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hepatic amino acid catabolizing enzymes to maintain metabolic

homeostasis

Alejandra V. Contreras - Claudia Rangel-Escarefio - Nimbe Torres - Gabriela Aleman-Escondrillas -
Victor Ortiz - Lilia G. Noriega - Ivan Torre-Villalvazo - Omar Granados *

Laura A. Velazquez-Villegas - Sandra Tobon-Cornejo * Diana Gonzalez-Hirschfeld -

Félix Recillas-Targa - Elizabeth Tejero-Barrera - Frank J. Gonzalez - Armando R. Tovar

Received: 10 September 2014/ Accepted: 16 December 2014 /Published online: 10 January 2015

© Springer-Verlag Berlin Heidelberg 2014

Abstract The liver is the main organ involved in the
metabolism of amino acids (AA), which are oxidized by
amino acid catabolizing enzymes (AACE). Peroxisome
proliferator-activated receptor-o. (PPARa) stimulates fatty
acid B-oxidation, and there is evidence that it can modulate
hepatic AA oxidation during the transition of energy fuels.
To understand the role and mechanism of PPARa’s regu-
lation of AA catabolism, the metabolic and molecular
adaptations of Ppara-null mice were studied. The role of
PPARa on AA metabolism was examined by in vitro and
in vivo studies. In wild-type and Ppara-null mice, fed
increasing concentrations of the dietary protein/carbohydrate
ratio, we measured metabolic parameters, and livers were
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analyzed by microarray analysis, histology and Western blot.
Functional enrichment analysis, EMSA and gene reporter
assays were performed. Ppara-null mice presented increased
expression of AACE in liver affecting AA, lipid and car-
bohydrate metabolism. Ppara-null mice had increased glu-
cagon/insulin ratio (7.2-fold), higher serum urea (73.1 %),
lower body protein content (19.7 %) and decreased several
serum AA in response to a high-protein/low-carbohydrate
diet. A functional network of differentially expressed genes,
suggested that changes in the expression of AACE were
regulated by an interrelationship between PPARo and
HNF4o. Our data indicated that the expression of AACE is
down-regulated through PPARa by attenuating HNF4a
transcriptional activity as observed in the serine dehydratase
gene promoter. PPARa via HNF4a maintains body protein
metabolic homeostasis by down-regulating genes involved
in amino acid catabolism for preserving body nitrogen.
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Introduction

The catabolism of amino acids (AA) is an important energy
source for mammalian organisms when other energy sub-
strates are low, particularly circulating glucose and fatty
acids (Young and Marchini 1990). Under an energy
demanding state, such as prolonged fasting, the protein
breakdown in skeletal muscle is augmented, releasing to
the circulation increasing amounts of AA, which are taken
up by the liver, and catabolized by specific amino acid
catabolizing enzymes (AACE) (Harper 1984). This catab-
olism contributes to the generation of metabolic energy and
provides substrates for gluconeogenesis to maintain blood
glucose concentration, since the main source of glucose for
the brain and other tissues is provided by gluconeogenic
AA (Kaloyianni and Freedland 1990). On the other hand,
after consumption of a high-protein diet, the AA supply
into the liver also increases. It has been established that
when dietary protein intake does not exceed the amino acid
requirements, AA catabolism barely occurs. However,
when protein intake is above the requirement, the excess of
AA is catabolized also by the AACE (Soemitro et al.
1989). This is because the excess of dietary AA cannot be
stored, and thus if excessive protein intake is not used
efficiently by the body, this may impose a metabolic bur-
den on the bones, kidneys and liver, and generate adverse
effects, such as hypercalciuria and hyperuricosuria (De-
limaris 2013). In fact, the AACE activity increases when
the supply of circulating amino acids augments by fasting
or after an excess of dietary protein (Harper 1984).
Protein homeostasis is one of the major nodal points
that needs to be preserved in order to retain the cellular
homeostatic balance (Chondrogianni and Gonos 2010).
Proteins in the body have vital roles in regulating cell
structure, cell signaling and the various enzymatic
processes of the cell; consequently, protein breakdown
during prolonged fasting will translate into loss of bio-
logical function. Thus, a metabolic priority is to pre-
serve body proteins, which is accomplished through a
shift in the type of fuel used from glucose to fatty acids,
that are less functionally critical and more energy effi-
cient. The liver plays an important role in the provision
of alternative substrates during starvation, such as
ketone bodies produced as a result of fatty acid break-
down, that are particularly important as an energy
source in brain (Alberti et al. 1981). Nonetheless, the
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understanding of the molecular mechanisms that are
implicated in this metabolic switch for preserving AA to
maintain the body nitrogen balance, and utilizing fat as
the main energy source, is limited.

The peroxisome proliferator-activated receptor-o
(PPAR«) is an important regulator during the transition of
energy fuels in the body. PPARa plays a pivotal role in the
management of energy stores through up-regulation of the
expression of genes encoding enzymes involved in fatty
acid oxidation (FAO) (Aoyama et al. 1998; Kersten et al.
1999; Lee et al. 1995; Motojima et al. 1998; Peters et al.
1998). Interestingly, it was found that the expression of
mRNAs encoding enzymes involved in the metabolism of
AA is lower in wild-type (WT) mice than PPARa knockout
(Ppara-null) mice (Kersten et al. 2001). Recent evidence
has shown that feeding mice diets containing Wy-14,643
decreases the abundance of mRNAs encoding some AACE
(Aleman et al. 2013b). However, there is scarce evidence
about the specific role of PPARa in the regulation of
AACE gene expression, particularly about the mechanism
to down-regulate their expression.

