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Extrahepatic PPARa modulates fatty acid oxidation and
attenuates fasting-induced hepatosteatosis in mice®
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Abstract PPARa (PPARA), expressed in most oxidative
tissues, is a major regulator of lipid homeostasis; hepatic
PPARA plays a critical role during the adaptive fasting re-
sponse by promoting FA oxidation (FAO). To clarify whether
extrahepatic PPARA activity can protect against lipid overload
when hepatic PPARA is impaired, lipid accumulation was
compared in WT (Ppara”"), total body Ppara-null (Ppara™’”),
and hepatocyte-specific Pparanull (Ppara™"P) mice that were
fasted for 24 h. Histolo&ic staining indicated reduced lipid
accumulation in Ppara™"® versus Ppara’~ mice, and bio-
chemical analyses revealed diminished medium- and long-
chain FA accumulation in Ppara""? mouse livers. Hepatic
PPARA target genes were suppressed in both mouse models.
Serum FFAs increased in all genotypes after fasting but were
highest in Ppara_/ " mice. In Pj)araA “? mice, FAO genes were
increased in brown adipose tissue, heart, and muscle, and to-
tal lipase activity was elevated in the muscle and heart, sug-
gesting increased lipid utilizationli Thus, extrahepatic
PPARA activity reduces systemic lipid load when hepatic lipid
metabolism is impaired by elevating FAO and lipase activity
in other tissues and, as a result, protects against fasting-in-
duced hepatosteatosis. This has important clinical implica-
tions in disease states with impaired hepatic PPARA function,
such as nonalcoholic steatohepatitis and nonalcoholic fatty
liver disease.—Brocker, C. N., D. P. Patel, T. J. Velenosi, D.
Kim, T. Yan, J. Yue, G. Li, K. W. Krausz, and F. J. Gonzalez.
Extrahepatic PPAR« modulates fatty acid oxidation and at-
tenuates fasting-induced hepatosteatosis in mice. J. Lipid Res.
2018. 59: 2140-2152.

Supplementary key words nuclear receptors ® lipase ® caloric restric-
tion ® peroxisome proliferator-activated receptor

PPARa (PPARA) is considered a major regulator of sys-
temic lipid homeostasis and, consequently, the prolonged
fasting response. PPARA is a ligand-activated nuclear re-
ceptor that modulates transcription of specific target genes
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involved in lipid oxidation, lipid transport, lipoprotein
assembly, and ketogenesis. During fasting, hepatic PPARA
acts as a nutrient sensor and responds to the influx of lipid
by upregulating target genes associated with lipid catabo-
lism and ketone body (KB) synthesis to ensure energy avail-
ability for extrahepatic tissues. Studies in Pparanull mice
(Ppam_/ ) confirmed a critical role for PPARA during pro-
longed fasting and starvation. These mice experience he-
patic lipid accumulation that manifests as pronounced
steatosis (1-3). Fasted Ppam_/ " mice also develop hypoke-
tonemia, hypoglycemia, and hypothermia. Hepatic PPARA
deficiency is thus a major contributing factor to the ob-
served phenotype. Because PPARA is highly expressed in
the liver, the majority of studies have focused on hepatic
PPARA action. Nevertheless, PPARA is expressed in most
oxidative tissues, including heart, muscle, and kidney, as
well as brown adipose tissue (BAT), and activation of
extrahepatic PPARA may contribute significantly to lipid
homeostasis in response to prolonged fasting.

Fasting causes a decrease in blood glucose (GLU) levels
and triggers glucagon release from the pancreas. Glucagon
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elicits a wide range of metabolic alterations, primarily
within the liver, to restore energy homeostasis. Hepatic gly-
cogenolysis mobilizes GLU from glycogen stores. Gluconeo-
genesis also generates GLU from noncarbohydrate sources,
including lactate and glycerol (GLY). Prolonged fasting
initiates a gradual shift from utilizing carbohydrates and
lipids in the fed state to predominantly FAs as GLU stores
become exhausted. The shift to lipids as a primary energy
source is dependent on the mobilization of FFAs from adi-
pose tissue and circulating lipoproteins. FFAs released
from adipose tissue are transported as NEFAs bound to
serum albumin. Esterified FAs are transported within cir-
culating lipoproteins. FA uptake by tissues primarily occurs
through LPL- or CD36-mediated pathways. LPL hydrolyzes
triglyceride (TG)-containing lipoproteins, whereas CD36
acts as a FA translocase to transfer albumin-bound FAs
into tissues. Fasting-induced FA influx into oxidative
tissues such as the liver, muscle, and heart subsequently
activates PPARA, stimulating target gene activation and
lipid catabolism.

A growing body of evidence indicates that fasting and
caloric restriction (CR) imbue many beneficial outcomes,
including reduced fat mass, increased insulin sensitivity,
reduced cancer prevalence, delayed neurodegeneration,
increased longevity, and improved overall health (4). Fast-
ing causes FA uptake into many PPARA-expressing tissues.
Therefore, it is reasonable to assume that PPARA action in
extrahepatic tissues significantly contributes to systemic
lipid homeostasis during food deprivation. Understanding
the underlying mechanisms that drive these metabolic al-
terations will aid in the development of novel therapeutics
that mimic the beneficial effects of fasting or CR regimens.
Moreover, hepatic PPARA expression and activity are sup-
pressed in many disease states that cause lipid accumula-
tion within the liver, including nonalcoholic steatohepatitis
(NASH), nonalcoholic fatty liver disease (NAFLD), and
hepatitis C infections (5-7). NASH and NAFLD patients
also exhibit elevated total (esterified and free) FAs and
FFAs in plasma, suggesting that PPARA agonism in these
patient populations might be efficacious in reducing circu-
lating FAs via extrahepatic PPARA pathways (8, 9). PPARA
expression is high in the liver, and fasting studies have
focused on PPARA action within this tissue. Less is known
about its function in extrahepatic tissues or the overall con-
tribution of extrahepatic PPARA activation to systemic
lipid metabolism. More recently, studies have shown that
PPARA expression levels within oxidative tissues—namely,
liver, heart, kidney, and skeletal muscle—are comparable,
highlighting how PPARA is functionally important in sev-
eral tissues, not just the liver (10, 11). In addition, studies
have noted that relative Ppara mRNA expression levels in
various tissues are similar between mice and humans (10).
The development of tissue-specific Ppara-null mice makes
it possible to directly assess the contribution of extrahe-
patic tissues to systemic lipid homeostasis. This study tested
the hypothesis that extrahepatic PPARA plays a significant
role during metabolic response to fasting and that PPARA
activity in nonhepatic tissues can attenuate hepatosteatosis
when liver PPARA signaling is impaired.

