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Carbohydrate Metabolism Is Perturbed in Peroxisome-
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Background: It is not known whether peroxisomes influence hepatic carbohydrate metabolism.
Results: Carbohydrate metabolism is perturbed in peroxisome-deficient mouse liver through mitochondrial deficits, AMPK,

and PGC-1a.

Conclusion: Dysfunctional peroxisome metabolism disrupts carbohydrate homeostasis by indirect mechanisms.
Significance: The impact of peroxisome deficiency on liver metabolism is broader than expected.

Hepatic peroxisomes are essential for lipid conversions that
include the formation of mature conjugated bile acids, the deg-
radation of branched chain fatty acids, and the synthesis of
docosahexaenoic acid. Through unresolved mechanisms, dele-
tion of functional peroxisomes from mouse hepatocytes
(L-Pex5~’~ mice) causes severe structural and functional abnor-
malities at the inner mitochondrial membrane. We now demon-
strate that the peroxisomal and mitochondrial anomalies trigger
energy deficits, as shown by increased AMP/ATP and decreased
NAD™/NADH ratios. This causes suppression of gluconeogen-
esis and glycogen synthesis and up-regulation of glycolysis. As a
consequence, L-Pex5 ~/~ mice combust more carbohydrates
resulting in lower body weights despite increased food intake.
The perturbation of carbohydrate metabolism does not require
along term adaptation to the absence of functional peroxisomes
as similar metabolic changes were also rapidly induced by acute
elimination of Pex5 via adenoviral administration of Cre.
Despite its marked activation, peroxisome proliferator-acti-
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vated receptor a (PPARe) was not causally involved in these
metabolic perturbations, because all abnormalities still mani-
fested when peroxisomes were eliminated in a peroxisome
proliferator-activated receptor « null background. Instead,
AMP-activated kinase activation was responsible for the down-
regulation of glycogen synthesis and induction of glycolysis.
Remarkably, PGC-1a was suppressed despite AMP-activated
kinase activation, a paradigm not previously reported, and they
jointly contributed to impaired gluconeogenesis. In conclusion,
lack of functional peroxisomes from hepatocytes results in
marked disturbances of carbohydrate homeostasis, which are
consistent with adaptations to an energy deficit. Because this is
primarily due to impaired mitochondrial ATP production, these
L-Pex5-deficient livers can also be considered as a model for
secondary mitochondrial hepatopathies.

Peroxisomes are particularly abundant in hepatocytes
where they are responsible for metabolic conversions such as
catabolism of branched chain fatty acids and synthesis of
polyunsaturated fatty acids and of mature conjugated bile
acids (1). Besides this important involvement in lipid metab-
olism, hepatic peroxisomes are also necessary for the oxida-
tion of urate in certain mammals. As in other tissues, hepatic
peroxisomes contain oxidases generating H,O, and super-
oxide anions, which can be decomposed within the organelle
by catalase, glutathione peroxidase, and superoxide dismu-
tases (2).
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In peroxisome biogenesis disorders, such as the cerebro-
hepatorenal syndrome of Zellweger, functional peroxisomes
are absent (3). Because of peroxisome deficiency from hepato-
cytes, the liver of these patients is already abnormal late in ges-
tation, but hepatic pathology develops actively in the first few
weeks of life and usually progresses rapidly. Liver pathology
includes hepatomegaly and hepatitis that often rapidly evolves
to liver fibrosis and cirrhosis (4). Furthermore, steatosis and
canalicular and cytoplasmic cholestasis develop with normal,
deficient, or hyperplastic intrahepatic bile ducts. Another strik-
ing observation was the altered structure of mitochondria at the
level of the inner membrane (5-10). However, the precise con-
sequences of these mitochondrial abnormalities remain largely
unexplored.

To better define the role of peroxisomal metabolism in hepa-
tocytes, we recently generated a mouse model with hepatocyte-
restricted elimination of functional peroxisomes (L-Pex5
knock-out mice) (11). These hepatocytes contained mitochon-
dria with severely distorted inner membranes and loss of the
mitochondrial membrane potential, strongly reduced activity
of complex I, and more moderate impairment of complex III
and V. Several PPAR«? target genes were induced, indicative of
the accumulation of PPARe« ligands in peroxisome-deficient
hepatocytes. Furthermore, the mice displayed microvesicular
steatosis and fibrosis and after 12 months hepatocarcinogenesis
(11).

During the course of our studies on L-Pex5 knock-out mice,
we found initial evidence of disturbed carbohydrate metabo-
lism, including enhanced glycolysis, but we did not characterize
these glucose metabolism abnormalities in detail, and neither
did we unravel the underlying mechanisms (11). Therefore, an
in-depth analysis of glucose homeostasis was performed reveal-
ing impaired gluconeogenesis, glycogen synthesis, and insulin
signaling in peroxisome-deficient hepatocytes. Gene expres-
sion and activity of key regulators of carbohydrate metabolism
were severely disturbed. In particular, the activated AMPK and
suppressed PGC-1a were identified to be important regulating
factors.

EXPERIMENTAL PROCEDURES
Mouse Breeding

L-Pex5~'~ mice were generated by breeding Pex5""** mice
(12) with Albumin-Cre mice (13) as described previously (11).
Siblings not expressing CRE recombinase were used as control
mice. For all experiments, male animals were used aged
between 10 and 20 weeks. Mice were bred in the conventional
animal housing facility of the University of Leuven. Animals
were maintained on a 12-h light/12-h dark schedule and were
fed a standard rodent food chow and water ad libitum.
Pex5" " mice were also brought into a Ppara””~ background
(provided by Prof. F. Gonzalez (14)). For certain experiments,

2The abbreviations used are: PPARq, peroxisome proliferator activated
receptor «; AMPK, AMP-activated protein kinase; CREB, cAMP-response
element-binding protein; F2,6BP, fructose 2,6-bisphosphate; G-6-Pase,
glucose-6-phosphatase; PEPCK, phosphoenolpyruvate carboxykinase;
PDH, pyruvate dehydrogenase complex; qRT, quantitative RT; BW, body
weight; PAS, periodic acid-Schiff; ACC, acetyl-CoA carboxylase.
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Pex5 " -Ppara~’" and Pex5"*“Ppara™’" mice were intra-
venously injected with 3-10° pfu adenovirus expressing CRE
recombinase or control adenovirus. All animal experiments
were approved by the Institutional Animal Ethical Committee
of the University of Leuven.

In Vivo Experiments

Indirect Calorimetry—Indirect calorimetry measurements
were performed as reported previously (15). In short, seven
mice per group were subjected to individual indirect calorime-
try measurements for a period of 5 consecutive days (Compre-
hensive Laboratory Animal Monitoring System, Columbus
Instruments, Columbus, OH). A period of 24 h was included at
the start of the experiment to allow acclimatization of the ani-
mals to the cages. Food and water were available ad libitum
during the whole experiment, and intake was analyzed every
10 s. Voluntary physical activity was measured real time as
infrared beam breaks in the X and Z direction. Oxygen con-
sumption (VO,) and carbon dioxide production rate (VCO,)
measurements were performed at intervals of ~5 min through-
out the whole period. Respiratory exchange rate as a measure
for metabolic substrate choice was calculated as the ratio
between VCO, and VO,. Carbohydrate and fat oxidation rates
were calculated according to Peronnet and Massicotte (16).
Total energy expenditure was calculated as the sum of carbo-
hydrate and fat oxidation. All measurements were corrected for
fat-free mass. Measurements were separated into four periods,
early light (07:00 to 13:00), late light (13:00 to 19:00), early dark
(19:00 to 01:00), and late dark period (01:00 to 07:00), to distin-
guish between periods of high and low physical activity and
were analyzed separately.

