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A B S T R A C T

The relationship between the mechanisms that underlie longevity and aging and the metabolic alterations due to feeding conditions has not been completely defined.
In the present work, through the deletion of the gene encoding catalase, hydrogen peroxide (H2O2) was uncovered as a relevant regulator of longevity and of liver
metabolism. Mice lacking catalase (Cat−/−) fed ad libitum with a regular diet showed a shorter lifespan than wild type mice, which correlated with reduced body
weight, blood glucose levels and liver fat accumulation, but not with increased oxidative damage or consistent premature aging. High fat diet (HFD) and fasting
increased oxidative damage in the liver of wild type animals but, unexpectedly, this was not the case for that of Cat−/− mice. Interestingly, although HFD feeding
similarly increased the body weight of Cat−/− and wild-type mice, hyperglycemia and liver steatosis did not develop in the former. Fat accumulation due to fasting,
on the other hand, was diminished in mice lacking catalase, which correlated with increased risk of death and low ketone body blood levels. Alteration in expression
of some metabolic genes in livers of catalase deficient mice was consistent with reduced lipogenesis. Specifically, Pparγ2 expression up-regulation in response to a
HFD and down-regulation upon fasting was lower and higher, respectively, in livers of Cat−/− than of wild type mice, and a marked decay was observed during
Cat−/− mice aging. We propose that catalase regulates lipid metabolism in the liver by an evolutionary conserved mechanism that is determinant of lifespan without
affecting general oxidative damage.

1. Introduction

Aging is the process of organism deterioration that progressively
reduces the capacity to keep the general organism homeostasis, in-
creasing the likelihood of death. In contrast, longevity is the length of
life from birth to death. Aging is a complex process involving multiple
factors going from genetic to environmental and acting at different
stages of organism life, including gestation [1]. Since all factors causing
aging also reduce lifespan, delaying aging may not extend longevity,
but it would extend the healthy life (i.e., health-span; [1,2]).

The good correlation between cellular oxidative damage and aging
has been on the basis of the prevalent but still controversial oxidative
theory of aging [3]. A premise of this theory is that molecular oxidation
causes the cellular damage that accompanies aging. Therefore, lifespan
would be determined by the amount of reactive oxygen species (ROS)
produced and the capacity to protect against oxidation (e.g., by anti-
oxidants) or the toxic effect of oxidized macromolecules (e.g., by repair
or removal; [4]). However, attempts to change the maximal lifespan by

increasing or reducing oxidative stress in mice have not resulted in
consistent correlations predicted by the oxidative theory, but it does
influence the development of a pathology [5]. These observations
suggest that under chronic stress, proper function of antioxidant me-
chanisms could contribute to health-span. Therefore, the role of oxi-
dative stress on aging and health-span is worth of further investigation.

The fact that ROS are unavoidable molecules produced during the
process of oxidative phosphorylation as well as of other metabolic re-
actions such as the β-oxidation of fatty acids implies that metabolic
activity would be an intrinsic component of the aging process.
Metabolic activity might be a limiting determinant of lifespan as sug-
gested by the key role of the insulin/IGF1 signaling pathway in
Caenorhabditis elegans (C. elegans) and the extension of lifespan pro-
moted by caloric restriction in several species. However, the level at
which the control of lifespan due to changes in metabolic activity relies
on oxidative damage or ROS-mediated signaling is yet to be de-
termined.

Several antioxidant systems contribute to keep the redox state
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required for normal cell functioning and the prevention of cell damage.
For example, controlled balance of cofactors such as NAD+/NADH and
NADP+/NADPH is necessary for a broad diversity of reactions, in-
cluding the ones involved in metabolism and aging [6]. Antioxidant
enzymes are expected to contribute to this regulation and, generally, to
the control of ROS levels; however, their intracellular localization in-
dicates more specific cellular functions, some directly related with
metabolic activity [7]. For example, the mitochondrial localization of
superoxide dismutase 2 controls the superoxide produced by the oxi-
dative phosphorylation [8]. On the other hand, the membrane locali-
zation of glutathione peroxidase 4 suggests that it protects lipids from
peroxidation [9]. In the cytosol, many antioxidant enzymes are present,
but the glutathione peroxidase 1 (GPX1) appears to be relevant for
proper insulin signaling [10]. Catalase is preferentially located in the
peroxisome where likely regulates the levels of H2O2 produced as a by-
product of, among other oxidation reactions, the very long chain fatty
acid β-oxidation [11–13]. These functions appear to be irrelevant
during mammalian embryogenesis, but the abnormal phenotypes ob-
served in the absence of some of them suggest a function during adult
life [14–17].

The liver can be considered a metabolic center where signals from
the nervous system and peripheral organs (e.g., pancreas, adipose
tissue) converge to maintain the homeostasis of many metabolites re-
quired for the well-functioning of cells and organs. In particular, lipid
metabolism in hepatocytes is fundamental for the maintenance of sys-
temic energy homeostasis, such that under fed condition insulin pro-
motes lipogenesis and lipoprotein secretion, whereas under fasting,
fatty acid oxidation increases eventually producing ketone bodies, an
essential energetic resource when glucose is depleted. These processes
are critically altered in obesity resulting in accumulation of fat in the
liver, a condition that often correlates with the hyperglycemia and in-
sulin resistance that typically characterize type 2 diabetes [18]. Hepa-
tocytes are rich in peroxisomes where catalase is the main protein
component, though has also been detected in the cytosol and mi-
tochondria [11,19]. Therefore, it is expected that catalase perform a
key antioxidant role in hepatocytes, especially during active fatty acid
oxidation.

The catalase of mammals is a homotetrameric enzyme that contains
a heme moiety in the active site of each subunit [11]. Mammals have a
single gene encoding catalase or homologous enzymes. The catalytic
reaction of catalase uses two H2O2 molecules, the only natural substrate
known, to oxidize iron in the heme and release water and oxygen.
Catalase activity is among the highest known to be able of degrading
H2O2 in a wide range of concentrations [11]. In the present work, we
found that mice lacking catalase have a shorter lifespan than wild type
mice and reduced fat accumulation, without an evident increase in
oxidative damage. Therefore, we explored the role of catalase in liver
under conditions that promote degradation of fatty acids in the liver, a
high fat diet and fasting. Our data support a relevant role of perox-
isomal H2O2 in the regulation of lipid metabolism in the liver, a process
that could significantly influence lifespan by an evolutionary conserved
mechanism.

2. Material and methods

2.1. Cat null allele generation

The null mutation in the gene encoding catalase (Cat) was generated
in embryonic stem (ES) cells (AB2.2 line) by standard gene targeting
procedures. The 5’- (3.5 kb) and the 3’- (3.3 kb) arms specific for the Cat
genomic region were inserted in the pPGKNeoloxPA vector containing
the Neor gene under the control of the PGK promoter flanked by loxP
sequences (Fig. S1A). Because of homologous recombination, a 6.2 kb
region, containing exons 4–6 and a fragment of 7, was deleted (Figs.
S1A and B). The chimeric mice, resulting after blastocyst ES cell in-
jection, were backcrossed with mice of the C57BL/6NJ strain obtained

from Jackson Laboratories for more than 10 generations giving rise to
the heterozygous Cat+/− line used in the present work. Heterozygous
Cat+/− mice were intercrossed to produce mice with Cat+/+, Cat+/−

and Cat−/− genotype and, in some cases, Cat−/− mice were also pro-
duced by incrosses. Mice were genotyped by PCR with specific primers
for the wild-type (forward TTGTTACCGCTTTCCTAAACTCC; reverse:
TGACTTCCTTGGTCAGATCAAATG) and mutant alleles (forward TGTC
ATTCTATTCTGGGGGG; reverse: GGACGACACTTATGAAGCAATC).