METHODS

Animal care and treatment

Ppara WT (Ppara”") and Ppara™’~ mice used in this study were
described previously (12). Floxed Ppara (PpamF/ ") and hepato-
cytesspecific Pparanull (Ppard™™P) mice were generated as de-
scribed previously (13). Groups of Ppar(f/ " and P[mmF/ " mice
were included in all experiments. Physiological response between
the two control mouse strains—namely, WT and floxed—were sta-
tistically identical. Data from only the Ppara”" mice were pre-
sented to simplify data interpretation and figure clarity. Mice
from each genotype were on the C57BL/6] background and used
at 8-10 weeks of age. A breeding strategy was established to reduce
genetic drift between mouse lines. Homozygous breeder cages for
experimental animals were created using pups from heterozy-
gous crosses between Ppamﬁ - or PpamF/ " mice. Heterozygous
breeder cages were in turn set up using homozygous Ppam_/_
or PpamF/F mice crossed with a C57BL/6] mouse. This breed-
ing strategy ensures that the background of all the genetically
modified mice are constantly being backcrossed into the origi-
nal C57BL/6] line. Mice were maintained on a grain-based con-
trol diet (NIH-31). For fasting studies, food was removed for 24 h
starting shortly after the onset of the light cycle (ZT4) and end-
points collected at the same time the following day. Body compo-
sition analysis for total body fat and lean mass were determined
using an EchoMRI 3-in-1 mouse scanner (EchoMRI, Houston,
TX) on nonanesthetized live mice following manufacturer’s pro-
tocol. Body temperatures were measured rectally using a TH-5
Thermalert Monitoring Thermometer coupled to a RET-3 rectal
probe lubricated with mineral oil inserted to a marked depth of
1.9 cm (Physitemp, Clifton, NJ). Animals were then euthanized by
CO, asphyxiation, and tissue samples were collected for further
analysis. Blood was collected by venipucture of the caudal vena
cava. All mice were housed in a temperature- and light-controlled
vivarium and given food and water ad libitum. All mouse studies
were carried out in accordance with protocols approved by the
National Cancer Institute Animal Care and Use Committee.

Histological staining

Fresh liver tissue was immediately fixed in 10% phosphate-
buffered formalin for 24 h and then processed in paraffin blocks.
Four-micrometer sections were used for H&E staining. For Oil
Red O (ORO) staining, fresh liver tissue was placed into a cryo-
mold and filled with OCT Compound (Tissue-Tek), then trans-
ferred to a beaker of isopentane prechilled in liquid nitrogen.
Sections were processed by HistoServ, Inc. (Germantown, MD).
Slide imaging was performed using a Keyence BZ-X700 series all-
in-one microscope with both 20x and 40x objectives, 200x and
400x magnification, respectively.

Sample preparation for analyte analysis by GC/MS

Total FAs were measured in liver tissue after acid hydrolysis. In
short, livers were removed, and 20 mg of liver tissue was placed in
0.5 ml of myristic acid-d27 (IS, 20 pM) in dichloromethane, and
then 0.5 ml of 70% acetonitrile in water was added, followed by
homogenization using a Precellys homogenizer and 1 mm zirco-
nia/silica beads for 30 s at 6,000 g. The samples were centri-
fuged at 20,000 g for 10 min at 4°C. The lower organic layer (0.4
ml) was transferred to a glass tube and dried down in a SpeedVac
concentrator at room temperature. The resulting dried residue
was dissolved in 0.3 ml of 1.25 M HCI in methanol and then incu-
bated for 1 h at 100°C. Then, 0.4 ml of n-hexane was added to
each tube, samples were vortexed for 1 min, and 1 pl of each sam-
ple was injected into the chromatographic system for analysis as
described below.
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Samples for GLY measurements were prepared as follows.
Twenty microliters of 10 uM DL-norleucine was added to 50 pl of
mouse serum. Samples were vortexed for 10 s, and 0.6 ml of ace-
tonitrile was added, then vortexed for another minute. The sam-
ples were centrifuged at 20,000 g for 15 min at 4°C, and 530 pl of
supernatant was transferred to 2 ml vials. Samples were dried in a
SpeedVac concentrator at room temperature. The dried residue
was derivatized by adding 50 wl of N-trimethylsilylimidazole and
sonicated for 30 min at room temperature. The samples were di-
luted with 50 pl of acetonitrile and briefly vortexed for 10 s, and 1
pl was injected into the GC/MS system using an autosampler.
Calibration curve standards were made at 2, 5, 10, 25, 50, 100, and
200 pM GLY for absolute quantification. Linear regression with
weighting factor of 1/x" was used to represent peak area ratio
(analyte/IS) response obtained through single ion monitoring
versus concentration plot with a correlation coefficient of =0.99
for GLY.

Chromatographic and mass detection parameters for GC/
MS analysis

All FA analytes were separated on a capillary column (30 m x
0.250 mm, 0.25 pm; Agilent Technologies, Foster City, CA). Anal-
yses were performed with an Agilent 6890N gas chromatograph
coupled to an Agilent 5973 mass-selective detector (MSD) with
the following chromatographic conditions: initial temperature
60°C for 2 min, increasing to 150°C at 20°C/min over 6.5 min and
finally to 300°C at 7.5°C/min with 1.0 min hold time for total 27.5
min run time. The front inlet temperature was 250°C operating
with a split ratio of 1:25. MSD ion source and interface tempera-
tures were 230°C and 280°C, respectively. Oven temperature and
AUX-2 temp were set at 60°C and 280°C. The MSD operated in EI
mode at 70 eV. SIM mode of m/z 20-650 was used for the analyses.
Carrier gas was He (1.0 ml/min). GC/MS data were acquired and
processed using Agilent MassHunter WorkStation software. GC/
MS mass parameters can be found in supplemental Table S1.

GLY chromatography was carried out on a HP-5MS capillary
column (30 m x 0.250 mm, 0.25 pm; Agilent Technologies)
with 32.0 min run time and separated at 5.8 min retention time,
m/z205.2 (qualifier ions m/z 73.2, 103.1) TMS derivatives on SIM
mode of m/z 30-650. Analyses were performed with an Agilent
6890N gas chromatograph coupled to an Agilent 5973 MSD with
the following chromatographic conditions: Initial temperature
100°C for 2 min, increasing to 250°C at 10°C/min for 32 min. The
front inlet temperature was 280°C operating with a split less
mode. The MSD ion source and interface temperature was 230°C.
The MSD was operated in EI mode at 70 eV. Carrier gas was He
(1.5 ml/min). GCMS data were acquired and processed using
Agilent MassHunter WorkStation software.

