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This special issue on the effects of calorie restriction (CR) and intermittent fasting (IF) on health
and diseases includes five scholarly reviews and four original articles that provide an insight into the
molecular and cellular action mechanisms of epigenetically manipulated dietary paradigms.

CR and IF are well publicized methods for health promotion and disease prevention. An interesting
aspect shared by both is that their efficacy is demonstrable without modification of any dietary ingredient.
CR, also often called as restriction in dietary intake, provides dietary allocation (generally 10–50% of
ad libitum feeding) to the experimental group [1]. Currently, gerontologists have acknowledged CR as
the only well-founded anti-aging experimental model and the gold standard in investigating aging
interventions. CR intervention delays biological aging and attenuates many age-related pathological
processes, thus extending both average and maximal lifespan. Notably, CR is well-known to modulate
adulthood diseases, such as atherosclerosis, diabetes, obesity, cancer, and other metabolically related
disorders [2].

One unique feature of CR, first proposed as growth retardation in 1935 [3], is its well-known effect
on various species, such as rats, mice, hamsters, dogs, yeast, fish, flies, monkeys, and humans [4].
Although many hypotheses for CR diverse actions have been proposed previously, at present, the precise
underlying mechanisms remain to be proven. One attractive and plausible mechanism is its highly
effective anti-oxidative action against oxidative stress-induced aging. The anti-aging effects of CR
are likely attributable to its ability to prevent ubiquitous redox stress by maintaining a homeostatic
cellular oxidative status and an antioxidative defense system that contributes to appropriate cellular
signaling transductions and proper gene transcription activity [5]. One of the oxidative stress-related
physiological processes is the activation of inflammation. The key pro-inflammatory molecules, IL-1β,
IL-6, TNFα, iNOS, and COX-2 are all alleviated by CR during aging [6]. CR implementation leads
to epigenetic alterations, such as histone modifications and methylation of promoter CpG islands,
resulting in epigenetically modified markers in histones and chromatin. This established a molecular
mechanism for gene transcription and expression regulation [7,8]. In this regard, lymphocyte-specific
protein tyrosine kinase as a new target molecule of the CR modulatory effect was found by integrative
analysis using cDNA microarray and interactome [9].

Recent progress in Omics technologies has contributed to technical improvement that allows
analysis at the level of the RNA, DNA, protein, and other cellular molecules and their intricate
associations during aging. Therefore, it is now feasible to both resolve and coordinate complex
biological processes during aging using recent methods, such as next-generation sequencing, proteomics,
lipidomics, metabolomics, and epigenomics techniques. Systems biology and Omics integration can
predict CR effects, cellular signaling pathways, and action mechanisms. These technical advances
made in recent years provide a much-needed database on the regulation of inflammatory process.
An expanded view of the inflammatory response in aging progression dubbed as “senoinflammation”,
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which describes both chronic inflammation and metabolic dysregulation, was suggested in our previous
work [10]. Based on previous studies, we observed that the senescence-associated secretory phenotype
(SASP) comprises cytokines and chemokines, and these were notably upregulated during aging.
This senoinflammatory response was reversed and downregulated by CR [11]. Moreover, metabolic
signaling pathways at the cell level were also dysregulated in aging progression, and CR mimetics
could reverse such effects. According to CR and Omics big data analysis, cytokines and chemokine
pathways are upregulated during aging and modulated by CR [12]. CR is widely accepted as a positive
and reasonable control for anti-aging intervention, which recovers disturbed metabolic pathways and
decreases the pro-inflammatory SASP [11].

IF is a dietary pattern alternating between fasting and non-fasting periods. Specifically, the IF diet
in a particular mouse strain extended both mean and maximal lifespans [13]. For example, loss of body
weight and extension of maximal lifespan were observed in 2-, 6-, and 10-month-old C57BL/6J mice
with IF implementation [14]. Furthermore, IF lowered the occurrence of diabetes and levels of fasting
glucose and insulin [15]. These effects of IF are similar to those observed with CR. The beneficial
results of IF on different cancers are also explained by many research groups [16]. The observations in
animals indicate that, owing to dietary intake reduction, IF could effectively regulate the number of risk
factors and thereby prevent chronic diseases. Such modulatory effects of IF are similar to those of CR.
Although the effectiveness of IF has been reported primarily based on in vivo models, implementation
of IF in humans has been proposed to prevent major risk factors for age-associated diseases [17].
Systems gerontology (i.e., the study on the overall mechanisms of complex aging progression as an
integrated network of systemic interacting molecular pathways, organs, and components during
aging) based on Omics technology and systems biology should facilitate unraveling of mechanisms
underlying the anti-aging actions of CR and IF as well as their similarities and dissimilarities for better
dietary strategies.

The growth hormone (GF)/insulin-like growth factor-1 (IGF-1) axis is an evolutionary
well-conserved signaling axis, and the mechanisms underlying its effects on aging and longevity are
modulated by CR in mammals [18]. Recently, Shimokawa’s group confirmed that neuropeptide Y
(Npy) and FoxO1, which are targets of CR, play various roles in aging and age-associated diseases
depending on the nutritional intake [19]. The longevity effects of CR and suppression of IGF-1 signaling
pathway are sexually heterogeneous. The beneficial effects of Npy during CR and the diverse roles
for Npy in life stages are also described. These genes that mediate the effects of CR and control
the aging process depend on nutritional states [19]. As described in a review by Higami’s group,
the mitochondrial biogenesis, following CR implementation, in white adipose tissue is regulated
by peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α), a transcription cofactor
regulated by sterol regulatory element-binding protein 1c (SREBP-1c), which is the principal regulator
of fatty acid biosynthesis [20]. This research group has also suggested that CR mediates the increase in
SREBP-1 and PGC-1α, which could occur because of downregulation of the leptin signaling axis and
upregulation of fibroblast growth factor 21 (FGF21) expression in white adipose tissue [21].

Another cellular activity recently that was revealed as one of the major players in CR action
is the involvement of autophagy. Autophagy is an important cellular management process that
maintains an optimal cellular homeostatic condition under normal physiological and abnormal
pathological states. Recent developments in CR research have proposed that the initiation of autophagy
is associated with beneficial anti-aging response. CR-promoted autophagy plays a critical role under
physiological states by sustaining proper homeostasis in the organism. In addition, autophagy
induced by CR plays a protective role in different organs and tissues under many pathological
and aging-associated conditions [22]. While CR is the most beneficial intervention to prolong
lifespan and prevent aging-related diseases, its positive effects on skin aging and diseases are
not yet fully understood. CR promotes anti-inflammatory and anti-oxidative responses, stem cell
maintenance, and metabolic activities, and such effects contribute to the positive effects on skin
aging [23]. Furthermore, widely known CR mimetics, for example, resveratrol, metformin, rapamycin,
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and peroxisome proliferator-activated receptor agonists, exhibit CR-like effects to inhibit or delay skin
aging [23].

Fasting is known to account for physiological changes in the endocrine organs, particularly
the pancreas. The study on every other day IF implementation for up to 3 months in a developing
and matured healthy organism suggested that this regimen promotes β-cell dysfunction and muscle
mass loss and increases fat reserves, especially in developing 30-day-old Wistar rats. More long-term
studies are needed to explain the most effective IF regimen to minimize side effects [24]. In recent
years, fasting-like intervention methods, such as IF and time-restricted feeding, have appeared as
alternatives to CR. Lifespan responses in both CR and IF also differ significantly between males and
females [25,26], leading to additional complications in explaining the molecular mechanisms of CR.
A simple explanation of these in vivo studies is that a particular regimen of CR and IF may not be
effective; however, they may be rather harmful possibly owing to genetic variations and sex [27].
Therefore, for implementation and practice of CR and IF in humans, it is suggested that personalized
genomics and medicine should first be set in place to make the most of CR and IF [28].

In summary, we believe that this special issue provides useful information on the current
research trends regarding the beneficial effects of CR and IF on longevity and health of humans.
Further exploration of the effect of CR and IF on aging and age-related diseases will provide deeper
insights into the interrelationships between health and diseases and enable beneficial interventions in
aging mechanisms, thus aiding the development of new therapeutic approaches to improve health,
diseases, and longevity.
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Abstract: Chronic inflammation, a pervasive feature of the aging process, is defined by a continuous,
multifarious, low-grade inflammatory response. It is a sustained and systemic phenomenon that
aggravates aging and can lead to age-related chronic diseases. In recent years, our understanding
of age-related chronic inflammation has advanced through a large number of investigations on
aging and calorie restriction (CR). A broader view of age-related inflammation is the concept of
senoinflammation, which has an outlook beyond the traditional view, as proposed in our previous
work. In this review, we discuss the effects of CR on multiple phases of proinflammatory networks
and inflammatory signaling pathways to elucidate the basic mechanism underlying aging. Based on
studies on senoinflammation and CR, we recognized that senescence-associated secretory phenotype
(SASP), which mainly comprises cytokines and chemokines, was significantly increased during aging,
whereas it was suppressed during CR. Further, we recognized that cellular metabolic pathways
were also dysregulated in aging; however, CR mimetics reversed these effects. These results further
support and enhance our understanding of the novel concept of senoinflammation, which is related
to the metabolic changes that occur in the aging process. Furthermore, a thorough elucidation of the
effect of CR on senoinflammation will reveal key insights and allow possible interventions in aging
mechanisms, thus contributing to the development of new therapies focused on improving health
and longevity.

Keywords: aging; calorie restriction; senescence-associated secretory phenotype; senoinflammation;
mimetics

1. Introduction

The aging process can be defined as progressive, physiological, functional deterioration throughout
the lifetime of an individual by different convoluted interactions among genes and non-genetic
environmental factors that eventually result in disruption of homeostasis and increased susceptibility to
disease or death. The basic mechanism of the aging process is a sustained, long-term inflammatory state
that is further aggravated by elevated oxidative stress due to enhanced reactive oxygen species (ROS),
lipid peroxidation, and protein oxidative modifications [1]. To understand the phenomenon of aging
and its significance, several concepts and terminologies have been proposed including inflammaging,
molecular inflammation, micro-inflammation, pan-inflammation, and gero-inflammation. These

Nutrients 2020, 12, 422; doi:10.3390/nu12020422 www.mdpi.com/journal/nutrients7
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concepts and terminologies are apposite for describing the increased chronic inflammatory events and
mediators during aging [2–6].

Generally, cells are continually exposed to and damaged by exogenous and endogenous stress
inducers. The cell cycle of damaged cells, which cannot be recovered from cell death, is permanently
arrested and the proliferative activity of these cells becomes extinct, which is defined as cellular
senescence. This cellular response largely contributes to an organism’s aging. Senescent cells
have been shown to release multiple inflammatory cytokines and chemokines, which is defined as
senescence-associated secretory phenotype (SASP) [7]. An increase in cellular dysregulation due to
the release of proinflammatory molecules such as TNF, IL-1β, IL-6, MCP-1, MIP-1α, RANTES, and
IL-18 [8,9] induces age-related chronic inflammation, leading to aging and its associated diseases.

In order to understand age-related chronic inflammatory progress from a multilayered point of
view, we previously proposed a novel concept of senoinflammation, which includes an expanded
systemic view of chronic inflammation during the aging process.

CR is a well-known gold standard for many aging intervention strategies. A number of age-related
biological changes and pathologic abnormalities can be delayed or suppressed by CR regardless of
gender and species (mammalian or non-mammalian) [10]. CR has been shown to suppress oxidative
damage-induced alterations and age-related diseases and to extend lifespan [11]. In this review, we
focus on the diverse protective effects of CR against aging from a senoinflammatory perspective. In
addition, the beneficial effects of CR mimetics and other types of dietary restrictions on anti-aging
are covered.

2. Age-related Inflammation and Senoinflammation

Senescent cells produce proinflammatory senescence-associated (SA) secretome, which is referred
to as the SASP. Macrophages are recruited in the secretome by chemotactic factors to clear senescent
cells [12]. However, senescent macrophages with M2 polarized phenotype secrete proinflammatory
cytokines and exhibit impaired phagocytosis and chemotaxis, and a downregulated rate of cellular
proliferation [13–15]. It has been proposed that deficiency in the ability of aged macrophages to clear
senescent cells leads to increased inflammatory response and results in chronic inflammation as SASP
plays a role in the initiation of tissue inflammation [16]. Based on previous observations and evidence
of the aging process at molecular and cellular levels, we coined the term “senescent inflammation
(senoinflammation)” with a new framework (Figure 1) in our recent review to provide an expanded,
broader view of age-related chronic inflammation and metabolic dysfunction [17].

Aging in hepatocytes is associated with various markers of cellular senescence,
such as increased expression of heterochromatin protein 1β, and increased activity of
senescence-associated-β-galactosidase, p21 and p16 [18]. p53 expression is an important marker
of cellular senescence and DNA damage in the normal liver [19], and its regulation depends on the
nutrient-sensing pathways of non-alcoholic fatty liver disease (NAFLD) [20]. Senescent hepatocytes
exhibit increased lipid droplet accumulation and ROS production [21].