Our aim was to determine the role of PPAR« in the
expression of AACE, as part of the mechanism under-
lying the conservation of body nitrogen. To understand
the role of PPARo on the molecular mechanism of the
protein homeostasis, we challenged a mouse model
harboring a genetic loss of function of PPARa, Ppara-
null mice, with diets containing different percentages of
dietary protein/carbohydrate (DP/DCH) ratio, 6/77 %
(low-protein/high-carbohydrate), 20/63 % (adequate-
protein/carbohydrate) or 50/33 % (high-protein/low-
carbohydrate) to provide a graded increase in the supply
of AA. Ppara-null mice displayed increased expression
of AACE, independent of the amount of dietary protein
consumed, affecting not only the metabolism of AA, but
also that of lipids and carbohydrates. Our study through a
functional network of differentially expressed genes
modulated by the DP/DCH ratio showed changes in the
expression of AACE associated with the interrelation-
ship between PPARa and hepatocyte nuclear factor 4o
(HNF4a). In fact, reporter assays and EMSA showed the
role of PPARa in attenuating the transcriptional activity
of HNF4a on the expression of AACE. Our work sup-
ports previous findings about the suppressive effect of
PPARo on genes encoding enzymes involved in AA
catabolism and gives further evidence to its role in
maintaining metabolic homeostasis. Our results demon-
strate that in addition to regulating lipid metabolism,
PPARo also regulates AA catabolism in liver with the
main aim of preserving body nitrogen.
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Experimental procedures
Primary hepatocyte analyses

Male Wistar rats (200-300 g) were laparotomized under
diethyl ether anesthesia, and hepatocytes were collected by
in situ perfusion of the liver according to the method of
Berry and Friend (1969), which consists of cannulating and
exsanguinating the liver in vivo and perfusing the liver
with collagenase in a recirculating system. The livers were
isolated and placed in 10 % DMEM-FBS medium (Sigma-
Aldrich, St. Louis, MO, USA) containing penicillin/strep-
tomycin (100 U/ml and 100 mg/ml). The filtered hepato-
cytes were washed twice with the medium and then
incubated at a density of 2-3 x 10° cells/ml. The medium
was changed after the first 4 h to remove unattached cells,
and the culture was then continued for 16 h. At 20 h after
cell seeding, 200 pM Wy-14,643 (Biomol, Farmingdale,
NY, USA) or 10 uM forskolin (final concentration) was
added to the hepatocytes in DMEM, followed by incuba-
tion for 4 or 6 h to measure RNA expression.

Animals

Male Ppara-null mice (Lee et al. 1995) and C57BL/6 wild-
type mice at 7-9 weeks of age (n = 5 per group, average
weight 22.4 + 0.5 g) were given free access to water and
one of the experimental diets. Mice were provided with
isoenergetic diets containing different percentages of DP/
DCH, 6/77 % (low-protein/high-carbohydrate), 20/63 %
(adequate-protein/carbohydrate) or 50/33 % (high-protein/
low-carbohydrate), as previously reported (Menezes et al.
2013; Torres et al. 1999) for 8 days. The diets were for-
mulated following the recommendations of the American
Institute of Nutrition (AIN-93) (Reeves 1997) and adjusted
to contain the indicated protein concentrations. The mice
were adapted to consume their respective diets under a
time-restricted feeding schedule within a period of 8 h,
from 8 a.m. to 4 p.m., to synchronize their food con-
sumption preventing metabolic and hormonal variability.
At the end of the study, the mice fed with each diet were
divided into two groups: animals fasted for 16 h (from
4 p.m. until 8 a.m. the next day) and those refed for 3 h
(from 8 a.m. to 11 a.m.). The Animal Committee of the
Instituto Nacional de Ciencias Médicas y Nutricion Sal-
vador Zubiran, Mexico City, approved the animal protocol
and experiments. All institutional and national guidelines
for the care and use of laboratory animals were followed.

Analytical procedures

Serum glucose was measured using a YSI 2700 SELECT
biochemistry analyzer (YSI Incorporated, Yellow

Springs, OH, USA). Serum glucagon concentration was
quantified in radioimmunoassays using a kit that utilizes
'25I-labeled glucagon and a glucagon antiserum (Milli-
pore, Billerica, MA, USA). Serum insulin concentra-
tions were determined with an insulin ELISA kit
(Millipore). Total serum nonesterified fatty acid con-
centrations were measured using an acyl-CoA oxidase-
based colorimetric kit (Roche Applied Science, Penz-
berg, Upper Bavaria, Germany). Serum urea was
determined through an enzymatic method with urease
measured in a Synchron CX 5 Pro chemistry analyzer
(Beckman Coulter, Brea, CA, USA). Serum amino acids
were quantified using the EZ:faast kit (Phenomenex,
Torrance, CA, USA) for physiological amino acids and
analyzed on an Agilent 6850 gas chromatograph with a
flame ionization detector (Agilent Technologies, Santa
Clara, CA, USA).

Liver glycogen determination

Frozen liver samples (100 mg) were homogenized with
5 ml of 5 % trichloroacetic acid. Glycogen was precipi-
tated using ethanol and detected with the Anthrone reagent.
The optical density was determined using colorimetric
tube, and the factor of 0.9 for converting the glucose value
to a glycogen value was used in the calculations (Carroll
et al. 1956).

RNA isolation/RT-PCR analysis

Total RNA was isolated from frozen mouse livers and fresh
hepatocyte cultures using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). RNA was reverse-transcribed, and
PCR amplification was performed using TagMan assays
according the manufacturer’s protocol (Applied Biosys-
tems, Carlsbad, CA, USA). Assays for each gene were
carried out in triplicate in 96-well optical plates using the
ABI Prism 7000 sequence detection system (Applied
Biosystems).

Genome-wide microarray assay

Total RNA from the livers of 21 WT mice (n = 3 or 4 per
group) and 24 Ppara-null mice (n = 4 per group), fed
6/77, 20/63 or 50/63 % diets and subjected to 16 h of
fasting or 3 h of refeeding was isolated with the TRIzol
reagent (Invitrogen). The RNA quality in each sample
was assessed with a Bioanalyzer 2100 (Agilent Technol-
ogies). Affymetrix microarray assays were performed
according to the manufacturer’s protocol using the
GeneChip Mouse Gene 1.0 ST Array (Affymetrix, Santa
Clara, CA, USA).
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Expression profiling analysis

The low-level data analysis included the quantile nor-
malization process (Bolstad et al. 2003) using the Bio-
conductor Project (Gentleman et al. 2004) implemented in
R software (http://www.cran.r-project.org). To identify
differentially expressed genes, a linear model involving
an empirical Bayesian approach was performed using R
and the Limma package (Smyth 2004, 2005). This
approach relies on two matrices: The first is called the
design matrix, which provides a representation of the
different RNA targets hybridized to the arrays; and the
second, or contrast matrix, allows the coefficients defined
by the design matrix to be combined into contrasts of
interest. Each contrast corresponds to a comparison of
interest (Smyth 2004). To correct for multiple testing, the
Benjamini—-Hochberg algorithm correction was used
(Reiner et al. 2003).

