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Liver-Specific PGC-1beta Deficiency Leads to Impaired
Mitochondrial Function and Lipogenic Response to
Fasting-Refeeding
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Abstract

PGC-1 plays pleiotropic roles in regulating intermediary metabolism and has been shown to regulate both catabolic and
anabolic processes in liver. We sought to evaluate the effects of PGC-1f on liver energy metabolism by generating mice
with postnatal, liver-specific deletion of PGC-1B (LS-PGC-1p /" mice). LS-PGC-1B~/~ mice were outwardly normal, but
exhibited a significant increase in hepatic triglyceride content at 6 weeks of age. Hepatic steatosis was due, at least in part,
to impaired capacity for fatty acid oxidation and marked mitochondrial dysfunction. Mitochondrial DNA content and the
expression of genes encoding multiple steps in mitochondrial fatty acid oxidation and oxidative phosphorylation pathways
were significantly diminished in LS-PGC-1p~/~ mice. Liquid chromatography mass spectrometry-based analyses also
revealed that acetylcarnitine and butyrylcarnitine levels were depleted whereas palmitoylcarnitine content was increased in
LS-PGC-1p~/~ liver, which is consistent with attenuated rates of fatty acid oxidation. Interestingly, loss of PGC-1p also
significantly impaired inducible expression of glycolytic and lipogenic enzymes that occurs with high carbohydrate diet
refeeding after a prolonged fast. These results suggest that PGC-1B plays dual roles in regulating hepatic fatty acid
metabolism by controlling the expression of programs of genes involved in both fatty acid oxidation and de novo fatty acid
synthesis.

Citation: Chambers KT, Chen Z, Crawford PA, Fu X, Burgess SC, et al. (2012) Liver-Specific PGC-1beta Deficiency Leads to Impaired Mitochondrial Function and
Lipogenic Response to Fasting-Refeeding. PLoS ONE 7(12): e52645. doi:10.1371/journal.pone.0052645

Editor: Mengwei Zang, Boston University School of Medicine, United States of America
Received September 21, 2012; Accepted November 19, 2012; Published December 28, 2012

Copyright: © 2012 Chambers et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Funding was provided by the American Liver Foundation (www.liverfoundation.org); NIH RO1 DK078187, RO1 DK078184, R0O1 HL058493; Digestive
Diseases Research Core P30 DK52574; Nutrition Obesity Research Center P30 DK56341. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: bfinck@dom.wustl.edu

Introduction encoding enzymes involved in fatty acid oxidation and oxidative
phosphorylation [4,5,6]. Experiments conducted using methods to
overexpress PGC-la or B uniformly demonstrate an increase in
the capacity for oxidative metabolism and suggest that these two

; ¢ - ’ coactivators activate a generally similar pattern of metabolic gene
proliferator-activated receptor y coactivator 1 (PGCI-I) coactiva- expression. Mice in which either PGC-1o. or PGC-1B have been
tors have been strongly linked to the regulation of intermediary

metabolism. The first member of the PGC-1 family, PGC-1a, was abnormally to various physiologic and metabolic stimuli

identified in a screen to identify proteins that interacted with [7,8,9,10,11]. On the other hand, mice with constitutive deletion

PPARy and were enriched in brown adipocytes [1]. Based on (¢}, pGC-1a and PGC-1p die soon after birth, due at least in
sequence homology in key domains, a second member of the

PGC-1 family, PGC-1p, was subsequently identified [2]. A more
distantly related PGC-1 family member (PRC1) has also been
cloned, but has been less well studied [3]. Since their original
discovery, several nuclear receptor and non-nuclear receptor
transcription factors have been identified as targets for coactiva-
tion by PGC-1a and B [4,5,6].

Gain-of-function and loss-of-function approaches have demon-
strated that PGC-lo. and PGC-1f play important roles in
regulating oxidative metabolism. PGC-1s coactivate a variety of
transcription factors including PPARs, estrogen-related receptors,
and nuclear respiratory factors to drive expression of genes

Transcriptional coactivators are a class of proteins that regulate
gene transcription by interacting with DNA-bound transcription
factors. Amongst the numerous coactivators, the peroxisome

constitutively deleted are relatively normal at baseline, but respond

part to cardiac failure [12], indicating that this system is absolutely
required for postnatal life. Collectively, these results are consistent
with the idea that PGC-1la and B are functionally redundant for
basal metabolic homeostasis, but that in the context of stimuli that
elicit a robust metabolic response, full activity of the PGC-1 system
is required for the appropriate metabolic adaptation.