Glucose, Insulin, and Pyruvate Tolerance—Mice were fasted
overnight; blood glucose levels and body weight (BW) were
monitored before and after fasting. Subsequently, 2 g of p-glu-
cose per kg of BW (glucose tolerance test), 0.75 units of insulin
per kg of BW (insulin tolerance test), or 2 g of pyruvate per kg
BW (pyruvate tolerance test) were intraperitoneally injected,
and blood glucose levels were measured at indicated time
points with an Accu-Check® Aviva glucose monitor (Roche
Applied Science).

Insulin Signaling—Mice were fasted overnight and sedated
with phenobarbital (180 mg/kg BW). Insulin (1 unit/kg BW)
was injected directly into the vena cava inferior. Ten minutes
after injection, the liver was removed, and fragments were
snap-frozen in liquid nitrogen. After homogenization in a
buffer supplemented with protease inhibitors, 1 mm NaF and 1
mMm NazVO,, Western blotting was performed using pan-AKT
and phospho-AKT antibodies (Cell Signaling Technology).

Protein Analysis

Western Blotting—W estern blotting experiments were con-
ducted as described previously (17). Detection was performed
using HRP-labeled secondary antibodies and ECL plus detec-
tion kit (Amersham Biosciences). Primary antibodies for ACC,
pACC (Ser-79), AMPK, pAMPK (Thr-172, 40H9), Akt (pan,
C67E7), pAkt (Ser-473, D9E), CREB (D76D11), and pCREB
(Ser-133 D1G6) were purchased from Cell Signaling Technol-
ogy, PGC-1a and SIRT1 antibodies were purchased from Santa
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Cruz Biotechnology, and another PGC-1a antibody was pur-
chased from Calbiochem. Analysis of PGC-1« acetylation was
performed as described previously (18). The CRTC2 antiserum
was used as described previously (19, 20). Band intensity was
quantified with ImageMaster 1D.

Enzymatic Assays—Phosphoenolpyruvate carboxykinase
(PEPCK) activity was determined as described previously (21,
22). Glucose-6-phosphatase (Glc-6-Pase) activity was mea-
sured by quantifying the release of phosphate from glucose
6-phosphate by an adapted method of Fiske-SubbaRow (see
23). Pyruvate dehydrogenase (PDH) activity was quantified
using a PDH enzyme activity kit (MitoSciences) according to
the manufacturer’s guidelines.

Metabolic Analysis

Plasma Insulin Levels—Plasma insulin concentrations were
determined using a commercial ELISA kit (Mercodia).

Glycogen Analysis—Aliquots of liver, homogenized in 0.06 N
HCl, were spotted on Whatman paper and hydrolyzed with
amyloglucosidase as described before (24). The amount of glu-
cose released was quantified spectrophotometrically at 511 nm
by a coupled glucose oxidase/peroxidase indicator reaction
using 16 units of peroxidase, glucose oxidase (0.08 ug), 8 mm
2,4,2-tribromo-3-hydroxybenzoic acid, 2 mm 4-aminoantipy-
rine, and 0.02% Triton X-100 in a 0.1 M potassium phosphate
buffer, pH 7, during 30 min at 25 °C (25). The distribution of
glycogen in liver was visualized by PAS staining on formalin-
fixed tissues.

Determination of ATP/AMP—Liver ATP and AMP levels
were measured using ion-pair RP-HPLC (26). In short, livers
were homogenized in ice-cold 0.4 M perchloric acid. External
AMP and ATP standards were dissolved in 0.4 M perchloric acid
and treated in the same way as the samples. After 10 min of
centrifugation at 13,000 X g, the supernatant was neutralized
with K,COs. Perchlorate precipitates were removed by centrif-
ugation, and the supernatant was injected on a 4.6 X 150-mm,
5-um particle size C-18 HPLC column (Symmetry) at a rate of
1 ml/min, 100% buffer A from 0 to 5 min, 100% buffer A to 100%
buffer B from 5 to 20 min, 100% buffer B from 20 to 31 min for
column re-equilibration (buffer A: 25 mm NaH,PO,, 0.385 mm
tetrabutylammonium, pH 5; buffer B: 10% (v/v) acetonitrile in
200 mm NaH,PO,, 0.385 mm tetrabutylammonium, pH 4).
Phosphorylated nucleotides were monitored at 260 nm.
Hepatic AMP and ATP content were quantified by comparison
with external standards.

Determination of NAD"/NADH—Cellular NAD™ and
NADH levels were quantified using an EnzyChrom™ NAD ™/
NADH assay kit of Bioassay Systems (Hayward, CA) according
to the manufacturer’s guidelines. For 20 mg of liver, 400 ul of
extraction buffer and 80 ul of assay buffer was used.

Fructose-2,6-bisphosphate—Hepatic levels of fructose-2,6-
bisphosphate were quantified as described (27).

Analysis in Primary Hepatocytes

Hepatocyte Isolation—Hepatocytes were isolated as de-
scribed previously (28) and seeded at 0.15 million cells/cm?. For
some experiments, hepatocytes were infected with adenovirus
expressing PGC-1a (derived from Addgene plasmid 14426)
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(29) and with control adenovirus (30 pfu/cell) or treated with
the AMPK inhibitor compound c (10 um).

Glucose Secretion—1.5 million hepatocytes were seeded in a
6-well plate. After overnight culture, hepatocytes were main-
tained in glucose-free medium supplemented with 2 mMm pyru-
vate and 20 mm lactate for 6 h. Glucose levels in the medium
were quantified by a coupled glucose oxidase/peroxidase indi-
cator reaction as described above (25). For normalization pur-
poses, hepatocytes were harvested in homogenization buffer
(0.05 M sodium phosphate buffer, 2.0 M NaCl, 2 mm EDTA, pH
7.4), and DNA content was determined by measuring fluores-
cence after incubation with Hoechst 33258 (1.6 um) using a
Fluostar fluorimeter (excitation at 355 nm and emission at 460
nm).

Glycolytic Flux—Glycolysis was measured as described pre-
viously (30). In short, 0.3 million hepatocytes were seeded in a
24-well plate. After overnight culture, cells were treated with
[5-*H]glucose (80 wCi/mmol glucose) for 6 h. The medium was
collected in a glass vial, and the released *H, which was captured
after 48 h at 37 °C on a H,O-soaked filter paper in a plastic
hanging well, was quantified by liquid scintillation counting.

RNA Analysis

Quantitative RT-PCR— qRT-PCR was performed as de-
scribed previously using the primers listed in supplemental
Table 1 and 5'-6-carboxyfluorescein- and 3’-tetramethyl-6-
carboxyrhodamine-labeled probes (31). Relative expression
levels of the target genes were calculated as a ratio to the refer-
ence gene f3-actin.

Microarray Analysis—The transcriptional profiles of livers of
10-week-old wild type and L-Pex5~ "~ mice (n = 3) were ana-
lyzed using the whole genome Affymetrix GeneChip® mouse
genome 430 2.0 array as described previously (31). Labeling of
the samples, hybridization, washing, and scanning of the chips
was carried out at the MicroArray Facility (Leuven, Belgium).
Bioinformatic analysis was performed as described previously
(31). The complete dataset is available under GEO record
GSE27720.

Statistics—Results obtained in two groups of mice were com-
pared by using the unpaired ¢ test.

