further delineate the altered fatty acid metabo-
lism gene expression identified in fasted Acss1<*YX63*Q mice, Fatty
acid synthesis pathway enzymes, including stearoyl-CoA desaturase
(SCD1) (25, 26) and fatty acid synthase (FASN) (27, 28), are nor-
mally down-regulated during fasting as the liver switches to break-
ing down stored fat for the body to use as fuel. However, these
enzymes are elevated in NAFLD murine models and patient samples
(29). As expected, analysis of livers from fasted control mice showed
nearly undetectable levels of SCD1 (Fig. 6A and fig. S7E) and sig-
nificantly reduced transcription of Scdl (Fig. 6B and fig. S7F). We
found similar reductions in FASN at both protein (Fig. 6C and
fig. S7G) and transcription (Fig. 6D and fig. S7H) levels. In contrast,
fasted Acss1¥63°¥K635Q mice maintained significantly higher levels
ofboth SCD1 (Fig. 6A and fig. S7E) and FASN (Fig. 6C and fig. S7G).
These aberrant protein levels were due, in part, to altered tran-
scription as qPCR analysis showed the expected decrease in Scdl
and Fasn mRNA in fasted control mice, while fasted Acss1<63°¥%635Q
mice showed a minimal decrease in either ScdI (Fig. 6B and fig. S7F)
or Fasn (Fig. 6D and fig. S7H). These data are consistent with previ-
ous publications showing that liver-specific inhibition of SCD1 and
FASN attenuates the development of hepatic steatosis (30). By ex-
tension, the aberrant expression of these enzymes can lead to a liver
phenotype permissive for lipid droplet accumulation and the devel-
opment of steatosis and NAFLD.

ChREBP binding to Scd7 and Fasn enhancer regions
increases with fasting

Carbohydrate response element-binding protein (ChREBP) is ex-
pressed in lipogenic organs, such as the liver, and when dysregulated
can contribute to the development of dyslipidemia and NAFLD, in-
cluding through the transcriptional regulation of Scdl and Fasn ex-
pression (31, 32). Immunoblot analysis showed significantly higher
levels of ChREBP in both the cytoplasmic and nuclear subcellular
fractions from livers of Acss1K63°@K635Q mice, as compared to wild-
type controls (Fig. 6E, left panel, and fig. S8, A and B). In addition, a
further increase in ChREBP immunoreactive levels was observed
in Acss1¥63°UKE35Q mice after 48 hours of fasting, as compared to
baseline levels in fed Acss1<6*¥K635Q mjce (Fig. 6E, right panel, and
fig. S8, A and B).

Since an increase in ChREBP was observed, we used the Gene
Expression Omnibus (GEO) datasets to identify two potential DNA
binding sites in the 3" and 5’ regulatory regions of Scd1 (Fig. 6F) and
Fasn (Fig. 6G), respectively (accession ID GSM6730577). This analy-
sis identified strong ChREBP enrichment peaks at the upstream pro-
moter region of Fasn and a downstream enhancer region of Scdl. The
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identification of these potential DNA binding sites was subsequently
used to make primers (see Materials and Methods for primer se-
quence) that covered these two regulatory/binding site regions of
ChREBP for each gene.

Next, we performed chromatin immunoprecipitation (ChIP) as-
say with ChREBP with these primers from liver extracts of wild-type
and Acss1¥%*YX63Q mice on both normal diet and after fasting. The
ChIP data showed a decrease in ChREBP enrichment at both sites in
fasted wild-type mice for Scd1 (Fig. 6H and fig. S8, C and D) and Fasn
(Fig. 61 and fig. S8, E and F). In contrast, an increase in ChREBP en-
richment was observed in fasted Acss1¥***¥%63*Q mice at both Scd1
(Fig. 6H and fig. S8, C and D) and Fasn (Fig. 61 and fig. S8, E and F).
Regulation is likely through altered metabolites, as pulldown experi-
ments showed no interaction between ACSS1 and ChREBP (fig. S8G),
as expected. These experiments match the immunoblot data showing

Xu et al., Sci. Adv. 10, eadj5942 (2024) 17 May 2024

mice. (D) IHC staining for SA-B-gal in liver tissue from fed and fasted wild-type and Acss 1¥6350K635Q mjce Scale bars, 100 pm.

that the protein levels of both SCD1 and FASN remain elevated, in-
stead of the expected decrease in the liver that is normally observed
during fasting. The dysregulation of these two key proteins is consis-
tent with publications showing that aberrant expression of these lipid
enzymes can strongly contribute to NAFLD (33-35).