2.2. Animal protocols

The mice were maintained in plastic cages within a pathogen-free
animal facility with humidity-monitored rooms and a 12-h light/dark
cycle. Male mice were used for all experiments and were euthanized by
cervical dislocation and collected tissues and blood samples stored at
−70 °C. Survival along aging was determined in cohorts consisting of
28, 30 and 31 male mice with the Cat+/+, Cat+/− and Cat−/− geno-
types, respectively, which were maintained in cages with 2–3 in-
dividuals, fed with regular chow ad libitum, had free access to water
and received standard animal care. The exact birth and death date were
recorded, and mice that developed acute skin ulcers, typical of C57BL/
6NJ strain, were euthanized and not considered for the survival ana-
lysis; relevant to mention is that emergence of skin ulcers did not cor-
relate with the Cat genotype (14/28 Cat+/+, 11/30 Cat+/− and 14/31
Cat−/−) but it did correlate with age (2/89 of 2–9 months, 19/79 of
10–17 months and 18/51 of 18–25 months). Ambulatory and fine ac-
tivity of individual 12- or 24-month-old (mo) mice Cat+/+ or Cat−/−

was determined with the Photobeam Activity System (San Diego
Instruments Inc, San Diego, CA, USA) and the data analyzed with the
PAS Home Cage software (San Diego Instruments Inc, San Diego, CA,
USA). Briefly, the activity chamber (11.75" (W) x 18.75" (L)) records
the number of times the mouse crosses a photobeam grid oriented on an
x and y axis; consecutive photobeam breaks occurring in adjacent
photobeams were scored as an ambulatory movement while breaks
occurring at same photobeam were scored as fine activity. Cumulative
ambulatory and fine activity counts were recorded every 5min for 24 h
(7:00–7:00 daytime); the total activity was the sum of ambulatory and
fine activity. Groups of at least 3 mice with the Cat+/+ and Cat−/−

genotype were collected for each diet or feeding condition. High fat diet
(HFD; 60% calories from fat; D12492, Diets Research, New Brunswick,
NJ, USA) feeding was initiated, either immediately after winning (i.e.,
at 21 days of age) and continued for 6 months, or at 3 months of age
and continued for 2 or 12 weeks. HFD-control low fat diet for these
experiments was the one recommended by the provider (10% calories
from fat; D1245B, Diets Research, New Brunswick, NJ, USA). For
starvation protocols, 3-mo male mice with a defined Cat genotype were
collected, fed with a standard diet (1218SX, Envigo, Indianapolis, IN,
USA) and food removed at 7:00 daytime and animals sacrificed 24 or
48 h later; in some cases, refeeding was allowed for 12 h starting at 7:00
daytime. Newborn mice with the genotype required for starvation ex-
periments were produced by timed matings of homozygous mice with
the desired genotype (Cat+/+ or Cat−/−); at 19 days post coitum a
cesarean was performed on pregnant mice. Newly delivered mice were
kept in a humidified chamber at 37 °C and continuously monitored to
determine survival. Another group of pregnant mice gave birth natu-
rally, and 12 h later pups were transferred to the humidified chamber to
follow survival. For the capture of X-Ray images, mice were anesthe-
tized with intranasal 1% isoflurane (Sofloran Vet, PiSA Agropecuaria,
Guadalajada, JAL, México) and images captured in a 15 cm2 view field,
aperture f/stop of 2.8 and an acquisition time of 5 s with a 0.4mm filter
using the Multimodal Animal Rotation System (MARS) in the In-vivo
Xtreme instrument (Bruker, Germany). The AKT activation by insulin
was performed in 2-mo mice fed with the standard diet; mice were
fasted for 12 h before ip injection of insulin (3 U/kg) or of a saline
solution and euthanized 30min later. All animal procedures described
were approved by the Bioethical Committee of our Institute and
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rigorously meet international standards.

2.3. Blood and serum analysis

Blood was collected from the tail or by cardiac puncture after sa-
crifice. To obtain serum, blood was incubated for 2 h at room tem-
perature and centrifuged at 2000 g for 10min; the supernatant re-
covered was stored at −70 °C until used. Levels of glucose and ketone
bodies were determined with the Ascencia Countour glucometer (Bayer,
Japan) or the FreeStyle ketone/glucometer (Abbot, Maidenhead, UK),
respectively. Insulin was measured with the Ultra-Sensitive Mouse
Insulin ELISA kit (Crystal Chem, Downers Grove, IL, USA). Triglycerides
and cholesterol in serum were determined using the Triglycerides re-
agent (BioSystem, Costa Brava, Barcelona, Spain) or the Cholesterol
reagent (BioSystem, Costa Brava, Barcelona, Spain) following the
manufacturer's instruction. For the glucose tolerance test, glucose
(2mg/kg) was intraperitoneally (ip) injected after a 12 h starvation
period and blood glucose concentration immediately measured (time
“0”) and then at 15, 30, 60 and 120min after injection. For the insulin
tolerance test, 4 h-starved mice were ip injected with a recombinant
human insulin (Gibco, Invitrogene, CarlsBad, CA, USA) and blood
glucose concentration immediately measured (time “0”) and then at 15,
30, 60 and 120min after injection.

2.4. Quantification of total hepatic cholesterol, triglycerides and glycogen

Lipids of liver were extracted by homogenization of 50mg of tissue
in 1mL of PBS, followed by the addition of 4ml of Folch reactive
(chloroform/methanol 2:1). After vortexing, the suspension was cen-
trifuged at 3000 g for 10min, and the organic phase transferred to a
glass vial for evaporation to dryness at 37 °C overnight. The precipitate
was resuspended in 500 μl of 1% sodium deoxycholate solution, and
triglycerides and cholesterol concentration determined using the
Triglycerides reagent (BioSystem, Costa Brava, Barcelona, Spain) or the
Cholesterol reagent (BioSystem, Costa Brava, Barcelona, Spain) fol-
lowing the manufacturer's instruction. For hepatic glycogen content,
40–100-mg of tissue were homogenized in 100 μl of 30% KOH at 100 °C
for 30min. The homogenates were cooled to room temperature and
then 100 μl of 20% Na2SO4 followed by 1ml ethanol were added. The
mixture was left at −20 °C for 6 h and then centrifugated at 3000 g for
10min; after removal of the supernatant, the pellet was resuspended in
500 μl of 0.2 M sodium acetate buffer pH 4.8 and incubated with 5 units
of amyloglucosidase (Sigma-Adrich, Saint Louis, MO, USA) for 8 h at
55 °C. Finally, glucose concentration was measured using the Glucose
reagent (BioSystem, Costa Brava, Barcelona, Spain); the data were ex-
pressed as nmol equivalents of glucose/g liver.