RESULTS

L-Pex5 Knock-out Mice Ingest More Food in Order to Remain
Normoglycemic—To investigate whether loss of peroxisomal
function in hepatocytes impacts carbohydrate homeostasis,
blood glucose and insulin levels were determined. Glycemia
and plasma insulin levels of L-Pex5~"~ mice were not different
from wild type mice in ad libitum fed as well as in 24-h fasted
conditions (Table 1). When a bolus of glucose was injected in
overnight fasted mice, glycemic response was comparable with
that in control mice (data not shown). However, we noticed that
food intake per gram of body weight was significantly higher in
L-Pex5 "~ mice compared with controls (155% of control
mice) (Table 1). Notably, after pair feeding with control mice,
blood glucose levels in L-Pex5™ "~ mice were significantly lower
as compared with controls (Table 1). This was accompanied by
severe weight loss, averaging 18% after 1 week and 27% after 4
weeks of pair feeding.
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TABLE 1

General metabolic characteristics of L-Pex5 knock-out and wild type mice in different nutritional conditions
Values are given as means * S.E., n = 4 (plasma insulin), or n = 8; L-Pex5~ "~ versus control mice. Comparisons are as follows: ***, p < 0.001; **, p < 0.01; *, p < 0.05. NS

means not significant; ND means not determined.

Fed 24-h fasted 4 weeks pair fed
Ct L-Pex5~"~ Ct L-Pex5~"~ L-Pex5~"~

Body weight (g) 394 * 0.8 31.0 £ 0.7 36.5 = 2.0 27.7 £ 1.0 e 212+ 14 o
Food intake (g/g lean mass) 1.0*+02 1.5+0.2 o

BW change 24-h fasted (% BW) 13 0.8 17 = 0.6 o 15+ 0.9 NS
Plasma glucose (mg/dl) 1225 124 =3 NS 85+t 4 77 £ 4 NS 106 = 3 o
Plasma insulin (ng/ml) 2.2+ 0.4 1.8 0.2 NS 3.0%15 1.1 +0.2 NS ND

Liver weight (% BW) 53*0.2 9.5*+0.2 o 3.8*0.2 7.6 0.2 o 7.8+ 0.1 o

To relate the increased food consumption to energy expend-
iture, indirect calorimetry studies were performed in
L-Pex5 "~ (n = 7) and control mice (n = 7) for a period of 5
consecutive days under ad [libitum fed conditions. Energy
expenditure levels were significantly higher in L-Pex5~ " mice
compared with controls during all time periods (Fig. 1A4). Res-
piratory exchange rates did not differ between groups during
any of the periods measured indicating that relative substrate
selection did not differ between groups (Fig. 1B). The higher
energy expenditure levels were reflected in a significantly
higher absolute rate of carbohydrate oxidation in L-Pex5™"~
mice during the late light period, early dark period, and late
dark period (Fig. 1C). In addition, absolute carbohydrate oxida-
tion rates during the early light period tended to be higher in
L-Pex5~"~ mice compared with controls, although this did not
reach levels of statistical significance (»p = 0.056). Absolute fat
oxidation rates did not differ between groups during any of the
periods measured (Fig. 1D). Although calorimetry studies were
not repeated under fasted conditions, we obtained indirect evi-
dence for increased fat oxidation in L-Pex5 ’~ mice as com-
pared with controls during fasting or when fed a high fat diet by
monitoring body weights and fat pads (32). These data demon-
strate that L-Pex5~ "~ mice have a higher metabolic rate com-
pared with control mice. Taken together, L-Pex5 /" mice
ingest more food to compensate for increased energy expendi-
ture, but are able to maintain normoglycemia in ad libitum fed
and in fasted conditions.

Loss of Functional Peroxisomes Alters Expression of Genes
Involved in Carbohydrate Metabolism—To get a broad over-
view of deregulated metabolic pathways in livers of L-Pex5 ™"~
mice, microarray analysis was performed on mice in the fed
state. As summarized in Table 2, substantial up- and down-
regulation was observed in genes involved in gluconeogenesis,
glycogen synthesis, and signaling pathways that regulate meta-
bolic homeostasis. To examine the physiological impact of the
metabolic gene deregulation, in vivo and in vitro experiments
were conducted. The hepatic phenotype was evaluated under
basal conditions and following 24 h fasting, a stimulus known to
induce fatty acid oxidation and gluconeogenesis in liver.

Glycolysis Is Enhanced in Peroxisome-deficient Livers—We
previously reported that in peroxisome-deficient livers activi-
ties of the glycolytic enzymes glucokinase and pyruvate kinase
were increased (11).

To investigate whether this resulted in increased conversion
of glucose into pyruvate, glycolytic flux experiments were con-
ducted in cultured hepatocytes. The production of *H,O from
[5-’H]glucose was 3.3-fold increased in peroxisome-deficient
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as compared with control hepatocytes (183 versus 55 nmol/h/
10° cells; Fig. 1E). According to the present microarray data, the
mRNA levels encoding glucokinase, the first enzyme of
the pathway, and phosphofructokinase-1, the rate-limiting
enzyme, were unaltered in livers of L-Pex5 "~ mice (Table 2).
Unaltered mRNA levels of glucokinase, 6-phosphofructo-2-ki-
nase/fructose-2,6-biphosphatase 3 (PFKFB3), and lactate dehy-
drogenase (LDH) were also confirmed by qRT-PCR analysis
(data not shown). Expression levels of aldolase A, however,
were 2-fold increased (Table 2). To assess alternative control
mechanisms, we measured the levels of fructose 2,6-bisphos-
phate (F2,6BP), which is a crucial allosteric stimulator of phos-
phofructokinase 1 (PFK1), and hence of the entire glycolytic
pathway. However, levels of F2,6BP were not elevated in perox-
isome-deficient livers (data not shown). Thus, glycolytic induc-
tion likely occurs at least partly via post-transcriptional or post-
translational mechanisms (see below).

The PDH controls the entry of glycolytic intermediates into
the TCA cycle. In line with the increased glycolytic flux, the
PDH activity was also significantly higher in L-Pex5~”" mice
(Fig. 1F). A family of kinases inactivates this PDH complex,
thereby preventing the entry of pyruvate in the Krebs cycle and
mitochondrial ATP production from glucose. Expression levels
of PDK2, the most abundant pyruvate dehydrogenase kinase
isoform in liver, were not altered in L-Pex5~”~ mice (data not
shown), whereas PDK4 transcripts were 8.6-fold up-regulated
(Table 2). Thus, despite up-regulation of PDK4, PDH activity
was increased, implying that regulation of PDH activity in
L-Pex5 /" mice is complex and likely requires additional post-
transcriptional mechanisms (see below).

Gluconeogenesis Is Impaired in Peroxisome-deficient Livers—
The mRNA levels of two key enzymes of gluconeogenesis Pckl
encoding PEPCK, which is involved in the early steps, and G6pc
encoding glucose-6-phosphatase (G-6-Pase), which is involved
in the terminal step, were suppressed in the fed state according
to microarray analysis (Table 2). Activities of these gluconeo-
genic enzymes were correspondingly reduced reaching 76% of
control levels for PEPCK (Fig. 24) and 36% for G-6-Pase (Fig.
2B). Upon fasting, mRNA levels of Pckl increased in both gen-
otypes, indicating a normal response to food deprivation, but
they remained lower in L-Pex5™ "~ mice, as quantified by qRT-
PCR (data not shown). Expression of the glucose 6-phosphate
transporter that couples with G-6-Pase to form an active G-6-
Pase complex in the endoplasmic reticulum membrane was
reduced to 25% of control values and expression of SLC2a2
(glucose transporter 2, GLUT?2), the transporter that exports
glucose, to 37% (Table 2).
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FIGURE 1. Utilization of carbohydrates is increased upon hepatic peroxisome deficiency in vivo and in vitro. L-Pex5~/~ and control mice were subjected
to indirect calorimetry measurements for a period of 5 consecutive days (n = 7). Energy expenditure (A), respiratory exchange rate (B), carbohydrate oxidation
(Q), and fat oxidation (D) are shown. E, glycolytic flux was significantly increased in primary Pex5/~ hepatocytes (shown as nanomoles of glucose/h/10° cells)
(n = 4). F, PDH activity (shown as AmOD/min/mg protein) was strongly increased in liver homogenates of fed L-Pex5~/~ mice (n = 4). Values are given as
means *+ S.E. L-Pex5~/" versus control mice or hepatocytes: **, p < 0.01; * p < 0.05.

