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Abstract Pattl is a newly identified protein acetyltrans-
ferase that is highly expressed in liver. However, the role
of Pattl in liver is still unclear. We generated Pattl liver-
specific knockout (LKO) mice and mainly measured the
effect of hepatic Pattl deficiency on lipid metabolism. He-
patic Pattl deficiency in male mice markedly decreases fat
mass and dramatically alleviates age-associated accumula-
tion of lipid droplets in liver. Moreover, hepatic Pattl ab-
rogation in male mice significantly reduces the liver
triglyceride and free fatty acid levels, but it has no effect
on liver cholesterol level, liver weight, and liver function.
Consistently, primary cultured Pattl-deficient hepatocytes
are resistant to palmitic acid-induced lipid accumulation,
but hepatic Pattl deficiency fails to protect male mice from
high-fat diet-induced hepatic steatosis. Further studies
show that hepatic Pattl deficiency decreases fatty acid up-
take, reduces lipid synthesis, and enhances fatty acid oxi-
dation, which may contribute to the attenuated hepatic
steatosis in Patt] LKO mice.Hl These results demonstrate
that Pattl plays an important role in hepatic lipid metabo-
lism and have implications toward resolving age-associated
hepatic steatosis.—Liu, Y., D. Zhou, F. Zhang, Y. Tu, Y. Xia,
H. Wang, B. Zhou, Y. Zhang, ]J. Wu, X. Gao, Z. He, and
Q. Zhai. Liver Pattl deficiency protects male mice from
age-associated but not high-fat diet-induced hepatic steato-
sis. J. Lipid Res. 2012. 53: 358-367.
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Nonalcoholic fatty liver disease (NAFLD) is recognized
increasingly as a major health burden (1-3). It is one of
the most common causes of chronic liver disease, includ-
ing cirrhosis, hepatocellular carcinoma, and liver failure.
The prevalence of NAFLD increases with age, obesity, type
2 diabetes, and hypertriglyceridemia (4). Hepatic steatosis
is an early stage of NAFLD, and its prevalence also in-
creases with age, obesity, type 2 diabetes, and hyperlipi-
demia (5, 6). Aged mice under standard diet conditions or
mice fed a high-fat diet will develop hepatic steatosis (7).
Hepatic steatosis occurs as a result of excessive triglyceride
accumulation in liver cells. The mechanisms of excessive
hepatic triglyceride accumulation involve increased fat ab-
sorption, enhanced fat synthesis, reduced fat oxidation,
and/or reduced fat export (8). However, the more de-
tailed molecular mechanisms of hepatic steatosis need fur-
ther investigation.

Many treatments for hepatic steatosis have been studied.
Treatment strategies for NAFLD have revolved around
identification and treatment of associated metabolic con-
ditions such as diabetes and hyperlipidemia (9). Increasing
evidence suggests that medications used for type 2 diabetes,
such as metformin and thiazolidinediones, may confer a
therapeutic benefit in NAFLD (10). Currently, the known
effective treatment for NAFLD is modest calorie restriction
and gradual weightloss (11, 12). New molecular mechanisms
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targeting the treatment of NAFLD need further investiga-
tion (13).

Lipid metabolism can be regulated by posttranslational
modification, such as phosphorylation, ubiquitination, and
acetylation (14, 15). Protein acetylation has emerged as a
very important posttranslational modification in cellular
metabolism regulation (16); it is a dynamic process cata-
lyzed by deacetylases and acetyltransferases. Liver-specific
deletion of SIRT1, an NAD'-dependent deacetylase, impairs
fatty acid oxidation and results in hepatic steatosis (17).
Mice lacking SIRT3 exhibit hepatic fatty-acid oxidation
disorders during fasting (18). Hepatic-specific disruption
of another deacetylase SIRT6 in mice results in fatty liver
formation due to enhanced glycolysis and triglyceride
synthesis (19). Acetyltransferases are involved in many
metabolic processes, including lipid metabolism. The p300
acetyltransferase has been reported to activate lipogenesis
through histone acetylation (20). It has been reported that
p300 can acetylate and stabilize sterol-regulatory element
binding protein (SREBP), a key regulator in lipid metabo-
lism (21, 22), and can acetylate peroxisome proliferator-
activated receptor (PPAR)+y, which activates the transcription
of multiple genes involved in lipid metabolism (23). The
acetyltransferase GCNb has been reported to acetylate
peroxisome proliferative activated receptor vy, coactivator
13 (PGC-1B) and repress the expression of its target genes
involved in glucose and lipid metabolism (24). Another
study reported that glucocorticoid treatment induces the
acetylation of C/EBPB by PCAF/GCNbD and thus switches
on the transcription of genes involved in preadipocyte
differentiation (25). Acetyltransferase PCAF has also been
reported to acetylate and stabilize B-catenin (26), and
the hepatic B-catenin activity affects lipid metabolism and
hepatic triglyceride concentration (27). Although some
acetyltransferases have been shown to be involved in the
regulation of lipid metabolism, acetyltransferases involved
in hepatic lipid metabolism remain to be identified.

Pattl is a newly identified acetyltransferase belonging to
the GCNb-related N-acetyltransferase (GNAT) family, and
it is highly expressed in mouse liver (28). To investigate
the role of Pattl in liver, we used a Cre-loxP strategy
to delete Pattl specifically in liver. Our results show that
liver-specific Pattl knockout in male mice decreases fatty
acid uptake, reduces lipid synthesis, enhances fatty acid
oxidation, and protects mice from age-associated hepatic
steatosis.