Liver lipidomics

On the basis of the observations of lipid accumulation and dysregu-
lated fatty acid synthesis in the livers of fasted Acss1<**¥X6%Q mice,
we measured free fatty acid (FFA) levels in the serum (fig. S9A) and
triacylglycerols (TAGs) in the serum (fig. S9B) and liver (fig. S9C) in
both fed and fasted wild-type and Acss1** X2 mice. While we
did see increased serum FFA and liver TAGs in Acss1X6°K635Q ¢
baseline, unexpectedly, we did not find any differences between gen-

otypes in the fasted state.
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To find alterations in specific lipid classes or species, we performed
a lipidomics analysis on liver samples collected from wild-type and
Acss1K63°UKE35Q e, both fed and after a 48-hour fast (see the Sup-
plementary Materials for complete results). Principal components
analysis showed that the greatest difference between fasted wild-type
and Acss1¥*YX6¥Q mice was in lysophosphatidylcholine (LPC), ce-
ramide, and several classes of phospholipids (Fig. 7A and fig. S9, D
and E). Three lipid classes were found to be significantly more abun-
dant in fasted Acss1¥*YXQ mice, as compared to wild-type, lyso-
phosphatidylethanolamine (LPE), LPC, and ceramides (Fig. 7, B to
D). All three have been shown to play a role in aberrant liver lipid
metabolism and NAFLD (36).

Comparing the concentrations of total lipid class content in
the fasted state, LPE was elevated 1.4-fold (Fig. 7B), LPC 1.3-fold
(Fig. 7C), and ceramide 1.7-fold (Fig. 7D) in fasted Acss1 K635Q/K635Q
mice compared to controls. Analysis of specific lipid species is pre-
sented in a more granular volcano scatterplot, showing the signifi-
cant enrichment of specific lipid metabolites in the liver tissue from
fasted Acss1¥0¥*YK65Q mice (Fig. 7E). Again, differentially abun-
dant lipids included a number of LPE, LPC, and ceramide species
known to contribute to liver toxicity, including fatty liver and
NAFLD. In addition, it has been previously shown that the increase
in these lipids in NAFLD is due, at least in part, to the dysregulation
of SCD1 and FASN (36, 37).

The compound myriocin is a potent inhibitor of serine palmitoyl
transferase and an immunosuppressant (38) that has shown benefits
in rat models of NAFLD (39, 40). To test the potential causative role of
elevated ceramides in the fatty liver phenotype of fasted Acss1<6*YK63Q
mice, we administered myriocin (0.5 mg/kg) to wild-type and
Acss1X63°UKE5Q e before fasting them for 48 hours. While myrio-
cin did lower ceramide levels in both genotypes (fig. S10A) and ap-
peared to ameliorate fatty liver in fasted wild-type mice (fig. S10B),
unexpectedly, there was no visible change in the livers of the fasted
Acss1X0PUK3Q mice (fig. $10C), suggesting that ceramide may be a
consequence rather than a primary driver of the acute fatty liver phe-
notype of these mice.

Fasting increases lysine acetylation

Last, because it has been previously shown that fasting or calorie re-
striction can alter mitochondrial acetylation (41, 42), we measured pan-
lysine acetylation in the livers of wild-type and Acss ¥ ¥X5Q pjce,
both fed and after 48 hours of fasting. The results showed that, while
fasting increased lysine acetylation as expected, the Acss1<®¥K635Q
mice had significantly greater acetylation than wild-type mice under

both fed and fasting conditions (fig. S11, A and B).