Body composition

After removal of the stomach and intestines, mice were
weighed (eviscerated weight) and dried at 60 °C until
constant weight was achieved (7 days). The water content
was determined as the weight lost during drying. The dried
carcasses were ground to obtain a fine powder. Samples of
the powder were used for the extraction of fat contents in a
Soxhlet apparatus and body nitrogen via the modified
Kjeldahl method (Lane et al. 1991; Phinney et al. 1994).

Energy expenditure

Energy expenditure was assessed using indirect calo-
rimetry (Oxymax, Columbus Instruments, Columbus,
OH, USA). A constant airflow was drawn through and
monitored by a mass-sensitive flow meter. The concen-
trations of oxygen and carbon dioxide were monitored at
the inlet and outlet of the sealed chambers to calculate
the oxygen consumption and respiratory exchange ratio.
Measurements were obtained in each chamber at 22 min
intervals.

Histological analysis

Samples of livers from WT and Ppara-null mice were
dissected and immediately fixed with ice-cold 4 % (w/v)
paraformaldehyde dissolved in phosphate buffer and sub-
sequently dehydrated and embedded in paraffin. Two 4-um
sections per block were then stained with hematoxylin and
eosin and imaged at a 20x magnification. To visualize
neutral lipids, frozen liver sections (8 pum) were stained
with Oil Red O (Sigma-Aldrich).
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Functional enrichment analysis

A gene-annotation enrichment analysis was performed
within the set of significant genes using the Database for
Annotation, Visualization and Integrated Discovery bioin-
formatics tool (DAVID) (da Huang et al. 2009). The
whole-genome gene expression data were tested using
Ingenuity® (Redwood City, CA, USA), an integrative
biomolecular tool for the analysis of complex genomics
data. The Ingenuity Pathway Analysis (IPA) module was
employed for identifying biological interaction networks of
the significant regulated genes.

Western blotting analysis

Nuclear extracts from HepG2 cells overexpressing HNF4a,
PPARa or both were obtained in RIPA protein lysis buffer
containing 1 mM sodium fluoride, 2 mM sodium ortho-
vanadate and complete protease inhibitor cocktail tablets
(Roche Applied Science). Nuclear or total protein (20 pg)
was loaded onto 8 % polyacrylamide gels, separated by
SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes. The blots were blocked with nonfat
dry milk (Bio-Rad, Hercules, CA, USA) and incubated
overnight at 4 °C with the antibody anti-HNF4oa, anti-
PPARa or anti-SDS (Santa Cruz Biotechnology, Dallas,
TX, USA). B-Actin (Santa Cruz Biotechnology) was used
as a loading control. The obtained bands were analyzed
using the NIH software ImageJ (http://rsbweb.nih.gov/ij/).

Preparation of nuclear extracts and electrophoretic
mobility shift assays (EMSA)

Nuclear extracts from Human HepG2 hepatoblastoma
cells previously transfected with HNF4a expression vec-
tor were prepared using a hypotonic lysis buffer (100 mM
HEPES pH 7.9, 15 mM MgCl,, 100 mM KCl) and a high
salt extraction buffer (20 mM HEPES pH 7.9, 1.5 mM
MgCl,, 0.42 M NaCl, 0.2 mM EDTA, and 25 % v/v
glycerol) following the instructions from the Sigma
nuclear extract kit. Protein concentration was determined
by the Lowry method. EMSA were performed using the
Gel Shift Assay System (Promega, Fitchburg, WI, USA)
according to manufacturer’s instructions. Briefly, specific
probes were labeled with [y->*P] ATP at the 5 end of
oligonucleotide using T4 polynucleotide kinase. Reaction
mixtures were prepared with 6 pg of human HepG2
hepatoblastoma cells nuclear extracts previously trans-
fected with HNF4o expression vector, 17.5 fmol of each
labeled probe, 0.5-1 pg of poly(dI-dC) and binding buf-
fer. The reaction mixtures were incubated for 30 min at
room temperature. For competition, 100-fold excess
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unlabeled double-stranded probe were added to the
binding reaction. For super shift analysis, 5 pg of specific
antibody anti-HNF4o was preincubated for 1 h with the
binding buffer and the nuclear extract. Binding reactions
were terminated with the addition of gel-loading buffer.
The complexes were separated on a nondenaturing 4 %
(wt/vol) polyacrylamide gel and visualized by scan of the
dried gels in the personal molecular imager (PMI) from
Bio-Rad. All sequence probes can be consulted in Supp.
Table 1.

Reporter gene assay

Transient transfection on human HepG2 hepatoblastoma
cells was performed using FUGENE HD (Roche Applied
Science) according to the manufacturer’s instructions. The
Sds promoter constructs were inserted in the pGL3 basic
vector (Promega), which contained a luciferase reporter
gene. The PCR constructs were generated using the oli-
gonucleotide primers presented in Supp. Table 1. Cells
were co-transfected with the HNF4o and/or PPARa
expression vectors; after co-transfection, the cells were
incubated with or without Wy-14,643. Luciferase activity
was measured as relative light units with a BD Monolight
3010C luminometer (BD Biosciences, San Diego, CA,
USA). The promoterless vector (pGL3 basic) was also
transfected into HepG2 cells as a basal control. The protein
concentration of the samples was determined according to
Lowry and was used to normalize the transfection effi-
ciency among samples.