Whereas PGC-la and B play mostly overlapping roles in
regulating B-oxidation and oxidative phosphorylation, there are
other examples of pathways that are specific to one of these
proteins. For example, PGC-la regulates expression of genes
involved in gluconeogenesis through coactivation of HNF4a and
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FOXO1, while PGC-1f can neither coactivate these transcription
factors nor regulate the expression of gluconeogenic genes [13,14].
Conversely, PGC-1p, but not PGC-1a, overexpression induces
several genes involved in the process of de novo lipogenesis [15].
This may be explained explained, in part, by PGC-1p-mediated
activation of sterol response element binding protein (SREBP1),
which is a principal and direct regulator of these genes [16].

Three distinct lines of mice with constitutive knockout of PGC-
1B [9,10,12] and a fourth mouse line harboring a hypomorphic
PGC-18 allele [11] have been generated and characterized. Two
of these models, including the PGC-1 hypomorph, were reported
to exhibit hepatic steatosis and evidence for diminished mito-
chondrial oxidative metabolism [10,11]. Another line exhibited
hepatic steatosis only when challenged with physiological or
dietary stimuli, such as high fat diet [9]. Thus, the reported
severity of the hepatic phenotypes of these mouse lines has varied
somewhat, which could be explained by mouse background strain,
epigenetic effects, or environmental variation. Many models of
constitutive knockout are also complicated by chronic compensa-
tory mechanisms. Furthermore, since PGC-1f is deficient in all
tissues, interorgan crosstalk and peripheral organ contribution to
the hepatic phenotype may explain some aspects of the observed
phenotype.

To address these issues and to further evaluate the direct effects
of PGC-1 on hepatic energy metabolism, we generated mice with
liver-specific deletion of PGC-1f by using Cre-LoxP methodology
and characterized the hepatic phenotype of these mice. Mice with
liver-specific, postnatal PGC-1f deficiency exhibited hepatic
steatosis and marked impairments in mitochondrial oxidative
capacity. Interestingly, the present data support dual roles for
PGC-1B in regulating hepatic fatty acid homeostasis, since loss of
PGC-1B also blunted the increase in lipogenesis that occurs during
refeeding after a prolonged fast. These findings demonstrate that
PGC-1B is a critical regulator of these pathways in liver.

Experimental Procedures

Ethics Statement
All animal experiments were approved by the Animal Studies
Committee of Washington University School of Medicine.

Animal Studies

The generation of mice harboring PGC-1f alleles containing
LoxP sites flanking exons 4 through 6 has been described previously
[12]. To drive liver-specific knockout of PGC-1B, PGC-1 flox/flox
mice were crossed with hemizygous transgenic mice expressing Cre
recombinase under control of the albumin promoter (Alb-Cre)
(Figure S1). In all experiments, 68 week old mice were utilized and
mice transgenic for Cre recombinase in liver and harboring two
PGC-1B floxed alleles (liver-specific PGC-1B knockout (LS-PGC-
1B/~ mice)) were compared to sex-matched littermate PGC-1P
flox/flox mice not expressing Cre and are therefore essentially wild-
type (WT). For tissue and plasma collection, mice were sacrificed by
CO, gas asphyxiation at approximately 0900 h, which is 3 h after
the initiation of the light phase. For fasting-refeeding studies,
individually-housed mice were fasted for 24 h and then either refed
with high sucrose (60% calories) for 16 h or continued fasting for
another 16 h. Tissues were snap frozen for future analyses,
preserved in 10% formalin for histologic sectioning, or mitochon-
dria were isolated from fresh tissue for use in mitochondrial
respiration studies immediately thereafter.

Triglyceride secretion rates were determined by using Triton
WR-1339 injection to inhibit lipoprotein lipolysis, as previously
described [17]. Plasma triglyceride concentrations were determined
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at 0, 60, and 120 minutes after injection of Triton WR-1339 and
rates of secretion were expressed as mg/kg body weight per h.