DISCUSSION

Under conditions of limited nutrient availability, cells undergo meta-
bolic reprogramming, which includes multiple compensatory cellu-
lar processes and alterations in lipid metabolism. One such enzyme
involved in mitochondrial reprogramming to adapt to reduced nu-
trient availability is ACSS1, a mitochondrial ligase required for ace-
tate metabolism. Used under fasting conditions, as well as in multiple
disease models (43), acetate is converted to acetyl-CoA by ACSS2 in
the cytoplasm and by ACSS1 in the mitochondria to generate ATP. In
addition, acetate appears to function as more than a metabolic sub-
strate and has been shown to be a regulatory molecule with diverse
roles throughout the cell (44, 45). While most enzymes are regulated
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by more than one process, it has been demonstrated that ACSS1-
K635-Ac is a key PTM that directs ACSS1 generation of acetyl-CoA
from acetate and CoA in tissue culture and in vitro experiments (5, 9,
18). Thus, we proposed to determine the in vivo physiological effects
of ACSS1-K635-Ac by generating a knock-in mouse that mimics the
constitutive acetylation of K635-Ac (i.e., K535Q).

In our Acss1¥¢¥Q knock-in model, we observed that male mice
were smaller than wild-type and female mice had dramatically re-
duced/delayed fecundity. This is in contrast to the previously pub-
lished AcssI null mice, which were reported overall indistinguishable
from wild-type mice and had normal fecundity (23). However, both
Acss1K635Q/K635Q and Acss1™/~ male mice exhibited hypothermia when
fasted and elevated blood acetate under both fed and fasted condi-
tions (23), as expected given the enzymatic function of ACSSI.

In other regards, our results for the Acss1¥***¥%635Q mouse are
quite different than those observed for the AcssI knockout mice, de-
spite both having the same C57B background (23). Specifically, while
Sakakibara et al. (23) conducted multiple studies using a 48-hour
fast, they did not report any changes in the appearance, weight, or
histology of the liver. In contrast, we observed substantial differences
in the liver that included enlargement and discoloration, with nu-
merous white and patchy areas suggestive of excess fat deposition
and microsteatosis, consistent with an NAFLD phenotype. On the
basis of these data, while speculative, it seems reasonable to further
investigate the idea that ACSS1-K635-Ac may have a different bio-
logical function than nonacetylated ACSS1, as has been shown for
other acetylated enzymes such as manganese superoxide dismutase
(MnSOD or SOD2) (46, 47).

Reduced lactate levels in both the serum and liver of AcssI
mice under normal fed conditions (Fig. 3, F and H) indicate the
increased conversion of lactate to pyruvate to recover reduced ATP
production, which may also contribute to elevated blood acetate lev-
els (Fig. 3D). Serum alanine and glutamine levels were also lower in
Acss1K035QUK635Q mjce (fig. S4, C and D), suggesting that these may
also be used to fuel ATP production. That lactate levels in Acss1<> K635
mice were further reduced by fasting suggests extremely high
conversion of lactate to pyruvate in the body. The reduced activity
observed in fasting Acss1X635/K635Q mice may have contributed to
the reduction in lactate since muscle is a major source of lactate
production.

The NAFLD phenotype developed in Acss1* %2 mice upon
a 48-hour fast was accompanied by impaired ATP production (Fig. 3,
E and G) and comparative up-regulation of the fatty acid synthesis
enzymes SCD1 and FASN (Fig. 6, A to D), which have also been
shown to play a role in developing fatty liver (30). This was unex-
pected since fatty acid synthesis is normally inhibited during fasting
as the liver is instead directed to break down fatty acids and synthe-
size ketones to fuel the rest of the body. A possible cause for this mal-
adaptive response is the elevated acetate resulting from reduced
ability to ligate it with CoA in the mitochondria to dive the tricarbox-
ylic acid (TCA) cycle. Excess acetate transferred out of the mitochon-
dria can directly fuel fatty acid synthesis in the cytoplasm and,
importantly, has been shown to increase histone acetylation and in-
crease transcription of Scdl and Fasn (fig. S11C) (48). Specifically,
elevated acetate can increase promoter H3K9, H3K27, and H3K56
acetylation and activate transcription of lipogenic genes, including
Scd1 and Fasn (48).