Serum biochemistry

Blood was collected from mice and transferred to BD Micro-
tainer Serum Separator Tubes (Becton Dickinson, Franklin Lakes,
NJ). Serum chemistry analysis for total cholesterol (CHOL), TG,
phospholipids (PLs), total KBs, and NEFAs was performed using
Wako Clinical Diagnostics kits (WakoUSA, Richmond, VA). Se-
rum alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) levels were measured using Catachem VETSPEC Kits
as recommended by the manufacturer (Catachem, Oxford, CT).
Blood GLU levels were measured using a Contour blood GLU
meter (Bayer, Mishawaka, IN).

Sample preparation for serum lipid analysis by LC/MS
For serum lipidomics analysis, 25 pl of serum was extracted by

4fold cold chloroform:methanol (2:1) solution containing the

following as internal standards: 2 pM lysophosphatidylcholine
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(17:0), phosphatidylcholine (17:0), sphingomyelin (17:0), and
ceramide (17:0; Avanti Polar Lipids, Alabaster, AL). The samples
were vortexed for 30 s and then allowed to stand for 5 min at
room temperature. The mixture was centrifuged at 15,000 g for
5 min, and then the lower organic phase was collected and evapo-
rated at room temperature under constant nitrogen gas stream,
and the residue was dissolved in chloroform:methanol (1:1), fol-
lowed by diluting with isopropanol:acetonitrile:H,O (2:1:1) before
LC/MS analysis.

Chromatographic and mass detection parameters for LC/
MS analysis

For lipidomics discovery, samples were analyzed by ultraperfor-
mance LC (UPLC)-ESI-quadrupole TOFMS using a Waters Ac-
quity CSH 1.7 pm C18 column (2.1 x 100 mm) under the following
conditions: UPLC: A: acetonitrile/water (60/40); B: isopropa-
nol/acetonitrile (90/10), and both A and B contained 10 mM
ammonium acetate and 0.1% formic acid. Gradient was initial
60% A to 57% A at 2 min, to 50% A at 2.1 min*, to 46% A at 12
min, to 30% A at 12.1 min*, to 1% A at 18 min, before returning
to initial conditions at 18.5 min with equilibration for two addi-
tional minutes (where * indicates ballistic gradient). Flow rate was
0.4 ml/min. Column temperature was maintained at 55°C. MS
was the same conditions as above, except run time was 18 min.

In vivo lipolysis assays by CL316243
AHep

Eight- to 10-week-old male Ppanf”, Ppamf/ ~, and Ppard
mice were given an intraperitoneal injection of the f3-adrenoceptor
agonist CL316243 (0.5 mg/kg) (Sigma-Aldrich, St. Louis, MO) or
PBS as a vehicle control to assess adipose lipolysis. One hour
postinjection, mice were euthanized by CO, asphyxiation, and
blood was collected from the vena cava. As a measure of lipolysis,
serum-free FAs and GLY were measured by LC/MS and GC/MS,
respectively, as detailed above.

Gene expression analysis

Fifty milligrams of tissue was homogenized in TRIzol reagent
(Thermo-Fisher, Waltham, MA) using a Percellys bead homoge-
nizer (Bertin, Rockville, MD) and 1 mm zirconia/silica beads. To-
tal RNA was isolated following manufacturer’s guidelines and
quantified using a NanoDrop spectrophotometer (NanoDrop
Products, Wilmington, DE). Two micrograms of RNA was reverse
transcribed with All-in-One cDNA Synthesis Super Mix (BioTool,
Houston, TX) and used for quantitative RT-PCR (qRT-PCR) anal-
ysis with SYBR Green qPCR Master Mix (BioTool). Primers were
designed for gene specificity and to cross exon-exon junctions us-
ing Primer-BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast/)
and purchased from IDT DNA Technologies (Coralville, IA). Re-
sults were normalized to B-actin (Acth) mRNA expression. qRT-
PCR experiments were designed and performed according to
Minimum Information for Publication of Quantitative Real-Time
PCR Experiments guidelines (14). Values given are fold over con-
trol or relative expression value, where appropriate, calculated
using the 2ACt qPCR calculation method (15). Primer sequences
can be found in supplemental Table S2.

Hepatic malondialdehyde and 2’,7"-dichlorofluorescin
diacetate assays

Fresh liver tissue was homogenized and assayed for lipid per-
oxidation (LPO) and reactive oxygen species (ROS). LPO was
measured using a Lipid Peroxidation Assay Kit (Abcam, Cam-
bridge, UK) per the manufacturer’s protocol. Cellular ROS was
detected as previously described using a fluorescence probe.
Briefly, 2°,7-dichlorofluorescin diacetate (DCFDA; final concen-
tration 2.5 wM) was added to homogenates, and the changes in



fluorescence intensity were measured every 5 min for 30 min us-
ing a fluorescence plate reader (EnSpire Multimode Plate Reader,
PerkinElmer, Waltham, MA) at excitation and emission wave-
lengths of 485 and 530 nm.

Tissue total lipase activity assays

Liver, heart, and skeletal muscle (soleus) were homogenized in
ice-cold PBS buffer using a Percellys bead homogenizer and 1 mm
zirconia/silica beads. Following homogenization, crude lysates
were sonicated in a Diagenode Bioruptor Pico (Diagenode, Den-
ville, NJ). Tissue total lipase activity was assayed using a fluorometric
lipase activity assay kit (Abcam) following the manufacturer’s
recommendations and normalized to total protein. According to
the manufacturer, assay specificity has been confirmed for LPL,
hormone-sensitive lipase [also known as (a.k.a.) LIPE], hepatic
TG lipase (a.k.a. LIPC), and pancreatic TG lipase (a.k.a. PNLIP).
Adipose TG lipase (a.k.a. PNPLA2) activity should also be detect-
able, although specificity has not directly been confirmed. Pro-
tein concentrations were determined using a Pierce BCA Protein
Assay Kit (Thermo-Fisher).

Statistical analysis

All results are expressed as the mean + SD. Significance was
determined by ttest or two-way ANOVA with Bonferroni posttest
using Prism 6.0 software (GraphPad Software, La Jolla, CA). A
P value of < 0.05 was considered significant and is indicated in
graphs (* P<0.05; ** P<0.01; *¥* P<0.001). Outliers were tested
for using the Grubb’s test statistic.