To test whether this reduced expression/activity of hepatic Glycogen Synthesis Is Impaired in L-Pex5 Knock-out Mice—
gluconeogenic enzymes impaired whole body glucose synthe- The mRNA levels of glycogen synthase 2 (Gys2), the rate-lim-
sis, a pyruvate tolerance test was performed. Following pyru- iting enzyme of hepatic glycogen synthesis, were markedly
vate injection, the maximum blood glucose levels that were reduced in L-Pex5 knock-out mice (40 and 33% of control as
reached were significantly lower in L-Pex5 /" mice as com- determined by microarray (Table 2) and qRT-PCR (Fig. 34),
pared with control mice (Fig. 2C). We further confirmed that respectively). The expression of glycogen synthase kinase 33
the glucose output capacity of peroxisome-deficient hepato- (Gsk38), which inactivates GYS2, was concomitantly increased
cytes was reduced by incubating isolated hepatocytes in a glu-  at the mRNA (165% of control, Table 2) and at the protein level
cose-free medium supplemented with lactate and pyruvate. (datanotshown),also pointingto an impaired glycogen synthe-
Glucose secretion from Pex5-deficient hepatocytes was sis. Hepatic glycogen stores, measured enzymatically in ad libi-
reduced by 19% (Fig. 2D). tum fed mice, were significantly reduced (59% of control levels)

Expression levels of several key enzymes of the pentose phos-  (Fig. 3B). This was confirmed by PAS staining, which also
phate pathway were examined in the microarray data. Only revealed that glycogen was more evenly distributed in
transketolase was induced in L-Pex5™”~ mice, whereas tran- L-Pex5 ”~ livers compared with the more pronounced peri-
scripts from other enzymes were unaltered (Table 2). portal staining in control mice (Fig. 3C). After a 24-h fasting
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Microarray analysis on livers of L-Pex5 knock-out and wild type mice (aged 20 weeks, n = 3)
Hepatic expression levels of important genes in carbohydrate metabolism are shown. Comparisons of L-Pex5 " versus control mice are as follows: ***, p < 0.001; **, p <

0.01; % p < 0.05.
Fold
Symbol Description change Pathway
Gek Glucokinase 0.97 Glycolysis
Khk Ketohexokinase 0.45***
Pfkl Phosphofructokinase, liver, B-type 0.90
Aldoa Aldolase 1, A isoform 2.04***
Aldob Aldolase 2, B isoform 1.06
Gapdh Glyceraldehyde-3-phosphate dehydrogenase 1.02
Pkir Pyruvate kinase liver and red blood cell 0.76*
Pdk4 Pyruvate dehydrogenase kinase, isoenzyme 4 8.57**
G6pc Glucose-6-phosphatase, catalytic 0.55* Gluconeogenesis
Pck1 Phosphoenolpyruvate carboxykinase 1, cytosolic 0.28%**
Slc2a2 Solute carrier family 2 (facilitated glucose transporter), member 2 = Glut2 0.37#**
Slc37a4 Solute carrier family 37 (glucose-6-phosphate transporter), member 4 = G6PT 0.25%**
Pcx Pyruvate carboxylase 0.84*
Fbpl Fructose bisphosphatase 1 1.17
Fbp2 Fructose bisphosphatase 2 2.39%*
Gyk Glycerol kinase 0.89
Gys2 Glycogen synthase 2 0.41%** Glycogen
Pygl Liver glycogen phosphorylase 0.60™**
Gsk3b Glycogen synthase kinase 33 1.68**
Slc2a2 Solute carrier family 2 (facilitated glucose transporter), member 2 0.37%**
Tkt Transketolase 1.52%** PPP
Taldol Transaldolase 1 1.01
Rpe Ribulose-5-phosphate-3-epimerase 0.97
G6pd2 Glucose-6-phosphate dehydrogenase 2 0.95
G6pdx Glucose-6-phosphate dehydrogenase X-linked 1.07
Akt2 Thymoma viral proto-oncogene 2 (insulin target tissues: liver, fat, muscle) 0.72%** Insulin signaling
Irs1 Insulin receptor substrate 1 0.61*
Irs2 Insulin receptor substrate 2 1.00
Srebf1 Sterol regulatory element-binding factor 1 = SREBP 1c 0.46***
Trib3 Tribbles homolog 3 (Drosophila) 25.5%**
Appll Adaptor protein, phosphotyrosine interaction, pleckstrin homology domain, and 1.30
leucine zipper containing 1
Pten Phosphatase and tensin homolog 0.89**
Stat3 Signal transducer and activator of transcription 3 0.73**
Ppargcla Peroxisome proliferative-activated receptor v, coactivator la 0.30*** Regulatory genes
Crebl cAMP-responsive element-binding protein 1 1.18
Crebbp CREB-binding protein 1.26**
Crtc2 CREB-regulated transcription coactivator 2 0.74**
Hnf4a Hepatic nuclear factor 4, o 141
Foxol Forkhead box O1 0.75**
Prkaca Protein kinase, cAMP-dependent, catalytic, o« = PKA 0.83*
Snfllk SNF1-like kinase = SIK 1.02
Clk2 CDC-like kinase 2 1.25
Ncoal Nuclear receptor coactivator 1 = Srcl 113
Ncoa3 Nuclear receptor coactivator 3 = Src3 0.93
Gen5I2 GCNG5 general control of amino acid synthesis-like 2 (yeast) 1.56***
Cdk9 Cyclin-dependent kinase 9 (CDC2-related kinase) 1.62%**
Prmtl Protein arginine N-methyltransferase 1 1.32*
Sirtl Sirtuin 1 ((silent mating type information regulation 2, homolog) 1 1.11
(Saccharomyces cerevisiae)
Mapk14 Mitogen-activated protein kinase 14 = p38 MAPK 0.78**
Prkaal Protein kinase, AMP-activated, a1 catalytic subunit = AMPKal 1.34*
Prkaa?2 Protein kinase, AMP-activated, a2 catalytic subunit = AMPKa2 1.64**
Cebpa CCAAT/enhancer-binding protein (C/EBP), « 0.79*
Mixipl MLX interacting protein-like = chrebp 1.12
Thra Thyroid hormone receptor 0.86
Thrb Thyroid hormone receptor 8 0.58**
Atf3 Activating transcription factor 3 10.1%* Endoplasmic reticulum stress
Atf4 Activating transcription factor 4 1.72%%
Atfe Activating transcription factor 6 1.63***
Ddit3 DNA-damage inducible transcript 3 = CHOP 5.18%**
Ern2 Endoplasmic reticulum (ER) to nucleus signaling 2 = IRE1 0.89
Eif2ak3 Eukaryotic translation initiation factor 2 « kinase 3 = PERK 1.49*
Xbpl X-box-binding protein 1 0.72*
Hspa5 Heat shock protein 5 = GRP78 0.78*
Eif2a Eukaryotic translation initiation factor 2a 1.18*
Calr Calreticulin 0.61%**
Canx Calnexin 0.86
Asns Asparagine synthetase 4.74*
Herpudl Homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like 0.58
domain member 1
Edeml ER degradation enhancer, mannosidase a-like 1 0.81
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L-Pex5~/~ versus control mice: ***, p < 0.001; **, p < 0.01; *, p < 0.05.

period, glycogen stores were depleted to the same extent in
control and L-Pex5 " livers (Fig. 3B). Interestingly, a 5-h
refeeding period following a 24-h fast was sufficient to replenish
glycogen in control livers but not in L-Pex5 " livers (30% of
control levels) (Fig. 3B), pointing to a slower synthesis of glyco-
gen, which was also confirmed by PAS staining (Fig. 3C).