Another unexpected finding in the Acss mice was evi-
dence of increased hepatic cell senescence, even in the fed state

K635Q/K635Q

1K635Q/K635Q
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(Fig. 5C), suggesting that elevated acetate or ACSS1-K635Q itself,
representing constitutive ACSS1-K635-Ac, causes aberrant signaling
and cellular stress. In addition, chronic up-regulation of p53 in the
Acss1X639UK635Q mice may have contributed to their development of
acute hepatic steatosis upon fasting (49).

The lipid metabolites LPE, LPC, and ceramide have previously
been shown to contribute to the progression of NAFLD. In this re-
gard, elevated LPE participates in aberrant lipid droplet formation by
suppressing lipolysis and fatty acid biosynthesis and thus plays a
pathogenic role in inducing fatty liver (50, 51). LPC has been shown
to promote endoplasmic reticulum (ER) stress and lipoapoptosis (52)
and is also increased in the livers of patients with nonalcoholic steato-
hepatitis (8). Moreover, LPE and LPC are both cleavage products of
phospholipase A;, a major driver of inflammatory responses associ-
ated with chronic liver disease (53, 54). Last, ceramides have been
shown to induce steatosis and promote ER stress, thereby contribut-
ing to hepatocyte injury and a cellular liver environment permissive
for NAFLD (36, 52, 55-57).

On the basis of the relative overabundance of SCD1 and FASN and
lipidomics data, our results imply that ACSS1-K635Q, representing
constitutive ACSS1-K635-Ac, disrupts liver acetate biology, lipid me-
tabolism, mitochondrial bioenergetics, and ATP generation in vivo.
Our results suggest that ACSS1-K635-Ac, when dysregulated, leads to
several metabolic phenotypes consistent with the role of acetylation in
the regulation of gene transcription and mitochondrial metabolism.

MATERIALS AND METHODS

Mouse model

The C57BL/6 (JAX strain no. 000664) and Sox2Cre B6.Cg-Edil3
Tg(Sox2-cre)lAme/y (yAX strain no. 008454) (58) were obtained from the
Jackson Laboratory. The ACSS1-K635Q mouse was constructed (see
fig. S1 for the schematic) using the bacterial artificial chromosome
(BAC) clones RP23-226L10 and RP23-63M16 from the C57BL/6]
mouse genome library, introducing the AcssI K635Q mutation se-
quence (AAA > CAA), and constructing plasmids targeting genom-
ic DNA. Mouse genomic fragments containing AcssI exon 14 with
the point mutation, homology arms, and a conditional knockout
region were amplified using high-fidelity Tag DNA polymerase and
sequentially assembled into a targeting vector together with recom-
bination sites and selection markers. The AcssI targeting construct
was linearized and transfected into C57BL/6 embryonic stem (ES)
cells via electroporation. Transfected ES cells were G418-selected,
resistant clones were amplified and PCR-screened, and six were ex-
panded and characterized by Southern blot analysis. Five of these
were confirmed to be correctly targeted.

The targeted ES cell clone 1H5 was injected into C57BL/6 albino
embryos, which were then re-implanted into CD-1 pseudo-pregnant
females. Founder animals were identified by their coat color, and their
germline transmission was confirmed by breeding with C57BL/6 fe-
males and subsequent genotyping of the offspring. The presence of
the loxP sites (fig. S2A), deletion of the neomycin resistance cassette
(fig. S2B), and presence of the knock-in (fig. S2C) were all confirmed
by PCR. Three male and three female heterozygous conditional
knock-in mice were generated from clone 1H5 as final deliverables
(Cyagen).

