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Resumo 

 

Chausse, B. – Estudo dos efeitos metabólicos e redox de dietas intermitentes. 

Tese de Doutorado, Instituto de Química, Universidade de São Paulo, São 

Paulo 2015. 

 

As dietas intermitentes (IF) compreendem ciclos alternados de 24 horas de 

jejum e alimentação. Como os efeitos de IF sobre o balanço redox não são 

bem conhecidos, esse trabalho teve por objetivo avaliar os efeitos desta dieta 

sobre o estado redox de diferentes tecidos de ratos. Após um mês de 

tratamento, os fígados dos ratos em IF apresentaram um aumento de 

capacidade respiratória mitocondrial juntamente com níveis elevados de 

proteínas carboniladas. Verificou-se ainda um aumento em danos oxidativos no 

cérebro destes animais. IF promoveu significativa proteção contra danos 

oxidativos no coração, enquanto que não houve alterações no estado redox do 

músculo esquelético. Os efeitos metabólicos de IF também foram investigados 

com o intuito de compreender os mecanismos envolvidos com o menor peso e 

a hiperfagia promovidos por esta intervenção. Observou-se que o menor peso 

dos ratos submetidos à IF é consequência de um aumento em taxas 

metabólicas em dias de alimentação somado à oxidação lipídica aumentada 

durante o jejum. A hiperfagia, por sua vez, é consequencia de elevação nos 

níveis de neurotransmissores orexigênicos hipotalâmicos, mesmo quando 

estes animais estão alimentados. Os níveis do neutransmissor TRH também 

foram modulados por esta dieta, o que pode estar relacionado com as 

alterações de taxas metabólicas observadas no modelo. Concluímos, portanto, 
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que as dietas intermitentes promovem modificações funcionais no hipotálamo 

que estão associadas com diferenças no peso corpóreo e no apetite. Além 

disso, IF afeta o balanço redox de forma tecido específica, levando a um 

desbalanço oxidativo no fígado e no cérebro e à proteção contra danos 

oxidativos no coração. 

 

Palavras-chave: Dietas Intermitentes, Metabolismo, Estresse Oxidativo 
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Abstract 

 

Chausse, B. – Metabolic and Redox Effects of Intermittent Fasting. PhD Thesis 

- Instituto de Química, Universidade de São Paulo, São Paulo 2015. 

 

Intermittent fasting (IF) is a dietary intervention that comprises 24 hour cycles 

alternating ad libitum feeding and fasting. We address here the effects of IF on 

redox state in different tissues, which are still poorly understood. After one 

month on the diet, IF rats livers presented increased mitochondrial respiratory 

capacity along with increased levels of protein carbonyls. Surprisingly, IF 

animals also presented an increase in oxidative damage in the brain. 

Conversely, IF promoted a substantial protection against oxidative damage in 

the heart. No difference in redox homeostasis was observed in the skeletal 

muscle. We also assessed metabolic effects of IF to uncover the mechanisms 

involved in the lower body mass and loss of feeding control in IF rats. As 

measured calorimetrically, IF animals presented high metabolic rates during 

feeding days and increased lipid oxidation on fasting days, which explains the 

lower body weight. IF-induced overeating was a consequence of increased 

expression of hypothalamic orexigenic neurotransmitters, even on feeding days. 

THR levels also were changed, in parallel with the feeding-dependent 

alterations on metabolic rates. Overall, we find that intermittent fasting promotes 

functional hypothalamic alterations associated with differences in body weight 

and appetite. In addition, IF affects redox balance in a tissue-specific manner, 

leading to redox imbalance in the liver and brain, as well as protection against 

oxidative damage in the heart. 
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1. Introduction 

 

 Aging is an irreversible process characterized by a time-dependent loss 

of cell function and integrity. The accumulation of cellular damage leads to the 

development of several diseases, including cancer, diabetes and 

neurodegenerative disorders. This progressive increase in dysfunction 

culminates in death [1]. The importance of the aging process in health 

maintenance and longevity has lead to the emergence of a complex field of 

research, which aims to understand cellular and molecular mechanisms 

underlying this process.  

 Advances in aging studies suggest specific cellular alterations are 

markers for aging progression in different species [1]. Genomic instability, or the 

time-dependent accumulation of genetic damage in the nuclear and 

mitochondrial genomes, is a commonly used aging marker [2]. Diverse aging-

related diseases and syndromes are promoted by increases in DNA lesions, 

and the prevention of these modifications can delay aging [3-5]. In addition to 

genomic instability, telomere attrition and epigenetic alterations, such as histone 

modifications and DNA methylation, are genetic markers of aging [6-8]. 

 Impaired protein homeostasis is other aging marker that is directly 

involved in the genesis of diseases such as Alzheimers and Parkinson´s [9]. 

Indeed, disturbing proteostasis experimentally leads to the development of 

several aging abnormalities. On the other hand, genetic manipulations that 

improve protein homeostasis prevent the development of these disorders [10]. 

Deficient clearance of senescent cells and stem cell exhaustion also contribute 

to accelerated aging since both processes decrease the capability of damaged 
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tissues to recover [11, 12]. Loss of tissue recovery capability increases the 

vulnerability towards age-related diseases such as anemia, osteoporosis and 

sarcopenia [1]. 

 Aging is also marked by significant alterations in metabolic processes, 

including changes in intercellular communication [13, 14]. Increased 

inflammation and neuroendocrine dysfunction promote a rupture in the 

communication between hypothalamus and peripheral organs, deregulating 

nutrient sensing pathways [15, 16]. These defects in energetic status sensing 

are directly linked to the development of obesity, type II diabetes and related 

comorbidities [17].  

Mitochondrial dysfunction also affects metabolic control during aging [18]. 

Age-related decreases in mitochondrial bioenergetics and biogenesis 

accelerate the aging process in mammals [19, 20] while lower respiratory chain 

efficiency and mutations in the mitochondrial genome exacerbate cell damage 

at advanced ages [1]. Furthermore, age-related mitochondrial dysfunction is 

accompainied by an increase in reactive oxygen species (ROS) production. 

Indeed, the onset of several age-related diseases involves redox imbalance 

[21]. At advanced ages, the levels of ROS production increase in parallel with 

cellular stress and damage increases. Although current evidence suggests that 

the primary effect of ROSunder most physiological conditions is the activation of 

compensatory homeostatic responses in aging, increased ROS production may 

exceed a threshold beyond the original homeostatic response and promote the 

age-associated oxidative damage [22]. Indeed, many protocols that delay aging 

attenuate age-related increases in oxidative damage [21]. 
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Many distinct lines of evidence demonstrate that dietary restriction (DR) 

is effective in preventing the onset of age-related diseases [22]. DR comprises 

several types of food restriction and has been demonstrated to be effective in 

experimental models raging from yeast and C. elegans to more complex 

organisms such as rodents and primates [23, 24]. Examples of the beneficial 

effects of DR include the prevention of cancer, neurodegeneration, 

cardiovascular diseases and insulin resistance [25-28]. The variety of DR 

protocols in mammalian models makes data comparison between different 

studies difficult [29]. In this sense, the understanding of DR types and how each 

dietary protocol affects aging markers is important. 

 DR studies started in the early 20th century with the analysis of effects of 

dietary interventions on cancer progression as well as the consequences of 

early malnutrition on growth, reproduction and adult health [30, 31]. Early 

results indicated that DR delays maturation and increases animal longevity. In 

1935, McCay et al. showed that calorie restriction (CR) without malnutrition 

increases the lifespan of rodents when compared to control animals, fed ad 

libitum (AL) [32]. Additional experiments from the same group suggested that 

the specific dietary intervention promoting longevity was the decrease in calorie 

ingestion [33]. After these initial findings, many studies were conducted to 

investigate CR effects on aging [34-37]. 

 Over the years, diets distinct from CR were developed and used to 

investigate their effects on aging. Intermittent fasting (IF), for example, was first 

described in 1946 and found to slightly enhance animal lifespan [38]. More 

recent studies, however, have produced conflicting results regarding the effects 

of IF on animal longevity. Goodrick et al. observed an increase in the average 
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and maximum lifespans of IF animals, while Pearson et al. did not find any 

increment in animal longevity using this dietary intervention [39, 40].  

IF is quite extensively used as an intervention equivalent to CR, despite 

the fact that these interventions present several other differences, in addition to 

their distinct effects on lifespan. Standard CR protocols involve a daily decrease 

in caloric intake ranging from 10% to 40% and a supplementation of 

micronutrients to avoid malnutrition. On the other hand, IF is an intervention in 

the frequency of feeding and comprises 24 hours cycles of fasting alternating 

with 24 hours of feeding [29, 41]. IF animals are able to gorge when food is 

available, and some groups report that overeating during feeding days can 

compensate for the food intake loss during fasting periods [28, 42]. 

Consequently, IF animals are not necessarily calorically-restricted. 

 CR protects against redox imbalance and prevents the onset of oxidative 

stress-related diseases [21]. Indeed, most studies find that CR promotes a 

decrease in oxidant production and a reduction in oxidative damage to 

biomolecules [41]. Long-term CR also avoids age-related insulin resistance, 

prevents the nitration of the insulin receptor and reduces oxidant release [28]. 

Conversely, the few exsisting studies investigating IF effects on redox status 

have observed small or even no alterations between IF and AL animals [21]. 

We find that long-term IF-treated rats display an increase in H2O2 release in the 

skeletal muscle and white adipose tissue, associated with marked insulin 

signaling impairment [28]. However, it is unclear if IF-induced insulin resistance 

occurs before or after oxidative imbalance. In addition, a description of IF 

effects on redox balance in different organs is lacking in the the literature. Here, 

we address the effects of short-term IF on oxidative imbalace in a tissue specific 
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manner to uncover how this change in feeding frequency alters redox state. 

This part of the study is presented in Chapter I. 

 As mentioned previously, IF does not always involve a decrease in 

caloric intake [42, 43]. Indeed, IF animals often present similar food intake to AL 

animals. Despite this potentially equal caloric uptake, IF animals present 

decreased body mass relative to AL animals, demonstrating that this diet 

promotes a reduction in energy conversion efficiency. This means that IF rats 

convert a smaller part of the energy contained in their food into body mass. The 

metabolic mechanisms involved in this change in feed efficiency are not well 

understood. Furthermore, the regulatory pathways involved in the gorging 

pattern these animals present also remain to be uncovered. Consequently, we 

also aimed to uncover the mechanisms involved in this lower energy conversion 

efficiency and overeating promoted by IF. This part of the study will be 

discussed in Chapter II. 
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2. Chapter I - Intermittent Fasting Results in Tissue-Specific Changes in 

Bioenergetics and Redox State 
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Intermittent Fasting Results in Tissue-Specific
Changes in Bioenergetics and Redox State
Bruno Chausse, Marcel A. Vieira-Lara, Angélica B. Sanchez, Marisa H. G. Medeiros, Alicia
J. Kowaltowski*

Departamento de Bioquímica, Instituto de Química, Universidade de São Paulo, São Paulo, Brazil

* alicia@iq.usp.br

Abstract
Intermittent fasting (IF) is a dietary intervention often used as an alternative to caloric restric-

tion (CR) and characterized by 24 hour cycles alternating ad libitum feeding and fasting. Al-

though the consequences of CR are well studied, the effects of IF on redox status are not.

Here, we address the effects of IF on redox state markers in different tissues in order to un-

cover how changes in feeding frequency alter redox balance in rats. IF rats displayed lower

body mass due to decreased energy conversion efficiency. Livers in IF rats presented in-

creased mitochondrial respiratory capacity and enhanced levels of protein carbonyls. Sur-

prisingly, IF animals also presented an increase in oxidative damage in the brain that was

not related to changes in mitochondrial bioenergetics. Conversely, IF promoted a substan-

tial protection against oxidative damage in the heart. No difference in mitochondrial bioener-

getics or redox homeostasis was observed in skeletal muscles of IF animals. Overall, IF

affects redox balance in a tissue-specific manner, leading to redox imbalance in the liver

and brain and protection against oxidative damage in the heart.

Introduction
Moderate reduction in ad libitum daily caloric intake without limiting essential and micronu-
trient access (caloric restriction, CR) is a well-established mechanism to promote longer life-
spans and/or healthier aging in a wide range of organisms, including humans [1, 2]. The
beneficial effects of CR diets are complex and widespread, but include the preservation over
time of mitochondrial bioenergetic functions and redox balance (the difference between the
production and removal of damaging oxidative species) [3, 4, 5].

The downside of CR is that it requires daily control of caloric intake, and is thus labor-
intensive both for humans and to maintain in a laboratory animal setting. As an alternative to
CR, some groups have proposed the use of intermittent fasting (IF), also referred to as intermit-
tent feeding or every other day feeding [6, 7], in which ad libitum feeding periods are alternated
with fasting, thus avoiding the strict daily control of caloric intake. In laboratory animals, this
feeding protocol was first described by Carlson and Hoelzel, who observed a slight increment
in rat life span [8]. Despite this early result suggesting a lifespan benefit similar to CR, subse-
quent studies have indicated that the enhancement in life expectancy promoted by IF, if
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present, is certainly less robust [9, 10]. In humans, IF has been shown to reduce obesity and
have positive effects on some pathologies [11, 12].

Despite some similarities such as promoting reduced body weight [13], substantial differ-
ences between CR and IF have been uncovered [5] and are, indeed, expected, since CR involves
a daily reduction in food intake, while IF changes feeding frequency, and may not always result
in a limitation of food ingestion [7, 14]. In fact, while CR enhances insulin sensitivity, we find
that long-term IF results in insulin resistance [13]. We also find that long-term IF enhances tis-
sue oxidant release and oxidative protein modifications in the skeletal muscle and adipose tis-
sue [13], while long-term CR is mostly associated with the prevention of oxidative damage
[4, 5]. Overall, IF effects on oxidative balance are not yet well determined. This study bridges
this knowledge gap, and demonstrates that short-term IF affects redox balance in a tissue-
selective manner.

Materials and Methods

Animals
Experiments were conducted in agreement with the NIH guidelines for the humane treatment
of animals and were approved by the local Animal Care and Use Committee (Comissão de
Ética em Cuidado e Uso Animal—Instituto de Química, USP) (Permit number: 21/2014).
Male, 8-week-old Sprague Dawley rats were separated in two groups: one fed ad libitum (AL),
and one with ad libitum access to food on alternating days (IF). The animals were lodged four
individuals per cage in 12 hours light/dark cycles and given water ad libitum. Body mass was
recorded before and after 1 month of the dietary intervention and cumulative food consump-
tion over the treatment period was recorded for each cage. The average intake per animal was
used to calculate feed conversion efficiency (average weight gain per cage × 100/average food
intake per cage). Chow was alternately placed or removed at 5:00 pm for IF animals. After
1 month of the dietary intervention, AL and IF rats were euthanized by decapitation after
12 hours of overnight fasting.

Mitochondrial isolation
Mitochondrial isolation from different tissues was performed as described by Tahara et al.,
2009 [15]. Briefly:

Liver mitochondria. The tissue was minced finely and washed with 4°C isolation buffer
(250 mM sucrose, 10 mMHepes, 1 mM EGTA, pH 7.2) and then homogenized with a 40 mL
tissue grinder. The suspension was centrifuged at 600 g for 5 minutes and the resulting super-
natant was centrifuged at 12,000 g for 5 minutes. The pellet was washed and resuspended in a
minimal volume of the same buffer.

Brain mitochondria. The preparation used digitonin to release mitochondria from synap-
tosomes, resulting in a mixture of synaptosomal and nonsynaptosomal mitochondria. The
brain was minced and washed with 125 mM sucrose, mannitol 250 mM, 10 mMHepes,
10 mM EGTA, 0.01% BSA, pH 7.2 at 4°C. The homogenate was centrifuged at 2,000 g for
3 minutes and the supernatant transferred to a new tube and centrifuged at 12,000 g for 8 min-
utes. The resulting pellet was resuspended in a minimal volume of the isolation buffer devoid
of EGTA.

Skeletal muscle mitochondria. Hind-limb muscles were dissected in isolation buffer
(300 mM sucrose, 50 mMHepes, 10 mM Tris, 1 mM EGTA, 0.2% BSA, pH 7.2) at 4°C to re-
move fatty and connective tissue. The tissue was processed with a Polytron homogenizer and
then with a mechanized potter. The homogenate was centrifuged at 850 g for 5 minutes and
the supernatant was centrifuged again at 10,000 g for 5 minutes. The pellet was resuspended
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and centrifuged at 7,000 g for 5 minutes. The final mitochondrial pellet was prepared in a mini-
mal volume of isolation buffer.

Heart mitochondria. Hearts were minced finely in isolation buffer (300 mM sucrose,
10 mMHepes, 2 mM EGTA, pH 7.2) at 4°C, in the presence of 0.5 μM type I protease (bovine
pancreas) to release mitochondria from the muscle fibers, and then washed in the same buffer
in the presence of 1 mg/mL BSA. The suspension was homogenized in a 40 mL tissue grinder
and centrifuged at 800 g for 5 minutes. The resulting supernatant was centrifuged at 9,500 g for
10 minutes and the mitochondrial pellet was resuspended in a minimal amount of
isolation buffer.

Mitochondrial H2O2 release
Mitochondrial H2O2 release was measured in 0.125–0.500 mg protein/mL mitochondrial sus-
pensions in experimental buffer (150 mM KCl, 10 mMHepes, 2 mM KH2PO4, 0.1% BSA, pH
7.2) at 37°C, with continuous stirring in the presence of 25 μMAmplex Red and 0.5 U/mL
horseradish peroxidase (HRP). Malate/glutamate, pyruvate/malate or succinate were used as
substrates. Amplex Red is oxidized in the presence of extramitochondrial horseradish peroxi-
dase bound to H2O2, generating resorufin, which can be detected with a fluorescence spectro-
photometer operating at 563 nm excitation and 587 nm emission [16].

Mitochondrial O2 consumption
O2 consumption was monitored using a Clark-type electrode, coupled to a high-resolution
Oroboros respirometry system [17] in 0.125–0.500 mg protein/mL mitochondrial suspensions
under the same buffering conditions used in the H2O2 assay.

Citrate synthase activity
Tissues were homogenized with an electric potter in 50 mM phosphate buffer (pH, 7.5) at 4°C
and centrifuged at 600 g for 10 minutes, in the presence of protease inhibitor (1:100). A mix-
ture of 100 mM Tris-HCl, 100 μMAcetyl-CoA, 100 μMDTNB, 250 μM oxaloacetate and 0.1%
Triton-X, pH 8.1, was incubated with homogenate supernatant at 30°C for 5 minutes. CoA-SH
produced by the enzymatic reaction reduces the DTNB, which is followed by the increase in ab-
sorbance at 412 nm (extinction coefficient = 13.6 mM-1�cm-1) (adapted from ref [18]).

Immunoblots
COX4 and NRF-1. Liver homogenates were prepared under the same conditions used for the
citrate synthase assay and then diluted 4:1 in Laemmli buffer (100 mM Tris-HCl, 2% SDS, 10%
glycerol and 0.1% bromophenol blue) for NRF-1 determinations. For COX4, homogenates
were diluted in the same buffer, and heated at 100°C for 10 minutes. The proteins were separat-
ed by SDS-PAGE and transferred to nitrocellulose (COX4) or PVDF (NRF-1) membranes,
which were then incubated with 5% BSA. Chemiluminescent detection was performed using
primary anti-COX4 (1:1000), anti-NRF-1 (1:1000) antibodies and the respective secondary
anti-mouse IgG (1:5000) and anti-rabbit IgG (1:5000) antibodies, both bound to peroxidase.
The signals were quantified using ImageJ software and normalized by coloring the nitrocellu-
lose and PVDF membranes with Ponceau and Coomassie Blue, respectively.

Carbonylated Proteins. Tissue homogenates were prepared under the same conditions as
the citrate synthase assay. A derivatization of the sample was performed, adding equal volumes
of 24% SDS and 40 mM 2,4-dinitrophenylhydrazine (DNPH, prepared in 10% trifluoroacetic
acid). The mixture, incubated in the dark for 30 minutes, allows the reaction between the
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DNPH and carbonyl groups in proteins. Samples were then treated with a neutralizing solution
(1:3), of 2 M Tris, 30% glycerol and 19% 2-mercaptoethanol. The proteins were separated by
SDS-PAGE and transferred to a PVDF membrane (adapted from ref. [19]).

Nitro-tyrosin (NO2-Try) levels. Tissue homogenates were prepared under the same condi-
tions as described for the citrate synthase assay. For dot blot experiments, 10 μL of homoge-
nates containing 3 μg of protein were placed on nitrocellulose membranes. After they were dry,
the membranes were blocked in a 4% BSA solution for one hour followed by an overnight incu-
bation with primary anti-NO2-Try (1:2000). After one hour incubation with the anti-rabbit
IgG (1:10000) secondary antibody, NO2-Try signals were identified using an Odyssey CLx sys-
tem (LI-COR, Nebraska, USA). The signals were quantified using ImageJ software and normal-
ized to protein levels by coloring the nitrocellulose membranes with Ponceau.