2.5. Determination of conjugated dienes and catalase activity

Livers were homogenized in PBS and total amount of protein re-
covered determined with the Bradford reagent (Bio-Rad, Hercules, CA,
USA) for each resulting sample. Conjugated dienes were determined in
lipids extracted as referred above and using previously described pro-
cedures [20]. The catalase activity was determined in whole liver
homogenates by two methods: (a) in-gel activity, detected by the ab-
sence of the Prussian blue precipitate in non-denaturing gels embedded
first with H2O2 and then with a potassium ferrocyanide/ferric chloride
solution, or (b) by spectrophotometrically determining the decline in
concentration of H2O2 substrate with time. Both methods were per-
formed following the protocol described by Weydert and Cullen [21].

2.6. Histological analysis

Liver tissue samples were fixed with 4% paraformaldehyde over-
night and embedded in paraffin wax or in Tissue-Tek (Sakura Finetek,
Torrance, CA, USA) for microtome (RM2145, Leica, Nussloch,

Germany) or freezing Cryostate sections (CM1850, Leica, Nussloch,
Germany), respectively. Paraffin-embedded liver slices were stained
with a hematoxylin-eosin cocktail (Sigma-Adrich, Saint Louis, MO,
USA) following the manufacturer's instructions. Slices from frozen tis-
sues were stained with red-oil and counterstained with hematoxylin
(Sigma-Adrich, Saint Louis, MO, USA), or stained for β-galactosidase
activity at pH 6 using the Beta-Galactosidase Tissue Stain Base Solution
(Merk-Millipore, Darmstadt, Germany) and counterstained with eosin
(Sigma-Adrich, Saint Louis, MO, USA) following the manufacturer's
instructions. Similar procedure was followed for hematoxylin-eosin
staining of adipose tissue slices but Bouin's fixing solution (Sigma-
Adrich, Saint Louis, MO, USA) was used. Bright-field images were ac-
quired using the Olympus BX51 microscope and a C-5050 camera
(Olympus, Tokyo, Japan). β-gal-eosin images were quantified using the
Image J software (version 2.0.0). Briefly, H&E color deconvolution was
applied to each image and the layer corresponding to ‘hematoxylin”
was selected and converted to a 8-bit format before establishing a
threshold. After that, the analysis of particles was performed to obtain
the count of blue spots, the mean average of spot size and the total
stained area; three images per liver were analyzed.

2.7. Immunoblotting

Liver tissue lysates (35 μg protein) prepared in RIPA lysis buffer
(50mM Tris pH7.5, 150mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS with protease and phosphatase inhibitors)
were separated by electrophoresis on 10% SDS-PAGE gels and trans-
ferred to Immobilon-FL membranes (Merk-Millipore, Darmstadt,
Germany). The blots were blocked with the Odyssey blocking buffer (LI-
COR Biosciences, Lincoln, NE, USA) at room temperature for 1 h and
then incubated overnight with the primary antibodies obtained from
Cell Signaling (Cell Signaling Technology, Danvers, MA, USA): anti-
AMPK (#2532, 1:2000 dilution), anti-pAMPK (#2535, 1:1000 dilu-
tion), anti-tubulin (#3873, 1:7000 dilution), anti-AKT (#9272, 1:1000
dilution), anti-pAKT (#2965, 1:1000 dilution), anti-SQSTM1/p62
(#23214, 1:1000 dilution) anti-LC3A/B (#4599, 1:100 dilution). After
washing 3 times for 5min each in a Tris-buffered saline-Tween 20
(0.1%, vol:vol) solution, the membranes were incubated with a goat
anti-rabbit IgG or anti-mouse IgG secondary antibodies coupled to in-
frared fluorophores (emission at 689 or 778 nm; LI-COR Biosciences,
Lincoin, NE, USA) at room temperature for 1 h. After washing, the
protein bands were visualized in the Odyssey Classic Imaging System
(LI-COR Biosciences, Lincoin, NE, USA). Twenty percent SDS-PAGE was
used only for the detection of LC3 using liver lysates prepared with
RIPA containing 1% SDS. Protein carbonylation was determined using
the OxyBlot Oxidation Detection Kit (Merk-Millipore, Darmstadt,
Germany). Briefly, carbonyls in proteins were derivatized into 2,4-di-
nitrophenyhydrazone (DNP-hydrazone) and then processed for wes-
tern-blot; oxidized proteins were detected with an anti-DNP antibody
and visualized in the Odyssey Classic Imaging System (LI-COR
Biosciences, Lincoin, NE, USA). Protein bands were quantified by
densitometry using the ImageJ software (version 2.0.0).

2.8. Gene expression analysis

Total liver RNA was obtained using the RiboEx total RNA isolation
solution (GeneAll Biotecnology, Seoul, Korea) following the manufac-
turer's instructions. This RNA was used as template to synthesize cDNA
with the HyperScrip reverse transcriptase (GeneAll Biotecnology, Seoul,
Korea) using random hexamers as primers (Invitrogen, US). The
quantitative PCR (qPCR) reaction was performed with the SYBR Green
mix (KAPA Biosystems, Cape Town, South Africa) in the Rotor-Gene Q
thermocycler (Qiagene, Germantown, MD, USA). The sequence of
specific oligonucleotides were taken from either reports of others or
designed by us using the PrimerBlast3 (see Table S1 for details). In
some cases, equal amounts of cDNA from at least 3 individuals were
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mixed before qPCR. The relative gene expression level was estimated by
the ΔΔCT method, using Rplp0 expression as an internal control and the
indicated mouse group as experimental control.

2.9. Statistical analysis

All statistical analyses were done with the Prism software version
5.0b (La Jolla, CA, US) using the Long-Rank test for survival and the
two-way variance analysis followed by the Bonferroni test for the other
rest of experiments; minimal significance considered was 0.05 (*0.05,
**0.01, ***0.001) with a “n” minimal value of 3. All graphs shown are
the media± standard deviation.

3. Results

3.1. Catalase gene (Cat) inactivation causes premature death without signs
of increased oxidative damage or general advanced aging

The Cat gene is abundantly expressed in early mouse embryos (Figs.
S1C and D) and in several adult organs and tissues like liver, kidney and
spleen (Fig. S1E). To determine the function of catalase during em-
bryogenesis and in adult life, we generated a null Cat allele by deleting
a region (exons 4–6) encoding an essential catalase domain in em-
bryonic stem cells (Figs. S1A and B). Mice homozygous for this null
allele (Cat−/−) did not show catalase activity (Fig. S1E) supporting
that, at least in the tissues tested, there is no other homologous gene
that encodes an enzyme with a similar activity. Cat−/− mice were vi-
able, born with the expected mendelian ratio but, interestingly, showed
a decreased lifespan in comparison with Cat+/+ and Cat+/− mice
(Fig. 1A). Twelve-months old (mo) or 24-mo mice lacking catalase did
not show evident signs of more advanced aging than wild type such as
higher density of gray hairs, alopecia or reduced motor activity (Fig. 1B
and C). Accordingly, the increasing lipid peroxidation observed along
the first 10 months of life in several organs was similar between wild
type and mice lacking catalase (Fig. 1D) or even lower in livers of 24-
mo Cat−/− mice (see below). However, X-ray images revealed kyphosis
(hunchback) in Cat−/− mice since 12-months of age, a phenotype that
was more pronounced in 24-mo mice (Fig. 1E). Despite this latter evi-
dent phenotype associated with advanced aging, no other data in-
dicated premature aging as the cause of death. Relevant to mention is
that, although initial increase in weight with age was similar, mutant
24-mo mice were slimmer than wild type mice (Fig. 1E and F), despite
the fact that there were no signs of any sickness (e.g., piloerection,
presence of tumors) and that, in general, animals were active near
death (Fig. 1C). In addition, the characteristic hyperglycemia of old
mice did not develop in mice lacking catalase (Fig. 1G), though insulin
levels increased with age as in wild-type mice (Fig. 1H). Circulating
levels of triglycerides, cholesterol and ketone bodies were as in wild-
type mice (Fig. 1I–K).