Hepatocyte Studies

Primary cultures of mouse hepatocytes were prepared from
mice as described [17]. Rates of fatty acid oxidation, glycolysis,
and fatty acid synthesis were assessed 2-3 hours after cells were
plated and were performed using [9,10-*H]-palmitic acid [18,19],
*H-glucose [20], or *H-acetate [21].

Plasma and tissue lipid quantification

Plasma triglyceride, free fatty acid, and cholesterol concentra-
tions were determined using colorimetric assays using plasma from
ad libitum-fed mice. Plasma glucose concentrations were deter-
mined in whole blood using the One-Touch Ultra glucometer.
Hepatic triglyceride and cholesterol content was determined in
liver lysates by using colorimetric assays from Thermo Scientific as
previously described [22].

Histologic analyses

Formalin-fixed tissues were embedded in paraffin, sectioned,
and hematoxylin and eosin stained by the Washington University
Digestive Diseases Research Core Center. Stained slides were
evaluated and imaged by a trained hepatic histopathologist
blinded to treatment groups (Dr. E.B. Brunt).

Plasma alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) quantification

Plasma ALT and AST concentrations were measured by using
10 ml of plasma according to the manufacturer’s protocols (Teco
Diagnostics). Calculations were performed using the 0 timepoint
and 5 minute timepoint, as the assay was found to be linear. The
results are presented as U/L.

Mitochondrial Function

Hepatic mitochondria were isolated from COs euthanized mice
by sucrose gradient centrifugation [23]. Briefly, 150 mg liver
samples were excised, rinsed in ice-cold Mitochondrial Isolation
Medium (MIM, 10 mM Na HEPES, pH 7.2, 300 mM sucrose,
0.2 mM EDTA). Ten mL of ice cold MIM (pH 7.4) containing
BSA (Sigma; 1 mg/mL) was subsequently added to the prepara-
tion. The samples were homogenized on ice using a Glas-Col
dounce homogenizer and centrifuged at 600x g for 10 min at
4°C. The resulting supernatant, which contained mitochondria,
was spun at 8,000x g for 15 min at 4°C, the supernatant
discarded, the mitochondrial pellet resuspended in 10 mL of ice
cold MIM-BSA, and the sample centrifuged again at 8,000 x g for
15 min at 4°C. The pellet was briefly washed in ice cold MIM,
and re-suspended in 225 ml of ice cold MIM (pH 7.2).
Mitochondrial preparations were maintained on ice and used for
respiration assays on the same day as the isolation. Protein content
was quantified by Bradford assay (Bio-Rad): 0.5 mg of mitochon-
drial protein was used for each respiration assay.

Respiration assays were performed at 37°C using a water-
jacketed Clark electrode (Hansatech Instruments) and conditions
described previously [24]. Briefly, 1 mL of respiration buffer
(20 mM HEPES, pH 7.1, 125 mM KCI, 3 mM magnesium
acetate, 5 mM KHyPO,, 0.4 mM EGTA, 0.3 mM DTT, 2 mg
BSA/mL) was used to supply one of two substrate combinations: (i)
20 mM palmitoyl-L-carnitine plus 5 mM malate or (i) 5 mM
succinate plus 10 mM rotenone. The solubility of oxygen in the
respiration buffer at 37°C was 235 nmol Oy/mL. Following
measurement of basal (state 2) respiration, 1 mM ADP was added
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Figure 1. Liver-specific deletion of PGC-1f. [A] The graph shows the expression of PGC-1f (Ppargc1b) mRNA in liver of 6 week old female WT (fl/
fl) or littermate LS-PGC-1B "~ mice (n=5). *P<0.05 versus WT mice. Inset is a western blot using liver lysates from the same mice. Lysates from cells
infected with an adenovirus to overexpress PGC-1f3 were used as a positive control. [B] The graphs show hepatic triglyceride and cholesterol content
in liver of 6 week old WT (fl/fl) or littermate LS-PGC-1p~’~ mice (n=5). [C] The graphs represent mean plasma glucose, triglyceride (TG), and
cholesterol concentrations in WT and LS-PGC-1p ™~ littermate mice. [D] The graph depicts rates of TG secretion in WT and LS-PGC-1p /" littermate
mice after injection with Triton WR-1339 to inhibit VLDL lipolysis. [E] Representative H&E stained sections of liver from 6 week old WT and LS-PGC-
1[37/7 littermate mice are shown. [F] The graphs represent mean plasma ALT and AST concentrations in WT and LS-PGC-1[37/7 littermate mice.

doi:10.1371/journal.pone.0052645.g001

to isolated mitochondria in respiration buffer, and maximal (state
3) respiration defined. Thereafter, state 4 (ADP-depleted) respira-
tion was mimicked by adding 1 mg/mL oligomycin to inhibit ATP
synthase. Uncoupled respiration was measured using > mM FCCP
(carbonylcyanide-p-trifluoromethoxyphenylhydrazone, Sigma).