These mice were intercrossed to produce homozygous conditional
knock-in mice. These mice did not display any noticeable phenotype
and had normal fertility. We crossed the homozygous conditional
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Acss1 knock-in mice with the Sox2Cre transgenic line. Since Sox2Cre
expresses Cre recombinase in the female germline (59) as well as epi-
blast cells, this allowed for recombination of our conditional allele in
the germline, replacing the endogenous exon 14 with the knock-in, to
generate full-body constitutive Acss1¥®**? We maintain the line
heterozygous with the wild-type AcssI allele, followed by PCR (see
table S1 for primers). The PCR product sizes from wild-type and
constitutive knock-in Acssl are 169 and 217 base pairs (bp), re-
spectively.

Mice were maintained under pathogen-free conditions at 21 + 2°C
with 12-hour:12-hour light:dark cycle in the Animal Facility at the
University of Texas Health Science Center at San Antonio (UTHSCSA).
Mice had free access to water and, except those undergoing a 48-hour
fast, pelleted Envigo Teklad Rodent Diet traditional formula LM-485,
with 25% calories from protein, 17% from fat, and 58% from carbohy-
drates. For the 3-week HFD, mice were instead given Research Diets
Inc. Rodent Diet with 60% calories from fat. For all experiments, mice
were matched for age and sex. All animal experiments were conducted
in compliance with the National Institutes of Health (NIH) Guide-
lines for Humane Care and the Use of Laboratory Animals, and all
murine studies were approved by the UTHSCSA Institutional Animal
Care and Use Committee.

The 48-hour fast

Four-week-old wild-type and Acss1 mice were either fast-
ed for 48 hours or given normal chow ad libitum (N = 3 mice per
genotype per feeding regimen). All mice had free access to water.
Body weight, rectal temperature, and blood glucose were recorded
before and at the end of the experiment. Mice were euthanized after
being anesthetized with isoflurane by cervical dissociation. Blood
was collected from the right cardiac ventricle and placed in EDTA
precoated tube. Plasma was obtained after centrifugation at 1000g for
10 min at 4°C and stored at —80°C. Liver, heart, kidney, subcutane-
ous fat, testes, and muscle were harvested. Tissues were fixed in 4%
formalin for histology and also snap-frozen in liquid nitrogen and
kept at —80°C freezer for later use.

K635Q/K635Q

Cell culture

Primary hepatocytes were isolated from anesthetized mice by portal
vein perfusion and collagenase digestion and purified by differential
centrifugation as described previously (60). Hepatocytes were cul-
tured in William’s E medium with 5% fetal bovine serum (basal con-
ditions). For starved conditions, cells were incubated for 1 hour in
Dulbeccos modified Eagle’s medium with 1 mM glutamine but with-
out glucose or pyruvate. Cells were fixed in 4% paraformaldehyde and
washed three times with phosphate-buffered saline, and lipid droplets
were stained with LipidTOX in a 1:1000 dilution for 30 min at room
temperature as suggested by the manufacturer (Invitrogen). Cells
were mounted with Vectashield and 4’,6-diamidino-2-phenylindole
(DAPI). Images were acquired with a Leica Stellaris 8 confocal micro-
scope at X63 magnification. Lipid droplets were analyzed by size and
number with LASX software and classified by size.

qPCR analysis of mRNA expression

Total RNA was extracted and purified from mouse organ tissues/
primary hepatocytes using TRIzol reagent (Invitrogen) and RNeasy
Mini Plus Kit (Qiagen). cDNA was synthesized with High-Capacity
cDNA Reverse Transcription Kit plus RNase inhibitor (Applied Bio-
systems) as per the manufacturer’s instructions. The primers used are
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listed in table S1. We used 2x PowerUp SYBR Green Master Mix (Ap-
plied Biosystems) and MicroAmp Optical 384-Well Reaction Plate
with Barcode using ABI QuantStudio 5 Real-Time PCR system (Ap-
plied Biosystems). The qPCR thermal cycling conditions were 2 min
at 50°C, 10 min at 95°C, 15 s at 95°C, and 1 min at 60°C for 40 cycles.
The AACT data were normalized and analyzed by QuantStudio De-
sign & Analysis Software v1.5.1 (Applied Biosystems).