Site-directed mutagenesis

For the mutagenesis assay, the Quick Change Site-directed
Mutagenesis kit (Stratagene, La Jolla, CA, USA) was used
according to the manufacturer’s instructions. To obtain the
mutated construct, the PCR was performed with the Sds
promoter construct —875/4-290 pb as template and specific
oligos with the desired point mutations (Supp. Table 1).
We added Dpnl restriction enzyme for 1 h at 37 °C to
digest the methylated, nonmutated parental DNA template.
Two micrograms of digested product was transformed into
E. coli XLI1-Blue electrocompetent cells. The cells were
grown in LB—ampicillin agar plates at 37 °C for 18 h. The
mutated plasmid was purified using the PureYield™
Plasmid Miniprep System (Promega) from the grown col-
onies and verified by sequencing using the Beckman
Coulter Sequencer. The activity of the HNF4a response
element mutated construct was assessed following the
same protocol of transfection and reporter gene assays
described previously.

Statistical analysis

Results are expressed as mean = SEM. Statistical signifi-
cance was determined by two-tailed nonpaired ¢ test, or
two-way ANOVA (Bonferroni post hoc test) as appropri-
ate, using statistical software (Prism 5.0; GraphPad Soft-
ware, Inc., La Jolla, CA). *p < 0.05; **p < 0.01;
*##%p < 0.001; ****p < 0.0001.

Results

Induced expression of the AACE for serine, Sds, is
partially down-regulated by PPAR« activation

Previous evidence has suggested that PPARa can repress
the expression of genes involved in AA metabolism (Al-
eman et al. 2013a), then the effect of ligand activation of
PPARa on the serine dehydratase (Sds) expression, which
is the AACE for serine, was evaluated. Treatment of rat
primary hepatocytes with Wy-14,643 did not reveal a
repressive effect on Sds, despite an increase in the PPARa
target gene carnitine palmitoyltransferase-1 (CptI) (Supp.
Fig. 1a, b). When hepatocytes were stimulated with for-
skolin, the expression of Sds was increased, but preincu-
bation of the cells with Wy-14,643 partially prevented this
stimulatory effect. Forskolin did not modify the expression
of Cptl and did not alter the stimulatory effect of Wy-
14,643 on Cptl expression (Supp. Fig. lc, d). These results
suggested that PPARo had a partial repressive effect in
preventing the induction of this AACE.

The lack of PPARa exacerbates glucagon response
by increasing amount of protein intake

To study the role of PPARa in the mechanism underlying
the conservation of body nitrogen in vivo, we challenged
Ppara-null mice with diets containing different concen-
trations of DP/DCH to modify the supply of AA into the
liver. Mice were under an 8-h restricted feeding schedule to
synchronize their food consumption and prevent metabolic
and hormonal variability. We did not observe difference in
body weight between WT and Ppara-null mice fed
20/63 % diet. Ppara-null mice had a significant lower
weight compared with WT mice in 6/77 and 50/33 % diets
(Table 1). Interestingly, food intake was similar in all
groups, (10.5 £ 0.5 kcal/day) despite the difference in the
DP/DCH ratio. After 3 h of refeeding, the insulin con-
centration was higher in WT mice compared with Ppara-
null mice in the three diets assessed, showing significant
difference in 6/77 and 50/33 % diets. In contrast, Ppara-
null mice had higher concentration of glucagon than WT
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Table 1 Body weight, food

; ) Dietary protein/carbohydrate ratio p values
intake, metabolic parameters
and body composition of WT 6/77 % 20/63 % 50/33 % PPARa  Diet PPARa-diet
and Ppara-null mice fed diets -
with different protein/ Body weight (g)
carbohydrate ratio WT 20.0 £ 0.5 213+ 04 25.1 £ 04 <0.0001 <0.0001 0.0001
Ppara-null  17.4 + 0.3% 21.0 £ 0.5 20.0 + 0.2
Food intake (Kcal/day)
WT 10.1 £ 0.49 10.8 £ 0.47 10.4 £+ 048 0.53 0.07 0.14

Ppara-null  10.6 &+ 0.48
Protein intake (g/day)

WT 0.15 £ 0.01

Ppara-null  0.16 = 0.01
Protein intake (Kcal/day)

WT 0.61 £ 0.03

Ppara-null ~ 0.65 £ 0.03
Carbohydrate intake (g/day)

WT 1.95 £ 0.10

Ppara-null ~ 2.07 + 0.09
Carbohydrate intake (Kcal/day)

WT 7.81 £0.38

Ppara-null ~ 8.29 £ 0.38
Glucose (mg/ml)

WT 183.4 £ 15.0

Ppara-null  222.0 + 9.6
Glycogen (mg/g liver)

WT 3546 £ 1.9

Ppara-null 4427 + 1.0%
Insulin (ng/ml)

WT 8.0 £ 0.6

Ppara-null 40+ 0.9*
Glucagon (pg/ml)

WT 355 £5.7

Ppara-null  59.3 + 10.5
Liver weight (% body weight)

WT 51+02

Ppara-null 50+03
Urea (mg/day)

Data are means + SEM.
Glucose, glycogen, insulin,
glucagon and liver weight data WT 142 + 0.7
were obtained after 3 h of Ppara-null 35.9 4 0 3
refeeding. Two-way ANOVA,

with Bonferroni multiple Body protein (%)

comparisons post-test wT 19.1+ 04
WT wild-type mice, Ppara-null Ppara-null 200+ 0.2
Ppara-null mice Body fat (%)

#p < 0.05; ## p < 0.01; WT 73 +09
### p < 0.001; ### p < 0.0001 Ppara-null 213 & .84

relative to WT group

10.7 + .0.65 10.3 £ 0.39

0.58 £ 0.02 1.32 £ 0.06 0.76 <0.0001 0.80
0.57 £ 0.04 1.30 £ 0.05

231 £0.10 526 £ 0.24 0.76 <0.0001 0.80
228 £0.15 5.20 £0.20

1.82 + 0.08 0.87 + 0.04 0.29 <0.0001 0.08
1.80 £ 0.12 0.86 £ 0.03

7.29 £ 0.31 3.47 £0.16 0.29 <0.0001 0.08
7.18 £ 0.48 343 £0.13

218.0 + 21.0 174 £ 9.3 0.10 0.0008  0.005
176.5 + 6.3 121.8 + 3.1*

28.06 + 1.3 1930 + 2.7 0.001  <0.0001 <0.0001
2226 + 0.8 1.37 £ 0.62%##
114 £+ 0.1 87+ 12 <0.0001  0.0001  0.0455
8.8 + 0.8 1.8 £ 02"
58.8 &+ 3.7 715 £ 2.5 <0.0001 <0.0001  0.18