In understanding age-related inflammation at the molecular level, an abundance of data in our
and other previous work strongly suggested that NF-κB is a key player involved in the initiation and
exacerbation of tissue inflammation in the aging process and cancer [22–24]. Chronic transactivation
of NF-κB has been observed in multiple tissues in various experimental models of aging and
human fibroblasts and human CD4+ T cells obtained from aged individuals [25,26]. NF-κB induces
proinflammatory mediators, chemokines, and adhesion molecules [27] and interacts with other
transcriptional factors that are involved in the initiation and deterioration of chronic inflammatory
response including signal transducers, the activator of transcription 3 (STAT3) and p53 [22]. The
transcriptional activity of NF-κB occurs concurrently with crosstalk among upstream signaling
components such as glycogen synthase kinase 3 (GSK3)-β, mitogen-activated protein kinase (MAPK),
mammalian target of rapamycin (mTOR), and protein kinase B (PKB) [23,28].
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Figure 1. Possible mechanism of senoinflammation in aging. During aging, the continuous
age-related inflammatory responses that cause metabolic dysregulation to form a vicious cycle.
Age-related inflammation and metabolic dysregulation result in the induction and activation of many
pro-inflammatory genes, metabolic and signaling pathways, and SASP. This vicious cycle of age-related
chronic inflammation and metabolic dysregulation underlies the senoinflammation phenomenon,
which occurs because of the interaction between senescent cells, immune cells, adipocytes, hepatocytes,
and myocytes. SASP, senescence associated secretory phenotype; CR, calorie restriction.

The upregulation of systemic inflammation is associated with aging and age-related chronic
diseases [29,30]. As mentioned, age-related systemic inflammation and senoinflammation
are functionally distinct from acute inflammatory responses due to sustained high levels of
pro-inflammatory mediators. In fact, epidemiological and experimental results suggest that
persistent low-grade, chronic inflammation exists in aged animals [31,32]. A recent longitudinal,
semi-supercentenarian study in Japan has demonstrated that inflammation, and not telomere length,
strongly predicts successful aging at extremely old age [33]. This study concluded that chronic and
systemic inflammation has a significant effect on mortality and had a correlation with the decline in
cognitive function in the centenarians, thus showing that chronic inflammation is a critical risk factor in
the aging process [33]. An increase in systemic inflammation is related to many aging phenotypes. For
example, abruptly increased inflammation is generally associated with tissue dysfunction, metabolic
syndrome, immune dysfunction, and neuronal complications [34].

CR animals live fairly longer with the right amount of nutrients, and most of the typical age-related
chronic diseases are prevented or delayed in them. For example, the incidence of cancer, the main
cause of death in rodents, is significantly reduced in CR animals. Similarly, reduced incidence or
slower disease progression has been reported for cardiomyopathy, diabetes, chronic lung diseases,
autoimmune diseases, and neurodegenerative diseases [35,36]. Preclinical and preliminary clinical
studies have shown that CR or fasting can effectively prevent the development of malignant tumors
through a variety of cellular responses and can improve the efficacy of therapeutics [37]. CR reverses
most symptoms of immunosenescence, including decreased naïve T cell and increased memory T cell
population [38], reduced T cell proliferative response to mitogens or antigens, reduced IL-2 production
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and NK activity [38–42], age-related increase in serum levels of TNFα and IL-6 [43], and autoimmune
diseases [44,45]. More recently, CR was shown to delay immunosenescence in animals; however, this
effect needs to be confirmed in humans.

Therefore, the concept of senoinflammation shows the orchestral performance of activated
pro-inflammatory cytokines and transcription factors at a molecular level, immune cell senescence and
SASP at a cellular level, and systemic inflammation and metabolic disorders at a systemic level during
the aging process.

3. Calorie Restriction

In an initial study on CR by McCay et al. [46], the growth retardation hypothesis was investigated
in a rat model by reducing food intake or CR, which slowed down the growth rate and prolonged
lifespan. Various additional studies on CR have been conducted in diverse species ranging from yeast,
fish, drosophila, hamsters, dogs, and non-human primates to humans [47]. Experts in the field of
aging have accepted CR as an anti-aging experimental concept, which serves as an established aging
intervention. As CR is a non-genetic, nutritional means to delay the aging process, it was used to identify
underlying signaling mechanisms of aging, resulting in its considerable importance. Understanding
elemental mechanisms underlying the effect of CR is critical as they may aid in identifying novel
therapeutic molecular targets for age-associated inflammatory pathological conditions.

Previous studies conducted at the molecular level significantly support the hypothesis that CR is
capable of reducing age-associated oxidative stress and suppressing systemic, chronic inflammation [48].
CR and its anti-aging effects are majorly considered due to its significant regulatory role in oxidative
stress and capability to sustain appropriate cellular redox conditions [1]. CR also has beneficial effects
in the inhibition of protein synthesis and the oxidization of proteins in the liver and skeletal muscle.
Furthermore, it enhances immune functions and inhibits inflammatory responses during the aging
process [49]. CR exerts preventive or delaying effects on age-associated diseases, such as chronic
nephropathies, cardiomyopathies, diabetes, autoimmune conditions and respiratory diseases, as well
as aging [48,50]. Implementation of CR in mice suppressed the degree of neurological degeneration
and β-amyloid deposition in the brain tissue and subsequently promoted the generation of neurons
in in vivo animal models of Alzheimer, Parkinson, and Huntington diseases [51,52]. The results of
the first randomized clinical human trial on CR highlighted a reduced probability of developing
age-related diseases and improved number of biomarkers showing health longevity.

4. Anti-senoinflammatory Effect of CR

Many interventions and strategies for modulating chronic inflammation and anti-aging have been
scientifically demonstrated. Among many well-described anti-aging strategies, CR has been identified
as one of the most powerful interventions to fight the aging process and age-related pathological
conditions such as diabetes, obesity, cardiovascular diseases, rheumatoid arthritis, Alzheimer’s disease
and more [53]. Although the detailed molecular mechanisms and signaling pathways underlying CR
still require further investigation, previous evidence for modulatory action of CR in senoinflammation
suggest potential therapeutic effects of CR on aging (Table 1). For example, at a molecular level, CR
exhibits powerful anti-inflammatory effects by suppressing key pro-inflammatory mediators such as
NF-κB, IL-1β, IL-6, TNF, cyclooxygenase 2 (COX-2), and inducible nitric oxide synthase (iNOS) [54–56].
In addition, CR was shown to regulate the activity of pro-inflammatory upstream signaling pathway
molecules such as MAPKs (ERK, JNK, p38), and NIK/IKKs. CR was also shown to regulate the DNA
binding activity of NF-κB and AP-1 transcription factors and expression of their corresponding genes,
COX-1 and iNOS [55,57]. CR was also shown to reduce the plasma concentration of cytokines, TNF,
ICAM-1 and to induce cortisol release, which suppresses the systemic inflammatory response [58,59].
In obese mice models, implementation of 30% CR for 2 months notably decreased the levels of
adipose tissue cytokines and chemokines, including IL-6, IL-2, IL-1Rα, MCP-1, and CXCL16, which are
considered as major components of SASP [60]. In hepatic tissue, even mild CR notably suppressed
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proinflammatory and lipogenic gene expression of molecules such as MCP-1, SREBPs, and peroxisome
proliferator-activated receptor (PPAR)-γ [61]. These evidences suggest that CR successfully regulates
the symptomatic prevalence of senoinflammation that expands to pathological conditions such as
chronic inflammation, insulin resistance, and low energy metabolism [17,58,62,63].

Regarding anti-aging effects, CR is known to play an important role in suppressing oxidative stress
and damage [64,65]. Cellular oxidative stress leads to formation of ROS, hydrogen peroxide, reactive
nitrogen species, peroxynitrites, which then induce cellular inflammation, damage, and senescence.
CR exerts its beneficial, maximal life-spanning effects by partially attenuating oxidative stress. For
example, age-dependent functional decline of mitochondria in cardiac tissue, a major organelle of
ROS production, has been well documented. Additionally, it was demonstrated that CR attenuates
oxidative damage in an aged heart by lowering the levels of 8-oxodG, an oxidative damage DNA
biomarker [66].

In addition to the anti-inflammatory effects described above, CR is also well known for regulating
the expression of various genes involved in regulating energy metabolism. In regulating lipid
metabolism, the PPARs could sense fatty acid molecules released from dietary lipids and their
metabolites. PPARs are specialized receptors that recognize and bind lipid metabolites to transmit
signals and can regulate lipid and carbohydrate metabolisms and inflammation. Among three subtypes
of PPARs, PPARα and PPARγ have been well investigated and both have been suggested as regulators
of inflammatory responses. In an aged rat model, the expression of PPARα and PPARγ genes was
decreased and age-associated alterations were reversed by CR [63,67]. In a previous review, it has
been noted that suppression of PPAR activity leads to upregulation of cytosolic IκB and NF-κB
inhibitor, and suppression of NF-κB activation [68]. Such experimental evidence further strengthens
the fact that PPARα agonists could alleviate age-related inflammation by suppressing NF-κB-mediated
proinflammatory cytokine production [67,69].

CR modulates nutrient-signaling pathway molecules such as sirtuin proteins. One major molecule
known to exert its effects in delaying aging and increasing longevity during CR is SIRT1 [70]. Sirtuins
regulate protein expression in diverse cellular processes such as DNA repair, epigenetic modification
of chromatin, ROS production, and metabolism. CR is well known to promote SIRT expression and
activation in the liver, adipose tissue, brain and kidney by interacting with FOXOs, PGC1α, p53 and
NF-κB to mediate anti-aging effects [71]. CR-mediated SIRT1 activity regulates pro-inflammatory
NF-κB activation. For example, SIRT1 induces deacetylation and suppresses NF-κB activation [72,73].

Diverse research has provided an understanding of the association between aging and CR and the
effects of CR on senoinflammatory and metabolic signaling pathways. The experimental evidence
suggests that CR exerts beneficial effects on senoinflammation during aging by altering molecular
pathways through regulation of expression and activities of core molecules such as NF-κB, PPARs,
SIRT1, and others. Collective evidence on CR further supports the concept of senoinflammation
during the aging process and confirms the positive role of CR against aging. In addition, the evidence
strongly supports the notion that the anti-aging effects of CR are due to the alleviation of systematic
physiological senoinflammatory response. However, further research is needed to clearly define the
signaling mechanisms in detail.

5. Omics Big Data on Aging and CR

The immense amount of collected data in the field of biology and biomedicine research necessitates
integrative data analysis to understand a complicated physiological system as a whole. Integrative
dataset analysis has also provided an understanding of the underlying mechanism of aging and
age-dependent changes at molecular, cellular, and physiological levels. An immense amount of data
on age-related diseases enables the building of interactive networks and alterations in these networks
may aid in developing aging intervention methods. Transcriptomics is the study of complete sets of
RNA transcripts of a whole genome under certain conditions, which includes analysis of comparative
differential gene expression in response to different conditions. As the biological aging process is
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complex and heterogeneous, defining specific mechanism of aging and a potential intervention method
such as CR requires data integrative analysis based on age-dependent changes at the molecular level.

Among Omics Big Data analysis, gene set enrichment analysis (GSEA) allows the identification
of gene types that are significantly associated with the disease. In order to analyze young and aged
groups, RNA-sequencing data were collected and analyzed by the GSEA method to detect the set of
differentially expressed genes or DEGs. Based on the results, it was demonstrated that proinflammatory
functional genes, including cytokines, chemokines, TNF and toll-like receptors (TLRs), were notably
over-represented in the aged group, whereas genes associated with metabolism, such as fatty acid
metabolism and PPAR pathways, were significantly suppressed. This suggests that aging is highly
associated with gene expression alterations including increased expression of inflammatory genes and
decreased expression of metabolic genes. In addition, it was found that these changes were reversed
by CR, a well-known aging intervention method [74].

By detecting DEGs, the Omics Big Data analysis method can identify informative epigenetic
modifications along with the changes in gene expression and potential biomarkers of aging and
age-related pathologic conditions. The results of a previous epigenetic study, performed using
collective genomic data program called The Cancer Genome Atlas (TCGA) Program, indicated various
age-related changes in the pattern of DNA hypomethylation in young and old subjects. In particular,
the genes that were upregulated and hypomethylated were AZU1, ELF3, NOX1, IL1B, and S100A12;
these genes are known to function in inflammatory responses, indicating that inflammatory genes are
involved in age-related cancer onset and progression [75]. A previous briefing paper discussed the idea
of big data in the field of medicine and suggested that a big network constructed by multi-omics data
such as epigenomics, transcriptomics, and metabolomics can detect a significant association existing
between aging and inflammation, indicating the use of a systems biology tool to identify new genes
involved in inflammaging [76].