RESULTS

Extrahepatic PPARA activity attenuates hepatic lipid
accumulation

To specifically assess the contribution of hepatocyte-
spec1ﬁc Ppam disruption to the fasting phenotype, Ppam
Ppam P, and Ppara ’~ mice were fed al libitum or fasted for
24 h, then euthanized. Body weights for all genotypes de-
creased approximately 15% in response to fasting (Fig. 1A).
Echo-MRI measurements of fed mice revealed that com-
plete ablation of Ppara had resulted in significantly higher
body fat composmon when compared with either Ppara’ 7
or Ppard AP mice (Fig. 1B, C) and that the weight loss in
response to fasting did not affect relative percentages of
lean or fat mass within each genotype. Ppara '~ mice also
experienced fasting-induced hypothermia (Fig. 1D). Al-
though the average fasted liver weights for P ara”’” mice
were slightly higher than Ppara”" or Ppara™"'? mice, the
liver indices (mg liver/g body mass) between all groups
were similar (Fig. 1E, F).

Gross liver morphology showed a much paler color in
fasted ijm_/_ mice, indicative of lipid accumulation
(Fig. 2A, upper) (3). Visual comparison of crude liver ho-
mogenates provided further support for differential lipid
accumulation in the two mouse models (data not shown)
and was confirmed using an enzymatic assay for TGs (Fig.
2B). Liver TGs accumulated in all groups in response to
fasting. TG levels in Ppam " mice were elevated 2 fold
over Ppam */* mice and 30% higher than the P[mm P mice.
H&E staining was used to assess tissue morphology and
cell structure (Fig. 2C, D). Pronounced vacuole formation in

’~ mice were indicative of centrilobular ste-

fasted Ppam
AHep

atosis. Vacuole accumulation was also observed in Ppara
mice, but to a lesser degree. H&E staining of ad libitum
groups did not indicate any morphological differences be-
tween genotypes. ORO was used to stain for neutral lipids
and cholesteryl esters (Fig. 2E). ORO staining confirmed
dlfferentlal lipid accumulation in fasted Ppara ’~ and
Ppam ? mice. WT mice also exhibited a slight increase in
hepatic lipid accumulation when compared with controls,
but levels were significantly less than either knockout mouse
model. The differential accumulation of lipids within the
livers of hepatocyte-specific Pparanull mice provides strong
evidence that extrahepatic PPARA significantly contributes
to systemic lipid homeostasis in response to CR.

Effect of fasting on hepatic FA composition

Total FA composition in livers was measured by GC/MS.
Ppara ablation impacted the accumulation of saturated
medium-chain FAs (MCFAs) (C10:0 and C12:0) and long-
chain FAs (LCFAs) (C13:0, C14:0, C15:0, and C16:0) (Fig.
3A), monounsaturated LCFAs (C14:1, C16:1, C18:1, and
C22:1) (Fig. 3B), and PUFAs (C18:2, C18:3, and C20:2)
(Fig. 3C). PPARA expression in extrahepatic tissues pro-
tected against accumulation of many saturated (C14:0,
C15:0, and C16:0) and unsaturated (C14:1, C16:1, C18:1,
C221 and 20:2) FAs, which were significantly lower in
Ppam 1P than Ppam " mice. Analysis revealed that he-
patic and extrahepatic PPARA activity had less effect on
accumulation of longer-chain PUFAs (Fig. 3C) and unsatu-
rated LCFAs (Fig. 3D). FA species C20:1, C20:4, C20:5,
(C23:0, and C24:1 were slightly elevated in WT mice but un-
changed in both mouse models, whereas PUFAs C18:3 and
(C22:6 increased in all groups after fasting.

Effect of fasting and extrahepatic PPARA on serum
biochemistry

Serum chemistries were analyzed to assess the impact of
extrahepatic PPARA activity on systemic lipid homeostasis.
Hepatic steatosis impairs liver function and causes liver dam-
age that is reflected in serum ALT and AST levels, which in-
creased significantly in both mouse models after fastlng (Fig.
4A, B) AST levels were lower in fasted Ppard™"? than
Ppam ~ mice, indicating that liver damage was not as severe.
Serum CHOL was slightly elevated in Ppam P mice but un-
affected by fasting (Fig. 4C). All mice were hypoglycemic af-
ter a 24 h fast (Fig. 4D). However, hypoglycemia was more
severe in fasted Ppara /" mice followed by Ppam 1P then
Ppara+/ *. Because PPARA acts as a major regulator of keto-
genesis in the liver, total KBs were also measured (Fig. 4F).
Serum KBs increased in all genotypes after fasting; however,
KB response was diminished in both mouse models. NEFA
levels were measured enzymatically and elevated in all | geno-
types (Fig. 4G). Fasting NEFAs were higher in Ppam mice
when compared with Ppam ’* mice, but statistical signifi-
cance was lost when comparing to Ppam Hep mice, indicating
an mtermedlate pheno e PL levels were increased by fast-
ing in Ppam "and Ppam P mice when compared with con-
trols and unchanged in Ppara /™ mice (Fig. 4H). PL levels in
fed animals were comparable. Circulating TG levels were
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Influence of Ppam status on physiological response to fasting. WI' (Ppara a”"y, full- -body Pparanull (Ppara ’7), and hepatocyte-

specific Pparanull (Ppara HeP) mice fed al libitum or fasted for 24 h. Weight loss (A), lean body mass (B), fat mass (C), body temperature
(D), liver weight (E), and liver index (F) of different genotypes in response to fasting. Data are mean + SD (n = 5). Asterisks above bars indi-
cate significance versus fed group of the same genotype. * P<0.05; ** P<0.01; *** P<0.001; ns, not significant.

similar between Ppam “and Ppam P mice and unchanged
by fastlng TG levels were significantly lowered by fasting in
Ppam mice (Fig. 41).