Western blotting

Total protein was extracted from organ tissue samples using radioim-
munoprecipitation assay buffer (Cell Signaling Technology). Protein
concentrations were determined by bicinchoninic acid (BCA) pro-
tein assay (Pierce), and equal amounts from each sample were sepa-
rated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in
NuPAGE Bis-Tris 4 to 12% gradient gel (Invitrogen) and then trans-
ferred onto a polyvinylidene difluoride membrane (Bio-Rad). The
membrane was probed with the primary antibodies, which were then
detected using horseradish peroxidase (HRP)-conjugated mouse or
rabbit secondary antibodies (Cell Signaling Technology) and en-
hanced chemiluminescence (SuperSignal West Femto Maximum
Sensitivity Substrate, Thermo Fisher Scientific).

gMRI and indirect calorimetry

Whole-body composition was obtained with EchoMRI-100H and 130
(EchoMRI). Measures of total body fat, lean mass, and free water as
grams of body weight were obtained in individual awake animals (an-
esthesia was not required). We ensured that mice were immobile and
located at the bottom of the measurement tube. For calorimetry, mice
were individually housed and allowed to acclimate in the room for
2 days. Mice were maintained under a 12-hour:12-hour light:dark cycle
and had free access to food and water throughout the experiment. We
used the MARS indirect calorimetry “pull mode” system (Sable Sys-
tems) to determine whole-body metabolic parameters such as O, con-
sumption and CO, production for a period of 48 hours. Data from the
third hour are examined to detect potential equipment-related prob-
lems so that animals can be quickly retested. To measure RER after the
3-week HFD, mice were singly housed in Sable Promethion metabolic
cages, with all other conditions and procedures the same as above.

Histopathology

Formalin-fixed tissues were paraffin-embedded and processed for
H&E staining by the UTHSCSA Histology/Immunohistochemistry
Laboratory. Whole slides were scanned with Aperio microscopy. For
Oil Red O staining, the liver tissue samples were embedded in an opti-
cal coherence tomography compound and frozen at —80°C before be-
ing sectioned and stained with Oil Red O staining. The lipid droplets
in the liver were then examined under a microscope.

For THC, formalin-fixed, paraffin-embedded mouse liver tissues
were processed by the UTHSCSA Laboratory Medicine core using
standard methods. Tissue sections were fixed in 3% hydrogen perox-
ide, followed by proteinaceous blocking solution (Avidin/Biotin Block-
ing Kit). Tissue sections were incubated with the primary antibody,
followed by addition of the secondary antibody, with EnVision+ Sys-
tem, HRP polymer and diaminobenzidine (DAB) substrate (Dako),
plus DAB sparkle (Biocare). When adequate color development was
seen, slides were washed in water to stop the reaction, counterstained
with Meyer’s hematoxylin (Dako), and covered with a Permount
mounting medium (Richard-Allan Scientific). The micrographs were
taken under a light microscope (Zeiss).
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OCR with Seahorse

Mouse primary fibroblasts and primary hepatocytes were seeded in
the XF96 plate for Seahorse at 100,000 cells per well. The day after,
they were incubated for 1 hour in Seahorse recording media with 5 mM
glucose, 1 mM sodium pyruvate, and 2 mM glutamine. Additional
experiments were run with mouse primary fibroblasts incubated in
Seahorse recording media with 0.5 mM glucose, 0.5 pM carnitine,
and 100 pM palmitate conjugated to BSA or BSA alone as a control.
Sequential injection of 1.5 pM oligomycin, 10 pM carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP), and 0.5 pM rotenone
and antimycin final concentrations was used to infer the respiratory
parameters in the Seahorse XF96. Because of varied growth rates, he-
patocyte OCR was additionally normalized to protein concentra-
tion per well.