Omics Big Data is a useful tool to investigate the beneficial effects of CR. The transcriptome profile
of mice liver tissue obtained after implementation of CR showed that CR improved the expression
of genes associated with health, which were previously modulated by obesity. These data and other
research studies collectively indicate that CR promotes beneficial outcomes leading to the expansion of
life span [77]. In another study, transcriptomic data of adipose tissue indicated that CR suppresses
transcription and activity of genes involved in inflammatory response, for example, the NF-κB signaling
molecule gene. Additionally, in that study, diverse evidence indicated that CR has protective effects in
physiological systems [78]. Furthermore, based on a global mass spectrometry-based metabolomics
study, graded CR (10, 20, 30, 40% CR) modulated metabolic signaling pathways, including the carnitine
synthesis and shuttle pathway and sphingosine-1-phosphate and methionine metabolism, in a graded
manner. The expression of various metabolites was modulated by CR, indicating that CR could
ameliorate the energy release process of hepatic fatty acids [79]. In addition, augmented gene–gene
network connectivity analysis has shown that CR changed the network arrangement and biological
gene centrality in a CR level-dependent manner. Therefore, the results suggested that CR-induced genes
play a critical role in countering the age-associated loss of gene–gene network connectivity [80]. In
order to better understand the mechanism of CR in age-associated pathological symptoms, its relation
to insulin sensitivity has also been investigated. Multi-omics approaches that integrate transcriptomics,
metabolomics, and microbiomics data were used to further enhance our previous knowledge that CR
induced amelioration of insulin sensitivity and lifestyle, gut microbiome, and extrinsic environmental
factors. Furthermore, it identified potential biomarkers that could be used for personalized weight-loss
interventions [81].

Analysis of transcriptomic data from different tissues shows that aging induces the upregulation
of inflammatory pathways and downregulation of metabolic pathways. In contrast, CR intervention
reverses such effects, in which it downregulates the immune response and upregulates the metabolic
pathways. In particular, LCK, a key signaling molecule in the development of T cells, was significantly
upregulated in aged tissues and later downregulated as a consequence of CR. This identification of
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LCK gene was based on integrative analysis of cDNA microarray and interactome, which showed a
high degree of centrality and between centrality analyses. These results suggest that immune and
inflammatory responses are increased during aging and can be modulated by CR [82]. In support of
such results, Hong et al. reported that CR successfully suppressed immune response and increased
lipid metabolism, thereby delaying aging and preventing age-associated diseases [83]. Kim et al. also
reported that CR implementation delayed age-associated alterations of DNA methylation, which could
prevent the progression of age-related diseases [84].

Other omics studies provided evidence that CR definitively modulates aging processes and
prevents or delays age-associated disease progression. Analysis of hepatic transcriptome showed that
CR stimulated pathways involving IGF-1, NF-κB, mTOR, and SIRTs, which collectively contribute to
reduced oxidative stress and improved metabolism, further supporting that CR promotes health and
could extend lifespan by interfering with age-associated signaling pathways [85]. In addition, CR
suppresses adiposity and insulin resistance, consequentially suppressing a proinflammatory status. By
implementing CR, DEG analysis could help identify biomarkers that are closely related to age-associated
diseases, including metabolic disease [86]. In support of the beneficial effects of CR in aging, one
of the proteomics analyses demonstrated that CR improved glucose and lipid energy metabolism
and suppressed oxidative stress [87]. As lipid composition was one of the critical determinants of
aging, using CR as an intervention method, a research group conducted LC–MS and demonstrated
that CR reprogrammed the lipidome and metabolome, which lowered the protein oxidative damage,
sequentially increasing lifespan and healthspan [88].

6. Preventive Effects of Other Types of Dietary Restriction in Aging

CR is usually considered for reducing overall calorie intake or food intake without malnutrition.
In animal models, under CR, food intake is reduced by around 10–50% compared with ad libitum-fed
controls [89]. Although CR exhibits preventive effects on age-related phenotypes, to practice and
sustain CR in human life is quite challenging. In efforts to improve human health during aging, there
are other types of dietary restriction and pharmacological interventions available that mimic CR. Here,
we introduce other types of dietary restriction and CR mimetics, recapturing the beneficial effects of
CR in the present and next sections.

Reduced intake of specific nutrients, rather than reduced intake of total calories, was considered
important for health benefits of a restricted diet. The reduction of either dietary protein or sugar can
reduce mortality and extend life span in Drosophila, independent of the calorie intake [90]. A study by
Solon-Biet et al. in mice showed a clear correlation between the ratio of protein to carbohydrate and
lifespan. Mice were fed 25 diets differing systematically in protein, carbohydrate, and fat content. The
energy density and median lifespan of the mice increased by up to 30% as the protein to carbohydrate
ratio decreased [91]. In addition, it is suggested that reduced intake of specific essential amino
acids such as methionine, tryptophan, or branched chain amino acids can delay aging or improve
health [92,93].

Intermittent (ex. alternate day fasting) and periodic (fasting that lasts three days or longer, every
two or more weeks) fasting have been studied as alternative dietary interventions for long-term CR [94].
The effects of fasting on lifespan extension have been reported in various species including bacteria [95],
yeast [96], worm [97], and mice [98]. Intermittent fasting has a protective effect on age-dependent
diseases including diabetes, cancer, heart disease, and neurodegenerative disorders in rodents [94].
There are various regimens of fasting. Recently, the fasting mimicking diet (FMD) was developed
and has shown several beneficial effects in mice including extended longevity, lowered visceral fat,
reduced cancer incidence and skin lesions, rejuvenated immune system, and retarded bone mineral
and hippocampal neurogenesis [99].
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7. CR Mimetics in Aging

CR mimetics are compounds that mimic the benefits of CR at the molecular, cellular, and
physiological levels, leading to health-promoting effects [100]. Recently, there has been an increased
interest in CR mimetics due to the benefits of using these anti-aging interventions in terms of extended
health and lifespan [101–103]. Although the valuable effects of CR mimetics on lifespan and health
have been extensively highlighted, limitations persist because it is difficult to implement such diet
regimens in humans. In this section, we summarize the current knowledge of CR mimetic compounds
and highlight their typical effects.

7.1. Resveratrol

Resveratrol (3,5,4′-Trihydroxystilbene), a natural polyphenolic, phytoalexin compound found in
grapes, cranberries, and peanuts, is currently the most thoroughly studied CR mimetic. Resveratrol
promotes lifespan extension across a range of evolutionarily distinct sets of species, including
Saccharomyces cerevisiae, Caenorhabditis elegans, and Drosophila melanogaster, all the way to mammals such
as mice [104]. Previous studies have indicated the beneficial effects of sirtuins as the best small molecule
that activate sirtuins, which extended lifespan in a yeast model [104–109]. Although only the longevity
extension effect of resveratrol has been reported in C. elegans and D. melanogaster, many subsequent
studies reported that resveratrol intake promotes health and plays a preventive role in age-related
diseases, such as cancer [110–113], atherosclerosis [114,115], arthritis [116,117], cataract [118–120],
cardiovascular disease [121], hypertension [122,123], type 2 diabetes [124–127], osteoporosis [128–130],
and Alzheimer disease [131–133]. In clinical studies, resveratrol intake improved the memory capacity
of elderly individuals and reduced blood lipid levels in obese and type 2 diabetic patients [134,135].
However, additional studies are required to investigate intake duration and dose-dependent metabolic
effects of resveratrol supplements required to overcome metabolic irregularity in human subjects.
Resveratrol suppresses SASP through SIRT1/NF-κB signaling and delays aging [136], represses cellular
senescence, and improves insulin resistance in muscle [137].

7.2. Metformin

Metformin, a biguanide used as a first-line drug for treating type 2 diabetes [138], was shown
to extend the lifespan of C. elegans [139–141], D. melanogaster [142], and mice [143,144]. Moreover, it
was shown to delay the onset of age-related diseases, such as cancer, metabolic syndrome [145], and
cognitive disorders [146]. Its mechanism of action is associated with the activation of 5′ AMP-activated
protein kinase (AMPK) [147,148], inhibition of the mammalian target of rapamycin (mTOR) [149],
reduction of DNA damage [150,151], and decreased insulin levels and IGF-1 signaling [152–154]. The
longevity effect of metformin has not yet been identified in humans, and therefore, its mechanism
of action requires further investigation. Metformin regulates mitochondrial biogenesis and cellular
senescence through SIRT3 [155], and decreases oxidative stress-induced senescence by activating
autophagy [156].

7.3. Rapamycin

Rapamycin, (International Nonproprietary Name: sirolimus), is an inhibitor of mTOR, which
results in an extended life span and prevents age-related diseases [157–160] by mediating SIRT1
expression [161,162]. mTOR is a serine-threonine kinase that plays a role in modulating cell
survival, growth, proliferation, motility, protein synthesis and transcription [163] and inducing
autophagy [164–166]. In addition, mTOR promotes growth and aging in C. elegans [167],
D. melanogaster [168], S. cerevisiae [169], as well as in mice [170,171] and rat [172,173] models. Further,
it modulates glucose and lipid metabolism [174,175]. Rapamycin prevents insulin resistance in
humans [176], reduces insulin resistance in hyperinsulinemia rats [177,178], and normalizes glucose
metabolism in diabetic mice [179,180]. Recently, Garcia et al. [181] reported that rapamycin treatment
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has a mechanism similar to CR in ovarian mice, which increases FOXO3 gene expression. Thus, the
use of rapamycin as a CR mimetic needs to be investigated further for understanding significant
signaling pathways that can be targeted for enhancing its therapeutic potential. Rapamycin ameliorates
age-related late-life cancer by inhibiting senescence-associated inflammation [182]. It is also an effective
inhibitor of cellular senescence [183].

7.4. PPAR Agonists

In addition to the anti-inflammatory effect, PPARs have diverse biological effects including
the promotion of cellular proliferation, glucose and lipid metabolism, insulin sensitivity, and tissue
remodeling processes [67,184]. Because of their association with multiple metabolic processes, PPARs
have been suggested to play roles in pathogenic conditions such as obesity, metabolic syndrome,
diabetes, NAFLD, and atherosclerosis. Therefore, PPARs have been considered as important molecular
targets for the discovery and development of new drugs to treat these age-related diseases [185–188].

Fenofibrate is a PPARα agonist used for the treatment of hyperlipidemia, hyperglycemia, and
hypertriglyceridemia [189,190]. PPARα activation by fenofibrate also reduces renal oxidative stress
and cellular apoptosis in aging-related renal injury through AMPK-SIRT1 and AMPK-PGC1α signaling
pathways [191]. The activation of PPARα, AMPK, and SIRT1 has been shown to protect aging-related
renal injury. PPARβ/δ is involved in the regulation of insulin sensitivity, adipogenesis, lipid and energy
metabolism, inflammation, and atherosclerosis [192–194]. A specific PPARβ/δ agonist, GW501516,
attenuates inflammation, insulin resistance, and dyslipidemia, and modulates angiogenesis [192,193].
Two thiazolidinediones (TZD), rosiglitazone and pioglitazone, which are also PPARγ agonists, have
been shown to be effective in the treatment of type 2 diabetes [195,196]. Further, they are also associated
with human life longevity and cell senescence [197]; this has also been observed in aged rats [198].
Recently, Patel et al. [199–201] reported that a novel dual PPARα/γ agonist, saroglitazar magnesium,
was used in the treatment of dyslipidemia and metabolic disorders in in vivo and healthy Indian
adult subjects. These results are further supported by the results of a preclinical study conducted by
Kaul et al. [201]. Notably, Xu et al. [202] reported that chiglitazar acts as a PPAR-α/β/γ pan agonist and
evaluated its use in diabetic therapeutics in healthy Chinese volunteers.

Recent data support PPAR agonists as potential candidates for anti-senoinflammation therapy.
Our group synthesized MHY908, new a PPARα/γ dual agonist, and showed that it has a significant
inhibitory effect on age-related inflammation and insulin resistance [203]. It is reported that PPAR
activation might have an effect on the prevention of cell senescence and that PPARα silencing induces
cancer cell senescence. Rosiglitazone significantly suppressed olaparib (a PARP inhibitor)-induced
cellular senescence and SASP in ovarian cancer [204].

Collectively, identifying the role of PPAR agonists in various metabolic or non-metabolic organs
and pathological conditions will contribute to the development of new therapeutic options and
promising anti-senoinflammatory chemicals for the treatment of many age-related metabolic disorders.