Since a distinctive characteristic of liver is the presence of high
catalase activity, this organ of Cat−/− mice would be expected to show
detectable cellular and molecular alterations. Increased lipid oxidative
damage occurred in the liver of wild type mice with aging but, un-
expectedly, this was not found in the liver of Cat−/− mice, which
showed even reduced lipid oxidative damage at the age of 24 months
(Fig. 2A) and there was no difference in liver protein oxidation between
Cat−/− and wild type mice at 12- and 24-months of age (Fig. 2B). No
compensatory activity of peroxidases (Fig. S1E) or an antioxidant re-
sponse were detected in the liver of mice lacking catalase (Fig. S1F). In
contrast, staining for β-galactosidase at pH6, a commonly used in-
dicator of cellular senescence within a tissue, emerged in livers of Cat−/

− at earlier age and spots were in higher number and covered a larger
area than in those of Cat+/+ mice (Fig. 2C). However, the association of
this difference with cellular senescence could not be established be-
cause, as expected, livers of wild type and of Cat−/− mice showed si-
milarly increasing levels with age in p16, p21 and p53 expression

(Fig. 2D). Interestingly, liver fat accumulation with aging, as revealed
by red oil staining, in Cat deficient mice was lower than in wild type
mice (Fig. 2E), and particularly coincided with triglycerides and cho-
lesterol levels detected in livers of 24-mo mice (Fig. 2F and G). No
difference in liver glycogen content was found between wild-type and
Cat−/− mice at any age tested (Fig. 2H). Therefore, the liver of Cat−/−

mice do not show consistent characteristic of premature aging.

3.2. The lack of catalase prevents from oxidative damage and fat
accumulation in the liver in response to feeding with a HFD

Oxidative damage or premature aging was not obviously related
with the reduction in lifespan of catalase deficient mice. Instead, the
slim appearance of old mutant mice together with their relatively low
levels of blood glucose and of accumulated liver fat suggested that
metabolic alterations are behind premature death. In agreement with
the participation of catalase in fat metabolism in the liver (Fig. 3A),
wild type mice fed with a HFD markedly decreased catalase activity
(Fig. 3B) with a corresponding increment in lipid peroxidation
(Fig. 3C). Paradoxically, the liver of Cat−/− mice did not show the
increment in lipid peroxidation in response to HFD, though increased
levels were detected when these mice were fed with the HFD-control
diet (Fig. 3C). The contrasting difference between this latter observa-
tion and the one shown above (Fig. 2A) could be due to the diet com-
position; particularly, the HFD-control has 2/3 of the amount of poly-
unsaturated fat in standard chow, and the caloric supply of fat and
carbohydrates in HFD-control is lower and higher, respectively, than
those in standard chow (see more details in Table S2). These data to-
gether indicate that the absence of catalase prevents from the rise in
ROS levels in association with a HFD.

An evident sign of the effect on fat metabolism due to a long-term
HFD feeding is the accumulation of fat in liver, pathology known as
hepatic steatosis. In agreement with the absence of evident abnormal-
ities due to the lack of catalase, Cat−/− and Cat+/+ mice fed with a
HFD-control diet did not show body weight or feeding behavior dif-
ferences during adult life (Fig. 3D, Fig. S2A). In addition, the pattern of
increase in body weight and feeding behavior under a HFD was also
similar for mice with either genotype (Fig. 3D, Fig. S2A). However,
mice lacking catalase showed attenuated hepatic steatosis (Fig. 3E) and
decreased triglycerides and cholesterol content in liver in comparison
with wild type mice after 3 months feeding with a HFD (Fig. 3F and G),
though an alteration in liver weight associated with the lack of catalase
was not evident (Fig. S2B). The absence of catalase did not seem to
affect adipocyte size or level of macrophage infiltration in the white
tissue of epididymus (Fig. S2C), common in obese mice. Brown sub-
cutaneous interscapular or white epidydimal fat tissue weight did not
change in association with the levels of catalase (Figs. S2D and E) and
evident accumulation of white adipose tissue was noted in all mice fed
with a HFD (Fig. S2F). Therefore, HFD, instead of increasing oxidative
damage in livers of Cat−/− mice, causes changes in the lipid metabolic
pathways that generate steatosis (see below).

3.3. Mice lacking catalase fed with HFD do not develop hyperglycemia and
glucose intolerance

It is widely known that mice fed for a long term with a HFD causes
obesity and, consequently, hyperglycemia, glucose intolerance and in-
sulin resistance. Recent data have also shown that these alterations in
glycemia are strongly associated with liver steatosis [22]. The glycemia
determined at 12-weeks after feeding with a HFD showed that Cat−/−

mice did not develop the typical hyperglycemia observed in wild type
mice, and glucose levels remained in a similar range as mice fed with
the HFD-control diet (Fig. 3H). In agreement with this observation, the
increase in insulin, typical in response to HFD feeding, was not ob-
served in Cat−/− mice (Fig. 3I) and levels were similar to those ob-
served in mice fed with the standard diet (Fig. 1H). Accordingly, and in
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contrast with wild type animals, the Cat−/− mice fed with a HFD re-
sponded to an elevation in blood glucose concentration in a similar
manner as wild type or mutant mice fed with the HFD-control diet
(Fig. 3J). Interestingly, the response to high insulin dose of Cat−/−

mice fed with a HFD-control diet was as of wild type mice, whereas
when feeding was with a HFD, the initial response was similar among
mice with any Cat genotype but recovery towards normal glucose levels
was notoriously more rapid in animals lacking catalase (Fig. 3K). This
phenomenon does not seem to be related to alterations in insulin sig-
naling, since basal and insulin-stimulated levels of AKT phosphoryla-
tion were not modified by the absence of catalase (Fig. 3L,M; see also
data below); nonetheless, increased gluconeogenesis could be re-
sponsible of the rapid recovery in glucose levels after the decline

induced by insulin. These data are in agreement with the reduced ac-
cumulation of fat in the liver of Cat−/− mice that, consequently, pre-
vents from losing the homeostatic control of glucose under a HFD.