Peroxisome-deficient Hepatocytes Are Insulin-resistant—Be-
cause insulin sensitivity is an import aspect of carbohydrate
homeostasis, L-Pex5 " mice were challenged with insulin, but
there was no difference in glycemic profile with control mice
(Fig. 4A). As skeletal muscle is the primary site of insulin-de-
pendent glucose disposal, this tissue may mask defects in
hepatic insulin sensitivity. Therefore, insulin signaling in the
liver was studied by analysis of downstream AKT phosphory-
lation subsequent to the injection of a bolus of insulin. As
shown in Fig. 4, B and C, pAKT levels were significantly
lower in L-Pex5~”" as compared with control mice. It should
be noted that according to microarray analysis and Western
blotting, expression levels of AKT were reduced to 81 and
61% of wild type levels, respectively. Together, it appears
that peroxisome-deficient hepatocytes are markedly insulin-
resistant, which, at first sight, is difficult to reconcile with
reduced gluconeogenesis.

Acute Elimination of Peroxisomes Causes Similar Perturba-
tions of Carbohydrate Metabolism but No Insulin Resistance—
To investigate whether the observed deregulation of carbohy-
drate metabolism required a long term adaptation to the
absence of functional hepatic peroxisomes, Pex5 was acutely
inactivated in the liver by intravenously injecting adenovirus-
expressing CRE recombinase in Pex5""*" mice. Reduction of
Pex5 transcripts was confirmed by qRT-PCR, and only those
mice with a reduction exceeding 90% were used for further
analysis (Fig. 54). Two weeks after injection, expression of
Pckl, Slc2a2 (encoding GLUT?2), and Gys2 was decreased to a
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similar extent as in livers of L-Pex5~ " mice (Fig. 5B), and
GSK3p protein levels were increased (data not shown). This
suppression of Gys2 and induction of GSK3 resulted in
depleted hepatic glycogen stores (Fig. 5C). In contrast, how-
ever, in adeno-Cre-Pex5 mice, insulin sensitivity determined by
quantifying pAKT levels did not show any difference with con-
trol virus-injected mice (data not shown). Thus, alterations in
carbohydrate metabolism occur rapidly after the disappearance
of peroxisomes, whereas insulin resistance only arises after pro-
longed peroxisome inactivation in hepatocytes.

Alterations in Carbohydrate Metabolism Are Not Dependent
on PPARa Activation—To explore the mechanisms underlying
the deregulated carbohydrate metabolism in peroxisome-defi-
cient liver, a number of key switches of energy homeostasis
were investigated.

Among the most striking data of the microarray analysis was
the significant induction of an array of PPAR« target genes (32).
This confirmed our previous observations using Northern blot
analysis (11), and it is indicative of the accumulation of PPAR«
ligands in L-Pex5~ "~ livers, likely a consequence of the inactive
peroxisomal B-oxidation. Several of these strongly induced
PPAR« target genes are involved in lipid metabolism, but oth-
ers have a distinct role in glucose homeostasis, such as PDK4
(see above) and TRIB3 (see below).

Because PPARa was previously shown to have a broad
impact on several steps of carbohydrate metabolism (33), we
investigated whether carbohydrate deregulation in L-Pex5 "~
mice could be in part the result of PPAR« activation. We gen-
erated mice with peroxisome-deficient hepatocytes in a Ppara
null background by injecting Pex5"“"*Ppara”"" mice with
adenovirus encoding CRE recombinase. Surprisingly, however,
qRT-PCR analysis 2 weeks later showed that expression levels
of Pckl, Slc2a2, and Gys2 were even more extensively decreased
as compared with Pex5"""*Ppara™’" mice treated with adeno-
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viral CRE recombinase (Fig. 6, A—C). Thus, the observed
impairment of gluconeogenesis and glycogen synthesis was
independent of the activation of PPAR« in L-Pex5 "~ mice.

PPARa is a strong inducer of TRIB3, which suppresses insu-
lin signaling during fasting by blocking activation of AKT.
TRIB3 induction has been linked to the development of insulin
resistance (34 —36), although this effect is still debated because
insulin sensitivity was normal in Trib3~”~ mice (37) and upon
TRIB3 overexpression in primary hepatocytes (38).

In agreement with the observed PPAR«a activation, qRT-PCR
showed that Trib3 expression levels were 41-fold increased in
L-Pex5 "~ mice and 8-fold in adeno-Cre Pex5"™ " Ppara™"*
mice but, as expected, not in adeno-Cre Pex5" LE LPparaf/ -
mice (data not shown). Thus, even though the 41-fold increase
in Trib3 levels in L-Pex5 /" mice might, at first sight, suggest
that they could cause hepatic insulin resistance, the experi-
ments with the acute inactivation of peroxisomes show that
the 8-fold increase in Trib3 expression did not suffice to
induce insulin resistance. Therefore, it is unlikely that insu-
lin resistance is due to a PPARa-mediated increase of Trib3
expression.
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The Energy Sensor AMPK Is Activated in Peroxisome-defi-
cient Hepatocytes—As we previously demonstrated that loss of
functional peroxisomes in hepatocytes causes important mito-
chondrial impairment at the level of energy production via
OXPHOS (11), we investigated whether the energy sensor AMPK
might be involved. This kinase is activated by increased cellular
AMP/ATP ratios, and it stimulates catabolic pathways and sup-
presses anabolic pathways to restore the cellular energy balance.
AMP/ATP ratios were significantly increased in L-Pex5~"~ mice
(Fig. 7A), indicating that hepatocytes of L-Pex5~ " mice had an
energy deficit. Via Western blot analysis, we quantified the levels of
active phosphorylated AMPK (pAMPK) and the level of phospho-
rylation of its targets ACC (pACC) and GSK3B (pGSK3p).
L-Pex5~"~ mice showed significantly higher pAMPK levels and an
even more marked increase of its targets, pACC and pGSK3p, as
compared with control littermates (Fig. 7, B-D). The phosphory-
lated form of ACC, a key enzyme in lipogenesis, is inactive, which
results in reduced generation of malonyl-CoA. This is in agree-
ment with reduced lipid synthesis in L-Pex5~ "~ mice (32) and with
increased fatty acid oxidation as has been observed both in pri-
mary hepatocytes (28) and in vivo (32).
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Activated AMPK Contributes to the Deregulation of Carbohy-
drate Homeostasis in L-Pex5~ "~ Mice—One of the established
mechanisms through which AMPK suppresses gluconeogenic
gene expression is the phosphorylation and resultant nuclear
exclusion of CRTC2 (also named TORC2), a transcriptional
coactivator of cAMP- response element-binding protein
(CREB) (20, 39—41). As a result, gene transcription of the key
gluconeogenic genes PEPCK and G-6-Pase is repressed. To
evaluate the contribution of activated AMPK to the suppressed
gluconeogenesis in L-Pex5 " mice, we studied CRTC2 phos-
phorylation and its subcellular localization in L-Pex5~ "~ livers.
CRTC2 was significantly more phosphorylated, and thus inac-
tive, in knock-out livers (Fig. 84). In agreement, in the fasted
state, the coactivator was sequestered in the cytosol of
L-Pex5~"~ hepatocytes, whereas it was located in the nucleus of
control mice (Fig. 8B). Thus, CREB/CRTC2-mediated tran-
scription of the gluconeogenic genes is likely suppressed in
Pex5”" hepatocytes.