7.5. Ketone Bodies

Ketone bodies such as β-hydroxybutyrate (HB), acetoacetate, and acetone are water-soluble
molecules that are generated from fatty acids in the mitochondrial matrix of the liver. They serve
as moving energy sources for physiological systems during periods of fasting [205]. The process of
ketogenesis starts within 24 h of fasting through gluconeogenesis [206]. In humans, physiological
serum levels of HB are normally maintained at a low micromolar concentration, which increases to
a few hundred micromoles after 12 to 16 h of the fasting period and eventually reaches 1 to 2 mM
after 2 days of fasting [207]. Insulin inhibits lipolysis of adipose tissue and restricts ketogenesis, while
glucagon promotes ketogenic flow by exerting its direct effect on the hepatic tissue [208]. In a study, CR
or fasting interventions elevated the circulating concentration of ketone bodies, HB, compared to that
in a normal feeding group [209,210]. Furthermore, it has also been reported that the implementation of
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a ketogenic diet exerts therapeutic effects on various age-related diseases related to insulin resistance,
as well as diseases resulting from free radical damage and hypoxia [211].

HB also acts as a signaling molecule and activates cellular signaling pathways. For example,
HB plays a role in endogenously inhibiting histone deacetylases (HDACs) [209]. Suppression of
HDAC activity exerts beneficial metabolic and cytoprotective effects similar to those seen in HB
investigations [212]. However, SIRT3 regulates diverse pathways involved in fasting metabolism, and
mice without SIRT3 genes have decreased HB concentration during fasting [188]. Ketogenic diets are
also related to low levels of insulin [213,214], suppressed IGF signaling [215], induction of FOXO3 [209],
and activation of AMPK [215,216] and antioxidant genes [209]. Ketone bodies exert neuroprotective
and lifespan extension effects similar to CR in C. elegans [217]. HB upregulates transcription of
antioxidant genes, including manganese superoxide dismutase (MnSOD) and FOXO3, both of which
exert antioxidant effects [209]. It is thought that HB exerts its effect through signaling mechanisms
comparable to that of CR by inducing co-activation of FOXO1/PGC-1α through deactivation of the
PI3K/Akt pathway [218].

HB is an effector that transduces signals via G-protein coupled receptors. It represses the actions
of the sympathetic nervous system and decreases energy expenditure and heart rate by blocking
fatty acid signaling pathways through the G protein-coupled receptor 41 [219]. One of the most
well-studied signaling effects of HB signals is via GPR109A, a member of the hydrocarboxylic acid
GPCR subfamily that is expressed in adipose tissues (white and brown) [220] and immune cells [221].
Although the GPR109A receptor has protective effects, associations have been found between ketogenic
dietary intervention use in stroke patients and neurodegenerative diseases [222,223]. In a TNFα or
LPS-induced inflammatory setting, HB exerts anti-inflammatory effects by suppressing the release
of pro-inflammatory proteins (iNOS and COX-2) and cytokines (TNF, IL-1β, IL-6 and CCL2/MCP-1),
which seems to occur partially via inhibition of NF-κB translocation to the nucleus for pro-inflammatory
gene activation [224,225]. However, in neurodegenerative inflammatory conditions, the effects of
GPR109A-mediated HB do not appear to involve inflammatory mediator signaling via the MAPK
pathway [224]. In addition to their role in providing energy fuels for various key organs and tissues,
including the brain, heart or skeletal muscle, ketone bodies play critical roles as signaling mediators
and modulators of inflammation and oxidation [226].

8. Conclusions

Based on the available molecular and biochemical evidence, we proposed the concept of
senoinflammation in our previous review [17,227]. The concept proposes a broader perspective
on age-related inflammatory response and creates a complex network among many inflammatory
mediators that can lead to systemic chronic inflammation. Oxidative stress leads to improper gene
regulation and genomic DNA damage during aging. Such improper gene regulation in aged senescent
cells allows them to fall into a proinflammatory state, consequently changing systemic chemokine or
cytokine activities. The proinflammatory SASP environment further exerts stress on the intracellular
organelles, tissues, and systems, which affects the development and occurrence of metabolic disorders.
It appears that a repetitive vicious cycle occurs between SASP and metabolic dysregulation as proposed
in the concept of senoinflammation, and this interactive network forms the basis of the aging process
and age-related diseases. However, the secretion of proinflammatory mediators, collectively termed as
SASP, in response to internal and external stress leads to the chronic inflammatory condition termed as
senoinflammation. Based on CR experiments and observations, cytokine, chemokine, and metabolic
pathways are significantly regulated by CR and CR mimetics in the aging process. It is expected that
a better understanding of senoinflammation modulatory mechanisms will provide a basis for the
discovery of molecular targets that can therapeutically modulate age-related chronic inflammatory
conditions and enable the development of potentially effective interventions to delay aging and prevent
the occurrence of aging-associated diseases.
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Table 1. Changes in parameters in senoinflammation.

SASP Factors Old CR Species References

Cytokines

IL-1β ↑  Human, Mouse, Rat [82,228–230]

IL-6 ↑  Human *, Mouse,
Monkey [82,231–233]

IL-7 ↑ Human, Rat [74,82], TCGA database

IL-13 - Human TCGA database

IL-11 ↑ Rat [74,82]

IL-6R ↑ Rat [74,82]

IL-2RA ↑ Rat [74,82]

TNF-α ↑  C. elegans, Mouse, Rat [74,82,231,234]

TNF-β ↑ Human, Rat [74,82], TCGA database

Cheomokines

IL-8 ↑  Monkey [235]

MCP-1 (CCL2) ↑  Mouse, Rat [74,82,236]

MCP-2 -  Mouse [237]

MIP-1α (CCL3) -  Mouse [236,238]

MIP-3α ↑ Rat [74,82]

MMPs, GFs, etc.

MMP1 ↑ Human, Mouse [239,240]

MMP2 ↑  Mouse [241]

MMP3 ↑  Mouse, Rat [60,74,82,242]

MMP9 ↑  Mouse, Rat [243,244]

MMP12 ↑ Rat [74,82]

MMP13 ↑  Rat [245]

MMP14 ↑ Human TCGA database

HGF ↑ Human, Rat [74,82], TCGA database

EGFR ↑ Human, Rat [74,82], TCGA database

FAS ↑  Human, Mouse, Rat [74,82,246–248]

IGFBP2 ↑ Human TCGA data base

Metabolism

Insulin resistance ↑  Human, Mouse, Rat [181,249–251]

ER stress ↑  Human, Mouse, Rat [252–254]

Autophagy ↑  Human, Mouse, Rat [255–258]

Lipid accumulation ↑  Human, Mouse, Rat [259–262]

* A calorie restriction (CR) diet supplemented with fish oil. SASP, senescence-associated secretory phenotype;
IL-1β, Interleukin 1 beta; IL-6R, Interleukin 6 receptor; TNF-α, Tumor necrosis factor-alpha; MCP-1, Monocyte
chemoattractant protein-1; MIP-1α, Macrophage inflammatory protein-1alpha; MMP, Matrix metallopeptidases; GF,
Growth factor; HGF, Hepatocyte Growth Factor; EGFR, Epidermal growth factor receptor; FAS, Apoptosis Antigen
1; IGFBP2, Insulin Like Growth Factor Binding Protein 2; TCGA, The Cancer Genome Atlas.
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Abstract: This review focuses on mechanisms of calorie restriction (CR), particularly the growth
hormone (GH)/insulin-like growth factor-1 (IGF-1) axis as an evolutionary conserved signal that
regulates aging and lifespan, underlying the effects of CR in mammals. Topics include (1) the
relation of the GH-IGF-1 signal with chronic low-level inflammation as one of the possible causative
factors of aging, that is, inflammaging, (2) the isoform specificity of the forkhead box protein O
(FoxO) transcription factors in CR-mediated regulation of cancer and lifespan, (3) the role for FoxO1
in the tumor-inhibiting effect of CR, (4) pleiotropic roles for FoxO1 in the regulation of disorders,
and (5) sirtuin (Sirt) as a molecule upstream of FoxO. From the evolutionary view, the necessity of
neuropeptide Y (Npy) for the effects of CR and the pleiotropic roles for Npy in life stages are also
emphasized. Genes for mediating the effects of CR and regulating aging are context-dependent,
particularly depending on nutritional states.

Keywords: calorie restriction; FoxO transcription factor; sirtuin; neuropeptide Y; pleiotropy of
CR genes

1. Introduction

Laboratory rodents often continue to gain body weight after puberty until certain age points
under standard husbandry conditions in which animals can freely access food, often called ad libitum
(AL) feeding. In contrast, restriction of food intake in mice by 30% to 40%, when initiated at young
age, e.g., 12 weeks of age, limits the gain in body weight [1]. Dietary regimens involving food
restriction, here referred to as calorie restriction (CR), reduce morbidity and mortality in experimental
animals compared with AL feeding animals [1]. Since the original report on the effects of CR in
1935 [2], many laboratories have confirmed the effects of CR and investigated the underlying molecular
mechanisms. Notably, a recent meta-analysis of lifespan studies in laboratory rodents described various
responses to CR, that is, no extension or even shortened lifespans in CR rodents [3]. The analysis
also suggested potentially substantial effects of the genotypes of animals as well as husbandry on
experimental outcomes in CR studies. A genome-scale metabolic model and transcriptome data in
the male Sprague Dawley rat liver also revealed varied metabolic responses of the liver with different
levels and durations of CR [4]. Recent studies have also identified sexual dimorphism in physiological
responses to CR [5,6]. Kane et al. [6] found that female rodents may have a greater response to CR than
male rodents, with modulated sensitivities to mechanistic target of rapamycin (Mtor), growth hormone
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(GH), insulin-like growth factor-1 (IGF-1) or fibroblastic growth factor 21 and greater inflammatory
and mitochondrial health responses [6]. Therefore, the effects of CR may not be universal as originally
expected. Nonetheless, CR models in a range of organisms have contributed to our understanding of
the aging process.

Epistasis analyses using mutant strains in lower organisms such as Caenorhabditis elegans (C. elegans)
have revealed genes required for the effects of CR (referred to here as CR genes) and the signal pathways
mediating the effects of CR. In C. elegans, a number of genes such as aak-2, daf-16, skin-1, clk-1, and pha-4
have been reported to be associated with the life-prolonging effect of CR [7]. Some of these genes
also mediate the effects of CR in mice. Previous studies also reported that mutations of single genes
(referred to here as longevity genes) can extend lifespan even in AL feeding animals. Many of
these genes can be functionally categorized into genes associated with nutrient sensing or metabolic
responses [8]. Among these gene mutations, reduction- or loss-of-function mutations of genes in the
growth hormone (GH)-insulin-like growth factor-1 (IGF-1) signaling consistently extend lifespan in a
range of organisms [8]. Since CR is known to decrease the plasma concentration of GH and IGF-1,
the GH-IGF-1 pathway is considered an evolutionary conserved pathway for longevity and a main
aspect of the mechanism of CR [9].

Thus far, a total of 112 CR genes in yeast, 62 in nematode, 27 in drosophila, and seven in mice
have been identified and are listed in the database [10]. Among these genes, forkhead box protein O 3
(Foxo3) and sirtuin 1 (Sirt1) genes are common in mice, nematodes, and flies. CR and longevity gene
models have elucidated signal pathways for the extension of lifespan, although the signal pathways are
context dependent. This review will focus on FoxO transcription factors and the sirtuin deacetylases
that are upstream of FoxO. We also discuss roles for neuropeptide Y (Npy), which is essential for the
effects of CR in mice and thus mammals.

2. A Central Role for GH and IGF-1 in the Regulation of Lifespan

Previous studies reported that a single gene mutation can prolong the lifespan of experimental
animals under AL conditions of standard diets. Genetic analyses of long-lived strains of nematodes
identified a mutation in a single gene, age-1 [11]. This gene was later found to encode a component of
phosphoinositide 3-kinase (PI3K) that is important for growth factor signals such as those modulated
by IGF-1 [12]. Kenyon et al. showed that mutation of daf-2, which is associated with resistance
larval development, prolongs the lifespan of C. elegans, and daf-16 is required [13]. Daf-2 and Daf-16
correspond to the receptor for IGF-1 and the FoxO transcription factor in mammals, respectively. Thus,
in C. elegans, attenuated IGF-1 signaling promotes activation of Daf-16, leading to transcriptional
modulation of its target genes and extended lifespan. Even in Drosophila, mutations in genes in
insulin-like signaling such as Inr (insulin-like receptor) and chico (insulin-receptor substrate) can extend
the lifespan [14]. In these conditions, dFoxo is also required.

The lifespan of C. elegans can also be extended by suppression of target of rapamycin (Tor in
mammalians, mechanistic target of rapamycin, Mtor), which is downstream of IGF-1 signaling
and promotes cell proliferation and division when nutrients are abundant [15]. Mtor forms
complexes (mTORC1 and mTORC2) with other molecules in nutrition and energy rich conditions.
These complexes activate transcription and translation when insulin and growth factors concomitantly
rise. Mtor complexes promote protein synthesis and cell division while inhibiting autophagy. All genetic
manipulations that suppress Mtor identified thus far can extend the lifespan of Drosophila [16].