Western blotting

Total cell proteins were collected using RIPA buffer containing
protease and phosphatase inhibitors. Western blotting studies were
performed using antibodies directed against PGC-1B (gift of A.
Kralli), CPT1a [25], MCAD [26], ATP5B (Santa Cruz Biotech-
nology, Inc.), citrate synthase (gift of John Holloszy), succinate
dehydrogenase subunit A (Abcam Inc.), fatty acid synthase
(Abcam Inc.), acetyl-coA carboxylase (pan-specific; Cell Signaling),
actin (Sigma-Aldrich), or calnexin (Stressgen).

PLOS ONE | www.plosone.org

Quantitative PCR and RT-PCR

Total RNA was isolated using the RNAzol method (Tel-Test).
Genomic and mitochondrial DNA was also isolated using RNAzol
by collecting the lower phase followed by back extraction with 4 M
guanidine thiocyanate, 50 mM sodium citrate, 1 M tris, and an
alcohol precipitation.

Real-time PCR was performed using the ABI PRISM 7500
sequence detection system (Applied Biosystems, Foster City, CA)
and the SYBR green kit. Arbitrary units of target mRNA were
corrected by measuring the levels of 36B4 RINA. Mitochondrial
DNA content was determined by SYBR green analysis (Applied
Biosystems). Levels of NADH dehydrogenase subunit 1 (mito-
chondrial DNA) were normalized to the levels of lipoprotein lipase
(genomic DNA). The sequence of the oligonucleotides used in
qPCR analyses will be provided upon request.
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Figure 2. LS-PGC-1p~'~ mice have decreased FAO gene expression and decreased rates of palmitate oxidation. [A] The graph shows
the expression of PGC-1 target gene mRNA involved in FAO in the liver of 6 week old WT (fl/fl) or littermate LS-PGC-1 B_’_ mice (n=5). *P<<0.05 vs.
WT mice. Representative Western blotting analysis of enzymes involved in fatty acid oxidation. [B] Rates of palmitate oxidation in hepatocytes
isolated from LS-PGC-1p~/~ or littermate control mice. *P<0.05 vs. WT mice. [C] The graph represents LCMS-based quantification of acyl-carnitine
species in the liver of 6 week old female WT (fl/fl) or littermate LS-PGC-1 Bf/f mice. ¥*P<<0.05 vs. WT mice.

doi:10.1371/journal.pone.0052645.9002

Acylcarnitine analysis

Twenty to thirty mg liver samples were homogenized in
acetonitrile and acylcarnitines were isolated and quantified as
previously described [27] with some minor modification. Tissue
acylcarnitines were separated by C18 LC and detected with an
API 3200 triple quadrupole LC-MS/MS mass spectrometer
(Applied Biosystems/Sciex Instruments) in positive ionization
MRM mode. Free carnitine was monitored using the 176 to 117
MRM transition. Acylcarnitines were monitored using a precursor
of 99 Da. Acylcarnitines were quantified by comparison with
internal '*C standards (Cambridge Isotope Laboratories, Inc.).

Statistical Analyses

Statistical comparisons were made using analysis of variance
(ANOVA) or ttest. All data are presented as means = SEM, with
a statistically significant difference defined as a P value<<0.05.