3.4. The lack of catalase decreases the viability of mice under fasting
conditions

Another condition that causes significant changes in lipid metabo-
lism is fasting. Shortly after food deprivation, free fatty acids are
brought from the adipose tissue to the liver causing the accumulation of
fat in the form of lipid droplets [23]. The immediate source of glucose
under food deprivation is glycogen but later fatty acids are directed to
produce ketone bodies which are used as a major energetic source when

Fig. 1. Lifespan and aging parameters of mice with (Cat+/+) or without (Cat−/−) catalase. (A) Lifespan of Cat+/+, Cat+/− and Cat−/− mice. Survival
difference between Cat+/+ and Cat−/− mice is statistically significant (p < 0.0001, Long-Rank test) and also between Cat+/− and Cat−/− mice (p < 0.0012) but
not between Cat+/+ and Cat ± mice (p < 0.1773). (B) Representative photographs of 18-mo Cat+/+ and Cat−/− mice. (C) Motor ambulatory (Amb), Fine (F) and
Total (T), activity of 12- and 24-mo Cat+/+ and Cat−/− mice. (D) Lipid oxidation, as estimated by the amount conjugated dienes, in whole extracts of heart, lung,
brain and kidney of 2–10-mo mice. (E, F) X-ray images (E) and body weight (F) of 3-, 12- and 24-mo mice. (G–K) Glucose (G), insulin (H), triglycerides (I), cholesterol
(J) and ketone bodies (K) levels in serum of 3-, 12- and 24-mo mice. Note that the lack of catalase in mice did not correlate with increased oxidative damage in several
organs or consistent premature aging, but lower blood glucose levels and body weight were observed in mice lacking catalase. All values shown are the mean ± SD;
n = 3–9. *p < 0.05, **p < 0.01 and ***p < 0.001 (two-way variance analyses).
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glucose supply is short [24].
In wild type mice, catalase activity and expression of its gene de-

creased during fasting, and their recovery was still incomplete 12 h
after refeeding (Fig. 4A, Fig. S3A). In agreement with the decrease in
catalase activity, the lipoperoxidation increased (Fig. 4B), suggesting
that catalase normally participates in the metabolic changes associated
with this condition. Weight loss throughout 48 h fasting and the cor-
responding weight gain after refeeding was not markedly altered in
Cat−/− mice in comparison with wild type mice (Fig. 4C). Also, the lack
of catalase did not cause significant differences in the early elevation
and abrupt decline of blood glucose (Fig. S3B), and the expected in-
crease in ketone bodies (Fig. 4D). Blood levels of cholesterol and tri-
glycerides, and the liver glycogen content after 24 h and 48 h fasting in
Cat−/− was as in wild type mice (Fig. S3 C-E). In contrast, the char-
acteristic fat accumulation (Fig. 4E–G) and increased lipoperoxidation
at 48 h (Fig. 4B) in the liver of wild type mice was reduced in Cat−/−

mice. In agreement with a rise in protein recycling due to fasting, ex-
pression of autophagy/lysosome genes (Atg5, Atg7, LC3B, p62, Lamp2)
and a gene associated with activation of ubiquitin-proteosome (Atrogin-
1) increased in livers of Cat−/− and Cat+/+ mice after 24 h of fasting
(Fig. S3F). However, although the levels of p62 decreased similarly in
livers of mice of both genotypes, the levels of LC3II, the autophago-
some-associated form of LC3I that reflects autophagy activity [25],
were moderately higher in livers of mice lacking catalase (Fig. S3G).
Therefore, as in the HFD feeding condition, reduced fat accumulation
accompanied by a lower oxidative damage was the major consequence
of fasting in livers of mice lacking catalase.

The metabolic alterations described above were apparently no life-

threatening for Cat−/− mice. However, it was common to find that
some catalase deficient mice at 48 h of starvation, just before sacrifice,
got still, a characteristic that correlated with an evident necrotic small
bowel and was considered a sign of imminent death (Fig. 4H). Inter-
estingly, these dying Cat−/− mice also showed an abrupt exhaust of
ketone bodies (Fig. 4D, red dots). No wild type mice showed any of
these characteristics at this time of fasting. Since it is well-known that
the viability of starved newborn mice strongly depends on their capa-
city to use the energetic resources available (e.g., glycogen and ketone
bodies; [26,27]), we tested the viability of newborn Cat−/− mice. In-
terestingly, the survival of Cat−/− newborn mice was reduced in
comparison with wild type newborn mice under acute (Fig. 4I) or
moderate starvation (Fig. 4J). Serum ketone bodies sharply decreased
in Cat−/− mice after 6-h fasting, whereas reduction in Cat+/+ mice was
noted until 12-h fasting (Fig. 4K). Likewise, glucose levels decreased
earlier in Cat−/− than in wild type (2-h vs. 6-h fasting; Fig. 4L), though
this effect did not correlate with glycogen content (Fig. S3H). No major
differences were detected in cholesterol and triglycerides liver content
(Figs. S3I and J). Therefore, the depletion of substrates needed for
production of ketone bodies might be behind the reduced viability,
although the reduction in other energetic resources relevant under
these conditions (e.g., amino acids; [28]) should also be considered.

3.5. Catalase deficiency reduces lipogenesis and maintains relatively high
AMPK activity in the liver

The previous results suggest that the absence of catalase promote
metabolic alterations that are detected when mice are subjected to

Fig. 2. Oxidative damage, cellular senescence and fat accumulation in livers of aging mice with (Cat+/+) and without (Cat−/−) catalase. Determinations
were done in 3-, 12- and 24-mo mice. (A) Lipid oxidation in liver as determined by the amount of conjugated dienes. (B) Protein oxidation (immunoreactivity against
DNP) in livers of 12- and 24-mo mice; no signal was detected before carbonyl derivatization into DNP-hydrazone. (C) Representative images of β-galactosidase
stained liver sections. Level of staining was determined by counting the number of blue dots and estimating the area covered by them in representative sections of
livers. (D) Expression of the senescence-related genes indicated determined by qRT-PCR. (E) Representative images of red-oil stained liver sections. (F, G, H)
Triglycerides (E), cholesterol (F) and glycogen (H) content in liver. Note that the levels of oxidative damage correlated better with fat accumulation than with
markers of cellular senescence. All values shown are the mean ± SD; n = 3–5. *p < 0.05, **p < 0.01 and ***p < 0.001 (two-way variance analyses).
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feeding regimes that affect lipid metabolism. In order to get insights
into the metabolic pathways altered in the liver by the lack of catalase,
we estimated the expression levels of metabolic genes. In basal condi-
tions (i.e., ad libitum ingestion of standard chow), gene expression
showed downregulation of several selected genes (e.g., Gck, Pparγ2,
Spot14, Fasn) in the liver of Cat−/− mice (Fig. S4A). When this com-
parison was done with liver samples from animals fed with food pellets
of different composition (i.e., HFD-control diet; Tables S2–S4), some of
the genes tested showed a contrasting expression pattern (Gck, Pck1,
G6pc, Fgf21, Cpt1a) and downregulation of some lipogenic genes was
not as evident in livers of mutant mice (e.g., Spot14, Fasn; Fig. S4B).
This differential gene expression detected is possibly due to the nutrient
composition of food pellets provided (Tables S2–S4) that, as described
above, also affected the levels of lipid peroxidation.