In mammals, GH is upstream of the IGF-1 signal. GH is competitively controlled by Somatostatin
and GH-releasing hormone (Ghrh), which are secreted from hypothalamic neurons. In mice,
reduction-of-function gene mutations in molecules involved in the signal between Ghrh and IGF-1
consistently prolong lifespan [17]. Furthermore, longevity is achieved by inhibition of mTORC1 by
rapamycin [18], deletion of the S6K gene [19], and suppression of Mtor [15,20].

Together these results in a range of experimental animals indicate that signal attenuation of the
IGF-1 signal, activation of FoxO transcription factor, and suppression of Mtor are key mechanisms for
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slowing aging and prolonging lifespan (Figure 1). However, it should be noted that the life-extending
effect of the reduced IGF-1 signaling could be sexually dimorphic. In Igf1 receptor (Igf1r) gene
heterozygotic knockout (Igf1+/−) mouse models of different genetic backgrounds (129/SvPas and
C57BL/6J) [21,22], only female Igf1r+/− mice significantly outlived controls, whereas this was not
observed for males. Genetic studies in humans also indicate that genetic variations causing reduced
IGF-1 signaling are beneficial for survival in old age only in females but not in males [23–25].
The mechanisms underlying the sexual dimorphism for longevity in the context of reduction of IGF-1
signaling remain to be explored.

 
Figure 1. Mechanisms underlying the life-extending and tumor-inhibiting effects of calorie restriction in
mammals. Inhibition of the growth hormone (GH)-insulin-like growth factor-1 (IGF-1) signal promotes
activation of FoxO1, FoxO3, and Nrf2 transcription factors, resulting in activated target genes and
inhibition of cancer and aging, and thus counteracting “inflammaging.” By contrast, attenuation of
the GH-IGF-1 signal reduces activity of mechanistic target of rapamycin (Mtor). In C. elegans, the
Daf-2 pathway regulates skn-1 (mammalian Nrf2), although no evidence for this regulation is shown
in mammals. Sirtuins (Sirts) modulate activities of key molecules mediating calorie restriction (CR)
effects by epigenetic mechanisms, mostly deacetylation. Dotted and straight lines represent attenuated
and strengthened signals, respectively. Arrows and bars represent activation and inhibition of target
molecules, respectively.

3. Possible Relation of the GH-IGF-1 Axis with Inflammaging

Generalized chronic low-level inflammation may be a causative factor for aging and related
diseases. This low-level inflammation associated with the aging process is called inflammaging [26].
It is also called sterile inflammation because it is not caused by infection.

Senescent cells that increase in tissues with age not only stop undergoing cell division but also
express inflammatory cytokines such as IL-1α, IFNβ, chemokines, matrix metalloproteases, and growth
factors, inducing local inflammation in tissues. This phenomenon is called the senescence-accelerated
secretory phenotype (SASP) [27]. A recent report showed that the average lifespan of mice can be
extended by selectively removing senescent cells expressing p16 Ink4a from tissues [28]. The removal of
senescent cells also suppresses age-related lipodystrophy, tumorigenesis, glomerulosclerosis of the
kidney, and so on. This report indicates that senescent cells are involved in the progression of aging
in animals.
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SASP was reported to be caused by induction of type I interferon (IFN-I) signal by activating
transcription of the retrotransposable element long-interspersed element-1 (L1) [29]. In normally
proliferating cells, L1 is suppressed by a cell monitoring mechanism, e.g., three prime repair exonuclease
1 (Trex1) and the RB transcriptional corepressor 1 (Rb1). In senescent cells, these repression mechanisms
are disrupted, leading to activation of L1 via activation of FoxA1 [29].

During exposure of cells to harmful stimuli and conditions, such as chemicals and ischemia,
the injured cells excrete or secrete various molecules such as ATP, uric acid, oxidatively modified
DNA, and aggregated proteins, which are called damage-associated molecular pattern molecules
(DAMPs) [30]. DAMPs bind to receptors, such as Toll-like receptors, in the cell membrane and
cytoplasm of resident macrophages and elicit innate immune and inflammatory responses. The sensor
of innate immunity, called the nucleotide-binding domain, leucine-rich-containing family, pyrin
domain-containing-3 (NLRP3) inflammasome, is activated, and macrophages secrete inflammatory
cytokines and exacerbate inflammatory responses. These inflammatory signals have been reported to
damage surrounding parenchymal cells. As with senescent cells, this minor but chronic inflammatory
response at the cellular level is thought to be the main factor driving aging and disease, including cancer.

GH is not only secreted from anterior pituitary cells but is also expressed in various cells
including immune cells. The GH receptor (Ghr) is also expressed in a wide range of cells, and the
GH signaling system is activated by endocrine action as well as by autocrine and paracrine actions.
Recent studies suggested that the sensitivity of the GH-IGF-1 signal increases with age and that DAMP
inflammasome is likely to be activated [31]. This activation of the inflammasome is suppressed in
long-lived Ghr-deficient mice [31]. Since CR also attenuates GH-IGF-1 signals, suppression of the
inflammasome could be a main component of the anti-aging mechanism of CR.

4. Differential Regulation of Cancer and Lifespan by CR via FoxO Transcription Factors

Although multiple studies have used a variety of CR regimens in invertebrates and vertebrates,
most of the CR regimens extend lifespans in these organisms. To analyze the signal pathways
mediating the life-prolonging effects of CR, epistasis experiments in which mutation of a single gene
causes attenuation or abrogation of the life-prolonging effect of CR have been conducted, mostly
in C. elegans. These experiments have identified CR genes such as daf-16, skn-1, pha-4, clk-1, aak-2,
and hsf-1, although the genes required for the effect of CR may differ depending on methods of
CR [7]. These CR genes suggest the importance of regulation of insulin-like signaling, stress response,
and mitochondrial bioenergetics.

CR is known to lower plasma concentrations of insulin and IGF-1 in mammals [9]. Therefore, IGF-1
signaling and thus FoxO transcription factors, the mammalian orthologs of Daf-16, were considered to
play roles in the effects of CR. As mentioned, loss of Daf-16 abrogates the life-extending effects of CR in
C. elegans [7]. In mammals, the FoxO transcription factor family includes four isoforms, FoxO1, FoxO3,
FoxO4, and FoxO6 [32]. We tested the hypothesis that FoxOs are involved in the effects of CR by two
lifespan studies using Foxo1 and Foxo3 knockout mice.

For the FoxO1 study, we used Foxo1 + /− mice, because Foxo1−/− mice died around embryonic day
11 due to defects in the branchial arches and remarkably impaired vascular development of embryos
and yolk sacs, indicating the necessity of Foxo1 in development of the cardiovascular system [33].
In comparison, Foxo1+/− mice grow normally through pre- and post-natal stages. In Foxo1+/− mice,
expression levels of Foxo1 mRNA in the examined tissues were reduced by 50% compared with levels in
wild-type (WT) mice [34]. Results of the lifespan study indicated that CR extended lifespan in Foxo1+/−
mice to the same extent as in WT mice; however, unlike CR in WT mice, CR did not significantly reduce
the proportion of Foxo1+/− mice bearing spontaneously occurring tumors. By contrast, in Foxo3+/− and
Foxo3−/− mice, CR did not extend lifespan [35], indicating the requirement of the Foxo3 gene in the
life-extending effect of CR in mice. With AL feeding, Foxo3+/− mice displayed no reduction of lifespan
compared with WT mice, while Foxo3−/− mice showed a slight reduction of lifespan [35]. Although
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the effect of CR in Foxo1-null mice should be investigated, our lifespan studies suggest a differential
regulation of cancer and lifespan by CR via Foxo1 and Foxo3 (Figure 1).

In early studies using mice with germline-deleted Foxo1, -3, and -4 genes, deletion of a single
gene had little effect on longevity or cancer development in postnatal life under AL conditions [36].
One exception was female Foxo3−/− mice, in which occurrence of pituitary adenoma was accelerated
compared with WT and Foxo3+/− mice. Conditional, widespread somatic Foxo deletion in adult
tissues was also achieved using an interferon-inducible Mx-Cre transgene to circumvent embryonic
lethality of FoxO1 deficiency [36]. When the three Foxo genes were deleted in mice at the same time,
tumor incidences were elevated, while lifespan was shortened. In particular, the incidences of thymic
lymphoma and hemangioma were increased, compared with groups of mice retaining at least one
Foxo allele [36]. Foxo1, -3, and -4 gene-deleted mice showed premature death due to the tumors. These
experiments indicated that FoxO transcription factor genes are complementary as for development of
cancers [36]. In other words, even if one Foxo gene is deleted, the other Foxo genes can substitute in AL
conditions. However, our lifespan studies [34,35] indicate differential roles for FoxO1 and FoxO3 in
the effects of CR.

The Daf-16 isoform-specific extension of lifespan in the context of reduction of IGF signaling has
been also reported in C. elegans. The daf-16 genomic locus encodes three groups of transcripts (a, b,
d/f/h) that are transcribed from distinct promoters [37–39]. Depending on the experimental setting,
Daf-16a and/or Daf-16d/f/h, but not Daf-16b, play a major role in the extension of lifespan [39,40].

Numerous human genetic studies have indicated a correlation of the minor alleles of the FOXO3
gene with longevity [41]. However, there is no significant correlation of FOXO1 genotypes with
longevity. A genome-wide meta-analysis of 30844 adults of European ancestry from 21 studies
confirmed that the known longevity-associated FOXO3 variant rs2153960 is a genome-wide significant
SNP for lowering IGF-1 concentrations [42].

The isoform specificity of FoxO and Daf-16 in the life-extending effect of CR as well as the
human genomic studies for longevity suggest that the mechanism of lifespan control has been
evolutionarily conserved. A recent study showed that FoxO6 functions in age-related insulin resistance
and inflammation in rats with AL feeding, although CR was not investigated [43]. Thus, potential
roles for FoxO4 and FoxO6 in the effects of CR remain to be elucidated.

How FoxO3 regulates lifespan remains unclear. Our microarray analysis in Foxo1+/− and Foxo3+/−
CR mouse liver show that many genes are differentially regulated in these mice under conditions of
CR (Tables S1 and S2). The pathway analysis of the differentially expressed genes between WT-CR and
Foxo1+/− CR mice as well as WT-CR and Foxo3+/− CR mice also suggests that a number of inflammation
and immune response pathways are activated in Foxo3+/− CR mice. By contrast, in Foxo1+/− CR mice,
some T-cell functions may be down-regulated. FoxO3 is reported to prevent excess activation of
interferone (IFN)-I in response to viral infection [44]. A ternary complex consisting of FoxO3, nuclear
co-repressor 2 (Ncor2) and histone deacetylase 3 (Hdac3) exists on the promoter of interferon regulatory
factor 7 (Irf7); a loss of FoxO3 enhances histone acetylation in the promoter of Irs7 gene, resulting in
increased levels of Irf7 mRNA in macrophages [44]. An experimental stimulation of IFN-I activated
the PI3K/Akt pathway, which in turn led to FoxO3 degradation. FoxO3 could play a role in optimizing
host defense mechanisms against harmful stimuli as well as under unstimulated conditions by limiting
the transcription of Irf7 and then Irf7-induced target inflammatory genes. This process could minimize
activation of the inflammasome. Reduction of FoxO3 may disrupt the FoxO3-Irf7 regulatory circuit
under CR conditions.

5. FoxO1 Mediates the Tumor-Inhibiting Effect of CR

A tumor-inhibiting but not life-extending effect of CR has been reported in Nrf2−/− mice [45].
The Nrf2 transcription factor belongs to the cap’n’collar basic-leucine zipper (CNC-bZIP) family.
Under unstressed cellular conditions, Nrf2 binds to Keap1 in the cytoplasm and is degraded by
the ubiquitin-proteasome system [46]. When the redox environment changes due to oxidative
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stress, Nrf2 and Keap1 dissociate and Nrf2 moves into the nucleus. Nrf2 forms heterodimers with
other transcription factor cofactors such as Maf, binds to the antioxidant response element (ARE)
in the promoter of target genes, and promotes the gene expressions of antioxidants and phase II
detoxification enzymes.

The role of Nrf2 in the tumor-inhibiting effect of CR was tested in a two-stage skin carcinogenesis
model using 7,12-dimethyl-benz (a) anthracene (DMBA) and 12-O-tetradecanoyl phorbol 13-acetate
(TPA) [45]. In WT mice, CR significantly suppressed the development of skin tumors; in Nrf2−/− mice,
the CR-mediated inhibitory effect on tumor growth was absent. In Nrf2+/− mice, the inhibitory effect
was attenuated, suggesting a gene-dose dependency of Nrf2 in the inhibition of tumor formation by
CR. However, even in Nrf2−/− mice, the life-extending effect of CR was preserved [45]. These results
suggest that Nrf2 plays a major role in the tumor-inhibiting effect of CR but not for lifespan extension.