MATERIALS AND METHODS

Animals

All animals were maintained and used in accordance with
the guidelines of the Institutional Animal Care and Use Com-
mittee of the Institute for Nutritional Sciences. C57BL/6 mice
were purchased from Slac (Shanghai, China). Animals had free
access to water and were fed chow with 10% kcal% fat (D12450B,
Research Diets) or high-fat diet (HFD) with 45% kcal% fat
(D12491, Research Diets). Mice with an albumin promoter—driven
Cre transgene were obtained from Jackson Laboratory and geno-

typed as described by Jackson Laboratory. For HFD-induced
hepatic steatosis, male mice at the age of 8 weeks were fed HFD
for 14 weeks. After fasting for 6 h, animals at the indicated age
were euthanized. The livers were quickly removed, snap-frozen
in liquid nitrogen, and stored at —80°C for various measure-
ments. Blood samples were obtained simultaneously for serum
measurements.

Generation of liver-specific Pattl knockout mice

The Pattl genomic DNA was isolated from a 129/Sv] mouse
genomic library and used to construct the Pattl targeting
vector by standard techniques. The Pattl”'™ mice have two
loxP sites inserted flanking exons 5-8 of Pattl gene, which
encode part of the Pattl acetyltransferase domain. The Patt]™'™
lines from ES cells of 129/Sv] mouse strain were crossed with
C57BL/6 mice for at least five generations. Then the Patt]l*/'*
mice were interbred to generate homozygous mice Patt1'”*'™,
which were crossed with the mice carrying an albumin pro-
moter—driven Cre transgene to get the double heterozygous
mice Pattl”', Cre” ™. Subsequently, the Patt1"'*, Cre"’ ™ mice
were interbred to obtain Patt1™', Cre” ™ mice, and which
were crossed with Patt1'"* mice to obtain sufficient Patt] liver-
specific knockout (LKO) mice Patt]''*, Cre”” and litter-
mate control mice Pattl'”™'* for this study. The primers for
Pattl transgenic genotyping were AATCATGGCGCCTAT-
CAGTT and GTTTGGCTCCCTGAGTCAAG.

Measurement of fat and lean mass, body weight, and
food intake

Total body fat and lean mass of mice were measured by an
NMR spectroscopy (Minispec Mq7.5; Bruker). Body weight was
monitored from the age of 5 to 17 weeks, and food intake was
monitored from the age of 15 to 17 weeks.

Glucose tolerance and insulin tolerance tests

Glucose and insulin tolerance tests were performed as previ-
ously described (29). In brief, glucose tolerance tests were
performed on mice fasted for 12 h, and insulin tolerance tests on
mice fasted for 6 h. After fasting, the mice were injected with
either 2 g/kg of glucose or 0.75 U/kg of human insulin (Lilly)
into the peritoneal cavity. Blood glucose levels were measured at
the indicated time points from tail blood using the FreeStyle
blood glucose monitoring system (TheraSense).

Enzyme activity measurements

Serum alanine transaminase (ALT) and aspartate transami-
nase (AST) were determined using enzymatic assay kits (Shensuo
Unf Medical Diagnostics Articles Co., Shanghai, China).

Acetyl-CoA carboxylase (ACC) activity was measured by cou-
pling with pyruvate kinase and lactate dehydrogenase to monitor
the formation of NAD as previously described (30). Briefly, 2 pl
of liver lysates at the protein concentration of 10 pg/pl were in-
cubated with 50 pl reaction buffer containing 10 mM NaHCOs,,
0.4 mM NADH, 3 mM ATP, 0.4 mM acetyl-CoA, 20 U/ml pyru-
vate kinase (Sigma), 40 U/ml lactate dehydrogenase (Sigma),
0.5 mM phosphoenolpyruvate, 8 mM MgCly, and 100 mM HEPES
at pH 8.0. The absorbance at 340 nm was monitored in a 384-well
plate at 37°C for 15 min.

Carnitine palmitoyltransferase-1 (CPT-1) activity was measured
by coupling to CoASH release and its reaction with 4,4’-dipyri-
dyldisulfide as previously described (31). In brief, liver mitochon-
dria were isolated from fresh mouse liver using a tissue
mitochondria isolation kit (Beyotime Institute of Biotechnology,
China). Briefly, 4 pl of the isolated liver mitochondria at the
protein concentration of 5 pg/pl were incubated with 50 pl reaction
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buffer containing 25 mM palmitoyl-CoA, 2 mM L-carnitine,
125 pM 4, 4’-dipyridyldisulfide, and 2 mM KH,PO, at pH 7.5. The
absorbance at 324 nm was monitored in a 384-well plate at 37°C
for 15 min.

The long chain acyl-CoA synthetase (ACS) activity was also
measured by coupling with pyruvate kinase and lactate dehydro-
genase to monitor the formation of NAD (32). Briefly, 4 pl of
liver lysates at the protein concentration of 10 pg/pl were mixed
with 96 jl of the reaction mixture containing 0.5 mM oleate, 1 mM
phosphoenolpyruvate, 14 mM MgCl,, 1.4 mM EDTA, 0.18% Tri-
ton-X 100, 0.5 mM ATP, 2.5 mM CoA, 0.4 mM NADH, 20 U/ml
myokinase, 20 U/ml pyruvate kinase, and 30 U/ml lactate dehy-
drogenase in a 96-well plate. The absorbance at 340 nm was mon-
itored at 37°C for 15 min. All the hepatic enzyme activities were
normalized to the respective protein concentration.