Antioxidant enzyme activities
Tissue homogenates were prepared as described for the citrate synthase assay. Glutathione per-
oxidase (GSH-Px) activity was measured as described in ref. [20]. A mixture of phosphate buff-
er, reduced glutathione (GSH), glutathione reductase (GR), EDTA, NADPH, NaN3 and
homogenate was used, and the reaction was initiated by the addition of H2O2. The decrease in
the quantity of NADPH was followed by absorbance at 340 nm for 3 minutes. The glutathione
reductase assay followed the protocol described in ref. [21]. GR catalyzes the reduction of
GSSG to GSH in the presence of NADPH. The resulting GSH reacts with 5,50-dithio-bis-2-
nitrobenzoic acid (DTNB), producing 5-thio-2-nitrobenzoic acid (TNB), detected by absor-
bance at 412 nm. The catalase assay was adapted from ref. [22]. Homogenates were incubated
in the same experimental buffer used in the H2O2 assay and the O2 production rate was mea-
sured for 30 seconds after the addition of 200–800 μMH2O2 using a Clark-type electrode at
37°C with continuous stirring.

Glutathione levels
The concentrations of GSH and GSSG, as well as total glutathione, were determined using a
colorimetric assay with DTNB, as described in ref. [23]. GSH reacts with DTNB producing
TNB and GS-TNB, which is reduced back to GSH by GR. This process releases TNB, detected
by absorbance at 412 nm.

Malondialdehyde (MDA) determination
Tissues were homogenized in TKM buffer (50 mM Tris-HCl, 25 mM KCl and 5 mMMgCl2
and SDS 10%, pH 7,5). One milliliter of thio-barburic acid (TBA; 0.4% w/v in 133 mMHCl)
and 150 uL butylated-hydroxytoluene (BHT; 0.2% w/v in 95% ethanol) were added to 1.2 mL
of the homogenate. The mixture was heated to 90°C for 45 min, cooled on ice, and extracted
with isobutanol. The isobutanolic phase was injected through a Shimadzu auto injector model
SIL-20A (Shimadzu, Kyoto, Japan) in a Shimadzu HPLC system consisting of two pumps; LC-
20AT connected to a Luna C18 (Phenomenex, Torrance, CA) reversed-phase column (250
mm x 4.6 mm i.d., particle size 10 μm). The flow rate of the isocratic eluent (5 mM potassium
phosphate buffer, pH 7, with 23% methanol) was 1 mL/min. A RF-10A/XL fluorescence detec-
tor was set at an excitation wavelength of 515 nm and an emission wavelength of 553 nm. The
data were processed using the Shimadzu LC Solution 1.25 software. Malonaldehyde-bisdiethy-
lacetal was used to calibrate the fluorescence data, yielding a quantitative adduct of the malo-
naldehyde-TBA product. The data were expressed as pmol of MDA normalized by protein
mass (adapted from [24]).
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Statistical analysis
Data were analyzed using GraphPad Prism and Origin softwares. Figures are presented as aver-
age ± standard error and comparisons were performed using two-tailed Student t-tests. p<0.05
was considered significant.

Results

IF reduces body mass and energy conversion efficiency
IF diets have been extensively shown to reduce body mass [6, 7, 9]. Indeed, we observed that,
after a month, IF rats presented lower body weights than AL control rats (Fig. 1A). The de-
crease in body weight was a reflection of two additive effects of the diet: a 14% reduction in
food consumption (Fig. 1B) and a 40% decrease in energy conversion efficiency (Fig. 1C), or
the amount of food ingested that results in weight gain. Similar decreases in energy conversion
efficiency in IF have been reported previously and may be related to changes in hypothalamic
energy metabolism control [25].

IF increases respiratory capacity in the liver, but not in other tissues
Restricted diets have been extensively shown to be related to changes in mitochondrial bioener-
getics [2, 3, 26] which in turn are known to be determinant toward redox balance, since mito-
chondria are the most quantitatively relevant source of intracellular reactive oxygen species
(ROS). We thus sought to determine if short-term IF lead to changes in mitochondrial bioener-
getics in different tissues.

In Fig. 2, we measured isolated mitochondrial NADH-linked oxygen consumption rates
using samples obtained from different tissues under two conditions: state 3, in which ADP is
present, stimulating maximal ATP synthesis-linked respiration; and state 4, in which the ATP
synthase inhibitor oligomycin is present, and respiration reflects the magnitude of the proton
leak [27]. Interestingly, respiratory rates in both states were unchanged by IF in the brain
(Fig. 2A), heart (Fig. 2B) and skeletal muscle (Fig. 2C). On the other hand, both ADP-
stimulated and oligomycin-inhibited respiratory rates were increased in liver mitochondria iso-
lated from IF animals (Fig. 2D). This increase in respiratory rate was accompanied by a slight
increase in respiratory control ratios (the ratio between state 3 and state 4 oxygen consump-
tion) in IF samples, indicating that it reflects an increment in electron transfer capacity and is
not a consequence of increased proton leak.

In order to further investigate the effects of IF on liver mitochondrial bioenergetics, we de-
termined respiratory rates using succinate (which feeds electrons into the respiratory chain
through Complex II; Fig. 3A) and TMPD-ascorbate (which reduces cytochrome c and cyto-
chrome c oxidase; Fig. 3B). Both substrates also supported higher oxygen consumption rates in
samples from IF animals, indicating that the enhanced respiratory capacity involves the en-
hanced activity of terminal electron carriers. Indeed, tissue levels of mitochondrial complex IV
(cytochrome oxidase, COX, Fig. 3C) were significantly enhanced in IF livers.

The activity of the mitochondrial electron transport chain is often linked to an overall in-
crease in the biogenesis of all mitochondrial enzymes. To test if this was the case, we deter-
mined the levels of NRF-1, a transcription factor that activates key mitochondria biogenesis,
promoting mitochondrial DNA transcription and replication. Interestingly, NRF-1 levels were
unaltered by IF (Fig. 3C). Confirming that liver mitochondrial biogenesis as a whole was not
induced by IF, we found that activity of citrate synthase, a citric acid cycle enzyme and mito-
chondrial mass marker was equal in both groups (Fig. 3D). Altogether, these data suggests that
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Fig 1. Intermittent fasting promotes lower bodymass related to a mild reduction in caloric intake and
lower energy conversion efficiency. (A) Average body weight per cage in (●) AL and (☐) IF animals after one
month of treatment. (B) Cumulative food intake over one month of treatment. (C) Energy conversion efficiency. Data
represent averages ± SEM and were compared using t tests (n = 7 cages). ** p<0.01 vs AL. AL indicates ad
libitum feeding, IF indicates intermittent fasting.

doi:10.1371/journal.pone.0120413.g001

Fig 2. IF induces an increase in respiratory capacity in liver, without bioenergetic changes in other
tissues.Oxygen consumption in isolated mitochondria from (A) brain, (B) heart, (C) skeletal muscle and (D)
liver in the presence of 5 mM pyruvate plus 3 mMmalate (A, B and D) or 2 mM glutamate plus 2 mMmalate
(C). State 3 was induced by the addition of 1 mM ADP and state 4 was achieved using 0.5 μg/mL oligomycin.
The insert in Panel D represents respiratory control ratios (RCR), or state 3/state 4. Data represent averages
± SEM and were compared using t tests (n = 4–6 animals). * p<0.05 vs AL in the same respiratory state.

doi:10.1371/journal.pone.0120413.g002
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Fig 3. IF promotes enhanced electron transport capacity in the liver.Oxygen consumption in isolated
mitochondria from livers in the presence of (A) 1 mM succinate plus 1 μM rotenone or (B) 200 μM TMPD plus
2 mM ascorbate. State 3 and state 4 were induced by ADP and oligomycin as described for Fig. 2. (C) COX-
IV and NRF-1 levels measured as described in Materials and Methods. (D) Liver citrate synthase activity,
determined as described in Materials and Methods. Data represent averages ± SEM and were compared
using t tests (4–6 animals). * p<0.05, ** p<0.01 vs AL.

doi:10.1371/journal.pone.0120413.g003

Fig 4. Reactive oxygen species production is not significantly altered by IF. (A) H2O2 release by
isolated mitochondria in the presence of 1 mM ADP (state 3) and 5 mM pyruvate plus 3 mMmalate (brain,
heart and liver) or 2 mM glutamate plus 2 mMmalate (skeletal muscle). (B) Ratio between H2O2 production
and O2 consumption by isolated mitochondria under the same conditions as panel A. Data represent
averages ± SEM and were compared using t tests (n = 4–6 animals).

doi:10.1371/journal.pone.0120413.g004
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IF induces an enrichment in respiratory chain proteins in liver mitochondria, without an over-
all increase in mitochondrial mass.

Mitochondrial reactive oxygen species release is unaltered by IF
In addition to determining changes in functional parameters, we measured the release of mito-
chondrial H2O2, a relatively stable and membrane-permeable ROS often used as a marker for
oxidant production (Fig. 4) [28]. Interestingly, we found that IF did not significantly alter abso-
lute H2O2 release in any tissue (Fig. 4A), although liver release was slightly increased (p =
0.07). IF decreased relative H2O2/O2 release (Fig. 4B) in liver due to the enhanced O2 consump-
tion observed in Figs. 2 and 3, and no change in this ratio was observed in other tissues. Since
changes in respiratory rates and mitochondrial coupling are often determinant toward mito-
chondrial oxidant generation, this result is compatible with our finding that IF does not alter
mitochondrial bioenergetic parameters in brain, heart and skeletal muscle. Furthermore, the
lack of changes in H2O2 in liver are compatible with the prior finding that oxidant release in
this tissue is not strongly regulated by respiratory rates and coupling [15].

IF effects on antioxidants and oxidative damage are tissue-specific
Tissue redox status depends not only on the production of ROS but also on the levels and activ-
ities of antioxidant systems. We thus measured the activities of several key antioxidant enzymes
in IF versus AL tissues (Table 1). The activity of glutathione peroxidase (GPx) [29], which uses
glutathione (GSH) as an electron source to reduce and remove H2O2, was significantly de-
creased by IF in the skeletal muscle, and unchanged in all other tissues. Glutathione reductase,
which restores GSH, was unchanged by this dietary intervention, in all tissues. Catalase, which
also removes H2O2, was decreased by IF in the brain and unchanged in the other tissues. Over-
all, our data indicate that IF does not increase antioxidant enzyme activity and, if anything,
promotes some tissue-specific decreases in oxidant buffering capacity.

We also determined the levels of different forms of glutathione, an intracellular reductant
and redox state marker (Table 2). Levels of total glutathione (reduced plus oxidized), GSH, oxi-
dized glutathione (GSSG) and GSH/GSSG ratios were mostly unchanged by IF, with a few ex-
ceptions: Livers of IF rats presented a significant increase in total glutathione and reduced GSH
contents, which may be a consequence of a chronic exposure to a slightly increased oxidant
generation (Fig. 4A). On the other hand, IF hearts presented lower levels of GSSG and, conse-
quently, elevated GSH/GSSG ratios (Table 2), an indicative of a more reduced
intracellular environment.

To determine the consequences of these tissue-specific modifications in antioxidant capaci-
ty, we measured the levels of protein carbonyls, MDA (a product of lipoperoxidation reactions)
and nitro-tyrosine (NO2-Tyr) as markers for biomolecule oxidative damage (Fig. 5). In keeping
with the finding that IF hearts were in a more reduced state, as indicated by their GSSG levels
(Table 2), we found that protein carbonyls and MDA levels were reduced by IF in this tissue
(Fig. 5A and 5B). On the other hand, the brain presented enhanced protein carbonylation
under IF, which may be a reflection of lower catalase activity. In the liver, a small decrease in
the NO2-Tyr signal and a robust increase in protein carbonylation levels was observed. The
protein carbonylation effect may be a consequence of the slightly enchanced in oxidant genera-
tion in this tissue. There was no dietary-promoted difference in the measured oxidative damage
markers in the skeletal muscle. Altogether, these data suggest that short-term IF affects redox
balance in a tissue-specific manner, promoting protection against oxidative damage in the
heart and leading to enhanced protein carbonylation in the brain and liver.
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Discussion
Dietary interventions that reduce body weight relative to ad libitum food intake have received
extensive attention due to their mostly positive effects on age-associated diseases [1, 2, 11].
Since aging is often accompanied by increased oxidative tissue damage and loss of mitochon-
drial activity, many studies involving CR have focused on the bioenergetic and redox effects of
this diet [4, 30], mostly showing that it decreased oxidative damage [5]. On the other hand, IF
is less studied, and sometimes even confused with CR in the literature [7], so its bioenergetic
and redox effects are less clear. We thus sought to determine the redox and bioenergetic effects
of IF and found that this diet affects these parameters in complex, tissue-specific manners.

Perhaps the most studied tissue relative to the effects of IF is the brain. Both IF and CR have
been related to healthier brain aging by reducing oxidative damage [31–33]. Indeed, IF in aged
animals partially restores the loss of some antioxidant enzymes, and decreases 8-hydroxy-
deoxyguanosine DNA adducts accumulated over time [34, 35]. Thus, it was rather surprising
to us to find that short-term IF in young animals leads to a significant increase in protein car-
bonyl signals in the brain of IF rats (Fig. 5), without measurable changes in mitochondrial
function (Fig. 2), ROS release (Fig. 4), MDA or NO2-Tyr (Fig. 5). This increased protein oxida-
tive damage may be related to a small but significant decrease in brain catalase activity promot-
ed by IF (Table 1). How this early increase in brain oxidative modifications relates to
neurological protection in long-term IF models still remains to be uncovered, but the effects

Table 1. Antioxidant enzyme activities.

Brain Heart Muscle Liver

Glutathione Peroxidase AL 22.6 ± 1.30 119.9 ± 9.94 238.2 ± 13.13 168.5 ± 29.29

(mU� mg prot-1) IF 21.2 ± 0.93 91.5 ± 8.52 195.0 ± 11.50* 174.8 ± 9.65

Glutathione Reductase AL 5.21 ± 0.16 4.52 ± 0.34 12.80 ± 0.49 11.89 ± 0.26

(mU� mg prot-1) IF 5.48 ± 0.09 4.04 ± 0.34 12.48 ± 0.55 12.02 ± 0.26

Catalase AL 0.281 ± 0.02 0.933 ± 0.18 4.742 ± 0.36 0.841 ± 0.05

(μmol� mg prot-1� min-1) IF 0.229 ± 0.01* 0.850 ± 0.17 4.954 ± 0.39 0.738 ± 0.10

Values are means ± SEM and were compared using t tests (n = 4 animals).

* p<0.05 vs AL. AL indicates ad libitum feeding, IF indicates intermittent fasting.

doi:10.1371/journal.pone.0120413.t001

Table 2. Glutathione levels.

Brain Heart Muscle Liver

Total Glutathione AL 40.96 ± 3.06 21.24 ± 1.02 68.36 ± 8.19 11.37 ± 0.39

(nmol� mg protein-1) IF 50.69 ± 2.81 22.63 ± 0.86 80.61 ± 14.57 15.30 ± 0.86*

GSH AL 35.06 ± 3.42 14.57 ± 1.81 44.51 ± 8.76 9.00 ± 0.78

(nmol� mg protein-1) IF 42.68 ± 2.45 19.44 ± 0.92 53.95 ± 13.36 12.70 ± 0.43*

GSSG AL 3.62 ± 0.42 3.34 ± 0.42 11.92 ± 1.97 1.18 ± 0.20

(nmol� mg protein-1) IF 4.64 ± 0.32 1.60 ± 0.15* 13.33 ± 1.08 1.30 ± 0.21

GSH/GSSG AL 9.00 ± 0.34 4.68 ± 1.24 4.25 ± 1.38 8.36 ± 2.22

IF 9.04 ± 0.29 12.45 ± 1.60* 4.03 ± 0.89 10.29 ± 1.62

Values are means ± SEM and were compared using t tests (n = 3–4 animals).

* p<0.05 vs AL. AL indicates ad libitum feeding, IF indicates intermittent fasting.

doi:10.1371/journal.pone.0120413.t002
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are most probably unrelated, since other neuroprotective dietary interventions do not see in-
crements in oxidative damage markers in the brain even in short-term studies [5].

IF and CR have also have been shown to protect the heart against ischemic injury [33, 36].
This protection has been attributed to activations in antioxidant defenses and stress response
systems [35, 37]. In fact, long-term IF has been shown to improve antioxidant defenses and ox-
idative biomarker levels in the heart [34, 37, 38]. Here, we show that IF has an impact on heart
redox state very early on, preventing the oxidation of glutathione (Table 2), protein carbonyla-
tion and MDA formation (Fig. 5).

Despite its central role in the control of energetic metabolism and aging, the skeletal muscle
is still poorly studied regarding the effects of IF on redox state. Some long-term studies suggest
that, unlike CR, IF may lead to a more oxidized state in this tissue, reducing antioxidant activity
[39], increasing ROS production and oxidative protein modification [13]. Our short term
study demonstrates that IF decreases glutathione peroxidase activity in the muscle (Table 1), al-
though no changes are seen in glutathione redox state (Table 2) or oxidative damage markers
(Fig. 5). Altogether, both our study and literature data suggest that IF does not prevent

Fig 5. IF changes oxidative damage to biomolecules in a tissue-specific manner. (A) Carbonyl signals were quantified as described in Materials and
Methods. (B) Malondaldehyde (MDA) levels were measured by HPLC as described in Materials and Methods. (C) Representative dot blots of NO2-tyr
signals. (D) Average densitometric results for the dot blots presented in C. Data represent averages ± SEM and were compared using t tests (n = 4–5
animals). * p<0.05, ** p<0.01 vs AL.

doi:10.1371/journal.pone.0120413.g005
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oxidative damage in the skeletal muscle and may actually worsen the redox condition of this
tissue relative to ad libitum diets.

The liver is expected to be largely impacted by a dietary intervention such as IF, which alter-
nates fasting periods with significant overeating. However, the few existent studies reporting IF
effects on oxidative balance in the liver did not observe changes in antioxidant defense systems
or in DNA and lipid damage [35, 38, 40]. Indeed, the same is observed for CR, in which most
work indicates that there is no change in redox balance in the liver [5]. This finding may reflect
the fact that ROS generation in the liver is not overtly modified by changes in metabolic condi-
tions or respiratory substrates [15]. In this study, we find that short-term IF is actually detri-
mental toward liver oxidative balance, as reflected by the enhanced levels of protein
carbonylation (Fig. 5) and induction of glutathione synthesis (Table 2), which may be related
to a slight increment in mitochondrial H2O2 release (Fig. 4A). Again, this indicates that not all
restrictive dietary interventions with positive health-span effects produce immediate more fa-
vorable redox conditions in all organs.

Interestingly, short-term IF had very significant bioenergetic effects in the liver that were
not observed in other organs: it increased respiratory capacity, irrespective of the substrate
used (Figs. 2, 3), but did not enhance overall mitochondrial biogenesis (Fig. 3). In a mouse
model of IF in which more significant limitation in food intake occurred, IF was also found to
increase liver respiratory capacity, but this effect was accompanied by mitochondrial biogenesis
[3]. The increased electron transport capacity of IF livers may be important to deal with the
large fluctuations in metabolic demands in the liver under this dietary regimen, which alter-
nates fasting periods (characterized by gluconeogenesis and β oxidation) with overeating
(which promotes liver glycolysis and fatty acid synthesis).

Overall, our studies show that IF promotes complex and tissue-specific changes in mito-
chondrial bioenergetics and tissue redox state in a manner that is distinct from that observed
in other restrictive dietary interventions. How these changes relate to both the desirable and
deleterious long-term results of this dietary intervention, and how they relate to human re-
sponses to repeated fasting cycles, remains to be determined.
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Intermittent fasting (IF) is an often-used intervention to decrease body mass. In male Sprague-
Dawley rats, 24 hour cycles of IF result in light caloric restriction, reduced body mass gain, and
significant decreases in the efficiency of energy conversion. Here, we study the metabolic effects
of IF in order to uncover mechanisms involved in this lower energy conversion efficiency. After 3
weeks, IF animals displayed overeating during fed periods and lower body mass, accompanied by
alterations in energy-related tissue mass. The lower efficiency of energy use was not due to un-
coupling of muscle mitochondria. Enhanced lipid oxidation was observed during fasting days,
whereas fed days were accompanied by higher metabolic rates. Furthermore, an increased ex-
pression of orexigenic neurotransmitters AGRP and NPY in the hypothalamus of IF animals was
found, even on feeding days, which could explain the overeating pattern. Together, these effects
provide a mechanistic explanation for the lower efficiency of energy conversion observed. Overall,
we find that IF promotes changes in hypothalamic function that explain differences in body mass
and caloric intake. (Endocrinology 155: 2456–2466, 2014)

Intermittent fasting (IF), also referred to as intermittent
feeding or everyotherday feeding, is adietary intervention

for laboratory animals that involves fasting and feeding cy-
cles, usually of 24 hours each (1). This feeding protocol re-
sults inweight loss and is thusoftenadoptedasanalternative
to caloric restriction (1), despite contradictory evidence re-
garding its effect on lifespan (2, 3). IF has also been suggested
as a measure to enhance laboratory animal healthspan, de-
creasing obesity and metabolic disorders associated with ag-
ing (4). Indeed, several groups have demonstrated that IF
affects stress resistance, energy metabolism, and signaling
pathways associated with enhanced healthspan (5–8).