Results

Generation of mice with liver-specific deletion of PGC-13

Mice with liver-specific knockout of PGC-1f were generated by
crossing mice with loxP sites flanking exons 4-6 (Figure S1) of the
PGC-1B allele with transgenic mice expressing Cre recombinase in
a liver-specific manner (LS-PGC-1B~’~ mice). The recombina-
tion event generates a coding sequence frameshift, a premature
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stop codon in original exon 7, and has been shown to lead to
complete loss of PGC-1f protein when constitutively knocked out
in mice [12]. By 6 weeks of age, PGC-1f flox/flox mice expressing
Cre in liver exhibited gene recombination (Figure S1) and an
almost complete loss of hepatic PGC-1f mRNA and protein
(Figure 1A). LS-PGC-1B~’~ mice were viable and outwardly
normal. However, at sacrifice, we noted that hepatic tissue of LS-
PGC-18~/~ mice exhibited a pale appearance indicative of
neutral lipid accumulation (data not shown). Indeed, biochemical
analyses showed that liver triglyceride levels were significantly
increased in LS-PGC-1B~/~ mice compared to littermate controls
(Figure 1B). No significant differences were observed in hepatic
cholesterol content in LS-PGC-1B~/~ mice compared to WT
littermate controls (Figure 1B). LS-PGC-1B~/~ mice did not
exhibit any differences in circulating glucose, TG, or cholesterol
concentrations (Figure 1C). Rates of triglyceride secretion were
also unaltered in LS-PGC-18""" mice compared to littermate
control mice (Figure 1D). Hematoxylin and eosin staining of livers
revealed increased numbers of very small lipid droplets in the livers
of LS-PGC-1B~"~ mice compared to WT littermate control mice
(Figure 1E). However, there was no evidence of increased numbers
of infiltrating macrophages or lymphocytes in LS-PGC-1p~"~
livers nor was there evidence of fibrotic remodeling, suggesting
that the accumulation of triglyceride in LS-PGC-1B~"" mice was
not promoting inflammation or liver damage (Figure 1E). Con-
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doi:10.1371/journal.pone.0052645.9003

sistent with this, plasma alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) concentrations were not signif-
icantly different between WT and LS-PGC-IBf/f mice
(Figure 1F). These data suggest that postnatal, liver-specific loss
of PGC-1f in mice leads to moderate hepatic steatosis, but does
not perturb circulating lipid and glucose concentrations or lead to
pathological remodeling of the liver.
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Figure 4. Basal expression of glycolytic and lipogenic genes is
normal in LS-PGC-1p~’~ mice. The graphs depict the expression of
glycolytic and lipogenic gene expression in WT and LS-PGC-1~/~ mice.
*P<<0.05 versus WT mice.

doi:10.1371/journal.pone.0052645.g004
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Diminished expression of genes involved in
mitochondrial oxidative metabolism in LS-PGC-1p "~
liver

Defects in mitochondrial fatty acid oxidation or oxidative
metabolism are known to lead to hepatic steatosis [28] and many
of these genes are known targets of PGC-1B. We found that the
expression of multiple enzymes involved in mitochondrial B-
oxidation (Gptla, Acadvl, Acadl, Acadm) was markedly diminished in
LS-PGC-1B~/" mice (Figure 2A). Predictably, rates of fatty acid
oxidation were also significantly reduced in hepatocytes from LS-
PGC-1B~"~ mice (Figurc 2B).

We also sought to quantify acylcarnitine levels in hepatic tissues
to determine whether altered levels of these intermediates in fatty
acid oxidative pathways might further support the conclusion that
hepatic fatty acid oxidation was impaired in LS-PGC-1 B~/ mice.
Liquid chromatography mass spectrometry (LCMS) analyses
demonstrated that hepatic content of acetylcarnitine (2 carbon;
C2), a product of fatty acid B-oxidation, was diminished in LS-
PGC-1p~~ mice compared to WT controls. Butyrylcarnitine
(C4) levels were also diminished (Figure 2C), but proprionylcarni-
tine (C3) and isovalerylcarnitine (C6) were unaffected (data not
shown). In contrast, palmitoylcarnitine (C16), a long-chain
acylcarnitine, was increased in liver of LS-PGC-1B~/~ mice
(Figure 2C). This metabolic profile of short-chain acylcarnitine
depletion and long-chain acylcarnitine accumulation is consistent
with defects in the capacity for fatty acid B-oxidation [29,30].

Loss of PGC-1B also led to a significant down-regulation of the
expression of the genes encoding the TCA cycle enzyme (Idh3b)
and several enzymes involved in electron transport chain activity
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(Cox2, Cox4, Atp5b) (Figure 3A). Western blotting studies confirmed
that ATP synthase 5B, citrate synthase, and succinate dehydro-
genase subunit A (Sdha) protein content were also diminished
(Figure 3A). We also observed diminished expression of the
transcription factor of activated mitochondrial (Mifa), which
controls mitochondrial gene expression and DNA replication
(Figure 3A). Consistent with this, the mtDNA to nuclear DNA
ratio in LS-PGC-1p~~ liver was significantly = diminished
compared to control liver (Figure 3B).