Serum FFAs were more precisely measured in fasted
mice by LC/MS. Several FA species were elevated in the

serum of Ppam ~and Ppam P mice after fasting (C16:0,
C16:1, C18:1, C18:2, and C18:3) when compared with WT
(Fig. 5A). Levels of C16:1 and C18:3 were considerably
higher in Ppam , and several other FAs were unchanged
by fasting or genotype (Fig. 5B). In general, the relative
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Fig. 2. Fasting-induced hepatosteatosis is exacer-
bated by PPARA ablatlon WT (Ppara”"), full-body
Pparanull (Ppara ) and hepatocyte-specific Ppara-
null (PpamA “P) mice fed al libitum or fasted for 24 h.
Gross liver physiology (A) and liver TG levels (B) after
24 h fast. H&E staining of sections from fed (C) and
fasted (D) mouse livers. ORO staining (E) of fasted
liver sections shows differential lipid accumulation.
Data are mean = SD (n = 5). Asterisks above bars indi-
cate significance versus fed group of the same geno-
type. Representative images (n = 5) taken at 40x (scale
bars = 500 mm) and 100x magnification (scale bars =
100 mm). *** P<0.001.
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Fig. 3. Extrahepatic PPARA activity prevents accu-
mulation of hepatic medium- to long-chain saturated
FAs and MUFAs. FA levels were measured in livers of
WT (Ppawf/ "), full-body Pparanull (Pgamf/ 7), and
hepatocyte-specific Pparanull (Ppard™?) mice by
GC/MS. Saturated FAs (A), MUFAs (B), PUFAs (C),
and longer-chain saturated FAs (D) were analyzed in
fed and fasted states. Data are shown as mean fold
change + SD (n =5) versus fed WT groups. Data repre-
sent peak area response normalized to total tissue
weight. Asterisks above bars indicate significance ver-
sus fed group of the same genotype. * P< 0.05; ** P<
0.01; ##% P<0.001; ns, not significant.

levels of PUFAs were lower than MUFAs or saturated FAs
(Fig. 5C). The release of FFAs from fat stores was coupled
to the release of GLY. Serum GLY was therefore measured
by GC/MS (Fig. 4E). GLY levels were only elevated in
fasted Ppam_/ " mice when compared with WT. GLY con-
centrations in Ppara™? mice were not significantly differ-
ent than either WT or Ppamf/f mice, demonstrating an
intermediate phenotype. In vivo lipolysis experiments
were also performed to assess adipose FA and GLY release,
as well as utilization by tissues, using the B3-adrenoceptor
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agonist CL316243. Serum FFA and GLY response to
CL316243 was comparable to fasted samples (supple-
mental Fig. S1). These data show that extrahepatic PPARA

e .. . AHep
activity influences serum lipid profiles in fasted Ppara
mice. These differences could be the result of differen-
tial adipose mobilization or increased FA utilization by
extrahepatic tissues. As such, the expression of genes
involved in FA metabolism were assessed in extrahepatic
tissues, and total lipase activity was measured to gauge FA
mobilization.

M Fed
O Fasted

Fig. 4. Effect of Ppara status and acute fasting on
serum chemistries. Mice were fed al libitum or fasted
for 24 h, and then serum was collected for analysis.
Serum ALT (A), AST (B), CHOL (C), GLU (D), GLY
(E), KBs (F), NEFAs (G), PLs (H), and TGs (I) were mea-
sured. Data represent mean + SD (n = 5). * P< 0.05;
¥ P<0.01; % P<0.001; ns, not significant.
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Hepatic PPARA primarily controls FAO-related gene
expression in response to fasting

Known PPARA target gene mRNAs, additional lipid
metabolism-related mRNAs, and VLDL synthesis-related
mRNAs were measured to identify factors that influence
lipid accumulation and steatosis. “Classic” PPARA target
gene expression associated with FAO [acyl-CoA dehy-
drogenase (Acadm); acyl-CoA dehydrogenase, long chain
(Acadl); acyl-CoA oxidase 1 (AcoxI); carnitine palmitoyl-
transferase 1b (Cptlbd); carnitine palmitoyltransferase 2
(Cpt2); and enoyl-CoA hydratase and 3-hydroxyacyl CoA
dehydrogenase (Ehhadh)] was completely dependent on
hepatocyte-specific PPARA activation (Fig. 6A). Ppara sta-
tus differentially impacted several genes that are either
directly or indirectly related to lipid homeostasis including
cytochrome P450, family 2, subfamily b, polypeptide 9
(Cyp2b9); CypSal; Etppl; lipocalin 2 (Len2); and lipocalin 13
(Lenl3) (Fig. 6B). CYP2B9 and cytochrome P450, family 8,
subfamily b, polypeptide 1 (CYP8BI) are involved in ste-
roid and bile acid synthesis, respectively. These two en-
zymes were upregulated in fasted Ppara a”" and Ppard P
mice but not Ppara /" mice. Ethanolamine- -phosphate
phospho-lyase (ETNPPL) is associated with glycerophos-
pholipid metabolism, and fasting resulted in downregula-
tion of Etnppl mRNA only in Ppam mice. The lipocalins
encoded by Len2 and Lenl3 bind and transport small hy-
drophobic molecules, including lipids. Similar to WT, fast-
ing downregulated Len2 and Lenl3 mRNAs in Ppara™ P
mice. Basal lipocalin (Lcn) mRNA expression was much
lower in Ppara '~ mice and upregulated after fasting.
Expression of Lplwas unaffected by treatment or genotype.
An increase in hepatic TGs (Fig. 2B) and decrease in
serum TGs (Fig. 41) in Ppara”’~ mice suggests that VLDL
production may be impaired. Rate-limiting genes involved
in VLDL production (Apob, Apoc2, and Apoe) and lipid im-
port (Cd36, Slc27a4, and Slc27a5) were quantified (Fig. 6C).
These mRNAs were not impacted by fasting or genotype,
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so VLDL production does not seem to be altered at the
transcriptional level. Hepatic FAO associated mRNAs was
similarly impaired in both Ppara /" and Ppam P mice.
Lipid accumulation is often coupled to oxidative stress
and LPO (16). Several antioxidant response genes (gluta-
thione S-transferase o 2, glutathione S-transferase kappa 1, and
glutathione S-transferase mu 3) mRNAs were elevated only
in Ppamf/f mice (supplemental Fig. S2A). Moreover,
DCFDA and malondialdehyde (MDA) assays confirmed an
increase in ROS and LPO, respectively, in the livers of
Ppara”’" after a 24 h fast (supplemental Fig. S2B, C).
Although several differentially expressed genes were iden-
tified, none mechanistically explain the pronounced dif-
ference in hepatosteatosis, indicating that extrahepatic
tissues may play a compensatory role in lipid metabolism.