We also conducted a two-stage skin carcinogenesis model experiment to confirm the potential role
for FoxO1 in the effect of CR, following the protocol of Pearson et al. [46] Appendix A. Briefly, DMBA
was applied in the dorsal skin of mice at 31 weeks of age; after two weeks, TPA treatment was initiated.
Skin papilloma started occurring six weeks after DMBA application, and thus four weeks later starting
TPA treatment (Figure 2A). Our findings showed that haploinsufficiency of Foxo1 accelerated the
occurrence of skin papilloma, particularly in CR conditions (WT-CR vs. Foxo1+/− CR, p = 0.0103 by
log-rank test; Figure 2A), confirming the role for FoxO1 in the tumor-inhibiting effect of CR, as in Nrf2.

TPA promotes epidermal hyperplasia in the pre-neoplastic phase via reactive oxygen species
(ROS) production and inflammation [47]. We assessed the epidermal thickness during TPA treatment
and the proliferative activity of epidermal cells after TPA treatment. Epidermal thickness was greater
in Foxo1+/− mice than in WT mice (genotype, p = 0.0331 by 3-f ANOVA: Figure 2B), although diet did
not affect the thickness (diet, p = 0.2993 by 3-f ANOVA). Epidermal cell proliferation was greater in
Foxo1+/− mice (genotype, p = 0.0193 by 3-f ANOVA; Figure 2C); the rate of apoptosis did not differ
between WT and Foxo1+/− mice (data not shown). Thus, the reduced FoxO1 promotes epidermal cell
proliferation in response to TPA.

We also evaluated macrophage infiltration in the dermis as an index of inflammation. Although
the number of macrophages was less in the CR groups compared with the AL groups, indicating
an effect of CR (diet, p = 0.0001 by 3-f ANOVA: Figure 2D), the number of macrophages did not
significantly differ between WT and Foxo1+/− mice (genotype, p = 0.1374 by 3-f ANOVA).

We further analyzed the expression of genes associated with inflammatory stimuli. TPA induces
cyclooxygenase-2 (COX-2), an enzyme that catalyzes arachidonic acid to prostaglandin G2, i.e.,
produces chemical mediators of inflammation, in the mouse skin [48]. The mRNA expression levels of
COX-2 were elevated after TPA treatment (Figure 2E). The expression levels were significantly lower
in WT-DR mice compared than other groups of mice; the effect is diminished in Foxo1+/− CR mice
(diet; p = 0.0123; genotype x diet; p = 0.0399 by 3f-ANOVA). Although other inflammatory responses
induced by TPA were mostly reduced in response to CR, even in Foxo1+/− CR mouse skin (data not
shown), reduction of FoxO1 in the CR condition might affect the regulation of prostaglandins formation
and then impair the tumor-inhibiting effect of CR.

The above results indicate that both FoxO1 and Nrf2 are necessary for the tumor-inhibiting effect
of CR. Some Nrf2 target genes are also regulated by FoxO1 [49], such as heme oxygenasae (decycling)
1 (Hmox-1), glutamate-cysteine ligase, and catalytic subunit (Gclc) genes. Gclc is the rate-limiting
enzyme in the synthesis of Glutathione (GSH). We also analyzed the expression of Nrf2-target genes
and found that Gclc and Hmox-1 mRNA expression levels were lower in Foxo1+/− mice than in WT mice
(only the data of Gclc mRNA are shown in Figure 2F; genotype; p = 0.0207: diet; p = 0.0175: genotype
x diet; p = 0.5809 by 3f-ANOVA). In a study in C. elegans, Daf-16 and Skn-1 target genes were also
reported to be preferentially regulated to induce conditions of mitohormesis [49], which could be a
mechanism of CR.
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Figure 2. The inhibiting effects of CR on skin tumorigenesis are diminished in Foxo1+/− mice. (A) The
fraction of mice bearing papilloma (diameter ≤ 1 mm) increased over time more rapidly in Foxo1 +/− CR
mice compared with wild-type (WT) CR mice (p = 0.0103 by Log-rank test); WT- ad libitum (AL) mice
versus vs. Foxo1+/− AL mice, p = 0.0663. DMBA, 7,12-dimethyl-benz (a) anthracene. (B) Epidermal
thickness during TPA (12-O-tetradecanoyl phorbol 13-acetate) treatment. Statistics: genotype, p = 0.0331;
diet, p = 0.2993; time; p < 0.0001 by 3-f ANOVA. (C) Epidermal cell proliferation in response to TPA
treatment. PCNA, proliferating cell nuclear antigen. Statistics: genotype, p = 0.0193; genotype x diet,
p = 0.0401 by 3-f ANOVA. (D) The number of dermal macrophages immunohistochemically stained
with F4/80 antibody. Statistics: diet; p = 0.0001; genotype; p = 0.1374; time, p = 0.0152 by 3-f ANOVA.
(E) Cox2 mRNA expression levels in response to TPA treatment (normalized by Atp5f1 mRNA levels).
Statistics: diet; p = 0.0123; genotype x diet; p = 0.0399 by 3f-ANOVA). **p < 0.01 by Tukey’s honestly
significant difference (HSD) test. (F) Gclc mRNA expression levels in response to TPA treatment
(normalized by Atp5f1 mRNA levels). Statistics: genotype; p = 0.0207; diet; p = 0.0175.

6. Pleiotropic Roles for Foxo1 in Disorders

As indicated above, reduction of FoxO1 diminishes the anti-tumor effect of CR. However, reduction
of FoxO1 does not affect lifespans in AL and CR conditions [34]. Multiple studies have reported
beneficial effects of reduced FoxO1 on lesions or disorders, although these results depended on
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nutritional states. In AL conditions, Foxo1+/− mice showed accelerated skin wound healing with
enhanced keratinocyte migration, reduced granulation tissue formation, and decreased collagen
density, accompanied by an attenuated inflammatory response, compared with WT mice [50]. Foxo3−/−
mice did not show any significant phenotypes for skin wound healing and inflammation. Reduction of
FoxO1 also ameliorates glucose intolerance and insulin insensitivity in diabetic models [51], probably
due to diminution of gluconeogenesis. Indeed, FoxO1 is reported to increase hepatic gluconeogenesis
through upregulation of glucose 6-phosphatase (G6pc) and phosphoenolpyruvate carboxykinase (Pck1)
in CR and fasting conditions [42].

Stress resistance is one of the hallmarks in CR animals, although whether this trait directly
causes the extension of lifespan remains unclear. We tested stress resistance in Foxo1+/− mice using the
endotoxin shock model following the procedures of Kamohara [52]. The survival rates and endoplasmic
reticulum (ER) stress were monitored after lipopolysaccharide (LPS) injection. ER stress-responsive
alkaline phosphatase (ESTRAP) mice [53] were used to monitor ER stress in vivo (details are described
elsewhere [52]). In ESTRAP mice, secreted alkaline phosphatase (SEAP) is constitutively expressed,
and SEAP activity in the blood is reduced by ER stress [53]. The experiment was performed using
mice at six months of age. The results showed that the survival rate was extended by CR, particularly
in Foxo1+/− mice (diet, p = 0.0263; genotype × diet, p = 0.0498 by likelihood ratio test: Figure 3A). After
LPS injection, SEAP activity decreased until 8 h in each group and then stayed constant or recovered
between 8 and 24 h (Figure 3B). Between 2 and 8 h after LPS injection, that is, in the acute phase of ER
stress, CR attenuated ER stress (diet, p < 0.0001 by 3-f ANOVA), and the attenuating effect was greater
in Foxo1+/− mice compared with Ctrl mice (genotype, p = 0.0093 by 3-f ANOVA: Figure 3B). These data
indicate that reduction of FoxO1 enhances stress resistance in both AL and CR conditions. Therefore,
in the present experimental setting, reduction of FoxO1 could enhance stress resistance, particularly in
the CR condition.

In summary, these findings demonstrate that FoxO1 exerts pleiotropic effects on disorders
depending on nutritional conditions.

Figure 3. Foxo1+/− mice become tolerant to endotoxin, particularly in CR conditions. (A) Survival rates
after LPS injection. Initial numbers of mice in each group, n = 9–12. Statistics: diet, p = 0.0263; genotype
x diet, p = 0.0498 by likelihood ratio test. (B) Reduction of the rate of secreted alkaline phosphatase
(SEAP) activity (ratios relative to the values at 0 h in respective groups) in the blood after intraperitoneal
injection of lipopolysaccharide (LPS). The data represent means ± SE (n = 9−12). No error bars were
added in Foxo1+/− AL and Ctrl AL groups to avoid overlapping. Statistics (when data between 2 and
8 h were analyzed): genotype, p = 0.0093; diet, p < 0.0001 by 3-f ANOVA).

7. Sirtuin as a Molecule Upstream of FoxO

Sirtuins (Sirts) are evolutionarily conserved proteins that catalyze the deacetylation and adenosine
diphosphate (ADP) ribosylation of target proteins using the oxidized from of nicotinamide adenine
dinucleotide (NAD+) as a coenzyme [54]. Since overexpression of Sir2p, one of the sirtuin genes
in budding yeast, was reported to extend replicative lifespan of yeast, many studies have been
conducted to demonstrate the importance of Sirts in the regulation of aging in various experimental
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models. Although findings in the early phase of investigation were controversial, re-examinations
have confirmed Sirts as key molecules in the regulation of aging [55].

Although results in epistasis analyses using mutant strains in lower organisms are sometime
affected by experimental settings such as CR or CR-like regimens [7,55], a number of studies have
indicated the necessity of Sirt1 in the life-extending effect of CR. In Drosophila, deletion of Sirt1 (dSir2)
in the fat body abolishes the life-extending effect of CR [56].

There are seven mammalian orthologs of nematode Sir2 (Sirt1–7) [54]. Sirt1, Sirt6, and Sirt7
exist mainly in the nucleus; Sirt2 is localized in the cytoplasm and Sirt3, Sirt4, and Sirt5 are in
mitochondria [54]. Sirt targets in the nucleus include histones, transcription factors, and transcriptional
regulators, which control gene expression by deacetylation. One example is the deacetylation of FoxO1
and PGC-1α by Sirt1 in the liver and increased expression of target genes related to gluconeogenesis
and fatty acid oxidation [54].

Sirt in mitochondria regulates mitochondrial function, that is, energy metabolism, by deacetylating
mitochondrial constituent proteins, energy metabolic pathway proteins, and mitochondrial
transcription factors. Previous studies have shown that Sirt3 is deeply involved in the deacetylation of
mitochondrial proteins [57].

SIRT4 and SIRT6 mainly function as ADP-ribosylating enzymes [44]. Accumulated evidence has
indicated the importance of Sirts in the regulation of energy metabolism and genome instability.

Several studies have indicated the necessity of Sirt1 for the effects of CR in mice. Aged mouse
kidney displays pathology such as glomerular and interstitial fibrosis, which is improved by CR [58].
However, this effect of CR is abrogated in Sirt1+/− mice. From this model, Kume et al. reported
Sirt1-dependent deacetylation of FoxO3 as a key mechanism that promotes mitochondrial autophagy
and then reduces oxidative insult in kidneys. Finally, CR extends lifespan in Sirt1+/− mice but not in
Sirt1−/− mice [59]. These findings indicate that one of the mechanisms underlying the effect of CR
involves epigenetic regulation of FoxO3 by Sirt1 (Figure 1).

8. Roles for Npy in the Effect of CR

An evolutionary perspective predicted that the effect of CR is derived from adaptive responses in
animals to harsh conditions such as a famine [60]. Animals should have acquired a system(s) to survive
in famine, which frequently occurs in the wild. If not, a species could undergo extinction. When food
resources are abundant, animals consume as much food to promote growth and reproduction, while
simultaneously storing the remaining energy as fat in the body. In starvation, animals use the stored
fat as an energy source by activation of the lipolytic pathway. During food shortage, physiological
functions such as reproduction, growth, and heat are suppressed to inhibit excessive consumption
of energy. The transition to Dauer states in nematodes and hibernation in some mammals could be
extreme examples. The effects of CR may derive from these adaptive processes.

A previous study in C. elegans showed that two ciliated neurons that are part of the amphid
sensilla (ASI neurons) in the head, in which chemosensitive receptors are present, are necessary for
the lifespan extension by CR [61]. These neurons express skn-1 as described above and are activated
when dietary energy is reduced to promote the development of Dauer via the endocrine system [62].
The evolutionary view of CR and the finding in C. elegans suggest a possible implication of hypothalamic
neurons in the effect of CR in vertebrates.