Recently, it was reported that phosphorylation of GSK3f by
AMPK is also an important path for the inhibitory effects of
AMPK on PEPCK expression (42). As mentioned above, the
phosphorylation status of GSK3B was indeed increased in
Pex5-deficient hepatocytes (Fig. 7D).

To further study the role of activated AMPK in carbohydrate
deregulation in L-Pex5~"" mice, we blocked its activity with
compound c in primary hepatocyte cultures. First, we con-
firmed that the transcriptional alterations of gluconeogenic and
glycogenic genes were conserved when Pex5 ”~ hepatocytes
were cultured for up to 48 h (Fig. 8, C—E, and data not shown).
Treatment with the AMPK inhibitor compound c restored
expression levels of Pckl, G-6-Pase, Gys2, and Slc2a2 (Fig. 8,
C-E and data not shown). Inhibition of AMPK also decreased
the glycolytic flux in Pex5 " hepatocytes to wild type levels
(Fig. 8F). Thus, AMPK contributes to the suppression of gluco-
neogenesis and glycogen synthesis and to the induction of gly-
colysis in Pex5-deficient hepatocytes.
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PGC-1a Expression and Activity Are Suppressed—PGC-1a, a
promiscuous transcriptional coactivator involved in the con-
trol of energy homeostasis, was down-regulated more than
3-fold according to the microarray analysis (Table 2). PGC-1«
is a central regulator of hepatic gluconeogenesis and induces
the enzymes PEPCK and G-6-Pase via coactivation of FOXO1,
HNF4a, and the glucocorticoid receptor (43—46). Reduced
mRNA expression of PGC-1a was confirmed by qRT-PCR in
fed and fasted mice (Fig. 94 and data not shown) and by West-
ern blot analysis after immunoprecipitation (Fig. 9C). Also
acute deletion of Pex5 by adenoviral Cre recombinase in
Pex5™ " mice triggered a strong down-regulation of PGC-1a
(Fig. 94), which also occurred in a PPARa-deficient back-
ground (data not shown), again illustrating that the observed
metabolic changes occur independently of PPAR«.

To investigate the origin of the markedly reduced PGC-1a
transcripts, we examined whether the known inducer of PGC-
la, activated CREB, was affected in peroxisome-deficient livers.
Remarkably, phosphorylated CREB was indeed significantly
reduced in L-Pex5~ " mice, but this was not the case in adeno-
Cre-Pex5 mice (Fig. 9B). Thus, reduced signaling through
pCREB cannot be the only cause of PGC-1a suppression.

The activity of PGC-1a strongly depends on post-transla-
tional modifications, of which reversible acetylation is the most
important. SIRT1 deacetylates and activates PGC-1a, whereas
GCNG5 acetylates and deactivates the coactivator. To determine
the acetylation status, Western blots of immunoprecipitated
PGC-1a were stained with acetyl-lysine antibody. The relative
acetylation state of PGC-1a was increased in L-Pex5 /~ mice
based on strongly reduced PGC-1a protein levels and equal
levels of acetylated PGC-1a in control and knock-out livers
(Fig. 90). In agreement, levels of the NAD™"-dependent
deacetylase SIRT1 were significantly decreased in L-Pex5 "~
mice (26% of levels in fed control mice) (Fig. 9D). Furthermore,
in view of the impaired oxidative phosphorylation (11), which
may lower the redox state, we quantified NAD" and NADH
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levels in liver homogenates. Interestingly, the cellular NAD™/ ity. Finally, mRNA levels of GCN5, which acetylates and
NADH ratio was significantly decreased in peroxisome-defi- thereby inactivates PGC-1a, were increased in L-Pex5~ ™ mice
cientlivers (Fig. 9E), likely contributing to reduced SIRT1 activ-  (Table 2). Thus, both expression and function of PGC-1« are
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suppressed in livers
peroxisomes.

Suppressed PGC-la  Contributes to Impaired Gluco-
neogenesis—PGC-1a is known to be a key regulator of hepatic
gluconeogenesis. To study whether the suppressed PGC-1a
activity functionally contributes to the down-regulation of glu-
coneogenesis in peroxisome-deficient livers, we explored
whether overexpression of PGC-la could rescue the
L-Pex5 /" phenotype and therefore infected primary hepato-
cytes with adenovirus encoding PGC-1a. Two days after infec-
tion, we confirmed a robust increase in PGC-1« protein levels
(Fig. 104). Concomitantly, both Pckl expression and glucose
secretion were induced by PGC-1a in L-Pex5 7~ hepatocytes
(Fig. 10, Band C). This suggests that the low PGC-1« levels and
activity may contribute to the reduced gluconeogenesis in
L-Pex5 " livers. To rule out nonspecific effects, expression of
genes that are not PGC-la targets (e.g Slc2a2 (encoding
GLUT?2)) were analyzed, but their expression was not altered
(Fig. 10D).

that are deprived of functional

DISCUSSION

At first sight, peroxisomes have a secluded position in overall
cellular metabolism because they handle a particular set of sub-
strates such as very long chain fatty acids, branched chain fatty
acids, and ether lipids, which are rather “rare” in cells. A notable
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exception is that in liver they are essential for the conversion of
cholesterol into mature bile acids because of their chain short-
ening and conjugating activities. Peroxisomes do not directly
take part in carbohydrate metabolism and energy generation
from common medium and long chain fatty acids or in the
synthesis of lipid storage molecules.

We previously showed that glycolytic enzyme activity is up-
regulated in peroxisome-deficient hepatocytes, likely to com-
pensate for impaired oxidative phosphorylation (11), but we did
not characterize glucose metabolism in detail, nor did we exam-
ine the underlying mechanisms. We now studied these meta-
bolic changes in more detail and show that, besides an induc-
tion of glycolysis, hepatic deficiency of PEX5 also reduces
gluconeogenesis, impairs repletion of glycogen stores, and
causes insulin resistance. Our data thus provide new funda-
mental molecular insight into how liver PEX5 deficiency
induces this extensive metabolic reprogramming. Therefore,
peroxisome deficiency has an important indirect effect on the
maintenance of carbohydrate homeostasis in the rodent liver.
An overview of the observed deregulations and of potential
mechanisms is given in Fig. 11.

In vivo calorimetric measurements demonstrated increased
catabolism of glucose in Pex5~ " livers, which was in line with
increased food intake and lower body weights. This was corrob-
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orated by an increased glycolytic flux in cultured hepatocytes
and enhanced post-glycolytic usage of pyruvate. Indeed, activ-
ity of PDH, which converts pyruvate to acetyl-CoA and links
glycolysis with mitochondrial metabolism of pyruvate via the
TCA cycle, was increased. This may, at first sight, appear sur-
prising in view of the 8-fold increased mRNA expression of
PDK4, one of the kinases that inhibits PDH activity. PDK4 is a
well established PPARa« target that is induced during fasting
(47). This apparent inconsistency may, however, be explained

DECEMBER 9, 2011+ VOLUME 286+NUMBER 49

by the finding that mRNA levels of the most abundant hepatic
pyruvate dehydrogenase kinase isoform, PDK2, were not
altered. In addition, the activation of PDKs also requires
increased cellular levels of acetyl-CoA generated by fatty acid
oxidation (48), which are not expected to be increased in livers
of fed mice that mainly rely on glucose oxidation. Besides enter-
ing the TCA cycle at elevated rates, pyruvate was also metabo-
lized to lactate at increased levels (by 80%) in livers of
L-Pex5~"" mice (11). Because conversion of pyruvate to lactate
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(L-Pex5/~ mice) and short term (adenoviral Cre) elimination of functional peroxisomes. Expression levels were normalized to B-actin, and values are
given as means * S.E., n = 4. B, Western blot analysis of phosphorylated CREB shows reduced levels in livers with chronic (L-Pex5~”~ mice) but not with
acute (adenoviral Cre) deletion of peroxisomes (n = 8). A representative blot is shown. C, acetylation state of PGC-1a was increased in L-Pex5~/" mice.
Immunoprecipitation of PGC-1a showed strongly reduced PGC-1a protein levels in Pex5 ™/ livers, whereas acetylation levels were similar. A represent-
ative blot and quantification is shown. D, Western blot analysis of SIRT1 protein levels in fasted and in fed L-Pex5 ™"~ mice (n = 2). E, hepatic NAD */NADH
ratio was significantly decreased in L-Pex5 /" mice. Data are shown as means = S.E., n = 4. Knock-out versus respective control mice:
**% p < 0.001; **, p < 0.01;* p < 0.05.

allows regeneration of NAD ™, a necessary cofactor for glycoly-
sis, the glycolytic flux can be maintained at higher levels. Over-

lower glycemic response to pyruvate in vivo, and by reduced
glucose output from cultured hepatocytes. Despite this

all, glycolytic flux is strongly increased, providing increased
amounts of pyruvate that is further metabolized via both post-
glycolytic paths.