Under feeding with a HFD for 3 months, mRNA levels of lipogenic
genes (Acc, Fasn, Elov6, Scd1 and mGpat), included the positive reg-
ulators Pparγ2 and Spot14, were lower in livers of Cat−/− than of wild
type mice (Fig. S4C). The expected expression up-regulation of Fasn,
Spot14 and Pparγ2 was detected since 15 days after HFD feeding in the

liver of wild type mice, whereas no or a mild effect was observed in the
liver of mice lacking catalase (Fig. 5A); of note was the significant re-
sponse of the Pparγ2 gene in livers of wild type mice that, although
upregulated in livers of Cat−/− mice, the increase in mRNA levels was
much lower. Significant difference in the liver expression levels of
gluconeogenic genes was not detected when comparing wild type mice
with mice lacking catalase fed with a HFD (Fig. 5A). The down-
regulation of lipogenic gene expression in the liver of Cat−/− mice
under a HFD is in agreement with the key role of lipogenesis in the
generation of hepatic steatosis [22,29].

On the other hand, the mRNA levels of genes associated with cat-
abolism such as Gck (encoding the first enzyme in the degradation of
glucose), Acox1 (encoding the first enzyme of the peroxisomal fatty acid
β-oxidation pathway) and Fgf21 (encoding a growth factor released in
association with lipolysis) were higher in Cat−/− mice after 3 months
of HFD feeding (Fig. S4C). Among these genes, only the expression of
Gck responded to two-weeks HFD feeding (Fig. 5A), showing upregu-
lation in livers of wild type mice as previously reported [30], but this
effect was reduced in those of Cat−/− mice. These data together suggest

Fig. 3. Liver oxidative damage and metabolic parameters in mice with (Cat+/+) and without (Cat−/−) catalase under a high fat diet. Determinations were
done in samples from mice fed with HFD-control diet or high fat diet (HFD) for 6 months. (A) Schematic representation of H2O2 production throughout every cycle of
peroxisomal fatty acid β-oxidation. (B) Liver catalase activity. Inset shows catalase activity determined by a gel-based assay. (C) Liver oxidative damage, as estimated
by the amount of conjugated dienes. (D) Body weight gain. (E) Representative images of hematoxilin-eosin stained liver sections. (F, G) Triglycerides (F) and
cholesterol (G) content in liver. (H, I) Glucose (H) and insulin (I) serum levels. (J, K) Glucose levels during the glucose (J) and insulin (K) tolerance tests performed on
mice after fed with the diets indicated. Areas under the curve are shown for statistical comparative analyses. (L, M) Liver pAKT and AKT, determined by western-blot,
in mice fed with HFD-control and HFD (L) and after insulin infusion to mice fed with standard chow (M). Note that the liver oxidative damage and fat accumulation in
response to HFD did not occur in mice lacking catalase, observations that correlated with the apparent increased insulin sensitivity. All values shown are the
mean ± SD; n = 3–9. *p < 0.05, **p < 0.01 and ***p < 0.001 (two-way analysis variance).
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that the lack of catalase causes a reduction in lipogenesis leading the
metabolic balance to favor catabolic activity.

Fasting is a short-term metabolic shift that could reveal the direct
metabolic consequence of lacking catalase. The expression of Pparγ2,
Spot14, Fasn, Scd1 and Gck was similarly reduced upon fasting for 24 h,
though the recovery to the level before fasting did not occur in all these
genes at 12 h after refeeding. In contrast with the downregulation ob-
served in the expression of lipogenic genes and Gck, the expression of
gluconeogenic (Pck1) and catabolism-associated (Pparα, Fgf21, Cpt1a)
genes was upregulated upon fasting and downregulated after refeeding
(Fig. 5B and C). Despite the expression level of some genes in livers of
Cat−/− were lower than those of wild type mice, generally the reg-
ulatory patterns described above were similar, although it was parti-
cularly interesting to note that Pparγ2 downregulation upon fasting was
more pronounced in samples of Cat−/− mice (7- vs. 16-fold reduction;
Fig. 5B). In newborns, Gck in livers of Cat−/− mice was expressed at
higher levels than in livers of Cat+/+ mice, and a pronounced

downregulation was detected in the former but not in the latter after
fasting; the liver expression of other genes tested similarly changed in
newborn mice of either genotype in response to fasting (Fig. 5D). The
downregulation and upregulation response upon fasting of lipogenic
and gluconeogenic genes, respectively, in livers of adult Cat−/− mice
indicate that the main insulin/glucagon regulatory pathways that
control metabolic gene expression are not markedly affected due to the
lack of catalase and, thus, reduced lipogenesis and fat accumulation in
mice lacking catalase is rather due to an affected central modulator of
liver metabolism.

Activation of AMPK by phosphorylation reduces lipogenesis and
increases general catabolism [31]. Under HFD-control diet for at least 2
weeks, the liver of mutant mice showed higher levels of activated
AMPK than the liver of wild type mice (Fig. 6A), and no change in
pAMPK levels could be detected when HFD was provided for as long as
3 months to either Cat−/− or Cat+/+ mice (Fig. 6B). Feeding with the
standard chow did not result in consistent higher levels of pAMPK in

Fig. 4. Oxidative damage and fat accumulation in livers of mice with (Cat+/+) and without (Cat−/−) catalase after fasting. Adult mice were fasted for up to
48 h and measurements were done at the same daytime (9 AM). (A) Liver catalase activity after 24 h fasting and after refeeding for 12 h. The picture below shows
catalase activity determined by a gel-based assay. (B) Liver oxidative damage, as estimated by the amount of conjugated dienes. (C) Percent of body weight loss
across 48 h fasting/48 h refeeding. (D) Serum ketone body levels across 48 h fasting/48 h refeeding. Red dots are serum ketone body levels of mice that are about to
die (i.e., still and did not respond to touch) at the time of fasting indicated. (E) Representative images of red-oil stained sections from livers of mice, fed or fasted, with
the genotype indicated. (F, G) Triglycerides (F) and cholesterol (G) content in livers. (H) Aspect of bowel of mice after 48 h fasting. Note the necrotic aspect of the
bowel of fasted mice lacking catalase. (I, J) Survival of fasted (I) or 6 h-fed (J) newborn mice. (K, L) Serum ketone body (K) and glucose (L) levels of newborn mice
across fasting. Note that, apparently, reduced fat accumulation and ketone body production is the cause of reduced survival of mice lacking catalase. All values shown
are the mean ± SD; n = 3–10. *p < 0.05, **p < 0.01 and ***p < 0.001 (two-way analysis variance). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 5. Expression of metabolic genes in livers of mice with (Cat+/+) and without (Cat−/−) catalase fed with high fat diet or fasted. Expression levels in the
liver of individual mouse either fed with a high fat diet (HFD) for 2 weeks or fasted for 24 h were determined for the genes indicated. (A) Gene expression in livers of
mice fed with HFD-control diet or HFD. (B–C) Gene expression in livers of fed, fasted or refed mice. (D) Gene expression in livers of 12 h fasted newborn mice.
Numbers within squares are the fold difference between bars above (estimated from the ratio of corresponding averages). Note the reduced up-regulation (upon HFD)
or expression levels (before and after fasting) of Gck and lipogenic genes. All values shown are the mean ± SD; n = 3–5. *p < 0.05, **p < 0.01 and ***p < 0.001
(two-way analysis variance).
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livers of Cat−/− mice in comparison with those of Cat+/+ mice but, as
expected, the proportion of pAMPK increased in response to fasting
(Fig. 6C). Therefore, at least in the presence of HFD, higher levels of
activated AMPK in livers lacking catalase could contribute to lipogen-
esis downregulation.