Metabolite assays

All samples were measured in duplicates. Acetate levels were mea-
sured by colorimetric assay (Abcam), following the manufacturer’s
instructions, using 5 pl of plasma per sample in a 96-well plate.
Acetyl-CoA was measured with a fluorometric assay kit (Abcam)
with a sensitivity of 0.01 nmol/well. ATP levels were measured via
a colorimetric method (BioVision) with a detection limit of 50 pmol
(1 pM). Blood glucose levels before and after fasting were mea-
sured with a glucose meter in tail venous blood. To measure ketone
levels, 3-hydroxybutyric acid (BOH) and acetoacetic acid (AcAc)
were measured with the Ketone body assay kit (Sigma-Aldrich)
and total ketone body concentration (mM) was calculated as
BOH + AcAc.

To measure lactate, collected sera or 10-mg samples of liver tissue
homogenized in lactate assay buffer (BioVision) were filtered through
10-kDa Spin Column (Millipore), and 2 pl per sample was assayed in
a 96-well plate following the manufacturer’s directions (BioVision)
and measured at an absorbance of ODsyg in a microplate reader. AST
was measured by colorimetric assay (Cayman Chemical), following
the manufacturer’ instructions, using 20 pl of plasma per sample. The
reaction was performed at 37°C for 15 min, and the absorbance was
measured at 340 nm. ALT was measured by colorimetric assay (Bio-
Vision), following the manufacturer’s instructions, using 10 pl of
plasma per sample in a 96-well plate. Plasma glutamine (BioAssay
systems) and alanine (Abcam) levels were measured by colorimetric
assays, following the manufacturer’s instructions, using 10 pl of plas-
ma per sample in 96-well plates.

High-resolution respirometry with Oroboros

Liver tissue was minced in ice-cold MiR05 buffer (110 mM su-
crose, 60 mM potassium lactobionate, 2 mM MgCl,, 20 mM tau-
rine, 10 mM KH,POy, 0.5 mM EGTA, 20 mM Hepes, and 1 g/liter
BSA) and placed inside the Oroboros Oxygraph-2k (O2k) at 37°C
with the stir bars spinning at 750 rpm. Supplemental oxygen was
added to each chamber to maintain O, concentrations between
450 and 200 pM throughout the experiment. Substrates were add-
ed using the following titration protocol: malate (0.1 mM) and pal-
mitoylcarnitine (0.5 mM) to stimulate LEAK respiration, ADP
(2.5 mM) to stimulate palmitate-driven coupled respiration, oc-
tanoylcarnitine (0.5 mM) for palmitate- and octanoate-driven
coupled respiration, cytochrome ¢ (10 pM; quality control step),
FCCP (0.5 pM steps) to uncouple respiration, succinate (10 mM),
and antimycin A (2.5 pM) to inhibit respiration and quantify back-
ground oxygen consumption.
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RNA sequencing

Total liver RNA was extracted using a NucleoSpin RNA kit (Macherey-
Nagel) and submitted to the Genome Sequencing Facility for process-
ing and library preparation. Paired-end sequencing was performed
using an Illumina HiSeq 3000 system, and 75-bp length reads were
determined. The reads were aligned to the UCSC/mm?9 genome using
the Tophat aligner. Read counts were generated via the HTseq Python
package, and the DEseq R package was used for normalization and
pairwise differential expression analysis. The criteria set for differen-
tial expression included P < 0.01, FPKM > 1, and fold change > 1.5.
The resulting gene lists were then analyzed using the Qiagen IPA soft-
ware to determine gene set and pathway enrichment scores.

Immunoprecipitation

Tracks for ChIP and sequencing (ChIP-seq) were generated from
previously published ChIP-seq data in mouse liver tissues avail-
able in GEO, with the following accession numbers: ChREBP
(GSM6730577), H3K9ac (GSM5404620), and H3K27ac (GSM3534485
and GSM3347654).