FAO is elevated in extrahepatic tissues of fasted PpamAHeP

mice

The liver is often considered the primary site of lipid ca-
tabolism, but many extrahepatic tissues have significant
oxidative capacity. Gene expression was measured in extra-
hepatic tissues to test whether a compensatory increase in
FAO may protect against hepatosteatosis by reducing sys-
temic lipid load. Acadm, Cptlb, Ehhadh, fibroblast growth
factor 21 (Fgf2I), and pyruvate dehydrogenase kinase 4
(Pdk4) mRNAs were measured in BAT, heart liver, and
skeletal muscle from fed and fasted Ppam , Ppara” 7, and
Ppam 1P mice (Fig. 7). Fasting-induced PPARA-dependent
upregulation of all genes in the livers of WT mlce sup-
ported the hepatic FAO deficiency noted in Ppam P and
Ppara”’~ mice. Extrahepatic Acadm, Cptlb, Ehhadh, and
Fgf21 mRNA exgresmon was upregulated in fasted Ppara a
as well as Ppara™ " mice. Fasted P])am M mice exhibited
significantly higher expression of Cptlband Ehhadh mRNA
in BAT, Acadmand Cpt1b mRNA in heart, and Acadm, Cpt1b,
and Ehhadh mRNAs in muscle when compared with fasted
P[mwf“ mice. Acadm, Cptlb, Ehhadh, and Fgf21 mRNA
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expression was unchanged after fasting in Pj)am_/ ~, indicat-
ing that FAO is impaired in these tissues. Pdk4 mRNA expres-
sion was elevated in all tissues but PPARA-dependent only in
the liver, suggesting alternate regulatory mechanisms in
other tissues. Elevated FAO in BAT, heart, and muscle of
fasted Ppammep mice would reduce circulating lipids and
potentially protect against hepatic lipid accumulation.
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Fig. 6. Hepatic expression of lipid metabolism-
related gene expression during fasting response. Mice
were fasted for 24 h, and liver RNA was isolated for
qRT-PCR analysis. Expression of B-oxidation (Acadm,
Acadl, Acox1, Cptlb, Cpt2, and Ehhadh) mRNAs (A) and
lipid metabolism (Cyp209, CypSbl, Etppl, Len2, Lenl3,
and Lpl) (B) related gene mRNAs. C: mRNAs encoded
by hepatic genes involved in VLDL production (Apob,
Apoc2, Apoe, and Cd36) and lipid transport (Slc27a4
and Slc27a5). Data were normalized to Acthb and ex-
pressed as fold change WT control. Data are mean + SD
(n =5). Asterisks above bars indicate significance versus

+l+ o= AHep .
T W Ppara O Ppara W Fpar fed group of the same genotype. * P<0.05; ** P<0.01;
B +24hrFast +24hr Fast +24hr Fast w55 Pe(.001

Total lipase aAcfgvity is elevated in extrahepatic tissues of
fasted Ppara™ * mice

Lipases are required for the mobilization of FAs from
adipose depots as well as for the uptake of lipoprotein TGs
into tissues. To test whether Ppara status influences lipid
mobilization or uptake, total lipase activity was measured
in inguinal white adipose tissue (IWAT), heart, liver, and

M Ppara*”
B4 + 24hr Fast
[m} Fpara"'
+ 24hr Fast

B Pparat'er

E + 24hr Fast

Fig. 7. FAO is elevated in extrahepatic tissues of
fasted Ppara™"'® mice. Mice were fasted for 24 h, and
then tissues collected for RNA isolation and qRT-PCR
analysis. Expression of PPARA target gene mRNAs
involved in B-oxidation (Acadm, Cptlb, and Ehhadh)
and fasting response (Fgf21 and Pdk4) were mea-
sured in BAT (A), heart (B), liver (C), and skeletal
muscle (D). Data normalized to Actb and expressed as
fold change WT control. Data are mean + SD (n =5).
Asterisks above bars indicate significance versus fed
group of the same genotype. * P < 0.05; ** P < 0.01;
##% P<0.001; ns, not significant.
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skeletal muscle from fed and fasted mice (Fig. 8). Total
lipase activity in IWAT increased comparably in all geno-
types after a 24 h fast, indicating that adipose FA release
was unaffected by Ppara status (Fig. 8A). This was sup-
ported by measurement of mRNAs associated with lipase
(Abhd>, Lipa, Lipe, Lpl, Mgll, and Pnpla2) in IWAT, BAT,
and epididymal white adipose tissues (EWATSs), which was
not impacted by either fasting or genotype supporting FA
mobilization from fat depots is comparable (supplemental
Fig. $3). Cardiac total li&)ase activity was elevated by fasting
in Pj)ar(f” and PpamA P mice (Fig. 8B). There was also
a slight but significant increase lipase activity in fasted
Ppard”™? mice when compared with WT mice, suggestive
of enhanced cardiac lipid utilization. Total hepatic lipase

A

+ AHep

activity increased slightly in both Pj)amﬁ and Ppara
mice after fasting (Fig. 8C). Interestingly, lipase activity in
Ppam_/ " mice was slightly but signiﬁcantly elevated in fed
mice when compared with Ppara” " mice and decreased after
a 24 h fast. Muscle lipase activity increased in all genotypes
(Fig. 8D), but response was attenuated in Ppara”/~ mice. To
further characterize elevated extrahepatic lipase activity,
Abhd5, Lipa, Lipe, Lpl, Mgll, and Pnpla2 mRNAs levels were
measured in heart and muscle. Cardiac Lipe and Pnpla2
mRNA was increased over 3-fold in fasted Ppard™'? mice
(Fig. 9A). Abhd>, Lipa, Lpl, and MgllmRNAs did not respond
to fasting. Muscle lipase expression was also not affected by
feeding status (Fig. 9B). Elevated total lipase activity in heart
and muscle of Ppara™""? mice combined with an increase in
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Fig. 8. Total lipase activity is elevated in extrahepatic tissues of fasted Ppara
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AP mice. Mice were fasted for 24 h, and total lipase activity was

measured in freshly isolated tissues. Lipase activitz[ from inguinal inguinal white adipose tissue (IWAT) (A), heart (B), liver (C), and skeletal
muscle (D) from Pp(mf/ ’ Ppumf/ -, and PpamA P Areas under the curve (AUCs) were calculated and tested for significance. Data are
mean + SD (n = 4-6). Asterisks above bars indicate significance versus fed group of the same genotype. a.u., arbitrary units. * P < 0.05;

*## P<0.01; #* P<0.001.
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FAO-related gene expression support an important role for
PPARA during physiological response to fasting.