1124 + 3.7 107.6 + 13.8*

58+ 0.1 5.3 + 0.06 0.004 0.006 0.15
53+ 0.1 44 + 02"
204 £+ 0.5 26.0 £+ 0.5 <0.0001 <0.0001  0.0002

29.3 + 0.7%% 454 + 2.6

222+ 02 219 + 0.3 0.0009 021 0.002
19.2 + 0.8% 175 + 1.5
92+ 15 5.0 £ 0.7 <0.0001  0.004 0.15

29.4 + 1.4 176 + 34"

mice in all groups. In WT mice, greater amounts of protein
led to higher concentrations of glucagon; however, in
Ppara-null mice, the glucagon concentration did not differ
between 20/63 and 50/33 % diets (Table 1). The high
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glucagon concentration also was observed during fasting in
all groups (data not shown). As a consequence, the glu-
cagon/insulin ratio was higher in Ppara-null mice, partic-
ularly in the group fed 50/33 % (7.2-fold).
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The lack of PPAR alters the expression pattern of liver
AACE induced by increasing amount of protein intake

It is known that the increase in the amount of dietary
protein is accompanied by an increase in serum glucagon
(Soemitro et al. 1989; Tovar et al. 2002). Consistent with
this evidence, our results showed that, in WT mice, the
greater the amount of dietary protein, the higher the con-
centration of glucagon. Interestingly, we observed an
exacerbated glucagon response in Ppara-null mice inde-
pendent of the DP/DCH ratio (Table 1). Since, it has been
reported that glucagon stimulates the expression of AACE
via cAMP-dependent PKA pathway (Aleman et al. 1998),
we hypothesized that Ppara-null mice may have a different
pattern of expression of AACE compared with WT mice.
Thus, we performed a comparative microarray analysis of
the livers samples, and it revealed that 137 and 53 genes
were differentially expressed after refeeding 6/77 versus
50/33 % diets in WT and Ppara-null mice, respectively.
Among the differentially expressed genes found in WT
mice were genes encoding AACE, that showed increased
expression as the DP/DCH ratio increased (Fig. 1a), while
in Ppara-null mice, these genes were not differentially
expressed (Fig. 1b). The results clearly showed that Ppara-
null mice had increased expression of AACE in compari-
son with WT mice, independent of the DP/DCH ratio
(Fig. 1c). The results for several of these genes were
confirmed by RT-PCR (Fig. 1d—f). The protein abundance
of Sds showed the same pattern observed in gene expres-
sion (Fig. 1g).

Because Ppara-null mice showed increased expression
of AACE, we measured serum urea and body protein
contents to determine whether the changes in the expres-
sion of these genes actually modified the AA metabolism.
In WT mice, serum urea increased as the DP/DCH ratio
increased; interestingly, Ppara-null mice had a signifi-
cantly higher serum urea concentration than WT mice
regardless of the dietary protein content (Table 1). Ppara-
null mice showed significantly lower body protein content
compared with WT mice, particularly in the groups fed
20/63 or 50/33 % diets, which presented a 13.4 or 19.7 %
reduction, respectively (Table 1). In addition, Ppara-null
mice showed a decrease in serum concentration of most
AA as the DP/DCH ratio increased, with the exception of
the branched chain amino acids (BCAA) (Table 2). These
results support previous evidence that Ppara-null mice
have an enhanced AA catabolism (Kersten et al. 2001),
which was associated with reduction in lean body mass as
observed in the present study. In contrast, Ppara-null mice
showed an increase in body fat content independent of the
DP/DCH ratio (Table 1). This increase could be the con-
sequence of an impaired fatty acid oxidation, as previously
reported (Kersten et al. 1999).

The lack of PPARa decreases the energy expenditure
and modifies the use of energy substrates depending
on the DP/DCH ratio

To study whether the increase in body fat content observed
in Ppara-null mice is due to alterations in energy expen-
diture, we measured oxygen consumption and calculated
the respiratory exchange ratio (RER). Our results indicated
that Ppara-null mice showed a significant decrease in
energy expenditure compared with WT mice in the three
diets (Supp. Fig. 2a). We did not observe difference in
RER between WT and Ppara-null mice fed 20/63 % diet;
nonetheless, in 6/77 and 50/33 % diets, the RER was sig-
nificantly higher in Ppara-null mice than WT mice.
Interestingly, those Ppara-null mice fed 6/77 % diet
showed a RER above 1.0, which is suggestive of utilization
of carbohydrates for lipogenesis (Supp. Fig. 2b). These
data demonstrate that the lack of PPARx decreases the
energy expenditure and modifies the use of carbohydrates
and lipids.

The lack of PPAR«a decreases serum glucose
and hepatic glycogen despite increase in Pckl
expression in a high-protein/low-carbohydrate diet

Since Ppara-null mice fed 50/33 % diet increased the
RER compared with WT mice, we hypothesize that the
surplus of AA is channeled to synthesis of glucose by
gluconeogenesis. In support to this hypothesis, most of the
genes overexpressed in the Ppara-null mice, such as Sds,
kynureninase (Kynu), amino carboxymuconate semialde-
hyde decarboxylase (Acmsd), glutamate oxaloacetate
transaminase 1 (Gotl), ornithine aminotransferase (Oar)
and cystathionase (Cth), are AACE whose pathways
generate end products that can be converted into glucose
through gluconeogenesis. Therefore, we studied whether
the deregulated expression of these genes was also asso-
ciated with the expression of the gluconeogenic enzyme
phosphoenolpyruvate carboxykinase-1 (Pckl), which is
responsible for the limiting step in the synthesis of glu-
cose. We did not observe difference of Pckl expression
between WT and Ppara-null mice fed 6/77 or 20/63 %
diets. However, in WT and Ppara-null mice, there was a
significant increase in Pckl expression only after con-
sumption of the 50/33 % diet (Fig. 1h). Interestingly,
Pckl expression was approximately 1.3-fold higher in
Ppara-null mice than that in WT mice. Nonetheless, the
increase in Pckl expression was not enough to increase
blood glucose and hepatic glycogen concentrations
(Table 1). In our model, the high dietary protein con-
sumption did not contribute significantly to blood glucose.
These results are in agreement with previous studies in
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Fig. 1 AACE gene expression in Ppara-null and WT mice fed
increasing concentrations of DP/DCH. Mice were fed diets containing
6/77, 20/63 or 50/33 % DP/DCH during 8 days. a Heat maps of
AACE gene expression in the livers of WT mice, b Ppara-null (KO)
mice, and ¢ WT versus Ppara-null mice (n = 3-4). d Validation of
gene expression results by RT-PCR analysis of Sds, e Acmsd and