VLDL isolation

Serum VLDL was isolated by rapid ultracentrifugation as de-
scribed previously with minor modifications (33). In brief, 200 pl
serum was added to a 1 ml ultracentrifuge tube, and then was
gently overlaid with 100 pl of 0.196 M NaCl. Ultracentrifugation
was performed in a Hitachi ultracentrifuge (CS150GX) using a
fixed angle rotor (S140AT) at 140,000 rpm for 50 min at 4°C.
The VLDL layer, which was located at the top of the ultracentri-
fuge tube, was carefully transferred to a new tube for measure-
ment of triglyceride in VLDL.

Measurements of triglyceride, cholesterol, and free
fatty acids

Hepatic triglyceride, cholesterol, and free fatty acids were
extracted as previously described (34, 35). Briefly, 40-50 mg of
liver tissues or 4 x 10 cells were homogenized in 1 ml of metha-
nol/chloroform (1:2, v/v), followed by shaking at room tempera-
ture for 2 h. Subsequently, 200 pl of 0.1 M NaCl was added, and
the sample was vortexed and centrifuged at 3,000 g for 10 min.
Then 200 pl of the organic phase was transferred to a new tube
and air-dried in a fume hood overnight at room temperature.
Completely dried samples were finally dissolved in 100 pl isopro-
panol. The triglyceride and cholesterol in serum or the samples
were dissolved in isopropanol, and the triglyceride in VLDL was
determined using enzymatic assay kits (Shensuo Unf Medical
Diagnostics Articles Co.). The free fatty acids in serum or the
samples dissolved in isopropanol were determined by a free fatty
acid quantification kit (Biovision).

Mouse primary hepatocytes isolation

Mouse primary hepatocytes were prepared from 10- to 15-
week-old male mice as described previously with minor modifica-
tions (36). Male Pattl LKO mice or their littermate controls were
anesthetized, and the liver was perfused with Krebs Ringer
buffer with glucose (120 mM NaCl, 4.8 mM KCI, 1.2 mM MgSO,,
1.2 mM KH,PO,, 24 mM NaHCOs;, 20 mM glucose, and 5 mM
HEPES, pH 7.45) containing 100 pM EGTA at a flow rate of
3 ml/min for 15 min. Then the perfusate was switched to Krebs
Ringer buffer with glucose containing 5 mM CaCly and 100 U/ml
collagenase I (Sigma), and the perfusion was continued for an-
other 15 min. Both perfusion buffers were prewarmed in a 37°C
water bath. Subsequently, the liver was removed, minced, and dis-
sociated in DMEM (GIBCO) on ice. The dissociated cells were
then filtered through a 70 pm cell strainer and centrifuged at 50 g
for 2 min at 4°C. Hepatocytes were washed three times with
DMEM, followed by centrifugation at 50 g for 2 min at 4°C, and
then seeded in 12-well plates precoated with mouse tail collagen
(Millipore) at a concentration of 2 x 10” cells/well in DMEM with
10% FBS (GIBCO).
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Fatty acid treatment and Nile red staining

Primary hepatocytes were treated with the indicated concen-
trations of palmitic acid (Sigma) for 18 h, and then the primary
hepatocytes were washed twice with PBS and incubated for 15 min
with 2 wg/ml Nile red in PBS at 37°C. After washing twice with
PBS, hepatocytes were photographed under a fluorescence mi-
croscope and then read by a microfluorometer to detect the cel-
lular triglyceride levels as previously described (37).

Immunoblot and immunoprecipitation

Protein samples of whole cell lysates or nuclear extracts pre-
pared using Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime, China) were analyzed with antibodies against Pattl
(28): ATP-citrate lyase (ACL), Ser79-phosphorylated ACC, ACC,
FASN, C/EBPa, acetyl-lysine, and acetyl-histone H4 (Lys8) (Cell
Signaling); stearoyl-Coenzyme A desaturase 1 (SCD1) and elon-
gation of long-chain fatty acids, family member 6 (ELOVL6) (Ab-
cam); CPT-1 (Alpha Diagnostics); SREBP1 (Santa Cruz); PGC-1B
(Novus); and tubulin and actin (Sigma). The immune complexes
were detected using a horseradish peroxidase-conjugated sec-
ondary antibody and visualized with a chemiluminescence re-
agent (Pierce). Protein quantification was performed by Quantity
One software (Bio-Rad), and the intensity values were normal-
ized to actin. Mouse liver lysates were immunoprecipitated with
antibodies against SREBP1 (Santa Cruz) and PGC-13 (Novus) as
described previously (26).

Fatty acid uptake

Fatty acid uptake assay was performed as previously described
(38). Briefly, primary hepatocytes in 12-well plates were incu-
bated with 300 pl/well assay buffer (Hanks’ balanced buffer con-
taining 1% BSA and 5 pCi/ml ?’H—palmitjc acid) for 5 min at
37°C. Then the cells were washed twice with ice cold PBS and lysed
with 0.3 M NaOH. The radioactivity of the cell lysates was mea-
sured by liquid scintillation counting.

Lipid synthesis

Lipid synthesis was measured as described previously (39).
Briefly, hepatocytes were incubated for 60 min at 37°C in DMEM
with 10% FBS and 6 pCi/ml S'H—glucose. Then the hepatocytes
were washed twice with PBS, and lipid was extracted as described
previously (34, 35). The extracted lipid was dissolved in 1% Triton-
X100, and the radioactivity of the lipid was measured by liquid
scintillation counting.