DISCUSSION

Studies utilizing Ppara”’~ mice support PPARA as a key
regulator of systemic lipid homeostasis in vivo. Fasted
Ppara”’~ mice are unable to properly catabolize mobilized
lipids transported to the liver where they buildup, causing
marked steatosis. Herein, ijmAHep mice were shown to ac-
cumulate dramatically less hepatic lipid than Ppamf/ ~ mice
after a 24 h fast. Fasting caused a PPARA-dependent in-
crease in FAO-related gene expression in BAT, heart, and
skeletal muscle, total lipase activity in heart and muscle,
and expression of cardiac lipase in PpamAHep mice. These
data confirm that PPARA is the primary regulator of FAO
in extrahepatic tissues and show that nonhepatic FAO signifi-
cantly contributes to systemic lipid utilization. Elevated FAO
gene expression, lipase activity, and lipase expression would
increase oxidative capacity and lipid catabolism, reduce lipid
load, and prevent the steatosis and lipotoxicity observed in
Ppam_/ " mice. Hence, extrahepatic PPARA plays an impor-
tant physiological role in peripheral tissues during food de-
privation and attenuates fasting-induced hepatosteatosis in
the absence of active hepatic PPARA. PPARA-dependent
regulation of FAO within extrahepatic tissues would be of
interest in the management and treatment of NASH and
NAFLD patients, where accumulating evidence indicates
that hepatic PPARA expression and activity are diminished.

PPARA plays a major role in regulating global lipid ho-
meostasis. Other studies have assessed the role of PPARA
during the fasting response with particular focus on the
liver (17, 18). Interestingly, these studies are influenced by
several factors, including fasting regimen, animal age, and
diet, leading to inconsistencies in reproducibility between
laboratories. Fasting regimens, for example, are often initi-
ated at different times. PPARA expression has a diurnal
rhythm in heart, liver, WAT, and BAT, but not muscle (19—
21). Selecting the best time to begin a fasting study is com-
plicated by the fact that peak Ppara expression is different
for each tissue (20). Maximum Ppara mRNA expression in
BAT, WAT, and liver are staggered by 4 h; therefore, end-
point collection times could significantly influence the re-
sulting data. The impact of circadian rhythms on Ppara
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mRNA expression, PPARA protein levels, and PPARA acti-
vation potential in extrahepatic tissues and the resulting
impact on lipid oxidation need to be explored further. De-
spite not fully understanding the role of PPARA in extrahe-
patic tissues, the importance of PPARA in lipid catabolism
is manifested in higher adiposity noted in full-body Ppara-
null mice (18, 22-24). WT and Ppara™""” mice had slightly
lower body fat compositions, which need to be taken into
consideration when assessing fasting-induced hepatoste-
atosis. However, weight loss between genotypes was similar,
and the relative proportion of lean-to-fat mass was unaf-
fected by fasting, suggesting that adipose tissue loss due to
lipid mobilization was comparable. The present study also
found that TGs in fasted Ppara™ P mice were unchanged
and comparable to WT mice. Fasting caused serum TG levels
to decrease in Ppara ’~ mice. The drop in circulating
TGs is coupled to a pronounced buildup of hepatic lipids
and could be explained by impaired VLDL production in
the liver. However, mRNA levels of genes required for VLDL
production (Apob, Apoc2, and Apoe) were unaffected by geno-
type or fasting. Moreover, the expression of genes associ-
ated with FA import (Cd36, Slc27a4, and Slc27a5) were also
unchanged. These data indicate that VLDL production is
not altered at the transcriptional level. Interestingly, accumu-
lation of FA substrates is known to impair VLDL assembly.
Previous studies have revealed that medium-chain unsatu-
rated FAs, such as decanoate (10:0) and dodecanoate (12:0),
significantly decrease VLDL secretion (25, 26). A pro-
nounced buildup of medium-chain unsaturated FAs was
noted in fasted Ppara ’~ when compared with Ppard™" P
Inhibition of VLDL synthesis by medium unsaturated FA ac-
cumulation would decrease VLLDL secretion and serum TGs,
as well as exacerbate hepatosteatosis. Oxidative stress can also
impair APO protein folding within the endoplasmic reticu-
lum and subsequently prevent VLDL assembly (27). Experi-
ments indicated that both ROS and LPO products were
elevated in fasted Ppara ’~ mice. The inhibition of VLDL
synthesis by FA accumulation and oxidative stress would pro-
vide a mechanistic explanation for the observed difference in
serum TG concentrations after fasting. Differences in other
serum chemistries were minor. PpamAHep mice displayed
slightly higher serum CHOL, PLs, and TGs when compared
with Ppara /™ mice, indicating that more lipids remain in cir-
culation. Analysis of serum KBs revealed that levels were
blunted in both knockout mouse models after fasting. These

W Ppara*’*

B + 24hr Fast

O Ppara™ . . . .

+24hr Fast Fig. 9. Fasting upregulates cardiac Lipe and Pnpla2
: AH . .

B ppara’ter mRNAs in fasted Ppara” " mice. Mice were fasted for

B +24hr Fast 24 h, and then tissues were collected for RNA isolation

and qRT-PCR analysis. Lipase-associated gene mRNAs
(Abhd5, Lipa, Lipe, Lpl, Mgll, and Pnpla2) were mea-
sured in heart (A) and muscle (B). Data were normal-
ized to Actb and expressed as fold change WT control.
Data are mean + SD (n = 4-6). Asterisks above bars
indicate significance versus fed group of the same gen-
otype. ¥* P<0.01; ns, not significant.
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data demonstrate that hepatic PPARA promotes ketogenesis
and that the contribution from extrahepatic tissues has a
neglectable impact on circulating KB levels.

Fasting initiates the release of FAs from both adipose
tissue and circulating lipoproteins, which are then trans-
ported to other tissues. The liver is often considered the
primary site of lipid catabolism, and PPARA regulates FAO
pathways. The present data revealed elevated lipids in livers
from Ppara /~and Ppam P mice, which were 2.5-and 1.5
fold higher than in WT mice, respectively. These data agree
with another study that found differential TG accumula-
tion in livers from Ppara /" and Ppara a""°P mice (18). The
aim of the present study was to understand the underlying
mechanisms responsible for the significant difference in
pathology between these two mouse models. Although
PPARA is primarily considered a hepatic nuclear receptor,
the present study indicates that extrahepatic PPARA activ-
ity may contribute significantly to systemic lipid homeosta-
sis. FAs are oxidized primarily by mitochondrial and
peroxisomal B-oxidation. Short-chain FAs (SCFAs) and
MCFAs are oxidized almost exclusively by mitochondrial
B-oxidation. LCFAs are oxidized in both mitochondria and
perox1s0mes A buildup of MCFAs and LCFAs was found in
Ppam and Ppara 1P models, suggesting that mitochon-
drial and peroxisomal (-oxidation are significantly im-
paired. PPARA status had less impact as FA length and
degree of unsaturation increased. The expression of {3-
ox1dat10n related genes were upregulated in livers of fasted
P[)am mice and completely ablated in both Ppara /" and
P[)am HP mice. The PPARA- -dependent increase of FAO in
extrahepatic tissues could provide an explanation for the
differences in hepatic lipid accumulation. These studies
suggest that FAO gene expression was elevated in tissues 1)
considered sites of FAO and 2) express PPARA. Analysis of
BAT, heart, and muscle confirmed the PPARA-dependent
upregulation FAO-related mRNAs. Gene re Tponse was ob-
served after fasting in Ppara”* and Ppara™™” mice in all
extrahepatlc tissues tested but was completely absent in
Ppam mice. Furthermore FAO genes were further up-
regulated in Ppam P mice when compared with WT mice,
indicating that FAO gene expression can function as a
compensatory mechanism for dealing with excess lipid
load due to hepatic PPARA deficiency. These data provide
convincing support that FAO is increased in these tissues
and that fasting response in extrahepatic tissues is also con-
trolled by PPARA.