Although many metabolic effects of IF have been stud-
ied, little attention has been given to the fact that, despite
their reduced body mass, IF animals often show similar

overall caloric intake to ad libitum-fed animals (1, 9). This
result indicates a lower energy conversion efficiency in IF
which remains to be mechanistically explained, and may
reflect changes in peripheral and/or central regulation of
energy metabolism.

Peripheral tissues control body mass by promoting
changes in energy expenditure. Energy can be effectively
dissipated by adaptive thermogenesis promoted by mito-
chondrial uncoupling (10), or an enhanced proton leak
across the inner mitochondrial membrane, leading to
lower ATP synthesis and loss of a larger fraction of the
energy released from electron transport as heat (11). In-
deed, skeletal muscle, heart, and brown adipose tissues are
sources of energy expenditure due to mitochondrial un-
coupling (12–16).
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In the central nervous system, feeding behavior and
body mass are primarily controlled by neurons within the
arcuate nucleus in the hypothalamus (reviewed in Refer-
ence 17). A subpopulation of orexigenic neurons stimu-
lates appetite and energy conservation, whereas anorexi-
genic neurons suppress appetite and increase energy
dissipation (18). Both populations are sensitive to leptin,
a hormone that is secreted by adipocytes in a manner cor-
related with increases in adipose mass (19). Leptin inhibits
orexigenic pathways and induces anorexigenic signaling
(20), maintaining body mass homeostasis. Thus, changes
in leptin levels or resistance to leptin signaling are involved
in obesity and related metabolic abnormalities (21, 22).

Here, we study changes in mitochondrial and hypotha-
lamic function in order to uncover the mechanisms leading
to overeating and to lower feed conversion efficiency in IF
animals. Our results explain the lower feed efficiency, and
also uncover alterations in hypothalamic signaling re-
sponsible for the gorging feeding pattern.

Materials and Methods

Animals and tissue collection
All experiments were conducted in agreement with the Na-

tional Institutes of Health guidelines for humane treatment of
animals and were reviewed and approved by the local Animal
Care and Use Committee. Male, 8-week-old Sprague-Dawley
rats were separated into two groups: AL, fed ad libitum; and IF,
which had ad libitum access to food on alternating days. The
animals were lodged four individuals per cage, in 12 hours light/
dark cycles, and given water ad libitum. A standard AIN-93 M
diet produced by Rhoster was used in the study. Body mass and
food consumption were recorded daily. Cumulative food con-
sumption over the treatment period was recorded for each cage
and the average intake per animal was used to calculate feed
conversion efficiency [(average weight gain per cage/average
food intake per cage) � (100)]. Fecal mass was quantified during
24-hour periods in metabolic cages, and data are presented as
48-hour profiles, to include both fasting and feeding periods.
Fecal cholesterol ester and triglyceride content was measured by
thin layer chromatography as previously described in reference
23. Chow was alternately placed or removed at 5:00 pm for IF

animals. After 3 weeks of dietary intervention, the AL and IF rats
were euthanized by decapitation after 12 hours of overnight fast-
ing or feeding (as indicated for each experiment). Diazepam 5
mg/ml (Compaz), Xylazine 2% (Syntec), and Ketamine 50 mg/ml
(Cristalia) were used as anesthetics in experiments that measured
in vivo leptin responses. Livers, epididymal, and visceral (retro-
peritoneal plus mesenteric) adipose tissues, soleus and planataris
muscles were dissected and weighed. Serum was also collected.
Total hind limb skeletal muscle (SM) was pooled and
homogenized.

Biochemical determinations
Serum leptin and ghrelin levels were measured by ELISA (Mil-

lipore) in animals fasted for 12 hours (Table 1) or fed animals
(data not shown) following the manufacturer’s instructions. Se-
rum, liver, and SM triglycerides were determined using a com-
mercial colorimetric kit (Doles). A glucose analyzer (Accu-Check
Performa) was used to determine fasting glucose levels.

Indirect calorimetry
O2 consumption, CO2 release, and respiratory exchange ra-

tios (RER) were measured in fed and fasted animals using an
indirect open circuit calorimeter (MM-100, CWE, Inc), as indi-
cated by the manufacturer.

Spontaneous activity
Spontaneous activity of rats was assessed using a gravimetric

method adapted from Biesiadecki et al (24). Briefly, IF and AL
cages (4 animals per cage) were maintained on a top-loading
electronic scale (Lider Balanças, model PLA 30 kgf) with an
amplified force register (MK Controle e Instrumentação, model
MKTC-05) and coupled to a signal acquisition module (National
Instruments, model USB 6008). Signals were captured using
LABVIEW Signal Express software, at 30 Hertz (Hz). Before the
beginning of the experiments, individual calibration slopes were
determined for each register system using known weights. Spon-
taneous activity was determined by the sum of differences of
weight between two registers, in modular values (Equation 1).

AE(gf)��|x2�x1|, lx3�x2l, . . ., l(xn�1)�xnl

Modular values were used, since upward movements regis-
tered negative values whereas downward movements registered
positive values. Data analysis were performed during 23 hours
(12 hours of dark and 11 hours of light). Since animal handling
(weighing and feed control) were conducted between 5:00 and
6:00 pm, this time period was excluded from the analysis.

Table 1. Biochemical and Physiological Parameters in AL and IF Animals

AL IF Fasted IF Fed IF

Fasting glucose (mg . dL�1) 108.2 � 2.8 103.2 � 4.8
Fasting ghrelin (ng . dL�1) 1.76 � 0.26 1.64 � 0.16
48 h feces output (g) 23.99 � 2.19 23.68 � 0.87
Triglycerides

Serum (mg . dL�1) 0.977 � 0.032 0.930 � 0.036 1.098 � 0.018a,b

Liver (mg . dL�1 . mg prot�1) 1.303 � 0.170 0.963 � 0.054 2.048 � 0.360
SM (mg . dL�1 . mg prot�1) 5.593 � 0.580 5.535 � 0.530 5.850 � 0.530

Temperature (°C) 37.44 � 0.05 37.23 � 0.09 37.74 � 0.11a

Values are means � SEM (n � 18 for glucose measurements, n � 8–16 for temperatures and ghrelin measurements and n � 4 for all others
measurements). a, P � .05 verus AL; b, P � .05 vs fasted IF.
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Effect of leptin on food intake
For this assay, rats were food deprived for 12 hours (6:00 am

to 6:00 pm) after a feeding period, and, at 6:00 pm, were treated
with a single intraperitonial dose of PBS (100 �L) or leptin (100
�L, 10-6 M). Food ingestion was determined every 2 hours over
the next 12 hours (adapted from Yamada et al, Reference 25).
Data plotted were for the first 4 hours following the injection,
which we found was the period of most noticeable leptin action.
A similar experiment was conducted with animals injected at
8:00 am, with comparable results (not shown).

Intact SM fiber preparation and respiration
Soleus muscles were separated from connective tissues and

manually teased into small myofiber bundles under a magnifying
glass. These bundles were shredded to maximize the surface area.
All processing was conducted over ice. Respiratory measure-
ments were performed using an Oroboros high-resolution respi-
rometry system (26) in experimental buffer containing 2.68 mM
KCl, 1.47 mM KH2PO4, 136.89 mM NaCl, 81 mM Na2HPO4,
and 10 mM glucose at 37°C.

Citrate synthase activity
SM samples were homogenized using an electric potter in

buffer containing 300 mM sucrose, 50 mM HEPES, 10 mM Tris,
1 mM EGTA, and 0.2% BSA, pH 7.2, HCl. Tissues lysates were
centrifuged (850 g, 5 minutes, at 4°C), and the resulting super-
natants were collected. A reaction mixture of 20 mM Tris-HCl
pH 8.0, 0.42 mM acetyl-coenzyme A, 0.1 mM DTNB [5,5-di-
thiobis(2-nitrobenzoic acid)] and 20 mg of total protein was
incubated at 37°C for 5 minutes. The reaction was initiated by
the addition of 0.5 mM oxaloacetate. The reduction of DTNB by
citrate synthase was measured spectrophotometrically for 3 min-
utes at 412 nm (extinction coefficient � 13.6 mM-1 . cm-1;
adapted from 27). Activities are expressed as �mol citrate . min-1

. mg protein-1.

Isolation of skeletal muscle mitochondria
SM mitochondria were isolated from fasted rat hind limbs as

described in reference 28. Hind limb muscles were dissected over
iced 10 mM Na EDTA-supplemented PBS to remove fatty acids
and connective tissues and then washed and finely minced in 300
mM sucrose, 50 mM HEPES, 10 mM Tris, 1 mM EGTA, and
0.2% BSA (pH 7.2, HCl), at 4°C. The tissue was processed for
2 seconds with a Polytron homogenizer and then transferred to
a mechanized potter and homogenized. The suspension was cen-
trifuged at 850 g for 3 minutes, and the supernatant was centri-
fuged again at 10000 g for 5 minutes. The pellet was resuspended
and centrifuged at 7000 g for 3 minutes. The final mitochondrial
pellet was resuspended in a minimal volume of isolation buffer.
Protein quantification was conducted using the Bradford
method.

Isolated mitochondrial respiration
SM mitochondrial respiration was followed using a Oro-

boros high-resolution respirometry system (26). O2 consump-
tion was monitored using 0.125 mg/mL of isolated mitochon-
drial suspensions of fasted animals in experimental buffer
containing 150 mM KCl, 10 mM HEPES, 2 mM KH2PO4, 2 mM
MgCl2, 2 mM EGTA, 1 mM malate, 1 mM glutamate, and 1%
BSA, pH 7.2, at 37°C. State 3 respiration (in the presence of

activeoxidativephosphorylation)was inducedby theadditionof
1 mM ADP, and state 4 respiration (in the absence of oxidative
phosphorylation) was promoted by adding 1 �g/mL oligomycin,
an ATP synthase inhibitor.

Immunoblotting
For experiments that measured leptin responses, the abdom-

inal cavities of anesthetized rats were opened and the animals
received an injection of leptin (100 �L, 10-6 M) or PBS (100 �L)
through the vena cava. After 30 minutes, the hypothalamus was
excised and immediately homogenized in solubilization buffer
(1% Triton X-100, 100 mM Tris-HCl, pH 7.4, 100 mM sodium
pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 10
mM sodium orthovanadate, 2.0 mM phenylmethylsulfonylfluo-
ride, and 0.1 mg aprotinin/mL) at 4°C with a Polytron PTA 20S
homogenizer (model PT 10/35; Brinkmann Instruments). Insol-
uble material was removed by centrifugation for 15 minutes at
9000 g. The protein concentration of the supernatants was de-
termined by the Bradford method. In immunoblot experiments,
0.05–0.20 mg of protein extracts were separated by SDS-PAGE,
transferred to nitrocellulose membranes, and blotted with phos-
pho-JAK-2 (P-JAK-2) (sc16566-R, rabbit polyclonal, Santa Cruz
Biotechnology) and phospho-STAT-3 (P-STAT-3) (sc8059,
mouse monoclonal, Santa Cruz Biotechnology) antibodies. Spe-
cific bands were detected by chemiluminescence and data were
normalized to �-actin.

qRT-PCR
The expression of neuropeptide Y (NPY), agouti-related pep-

tide (AGRP), thyrotropin-releasing hormone (TRH), corticotro-
pin-releasing hormone (CRH), orexin, proopiomelanocortin
(POMC), and melanin-concentrating hormone (MCH) were
measured in hypothalamus samples obtained from fed and fasted
AL and IF rats. Although whole hypothalamus samples were
used, it should be noted that these neurotransmitters are pro-
duced primarily in the arcuate nucleus (NPY, AGRP, and
POMC) or in second order neurons localized in adjacent hypo-
thalamic nuclei (MCH, TRH, orexin, and CRH). Intron-skip-
ping primers were obtained from Applied Biosystems. The fol-
lowing primers were used in the experiment: POMC Rn:
00595020-m1e M m:00435874-m1; NPY Rn: 0056168-m1e
Mm:00445771-m1; AgRP Rn: 01431703-g1e Mm:00475829-
m1; MCH Rn: 00561766-g1e Mm:01242886-g1; CRH Rn:
01462137-m1e Mm:01293920-s1; orexin Rn00565995-m1;
TRH Rn: 00564880-m1e Mm:01182425-g1. Glyceraldehyde-
3-phosphate dehydrogenase primers were used as a control.
There was no statistical difference in average Ct for GAPDH
from AL and IF animals in the same dietary state (fasting:
25.69 � 0.2709 and 25.04 � 0.4608 to AL and IF rats, respec-
tively) (feeding: 20.97 � 0.5528 for AL animals and 20.13 �
0.3556 for IF animals). Real-time RT-PCR analysis of gene ex-
pression was performed in an ABI Prism 7700 sequence detection
system (Applied Biosystems). The optimal concentration of
cDNA and primers, as well as the maximum amplification effi-
ciency, was obtained through a five-point, 2-fold dilution curve
analysis for each gene. Each PCR contained 3.0 ng of reverse
transcribed RNA, 200 nM of each specific primer, TaqMan (Ap-
plied Biosystems), and ribonuclease-free water to a final volume
of 20 �L. Real-time data were analyzed using the Sequence De-
tector System 1.7 from Applied Biosystems (29).
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Statistical analysis
Data were analyzed using GraphPad Prism and Origin Soft-

ware. Figures represent averages � SEM and were compared
using t tests or ANOVA, as described in figure legends. Two-
tailed P values under .05 were considered significant.

Results

Intermittent fasting promotes gorging feeding
patterns and low feed conversion efficiency

Eight-week-old Sprague Dawley rats were either fed AL
or maintained on an IF diet, which alternates 24-hour
feeding and 24-hour fasting periods, over three weeks. IF
animals presented significant daily fluctuations of approx-
imately 10% of their total weight (Figure 1A), as well as
significantly lower body mass gains over 3 weeks com-
pared to AL animals.

The 3-week weight gain was 22.50 � 3.05 g for IF
animals and 50.39 � 2.70 g for AL rats (n � 24, P � .05
as assessed by repeated measures of fed animals at the last
time point vs the same group before the dietary interven-
tion). During the treatment, IF animals gorged when of-
fered food, and ate approximately 53% of their daily food
consumption within the first 2 hours after food offering
(Figure 1B). Interestingly, IF rats presented slightly lower
cumulative food ingestion over the treatment (Figure 1C),
representing a 20% restriction of energy intake. In addi-
tion to this moderate decrease in caloric intake, IF animals
displayed much lower feed conversion efficiency when
compared to AL (Figure 1D), indicating that this diet
changes not only food intake but also has an impact on
energy metabolism. Fecal output mass was similar be-
tween the groups (Table 1) whereas cholesterol esters and
triglyceride content in feces was 15% higher in IF animals
(data not shown), indicating that IF may reduce absorp-
tion, which may be a factor in the lower feed conversion

efficiency. However, since this change is mild, we hypoth-
esized that changes in metabolic efficiency could also be
involved in the decreased energy use observed in IF rats.

In order to identify reasons for the difference in energy
efficiency observed, we measured the mass of metaboli-
cally-relevant tissues. We found a decrease in liver mass
from IF animals during fasting days (Figure 2A), which is
probably a consequence of the utilization of hepatic gly-
cogen and lipids as energetic sources. Indeed, the levels of
hepatic triglycerides in IF-fed rats were 212.6% of that in
IF-fasted animals (P � .0512; Table 1). SM tissue mass
was also affected by IF; soleus (Figure 2B) and plantaris
(Figure 2C) muscle weight were reduced, even when SM
mass was normalized to whole body mass (AL - 0.0566 �
0.0012%, IF - 0.0522 � 0.0006% for soleus; AL -
0.1459 � 0.0032%, IF - 0.1303 � 0.0023% for planta-
ris), indicating a condition of sarcopenia induced by IF. In
addition, epididymal adipose tissue mass was significantly
reduced in IF rats during both feeding and fasting phases
(although this difference was not significant when nor-
malized to body weight), whereas the visceral adipose res-
ervoir was not (Figure 2, D and E).

IF does not alter SM mitochondrial mass or
function

The loss of SM mass and lower feed conversion effi-
ciency promoted by IF may be due to central and/or pe-
ripheral changes in energy metabolism, which alter the use
of lipids vs carbohydrates and the amount of useful energy
extracted from these substrates. We initially investigated
if peripheral changes in energy conversion occur in IF by
quantifying and verifying the coupling of SM mitochon-
dria in IF animals. We found (Figure 3A) that intact SM
fibers present equal O2 consumption rates in IF and AL
animals, suggesting that mitochondrial mass and coupling
are unaltered. Indeed, the content of mitochondria was

determined by measuring SM citrate
synthase activity, a marker for mito-
chondrial mass, and found to be
equal in both AL and IF (Figure 3B).
Next, we determined mitochondrial
respiration and coupling, which can
affect the quantity of ATP produced
from a given substrate (reviewed in
Reference 30). Mitochondria were
isolated from SM and their oxygen
consumption rates were measured
under conditions in which ATP was
being synthesized and respiration is
maximized (state 3 respiration, in
the presence of added ADP; Figure
3C) and also in the absence of ATP

Figure 1. Intermittent fasting promotes overeating, lower feed conversion efficiency and
reduced body mass. A, Body mass variations over time in AL (●) and IF (f) animals (n � 8). B,
Cumulative food intake during the first two hours of refeeding (n � 7–10). C, Cumulative food
intake (n � 6) and (D) feed conversion efficiency over three weeks of treatment (n � 6). Data
represent averages � SEM and were compared using t tests. *, P � .05; **, P � .01; ***, P �
.001 vs AL. AL indicates ad libitum feeding, IF indicates intermittent fasting.
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synthesis (state 4, in the presence of the ATP synthase
inhibitor oligomycin). These results were similar when
BSA, which inhibits uncoupling proteins, was omitted

from the experimental media, and when experiments were
conducted in fed animals (results not shown). A lack of
difference in state 4 respiratory rates indicates that mito-
chondrial coupling is equal in both experimental groups,
and eliminates a role for changes in SM mitochondrial
coupling as the mechanism responsible for the lower en-
ergy conversion efficiency and sarcopenia observed in IF
animals. A different use of lipids as the SM energy source
during fasting or feeding periods is also not the cause for
decreased SM mass, because triglyceride levels were the
same (Table 1).

Spontaneous motor activity is decreased by IF
Alterations in energy conversion efficiency observed in

IF animals could be a consequence of changes in activity
levels. Therefore, we measured the spontaneous activity of
both groups. Surprisingly, we found that, overall, IF rats
present lower activity levels than control animals (Table
2). Although there was no significant difference in spon-
taneous activity between the groups during light periods,
during dark periods IF animals presented decreased activ-
ity when fasted. These data indicate that alterations in
spontaneous activity cannot explain the difference in feed
efficiency observed.

IF promotes higher metabolic rates on feeding
days and enhanced lipid oxidation on fasting days

Because no differences in isolated mitochondrial energy
conversion efficiency or spontaneous movement were ob-
served, changes in whole animal energy conversion are
probably attributable to central alterations in the control
of energy metabolism. In order to investigate this possi-
bility, we conducted whole animal indirect calorimetry
experiments, measuring O2 consumption and CO2 pro-
duction (Figure 4). We found that IF animals presented
higher O2 consumption and CO2 emission on fed days

(Figure 4, A and B, open bars), which
is indicative of higher rates of oxida-
tive catabolic metabolism. In addi-
tion to high respiratory rates, IF an-
imals also presented elevated body
temperatures (Table 1), further indi-
cating enhanced metabolic rates on
feeding days.

On fasting days (Figure 4, gray
bars), IF animals presented similar
O2 consumption rates to AL rats
(Figure 4A), but with lower CO2 re-
lease (Figure 4B). As a result, the
RER (CO2 produced per O2 con-
sumed; Figure 4C) was lower. This
indicates a preferential oxidation of

Figure 2. IF differentially affects energy-related tissues mass. A, Liver
mass (n � 4). Soleus (B) and plantaris (C) muscle mass of fasted
animals (n � 16). D, Epididymal adipose tissue mass (n � 8). E, Visceral
(retroperitoneal plus mesenteric) adipose tissue mass (n � 4). Data
represent averages � SEM and were compared using t tests (Panels B
and C) and 1-way ANOVA followed by Bonferroni post test (Panels A,
D, and E). *, P � .05; **, P � .01; ***, P � .001, vs AL. AL indicates
ad libitum feeding, IF indicates intermittent fasting.