Liver tissue was harvested according to the Encode project proto-
col for tissue isolation (www.encodeproject.org). The resulting nuclei
were fixed in 1% formaldehyde for 20 min and sonicated at low power
for 15 s at 5 to 10 on/off cycles (Diagenode). The chromatin was incu-
bated with ChREBP antibody (10 pg) overnight followed by Protein A
magnetic beads (Invitrogen) for 4 hours. The IP fraction was washed,
reverse cross-linked, and purified with Minelute columns (Qiagen).
The resulting DNA was quantified with Fasn- and ScdI-specific prim-
ers by ABI Real Time qPCR (QuantStudio 5).

Protein immunoprecipitation was performed by incubating the
liver lysate with 2 pg of ChREBP antibody (Cell Signaling Technolo-
gy) overnight at 4°C followed by incubation for 4 hours with 40 pl of
Protein A Dynabeads (Thermo Fisher Scientific). The complex was
acid-eluted (0.1 M glycine HCI, pH 3.5) and concentrated using Am-
icon filters (10k, Millipore) and loaded to SDS-PAGE gels for West-
ern blot.

Lipidomics

Lipid species were analyzed using multidimensional mass spectrome-
try-based shotgun lipidomic analysis (61). In brief, liver tissue homog-
enate containing 0.4 mg of protein that was determined with a Pierce
BCA assay was accurately transferred to a disposable glass culture test
tube. A premixture of lipid internal standards species, including D14:1
choline glycerophospholipid, D16:1 ethanolamine glycerophospho-
lipid, D15:0 phosphatidylglycerol (Na), D14:0 phosphatidylserine
(Na), D14:0 phosphatidic acid (Na), D4-16:0 FFA, N12:0 sphingomy-
elin, 14:0 lysoethanolamine glycerophospholipid, 17:0 lysocholine
glycerophospholipid, T14:0 cardiolipin, N17:0 ceramide, 13C4 16:0
acylcarnitine, and T17:1 triglyceride (14.77, 14.83, 2.06, 0.64, 0.39,
2.91,0.82,0.42, 1.03, 3.65, 0.72, 0.006, and 15.01 nmol/mg protein, re-
spectively), was added before conducting lipid extraction for quantifi-
cation of the targeted lipid species. Lipid internal standard species of
D4-16:0 FFA and N17:0 ceramide (310.292 and 1.185 nmol/ml plas-
ma, respectively) were added before conducting lipid extraction for
50 pl of plasma. Lipid extraction was performed using a modified
Bligh and Dyer procedure (61), and each lipid extract was reconstituted
in chloroform:methanol (1:1, v:v) at a volume of 400 pl/mg protein or
500 pl/ml plasma. Phosphoethanolamine and FFA were derivatized as
described previously (62, 63) before lipidomic analysis. All internal
standards were purchased from Avanti Polar Lipids (USA).
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For shotgun lipidomics, lipid extract was further diluted to a final
concentration of ~500 fmol total lipids per microliter. Mass spectro-
metric analysis was performed on a triple quadrupole mass spec-
trometer (TSQ Altis, Thermo Fisher Scientific, San Jose, CA) anda Q
Exactive mass spectrometer (Thermo Fisher Scientific, San Jose,
CA), both of which were equipped with an automated nanospray de-
vice (TriVersa NanoMate, Advion Bioscience Ltd., Ithaca, NY) as de-
scribed previously (64). Identification and quantification of lipid
species were performed using an automated software program (65,
66). Data processing (e.g., ion peak selection, baseline correction,
data transfer, peak intensity comparison, and quantitation) was per-
formed as described previously (66). The result was normalized to
the protein content (nmol lipid/mg protein).

Statistical analysis

Except where otherwise indicated, data were processed and analyzed
with GraphPad Prism v10.1.0 or Microsoft Excel v2210. Analysis of
variance (ANOVA) or two-tailed Students unpaired t test was used
to analyze the differences between groups as indicated in figure leg-
ends. P < 0.05 was considered statistically significant.
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