humans and rats that, despite the intrinsic differences in
the metabolic response of PPARa ligands between species
(Albrecht et al. 2013; Corton et al. 2014), show that the
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f Kynu in the livers of mice. g SDS expression was analyzed in total
protein liver extracts of animals; representative data are shown from
one mouse per lane. h Relative expression of Pckl in Ppara-null and
WT mice by RT-PCR from liver mRNA. The expression analysis was
conducted after refeeding for 3 h. White bars WT; black bars
Ppara-null. Results represent mean = SEM (n = 4-5)

contribution of AA to glucose production via gluconeo-
genesis is quite modest (Fromentin et al. 2013; Stepien
et al. 2011).
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Table 2 Concentration of

Dietary protein/carbohydrate ratio p values
serum amino acids in Ppara-
null and WT mice 6/77 % 20/63 % 50/33 % PPARa  Diet PPARo-diet
Leucine (uM)
WT 3274 £553 315.8 £ 829 670.3 £ 117.2  0.66 0.06 0.007
Ppara-null  420.8 + 67.8 443.0 £+ 20.5 374.6 + 48.1%
Isoleucine (M)
WT 160.6 £+ 24.0 152.8 &+ 28.0 320.1 £+ 60.0 0.0007  0.03 0.15
Ppara-null ~ 287.6 + 44.7 419.8 + 62.4* 383.6 £ 60.7
Valine (LM)
WT 371.1 £ 30.1 372.8 £ 80.6 586.3 + 124.1  0.097 0.29 0.16
Ppara-null  503.9 + 54.3 628.2 £ 64.4 531.3 £ 79.8
Alanine (LM)
WT 1,713 £ 229.9 1,486 + 437.4 1,346 £ 295.7 0.74 0.0004 0.009
Ppara-null 2,941 + 516.3% 1,230 + 157.7 634.9 + 29.6
Glycine (uM)
WT 640.0 = 100.8 363.2 + 84.7 463.4 + 76.5 0.43 0.0002 0.088
Ppara-null  669.9 + 79.1 431.5 £ 26.5 218.3 £ 16.6
Serine (LM)
WT 104.0 £ 134 131.7 £ 33.1 835+ 12.6 0.096 0.001 0.21
Ppara-null 1124 £ 5.1 102.3 £ 9.6 40.0 + 84
Proline (pM)
WT 75.8 £ 18.2 166.5 & 83.6 75.0 £ 17.6 0.25 0.001 <0.0001
Ppara-null  362.5 + 59.8" 400 + 11.95 31.0 + 8.6
Histidine (uM)
WT 430.3 £+ 98.8 9233 £ 1432 6119 £95.55 0.02 0.16 0.003
Ppara-null  624.4 + 126.3 4258 + 32.6" 325.1 £ 12.8
Tryptophan (uM)
WT 327.7 £ 84.1 436.0 + 44.0 2449 £ 62.0 0.14 0.002 0.05
Ppara-null ~ 431.1 &+ 78.4 2262 + 13.8 103.9 £+ 10.8
Data are means £+ SEM. The Tyrosine (uM)
concentration of serum amino WT 430.3 £ 98.8 923.3 £ 143.2 611.9 £ 95.5 0.02 0.16 0.003
acids was measured after 16 h Ppara-null 6244 £ 1263 4258 £ 32,65 325.1 &+ 12.8
fgsting. Two—wgy ANOVA, Aspartate (M)
with Bonferroni multiple
comparisons post-test WT 1,073 £+ 203.1 687.7 £109.9  995.5 £+ 262.1 0.87 0.01 0.25
WT wild-type mice, Ppara-null Ppara-null 1,339 + 149.3 660.7 £ 46.6 668.3 + 139.3
Ppara-null mice Lysine (uM)
#p <0.05; #t p <0.01; WT 1,592 + 463.6 3,119 £ 1,247 1,472 £ 455.8  0.22 0.01 0.04
### p < 0.001; ### p < 0.0001 Ppara-null 4,040 £ 787.6" 3,005 + 3282 1,025 + 105.6

relative to WT group

The lack of PPAR«a up-regulates lipogenesis
in a greater extent in a low-protein/high-carbohydrate
diet

Because Ppara-null mice showed an increase in the body
fat content, we studied whether the hepatic lipid content
and the expression of genes involved in fatty acid metab-
olism may be altered by the DP/DCH ratio. It is known that
PPARao functions as a lipid sensor in the liver and recog-
nizes and responds to the influx of fatty acids by stimu-
lating the transcription of specific genes related to lipid

metabolism (Contreras et al. 2013). Also, there is evidence
that Ppara-null mice develop lipid steatosis (Costet et al.
1998) due to decreased capacity to oxidize fatty acids. In
our study, hematoxylin- and eosin-stained sections did not
show any morphological alterations among WT mice fed
different diets. The histological analysis did not reveal
differences between the Ppara-null mice and WT mice fed
20/63 % diet. Interestingly, Ppara-null mice fed 6/77 %
diet showed a greater number of lipid depots than control
mice (Fig. 2a). In addition, Ppara-null mice fed 6/77 or
50/33 % diets showed macro- or microvesicular steatosis,
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Fig. 2 Lipid content in Ppara-null mice is altered by the DP/DCH
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during 8 days and then were fasted for 16 h or refed for 3 h.
a Histological analysis of liver sections stained with hematoxylin and
eosin (H&E) and Oil Red O in mice after refeeding. b Heat map of

accompanied by portal inflammatory infiltrate, compared
with those fed the 20/63 % diet. Furthermore, Ppara-null
mice fed 50/33 % diet showed numerous hyperchromatic
and condensed hepatocyte nuclei indicating apoptosis. On
the other hand, in Ppara-null mice, the microarray analysis
of hepatic gene expression clearly revealed a decrease in
the expression of several genes involved in FAO compared
with WT mice, regardless of DP/DCH ratio (Fig. 2b).
These results show that the lack of PPARo in mice fed
6/77 % diet exacerbates abnormal deposition of hepatic
lipids, although the DP/DCH ratio did not modify the
expression of genes involved in FAO pathway.