Several hepatic genes were 1dent1ﬁed as differentially
regulated in Ppara /" and Ppam 1P mice. These genes are
most likely expressed in nonparenchymal cells. Few studies
have focused on PPARA function within other hepatic cell
types, such as cholangiocytes, endothelial cells, Kupffer
cells, or stellate cells, which play an important role in stress
response and disease progression. Notably, Cyp2b9 and
Cyp8b1 mRNAs were upregulated in fasted Ppam and
Ppam P mice, but not Ppara” ’~ mice. CYP2BO is a con-
stitutive androstane receptorregulated testosterone hydrox-
ylase, and its expression was found to decrease lipid
peroxidation, suggestlng that it may contribute to the
lower MDA levels in Ppara AP e (28-30). CYP8BI is an
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important player in bile acid metabolism, and its expression
paralleled Cyp2b9 mRNA, suggesting that PPARA may play
important and unexplored role in bile acid metabolism.
Etnppl mRNA was significantly downregulated in response
to fasting only in Ppamf/ " mice. A recent report found that
Etnppl mRNA is downregulated in hepatocellular carci-
noma patients and may function as an antilipogenesis pro-
tein (31). The Lc¢n protein family binds small hydrophobic
molecules, including lipids. L¢n2 plays an important role in
control of cellular stress response; studies have supported
protective effects in the liver, and expression is considered
an indicator of liver damage (32, 33). Lcnl3 was recently
found to encode a novel insulin sensitizer that protects
against hepatosteatosis by inhibiting lipogenesis and inhib-
iting FAO (34, 35). Len2 and Lenl3 mRNA expressmn were
suppressed in fasted Ppam and P[Jam ? mice, whereas
expression increased almost 40-fold in Ppara /™ mice. The
exact function of these genes during fasting response is un-
known, but the PPARA-dependent regulation of genes
within nonparenchymal cells could represent novel ele-
ments of hepatic stress response and warrants further
exploration.

The present data indicate that total lipase activity in
oxidative extrahepatic tlssues—namelzfI heart and skeletal
muscle—was elevated in fasted Ppam P mice when com-
pared with Ppam mice and more closely corresponded to
WT mice, demonstrating that PPARA expression plays an
important role in lipid mobilization and utilization in these
tlssues Moreover, cardiac total lipase activity in fasted
Ppam HeP mice was higher than in Ppam / mice, support-
ing enhanced lipid utilization. Studies have shown that car-
diac LPL activity increases almost 40% in rodents after a 24
h fast and may underlie the observed increase in total
lipase activity (36, 37). There was a significant increase in
total lipase activity in IWAT of all genotypes. Total lipase
activity was comparable between groups, consistent with
the view that adipose PPARA does not influence FA mobi-
lization from adipose stores. The impact of fasting on the
expression of adipose lipases were measured in IWAT,
BAT, and EWAT. mRNA expression was unchanged in re-
sponse to fasting in all adipose depots, indicating that regu-
lation occurs independent of PPARA. This observation is
supported by a recent study that found pharmacological
PPARA activation had a minimal effect on the IWAT tran-
scriptome in Ppam_/_ mice (38). Lipase regulation is
complex and involves transcriptional, translational, and
posttranslational mechanisms, but regulation at all levels
should be reflected in total lipase measurements. There-
fore, lower levels of serum FFAs and GLY detected in
Ppam P mice after fasting, and in response to CL316243,
is most likely due to the PPARA-dependent uptake and uti-
lization of lipids within nonhepatic tissues. The PPARA-
dependent increase in FAO gene expression and total
lipase activity in nonhepatic oxidative tissues such as heart,
skeletal muscle, and BAT provides convincing evidence
that metabolism of surplus lipid by extrahepatic tissues can
protect against hepatic steatosis. PPARA expression is high
in many oxidative tissues, including BAT, heart, and muscle.
PPARA activation is highly dependent on ligand availability,



and it is thought that LCFAs serve as a principal endoge-
nous PPARA ligand (39). During fasting, FAs are mobi-
lized, and circulating levels increase. This study shows that
serum LCFAs are significantly elevated in full-body Ppara-
null mice and that liver-specific Ppara-null mice present an
intermediate phenotype. The “compensatory” increase in
PPARA target gene expression may be due to higher circu-
lating ligands in the form of LCFAs in these mice. More-
over, unbound FAs released locally through VLDL lipolysis
also act as PPARA ligands (40). The present data show an
increase in cardiac lipase activity, which would further con-
tribute to elevated PPARA ligand concentrations. Elevated
ligand availability in peripheral tissues of liver-specific KO
mice would be expected to increase PPARA activation and
increase, as well as prolong, target gene expression. An-
other intriguing possibility is that other nuclear receptors
contribute to peripheral gene expression and lipid metab-
olism in the absence of hepatic PPARA. Like PPARA, estro-
gen-related receptor o (ESRRA) is a nuclear receptor
expressed at high levels in tissues that utilize FAO as an
energy source. ESRRA is still referred to as an orphan re-
ceptor because no endogenous ligands have been identi-
fied to date, but studies have shown that it plays a role in
cellular energetics by contributing to oxidative metabo-
lism. Additional work is needed to fully understand the
functional overlap of PPARA and other nuclear receptors
during fasting response in hepatic and nonhepatic tissues.

In summary, this study provides evidence that extrahe-
patic PPARA activity significantly contributes to systemic
response to prolonged fasting. The results indicate that the
PPARA-dependent regulation of FAO in peripheral tissues
can play a compensatory role when hepatic PPARA func-
tion is diminished and circulating lipids are elevated. Fur-
thermore, PPARA-mediated FAO in nonhepatic tissues
may have important clinical implications in patients with
diseases associated with impaired hepatic PPARA function,
such as NASH and NAFLD.Ef

AlbCre mice were provided by Derek LeRoith at the Mount Sinai
School of Medicine.
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