Given these data, we evaluated mitochondrial function by
quantifying oxygen consumption rates of mitochondria isolated
from WT and LS-PGC-1B~/~ mice using palmitoylcarnitine or
succinate as substrates. These substrates enter oxidative pathways
through the fatty acid oxidation and electron transport chain
pathways, respectively. Further, the use of palmitoylcarnitine also
captures the activity of the TCA cycle. Oxygen consumption rates
were markedly depressed compared to WT littermate control
mitochondria (Figure 3C). This was most apparent under ADP-
stimulated conditions (maximal respiration rates) and was
observed using both substrates. Since respiration rates were
normalized to mitochondrial protein content, these data suggest
that the oxidative capacity per mitochondrion is diminished and
are consistent with general hepatic mitochondrial dysfunction in

LS-PGC-1B~/" mice.

Defects in the hepatic response to fasting/refeeding in
LS-PGC-1B~/~ mice

Previous work has suggested that PGC-1P is involved in the
transcriptional regulation of de novo lipogenesis [15]. In six week
old mice, the loss of PGC-1p in the liver did not significantly affect
the expression of any of the lipogenic genes at baseline, except for
moderately-reduced expression of glucokinase (Figure 4). We
therefore evaluated the hepatic response to fasting refeeding,
which is known to robustly stimulate the expression of many genes
mvolved in glucose uptake and conversion to fatty acids.
Littermate WT and LS-PGC-1B~’~ mice were fasted 24 h and
then either refed with high sucrose (60% total calories) for 16 h or
allowed to remain fasting for 16 h more. Forty hours of food
deprivation led to a marked increase in hepatic TG content in
both WT and LS-PGC-1B~"" mice and levels were not different
between genotypes (Figure 5). However, during refeeding, liver
TG was increased in the LS-PGC-1p~"~ mice compared to WT
refed mice. Circulating TG concentration was lower in refed LS-
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PGC-1B7/7 mice compared to WT refed mice, and plasma free
fatty acid levels were not significantly different (Figure 5).

As expected, refeeding caused a marked induction in the
mRNA and protein of several enzymes involved in glycolysis (Gk
and Lpk) and lipogenesis (Thrsp, Fasn, Acca, Acly, and Mel)
(Figure 6A). However, the response of LS-PGC-1B~/" mice was
significantly blunted with regards to the expression of these genes
and proteins. Specifically, the induction in the expression of these
genes in response to refeeding was reduced by nearly 50% in LS-
PGC-1p~/~ mice and this finding was confirmed at the level of
protein for ACC and FAS, which catalyze the first committed steps
in fatty acid synthesis. Given these gene expression results, we also
characterized rates of glycolysis and lipogenesis in hepatocytes
isolated from mice refed for 16 h. Rates of glycolysis, fatty acid
synthesis, and palmitate oxidation were significantly diminished in
LS-PGC-1B~/" mice versus WT controls (Figure 6B). Collective-
ly, these data are consistent with PGC-1B playing dual roles in
regulating the capacity for fatty acid synthesis and oxidation in
liver.

Discussion

Hepatic energy metabolism is highly regulated at the level of
gene transcription. Previous work has suggested that the PGC-1
coactivators play important roles in transcriptionally regulating
mitochondrial biogenesis and metabolism in liver. Herein, we
evaluated the effects of liver-specific, postnatal PGC-1 knockout
on intermediary fatty acid metabolism and mitochondrial oxida-
tive function. The data presented are consistent with dual roles for
PGC-1B in regulating intermediary fat metabolism and suggest
that PGC-1B controls hepatic mitochondrial biogenesis and
oxidative function as well as the capacity for lipogenesis under
conditions of high lipogenic flux.