3.6. Downregulation of the lipogenic master gene Pparγ2 and the lipolytic
gene Fgf21 could contribute to the reduction in lifespan of mice lacking
catalase

Short longevity of Cat−/− mice could be related to the metabolic
alterations described above. Aged mice (12-mo or 24-mo) showed ele-
vated expression levels of gluconeogenic genes in livers of both Cat+/+

and Cat−/− mice in comparison with their corresponding young ani-
mals (3 mo; Fig. 7A), which might be expected due to the development
of insulin resistance with aging [32]. Fasn expression increased with
age (3-mo, 12-mo and 24-mo) in both wild type and mice lacking cat-
alase and, although the difference in level of expression remained, was
not significant in old animals. Higher levels of pAMPK were particularly
notorious in 24-mo mutant mice (Fig. 7B). In previous experiments the
pattern of Fasn expression positively correlated with that of Spot14,
however, during aging, Spot14 expression levels did not change in mice
of either Cat genotype. Remarkably, while Pparγ2 expression in liver
did not markedly change along wild type mice aging, it was reduced
with age in Cat−/− mice. Also, the liver of 24-mo mice lacking catalase
showed significant lower levels of Fgf21 expression than the liver of 24-

mo wild type mice; low expression levels of Fgf21 correlated with re-
duced expression of other catabolic genes such as Cpt1 and Acox
(Fig. 7A). In kidney, Pparγ2 has shown to be a positive transcriptional
regulator of α-Klotho [33], a gene involved in the control of longevity
[34]. In the liver, β-Klotho is much more abundant than α-Klotho [35]
and is the specific co-receptor of Fgf21 [36], therefore, we investigated
whether its expression correlated with the one determined for Pparγ2.
Despite the great difference in α- and β-Klotho expression level in liver
(estimated of more than 100-fold), the expression levels of both Klotho
genes increased in aged mice (i.e., 12- and 24-mo) regardless of the
presence or absence of catalase (Fig. 7C). Autophagy was not notably
affected by the absence of catalase along aging (Fig. 7D, Fig. S4D),
though a consistent LC3 isoform of slightly higher molecular weight
than LC3-II was exclusively present in livers of 12-mo and 24-mo Cat−/

− mice (Fig. 7D). In summary, low fat accumulation, involving the
participation of PPARγ2 activity, and diminished catabolic activity,
involving the participation of FGF21 signaling, in the liver could be the
cause of the limited lifespan of aged Cat−/− mice.

4. Discussion

Traditionally, ROS have been considered damaging molecules for
the cell but, presently, a variety of studies indicate that ROS play a
regulatory role in many cell processes [37,38]. The fact that the activity
of many proteins depends on their oxidation state is in agreement with
this regulatory role of ROS. Here we propose that H2O2, rather than

Fig. 6. Levels of activated AMPK in livers of mice with (Cat+/+) and without (Cat−/−) catalase fed with high fat diet or fasted. AMPK activation in liver was
inferred from levels of phosphorylated AMPK (pAMPK) determined by western-blot. Quantification of the pAMPK/AMPK ratio is shown in graphs. (A, B) Activated
AMPK in liver of mice fed with HFD-control diet and HFD for 2 weeks (A) or for 3 months (B). (C) Activated AMPK in liver of mice fed or fasted for 24 h. Note a higher
level of activated AMPK in livers of mice lacking catalase. All values shown are the mean ± SD; n = 3–4. *p < 0.05 (two-way analysis variance).
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causing a general macromolecular damage, alters metabolism with
consequences in the mechanisms that determine longevity. Apparently,
the metabolic pathways affected by the lack of catalase are influenced
by feeding conditions and additional genetic factors [39,40].

4.1. Peroxisome and lipid metabolism

Due to the many oxidase reactions occurring in the peroxisome, this
organelle produces a high amount of H2O2 [12,13]. Accordingly, per-
oxisomes are also rich in many antioxidants, among which catalase is

Fig. 7. Metabolic gene expression and levels of activated AMPK in livers of aging mice with (Cat+/+) and without (Cat−/−) catalase. Determinations were
done in livers of 3-, 12- and 24-mo mice. (A) Expression of selected metabolic genes. (B) Levels of activated AMPK (pAMPK). Quantification of the pAMPK/AMPK
ratio is shown in graphs. Note the marked up-regulation of gluconeogenic genes in 12- and 24-mo mice of either genotype and the contrasting pattern of Pparγ2
expression across aging. Also, pAMPK was very abundant in livers of 24-mo mice lacking catalase. (C) Expression of α-Klotho and β-Klotho genes. (D) Levels of
autophagy markers p62 and LC3; asterik in blot photograph points the extra band above LC3-I detected only in livers of mice lacking catalase. All values shown are
the mean ± SD; n = 3–4. p < 0.05, **p < 0.01 and ***p < 0.001 (two-way analysis variance).
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the most abundant. H2O2 could diffuse throughout the peroxisomal
membrane passively and the derived ROS (i.e., hydroxyl radical) gen-
erally damage cellular macromolecules. However, it is apparent that
intraperoxisomal-produced ROS restricts their influence to the redox
state of peroxisomes and mitochondria, whereas, peroxisomes are ra-
ther resistant to oxidation by ROS produced from different cell com-
partment including mitochondria [41]. Therefore, the absence of gen-
eral increased lipid oxidation due to the expected rise in H2O2 in mice
lacking catalase could be due to the restricted oxidation of macro-
molecules in peroxisomes and mitochondria, whereas the diminished
liver oxidative damage caused by a HFD or fasting could be a con-
sequence of the metabolic alterations downstream resulting from spe-
cific protein oxidation or changes in the redox balance within these
organelles (see below). Hormesis, possibly generated from the moderate
increase in ROS in mice lacking catalase, could also contribute to ex-
plain the better handling of the rise in ROS under a HFD or fasting,
however, up to date we have not detected evidence of a compensatory
antioxidant response (Figs. S1E and F), in agreement with other reports
[39,42].

The function of peroxisomes in fatty acid metabolism is presently
well established [12]. Without disregarding other fundamental func-
tions such as synthesis of ether-phospholipids, biliary acids and essen-
tial precursors of cholesterol, one major function of peroxisomes, as
mitochondrial β-oxidation efficiency reduces, is a significant contribu-
tion to oxidation of long-chain fatty acids and the exclusive oxidation of
very long-chain fatty acids [12,13]. Our results indicate that catalase
has a relevant function in the regulation of fatty acid metabolism in the
liver such that lack of catalase resulted in reduced lipid storage. Under a
HFD, liver lipid storage is increased, at least in part, by increased li-
pogenesis [43]. Lipogenesis upregulation in this condition could derive
from AMPK downregulation followed by the rise in SREBP-1c activity
due to reduced AMPK-mediated phosphorylation and, consequently,
upregulation of lipogenic genes [43]. Contribution of PPARγ2 is parti-
cularly relevant in this regard, functioning as a positive regulator of
lipogenesis and also of fat storage, causing steatosis when upregulated
[44]. In addition, the increase in Gck expression observed under a HFD,
might provide the essential amount of NADPH to fuel lipogenesis [45].
The relatively higher levels than wild type of pAMPK and reduced up-
regulation of Pparγ2 and Gck in livers of Cat−/− mice, which correlated
with lower amount of Fasn and Acc mRNA are in accordance with re-
duced lipogenesis as the cause of limited steatosis after a HFD. Although
there is not a clear mechanism by which alterations in the peroxisome
could affect lipogenesis, products of peroxisomal lipolysis could re-
present either a significant amount of substrates for lipogenesis or
PPARγ2 ligands [46]. Since liver steatosis upon feeding with a HFD can
occur in the absence of peroxisomes and with decreased lipogenesis
[47], indirect effects of lack of catalase on fatty acid transport and
storage should also be considered (see below).