Figure 3. IF does not alter mitochondrial mass or coupling. A, SM fiber respiratory rates were
measured as described in Materials and Methods (n � 14); B, Skeletal muscle citrate synthase
activity, determined as described in Materials and Methods (n � 8); C, Isolated SM mitochondrial
respiration in state 3 (phosphorylating), induced by 1 mM ADP, and in state 4
(nonphosphorylating), induced by 1 �g/mL oligomycin, was measured as described in Materials
and Methods (n � 14–16). All measurements were made using fasted animals. AL indicates ad
libitum feeding, IF indicates intermittent fasting.
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lipids during the IF fasting period, because lipids are more
highly reduced and require larger proportions of O2 to be
catabolized (31, 32). The result is compatible with our
data showing a loss of liver mass tissue during IF fasting
days (Figure 2A) and the alterations in triglyceride con-
tents in both serum and liver (Table 1). Altogether, this
data indicates that lower body weight in IF is a conse-
quence of elevated basal metabolic rates during feeding
days associated with increased lipid oxidation during fast-
ing days.

IF, but not AL animals, are leptin-sensitive
We investigated next the effects of IF on the control of

appetite and energy metabolism at the hypothalamic level,
in order to uncover possible mechanisms responsible for
the changes in metabolic rates. Leptin signaling was tested
first, since it regulates both appetite and energy expendi-
ture (20). After fasting for 12 hours, food intake was mea-
sured in AL and IF animals, with or without leptin injec-
tions. Interestingly, AL animals showed no response to

leptin (Figure 5A), ingesting equal amounts of food. This
is a surprising result because 3-month old rats are young
and not expected to present significant metabolic impair-
ments that animals maintained on AL diets develop over
time, including characteristics of the metabolic syndrome
(obesity, insulin resistance, and hyperleptinemia at ad-
vanced ages) (8, 33–36, 56). The surprising results indi-
cating AL animals were leptin-resistant were supported by
measurements of hypothalamic P-JAK-2 (Figure 5B) and
P-STAT-3 (Figure 5C) that are induced by leptin: no sig-
nificant changes were observed in AL animals treated with
this hormone, confirming they display apparent hypotha-
lamic leptin resistance. Increased levels of leptin in the
serum of AL animals (Figure 5D) are also compatible with
a condition of leptin resistance, whereas fasting levels were
found to be equal between both groups (results not
shown). On the other hand, IF animals did respond to
leptin with decreased food intake (Figure 5A) and in-
creased P-JAK-2 and P-STAT-3 after feeding (Figure 5, B
and C, respectively), indicating that this restricted diet pre-
serves leptin signaling over time, as observed in other re-
strictive dietary interventions (36). Indeed, the decreased
level of serum leptin observed in IF animals (Figure 5D) is
in agreement with literature data linking low levels of this
hormone with adequate responses to their signaling (36,
56). Interestingly, in the absence of exogenous leptin,
4-hour food intake in IF rats was noticeably higher than in
AL-fed animals (Figure 5A). Since both groups were sub-
mitted to the same time interval of fasting prior to this
experiment, this result suggests IF affects the central con-
trol of appetite over time, increasing hunger, as also indi-

cated by the gorging feeding pattern
observed in Figure 1B.

IF increases orexigenic
neurotransmitters and
decreases TRH expression

Our results studying leptin effects
indicated that IF animals present
preserved leptin responses, and that
leptin signaling is not responsible for
the gorging feeding pattern of these
animals. In order to gain insight into
the mechanism responsible for en-
hanced appetite in IF animals, we
measured mRNA levels of hypotha-
lamic neurotransmitters involved in
appetite and metabolic regulation.
mRNA levels of CRH, which is an-
orexigenic (reviewed in Reference
37), were unchanged by IF (Figure 6,
A and B, fasted and fed levels, respec-

Figure 4. IF promotes higher metabolic rates on feeding days and enhanced lipid oxidation on
fasting days. Twenty-four hours O2 consumption (A) and CO2 production (B) production were
measured as described in Materials and Methods. C, Respiratory exchange ratios (RER; CO2/O2)
were calculated from the data in Panels A and B. Data were normalized to AL respiratory rates
(n � 4–6). Data represent averages � SEM and were compared using 1-way ANOVA followed
by Bonferroni post test *, P � .05 vs AL; #, P � .05 vs Fed IF. AL indicates ad libitum feeding, IF
indicates intermittent fasting.

Table 2. Spontaneous Activity (kgf . 10-3) of AL and IF
Animals During Dark (12 Hours) and Light (11 Hours)
Periods, Evaluated in Collective Cages (4 Rats Per Cage)

Group Period

Night (6:00 pm–6:00 am) Day (6:00 am–5:00 pm)
AL 3420.0 � 267.8 1137.5 � 118.2
Fasted IF 1741.4 � 239.5a,b 854.1 � 159.3
Fed IF 2758.2 � 577.4 1036.8 � 216.0

Values are means � SEM (n � 4–8 cycles). a, P � .05 verus AL; b, P �
.05 vs fed IF, both during the night period.
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tively), as were levels of orexigenic MCH (reviewed in
Reference 38) and anorexigenic POMC (reviewed in Ref-
erence 38). On the other hand, IF animals presented in-
creased expression of orexigenic neurotransmitters AGRP
(reviewed in Reference 38) and NPY (reviewed in Refer-
ence 38), even on feeding days. The expression of orexin,
an orexigenic neurotransmitter produced in lateral hypo-
thalamus, was higher in fasted IF animals. This result is in
line with the leptin-sensitive overeating displayed by IF
animals. Overeating was not related to increased ghrelin
release, since the levels of this hormone was similar both
in fasted animals on each diet (Table 1) and when fed
(results not shown).

Furthermore, mRNA levels of TRH were decreased in
fasted IF animals (Figure 6A), but returned to control lev-
els on feeding days (Figure 6B). Since TRH controls the
levels of circulating thyroid hormones and thermogenesis,
this modification may be related to the observed increase

in feeding metabolic rates for IF an-
imals (Figure 4). Overall, the
changes in hypothalamic function
promoted by IF explain both the
overeating patterns displayed by
these animals and, possibly, the
lower energy conversion efficiency
resulting in lower weight gain.

Discussion

The effect of dietary interventions on
animal health has attracted increas-
ing attention since it is widely recog-
nized that restricted diets can have
positive effects on aging parameters
in laboratory animals. In this sense,

many effects of IF have been uncovered, mainly pertaining
to metabolic and stress responses associated with aging
(reviewed in Reference 9).

While the long-term effects of IF are certainly interest-
ing, a consistent finding even with short-term IF is that
animals overeat when offered food, often ingesting the
same amount of food as AL animals, but maintaining
lower body mass (1, 40, 41). Indeed, our data in Figure 1
demonstrate that IF animals have a lower weight gain, and
also ingest approximately 20% less food. In addition to
the decreased food consumption, other alterations must be
related to IF animals’ lower body mass, because this di-
etary intervention promotes a highly significant decrease
in energy conversion efficiency. This report was designed
to uncover mechanisms responsible for the decreased use
of substrate energy in IF animals, and, in the process of
doing so, also uncovered mechanisms underlying the gorg-
ing feeding pattern.

Previous studies have shown that
changes in energy expenditure in IF
are not associated with increased
ambulatory activity (42, 43). Indeed,
we observed that IF animals overall
move less than control animals (Ta-
ble 2), and spontaneous activity can-
not explain the differences in energy
expenditure. Despite a reduction in
overall movement, IF animals pre-
sented an increment in basal meta-
bolic rates (Figure 4) on fed days,
which is suggestive of higher thermo-
genesis (because less energy is con-
served in these animals and is not
used for locomotion, it must be dis-

Figure 5. IF, but not AL animals, are leptin-sensitive. A, Spontaneous food intake over 4 hours
was measured after 12 hours fasting in AL or IF animals injected with leptin (�) or PBS (●) (n �
7). Lines connect data collected from the same animal. P-JAK-2 (B) and P-STAT-3 (C) levels were
measured as described in Materials and Methods (n � 4). D, Serum leptin levels in fed AL and IF
animals (n � 8). *, P � .05 vs Fed IF. Data represent averages � SEM and were compared using t
tests (paired, for panel A). *, P � .05; ***, P � .001. AL indicates ad libitum feeding, IF indicates
intermittent fasting.

Figure 6. IF increases orexigenic neurotransmitters and decreases TRH. Relative quantities of
hypothalamic neurotransmitter mRNAs were measured as described in Materials and Methods on
fasting (A) and feeding (B) days (n � 4–8). Data represent averages � SEM and were compared
using t tests. *, P � .05 vs AL levels of the same neurotransmitter; # ,� .05 vs TRH in fasted IF.
AL indicates ad libitum feeding, IF indicates intermittent fasting.
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sipated as heat). Indeed, we found that hypothalamic lev-
els of TRH significantly rose in IF animals during feeding
days relative to fasting days (Figure 6). This thermogenic
neurotransmitter stimulates the production of thyroid-
stimulating hormone and, consequently, increases energy
expenditure and contributes toward lower body mass
gains (reviewed in Reference 44), a result compatible with
higher body temperatures measured in IF animals. Our
results thus suggest that IF is capable of stimulating TRH
neurons, resulting in global modifications of metabolic
rates and reduced feed conversion efficiency, although this
mechanism remains to be further investigated.

Reduced efficiency of energy conversion is also related
in many experimental models to changes in muscular en-
ergy use, mainly by decreasing the coupling of SM mito-
chondria, resulting in lower generation of ATP and higher
heat release (14, 15). In this sense, some groups observed
that decreased mitochondrial coupling due to uncoupling
protein (UCP) 3 expression is involved in the regulation of
energy expenditure in SM (45, 46). Other studies find that
changes in UCP3 levels do not necessarily modify mito-
chondrial coupling in this tissue (47, 48). The existence of
UCP1-expressing brown adipocytes within the SM pro-
moting enhanced thermogenesis has been observed in
some animal models (49). Other studies (5) have suggested
that the control of mitochondrial biogenesis and content
may be responsible for changes in energy conversion ef-
ficiency observed with dietary interventions. As a result,
we quantified markers of mitochondrial activity, mass and
coupling (Figure 3). An extensive collection of results
showed no difference in AL vs IF animals, indicating that
direct changes in mitochondrial metabolism are not re-
sponsible for the enhanced energy expenditure observed.
These data also indicate that differences in mitochondrial
physiology are not related to decreased SM mass of IF
animals. Since there were no differences in lipid content in
SM (Table 1), sarcopenia could be a consequence of al-
terations in protein metabolism in this tissue. Indeed, dur-
ing severe fasting, proteins are largely utilized as a fuel
source. In addition, dietary interventions and aging usu-
ally induce alterations in muscle protein metabolism, in-
cluding activating the ubiquitin proteasome system activ-
ity and altering protein turnover (50, 51, 52).

Since IF does not alter mitochondrial coupling, it seems
plausible to suggest that IF animals have reduced effi-
ciency of energy usage due to changes in metabolic pat-
terns promoted by the intermittent availability of sub-
strates. In most animal models, fasting involves an energy
conservation strategy in which metabolic rates are de-
creased and lipids are used as the energy source for most
organs. This is accompanied by increased blood flow to
the white adipose tissue, higher triglyceride hydrolysis,

and increased circulating levels of fatty acids (53–55). In-
deed, large changes in energy metabolism were observed in
IF animals on fed vs fasting days (Figure 4). On fasting
days, IF animals present enhanced lipid oxidation, as in-
dicated by the low RER, resulting in decreased liver mass
(Figure 2A) and reduced serum and liver triglyceride con-
tent (Table 1). On the other hand, feeding days in IF an-
imals resulted in higher O2 consumption and CO2 pro-
duction rates relative to AL, indicative of higher metabolic
rates. The RER was equal to AL fed animals, indicating
that the proportion of carbohydrate metabolized was
equal. This, associated with the high food ingestion,
weight fluctuations observed (Figure 1), and fluctuations
in liver mass (Figure 2) and content (Table 1) suggest that
IF animals produce fat from carbohydrate on feeding days,
and consume the lipid stored while fasting, resulting in
higher overall metabolic conversions and, as a result, en-
ergy expenditure.

Although explaining for the low energy conversion ef-
ficiency observed in IF, these results do not explain an-
other striking characteristic of IF animals: the gorging
feeding pattern (Figure 1B). Because leptin acts on the
arcuate nucleus of the hypothalamus, promoting anorex-
igenic pathways that induce satiety and increase energy
expenditure (reviewed in Reference 38), we tested the re-
sponsiveness of both groups to leptin (Figure 5). Our ex-
periments measuring food intake show that IF animals are
leptin-sensitive and, therefore, their overeating behavior is
not a consequence of impairments in leptin control of ap-
petite. Surprisingly, in spite of their young age, AL rats

Figure 7. Proposed mechanisms underlying lower energy conversion
efficiency and overeating in IF. Intermittently fasted animals present
higher AGRP and NPY levels both when fed and fasted, leading to
overeating when food is available. High levels of lipid oxidation on
fasting days, associated with higher catabolic rates during feeding
days, promote lower energy conversion efficiency leading to lower
body mass in IF.
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presented leptin resistance. This is line with the idea that
standard AL rodents are overfed and sedentary, displaying
several age-related metabolic abnormalities prevented by
dietary restriction protocols (36, 56). Nevertheless, the
premature unresponsiveness of AL animals to leptin stim-
ulus is surprising. Indeed, in the development of obesity,
the hypothalamus is often first site for the development of
metabolic abnormalities (57). Perhaps the modifications
we find in our animals are an early stage of changes leading
to the obese, insulin-resistant, phenotype observed at
more advanced ages. Additional experiments are neces-
sary to better address this premature effect of AL diets on
leptin responsiveness.

Recent studies have demonstrated that the structural
organization of the blood-hypothalamus barrier is altered
by fasting cycles, improving access of orexigenic factors to
the arcuate nucleus (58), an effect that may be present in
our model but was not explored here. Furthermore, the
expression of the orexigenic neurotransmitter NPY has
been shown to be altered by high-fat diets (59) and stress
(60). We found here that IF animals presented elevated
expression of NPY and AGRP, even when fed (Figure 5),
and increased orexin expression during fasting, a result
that mechanistically explains the overeating observed.
This adds another characteristic to the regulation of the
release of these neurotransmitters: feeding periodicity. In
addition, we found that food consumption in IF animals-
was elevated even when they were submitted to fasting
times comparable to AL animals (Figure 5). Indeed, it is
known that the effect of peripheral signals affecting hun-
ger can persist for hours after hormonal removal (61).
These changes in signaling in our model are unrelated to
circulating ghrelin levels (Table 1), but may involve dif-
ferences in blood-hypothalamus barrier permeability (58).
Irrespective of the specific mechanism, these data demon-
strate that IF promotes longer-term changes in hunger reg-
ulation at the hypothalamic level. In keeping with this
finding, IF rats presented low plasmatic leptin levels, a
result in line with previous studies (42), which, again, in-
dicates a predominance of orexigenic signaling. It is
known that specific neuronal populations can be resistant
to leptin, whereas others maintain their sensitivity (22, 62,
63), an effect which may explain the changes in anorexi-
genic (TRH)andorexigenic (NPYandAGRP)neurotrans-
mitters when IF animals are fed (Figure 6).

Overall, our work provides a mechanistic explanation
for the decrease in energy conversion efficiency promoted
by IF by demonstrating that this dietary intervention alters
metabolic rates and hypothalamic signaling, increasing
orexigenesis (summarized in Figure 7). This results in a
gorging feeding pattern as well as enhanced lipid oxida-
tion when fasting and elevated basal metabolic rates dur-

ing feeding, with overall lower gains in body mass. Relat-
ing these results to human physiology would be highly
speculative, because the metabolic rates, dietary and hous-
ing conditions are vastly different. However, we believe,
based on this data, that it is of high interest to evaluate in
further studies if intermittent feeding patterns alter met-
abolic rates and hunger responses in humans.
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4. Conclusions 

 

 IF affects redox status in a tissue-specific manner in rats. 

 IF promotes redox imbalance in the liver and brain and protects against 

oxidative damage in the heart. 

 IF treatment results in lower body mass, overeating and decrased energy 

conversion efficiency. 

 Decreased body mass is the consequence of an increase in metabolic 

rates on feeding days in addition to enhanced lipid oxidation during 

fasting periods. 

  IF leads to an increase in the expression of orexigenic neurotransmitters 

in the hypothalamus, even on feeding days, which could explain the 

overeating pattern. 

 IF promotes the modulation of TRH levels in IF rats during fasting days, a 

finding that could be related to the observed alterations in metabolic 

rates.  
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a b s t r a c t

Knowledge of location and intracellular subcompartmentalization is essential for the understanding of

redox processes, because oxidants, owing to their reactive nature, must be generated close to the

molecules modified in both signaling and damaging processes. Here we discuss known redox

characteristics of various mitochondrial microenvironments. Points covered are the locations of

mitochondrial oxidant generation, characteristics of antioxidant systems in various mitochondrial

compartments, and diffusion characteristics of oxidants in mitochondria. We also review techniques

used to measure redox state in mitochondrial subcompartments, antioxidants targeted to mitochon-

drial subcompartments, and methodological concerns that must be addressed when using these tools.

& 2012 Elsevier Inc. All rights reserved.
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Introduction

Isolated mitochondria were first reported to release hydrogen
peroxide in the late 1960s, and this oxidant was subsequently
demonstrated to be a product of superoxide radical dismutation
[8,19,37,53]. Since then, it has become clear that these organelles
are a quantitatively relevant source of intracellular oxidants,
produced mostly as by-products of electron transfer reactions.

The electron transfer reactions that generate oxidants are diverse
in nature and occur in submitochondrial locations. This, added to
specific characteristics of removal systems and differences in
ll rights reserved.

8

i).

.

reactivity (and thus diffusion), may result in very distinct redox
status in mitochondrial compartments. Because redox processes are
highly dependent on local intracellular characteristics and targets, it
is important to understand these environmental properties. This
review focuses on current knowledge regarding the compartmenta-
lization of mitochondrial redox processes.
Where are mitochondrial oxidants generated?

The electron transport chain is the most studied source of
mitochondrial superoxide radicals (O2

d�), formed through one-
electron reduction of molecular oxygen [1,66,108]. NADH-ubiqui-
none oxidoreductase (complex I) releases O2

d� to the matrix,
possibly through the flavin and iron–sulfur clusters into the
hydrophilic arm [9,51,114]. Complex III (ubiquinone:cytochrome
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c reductase), on the other hand, releases O2
d� to both the

intermembrane space and the matrix [9,114]. Although isolated
succinate dehydrogenase (complex II) has been shown to release
O2
d� in the absence of added coenzyme Q [125], this complex

seems to be of lesser importance considering total oxidant release
in intact organelles and cells, perhaps because of structural
characteristics of this enzyme [124]. Complex IV is not usually
considered a quantitatively relevant source of mitochondrial O2

d� ,
because of its ability to bind tightly to partially reduced inter-
mediates [9,48,60,114].

In addition to the electron transport chain, the importance of
other mitochondrial enzymes, in particular flavoproteins, as O2

d�

sources has increasingly been recognized [1]. Two of these
enzymes, pyruvate and a-ketoglutarate dehydrogenase, are located
in the matrix and possess the same flavin subunit (dihydrolipoa-
mide dehydrogenase or dihydrolipoyl dehydrogenase), which is
the source of O2

d� [102,106,111]. For reasons that are still unclear,
O2
d� generation is more pronounced in a-ketoglutarate dehydro-

genase compared to pyruvate dehydrogenase [102]. Interestingly,
a-ketoglutarate dehydrogenase is tightly associated with the
matrix surface of the inner mitochondrial membrane [55] and, in
yeast, is a component of the mitochondrial nucleoid [43,86]. This
close proximity between an important source of mitochondrial
oxidants and mitochondrial DNA (mtDNA) may explain why this
enzyme is involved in mtDNA dysfunction [107] and is an oxidant
source involved in aging in yeast [106].

Other sources of matrix O2
d� include the electron-transferring

flavoprotein Q oxidoreductase and possibly acyl-CoA dehydrogenases,
although these sources still remain poorly explored [9,101,108]. Other
mitochondrial flavoenzymes such as the branched-chain a-ketoacid
dehydrogenase complex are possible and yet unstudied mitochon-
drial reactive oxygen species (ROS) sources.

Aconitase is a matrix enzyme commonly used as a marker for
mitochondrial oxidant levels, because O2

d� can oxidize its iron–
sulfur clusters. Vasquez–Vivar and colleagues [117] reported that
oxidized aconitase can produce hydroxyl radicals by the Fenton
mechanism. Interestingly, aconitase is also a component of the
nucleoid involved in the maintenance of mtDNA [107].

Enzymes on the outer surface of the inner mitochondrial
membrane can contribute to oxidant release in the intermem-
brane space. Dihydroorotate dehydrogenase participates in the
synthesis of pyrimidine nucleotides and donates electrons to
coenzyme Q. In the absence of this electron acceptor, this enzyme
has been shown to generate H2O2, although this remains to be
further investigated [1,19]. a-Glycerophosphate dehydrogenase is
an enzyme located on the outer surface of the inner mitochon-
drial membrane that has a clear role as a source of intermem-
brane space O2

d� [9,60,108,112,129]. Moreover, topological
measurements of O2

d� generation originating from a-glyceropho-
sphate dehydrogenase suggest radicals may be produced at both
sides of the membrane [60], although the location of the flavin, far
from the membrane, does not support this possibility [123].
Superoxide radical production within the mitochondrial matrix
originating from glycerol phosphate may also be the result of
reverse electron transfer to complex I [1,9,60,112,113,108].