Hepatic steatosis is related to an imbalance between fatty acid
influx, de novo synthesis, oxidation, and lipoprotein secretion by
the liver. The present data suggest that the steatosis observed in
livers of LS-PGC-1B """ mice is due to impaired hepatic fatty acid
oxidation. Six week old LS-PGC-1B~"~ mice exhibited marked
deficiencies in the expression of genes encoding mitochondrial
fatty acid oxidation and electron transport chain enzymes, reduced
mtDNA content, and diminished rates of fatty acid oxidation and
mitochondrial respiration. Also consistent with a defect in fatty
acid B-oxidation, we detected reduced concentrations of short-
chain acyl-carnitine while long-chain acyl-carnitine levels were
increased. Because this is a liver-specific knockout of PGC-1p, we
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Figure 6. Blunted induction of lipogenic gene e

xpression and lipogenesis in LS-PGC-1"/~ mice in response to fasting-refeeding.

The graphs depict the expression of glycolytic and lipogenic gene expression in WT and LS-PGC-1B ™/~ mice given either fasted 40 h or fasted 24 h

and then refed for 16 h with high sucrose diet (n=6).

Representative western blots for corresponding proteins in same mice are shown. *P<0.05

versus WT mice of the same treatment group. The graphs depict the rates of glycolysis, fatty acid synthesis, and palmitate oxidation in hepatocytes
from WT and LS-PGC-18"/" mice after 24 h fasting and then refeeding for 16 h with high sucrose diet. *P<0.05 versus WT mice.

doi:10.1371/journal.pone.0052645.9006

have eliminated the potentially confounding influe
1B deficiency in peripheral tissues, such as perturba

tissue metabolism, might have on hepatic lipid accumulation
[31,32,33]. The finding that the expression of multiple fatty acid

oxidative enzymes is downregulated in LS-PG
differs from the phenotype of generalized and live

lo-deficient mice that exhibit normal expression of these fatty acid
oxidative enzymes [8,34,35]. While deficits in B-oxidation flux in
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nces that PGC-
tions in adipose

PGC-la deficient mice have been observed, these defects are
attributed to abnormalities in downstream enzymes involved in
electron transport leading to a metabolic bottleneck [35]. The
finding that loss of PGC-1 strongly affected B-oxidation enzyme
expression may suggest that these genes are more highly
influenced by this PGC-1 family member. Studies with isolated
mitochondria determined that oxidation of succinate, which enters

C-187/" mice
r-specific PGC-

the mitochondrial electron transport chain directly and down-
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stream of B-oxidation, was also reduced in LS-PGC-1p~~ mice.
These data suggest that PGC-1B has broad effects on multiple
mitochondrial pathways to coordinate mitochondrial oxidative
metabolism.

While previous work has suggested a great deal of overlap
between PGC-1o and PGC-1B in the regulation of mitochondrial
metabolism, the ability to regulate hepatic de novo lipogenesis has
been shown to be a unique feature of PGC-1f. This is likely due to
lack of sequence homology between PGC-1f and PGC-la
proteins in the region that mediates the interaction with SREBP1
[15]. In this work, we found that the expression of genes encoding
lipogenic enzymes in 6-8 week old LS-PGC-1B~"~ mice is normal
at baseline, when rates of hepatic de novo lipogenesis would be
predicted to be low. However, in the context of refeeding a high
carbohydrate diet after a prolonged fast, which is a robust stimulus
for lipogenic flux, the inducible expression of genes encoding
lipogenic enzymes and rates of lipogenesis were significantly
attenuated by loss of PGC-1f. The actions of PGC-1 have also
been suggested to be relevant to the lipogenic activation that
occurs after feeding a saturated fat-enriched or high fructrose diet
[15,36]. These data suggest that PGC-1f is a regulator of the
increased capacity for lipogenesis that occurs in times of nutrient
excess, but may not be important for the basal expression of these
genes. However, the expression of these lipogenic enzymes was still
induced significantly in LS-PGC-1 B~/ mice after refeeding,
indicating that other transcription factors and/or coactivators are
sufficient to mediate a large component of this response.
Furthermore, liver TG content was increased, rather than
decreased, in refed LS-PGC-1B~/~ mice, suggesting that hepatic
TG levels in this context are influenced by the capacity to oxidize
fatty acids, which is reduced in the LS-PGC-18""" mice.

The present data suggest that PGC-1B plays dual roles in
governing hepatic fatty acid metabolism and regulates both fatty
acid oxidation and de novo fatty acid synthesis [15,36], which is
one of the more puzzling aspects of PGC-1 biology. Why would a
factor promote both fatty acid synthesis and degradation, which is
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