Fasting is another condition that promotes liver fat accumulation
which, paradoxically, is associated with increased lipolysis and reduced
lipogenesis [23]. A simple explanation to this phenomenon is the in-
ability of liver to process all fatty acids released from the adipose tissue
and imported into the liver under this condition; however, the actual
mechanism is still a puzzle. Based on the regulation of gene expression,
the reduced fat accumulation in the liver of mice lacking catalase upon
fasting could hardly be due to the reduced expression levels of lipogenic
genes before food deprivation, though it should not be discarded the
possibility that a precondition (i.e., hormesis) is set in association to the
reduced basal lipogenic activity under fed conditions. Increased lipo-
lysis seems unlikely too, since not only minor differences were detected
in levels of lipolytic gene expression, but also ketone bodies reached
similar levels than wild type up to 48 h of fasting. Interestingly, NRF2, a
transcription factor that controls an antioxidant response, prevents of
excess fat accumulation in the liver upon fasting, apparently, by a
mechanism that does not involve major alterations in lipogenesis or
lipolysis [48,49]. It is tempting to speculate that increased β-oxidation

due to fasting together with the lack of catalase elevates H2O2 to a level
that does not cause significant oxidative damage and maintains NRF2
during fasting and, as a consequence, causes reduced fat accumulation.
This mechanism could also contribute to reduced fat accumulation
during a HFD, since lack of NRF2 promote hepatic steatosis. The reg-
ulation of Pparγ by NRF2 supports a role of this latter transcription
factor in the liver metabolic phenotype of mice lacking catalase
[50,51].

4.2. Lipid metabolism and aging

The effects of lack of catalase on liver fat accumulation point to lipid
metabolism as the cause of shorter than wild type lifespan of Cat−/−

mice. Accordingly, body weight and liver fat accumulation was reduced
in aged Cat−/− mice. Although the cause of death of old animals has
not been identified, this could be related to the mechanism that causes
death of fasted mice. Survival of fasted mice is critically dependent on
the existing energetic reserves at the time of food deprivation. In par-
ticular, after glycogen exhaustion in fasting conditions, fatty acid β-
oxidation in the liver becomes essential for the production of ketone
bodies, the systemic energetic source when glucose is scarce. Thus,
survival of fasted newborn mice is compromised by the absence of
ketolysis [26]. Newborn mice lacking catalase died upon fasting with a
similar pattern as mice unable to use ketone bodies and, although the
rapid use of ketone bodies limited the detection of their complete de-
pletion before death, the decline in ketone bodies at 6 h of fasting were
significant only in mice lacking catalase. In agreement with this view,
adult Cat−/− mice that died under fasting correlated with an abrupt
reduction in ketone bodies. Although we cannot discard that other re-
serves distinct from lipids also limit the survival of Cat−/− mice under
fasting, our data suggest lipid shortage as a determinant of survival in
conditions of food restriction or during aging. In agreement with this
conclusion, the gene encoding PPARγ2, which promote lipid storage
and its absence causes premature aging [52], was downregulated before
fasting and in aged Cat−/− mice.

The participation of lipid metabolism in survival under food re-
striction and longevity has been previously determined. In C. elegans,
DAF-16, a classical promotor of longevity in association with reduced
insulin/IGF signaling, induces lipid synthesis [53]. However, the role of
lipid metabolism in longevity is remarked by the increased lifespan of
C. elegans lacking germ cells in which fat accumulation is an evident
characteristic [54]. Interestingly, SKN1, a functionally-related Nrf
homologous gene, is required for extended longevity in this condition,
and although it protects against oxidative stress, also limits excess ac-
cumulation of fat [55]. Suggesting the participation of peroxisomal
catalase in this phenomenon, C. elegans deficient in ctl-3, the gene en-
coding the peroxisomal catalase in this organism, exhibit, as in mice,
shortened lifespan and reduced oxidative damage [56]. In addition,
lack of peroxisomal catalase or H2O2 derived from fatty acid β-oxida-
tion rescue C. elegans lacking AMPK from death under the hibernation-
like dauer state by increasing, with minimal oxidative damage, accu-
mulation of fat, an energetic reserve required for survival in this con-
dition [57]. Therefore, the function of peroxisomal catalase in the
regulation of lipid metabolism, maintenance of fat reserves, and long-
evity is conserved among distant organisms, though the mechanism
may vary depending on environmental or genetic conditions.

4.3. Concluding remarks

The present work reveals a relevant role of catalase in the mod-
ulation of lipid metabolism. Physical interaction between lipid droplets
and peroxisomes [12] suggests that peroxisomal activity and, thus,
peroxisomal H2O2, are part of the regulatory mechanism. Since long
fatty acids can be degraded in peroxisomes, this metabolic activity
might explain why the penetrance of Cat deficiency in lipid metabolism
was mainly revealed when mice ingested HFD or under extended
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fasting. Genetic factors also appear to have a profound effect on the
consequences associated with reduced catalase activity. For instance,
an opposite phenotype to the one reported here (i.e., increased body
weight and fat accumulation) has been observed in a mouse strain with
in a slightly different genetic background (i.e., C57BL/6J vs. C57BL/6 N
of the present study) [39,40]; the possible genetic modifier in this case
is Nnt, a nuclear gene encoding the mitochondrial nicotinamide nu-
cleotide transhydrogenase that is expected to affect the balance NAD+/
NADH and NADP+/NADPH in mitochondria and has been related to
body weight gain and obesity [58,59].

Catalase deficiency uncovers a mechanism by which ROS regulate
lipid metabolism without oxidative damage, with implications in the
mechanism that control longevity. Although alterations determined in
the liver due to the lack of catalase are sufficient to provoke systemic
metabolic alterations that can put at risk animal survival, direct cell
autonomous damages in other tissue cannot be discarded. The ability of
peroxisomal catalase to diminish cellular replicative senescence of
human fibroblast [60] indicate that this enzyme can perform cell au-
tonomous functions. However, the origin of the phenotype of animals
lacking catalase cannot be conclusively attributed at this time to a cell
autonomous function in hepatocytes, and non-cell autonomous func-
tions involving, among others, adipose tissue should be considered.

The production and efficient use of reserves should be especially
important for animals in the wild, since food is not equally available
during the whole year. Thus animals, should have evolved mechanisms
to survive under shortage of food, including those to store energetic
resources and to efficiently use them [61]. Catalase can be an essential
enzyme in these mechanisms that, through the control of peroxisomal
H2O2, supports an optimal metabolic balance by regulating, at least,
lipid metabolism. In this context, it is tempting to speculate that life-
span determination during evolution was critically influenced by the
capacity of animals to survive under food restriction. The peroxisomal
catalase could, then, be an evolutionary conserved component required
for optimal use of metabolic reserves, before than protecting from the
oxidative damage that characterizes aging.
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