Monoamino oxidase is an enzyme located on the outer face of
the mitochondrial outer membrane. It can generate H2O2 at
higher rates than the electron transfer chain, thus resulting in
mtDNA damage [30,49,91].
Mitochondrial antioxidant compartmentalization

Considering the diverse and quantitatively significant sources
of oxidants in the mitochondrial microenvironment described
above, effective antioxidant mechanisms are necessary to maintain
mitochondrial and cell function. Antioxidant systems vary greatly
in each mitochondrial compartment and include many different
strategies: (i) catalytic removal of free radicals and other ROS, (ii)
reduction of free radicals by electron donors, (iii) chelating
mechanisms for pro-oxidant metal ions, and (iv) repair mechan-
isms [25,48,50,114,116]. The antioxidant characteristics of the
various mitochondrial subcompartments are described next.

O2
d� in the matrix is dismutated into H2O2 either sponta-

neously or catalyzed by the MnSOD (SOD2). The high concentra-
tion and reaction rate of SOD2 suggest that the steady-state levels
of mitochondrial O2

d� are low, in keeping with the perceived
importance of removing this oxidant [20,21,46,66,120].

H2O2 generated in the matrix can diffuse to other cellular
compartments because of its high stability and membrane per-
meativity (as will be discussed below). Alternatively, H2O2 gener-
ated in the mitochondrial matrix will be removed by enzymatic
systems in this compartment. These systems include glutathione
peroxidases (GPx), thioredoxin peroxidases (TPx), and, in some
tissues, catalase [18,48]. GPx and TPx convert hydrogen peroxide to
H2O at the expense of oxidizing glutathione (GSH) and thioredoxin
(TRx), respectively. The ubiquity of both systems suggests the
central importance of peroxide removal within cells, although
simulations based on rate constants and concentrations suggest
TPx is the premier enzyme responsible for H2O2 removal in
mitochondria, mostly because of its relative abundance [15]. On
the other hand, the rate constant of GPx and the concentrations of
glutathione are higher. Differences also exist regarding substrate
specificity: TPx also removes organic hydroperoxides [67]. Both TPx

and GPx H2O2-removal systems use electrons from NADPH to
regenerate reduced GSH and TRx [3,35,80]. NADPH in the mito-
chondrial matrix is regenerated from electrons donated by NADH,
through the activity of the proton-translocating transhydrogenase
[73], linking the presence of the inner membrane proton gradient
to an effective removal of H2O2. Catalase has been found in heart
and liver mitochondria [77,85], although it is probably not as
effective as GPx and TPx in removing mitochondrial H2O2 at
physiological levels [121]. Despite this, overexpression of catalase
specifically in mitochondria significantly extends murine life span
[90], indicating it is functionally relevant in this compartment.

Important nonenzymatic antioxidant systems also exist within
the mitochondrial matrix: GSH is a powerful antioxidant itself. It
is synthesized in the cytoplasm and imported into mitochondria
by two electroneutral antiport carrier proteins, reaching concen-
trations as high as 11 mM in the matrix [22,34,38,57,116]. GSH
scavenges hydroxyl radicals and singlet oxygen directly and can
regenerate vitamins C and E to their reduced forms. The oxidized-
to-reduced glutathione ratio is widely used as an indicator of the
mitochondrial or cellular redox state. Ascorbate (vitamin C) is also
an important electron donor in the mitochondrial matrix. It
participates in the regeneration of oxidized vitamin E and is a
radical scavenger. Ascorbate can also be a cofactor for one-Cys
peroxiredoxins, which are located in yeast mitochondria, remov-
ing H2O2 [56,61,116].

Metal chelation is an essential antioxidant defense in the
mitochondrial matrix, because the mitochondrion is a metal-rich
organelle. Indeed, iron chelation prevents mitochondrial damage
under conditions of oxidative stress [12,39]. Finally, mtDNA-
repairing systems are essential for mtDNA integrity, ensuring
efficient electron transport chain assembly that prevents further
oxidant generation in mitochondria [29,48,114].

Hydrophobic antioxidant systems are located within the
mitochondrial inner membrane, protecting both membrane integ-
rity and inner membrane proteins. Phospholipid hydroperoxide
glutathione peroxidase is a membrane-associated GPx that reacts
with both hydrogen peroxide and lipid hydroperoxides. This
enzyme protects against membrane-damaging lipid oxidation
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and has been reported to be antiapoptotic, preventing the forma-
tion of cardiolipin hydroperoxide and cytochrome c release
[70,109,115]. Vitamin E (a-tocopherol) is a relevant lipid-soluble
antioxidant in the mitochondrial inner membrane, preventing the
propagation of free radical-mediated chain reactions by trapping
lipid peroxyl radicals [26,110]. Coenzyme Q is a recognized O2

d�

source when partially reduced but also represents an important
inner membrane antioxidant when fully reduced. Ubiquinol
inhibits lipid and protein oxidation by reducing perferryl radicals
or eliminating lipid peroxyl radicals. Ubiquinol can also regener-
ate vitamin E from the a-tocopheroxyl radical [5,62].

In the mitochondrial intermembrane space, O2
d� is dismutated

to H2O2 by CuZnSOD (SOD1), the cytosolic isoform of SOD, also
present in the intermembrane space [44,71]. Interestingly, target-
ing SOD1 specifically to the mitochondrial intermembrane space
rescues the motor phenotype of SOD1 knockout animals, indicat-
ing that the mitochondrial location of this enzyme is essential for
the maintenance of motor neuron integrity [17]. Cytochrome c is
also an important mitochondrial antioxidant, oxidizing O2

d� to O2

and then transferring the electron to complex IV [74,93]. Finally,
GSH is abundant in the intermembrane space; it is transported by
voltage-dependent anion-selective channels located in the outer
membrane [44].

Overall, mitochondrial antioxidant systems are so effective
that it has been proposed that release of oxidants from mitochon-
dria within cells under physiological conditions may not be
significant [10,69,100].
Diffusion of oxidants and mitochondrial subcompartments

The presence of oxidants in various mitochondrial subcom-
partments depends not only on their generation properties, but
also on their reactivity and diffusibility (see Fig. 1). Diffusion
distance can be estimated by the Einstein–Schomulochowski
equation,

x¼
ffiffiffiffiffiffiffiffiffiffiffiffi
ð6DtÞ

p
, ð1Þ

where x̄ is the quadratic mean of the diffusion distance in three-
dimensional space, D is the diffusion coefficient, and t is the time,
usually taken as the molecule half-life time. A half-life time is the
time for a decrease in concentration of 1/e, or 37%. The diffusion
Fig. 1. Schematic representation of selected oxidant diffusion distances based on Einstei

concentration. Cell dimensions adopted were approximately 16�16 mm; mitochondria

the arrow) is �3 mm. Half-life times: CO3
d� 3.5 ms, NO2

d 7 ms, 1O2 4 ms, O2
d� 35 ms, OHd
coefficient can be calculated using the Stokes–Einstein equation,

D¼ kT=6pZr, ð2Þ

where k represents the Boltzman constant, T is the absolute
temperature, Z is the viscosity of the biological matrix, and r is
the hydrodynamic radius of the solute species. The diffusion
coefficient was assumed to be 1�10�9 s�1. Molecule half-life
times are estimated considering all the rates at which a molecule
reacts in the cell or tissue and reactant concentrations:

t¼ ln 2=ðkdþk1½M1�þk2½M2�þ � � � þkn½Mn�Þ: ð3Þ

Chemical reactions in the condensed phase are limited by the
solvent surrounding the reactants, which is usually water within
cells. Encounters between reactants last about 10�8 to 10�10 s. If
the probability of a reaction is high enough, the overall reaction
rate will depend only on solvent diffusion, restricted by the
diffusion limit (109–1010 mol L�1 s�1).

Considering both the predicted short diffusion distances for
O2
d� and the limitations in measuring intracellular concentrations

of this radical, the rates/concentrations of O2
d� that leave or enter

mitochondria remain a largely open question. Fig. 1 shows a
schematic drawing of a 16 mm diameter cell and its mitochondria,
with predicted diffusion distances of some ROS brought to scale.
Fig. 2 shows ROS concentration evolutions based on their esti-
mated lifetimes.

Superoxide diffusion distances and lifetimes are strongly
dependent on the presence of superoxide dismutase and free
metal ions. The high rate constant for the SOD reaction (about
5�109 L mol�1 s�1) reduces O2

d� lifetime from 100 ms (in the
absence of SOD) to 35 ms [59,84], whereas the diffusion distance
changes from about 50 mm to 400 nm. Thus, in mitochondria, matrix
and membrane SOD isoforms will remove most O2

d� produced
under physiological conditions [10]. Because superoxide is nega-
tively charged, its diffusion through the lipid bilayer is unfavorable,
and it is thus highly improbable that the radical generated in the
mitochondrial matrix could leave this subcompartment. However,
the protonated form of O2

d� , the perhydroxyl radical (HOOd;
pKa¼4.7), is potentially membrane-diffusible. Superoxide produc-
tion occurring in the proton-rich intermembrane space could lead to
the production of HOOd, which may diffuse into mitochondria
(stimulated by the pH gradient) or to the immediate extramito-
chondrial space [23,52,84]. Intermembrane-space O2

d� diffuses out
n–Schomulochowski relations and t¼3t1/2 accounting for �95% decay of the initial

l dimensions were 2�1 mm; hydrogen peroxide diffusion radius (represented by

10 ns, H2O2 500 s.
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of the organelle through the outer membrane voltage-dependent
anion channel [27].

Hydrogen peroxide is a relatively stable molecule in solution,
with long lifetimes and large diffusion distances, mostly elimi-
nated by thiol peroxidase and catalase activities, as described
above. H2O2 is often believed to diffuse through membranes
because of its lack of charge, small size, and physical properties
similar to water [7]. However, biomembranes constitute a barrier
to peroxide diffusion and lead to the formation of gradients. This
was investigated experimentally in Jurkat cells by measuring H2O2

consumption rates by scavenging enzymes [2]. The magnitude of
the H2O2 gradient is proportional to consumption rates in each
compartment. Furthermore, the formation of the H2O2 gradient is
determined by the size of the cell or organelle (smaller compart-
ments are more permeable to H2O2) and expression levels of
aquaporins known to transport H2O2 [6]. Membrane and/or cell
wall composition also determines H2O2 permeability [98].

Hydroxyl radical lifetimes and diffusion distances in water are
10 ns and 5 nm, respectively [24,76]. Inside the cell, however, the
lifetime may be much lower because of high reactivity toward cell
components, and the diffusion distance in water should be
considered an upper limit for diffusion in the cell. Singlet oxygen
(1O2), which can be generated in various cellular locations by
photosensitization, also has limited lifetime and diffusion (4 ms
and 100 nm) in water and within cells [79].
Subcompartmentalized measurements of mitochondrial redox
state and oxidants

Because the outcome of mitochondrial oxidant generation
varies largely with the type, quantity, and location of ROS, gaining
access to technologies that provide specific, localized, and quan-
titative measurements of these species is essential. Unfortunately,
although considerable progress has been made, precise forms to
measure mitochondrial redox state are still lacking, and all
techniques should be used critically, include appropriate controls,
and be associated with other mechanistically distinct techniques
to confirm the findings [64]. We will first present techniques
available and then discuss their shortcomings. Table 1 lists some
commonly used mitochondrial redox probes, their strengths, and
their weaknesses.

Probes available for measurements of mitochondrial redox
state or oxidant levels can be separated into two main groups:
protein and nonprotein probes. The majority of nonprotein probes
are targeted to mitochondria through their coupling to the
lipophilic triphenylphosphonium cation (TPPþ), a group that
favors the accumulation of the probe (several hundreds of times)
within mitochondria, driven by the membrane potential [65].
Mitochondrially targeted probes in this category include those
designed for the detection of highly reactive oxygen/nitrogen
species (MitoAR [45]), hydrogen peroxide/peroxynitrite (MitoPY1
[16]; MitoB [14]), superoxide (MitoSOX [41]), and lipid peroxides
(MitoDPPP [89]; MitoFOX green, a diphenyl-1-pyrenylphosphine
derivative available from Molecular Probes, Eugene, OR, USA,
although a report describing its use could not be located).

Dichlorofluorescein (DCF) is another nonprotein probe that is not
targeted to mitochondria, but we find important to mention because
it is the most widely used fluorescent probe for ROS measurements,
including mitochondrially derived oxidants. DCF has numerous
artifacts and limitations [13,40,41], as discussed in the next section.

Recently, a hybrid probe, SPG2, was described by Srikun et al.
[99]. This probe was designed to detect peroxynitrite/hydrogen
peroxide and consists of a derivatized boronate bioconjugated to
SNAP-tag fusion protein. This strategy allows the targeting of
nonprotein compounds to various subcellular locations, a fact
feasible only for protein probes so far.

Genetically encoded proteinaceous probes have been developed
with a number of targeting sequences that promote their localiza-
tion to specific mitochondrial compartments [28,32,54,83,118,119].
cpYFP, a circularly permuted yellow fluorescent protein that shifts
its fluorescence emission under strong oxidizing conditions [118],
was targeted to mitochondria through its fusion to the targeting
sequence of subunit IV of cytochrome c oxidase [118]. HyPer, a
genetically encoded biosensor for hydrogen peroxide based on
cpYFP and the OxyR bacterial transcription factor [4], was targeted
to the mitochondrial matrix or the intermembrane space through
the use of the targeting sequence of subunit VIII of cytochrome c

oxidase or a partial sequence of mouse mitochondrial glycerol
phosphate dehydrogenase 2, respectively [54,83]. Finally, rxYFP
[72] and roGFP [28], two fluorescent protein probes for measure-
ment of thiol/disulfide intracellular redox state, were targeted to
the mitochondrial matrix or the intermembrane space through the
use of different leading sequences [32,119]. Quantitative measure-
ments using rxYFP in yeast grown in high-glucose cultures
(a condition that increases their H2O2 release [106]) suggest that
GSH:GSSG ratios are in the range of 900:1 in the matrix and 250:1
in the intermembrane space. Both environments are thus distinct in
redox state and more oxidized than the cytosol, in which the ratio is
in the range of 3000:1 [32].



Table 1
Commonly used mitochondrial redox probes.

Probe Characteristics Cautionary notes Refs.

Nonprotein probes

MitoAR High fluorescence intensity Nonspecific [45]

pH-independent fluorescence Mitochondrial accumulation depends on membrane

potential

Tolerance to photobleaching

Tolerance to autoxidation

MitoB1 More specific for mitochondrial H2O2 Mitochondrial accumulation depends on membrane

potential

[14]

May be analyzed by mass spectrometry

MitoDPPP Does not react with O2
d� or OHd Oxidized by various lipid peroxides, including those from

other cellular sites

[89]

MitoPY More specific for mitochondrial H2O2 than other

nonprotein probes

Mitochondrial accumulation depends on membrane

potential

[16]

MitoSOX Reacts with O2
d� to form a specific product

(2-OH-Mito-Eþ)

Reacts with other oxidants (OHd, ONOO�) to form Mito-

Eþ and dimers, which have similar spectral parameters

[40,41,128]

Irreversible reaction—not suitable for transient

measurements

DCFH2 Easy manipulation Nonspecific [13,41,42,127]

Cheap Dependent on pH, concentration of transition metals, and

phenotypeEasily obtained
Modified by many biological molecules including GSH,

NADH, and Ascorbate

Autoxidation, photo-oxidation, autocatalysis, respiratory

inhibition

Protein-based probes

cpYFP Can be targeted to specific mitochondrial compartments Requires transfection and appropriate expression [33,58,63,87,118]

Very pH sensitive

Suitability as a O2
d� probe is under debate

HyPer Ratiometric Requires transfection and appropriate expression [4,54,83]

Specific for H2O2 pH sensitive

Presents high sensitivity

rxYFP Targeted Not ratiometric [32,58,72]

High background noise

Sensitive to pH and chloride

roGFP Ratiometric Limited sensitivity [28,81,119]

Allows dynamic measurement of mitochondrial redox

state

Biosynthesis of one mature molecule of GFP implies the

release of one H2O2

Can be targeted to specific mitochondrial compartments

Hybrid probe

SPG2 Specific for H2O2 Requires transfection [81,99]

Can be targeted to specific mitochondrial compartments Reaction with H2O2 is irreversible—not suitable for

transient measurements

Rate constant with H2O2 is lower than that of catalase,

glutathione peroxidase, or peroxiredoxin
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Mitochondrial probes: a few words of caution

Redox measurements in themselves are tricky, because of the
reactive nature of oxidants, and localized measurements are even
more so. Although most probes are designed to react preferen-
tially with specific oxidants, they certainly react with other
species, too [41,45,128], making specificity a rare quality. Further-
more, several important artifacts of these probes are particularly
relevant to mitochondrial microenvironments.

Probes linked to TPPþ [14,16,82] or any other lipophilic cation
will accumulate in mitochondria in a manner related to the
magnitude of the inner membrane potential. Thus, the first obvious
point to be taken into account is that probe fluorescence both in the
whole cell and in the mitochondria within the cell will vary with
changes in the cellular and mitochondrial membrane potentials,
independent of variations in oxidant levels. Because most changes
in mitochondrial oxidant generation involve alterations of mito-
chondrial oxidative phosphorylation and energy metabolism, this is
a central point that must always be considered and that precludes
the use of these probes as sole measurements of mitochondrial
oxidant levels. Furthermore, the accumulation of probes in the
mitochondrial microenvironment does not increase proportionally
to its localized fluorescence. Because the quantity of these probes in
a small environment can be significant, both quenching [65,68] and
mitochondrial uncoupling due to the accumulation of the indicator
may occur. Uncoupling is a highly effective antioxidant strategy
[11,95], so uptake of the probe is a possible mechanism in which
the technique used to measure oxidants changes oxidant produc-
tion. Finally, the presence of very high quantities of these chemicals
in the mitochondrial microenvironment can lead to changes in
mitochondrial function. It is worth noting that DCF, which can
accumulate in mitochondria under some conditions, promotes
mitochondrial respiratory inhibition when added to the extrami-
tochondrial medium at micromolar concentrations [104]. Because
these effects are certainly variable with cell type and loading
conditions, it is recommended that mitochondrial functionality be
verified as a control for the use of these indicators.

Protein-based probes [28,99,118] can be directed to specific
compartments with low risk of quenching or interference with
other proteins. Nonetheless, overexpression of any protein can
change the normal physiology and morphology of the organelle.
In addition, proteinaceous probes are based on cysteine redox
chemistry [28,118] and are therefore limited to processes that
affect thiols.
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An issue that affects both protein and nonprotein probes is
changes in mitochondrial quantity and morphology, which can
affect probe signal [47]. Another central point for all probes is pH
sensitivity. Mitochondria present substantial DpH across the
inner mitochondrial membrane [78], and the pH in different
mitochondrial environments is influenced by metabolic activity.
Changes in pH can notably change the signal obtained with
different probes [87,88,122], within the physiological range. For
example, cpYFP fluorescence increases five times by shifting the
pH from 7 to 8 [118], and clamping cytosolic pH has led to
questions regarding O2

d� measurements using this probe [87].
DCF presents at least threefold changes in fluorescence, with pH
shifts between 7 and 8, and doubles its fluorescence emission
with shifts of pH between 6 and 7 [122].
Targeted antioxidants and other ‘‘antioxidant strategies’’

An effective way to demonstrate the participation of mito-
chondrial oxidants in pathophysiological processes is by verifying
the effects of antioxidants designed to selectively remove ROS
from mitochondrial microenvironments.

Lipophilic cationic antioxidants make use of the mitochondrial
inner membrane potential, similar to TPPþ-bound probes, to
promote the accumulation of antioxidants in the matrix. TPPþ-
associated vitamin E (MitoVitE) and, especially, coenzyme Q
(MitoQ) have been widely used and provide protection against
many different oxidant-related forms of cell and organismal
damage (reviewed by Smith and Murphy [96]). Both accumulate
by more than 2 orders of magnitude in mitochondria, in a
membrane-potential-dependent manner. The downfall of these
probes is that they can cause uncoupling themselves [103],
possibly preventing mitochondrial O2

d� formation. These probes
also undergo redox cycling that can generate O2

d� and may be
poor inhibitors of thiol oxidation [36]. Furthermore, MitoQ has
been demonstrated to accept electrons before the rotenone-
inhibitory site in complex I and to have its reduced form recycled
by complex II, allowing it to act as an intracellular pro-oxidant
under conditions under which electron flow through complex I is
high [75].