We focused on Npy, an orexigenic neuropeptide expressed in neurons in the arcuate nuclei of
the hypothalamus and the sympathetic nervous system (SNS). Published data indicate that Npy
plays a role in neuroendocrine adaptation to negative energy balance in mammals by suppressing
activities of growth, reproduction, and heat, whereas it stimulates the glucocorticoid system [63,64].
Npy-overexpressing rats show improvements of cardiac function by regulation of the SNS and marginal
extension of lifespan [65]. Npy is also known as a neuroprotective peptide [66]. These traits induced
by Npy are consistent with the hallmarks of CR animals. Our previous study also confirmed that CR
elevated mRNA levels of Npy in the arcuate nuclei in rats [67].
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We tested a potential role for Npy in the effects of CR using Npy−/− mice. The life-extending
effect in Npy−/− mice was attenuated to about one-third compared with WT mice [68]. Oxidative stress
tolerance and tumor suppressive effects were also diminished. Initially, Npy deficiency was predicted
to compromise neuroendocrine adaptative processes to CR, especially the inhibition of the GH-IGF-1
system, because experiments have shown that Npy is required to suppress Ghrh in fasting [69].
However, hypothalamic Ghrh mRNA, plasma IGF-1, insulin, and downstream Mtor in tissues, which
could be related to the anti-aging effect of CR, were inhibited as in the WT mice [68]. In addition,
plasma concentrations of leptin, adiponectin, and corticosterone in Npy−/− mice were also altered
similarly as in WT mice [68]. These results indicate the complementary action of the neuroendocrine
system in response to CR even without Npy. These findings also suggest that the Npy-related
anti-aging mechanism of CR does not overlap with previously noted IGF-1, Mtor, adiponectin, and
corticosteroids [68].

Npy−/− mice showed a slight increase of food intake normalized body weight in both AL and CR
conditions during the lifespan study, indicating a reduction of food efficiency (a unit amount of food or
calorie to gain or maintain body weight) compared with WT mice [59], suggesting an increment of
energy expenditure in Npy−/− mice. In male mice, Npy deficiency increased mortality in CR condition
until middle age, probably due to an excess loss of body fat [68]. Indeed, in male Npy−/− CR mice,
lipolysis and/or thermogenesis was elevated through significant activation of the adrenergic receptor
β3 and hormone-sensitive lipase pathway [70]. The premature death in CR mice was inhibited by
administration of acipimox, a lipolysis inhibitor [71]. These findings suggest that the life-extending
effect of CR requires inhibition of an excess loss of body energy through antagonizing the SNS. The
study also emphasized the substantial role for Npy in the SNS in maintaining fat tissue under CR
conditions in male mice. The extent of lifespan extension by CR negatively correlates with rates of
white adipose tissue reduction by CR [72], i.e., mouse strains with less reduction of body fat by CR live
longer than other strains in which fat is reduced greatly in response to CR. Therefore, the ability of
energy preservation by Npy is essential for the life-extending effect of CR.

By contrast, deficiency of Npy may act beneficially in the life-stage under AL conditions. In
female Npy−/−mice with AL feeding, the aging-related increase in body fat was minimized, leading to
an improvement of insulin sensitivity via inhibition of inflammation in the fat [70]. Antagonism of
Npy may be a promising target for drug discovery to prevent obesity in middle age, although Npy
deficiency may cause unintentional weight loss in aged people.

Together these studies indicate that Npy exerts pleiotropic effects in health conditions depending
on nutritional conditions.

9. Role for Npy in the Tumor-Inhibiting Effect of CR

Npy is expressed abundantly in the brain, adrenal gland, and adipose tissue. Npy circulates in
the blood and is secreted locally from the SNS. Minor et al. reported that the tumor-inhibiting effect of
CR was diminished in Npy−/− mice using a chemically induced skin tumor model [73]. The authors
also suggested a role for hypothalamic arcuate nuclei (ARC) in the tumor-inhibiting effect of CR in a
model of monosodium glutamate (MSG)-injected mice. MSG induces neuronal cell death in the ARC
when injected subcutaneously on postnatal day five. In MSG-injected mice, no Npy-mRNA expression
was observed in the ARC but serum Npy was detectable, suggesting a major role for hypothalamic
Npy in the tumor-inhibiting effect of CR [73].

Our lifespan study also demonstrated a diminution of the tumor-inhibiting effect of CR in
Npy−/− mice, suggesting a role for Npy in the tumor-inhibiting effect of CR [68]. The SNS not only
releases catecholamines such as norepinephrine (NE) but also secretes Npy [74]. Recent studies have
indicated that activation of the SNS exacerbates steatohepatitis, which is now recognized as one of the
predisposing conditions of hepatocellular carcinoma (HCC) in obese people [75]. An experimental
study also suggested that the SNS promotes HCC via activation of hepatic stellate cells and Kupffer
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cells [76,77]. Therefore, we investigated a potential role for Npy in a carcinogen-induced HCC model
in different nutritional settings including CR as well as high calorie-intake regimens [78].

The complete details of the experiment are described elsewhere [78]. Briefly, HCC was induced by
an intraperitoneal injection of diethylnitrosamine (DEN) in male C57BL6/J mice null for Npy (Npy−/−)
and their haplotype (Npy+/−) as a control (Ctrl) on postnatal day 15 [78]. Npy+/− mice showed increased
lifespan and reduced incidence of spontaneously occurring tumors in response to CR to the same extent
as WT mice, indicating that one allele of the Npy gene is enough for the effects of CR [69]. Experimental
mice, fed a standard diet AL after weaning, were subjected to three dietary regimens at 12 weeks of
age and thereafter, that is, standard diet fed AL, 30% CR with the standard diet, and a high fat diet
(HFD) fed AL. Mice were killed at 28 and 48 weeks to analyze the occurrence of HCC and growth of
HCC in the liver.

CR inhibited the occurrence of microscopic HCC at 28 weeks in Npy−/− mice as well as Ctrl mice,
compared to the AL and HFD groups (diet, p = 0.0195 by logistic regression; CR vs. AL, p = 0.0192;
CR vs. HFD, p = 0.0310: Figure 4A), although the baseline proportion of mice bearing microscopic
HCC at 28 weeks was slightly but significantly greater in Npy−/− mice (genotype, p = 0.0426 by logistic
regression). Since DEN was administered at 15 days of age before initiating CR, Npy might exert
an inhibitory effect on initiation of the carcinogen. At 48 weeks, many mice in the AL and the HFD
groups showed macroscopic (≤1 mm in diameter) HCC [78], and thus the liver weight alone or the liver
weight normalized by the body weight (Lw/Bw) represents an index of growth of HCC [78]. In the CR
groups, the Lw/Bw was not increased between 28 and 48 weeks in Npy−/− and Ctrl mice, indicating
that CR almost completely inhibits the growth of HCC even in the absence of Npy (Figure 4B). The
AL and HFD feedings promoted the growth of HCC between 28 and 48 weeks more in Npy−/− mice
than in Ctrl mice (genotype x age, p < 0.0001 by 3-f ANOVA; Npy−/− (48) vs. Ctrl (48), p < 0.0001 by
Tukey’s honestly significant difference (HSD) test), although there was no significant difference in the
tumor growth between the AL and HFD feedings (Figure 4B). These findings suggest a role for Npy in
tumor growth in conditions of overnutrition, but not for CR. This HCC model indicates that Npy is not
necessary for the tumor-inhibiting effect of CR.

Steatohepatitis, which was quantitated by the number of inflammatory foci/unit area, was
exacerbated between 28 and 48 weeks (age, p = 0.0117 by 3-f ANOVA; Figure 4C). CR consistently
inhibited steatohepatitis, compared with the AL and HFD groups, in both Ctrl and Npy−/− mice (CR
vs. AL, p < 0.0001; CR vs. HFD, p < 0.0001 by Tukey’s HSD test). Therefore, CR might inhibit the
occurrence and growth of HCC via suppressing steatohepatitis, one of the predisposing conditions
for HCC even in the absence of Npy. Overall, steatohepatitis was less progressed in Npy−/− mice
compared with Ctrl mice (genotype, p = 0.0069 by 3-f ANOVA), although the degree of steatohepatitis
was differently altered by the diets between 28 and 48 weeks (Figure 4C). These findings suggest that
Npy is involved in inhibition of growth of HCC but not simply through preventing steatohepatitis in
AL and HFD conditions.

Npy is reported to counterbalance the actions of NE in stressed conditions [74]. In a Npy-
overexpressing rat model, Npy attenuated sympathetic signals at baseline and diminished the
immediate sympathetic response to stress [65]. Npy was also reported to minimize stress-induced
bone loss through a suppression of NE circuits [79]. These findings indicated a counteracting role for
Npy over NE in the activation of the SNS, a potentially exacerbating factor of many types of disorders
in well-fed conditions (Figure 4D).
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Figure 4. Effects of Npy deficiency in the occurrence and growth of hepatocellular carcinoma (HCC)
and steatohepatitis. Ctrl and −/− represent male control (Npy+/−) mice and Npy−/− mice, respectively.
Figure 4A–C were modified from original data published by Kinoshita, A., et al. [78]. (A) The proportion
of mice bearing microscopic HCC (diameter < 1 mm) at 28 weeks. n = 12 in each group. Statistics: diet,
p = 0.0195 by logistic regression; CR vs. AL, p = 0.0192, CR vs. HFD, p = 0.0310. (B) Growth of HCC.
Liver weights were normalized to body weights (g/g) in mice sacrificed at 28 and 48 weeks of age.
n = 12 in each group at 28 weeks; at 48 weeks, n = 9–12. Closed circles: blue, liver bearing macroscopic
HCC (diameter ≥ 1 mm); red, liver bearing microscopic (diameter < 1 mm) HCC; green, liver bearing
no HCC. Statistics: genotype x age, p < 0.0001 by 3-f ANOVA; Npy−/− (48) vs. Ctrl (48), p < 0.0001 by
Tukey’s HSD test); **p < 0.001. ***p < 0.0001 by Tukey’s HSD test. (C) The degree of steatohepatitis
(the number of inflammatory foci/mm2 in the liver). Bars represent means ± SE (n = 8~12 in each
group). Statistics: age, p = 0.0117; diet, p < 0.0001; genotype, p = 0.0069 by 3-f ANOVA; *p < 0.05
by Tukey’s HSD test. (D) A schematic model for the antagonizing role of Npy over norepinephrine
(NE)-adrenergic receptor (Adr) signaling in the sympathetic nervous system (SNS) under CR conditions.
CR promotes lipolysis, whereas CR inhibits an excess loss of fat via the action of Npy in the SNS. This
trait is necessary for the life-extending effect of CR. CR inhibits steatohepatitis and HCC without Npy.

10. Conclusions

We reviewed and discussed underlying mechanisms of CR from an aspect of CR genes. It should
be stressed that the isoform specificity of FoxO transcription factors for longevity becomes apparent
under CR conditions but not AL conditions. Npy and FoxO1 both play pleiotropic roles in aging and
related disorders, depending on the nutritional state. As briefly described in Sections 1 and 2, the
life-extending effects of CR and reduced IGF-1 signaling are also sexually dimorphic. Genes associated
with regulation of the aging process should be investigated carefully in a context-dependent manner,
i.e., abilities of physiological adaptation for individuals against environmental challenges, particularly
food shortage.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/12/3068/s1,
Table S1: Pathways signified by differentially regulated genes between WT-CR and Foxo3+/− CR livers in the
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fasting phase, Table S2: Pathways signified by differentially regulated genes between WT-CR and Foxo1+/− CR
livers in the fasting phase.
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Appendix A

Appendix A.1. Microarray Analysis

The microarray analysis using mouse liver tissues at six months of age was conducted, following
the procedure published elsewhere [50]. Total RNA was extracted from liver tissues harvested from
wild type (WT)-calorie restricted (CR), Foxo1+/− CR, and Foxo3+/− CR mice in the fasting phase, i.e.,
3 to 4 h prior to the feeding. The details for isolation of RNA are also described in the Appendix A.2.3.
The animal husbandry was described elsewhere [34,35]. Cyanine 3-labeled complementary RNA
was generated from 200 ng of total RNA using the Low Input Quick AmpLabeling Kit, one color
(Agilent Technologies, Santa Clara, CA), and then those was purified by the RNeasy mini kit (Qiagen),
according to the manufacturer’s instructions. Fragmented cyanine 3-labeled complementary RNA
(600 ng) was hybridized to SurePrint G3 mouse GE microarray, 8 × 60 K (Agilent Technologies), at 65 ◦C
for 17 h. Subsequently, the microarray was washed and scanned using the DNA microarray scanner
(Agilent Technologies). Data analysis was entrusted to Ingenuity Systems, Inc (Redwood City, CA)
with Ingenuity iReport. We compared the gene expression in the liver, between WT and Foxo1+/− CR
groups and between WT-CR and Foxo3+/− CR groups. The filtering standard was a fold change cutoff of
1.5, with statistical significance of p < 0.05. Bio-data mining processes were executed by iReport based
ingenuity knowledge base to identify enriched canonical pathways for the differentially expressed
genes with p < 0.05 by Fisher’s exact tests.