Impaired gluconeogenic capacity was evidenced by reduced
transcript and/or activity levels of enzymes and transporters, by
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impaired ability to synthesize glucose, glycemia was normal
even after fasting. Although this may seem unexpected, also
CRTC2~’~ mice remain normoglycemic despite impaired glu-
coneogenic gene transcription in liver (49). Similarly, even
complete hepatic deletion of Pck1 does not affect glycemia (50),
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FIGURE 10. Expression of PGC-1« in Pex5~/~ hepatocytes partially reverses inhibition of gluconeogenesis. A, PGC-1« protein levels were robustly
increased in primary hepatocytes 2 days after infection with adenoviral PGC-1a. B, hepatic gene expression levels of Pck1 were significantly induced by
adenovirus-mediated expression of PGC-1« in primary L-Pex5 /~ hepatocytes. C, expression of PGC-1a-induced glucose secretion in primary L-Pex5 "~
hepatocytes (n = 4). D, hepatic gene expression levels of Slc2a2 (GLUT2) were not affected by PGC-1a expression in L-Pex5~/~ hepatocytes. Expression levels
were normalized to B-actin, and data are shown as % of expression in control hepatocytes = S.E., n = 4. PGC-1« overexpression versus control virus-treated

hepatocytes: ***, p < 0.001; **, p < 0.01; *, p < 0.05.

which was explained by increased extrahepatic gluconeogene-
sis together with reduced glucose utilization. Interestingly,
maintenance of glycemia in L-Pex5 "~ mice became problem-
atic when carbohydrate supply in the diet was limited chroni-
cally, indicating that the hepatic glucose synthesizing capacity
isindeed reduced and that this deficit is functionally important.

Also the synthesis of glycogen was impaired in L-Pex5 "~
hepatocytes, which was obvious by the slow restoration of gly-
cogen stores during refeeding after a fasting period. Gys2 tran-
scripts were strongly suppressed in L-Pex5 ’~ mice, and
expression of Gsk33, a GYS2 inhibiting kinase, was concomi-
tantly increased. Moreover, because of increased glycolytic
rates in Pex5 7 livers, lower pools of glucose are expected to
be available for the synthesis of glycogen.

In recent years, both glycogen synthesis and gluconeogenesis
were shown to be affected by PPARa (51), but conflicting
results have been reported (33). Our findings extend this ongo-
ing debate. Indeed, because Gys2, Pckl, and Slc2a2 transcripts
were also reduced when peroxisomes were deleted in a Ppara-
deficient background, the suppression of glycogen synthesis
and gluconeogenesis in L-Pex5 /"~ mice occurs independently
of and, even more, despite the pronounced PPAR« activation.

A striking observation is that hepatic PEX5 deficiency acti-
vates catabolic processes such as glycolysis and fatty acid oxi-
dation (28, 32), while impairing anabolic processes such as gly-
cogen synthesis and gluconeogenesis, but also de novo fatty acid
synthesis (as already previously reported (32)). This array of
metabolic adaptations is compatible with activation of AMPK,
which is driven by an increased cellular AMP/ATP ratio (52). In
L-Pex5~~ livers, we indeed found evidence for energy short-
age, likely the consequence of structural and functional abnor-
malities at the inner mitochondrial membrane (11). This find-
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ing thus also implies that the high glycolytic rate is apparently
not sufficient to maintain cellular AMP/ATP ratios. The resul-
tant activation of AMPK launches an energy preservation pro-
gram that in the acute phase consists of altering enzyme activ-
ities that are subsequently followed by changes at the
transcriptional level, all mediated by diverse Ser/Thr phosphor-
ylations. We found evidence for increased phosphorylation of
several AMPK targets involved in diverse pathways as follows:
ACC, GSK3p, and CRTC2. In addition, blocking AMPK activ-
ity with the inhibitor compound c reversed several of the met-
abolic anomalies in cultured Pex5 "~ hepatocytes.

AMPK is well known to stimulate glycolysis, but, remarkably
enough, the glycolytic target of AMPK in the liver has not been
identified yet. In other cell types such as cardiomyocytes (53),
monocytes, and macrophages (54), AMPK stimulates glycolysis
by activating PFK2, also termed PFKFB3. This increases the
synthesis of F2,6BP, which is a potent allosteric stimulator of
glycolysis. However, it has been reported that AMPK does not
affect the liver isoforms of PFK2 (55). In accordance with these
reports, levels of F2,6BP were not elevated in L-Pex5 " livers.
Because transcript levels of rate-limiting glycolytic enzymes
were not altered, it remains to be determined how glycolytic
flux is elevated in peroxisome-deficient hepatocytes. One plau-
sible contributing mechanism may be that the rate-limiting
enzyme PFK1, whose activity is allosterically reduced by ATP, is
released from this inhibition due to the reduced ATP levels and
energy shortage in L-Pex5 ”~ mice. Several different mecha-
nisms by which AMPK suppresses gluconeogenesis have been
reported (41), of which some also seemed to be operational in
peroxisome-deficient hepatocytes.

First, we showed that in L-Pex5~ " livers, the CREB coacti-
vator CRTC2 was highly phosphorylated and excluded from the
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cytes triggers, through unresolved mechanisms, a deficit in oxidative phosphorylation in mitochondria. This results in an increased AMP/ATP ratio causing
AMPK activation and in a reduced NAD " /NADH ratio, inactivating SIRT1 and PGC-1a. Simultaneously, PPAR is activated, and PGC-1a expression is down-
regulated, possibly in part a result of the hampered autoregulatory feedback loop. Together, this leads to increased fatty acid B-oxidation, reduced gluconeo-

genesis, enhanced glycolysis, and impaired glycogen synthesis.

nucleus, which prevents transcriptional activation of gluconeo-
genic genes. Second, phosphorylation of GSK33 was increased,
which has been reported to contribute to the suppression of
PEPCK (42). Several additional mechanisms through which
AMPK may suppress gluconeogenic gene expression have been
reported, such as phosphorylation of FOXO1 and HNF4q, but
these were not experimentally tested in our model, given the
already profound effects on CRTC2 and GSK3p. Notably, inhi-
bition of AMPK by compound c restored Pckl and G-6-Pase
expression levels in L-Pex5~ "~ primary hepatocytes, function-
ally establishing the important role of AMPK in orchestrating
the metabolic adaptations to loss of PEX5.

To conserve energy, activated AMPK also shuts down glyco-
gen synthesis, as this is an anabolic energy-consuming process.
We did not check for an acute effect of AMPK on GYS2 phos-
phorylation, which inhibits enzyme activity (57), but observed
that Gys2 transcripts were strongly suppressed in L-Pex5 "~
mice. Importantly, Gys2 expression normalized after treatment
with the AMPK inhibitor compound c.