SkQn compounds are similar to MitoQ in mitochondrial accu-
mulation and protective properties, but are less prone to redox
cycling because of the use of plastoquinones instead of the
ubiquinone moiety present in MitoQ. The main pharmacological
advantage of SkQn compounds over MitoQ is a larger window
between their antioxidant and pro-oxidant effects (for review see
[92,94]). Plastoquinones in vivo are located in thylakoid mem-
branes, a highly oxidant environment, and present distinct redox
properties: whereas the plastoquinone redox potential is around
þ110 mV, that of ubiquinone isþ70 mV [97]. Moreover, SkQn

compounds are reduced by mitochondrial cytochrome bh, and the
reduced form of SkQn compounds promptly reacts with super-
oxide produced in mitochondria. In addition, the SkQH2 structure,
especially SkQH21, favors a direct interaction with cardiolipin
molecules, hence avoiding oxidation of this lipid.

Cell-permeative mitochondrially targeted peptides have also
been developed [105,126], and they mostly accumulate (by 3 or
4 orders of magnitude) in the inner mitochondrial membrane,
without reaching the matrix, in a manner that is not highly
dependent on the membrane potential. The differential location
and accumulation properties of these mitochondrial antioxidants
are interesting in terms of studying mitochondrial redox com-
partmentalization, but this possibility has not yet been fully
explored. Membrane-potential-sensitive polycationic peptides
that penetrate into the matrix have also been developed [31].
Conclusions

Because of the reactive nature of oxidants, their intracellular
targets for both damaging and signaling effects must be within
very specific constraints regarding the separation from their
source. Given the importance of mitochondria as generators and
targets of these oxidants, understanding the subcompartmentali-
zation of mitochondrial redox processes is essential. In the past
few years, a lot of knowledge has been gained regarding the
characteristics and locations of mitochondrial oxidant generation,
as well as more quantitative measurements of the antioxidant
capacity and redox state of various mitochondrial subcompart-
ments. A challenge for the area in the future will be the devel-
opment of more trustworthy and specific mitochondrially
targeted antioxidants, as well as mechanisms to conduct real-
time, localized, specific, and quantitative measurements of oxi-
dants in mitochondrial microenvironments in vivo.
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McCay [1] first demonstrated that rats restricted in caloric intake
exhibited extended life spans. Subsequently, calorie restriction (CR)was
shown to extend life span in many animal models [2–4] and attracted
the attention of researchers uncoveringmechanisms involved in animal
aging. Unfortunately, studies involving dietary limitations and their
biological effects have diverged over the years regarding the protocol
adopted. Today,manydiets commonly referred to as CR in the literature
involve intermittent feeding and fasting cycles (IF), also known as
every-other-day feedings, or food restriction (FR) without micronutri-
ent supplementation (incurring malnutrition [5]). Although some
metabolic changes similar to those observed in CR are present in FR or
IF [6–9], there is little or inconsistent evidence to date that these
interventions promote life-span benefits [10–14; reviewed in 5,6,15].
Furthermore, most studies adopt a single nutritional protocol, preclud-
ing side-by-side comparisons between these clearly distinct diets.

Of the many effects of CR, two are widely accepted to be connected
with extended longevity: redox changes and alterations in insulin
signaling pathways [16–18]. CR limits mitochondrial generation of
reactive oxygen species (ROS), alters the expression and activity of
antioxidant pathways, and prevents oxidative modifications of bio-
molecules during aging [4,18,19]. CR also prevents the loss of peripheral
sensitivity to insulin, precluding many of the effects of aging associated
with insulin resistance [16,17]. Changes in redox state and insulin
signalingmay be linked, although this cross talk is still poorly explored.
Insulin receptor sensitivity has been shown to increase in response to
mild oxidative imbalance [20,21], whereas excessive ROS production in
diabetes and obesity can impair insulin signaling [22,23].

Here, we compare the short- and long-term effects of ad libitum
feeding (AL), CR, and IF on body weight, intra-abdominal fat
accumulation, glucose tolerance, and insulin signaling. We find that,
although IF and CR are similar in short-term studies, they are strikingly
different in long-term interventions. Long-term IF promotes redox
imbalance, oxidative modification of the insulin receptor, and glucose
intolerance.

Experimental procedures

Animals

All experiments were conducted in agreement with the National
Institutes of Health guidelines for humane treatment of animals and
were reviewed and approved by the local Animal Care and Use
Committee. For short-term studies, male, 4-week-old Sprague–Dawley
rats were separated into three groups: AL, fed ad libitum with an

http://dx.doi.org/10.1016/j.freeradbiomed.2011.07.006
mailto:alicia@iq.usp.br
http://dx.doi.org/10.1016/j.freeradbiomed.2011.07.006
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AIN-93-M diet prepared by Rhoster (Campinas, SP, Brazil); CR, fed daily
with 60% of a diet supplemented with micronutrients, to reach the
vitamin and mineral levels consumed by AL animals; and IF, which had
ad libitum access to the AIN-93-M diet on alternating days. Body mass
and food consumption were recorded weekly. In the long-term study,
the FR groupwas added (FR, fed daily with 60% weight of the same diet
offered to AL animals), and the rats were divided into groups at 8 weeks
of age. Food was offered to FR and CR rats at 6:00 PM, the same time at
which IF chow was alternately placed or removed. FR and CR feedings
were adjusted weekly by weight, based on AL food consumption
measured 1 week prior. The animals were lodged three individuals per
cage, in 12-h light/dark cycles, and given water ad libitum.

After 4 weeks or 8 months of dietary intervention, the rats were
sacrificed after 12 h of overnight fasting and tissues were dissected
and weighed. Total hindlimb skeletal muscle and intra-abdominal fat
deposits were pooled and homogenized together. To ensure that all
rats presented comparable feeding statuses, food was placed at
6:00 PM for all groups. Foodwas removed at 8:00 PM, and the animals
were sacrificed at 8:00 AM the following day. During the long-term
dietary intervention, 2 of 8 animals in the FR group and 1 of 15 AL rats
died spontaneously, 2 of 16 animals from the IF group were removed
because of locomotive alterations, and 1 was eliminated because of
the presence of tumors. No animals were eliminated from the CR
group (18 in total).

Glucose levels and glucose tolerance tests

Peripheral blood was collected from the tail of 8- or 40-week-old
animals fasted for 12 h and immediately used for glucose analysis
using a glucose analyzer (Accu-Check Performa, São Paulo, SP, Brazil).
For glucose tolerance tests, rats were anesthetized with isoflurane
(5%) using a calibrated vaporizer (35–50% O2; 50–65% N2O), at the
end of the dietary intervention and after an overnight fasting period.
A 200 g/L glucose solution was injected ip at a final dose of 2 g kg−1

[24], and blood samples for glycemic determinations were obtained
from the paw at 0, 30, 60, and 120 min after the challenge and
analyzed using a glucose analyzer.

Immunoprecipitations

Intra-abdominal adipose tissue and skeletal muscle samples were
homogenized using an electric potter in lysis buffer (50 mM sodium
phosphate, pH 7.4, 10% glycerol, 1% octyl phenol ethoxylate, 10 mM
sodium orthovanadate, 10 mM sodium fluoride, 10 mM sodium
pyrophosphate, supplemented with a Sigma protease inhibitor mix-
ture). After 30 min on ice, tissue lysates were centrifuged (13,000 g,
20 min, 4 °C), and the resulting supernatantswere collected. Solubilized
proteins, at final concentration of 1 (adipose tissue) or 2 mg/ml
(muscle), were incubated with anti-insulin receptor (IR) β subunit
(4 μg/ml) or anti-insulin receptor substrate 1 (IRS1) (3 μg/ml) anti-
bodies at 4 °C overnight. Protein A–agarose (Sigma) beads were added,
and the incubation was continued at 4 °C for 2 h. The beads were
centrifuged (13,000 g,1 min, 4 °C),washedfive times in lysis buffer, and
suspended in Laemmli sample buffer containing 5% 2-mercaptoethanol.
Immunoprecipitation specificity was verified through SDS–PAGE
separation of precipitated samples followed by silver-stained polyacryl-
amide gels.

Western blots

Proteins from tissue lysates or protein agarose beads conjugated
with IR or IRS1 were diluted in Laemmli sample buffer containing 5%
2-mercaptoethanol. After heating at 90 °C for 15 min, proteins were
separated by SDS–PAGE and transferred onto nitrocellulose mem-
branes. After membranes were blockedwith 5% bovine serum albumin,
detection of individual proteinswas carried out by blottingwith specific
primary antibodies against adiponectin (Abcam; 0.5 μg ml−1), IR
(Upstate; 1:1000), IRS1 (Upstate; 0.54 μg ml−1), phosphotyrosine
(Upstate; 0.5 μg ml−1), nitrotyrosine (OxisResearch; 1:2000), dinitro-
phenylhydrazine (Sigma; 1:5000), endothelial nitric oxide synthase
(eNOS; Sigma; 1:3000), phospho-eNOSSer1177 (Cell Signaling; C9C3
clone, 1:1000), inducible NOS (iNOS; Alexis Biochemicals; 1:750),
catalase (Abcam; 1:1000), superoxide dismutase 2 (Abcam;
0.5 μg ml−1), or γ-actin (Sigma; 1:2000), a loading control. Chemilu-
minescence detection using a secondary peroxidase-linked anti-rabbit
(Calbiochem;1:10,000) or anti-sheep IgG (Calbiochem; 1:13,000) and a
detection system from Pierce KLP (Rockford, IL, USA) was performed.
Signalswere quantifiedby densitometry using ImageQuant (Amersham
Biosciences) and corrected to actin levels. Adiponectin and dinitrophe-
nylhydrazine were corrected using Ponceau red staining. Phospho-
eNOS, phospho-Tyr-IR, phospho-Tyr-IRS1, and NO2-Tyr-IR were
corrected to the total amount of immunoprecipitate.

H2O2 release

Tissues were extracted and immediately segmented into fine pieces
(~1 mm) in PBS (137 mMNaCl, 10 mMphosphate, 2.7 mMKCl, pH 7.4)
supplemented with 10 mM glucose, 50 μM Amplex red, and 1 U ml−1

horseradish peroxidase. Amplex red reacts with peroxidase–H2O2

complexes producing fluorescent resorufin [25]. Fluorescence was
measured at ex 563 nm and em 587 nm, using 5-nm slits, within 1 h
of tissue preparation. Baseline fluorescence in the same medium was
subtracted from all measurements. A calibration curve was constructed
using commercial H2O2.

Statistical analysis

Data were analyzed using GraphPad Prism and Origin software.
Figures represent averages±SEM of 3–12 measurements and were
compared using ANOVA. Two-tailed p values under 0.05 were
considered significant.

Results

Fig. 1 compares the effects of short- (4 weeks) and long- (32 weeks)
term dietary interventions on animal weight and intra-abdominal
adiposity. FR, CR, and IF animals presented lower body weights
compared to AL at both time points (Fig. 1A and B), although total
food ingestionperweek in IF animalswas equal to that of AL (Fig. 1C and
D)due to overeatingduring the feedingperiod.We found that IF animals
ingested approximately 60% of their 24-h food consumption within the
first 2 h after chow placement, a consumption rate of 19 g h−1 rat−1,
whereas FRandCRanimals presented food intake rates of 9 g h−1 rat−1.

Although body weights were lower in all restricted groups, IF rats
presented high intra-abdominal adiposity at both time points (Fig. 1E
and F). FR and CR animals, in turn, presented low levels of abdominal
adiposity. Consistently, serum adiponectin levels, which are typically
inversely proportional to abdominal adiposity [26], were low in AL and
IF at both time points and high in CR and FR animals (Fig. 1G and H).
Altogether, these results suggest that, although all feeding strategies led
to weight reductions compared to AL animals, IF differs significantly
from FR and CR in terms of energy intake and balance.

Short-term dietary interventions did not alter fasting glucose levels
(Fig. 2A). Long-termmaintenance on an AL diet led to increased fasting
glucose levels, which only CR prevented significantly (Fig. 2B). Glucose
levels 2 h after food was offered were in the range of 240 mg dl−1 in IF
animals, whereas FR and CR levels were approximately 150 and
130 mg dl−1, respectively, versus 150 mg dl−1 in AL (measured after
2 h in the dark period in 40-week-old rats).

Because of the changes observed in fasting glucose levels, we
performed a glucose tolerance test. We found that short-term IF and CR
improve glucose clearance (Fig. 2C and E). The samewas not verified in
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Fig. 1. IF decreases body weight, but not food ingestion or intra-abdominal adiposity. Animals were subjected to AL, FR, CR, or IF diet. Bodymass after (A) 4 or (B) 32 weeks of dietary
intervention, food consumption per animal over (C) 4 or (D) 32 weeks, intra-abdominal fat mass per animal after (E) 4 or (F) 32 weeks, and serum adiponectin quantifications after
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the long-term experiments (Fig. 2D and F): surprisingly, whereas CR
maintained good glucose tolerance long term, IF animals had signifi-
cantly worse glucose clearance than AL.

To understand the changes in glucose tolerance, we measured IR
expression and activation by determining Tyr phosphorylation levels in
two insulin-responsive tissues: intra-abdominal adipose tissue and
skeletal muscle. Short-term IF and CR strongly increased IR expression
(not shown) and IR-Tyr phosphorylation in the abdominal adipose
tissue and skeletal muscle (Fig. 3A and C). Long-term dietary
interventions also significantly increased IR expression in the skeletal
muscle (Supplementary Fig. 1) andphospho-Tyr-IR in the adipose tissue
(Fig. 3B). In skeletalmuscle, IR phosphorylationwas increased by FR and
CR, but not IF (Fig. 3D). Whereas the short-term IR phosphorylation
results are consistent with glucose tolerance tests, the same was not
observed in long-term results, in which IF animals presented impaired
glucose clearance but not decreased IR phosphorylation relative to AL.
We hypothesized that a different modification unrelated to phosphor-
ylation could be impairing IR function.

In vitro studies have previously shown that Tyr nitration can
decrease the function of this receptor [27–31]. We thus investigated
whether IR nitration could explain the physiological differences
between the long-term experimental groups we observed. We found
(Fig. 4A and B) that CR consistently prevented IR nitration relative to AL
diets. Furthermore, IF strongly increased nitration levels in the adipose
tissue andmuscle, and FR increased nitration in themuscle. The effect of
short-term interventions on IR nitration was also measured and
indicated that young rats present very low levels of this modification,
virtually undetectable under our conditions (results not shown).

To verify the downstream results on IR function of the changes
observed in phosphorylation and nitration, we measured the phos-
phorylation of the IR substrate IRS1. Expression levels of IRS1 are
included in Supplemental Fig. 1C and D. Phospho-Tyr-IRS1 levels
(Fig. 5A and B) were increased specifically in CR in muscle and were
decreased by IF in both tissues relative to AL. The changes observed in
IRS1 phosphorylation are compatible with glucose clearance, which is
improved by CR and decreased in IF. We propose that the overall
function of the IR is the result of both phosphorylation (activating) and
nitration (inhibitory) of this receptor, aswill be further discussed below.

Tyr nitration is promoted by peroxynitrite, the reaction product of
superoxide radicals and nitric oxide [32]. Accordingly, we investigated
whether the diets produced changes inNOS levels and the generation of
ROS. We found that eNOS activation through phosphorylation was
enhanced significantly relative to AL only in CRmuscle samples (Fig. 6A
and B), which may explain enhanced oxygen consumption levels
(Supplementary Fig. 2), becausemitochondrial biogenesis is stimulated
by eNOS-derived nitric oxide [33–35]. iNOS expressionwas enhanced in
all restricted diets (Figs. 6C and 4D). Overall, nitric oxide synthesis
pathway activities do not explain the IR nitration patterns.

On the other hand, tissue H2O2 release was markedly enhanced in
IF, both in muscle and in adipose tissue, and decreased in CR inmuscle
(Fig. 6E and F), a pattern very similar to IR nitration levels observed in
Fig. 4. H2O2 is a relatively stable and membrane-diffusible product of
superoxide radical dismutation, thus often used as a marker for ROS
levels in biological samples [36] in which reliable measurements of
the production of nondiffusible and unstable species such as
superoxide radicals is not possible. The large increases observed in
H2O2 diffusion from the IF tissues may represent enhanced tissue ROS
generation and/or a decrease in antioxidant capacity. We measured
quantities of the major antioxidants glutathione, superoxide dismu-
tase, and catalase in these tissues (Supplementary Fig. 3). In most
cases, IF increased the levels of the antioxidants measured, with the
exception of catalase and glutathione in skeletal muscle. Thus, if
anything, IF improved antioxidant capacity, especially in the abdom-
inal adipose tissue. Thus, increased levels of H2O2 release from IF
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tissues probably reflects mostly enhanced ROS generation, although
this point still remains to be verified directly.

Discussion

Dietary interventions such as FR and IF have been used interchange-
ably in the literature as equivalent to CR [5], although little is known
about the long-term impact of these interventions. In this article, we
compared short- and long-term effects of these diets and found that,
despite some similarities, there are very significant differences that
warrant attention. The most immediate difference between CR and IF is
that intermittent ad libitum feeding does not limit total food intake, as
reported here (Fig. 1) and in previous studies [5,6]. Some studies
measured reductions in spontaneous feedings with IF [37,38], although
theprotocols differ in theonsetof the adopteddiet,whichmay influence
feeding patterns and result in differences in food ingestion.

Despite equal food ingestion, IF animals maintained lower weights
compared to animals fed ad libitum (Fig. 1), but with an interesting
characteristic: abdominal fat deposits and adiponectin levels in long-
term IF animals were equal to those of AL. It should be stressed that our
studies involved obesity-proneSprague–Dawley rats, previously used in
IF protocols [38,39], and that further studies are necessary to determine
if the results obtained here would also occur in other animal models.
Despite this limitation, the use of obesity-prone animals is interesting as
a model, considering human tendencies toward weight gain. In this
sense, it is interesting to note that our study shows thatweight loss on a
restricted diet can be deceptive as a sole measurement and can occur in
the presence of high abdominal fat levels and low adiponectin, risk
factors in metabolic diseases associated with aging such as diabetes
[40,41].
Short-term effects of CR and IF on glucose tolerancewere similar and
involvedmore favorable glucose clearance, enhanced IR expression, and
phosphorylation. CR has been widely shown to promote glucose
tolerance [42,43], and some short-term IF studies present similar results
[44,45], even when animals were maintained on the diet for 6 months
[39]. Surprisingly, however, we found that the long-term (8 months)
effects of CR and IF were quite different. Only CR prevented increments
in fasting glucose levels in aged rats and improved the response in
glucose tolerance tests (Fig. 2). In fact, IF animals presented glucose
intolerance relative to AL, as indicated by tolerance tests and
hyperglycemia after feeding. Although this finding was surprising, it
does have a precedent: Simon and Rosselin [45] demonstrated that
glucose and insulin levels fluctuate largely in IF and can be reduced
during the fasting period, but significantly increased during feeding,
compared to AL animals. In this particular study, we chose to measure
parameters in all animals when fasted for 12 h after a typical feeding
period (see a full description under Experimental procedures), to
analyze the animals under comparable conditions, which should reflect
the effects of the diet on overall metabolic alterations relative to the
specific feeding status.

Despite glucose intolerance in IF, phospho-Tyr-IR levels were
increased in all diets (Fig. 3), demonstrating that glucose clearance did
not mirror IR phosphorylation in response to insulin in FR and IF rats.
Interestingly, whereas IR phosphorylation levels were not compatible
with physiological measurements of glucose clearance in animals on
long-term dietary interventions, IRS1 phosphorylation levels were,
presenting significant increases in CR and decreases in IF relative to AL
(Fig. 5). In view of this result, we speculated that in IF, and to a lesser
extension in FR, IR receptors are not functionally controlled solely in
response to phosphorylation levels.
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A known modification that impairs IR function is tyrosine nitration
[27–32], which has been previously observed in animals fed a high-fat
diet [29]. We propose that phospho-Tyr sites coexist with NO2-Tyr and
that the concerted effect of both modifications determines IRS1
phosphorylation and glucose clearance. Indeed, we found that, whereas
NO2-Tyr-IR was virtually undetectable in short-term-treated animals
(results not shown), older animals accumulate NO2-Tyr-IR significantly
in a manner prevented by CR (Fig. 4). IF animals exhibited large
quantities of NO2-Tyr-IR in both insulin-sensitive tissues analyzed, and
FR led to an accumulation of the modified receptor in the skeletal
muscle. Thus, in animals on long-term interventions, nitration of the IR
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(A) intra-abdominal adipose tissue and (B) skeletal muscle of animals 32 weeks on the
dietary interventions were immunoprecipitated and blotted. Typical blots are shown
above the average densitometric results. *pb0.05 vs control; #pb0.05 vs IF, n=4.
is modified by the dietary protocol and, in concerted action with IR
phosphorylation, can determine the activation of the downstream
pathway and glucose clearance.

We conducted further experiments to determine why the dietary
interventions differ in promoting IR nitration over time. Nitration is
promoted by peroxynitrite, a product of nitric oxide and superoxide
radicals [32].Wemeasured increases ineNOSphosphorylationand iNOS
expression, but found that overall there was no IF- and FR-specific
increase in these nitric-oxide generating systems (Fig. 6).