To determine whether lipid depots in the liver of Ppara-
null mice were the result of increased circulating fatty
acids, we measured the serum concentration of free fatty
acids (FFA) in all groups. Ppara-null mice showed higher
concentration of circulating FFA than WT mice in the three
diets (Fig. 2c, d). However, we did not observed a direct
relationship of FFA concentration with the liver lipid
content. Therefore, we hypothesized that high amount of
dietary carbohydrate may increase lipid depots as
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consequence of increased hepatic lipogenesis in Ppara-null
mice. A previous study showed that another peroxisome
proliferator-activated receptor, PPARY, may compensate
for PPARa in liver Ppara-null mice and can up-regulate
genes involved in lipogenesis (Patsouris et al. 2006).
Consistent with this, our results showed increased expres-
sion of genes involved in lipid synthesis, such as fatty acid
synthase (Fasn) and ELOVS family member 6, elongation
of long chain fatty acids (Elovl6), in Ppara-null mice fed
6/77 % compared with those fed 50/33 %. Therefore, our
data suggest that the lack of PPARa up-regulates lipo-
genesis in the liver of mice fed 6/77 % diet.

PPARa maintains metabolic homeostasis
during increases in the DP/DCH ratio through
biological pathways related to amino acid metabolism

Based on the expression patterns observed in mice fed 6/77
and 50/33 % diets, the top canonical pathways were
identified. As expected, in WT mice, the main pathways
that presented increased expression were those related to
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Fig. 3 Biological pathways and
the functional network
associated with PPARa
dependent on DP/DCH intake.
a Top canonical pathways in
Ppara-null and WT mice fed
6/77 versus 50/33 % diets.
Comparisons were made using
the genes that showed
differential expression in the
microarray analysis.

b Functional network related to
AA and lipid metabolism. The
network was constructed taking
into consideration those genes
that were differentially
expressed due to changes in the
DP/DCH ratio. Color-coding:
red, up-regulated genes; green,
down-regulated genes; the
intensity of the colors indicates
the degree of up- or down-
regulation. Shape-coding:
rectangle, ligand-dependent
nuclear receptor; oval,
transcription regulator;
rhombus, enzyme; circle, others
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«4Fig. 4 Role of HNF4a in regulating the expression of Sds. a Western
blot analysis for HNF4o and PPARa in nuclear protein and SDS in
total protein from HepG2 cells. Representative data are shown from
one experiment per lane. b EMSA analysis of HepG2 nuclear extracts
with labeled oligonucleotides containing HRE-consensus, HRE-SDS
and mutated sequences for rat and ¢ mouse. Line-/ in each panel
corresponds to free probe (FP). d Gene reporter assay for the Sds gene
in HepG?2 cells using the HNF4a and/or e PPARa expression vectors;
after co-transfection, the cells were incubated with or without Wy-
14,643. NSC nonspecific competitor, m mutated sequence, SDS Serine
dehydratase, cons consensus sequence, HRE HNF4o response
element

AA metabolism (Fig. 3a). However, for Ppara-null mice,
the up-regulated expression pathways were related to
growth and proliferation, inhibition of apoptosis and reg-
ulation of electrolyte and water balances through ion
transport. When genes differentially expressed by the effect
of DP/DCH ratio in the microarray analysis were consid-
ered, it was noted that they were associated with a func-
tional network related to AA and lipid metabolism.
Interestingly, this network established a central bidirec-
tional interactive node between PPARa and the transcrip-
tion factor HNF4a (Fig. 3b).

The interrelationship between PPARa and HNF4a
influences amino acid catabolism

To understand how the interrelationship between PPAR«
and HNF4o affects AA catabolism, we first performed a
Western blot analysis in nuclear extracts from cells over-
expressing HNF4a, PPARa or both. The nuclear concen-
tration of PPARa was enriched when cells were incubated
with Wy-14,643, particularly in the group overexpressing
HNF4a and PPARo, in which SDS abundance was the
lowest (Fig. 4a). Bioinformatic analysis revealed the pre-
sence of putative response elements for the transcription
factor HNF4a (HRE) in the promoter regions of several
AACE (Supp. Table 2). EMSA analysis showed a strong
binding of nuclear protein extract with the HRE-Sds
sequence in the rat (Fig. 4b line-6) and mouse (Fig. 4c
line-10). When HRE-Sds was mutated no binding was
observed (Fig. 4b line-7; Fig. 4c line-12) and excess of
cold HRE-Sds also reduced the signal (Fig. 4b line-5;
Fig. 4c line-14). Preincubation with the anti-HNF4o abol-
ished the binding or generated a supershift band, indicating
that HNF4a was able to bind to the HRE in rat and mouse
(Fig. 4b line-8; Fig. 4c line-15). Then, to demonstrate the
ability of HNF4a to stimulate expression of AACE, lucif-
erase reporter assays were performed. Cells co-transfected
with HRE-Sds and HNF4a increased the luciferase activ-
ity, whereas mutation of the HRE-Sds abolished the tran-
scriptional activity of HNF4o (Fig. 4d). Moreover, the
addition of Wy-14,643 to cells overexpressing HNF4o and
PPARGa significantly decreased the activity, in contrast with

those cells overexpressing only one of the two transcrip-
tional factors (Fig. 4e). Taking together, these results
showed a repressive effect of PPARo on HNF4a tran-
scriptional activity to up-regulate Sds expression.