Fatty acid oxidation

Fatty acid oxidation was performed as described previously
(40). Briefly, primary hepatocytes were cultured in 12-well plates
for 24 h, and then washed twice with PBS. Subsequently, 300 pl
assay buffer (Hanks’ balanced buffer containing 10 mg/ml BSA
and 3.3 pCi/ml 3H-palmitic acid) was added to each well and in-
cubated at 37°C for 1 h. Then 150 pl of the assay buffer from
each well was transferred to a new tube, and 400 pl methanol/
chloroform (2:1, v/v) and 400 pl 2 M KC1/2 M HCI were added.
After vortexing, the mixtures were centrifuged at 3,000 g for
5 min, and the aqueous phase containing 3HQO was transferred
to a new tube to treat once more with the methanol/chloroform
and KCI/HCI mixture. Finally, the aqueous phase was used to
measure radioactivity.

RNA isolation and RT-PCR

The liver total RNA was prepared using TRIzol reagent (Invit-
rogen) and treated with RNase-free DNase I (Takara). Then the
RNA was reverse-transcribed using M-MLV Reverse Transcriptase
(Promega). Real-time PCR was performed on an ABI Prism 7900



Sequence Detection System using Power SYBR Green (Applied
Biosystems). The primers used for real-time PCR were mainly
from PrimerBank (http://pga.mgh.harvard.edu/primerbank)
and appear in supplementary Table I.

Respiratory quotient, oxygen consumption, and total
energy expenditure measurement

Respiratory quotient and oxygen consumption were deter-
mined with mice fed ad libitum using a comprehensive labora-
tory animal monitoring system (Columbus Instruments)
according to the manufacturer’s instructions. Mice were mea-
sured for 24 h after acclimation to the system for 24 h. Total en-
ergy expenditure was calculated as (3.815 + 1.232 x respiratory
quotient) x VO, (41). Oxygen consumption and total energy
expenditure were normalized to bodyweight or lean mass as
indicated.

Statistics

Except where indicated, data are expressed as mean + SD of at
least three independent experiments. Statistical significance was
assessed by Student’s ttest. Differences were considered statisti-
cally significant at P< 0.05.

RESULTS

Generation of liver-specific Pattl knockout mice

The strategy to generate Pattl liver-specific knockout
(LKO) mice is shown in Fig. 1A. The Patt1'™"*, Cre"/~
mice were crossed with Patt1'™"** mice to obtain Pattl
LKO mice and littermate controls Patt1'™'* mice for this
study. Pattl expression was abolished in the liver of the
LKO mice compared with littermate controls (Fig. 1B), al-
though its expression was not changed in muscle, white
adipose tissue, brain, pancreas, kidney, or brown adipose
tissue (Fig. 1C-E and supplementary Fig. I). These results
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Fig. 1. Generation of Pattl LKO mice. (A) Lox P sites were intro-
duced flanking exons 5-8 of the Pattl gene, and then exons 5-8
were deleted by crossing with mice carrying an albumin promoter—
driven Cre transgene (Alb-Cre) to produce the Pattl LKO allele.
(B) Pattl protein level markedly decreased in the liver of Pattl
LKO mice compared with littermate controls (CTR). Expression of
Pattl was measured by immunoblot, and tubulin was measured as a
loading control. (C-E) Pattl protein levels were not changed in
muscle (C), white adipose tissue (WAT; D), or brain (E) as detected
by immunoblot.

demonstrate that the LKO mice have liver-specific dele-
tion of Pattl.

Hepatic Pattl deficiency in male mice mainly leads to
markedly decreased fat mass and fat content

To evaluate the effect of liver-specific Pattl deletion, we
examined the fat and lean mass and body weight of Pattl
LKO mice. The fat mass and fat content (the ratio of fat
mass to body weight) of male Pattl LKO mice was mark-
edly decreased at the age of 20 weeks (Fig. 2A, B), and
even at the age of 6 or 9 weeks, a significant decrease of fat
mass and fat content in male Pattl LKO mice was observed
(supplementary Fig. II). Lean mass and lean content in
male Pattl LKO mice were moderately increased at the
age of 20 weeks compared with littermate controls (Fig.
2C, D). Male Pattl LKO mice showed slightly increased
body weight and food intake compared with littermate
controls (Fig. 2E, F). In addition, the male Pattl LKO mice
displayed slightly improved glucose tolerance compared
with littermate controls, although there was no significant
difference in insulin tolerance (Fig. 2G—]). However, the
female Pattl LKO mice showed similar body weight, fat
content, and lean content, and slightly increased food in-
take compared with littermate controls (supplementary
Fig. III). Taken together, these results show that hepatic
Pattl abrogation in male mice mainly leads to markedly
decreased fat mass and fat content, which suggests that
Pattl has an important role in lipid metabolism.