On the other hand, H2O2 release rates (Fig. 6) from both tissues
closely resembled nitration patterns (Fig. 4) and were strikingly
enhanced in IF. H2O2 release from tissues reflects overall production of
this ROS versus its removal and was used as a general marker of redox
state in our study because of difficulties in measuring superoxide
radicals in situ in animal tissues [46]. Confirming that IF causes redox
imbalance, we found that IF animals presented significantly higher
oxidized glutathione levels (4939±396 pmol mg protein−1) than AL
animals (1942±648 pmol mg protein−1, methods used are described
in the supplementarymaterial). Interestingly, enhanced production of
ROS in IF promotes mainly oxidative modifications in proteins. IF did
not increase levels of malondialdehyde, a product of lipid oxidation,
relative to CR diet (results not shown, methods in supplementary
materials), but resulted in strikingly higher levels of IR modification
(Fig. 4) and protein carbonylation (Supplementary Fig. 3).

The opposite results of CR and IF with regard to ROS release and
oxidative modifications of proteins are particularly worrisome because
IF is often considered equivalent to CR in studies uncovering the impact
of dietary restriction on aging [5]. On the other hand, our results show
that from a redox standpoint, these diets are very distinct. Indeed, we
are unaware of any other dietary intervention capable of increasing
tissue ROS release under physiological conditions at this magnitude.

Overall, we find that long-term FR, CR, and IF promote different
changes in energy metabolism and redox states, parameters strongly
associated with life-span extension [3,4]. CR is clearly the most
beneficial intervention in terms of maintaining glucose tolerance,
increasing antioxidant defenses, and preventing the release of ROS
from tissues. FR presents some of the benefits of CR, although the redox
balance is not as favorable, possibly because of micronutrient
malnutrition [5]. On the other hand, long-term IF unexpectedly leads
to glucose intolerance and strongly increases ROS release rates
compared to AL. This is, to our knowledge, the first report that a
restrictive dietary intervention can have a negative effect on glucose
tolerance associatedwith oxidativemodifications of the IR and suggests
that frequent feeding/fasting cycles may be a risk factor for age-
associated obesity and insulin resistance leading to diabetes. Further-
more, the differences between CR and IF indicate that, unlike daily
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limitations of caloric intake, alternating feeding and starvation cycles in
laboratory animals probably constitute an unhealthy long-term dietary
intervention.
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Background 

 

The skin is a large organ which presents important thermoregulatory and metabolic functions 

(1,2), and should thus be a focus of studies involving energy metabolism. Nevertheless, bioenergetic 

studies in epithelia-containing organs such as the skin are rare (3,4), probably due to difficulties in 

organelle isolation (5) or in situ studies in these tissues, added to the lack of published protocols. 

Furthermore, the skin is subdivided into two tissues: the dermis and the epidermis, as is typical in the 

structure of composite organs with an epithelial tissue on top of a mesenchymal layer. Results 

obtained with whole organ homogenates in composite tissues such as the skin tend to be the average 

of the individual responses of the different types of cells resident in the tissue (6). It is thus also 

important to establish techniques that allow for measurements of bioenergetic characteristics in 

different tissues of the skin.  

 

Questions Addressed 

We established techniques to study skin mitochondrial bioenergetics in isolated organelles 

and in situ in different cell types, producing a bioenergetic profile of this tissue.  

 

Experimental Design 

 

Tecniques used are described in detail in the Supplementary Material. 

 

Mitochondrial isolation and oxygen consumption 

Mitochondria were isolated from mouse skin samples using an adaptation of standard differential 

centrifugation methods. Oxygen concentrations and consumption rates (OCR) was measured using 

Oroboros high-resolution respirometry (3).  

 

Cell isolation, culture and oxygen consumption 

The dermis and epidermis of mouse backskins were separated by scraping, and the two tissues were 

cultured separately. The epidermal fraction consisted mainly of keratinocytes (89% ± 2.2) and the 

dermal fraction of fibroblasts (88% ± 1.6, Supplementary Table 1). OCR and extracellular 
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acidification rates (ECAR) were determined using an XF24 extracellular flux analyzer (Seahorse 

Bioscience).  

 

Results 

 

By adding trypsin digestion and fur-filtering steps to standard differential centrifugation 

protocols, we were able to isolate highly functional mitochondria from murine whole skin samples. 

Fig. 1 shows a typical oxygen tension trace (Panel A) and quantified ADP-maximized OCR (Panel 

B) supported by different respiratory substrates (NADH-linked pyruvate and malate, complex II 

electron donor succinate and Complex IV electron donor TMPD). The relative contribution of each 

respiratory complex was uncovered using specific inhibitors: rotenone for Complex I and antimycin 

A for Complex III. Skin mitochondria respire well both with pyruvate plus malate or succinate as 

substrates.  

To assess the quality of the preparations, we measured respiration in the presence and absence 

of ATP synthesis (7). Figs. 1C and 1D indicate that skin mitochondria are highly coupled, presenting 

a large increase in OCR when ADP is added, in a manner inhibited by oligomycin, an ATP synthase 

inhibitor. The respiratory control ratio was on average 4.39, a value similar to that obtained in 

preparations from mesenchymal tissues (7) and indicating that integrity was maintained. The addition 

of the protonophore CCCP stimulated the oligomycin-inhibited OCR, further indicating that these 

mitochondria were fully coupled. Overall, we find that the method described provides adequate 

quantities of high quality mitochondria.  

Although it is useful to study many mitochondrial characteristics, isolation of this organelle 

from the whole skin does not adequately assess differences that may exist between the tissues that the 

skin is composed of. Thus, we also measured mitochondrial bioenergetics in intact cells isolated from 

the epidermis and dermis using extracellular flux measurements (8). Figure 2A shows typical in situ 

bioenergetic measurements. The basal OCR, which represents O2 consumption under physiological 

conditions, was substantially higher in the dermis (Fig 2B), indicating that these cells present a more 

respiratory phenotype than epidermal cultures. After oligomycin was added, a decrease in basal 

respiration proportional to ATP-generating mitochondrial activity is observed (Fig. 2A). Dermal cells 

displayed higher ATP production-dependent OCR (Fig. 2C), suggesting that epidermal cells rely 

more on glycolysis. Extracellular acidification (ECAR) was significantly higher in the epidermis than 

in the dermis (Fig. 2H), corroborating the suggestion that the epidermis has higher glycolytic activity 

than the dermis. CCCP-stimulated maximal respiration is higher in the dermis (Fig. 2D), but no 

significant changes were evident in the reserve capacity, or the difference between basal and 
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maximal respiration (Fig. 2E). This leads to the speculation that, when challenged, both tissues are 

equally capable of responding with increased respiration to compensate for a higher ATP demand 

(8). The proton leak across the inner membrane, estimated in the presence of oligomycin, was 

significantly increased in the epidermis (Fig. 2F). To determine the extent of non-mitochondrial 

oxygen consumption, the respiratory chain was inhibited with antimycin A and rotenone. This non-

mitochondrial OCR was subtracted from all rates calculated previously, is linked to the activity of 

non-mitochondrial oxidases present in the cell, and was increased in the dermis (Fig. 2G).  

 

Conclusions 

 

Overall, our data show that it is possible to reliably measure mitochondrial characteristics as 

isolated organelles and in situ, both in the dermis and epidermis, which present distinctive 

bioenergetic profiles. The same experimental approaches can be adapted for human skin explants and 

help elucidate metabolic alterations associated with clinical conditions of the skin. 

 

Figure Legends  

 

Figure 1: Isolated skin mitochondrial respiration. Mitochondria (0.25 mg/mL) were incubated as 

described in the Supplementary Methods and oxygen tensions were followed over time. (A) Oxygen 

consumption maximized by ADP. Pyruvate plus malate, rotenone, succinate, antimycin A and TMPD 

plus ascorbate were added where indicated. (B) OCR from experiments such as those depicted in 

Panel A. (C) Oxygen consumption measured in different respiratory states. Pyruvate and malate, 

ADP, oligomycin and CCCP were added where indicated. (D) Quantification of experiments such as 

those in panel C.  

 

Figure 2: Bioenergetic profile of primary dermis and epidermis cultures. Cells (60,000 per well) 

were treated with respiratory inhibitors and uncoupler, at the concentrations described in the 

Supplementary Methods. (A) OCR from dermal (�) and epidermal (•) cells. Oligomycin, CCCP and 

Antimycin A plus rotenone were added where indicated. (B) Basal OCR, (C) ATP production-

dependent OCR, (D) Maximal OCR, (E) Spare respiratory capacity, (F) H
+
 leakiness and (G) Non-

mitochondrial respiration calculated from experiments such as those depicted in Panel A, as 

described in the Supplementary Methods. (H) Extracellular acidification rate (ECAR). *p ≤ 0.05;  

**p < 0.001. 
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Complete Experimental Design 

 

Isolation of skin mitochondria  

Adapted from reference (16). All experiments were approved by the local animal ethics committee 

and follow international animal care and use guidelines. After euthanasia by cervical dislocation (the 

use of anesthetics was avoided due to the effects on membrane ionic permeability), dorsal skins of 

five female Swiss mice were shaved to remove the fur and separated from contaminant tissues. The 

resultant skin pool was incubated in 20 mL of 0.25% trypsin-EDTA (Gibco) for 1 hour, at 37ºC. The 

tissue was finely minced in isolation buffer (250 mM sucrose, 10 mM Hepes, 1 mM EGTA and 0.1% 

BSA, pH 7.2), at 4°C. All subsequent procedures were conducted over ice. The tissue was processed 

for 5 s with a Polytron homogenizer and then transferred to a mechanized potter with a Teflon pestle 

and homogenized. This digestion and suspension procedure was found to provide the highest 

mitochondrial yield without compromising quality, after multiple trials with different experimental 
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conditions. The suspension was sifted using a 70 µm cell strainer to remove fur and centrifuged at 

2,000 g for 5 min. The supernatant was centrifuged again at 10,000 g for 5 min and the pellet was 

resuspended and centrifuged again at 10,000 g for 5 min. The final mitochondrial pellet was 

resuspended in 200 µL of isolation buffer. Protein quantification was conducted using the Bradford 

method. 

 

Isolated mitochondrial respiration 

Respiration was followed using an Oroboros high-resolution respirometry system (17). O2 

consumption was monitored using 0.250 mg protein/mL isolated mitochondrial suspensions in 

experimental buffer containing 150 mM KCl, 10 mM Hepes, 2 mM KPi, 2 mM MgCl2, and 0.1% 

BSA (pH 7.2), at 37ºC. Different substrates and respiratory inhibitors were used as described in the 

figure legend, at the following concentrations: 5 mM pyruvate, 3 mM malate, 1 µM rotenone, 1 mM 

succinate, 1 µg/mL antimycin A, 200 µM N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD), 2 

mM ascorbate, 1 mM ADP, 0.5 µg/mL oligomycin and 1 µM carbonyl cyanide m-chloro phenyl 

hydrazone (CCCP). Respiratory control ratios (RCR) were calculated using malate/pyruvate as 

substrates, by dividing rates in the presence of ADP (state 3 respiration) by respiration in the 

presence of oligomycin (state 4 respiration).  

 

Cell isolation and culture  

The backskins of Swiss mice were washed in 70% ethanol and collected in a sterile environment. 

Subcutaneous fat was removed from the skin with a scalpel, and the whole skin was placed, dermis 

down, on 0.25% trypsin-EDTA (Gibco) at 37
o
C for 1 h. After scraping the epidermis away, single 

cell suspensions were obtained from both the dermis and epidermis through mechanical dissociation. 

The dermal cells were then filtered with strainers (70 µm, followed by 40 µm), washed twice with 

phosphate buffered saline without calcium, pH 7.4 (PBSA), and plated in DMEM (Gibco, Rockville, 

MD) containing 10% Fetal Bovine Serum (FBS) and 1% ampicilin/streptomycin in adherent flasks. 

The same procedure was followed for the espidermis and the resulting cells were plated in 

Keratinocyte Serum Free Medium (KSFM) (Gibco, Rockville, MD), supplemented with Bovine 

Pituitary Extract (BPE; 50 µg/mL) and Epidermal Growth Factor (EGF; 5 µg/mL), both from Gibco. 

Cells were maintained at 37
0
C, with 5% CO2 and controlled humidity.  

 

Characterization of epidermal and dermal primary cultures  

Cells were detached with versene (50 mM EDTA in PBSA, pH 7.4) and fixed with 4% buffered 

paraformaldehyde for 15 min. After blocking for non-specific binding sites with 2% bovine serum 
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albumin (BSA) for 1 h at room temperature, the cells were exposed for 1 h to the specific antibodies, 

namely Pancytokeratin (keratinocytes and epidermal precursors), Vimentin (fibroblasts) and MiTF 

(melanocytes), all from AbCam and CD3/CD4/CD8 (lymphocytes), CD11b and F4/80 

(macrophages), from BD Biosciences at concentrations previously validated ranging from 1:500 to 

1:1000. Experiments were performed using an Attune Cytometer. At least 50,000 events/duplicate 

were recorded (Life Technologies). Negative controls were used and comprised of the same class 

IgG isotype controls. Compensation and analysis were performed using FlowJo X (TriStar Inc). 

Results are depicted in Supplementary Table 1.  

 

Intact cell oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

measurements 

OCR and ECAR were measured in primary cultures of the epidermis and dermis using an XF24 

extracellular flux analyzer (Seahorse Bioscience), as previously described (15). An assay medium 

composed of 114 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.16 mM MgSO4, 2.5 mM CaCl2, pH 

7.2, and 2.8 mM glucose was used. The cells were seeded in an XF24 24 well cell culture microplate 

at 60,000 cells per well (0.32 cm
2
 growth area) in 500 µL of growth medium and incubated overnight 

at 37°C in a humidified atmosphere of 95% air and 5% CO2. This cell density was chosen because it 

provided constant and reliable readings, while higher cell densities were found to change cellular 

differentiation properties, as assessed by filaggrin staining. Wells were checked for homogeneous 

plating of the cells and eliminated if they presented clumps or uneven areas. Prior to the assays, the 

growth medium was replaced by 500 µL of assay medium for 1 h at 37°C without CO2 in the air. H
+
 

leak-linked and ATP production-linked OCR were determined by the addition of oligomycin (5 

µg/mL), which inhibits the ATP synthase. After 3 measurement cycles, 4 µM of the uncoupler CCCP 

was added to determine maximal respiratory capacity. After a further 3 measurement cycles, 1 µM 

rotenone in addition to 1 µM antimycin A were added to ablate mitochondrial oxygen consumption. 

After each experiment, the plate was retrieved, washed with PBSA, and the protein content of each 

well was estimated after lysis in RIPA+ buffer through the Bradford methodology. 

 

Statistical analysis  

Data were analyzed using GraphPad Prism and Origin software. Figures represent averages ± SEM 

of 3-12 measurements consisting of four individual mice in each experiment and were compared 

using ANOVA. Two-tailed p values under 0.05 were considered significant.  
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Supplementary Table 1 - Immunophenotypic Characterization of Primary Epidermal and 

Dermal Cultures: The mixed population isolation presented is relative to a mixed population of 5 

animals (10
6
 cells/point), in duplicate (nd = not detected). All time points were compared to isotypic 

immunoglobulin controls tagged with the same fluorophore as the antibody of interest. 

 

 
Specific 
Marker 

 

 
Cell Type 

 

 
% Epidermal 
Fraction 

 

 
% Dermal 
Fraction 

 

    
Pan-

cytokeratin 
Keratinocytes/epidermal 

precursors 
89 ± 2.2 nd 

    
Vimentin Fibroblasts 1.6 ± 0.3 88 ± 1.6 

    
MiTF Melanocytes 2.2 ± 0.5 1.4 ± 0.4 
    

CD3 Lymphocytes (CD4+CD8) 2.3 ± 0.3 3.2 ± 0.2 
    

CD4 T Lymphocytes 1.8 ± 0.5 1.2 ± 0.7 
    

CD8 T Lymphocytes nd 2.1 ± 0.5 
    

CD11b Macrophages 3.4 ± 0.3 4.8 ± 0.5 
    

F4/80 Macrophages (Langerhans cells) 2 ± 0.6 nd 
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Abstract 

 

Caloric restriction (CR) is a well-established intervention to prevent age-

associated diseases, including obesity and diabetes. This nutritional intervention, which 

consists of limiting caloric but not micronutrient intake, has been shown to change 

mitochondrial function as well as PGC-1 and nitric oxide signaling, which regulate 

mitochondrial mass and morphology. We have previously shown that soluble factors 

from the sera of CR animals are responsible for at least part of these mitochondrial 

effects, since these are reproduced in cell cultures incubated with sera from CR animals. 

Here we studied the effect of CR serum versus serum from animals fed ad libitum (AL) 

on INS1 beta cell insulin secretion. INS1 cells incubated with CR sera presented higher 

levels of PGC-1-alpha and active nitric oxide synthase. Mitochondrial mass was 

unaltered by CR serum, but the expression of Mitofusin-2 (Mfn2) and OPA-1, proteins 

involved in mitochondrial fusion, were increased, while the levels of mitochondrial fission 

mediator, DRP-1, were reduced. Consistent with changes in mitochondrial dynamics 

proteins levels, CR sera treatment increased mitochondrial fusion rates, as well as their 

length and connectivity. These changes in mitochondrial morphology were associated 

with higher glucose-stimulated insulin secretion and mitochondrial respiration. 

Importantly, CR sera prevented mitochondrial alterations promoted by glucolipotoxicity, 

an in vitro model of type II diabetes. Overall, our results show that soluble serum factors 

present in restricted diets promote mitochondrial alterations which are associated with 

enhanced insulin secretion, including under acute stress promoted high nutrient 

overload.  

  



Introduction 

 

Calorie restriction (CR) has been shown to extend the lifespan of a wide range of 

organisms, from yeasts to mammals (1, 2). Furthermore, CR prevents or delays the 

onset of age-related diseases in non-human primates, although its effects on lifespan are 

still debatable (3,4).  

Type II diabetes is an age-related disease associated with high caloric intake (5-

8). This disease involves widespread changes in the response to insulin and progresses 

toward a pancreatic failure to adequately secrete insulin in response to high circulating 

glucose levels (9, 10). Multiple cellular pathways are compromised in -cells upon insulin 

secretion failure, and mitochondrial dysfunction has being largely implicated in this 

phenomenon (11, 12). Indeed, mitochondria present a critical role in the regulation of 

insulin secretion, and have gained strong attention in studies uncovering the 

pathophysiology and seeking new therapeutic targets for type II diabetes (13-15).  

Human and murine -cells present limited replication capacity (16-18) and rely on 

organelle maintenance to ensure their functionality over time, which can be quite high 

(up to 30 years in humans; 18). These cells present progressive mitochondrial 

dysfunction over time, displaying an ATP production deficit (19, 20) which contributes 

toward diet-induced diabetes progression (21). In a high nutrient environment, 

mitochondria from -cells become fragmented and present reduced glucose-stimulated 

insulin secretion capacity (22). On the other hand, limiting nutrient intake through CR 

preserves insulin secretion in aged animals (23).  

It is thus possible that CR may prevent -cell functional decay by modulating 

mitochondrial function. Indeed, CR has been shown to prevent mitochondrial functional 

decay during aging in several tissues and organisms (24-25), stimulating mitochondrial 

biogenesis and enhancing their oxidative function (26-30). An important regulator of 

mitochondrial physiology which has emerged recently is mitochondrial morphology, as 

well as dynamic changes in this morphology. Indeed, starvation increases mitochondrial 

length by decreasing mitochondrial fission, a process associated with higher 



mitochondrial ATP synthesis capacity (31, 32, Liesa & Shirihai) and CR has been shown 

to increase the expression levels of the mitochondrial fusion protein mitofusin 2 (33; 26-

27), suggesting that limited nutrient availability might be regulating mitochondrial 

dynamics by different mechanisms.  

In this study we sought to understand the impact of CR on -cell functionality and 

the potential dependency of CR-mediated changes on mitochondrial function and 

morphology. As a model of caloric restriction, we treated -cells with sera from rats 

maintained on CR or ad libitum (AL) diets. Our results show that soluble factors in the 

serum from CR mammals enhance mitochondrial elongation and fusion, an effect 

associated with higher mitochondrial respiratory capacity and insulin secretion. 

Furthermore, we demonstrate that CR serum protects against the toxicity of a high 

nutrient environment, maintaining mitochondrial structure and -cell function in an in vitro 

model of type II diabetes.  

  



Methodology  

 

Animals and serum collection 

All experiments were conducted in agreement with National Institutes of Health 

guidelines for humane treatment of animals and were approved by the local Animal Care 

and Use Committee. Male, 8-week-old, Sprague-Dawley rats were separated into 2 

groups: AL, fed ad libitum with an AIN-93-M diet prepared by Rhoster (Campinas, SP, 

Brazil) and CR, fed at 60% levels of AL-ingested amounts a diet supplemented with 

micronutrients to reach the same vitamin and mineral levels (34). The animals were 

lodged 3 per cage and given water ad libitum. At 34 weeks (26 weeks on the diet), rats 

were sacrificed after 12 hours fasting and serum was obtained as described in (35), 

allowed to clot for 20-30 min at 25°C and centrifuged for 20 min at 300 g. The 

supernatant was collected and stored at -20°C. Sera were thawed and heat-inactivated 

at 56°C for 30 min prior to use. 