Discussion

In the present study, Ppara-null mice showed a greater
increase in the expression of AACE in liver, that modifies
the metabolic homeostasis of carbohydrates, lipids and
proteins, demonstrating the role of PPARa in preserving
body nitrogen. The liver may oxidize AA, especially under
two conditions: during fasting and as a result of a surplus of
these substrates due to the lack of a natural storage reser-
voir. The feeding of diets containing increase in DP/DCH
ratio induces glucagon secretion and modifies AA metab-
olism by inducing the expression of AACE in liver,
through stimulating cAMP-dependent PKA pathway (So-
emitro et al. 1989; Torres et al. 1999), and leading to the
phosphorylation of cAMP response element-binding pro-
tein (CREB) (Aleman et al. 1998; Haas and Pitot 1999;
Merrill and Pitot 1985; Su et al. 1990). Conversely, when
protein intake is inadequate, most AACE show low activ-
ities, which should contribute to the conservation of AA for
protein synthesis and the maintenance of body protein
(Soemitro et al. 1989).

Higher DP/DCH ratio led to higher hepatic expression
of AACE in WT mice. Intriguingly, in the liver of Ppara-
null mice, increased expression of these enzymes was
observed, and higher serum glucagon concentration was
noticed, independent of the amount of DP/DCH received,
thus indicating higher AA catabolism. This was confirmed
by the increase in the serum urea concentration and
decreased body protein content observed in the Ppara-null
mice. Furthermore, serum concentration of most AA was
lower in the Ppara-null mice, except for that of BCAA,
suggesting that PPARa does not regulate the catabolism of
these AA. In addition, a genome-wide scan reveled that
WT mice fed 50/33 % diet elevated expression of enzymes
involved in AA metabolism, including AACE, except for
those related to BCAA catabolism, in agreement with
previous studies (Soemitro et al. 1989; Torres et al. 1998).
This suggests that in WT mice fed a low or normal protein
diet, PPARo may prevent the induction of AACE to pre-
serve body protein.

Significant metabolic adaptations are necessary to adjust
the use of energy substrates in Ppara-null mice. In these
mice, there was an increase in circulating FFA, low glucose
and a large increase in the ratio glucagon/insulin. This
phenotype implies that extensive lipolysis from adipose
tissue occurs. However, these FFA cannot be oxidized due
to lack of PPARa (Costet et al. 1998), resulting in a large
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amount of lipid deposition in liver. The consumption of a
50/33 % diet attenuated this phenotype. Interestingly, when
the mice were fed a 6/77 % diet, they showed a further
increase in hepatic lipid droplets, suggesting that the excess
of carbohydrates increases the lipogenic capacity in the
liver. The lack of PPARa not only increased the amount of
hepatic lipids, but also significantly increased the total
amount of body fat, by 10-20 % compared with WT mice.
The availability of intermediates for gluconeogenesis
partly depends on the flux of carbon precursors from AA
and, therefore, is related to the rates at which gluconeo-
genic AA can be degraded by their specific enzymes. The
homeostasis of blood glucose requires this process to be
sensitive to the dietary and hormonal status as has been
shown for many enzymes of AA catabolism (Pestana
1969). It was reported that PPARo plays a role in balancing
glucose homeostasis by regulating the expression of glu-
cokinase (Gck) as well as the pyruvate kinase liver and red
blood cell (Pklr) (Oosterveer et al. 2009; Pan et al. 2000;
Peeters and Baes 2010). Furthermore, the increase in the
catabolism of gluconeogenic AA in Ppara-null mice was
accompanied by an increase in the expression of Pckl after
consumption of the 50/33 % diet, which indicates that de
novo glucose synthesis was increased. However, there was
no effect on either blood glucose or the accumulation of
hepatic glycogen. It is known that Ppara-null mice show a
significant increase in the rate of whole-body and adipose
tissue glucose utilization in the fasting state, associated
with a large increase in solute carrier family 2 member 4
(GLUT4) expression in adipocytes that are not regulated by
the fed-to-fast transition (Knauf et al. 2006). In addition,
previous results have shown that FAO disorders lead to
fasting hypoglycemia by uncompensated increased demand
of peripheral glucose (Houten et al. 2013). Further kinetic
studies are needed to assess the flux of AA carbon skele-
tons in the gluconeogenesis and glycogenesis pathways.
The functional analysis of metabolic pathways in livers
of WT mice showed that the most important activated
pathways where those associated with AA and fatty acid
metabolism in fasting and refeeding. In contrast, in Ppara-
null mice, there was a dramatic change in the pathways
activated by diet involving apoptotic processes and cell
proliferation and growth, in agreement with the histological
findings. Differentially expressed genes associated with a
functional network related to AA and lipid metabolism
were identified, which revealed that PPARa regulates
proteins involved in AA metabolism, and this may occur
indirectly, mediated through HNF4a. Previous studies have
reported the established ability of PPAR«o to down-regulate
the expression of HNF4o (Hertz et al. 1995, 1996; Mar-
rapodi and Chiang 2000; Shin et al. 2006) and demon-
strated an association between HNF4a and the expression
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of some AACE (Nitsch et al. 1993; Odom et al. 2004; Shin
et al. 2006).

In fact, our study indicates that PPARo regulates the
expression of AACE genes through modulation of HNF4a
trans-activation activity, as shown in the Sds promoter,
rather than via direct down-regulation of AACE promoters.
This is supported by previous evidence showing weak
PPARa binding to the putative responsive elements in the
promoter of AACE by EMSA analysis (Aleman et al.
2013b). In addition, our data showed that PPAR«a activated
by its synthetic ligand Wy-14,643 was able to significantly
reduce the HNF4a activity, leading in the attenuation of
SDS expression. Taking together, these findings indicate
that PPARo represents an important metabolic switch that
modulates the use of energy substrates by up-regulating the
expression of genes involved in FAO and reducing those
related to AA oxidation, with the main aim of preserving
body nitrogen.
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