With regard to the consequences of activated AMPK on lipid
metabolism, we previously documented in L-Pex5 ~/~ mice that
lipogenesis is reduced (32) and that fatty acid oxidation is stim-
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ulated in vitro (28) and in vivo (32), in agreement with increased
phosphorylation of ACC. Nonetheless, despite this increased
capacity for lipid catabolism, L-Pex5 ”~ hepatocytes are unable
to maintain their energy balance.

Besides activation of AMPK, the most striking observation
was the suppression of PGC-1a, another essential regulator of
energy metabolism. Both transcript and protein levels of this
coactivator were significantly reduced (30% of wild type levels).
Importantly, PGC-1a activity is strongly determined by post-
transcriptional modifications, including acetylation, phosphor-
ylation, methylation, and ubiquitination. Of these, reversible
acetylation has emerged as the most important modifier (58).

PGC-1la is deacetylated and thereby activated through
SIRT1,aNAD™-dependent deacetylase, and it is acetylated and
inactivated through GCN5 (58). We demonstrated that the
acetylation status of PGC-1a is increased in L-Pex5 =/~ livers,
which indicates that not only the expression but also the activ-
ity of PGC-1a is suppressed. Furthermore, in L-Pex5 ~/~ livers,
NAD™"/NADH levels are reduced, which is probably caused by
the combination of increased production of NADH through
glucose and/or fatty acid oxidation and inefficient reoxidation
of NADH to NAD™ by oxidative phosphorylation (11). As a
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result of the low NAD " /NADH ratio, SIRT1 becomes less acti-
vated. Remarkably, SIRT1 protein levels were also reduced, and
Gcn5 transcripts were increased concomitantly. PGC-1a is a
key driving factor of gluconeogenesis by coactivating FOXO1,
HNF4« and the glucocorticoid receptor (43—46). We showed
that reduced PGC-1a activity may contribute to impaired glu-
coneogenesis in L-Pex5 ~/~ mice. Indeed, overexpression of the
coactivator in Pex5~’~ hepatocytes reversed the suppressed
gluconeogenic gene expression and glucose production in
Pex5~’" hepatocytes.

The relationship between AMPK and PGC-1la in the liver
with regard to their opposing impact on gluconeogenesis lacks
a unifying understanding. In muscle, it is well established that
AMPK stimulates mitochondrial biogenesis and fatty acid oxi-
dation by transcriptional mechanisms, orchestrated via the
induction of PGC-1« (41, 59). Increased PGC-1a expression is
achieved by AMPK-dependent phosphorylation of PGC-1a
itself, which induces its own mRNA levels via an autoregulatory
loop.

By contrast, in the liver, the situation is much more complex
and unclear. When this organ experiences conditions of energy
shortage, not only fatty acid oxidation needs to be turned on
but, coincidently, gluconeogenesis needs to be shut down. As
PGC-1a is a key driving factor of gluconeogenesis, the reported
induction of PGC-1a expression and deacetylation by AMPK in
the liver (41) is diametrically opposed to the role of AMPK in
lowering hepatic glucose output (60—62). To reconcile these
conflicting mechanisms, it has been proposed that, via phos-
phorylation, AMPK removes key transcription factors, which
are coactivated by PGC-1a, from gluconeogenic genes, for
example by inducing HNF4« instability or by redirecting
FOXO to other gene promoters (41). In fact, our findings of a
simultaneous activation of AMPK and suppression of PGC-1«
activity in Pex5 /" livers might well be a paradigm of more
general importance, which might help to resolve the debated
situation in normal liver. Indeed, such opposite regulation of
AMPK and PGC-1a is, for liver cells, a more “logical” mecha-
nism to reduce gluconeogenesis.

At the same time, we appreciate that a number of other
observations remain to be further clarified in the future. For
instance, given that PGC-1a is an established coactivator of
PPARe, how then can reduced PGC-1alevels lead to an up-reg-
ulation of PPAR« target genes in Pex5 /~ hepatocytes (32).
Equally outstanding is the finding that PGC-1a suppression is
accompanied by increased mitochondrial proliferation (11).

Apart from the fact that reduced transcript levels of PGC-1«
have been seldom reported, the mechanisms through which
this coactivator can be suppressed remain largely unknown. We
speculate that the autoregulatory loop, whereby reduced
PGC-1a activity, because of increased acetylation, further low-
ers PGC-1a mRNA levels might perhaps contribute to our find-
ings. Such a mechanism was documented in SIRT1-deficient
hepatocytes, in which impaired deacetylation and thus activity
of PGC-1aresulted in reduced PGC-1a mRNA expression (63).

Another possibility is the increased phosphorylation of
CRTC2 by AMPK, which prevents the coactivation of CREB.
This should not only lower the expression of gluconeogenic
genes such as PEPCK and G-6-Pase, but also the transcription
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of PGC-1a, which is primarily driven by the cAMP pathway.
Hence, the latter mechanism might provide an explanation for
our findings, although it is in contradiction with reported stim-
ulatory effects of AMPK on PGC-1« in the normal liver (41).
Additional mechanisms that possibly depend directly on the
absence of functional peroxisomes can however not be
excluded.

In conditions of chronic peroxisome ablation, insulin signal
transduction was impaired. At first, this seemed to be explain-
able by the strong 41-fold induction of Trib3, a PPARa target,
which was claimed to be an inhibitor of AKT phosphorylation
and thus can cause insulin resistance (34 —36). Other investiga-
tors, however, could not confirm such a role for TRIB3 in the
insulin transduction pathway (37, 38). Because acute deletion of
peroxisomes still up-regulated 7rib3 levels 8-fold, but did not
affect insulin signaling, it seems therefore to be less likely that
TRIB3 causes insulin resistance in peroxisome-deficient livers.
Itis worth noting that fatty liver, reduced PGC-1«, and reduced
oxidative phosphorylation levels have been associated with
insulin resistance and type 2 diabetes in humans and mice (45,
64, 65), although reduced PGC-1a levels have also been linked
to an improvement of insulin sensitivity (66). In view of the
extensive hepatosteatosis in peroxisome-deficient livers (2.2-
fold increase of triglycerides (32)), the most plausible explana-
tion may well be that this lipid accumulation causes reduced
insulin signaling. In the liver, insulin resistance normally is
associated with an impaired suppression of gluconeogenesis
that contributes to hyperglycemia in type 2 diabetes patients.
By contrast, in L-Pex5 7 livers, gluconeogenesis is reduced,
despite insulin resistance, thus indicating that the mechanisms
that lower gluconeogenesis must be dominant over the ones
causing insulin resistance.

We conclude that peroxisome deficiency indirectly affects
glucose homeostasis in hepatocytes through several different
pathways. In the absence of functional peroxisomes, mitochon-
drial oxidative metabolism and ATP production is disturbed,
causing AMPK activation that initiates an energy conservation
program through enzymatic and transcriptional mechanisms.
Activated AMPK shuts down gluconeogenesis and glycogen
synthesis and stimulates glycolysis in an attempt to restore cel-
lular energy balance. Concomitantly, impaired activity of
PGC-1a contributes to suppression of gluconeogenesis. The
precise relationship between AMPK and PGC-1la in peroxi-
some-deficient liver remains to be resolved. Because most met-
abolic disturbances seem to be caused by the shortage in mito-
chondrial ATP production, the peroxisome-deficient liver can
be considered as a secondary mitochondrial hepatopathy (56),
and it could be used as a model system for the metabolic con-
sequences of impaired mitochondrial ATP generation in liver.
Because mitochondrial abnormalities were also reported in liv-
ers of patients with a severe Zellweger syndrome phenotype, it
would be interesting to examine whether they develop similar
metabolic deregulations.
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