Hepatic Pattl abrogation protects against liver steatosis
in male mice

We next investigated the role of Pattl in hepatic lipid
metabolism. Hematoxylin and eosin staining of liver sec-
tions showed that 31-week old male Pattl LKO mice had
much less lipid droplets in liver than littermate controls
(Fig. 3A). Consistently, hepatic Pattl abrogation markedly
reduced the liver triglyceride content at the age of 31
weeks (Fig. 3B). Liver triglyceride content at the age of 31
weeks was significantly increased compared with that at 9
weeks in male littermate controls, but liver triglyceride
content in male Pattl LKO mice at 31 weeks was similar to
that in male Pattl LKO mice at 9 weeks (Fig. 3B). Hepatic
Pattl deficiency had no effect on liver total cholesterol
level (Fig. 3C), but it significantly reduced liver free fatty
acid level (Fig. 3D). Male Pattl LKO mice had normal liver
weight (Fig. 3E) and showed normal liver function when
monitored by AST and ALT activities (Fig. 3F, G). More-
over, we observed elevated fasting blood glucose and de-
clined fasting serum low-density lipoprotein cholesterol in
male Pattl LKO mice, whereas no significant changes were
observed in fasting serum insulin, triglyceride, total cho-
lesterol, high-density lipoprotein, or free fatty acid (sup-
plementary Fig. IV). In addition, we found that mouse
hepatic Pattl protein and mRNA levels were moderately
decreased at age 31 weeks compared with those levels at
age 9 weeks (supplementary Fig. V, A—C), whereas Pattl
protein levels were unaffected by fasting, refeeding, and
insulin treatment (supplementary Fig. V, D and E). These
results demonstrate that hepatic Pattl is associated with

Pattl in age-associated hepatic steatosis 361



6 20 30 o 100 e 35 cTR 4
o < _ = *

5 15 C) g 8 B30 - KO g3
=4 = @ 20 e £ )
* c ] o 60 =) ~

8 210 g b= D 25 Q2
@ *k C T = c [ x
£ I} g 40 2 ©

% 2 ° 510 c 9 £ 1
& 55 9 § 20 3 0 3
- o

0 0 0 e e e S | - L0

CTR LKO CTR LKO CTR LKO CTR LKO 5 7 9 11 13 15 17 CTR LKO
Age (weeks)

g 500 —— CTR 40 g 300 —— CTR 25
S —=— LKO -+ S —— LKO ~

g400 * = 30 g’ ] 20

300 £ < 200 £ 15
3 £ 20 3 E

é, 200 g o é, 100 g, 10

100 =) S 5
3 < B <

EOJ 0— T T T T 0 % 0 T T T T 0

0 30 60 90 120 CTR LKO 0 30 60 90 120 CTR LKO

Time after glucose injection (min) Time after insulin injection (min)

Fig. 2. Hepatic Pattl deficiency mainly leads to markedly decreased fat mass and fat content. (A, B) Fat
mass and fat content were markedly decreased in male Pattl LKO mice compared with littermate controls
(CTR) at the age of 20 weeks as measured by an NMR spectroscopy. (C, D) Lean mass and lean content were
moderately increased in male Pattl LKO mice at the age of 20 weeks as measured by NMR. (E) Male Pattl
LKO mice showed slightly increased bodyweight. P = 0.0413 as measured by two-way ANOVA. (F) Food in-
take of the male Patt]l LKO mice was also slightly increased at the age of 15-17 weeks. (G) Glucose tolerance
was slightly improved in 15-week-old male Pattl LKO mice as determined by glucose tolerance test. *P< 0.05
versus the blood glucose level at the same time point. (H) The area under the curve (AUC) of the glucose
tolerance test in (G) was similar between male Pattl LKO mice and their littermate controls. (I) Male Pattl
LKO mice had similar insulin sensitivity as their littermate controls at the age of 17 weeks as determined by
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mice and their littermate controls. n = 10-12/group, **P< 0.01.

age and that its deficiency can attenuate age-associated
liver steatosis in male mice.

Hepatocytes of Pattl LKO mice are resistant to palmitic
acid-induced lipid accumulation

To further study the role of Pattl in hepatic steatosis, we
used an in vitro steatosis model induced by palmitic acid.
Hepatocytes from littermate controls treated with palmitic
acid developed dose-dependent accumulation of lipid
droplets in cytoplasm (Fig. 4A), and Pattl knockout greatly
diminished the size of lipid droplets compared with the
control hepatocytes (Fig. 4A). Quantification of the lipid
accumulation further confirmed that Pattl LKO hepato-
cytes were resistant to palmitic acid-induced lipid accu-
mulation (Fig. 4B). The abrogation of hepatic Pattl was
confirmed by immunoblot; Pattl protein expression was
not markedly changed in control hepatocytes after treat-
ment with palmitic acid (Fig. 4C). Consistently, intracel-
lular triglyceride was also markedly reduced in Pattl LKO
hepatocytes (Fig. 4D). These results demonstrate that ab-
rogation of Pattl can effectively prevent palmitic acid-
induced triglyceride accumulation in hepatocytes.

The liver steatosis mouse model induced by HFD was
used for further study. After 14 weeks on a HFD, male
Pattl LKO mice showed similar fat mass, fat content, lean
mass, lean content, and liver triglyceride level, and slightly
increased food intake compared with littermate controls
(supplementary Fig. VI, A-G). Meanwhile, hepatic Pattl
protein and mRNA levels were both dramatically down-
regulated in mice fed HFD compared with those levels in
mice fed chow (supplementary Fig. VI, H-J). These data
show that Pattl] LKO mice are not resistant to HFD-induced
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obesity and hepatic steatosis and that HFD dramatically
reduced the expression of Pattl in liver.