 

Cell culture, acute glucose and glucolipotoxicity experiments  

INS1 cells were cultured with 100 IU/mL penicillin/streptomycin in RPMI media (12 mM 

glucose, 10% fetal bovine serum, 1 mM pyruvic acid, 10 mM Hepes, 2 mM glutamine and 0.1% 

-mercaptoethanol) at 37°C and 5% CO2.  Cells were plated at 50% confluence for all the 

experiments.  After 24 h of cell seeding, regular RPMI media was replaced by media containing 

10% of AL or CR rat serum instead of fetal bovine serum. All experiments were performed after 

24 h of the media exchange.   

The effects of an acute glucose load were tested by incubating cells in DMEM minimum 

media with 2 mM glucose for 2.5 h, followed by increasing the glucose concentration to 12 mM. 

Insulin secretion was evaluated one hour after the change in glucose levels. Control cells were 

kept in 2 mM glucose media for the same time period.   

Glucolipotoxicity (GLT) was performed by incubating cells for 24 h under standard 

conditions with 10% AL or CR serum, followed by changing the media to RPMI with 20 mM 

added glucose, 0.4 mM palmitate-conjugated BSA (4:1) and 1% serum (AL or CR). Control cells 

were incubated in 2 mM glucose with 1% BSA and no added palmitate. Experiments were 

conducted 24 hours after GLT was initiated.  



 

Mitochondrial morphology and dynamics 

INS1 cells expressing photo-activatable-GFP (mt-PA-GFP) and mitochondrial Ds-

Red were imaged live using a Zeiss LSM 710 microscope with a x63 oil immersion 

objective and 463/543 nm helium-neon laser with a 650  to 710 nm bandpass filter. Five 

confocal plane pictures were taken from each image.  Image J 1.41o software was used 

to distinguish mitochondrial structures and analyze morphological characteristics. The 

aspect ratio (AR) was calculated using the ratio of major and minor axes of the ellipse 

equivalent to the mitochondrion. The form factor (FF) was measured through the degree 

of branching (FF = perimeter2/4π*area).  

Mitochondrial dynamics were followed after 2-foton laser photoactivation of       

mt-PA-GFP, as described in Lovy et al. (36). Briefly, around 30% of the mitochondrial 

area visualized by mitochondrially-targeted Ds-Red fluorescence was bleached and the 

dilution of GFP through the mitochondrial network was followed during 48 min, in 12 min 

intervals. The average fluorescence intensity within the photo-activated area was 

calculated for every time point. Finally, the percentage of GFP fluorescence decay in the 

photoactivable area was plotted as a function of time, considering the fluorescence at 

time zero of photoactivation = 100%. 

 

Western blots 

Cell lysates were diluted in Laemmli sample buffer (100 mM Tris–HCl, 2% SDS, 10% 

glycerol, 0.1% bromophenol blue) containing 5% -mercaptonoethanol. After heating at 95°C for 

5 min, proteins were separated by SDS-PAGE and transferred onto PVDF membranes. 

Membranes were blocked with 5% non-fat milk and detection of individual proteins was carried 

out by blotting with specific primary antibodies against Mitofusin 2, VDAC (Abcam, 1:1,000), 

PGC-1- (Santa Cruz, 1:500), DRP1, OPA1, eNOS (BD Bioscience, 1:1,000), phospho-eNOS1177 

(Cell Signaling 1:1,000) or actin (Novus Biologicals; 1:2,000). Chemiluminescence detection 

using a secondary peroxidase-linked anti-rabbit (Calbiochem; 1:10,000) or anti-mouse 

(Calbiochem; 1:10,000) and a detection system from Pierce KLP (Rockford, IL, USA) was 

performed. Image J (NIH software) was used for densitometry and detected proteins were 

normalized to actin.  



Cellular oxygen consumption  

An hour before oxygen consumption measurements, cell media was replaced by 

assay media (2 mM glucose, 0.8 mM Mg2+, 1.8 mM Ca2+, 143 mM NaCl, 5.4 mM KCl, 

0.91 mM NaH2PO4, and 15 mg/mL Phenol red) for 60 min at 37°C (no CO2) before 

loading into the Seahorse Bioscience XF96 extracellular analyzer (37). During these 

60 min, the ports of the cartridge containing the oxygen probes were loaded with the 

compounds to be injected during the assay (25 μL/port) and the cartridge was calibrated. 

Glucose was injected at a final concentration of 12 mM. FCCP was used at final 

concentrations of 4 μM and injected with sodium pyruvate (Sigma) at a final 

concentration of 5 mM. Oligomycin and antimycin were used at final concentrations of 

5 and 2 μM, respectively. All respiratory modulators were used at ideal concentrations 

titrated during preliminary experiments (not shown).  

 

Insulin secretion 

 Insulin released into the media after acute glucose stimulation was measured 

through by Fret using a HTRF CisBio kit and a TECAN M1000 plate reader. Insulin 

content was normalized by cell number.   

 

Data analysis 

Data represent means ± SEM or representative blots of at least three equal 

repetitions. Morphological analyses were performed in 10-20 cells. Statistical 

comparisons were conducted using ANOVA and GraphPad Prism software. 

  



RESULTS 

 

CR serum modulates insulin release and respiratory responses  

 Previous studies have documented that the serum obtained from rodents or humans on 

caloric restriction (CR) diets  changes multiple characteristics of cultured cells, many of which 

involve energy metabolism (29, 35, 38).  Beta-cells respond to blood glucose fluctuations by  

secreting insulin, and we sought to investigate how this secretion was affected by sera from CR 

or AL animals (Fig. 1). In INS1 cells (insulinoma -cells) we found that CR serum significantly 

decreased basal insulin secretion (Fig. 1A, full columns), observed under low (2 mM) glucose, 

relative to AL serum-treated INS1 cells (open columns). On the other hand, CR sera resulted in a 

larger increase in glucose-stimulated (12 mM) insulin secretion when compared to AL-treated 

INS1 cells (Figure 1A). This effect was reproduced in primary mouse islets (Fig. 1B). These 

results indicate that a soluble factor (or factors) in the serum from CR animals increases glucose-

sensitive insulin secretion while decreasing basal insulin secretion. 

 Hormone release in insulin-secreting cells is regulated by an increase in oxidative 

metabolism (39). In order to uncover possible changes in this process in INS1 cells treated with 

CR sera, we followed mitochondrial respiration in intact cells using a Seahorse Bioanalyzer (Fig. 

2; reference 37). Representative respiratory traces are shown in Fig. 2A. While oxygen 

consumption rates were similar in 2 mM glucose, the addition of 12 mM glucose (where 

indicated) increased respiratory rates more significantly in cells cultured in CR sera () than in 

cells in AL sera (). Indeed, the respiratory rates promoted by high glucose, quantified as the last 

measurement before oligomycin addition, as indicated schematically by the letter “C” in Fig. 2B 

and depicted in Panel C, were 25% larger in CR cells than in AL cells. When oligomycin, which 

inhibits mitochondrial ATP synthesis, was added, absolute respiratory rates were similar (Fig. 

2A). However, ATP-linked respiration (the difference between respiratory rates before and after 

the addition of oligomycin) was significantly higher in CR samples when compared to AL (Fig. 

2D). Altogether, these results demonstrate that CR sera-treated INS1 cells present higher ATP-

generating respiratory responses to high glucose. Finally, maximal respiratory rates measured in 

the presence of the mitochondrial uncoupler FCCP were larger in CR cells (Figs. 2A and 2E), but 

non-mitochondrial respiration observed in the presence of antimycin was equal (Fig. 2A). Overall, 

these results show CR serum increases glucose-stimulated respiration rates in INS1 cells, 

probably through a mechanism involving higher electron transport chain capacity. 



 

CR serum changes mitochondrial morphology and dynamics 

 The enhanced respiratory rates observed in Fig. 2 could be due to an increase in 

mitochondrial mass. In fact, in vivo and in vitro CR has been widely shown to increase 

mitochondrial biogenesis, resulting in higher mitochondrial protein contents per cell in a variety of 

tissues (26-28, 35, 38). We thus sought to test whether CR treatment increased mitochondrial 

mass in INS1 cells (Fig. 3). We first measured the levels of PGC-1-, a transcriptional co-

activator of mitochondrial biogenesis, (40) and the activation of eNOS, which produces the  

PGC-1- activator nitric oxide (41). The active phosphorylated form of eNOS was largely 

increased by CR, and PGC-1- levels were strongly induced by CR serum (Fig. 3A, B and C). 

However, mitochondrial mass quantification through Mitotracker green staining (Fig. 3D), and 

mitochondrial area measured through mitochondrially targeted Ds-Red fluorescence (results not 

shown) did not uncover an increase in mitochondrial mass in CR serum treated cells, although a 

small increase in the expression of VDAC, an outer membrane protein often used as a marker 

for mitochondrial mass, was detected (Fig. 3E). Thus, although mitochondrial biogenesis 

pathways are activated by CR serum in insulin-secreting cells, their activation does not appear to 

be related to overt increases in mitochondrial mass under these growth conditions.  

Other aspects of mitochondrial physiology regulated by PGC-1 coactivators are 

mitochondrial morphology and dynamics. Indeed, we found that the expression levels of 

Mitofusin-2 and OPA-1, which mediate mitochondrial fusion (42), were significantly increased by 

CR sera (Fig. 3A, F and G). Meanwhile, DRP-1, a mediator of mitochondrial fission, was 

decreased (Fig. 3A and H).  

In order to verify if the changes in expression of these proteins altered mitochondrial 

morphology, cells expressing mitochondrial Ds-Red were imaged (Fig. 4). We found that cells 

incubated in CR serum presented more elongated mitochondria (a typical image is shown in Fig. 

4A). Quantification of the mitochondrial form factor, a measure of mitochondrial elongation (Fig. 

4B) and the aspect ratio, a measure of mitochondrial branching (Fig. 4C), demonstrated that CR 

serum induced an elongation and branching of mitochondria, a result that closely mirrors the 

increase in mitochondrial fusion protein expression observed in Fig. 3. 

In order to discern whether this elongation and branching was associated with dynamic 

changes in mitochondrial morphology, we quantified mitochondrial fusion rates using a photo-

activatable mitochondrial GFP (mt-PA-GFP, 43, Fig 5). By promoting photoactivation of this 



protein in one portion of the cell and following the diffusion of the GFP across the non-

photoactivated mitochondria over time, mitochondrial fusion rates can be quantified. We found 

that matrix content diffusion between mitochondria in CR cells was strikingly increased relative to 

AL cells (typical images are shown in Panel A, and GFP dilution is quantified in Panel B).  

 

CR serum protects INS1 cells from fatty acid plus glucose toxicity 

 Exposure to high levels of fatty acids and glucose has a toxic effect on insulin-secreting 

cells known as glucolipotoxicity and considered an in vitro model for diabetes (22, 44). Since CR 

serum enhanced insulin secretion under normal growth conditions, we thus sought to verify the 

effects of this serum on cells submitted to glucolipotoxicity (GLT, Fig. 6). After 24 hours in CR or 

AL sera, cells were submitted to GLT (20 mM glucose, 4 mM palmitate:BSA and 1% of either AL 

or CR sera) for a further 24 hours. As reported previously (22), GLT promoted mitochondrial 

fragmentation in AL INS1 cells, as evidenced by mitochondrial matrix targeted Ds-Red 

fluorescence imaging (Fig. 6A). On the other hand, CR sera preserved mitochondrial mass and 

structure in GLT-treated INS1 cells (Fig. 6A and B). Furthermore, the decrease in mitochondrial 

fusion promoted by GLT (22) was prevented by CR serum (Fig. 6C and D), as evidenced by 

photo-GFP experiments. Overall, these results show that CR serum preserves mitochondrial 

morphology, mass and dynamics under GLT conditions.  

 GLT not only affects mitochondrial structure, but also reduces respiratory function (44). 

Indeed, as depicted in Fig. 7, respiratory rates of AL cells are strongly blunted by GLT (in Fig. 

7A, compare the AL BSA control , to the AL GLT trace, ). CR serum () almost completely 

prevented the effects of GLT, preserving glucose-enhanced respiration (Fig. 7A and B), ATP-

linked respiration (Fig. 7A and C) and maximal respiratory rates (Fig. 7A and D).  

 

  



DISCUSSION 

 

Studies using heterochronic parabiosis in which young-to-old or old-to-young systemic 

circulations of two animals are joined (48-50) pioneered the concept that circulatory factors are 

involved in cellular aging (50). Indeed, more recent studies have also implicated circulating 

components in the blood to cellular rejuvenation (51-53). In keeping with these findings, the ex 

vivo use of serum from calorically-restricted animals reproduces many CR effects in cell cultures 

(29, 35, 54-56), demonstrating that these effects are linked to serum components, and not the 

chronology of the cells themselves.  

Mitochondrial dysfunction and impaired organellar turnover is a commonfinding in aging 

and many age-related diseases that can be prevented by CR (57-58). We have previously shown 

that sera from CR animals leads to the activation of the eNOS pathway and increased 

mitochondrial biogenesis in vascular cells and neurons, suggesting these mitochondrial effects 

are mediated by soluble factors, including adiponectin (28, 29).  

Despite their undeniable impact on aging and age-related diseases, surprisingly little 

attention has been focused on insulin-secreting cells when studying the effects of CR. In order to 

address this knowledge gap, we compared the effects of sera from control AL and CR animals 

on insulin-secreting cell cultures. Interestingly, although we found that CR serum promoted the 

activation of the eNOS and PGC-1- pathway, we could not find an overt increase in 

mitochondrial mass under basal conditions (Fig. 3), but did see a preservation of mitochondrial 

mass under nutrient overload (Fig. 6). This indicates that the effects of CR on mitochondrial 

mass are specific to nutrient overload conditions.  

Nonetheless, mitochondrial fusion, another mitochondrial feature regulated by the PGC-

1- pathway, was strongly altered by CR sera, both under control (Figs. 3, 4) and under GLT 

(Fig. 6) conditions. Prior studies have uncovered links between energy availability and 

mitochondrial architecture: Under starvation, limited nutrient supply or acidic conditions, 

mitochondria typically become more elongated and tubular, an effect associated with more 

efficient ATP production (31-32, 59). Indeed, we found that the mitochondrial elongation 

promoted by CR serum was associated with an increased respiratory response to glucose, 

higher ATP-linked respiration and higher maximal respiratory capacity (Fig. 2). Since maximal 

respiratory rates were enhanced without measurable changes in overall mitochondrial mass (Fig. 

3B), the enhanced respiratory capacity observed under CR culture conditions is most probably 



attributable to changes in mitochondrial morphology and dynamics. Mitochondrial fusion can 

enhance respiratory function by providing higher oxygen availability throughout the mitochondrial 

network, allowing faster substrate cycling and altering respiratory complex assembly and 

interaction (60, 61). The result of the higher maximal respiratory rates observed is that CR INS1 

cells also exhibit higher spare respiratory capacity (the difference between basal respiration and 

maximal respiratory rates), a feature that has been proposed to be important under stressful 

conditions, allowing for more adequate responses toward increases in energy demand (62, 63).  

As fuel sensors, -cells respond quickly to changes in nutrients (64). However, the in vitro 

CR model used here does not limit glucose availability nor promote direct changes in medium pH 

(both CR and AL serum were added to buffered media with equal glucose availability). Indeed, 

CR sera can also preserve cellular respiratory function and glucose responses under nutrient 

toxicity conditions, demonstrating that the effects are not linked to energy availability (GLT, Figs. 

6, 7). Indeed, our findings suggest that circulatory factors in CR lead to bioenergetic changes in 

insulin-secreting cells directly, not through changes in nutrient availability.  

In prior studies, we have demonstrated that mitochondrial dynamics control insulin 

secretion in -cells (22, 43). Here, we add to these findings by showing that soluble factors in the 

sera from CR animals modify mitochondrial morphology and dynamics and acutely affect insulin-

secreting cells. This suggests that mitochondrial morphological manipulation may be a useful 

therapeutic target in type II diabetes. Additionally, the identification of the factors involved in the 

preservation of the insulin-secreting function present in CR sera may open even more targetable 

intervention opportunities in this disease.   

  



Figure Legends 

Figure 1. CR serum increases glucose-stimulated insulin secretion.  (A) INS1 or (B) 

dispersed murine -cells  were adapted in 2 mM glucose. After 2.5 h, glucose levels were raised 

to 12 mM (control cells were kept in 2 mM of glucose) and insulin released into the cell culture 

media was measured by ELISA within 1.5 h.  *p < 0.05 vs. AL. 

Figure 2. CR serum increases glucose-stimulated respiration and maximum respiratory 

capacity. (A) Representative oxygen consumption rates (OCR) of INS1 cells under basal 

condition (2 mM glucose) and  after the  subsequent addition of 10 mM glucose, 4 M oligomicin, 

5 M FCCP and 2 M antimycin. (B) Representation of the values shown in Panels C, D and E: 

glucose-stimulated OCR (last measurement after glucose addition), ATP-linked OCR (glucose-

stimulated OCR minus oligomycin-insensitive-OCR) and maximal OCR (highest OCR after 

FCCP addition), respectively. OCR values in the presence of antimycin (non-mitochondrial 

respiration) were subtracted from all quantifications. *p < 0.05 vs. AL. 

Figure 3. CR serum increases the expression of proteins involved in mitochondrial fusion.  

INS1 cells were cultured for 24 h with 10% serum from AL or CR rats. (A) Representative blots 

for the indicated proteins. (B, C) Quantifications of Western Blot bands obtained from 

independent experiments and normalized to actin or eNOS. (D) Mitotracker green fluorescence 

evaluated through FACS analysis. (E-H) Quantifications of Western Blot bands obtained from 

independent experiments and normalized to actin. *p < 0.05 vs. AL. 

Figure 4. CR serum alters mitochondrial morphology, promoting elongation and 

branching.  After 24 h incubation with AL or CR serum, INS1 cells stably expressing 

mitochondrial DS-Red were imaged with a 100 x lens. (A) Maximum z projection of mitochondrial 

DS-red fluorescence. (B) Form Factor analysis (FF = perimeter2/4π*area), threshold of 3. (C) 

Aspect ratio analysis (AR = minimum / major axes of the ellipse equivalent to the mitochondrion), 

threshold of 0.45. *p < 0.05 vs. AL. 

Figure 5. CR serum increases mitochondrial fusion rates. INS1 cells stably expressing 

mitochondrial DS-Red and photo-activable-GFP (mtPA-GFP) were imaged with a 63 x lens. 5 

stacks were obtained for each image. (A) Representative Z-projection Images; at time point 0, 

mt-Pa-GFP was activated using a two-photon laser. Fusion of the photoactivated fraction (∼30%) 

with the rest of the mitochondrial web, leading to a dilution in fluorescence intensity, was followed 

at 12 min intervals. (B) Time-dependent average dilution of GFP; 100% is the GFP fluorescence 

soon after activation.  

Figure 6. CR serum protects against mitochondrial mass and dynamics loss promoted by 

glucolipotoxicity. After 24 h incubation in media with 10% AL or CR serum, cells were 

challenged with glucolipotoxic (GLT) media (0.4 mM palmitate,  20 mM glucose, 1%  AL or CR 

serum). (A) z-projection images of mitochondrial Ds-Red staining. (B) Mitochondrial area 

quantified from Mito-DsRed images using Image J. (C) INS1 cells stably expressing 

mitochondrial DS-Red and photo-activable-GFP (mtPA-GFP) were imaged with 63 x lens to 

follow mitochondrial dynamics. 5 stacks were obtained for each image. Representative Z-

projections images are shown.  At time 0, mt-Pa-GFP was activated using a two-photon laser. 



Fusion of the photoactivated fraction (∼30%) with the rest of the mitochondrial web leading to 

fluorescence dilution was followed in 12 min intervals. (D) Time-dependent average dilution of 

GFP from multiple cells; 100% is the GFP fluorescence soon after activation. *p < 0.05 vs. AL; #p 

< 0.05 vs. BSA.  

Figure 7. CR serum protects mitochondrial function from glucolipotoxicity. After 24 h 

incubation in media with 10% AL or CR serum, cells were challenged with the GLT media 

described for Fig. 6. (A) Representative respiration chart of INS1 cells under basal conditions (2 

mM glucose) and after the subsequent additions of 10 mM glucose, 4 M oligomicin, 5 M FCCP 

and 2 M antimycin, as indicated by the arrows. (B) Glucose-stimulated OCR (last measurement 

after glucose addition) (C) ATP-linked OCR (glucose stimulated OCR minus OCR in the 

presence of the ATP inhibitor oligomycin), (D) Maximum respiratory capacity (highest OCR value 

after FCCP addition).  OCR values in the presence of antimycin were subtracted from all 

quantifications. *p < 0.05 vs. AL; #p < 0.05 vs. BSA.  
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