Hepatic Patt]l knockout reduces fatty acid uptake and
lipid synthesis

Hepatic steatosis could be caused by increased fatty acid
uptake and upregulated lipid synthesis (42). To investi-
gate the mechanisms of reduced liver lipid accumulation
caused by hepatic Pattl abrogation, first we checked the
expression of genes related to fatty acid uptake, including
CD36 and fatty acid transport protein (FATP). We found
that the CD36 mRNA level decreased significantly in the
liver of male Pattl LKO mice at ages 9 and 31 weeks,
whereas the FATP mRNA level was not changed (Fig. 5A,
B). Consistently, fatty acid uptake in Pattl knockout hepa-
tocytes was also significantly decreased compared with
control hepatocytes (Fig. 5C).

Next, we examined the expression of some key regula-
tors involved in lipogenesis. PPARa was downregulated in
9-week-old but not in 31-week-old Pattl LKO mice (Fig.
5D, E). It has been reported that the expression of PPARy
is markedly increased in liver of animal models with insu-
lin resistance and fatty liver (43). As shown in Fig. 5D, E,
PPARY mRNA level decreased in the liver of male Pattl
LKO mice at ages 9 and 31 weeks, whereas the mRNA
levels of C/EBPa, LXRa, and SREBPIc were not changed.
Protein levels of mature SREBP1 and PGC-13 remained
unchanged in the liver of male Pattl LKO mice at ages 9
and 31 weeks (supplementary Fig. VII, A-D). Neither
nuclear SREBP1 protein level nor the acetylation levels
of mature SREBP1 and PGC-1§ in liver were affected by
hepatic Pattl knockout (supplementary Fig. VII, E-H). It has
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Fig. 3. Hepatic Pattl abrogation protects against liver steatosis in
male mice. (A) Male Pattl LKO mice showed less lipid accumula-
tion in liver compared with littermate controls (CTR) at the age of
31 weeks. Representative sections of the liver stained with hema-
toxylin and eosin are presented. Scale bar, 50 wm. (B) Hepatic
Pattl deficiency attenuated age-associated triglyceride (TG) accu-
mulation in liver of male mice. Liver triglyceride was measured at
the indicated ages. n = 8-12/group, **P < 0.01. (C, D) Liver free
fatty acid (FFA) level was attenuated in male Pattl LKO mice at the
age of 31 weeks, whereas liver total cholesterol (TC) remained ata
similar level. n = 10-12/group, ¥*P< 0.05, **P< 0.01. (E) The ratio
of liver weight to body weight was similar between the male LKO
mice and their littermate controls at the age of 31 weeks. n=10-12/
group. (F, G) Liver function of male Pattl LKO mice was not sig-
nificantly affected by liver-specific Pattl knockout. Liver function
was measured by determining serum AST and ALT levels at the age
of 31 weeks. n = 10-12/group.

been reported that the deacetylases SIRT1 and SIRT3 are
involved in lipid metabolism (17, 18). We found that the
mRNA levels of SIRT1 and SIRT3 were not changed in the
liver of Patt] LKO mice (supplementary Fig. VIII). We also
tested the mRNA levels of some enzymes responsible for
fatty acid and triglyceride synthesis, and we found that the
mRNA level of ACL was downregulated in the liver of male
Pattl LKO mice (Fig. 5F, G). Then the protein levels of
some enzymes involved in lipid synthesis were measured
by immunoblot. Hepatic Pattl deficiency downregulated
the protein levels of ACL, fatty acid synthase (FAS), and
ELOVLG6 and upregulated the protein level of phosphory-
lated Ser79 ACC in liver (Fig. 5H-K). ACC catalyzes a rate-
limiting step in lipid synthesis, and increased Ser79
phosphorylation of ACC has been reported leading to the
inhibition of its enzyme activity (44). In agreement with
that, the ACC activity in 9- and 31-week-old male Pattl
LKO mice was significantly downregulated compared with
littermate controls (Fig. 5L). Consistently, lipid synthesis
rates were significantly decreased in Pattl knockout hepa-
tocytes (Fig. 5M). Taken together, these results show that
hepatic Pattl deficiency reduces fatty acid uptake and lipid
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itic acid-induced lipid accumulation. (A) Hepatocytes from Pattl
LKO mice exhibited less lipid accumulation when challenged with
the indicated concentrations of palmitic acid for 18 h. Lipid accu-
mulation was measured by Nile red staining. Scale bar, 20 wm. (B)
Quantification of the lipid accumulation in (A) was achieved by
determining the red fluorescence of Nile red with a plate reader.
##P < 0.01 versus control (CTR) in the same group. (C) Pattl pro-
tein levels in the primary mouse hepatocytes treated with the indi-
cated concentrations of palmitic acid (PA) for 18 h were measured
by immunoblot. (D) Hepatocytes from Pattl LKO mice were resis-
tant to PA-induced upregulation of cellular triglyceride levels. *P <
0.05, ¥¥P< 0.01 versus CTR in the same group.

synthesis, which should contribute to the attenuated liver
steatosis in male Pattl LKO mice.

Hepatic steatosis could also be caused by decreased trig-
lyceride export; hepatic triglyceride was exported in the
form of VLDL (45). Therefore, we investigated whether
hepatic Pattl knockout could have some effect on triglyc-
eride in VLDL. We found that serum triglyceride in VLDL
was significantly downregulated in 9-week-old but not in
31-week-old male Pattl LKO mice, indicating decreased
hepatic triglyceride export in 9-week-old male Pattl LKO
mice (supplementary Fig. IX).

Hepatic Pattl deficiency increases fatty acid
oxidation in liver

Hepatic steatosis is highly correlated with reduced lipid
oxidation (8). To investigate whether Pattl knockout had in-
fluences on fatty acid oxidation, we first assessed the protein
level of CPT-1, which is the rate-limiting enzyme of fatty acid
oxidation. Immunoblot analyses showed that CPT-1 protein
level was significantly elevated in the liver of male Pattl LKO
mice at the age of 9 or 31 weeks (Fig. 6A, B). Consistently,
CPT-1 enzyme activity was also significantly upregulated in
the liver of male Pattl LKO mice (Fig. 6C). Furthermore, 31-
week-old male Pattl LKO mice showed increased activity of
Acyl-CoA synthetase, a crucial enzyme catalyzing the prestep
reaction for -oxidation of fatty acids, whereas no significant
difference was observed in 9-week-old mice (Fig. 6D). Fatty
acid oxidation assay showed that palmitic acid oxidation in
Pattl knockout hepatocytes was significantly increased com-
pared with the control hepatocytes (Fig. 6E). Usually in-
creased fatty acid oxidation will lead to increased ATP levels
(46). As expected, hepatic ATP levels in male Pattl LKO mice
at ages 9 and 31 weeks were significantly increased (Fig. 6F).
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Fig. 5. Hepatic Pattl knockout reduces fatty acid

uptake and lipid synthesis. (A, B) Among the two indi-

cated genes participating in fatty acid uptake, CD36 was downregulated in the liver of male Pattl LKO mice
at ages 9 weeks and 31 weeks as determined by real-time PCR. n = 4-6/group. (C) Fatty acid uptake in hepa-
tocytes of Pattl LKO mice was attenuated as measured by 3H-palmitate incorporation. Mouse primary hepa-
tocytes were prepared from 10- to 15-week-old mice. (D, E) Among the indicated key regulators in lipid
metabolism, PPARa was downregulated in 9-week-old male Pattl LKO mice, and PPARy was reduced in the
liver of 9- and 31-week-old male Pattl LKO mice. n = 4-6/group. (F, G) Among the indicated enzymes re-
sponsible for fatty acid and triglyceride synthesis, ACL was decreased in the liver of 9- and 31-week-old male
Pattl LKO mice. n = 4-6/group. (H, J) Among the enzymes involved in lipid synthesis, ACL, FAS, and
ELOVLG6 protein levels were downregulated, and the protein level of phosphorylated ACC was upregulated
in the liver of 9- and 31-week-old male Pattl LKO mice. n = 4-6/group. (I, K) Quantification of the protein

levelsin (H and J). (L) The activity of ACC, the rate

-limiting enzyme in lipid synthesis, was attenuated in the

liver of male Pattl LKO mice. n = 8/group. (M) Lipid synthesis in hepatocytes of Pattl LKO mice was de-
creased as measured by the incorporation of 3H-glucose into lipid. Mouse primary hepatocytes were pre-
pared from mice at ages 10-15 weeks. #*P < 0.05, *#P < 0.01.

To further assess the fatty acid oxidation level at whole-body
level, the respiratory quotient was measured. The male Pattl
LKO mice showed markedly decreased respiratory quotient
during dark phase at the age of 22 weeks but not at the age of
9 weeks (Fig. 6G, H and supplementary Fig. X, A), suggesting
decreased glycolysis and increased fatty acid oxidation in 22-
week-old male Pattl LKO mice compared with littermate
controls. The 9- and 22-week-old male Pattl LKO mice ex-
hibited similar oxygen consumption and total energy ex-
penditure when normalized to lean mass (Fig. 6I-L and
supplementary Fig. X, B and C). However, when normalized
to body weight, increased oxygen consumption and total en-
ergy expenditure during the dark phase were observed in
22-week-old but not in 9-week-old male Pattl LKO mice (sup-
plementary Fig. X, D and E). These results demonstrate that
hepatic Pattl deficiency enhances fatty acid oxidation in liver,
which should also contribute to the attenuated liver steatosis
in Pattl LKO mice.
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DISCUSSION

Aging is associated with progressive changes in total and
regional fat distribution in, for example, heart, skeletal
muscle, and liver (47). Age-associated overaccumulation
of fat in liver will lead to hepatic steatosis (5), but the un-
derlying molecular mechanisms need to be further investi-
gated. In this study, we demonstrate that hepatic Pattl
deficiency markedly attenuates age-associated hepatic ste-
atosis (Fig. 3A, B). Itis reported that there are age-related
increases of fatty acid uptake and de novo lipid synthesis,
and an age-related decrease of fatty acid oxidation in rat
liver (48-50). Consistently, our results demonstrate that
hepatic Pattl deficiency decreases fatty acid uptake, re-
duces lipid synthesis, and enhances fatty acid oxidation
(Figs. 5 and 6). However, female Pattl LKO mice did not
show similar phenotypes as the males (supplementary Fig.
III), which might also be due to the effect of female sex
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Fig. 6. Hepatic Pattl deficiency increases fatty acid oxidation in
liver. (A) The protein level of CPT-1, the rate-limiting enzyme in
fatty acid oxidation, was upregulated in the liver of 9- and 31-week-
old male Pattl LKO mice as measured by immunoblot. (B) Quan-
tification of CPT-1 protein levels in (A). n = 4-6/group. (C) CPT-1
activity in the liver of male Pattl LKO mice was upregulated. n = 8.
Liver mitochondria were extracted from 10-week-old male Pattl
LKO mice and littermate controls to measure CPT-1 activity. (D)
The enzyme activity of ACS, a crucial enzyme catalyzing the prestep
reaction for B-oxidation of fatty acids, was upregulated in the liver
of 31-week-old Pattl LKO mice compared with littermate controls.
n = 8/group. (E) Fatty acid oxidation in hepatocytes of Pattl LKO
mice was increased as determined by the liberation of 3H20 from
3H-palmitic acid oxidation. Mouse primary hepatocytes were pre-
pared from mice at ages 10-15 weeks. (F) At9 and 31 weeks of age,
male Patt]l LKO mice exhibited elevated hepatic ATP levels after 6 h
fasting. n = 8-12/group. (G-L) At 22 weeks of age, male Patt] LKO
mice showed decreased respiratory quotient (RQ), similar oxygen
consumption (VOy), and total energy expenditure (TEE) at night
when measured by a comprehensive laboratory animal monitoring
system. n = 10/group, ¥*P< 0.05, ¥**P< 0.01.

hormones observed in mouse models such as diabetes and
obesity (51, 52). Taken together, these results demonstrate
that Pattl knockout in liver protects male mice from age-
associated increase of fatty acid uptake, upregulation of

lipid synthesis, and decline of fatty acid oxidation, and it
attenuates age-associated hepatic steatosis.

Although we found hepatic Pattl deficiency decreases
fatty acid uptake, reduces lipid synthesis, and enhances
fatty acid oxidation in cultured hepatocytes (Figs. 5 and
6), male Pattl LKO mice are not resistant to hepatic ste-
atosis induced by HFD with 45% kcal% fat (supplementary
Fig. VI, F). This finding suggests that although Pattl is a
modulator of hepatic lipid metabolism, it has a limited
role when the liver is subjected to an increased fat load. It
is very interesting that hepatic Pattl protein and mRNA
level were both dramatically downregulated in mice fed
HFD to about 30% of that in mice fed chow (supplemen-
tary Fig. VI, H and I) and that hepatic Pattl protein and
mRNA levels were moderately downregulated in mice at
age of 31 weeks to 60% of that in 9-week-old mice (supple-
mentary Fig. V, A-C). When subjected to risk factors of
hepatic steatosis, many genes may be actively regulated to
slow down the development of steatosis. For example, it
has been reported that HFD caused c-Jun N-terminal ki-
nase (JNK) activation in liver, and hepatic JNK can pre-
vent hepatic steatosis (53). Downregulation of Pattl might
be one of the protective responses to HFD, although he-
patic Pattl deficiency is not sufficient to attenuate the de-
velopment of steatosis induced by HFD. Hepatic Pattl
protein and mRNA levels were dramatically downregu-
lated in littermate controls fed HFD to about 30% of those
in mice fed chow, and about 18% and 6% Pattl protein
were still expressed in liver of 9- and 31-week-old Pattl
LKO mice respectively compared with corresponding lit-
termate controls (Fig. 5I, K). Because the Pattl level in
littermate controls fed HFD is close to Pattl LKO mice, it
is reasonable that Pattl LKO had no significant effect on
HFD-induced hepatic steatosis (supplementary Fig. VI, F).
Future studies using mice fed HFD with less fat (e.g., with
20-35% kcal% fat) should be helpful to elucidate the po-
tential positive effect of Pattl LKO on hepatic steatosis in-
duced by HFD.

In this study, we demonstrate that hepatic Pattl defi-
ciency influences hepatic fatty acid uptake, lipid synthesis,
and fatty acid oxidation, but the underlying molecular
mechanisms need further study. Histone acetyltransferase
p300 has been reported to stimulate ChREBP transactiva-
tion through histone acetylation, thus to activate lipogen-
esis (20). Our previous study demonstrates that Pattl
locates in both nucleus and cytoplasm and exhibits histone
acetyltransferase activity (28). Similarly, in this study, we
found that acetylation of histone H4 (Lys8) was signifi-
cantly decreased in the liver of Pattl LKO mice (supple-
mentary Fig. XI). So Patt]l might modulate the expression
of genes involved in lipid metabolism through histone
acetylation. Among the genes we have measured, CD36,
PPARvy, and ACL might be modulated by Pattl through
histone acetylation, as their hepatic mRNA levels were
downregulated in Pattl LKO mice at ages 9 and 31 weeks
(Fig. 5). Recent studies show that most intermediate meta-
bolic enzymes are acetylated and that acetylation can di-
rectly affect their enzyme activity (15, 16). Furthermore,
GCNb5 and p300 acetylate SREBP and PGC-1§3, respectively,
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to regulate lipid metabolism (21, 22, 24). Although the
acetylation of mature SREBP1 and PGC-18 in liver was not
affected by Pattl deficiency (supplementary Fig. VII, G
and H), it is still possible that Pattl might modulate lipid
metabolism through acetylation of other proteins involved
in lipid metabolism. Whether Pattl regulates hepatic lipid
metabolism through histone acetylation and/or the acety-
lation of proteins involved in lipid metabolism needs to be
studied.

In conclusion, our study demonstrates that Pattl LKO
protects against age-associated liver steatosis in male mice,
and it suggests that inhibition of hepatic Pattl might be a
potential new therapeutic strategy toward resolving he-
patic steatosis.

The authors thank all members of the laboratory for sharing
reagents and advice.
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