Appendix A.2. The Multistage Skin Tumorigenesis Model

Appendix A.2.1. Experimental Protocol

We followed the experimental procedure of Pearson et al. [36] for the multistage skin tumorigenesis
model. Briefly, the number of mice in each group was 18 at the start of the experiment. At 31 weeks
of age, a single dose of 25 μg of 7,12-dimethybenz(a)anthracene (DMBA, Sigma, St. Louis, MO)
dissolved in 100 μl of acetone was applied topically in a dorsal area shaved in each mouse. Two weeks
later, a topical treatment of 12-O-tetradecanoylphorbol-13-acetate (TPA, Sigma, St. Louis, MO, 4 μg
dissolved in 100 μl of acetone) began and continued twice a week to the dorsal skin area until one
papilloma with a diameter ≥ 1 mm was identified. Skin biopsy was done at the following time points:
0, 2, 3, 4, 5, and 6 weeks after DMBA treatment. Collected skin samples were cut in two specimens.
One was immediately frozen in liquid nitrogen and stored at −80 ◦C. The other one was fixed in 4%
formaldehyde for histological and immunohistochemical analyses. Once a skin tumor was identified,
TPA treatment was stopped and left mice without any treatment. The experiment was terminated at 32
weeks after DMBA application. At the termination, mice were euthanized at 2 and 6 h after TPA or
acetone treatment. The skin tissues without tumors were collected from each mouse, frozen in liquid
nitrogen, and stored at −80 ◦C in order to analyze mRNA and protein expression.

Appendix A.2.2. Histology and Immunohistochemistry

Skin biopsy samples, fixed in 4% formaldehyde, were routinely processed and embedded in
paraffin. Epidermal thickness was measured in hematoxylin and eosin (H.E.) stained sections under
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microscope. Details of immunohistochemical staining for proliferating cell nuclear antigen (PCNA)
and F4/80 are described in elsewhere [41]. The primary antibodies for PCNA and for F4/80 were
purchased from Abcam (Cambridge, U.K.). PCNA-positive cells in the epidermis and F4/80-positive
cells in the dermis were counted for 10 high power views in each skin sample with microscope.

Appendix A.2.3. RNA Isolation and Quantitative Polymerase Chain Reaction

Total RNA was purified from skin using a RNeasy lipid tissue Mini kit (Qiagen). The quality of
extracted RNA was evaluated as the densitometric ratio of 28S and 18S ribosomal RNA. The extracted
RNA was converted to cDNA using RevaTra Ace® qPCR RT kit (TOYOBO, Tokyo, JAPAN) according
to the manufacturer’s instructions and amplified using THUNDERBIRD SYBR qPCR Mix (TOYOBO)
with Light Cycler 480 (Roche Diagnostics Japan, Tokyo, Japan). All of the primers used in the present
analysis were purchased from TAKARA with reference to the Perfect Real time Support System
(TAKARA, Siga, Japan). All samples and standard curves were tested in duplicate. We confirmed that
expression levels of a housekeeping gene, Atp5f1-mRNA, were not significantly affected by the diet or
the genotype or TPA treatment, and then used for normalization of specific mRNA expression levels.

Appendix A.2.4. Statistical Analysis

Difference in the fraction of mice bearing skin papilloma between groups was tested with the
log-rank test. Epidermal thickness, proliferating cell nuclear antigen (PCNA)-positive cells, the number
of dermal macrophages, and the expression levels of Cox2 and Gclc-mRNAs were analyzed using
3-factor ANOVA with Tukey’s honestly significant difference (HSD) test.

References

1. Weindruch, R.; Walford, R.L. The Retardation of Aging and Disease by Dietary Restriction; Charles C Thomas
Publisher: Springfield, IL, USA, 1988; pp. 31–115.

2. McCay, C.M.; Crowell, M.F.; Maynard, L.A. The effect of retarded growth upon the length of life span and
upon the ultimate body size. J. Nutr. 1935, 10, 63–79. [CrossRef]

3. Swindle, W.R. Dietary restriction in rats and mice: A meta-analysis and review of the evidence fro
genotype-dependent effects on lifespan. Ageing Res. Rev. 2012, 11, 254–270. [CrossRef] [PubMed]

4. Baloni, P.; Sangar, V.; Yurkovich, J.; Robinson, M.; Taylor, S.; Karbowski, C.; Hamadeh, H.; He, Y.; Price, N.
Genome-scale metabolic model of the rat liver predicts effects of diet restriction. Sci. Rep. 2019, 9, 9807.

5. Mitchell, S.; Madrigal-Matute, J.; Scheibye-Knudsen, M.; Fang, E.; Aon, M.; González-Reyes, J.; Cortassa, S.;
Kaushik, S.; Gonzalez-Freire, M.; Patel, B.; et al. Effects of Sex, Strain, and Energy Intake on Hallmarks of
Aging in Mice. Cell Metab. 2016, 23, 1093–1112. [CrossRef] [PubMed]

6. Kane, A.; Sinclair, D.; Mitchell, J.; Mitchell, S. Sex differences in the response to dietary restriction in rodents.
Curr. Opin. Physiol. 2018, 6, 28–34. [CrossRef]

7. Greer, E.L.; Brunet, A. Different dietary restriction regimens extend lifespan by both independent and
overlapping genetic pathways in C. elegans. Aging Cell 2009, 8, 113–127. [CrossRef]

8. Shimokawa, I.; Chiba, T.; Yamaza, H.; Komatsu, T. Longevity genes: Insights from calorie restriction and
genetic longevity models. Mol. Cells 2008, 26, 427–435.

9. Longo, V.D.; Finch, C.E. Evolutionary medicine: From dwarf model systems to healthy centenarians? Science
2003, 299, 1342–1346. [CrossRef]

10. Available online: http://genomics.senescence.info/diet/ (accessed on 6 November 2019).
11. Johnson, T.E. Increased life-span of age-1 mutants in Caenorhabditis elegans and lower Gompertz rate of

aging. Science 1990, 249, 908–912. [CrossRef]
12. Morris, J.Z.; Tissenbaum, H.A.; Ruvkun, G. A phosphatidylinositol-3-OH kinase family member regulating

longevity and diapause in Caenorhabditis elegans. Nature 1996, 382, 536–539. [CrossRef]
13. Kenyon, C.; Chang, J.; Gensch, E.; Rudner, A.; Tabtiang, R. A C. elegans mutant that lives twice as long as

wild type. Nature 1993, 366, 461–464. [CrossRef] [PubMed]
14. Slack, C.; Foley, A.; Partridge, L. Activation of AMPK by the Putative Dietary Restriction Mimetic Metformin

Is Insufficient to Extend Lifespan in Drosophila. PLoS ONE 2012, 7, e47699. [CrossRef] [PubMed]

46



Nutrients 2019, 11, 3068

15. Vellai, T.; Takacs-Vellai, K.; Zhang, Y.; Kovacs, A.L.; Orosz, L. Influence of TOR kinase on lifespan in C.
elegans. Nature 2003, 426, 620. [CrossRef] [PubMed]

16. Kapahi, P.; Zid, B.M.; Harper, T.; Koslover, D.; Sapin, V.; Benzer, S. Regulation of lifespan in Drosophila by
modulation of genes in the TOR signaling pathway. Curr. Biol. 2004, 14, 885–890. [CrossRef] [PubMed]

17. Shimokawa, I. Growth hormone and IGF-1 axis in aging and longevity. In Hormones in Ageing and Longevity,
1st ed.; Rattan, S., Sharma, R., Eds.; Springer International Publishing AG: Cham, Switzerland, 2017;
pp. 91–106.

18. Harrison, D.E.; Strong, R.; Sharp, Z.D.; Nelson, J.F.; Astle, C.M.; Flurkey, K.; Nadon, N.L.; Wilkinson, J.E.;
Frenkel, K.; Carter, C.S.; et al. Rapamycin fed late in life extends lifespan in genetically heterogeneous mice.
Nature 2009, 460, 392–395. [CrossRef]

19. Selman, C.; Tullet, J.M.A.; Wieser, D.; Irvine, E.; Lingard, S.J.; Choudhury, A.I.; Claret, M.; Al-Qassab, H.;
Carmignac, D.; Ramadani, F.; et al. Ribosomal Protein S6 Kinase 1 Signaling Regulates Mammalian Life
Span. Science 2009, 326, 140–144. [CrossRef]

20. Wu, J.J.; Liu, J.; Chen, E.B.; Wang, J.J.; Cao, L.; Narayan, N.; Fergusson, M.M.; Rovira, I.I.; Allen, M.;
Springer, D.A.; et al. Increased mammalian lifespan and a segmental and tissue-specific slowing of aging
after genetic reduction of mTOR expression. Cell Rep. 2013, 4, 913–920. [CrossRef]

21. Holzenberger, M.; Dupont, J.; Ducos, B.; Leneuve, P.; Géloën, A.; Even, P.; Cervera, P.; Bouc, Y. IGF-1 receptor
regulates lifespan and resistance to oxidative stress in mice. Nature 2003, 421, 182–187. [CrossRef]

22. Xu, J.; Gontier, G.; Chaker, Z.; Lacube, P.; Dupont, J.; Holzenberger, M. Longevity effect of IGF-1R(+/-)
mutation depends on genetic background-specific receptor activation. Aging Cell 2014, 13, 19–28. [CrossRef]

23. Suh, Y.; Atzmon, G.; Cho, M.; Hwang, D.; Liu, B.; Leahy, D.; Barzilai, N.; Cohen, P. Functionally significant
insulin-like growth factor I receptor mutations in centenarians. Proc. Natl. Acad. Sci. USA 2008, 105,
3438–3442. [CrossRef]

24. Milman, S.; Atzmon, G.; Huffman, D.; Wan, J.; Crandall, J.; Cohen, P.; Barzilai, N. Low insulin-like growth
factor-1 level predicts survival in humans with exceptional longevity. Aging Cell 2014, 13, 769–771. [CrossRef]
[PubMed]

25. van Heemst, D.; Beekman, M.; Mooijaart, S.; Heijmans, B.; Brandt, B.; Zwaan, B.; Slagboom, P.; Westendorp, R.
Reduced insulin/IGF-1 signalling and human longevity. Aging Cell 2005, 4, 79–85. [CrossRef] [PubMed]

26. Franceschi, C.; Zaikin, A.; Gordleeva, S.; Ivanchenko, M.; Bonifazi, F.; Storci, G.; Bonafè, M. Inflammaging
2018: An update and a model. Semin. Immunol. 2018, 40, 1–5. [CrossRef] [PubMed]

27. Coppé, J.-P.; Patil, C.K.; Rodier, F.; Sun, Y.; Muñoz, D.P.; Goldstein, J.; Nelson, P.S.; Desprez, P.-Y.; Campisi, J.
Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the
p53 tumor suppressor. PLoS Biol. 2008, 6, 2853–2868. [CrossRef] [PubMed]

28. Baker, D.J.; Childs, B.G.; Durik, M.; Wijers, M.E.; Sieben, C.J.; Zhong, J.; Saltness, R.A.; Jeganathan, K.B.;
Verzosa, G.C.; Pezeshki, A.; et al. Naturally occurring p16(Ink4a)-positive cells shorten healthy lifespan.
Nature 2016, 530, 184–189. [CrossRef] [PubMed]

29. De Cecco, M.; Ito, T.; Petrashen, A.P.; Elias, A.E.; Skvir, N.J.; Criscione, S.W.; Caligiana, A.; Brocculi, G.;
Adney, E.M.; Boeke, J.D.; et al. L1 drives IFN in senescent cells and promotes age-associated inflammation.
Nature 2019, 566, 73–78. [CrossRef]

30. Huang, J.; Xie, Y.; Sun, X.; Zeh, H.J., 3rd; Kang, R.; Lotze, M.T.; Tang, D. DAMPs, ageing, and cancer: The
‘DAMP Hypothesis’. Ageing Res. Rev. 2015, 24, 3–16. [CrossRef]

31. Spadaro, O.; Goldberg, E.L.; Camell, C.D.; Youm, Y.-H.; Kopchick, J.J.; Nguyen, K.Y.; Bartke, A.; Sun, L.Y.;
Dixit, V.D. Growth Hormone Receptor Deficiency Protects against Age-Related NLRP3 Inflammasome
Activation and Immune Senescence. Cell Rep. 2016, 14, 1571–1580. [CrossRef]

32. Greer, E.L.; Brunet, A. FOXO transcription factors at the interface between longevity and tumor suppression.
Oncogene 2005, 24, 7410–7425. [CrossRef]

33. Furuyama, T.; Kitayama, K.; Shimoda, Y.; Ogawa, M.; Sone, K.; Yoshida-Araki, K.; Hisatsune, H.;
Nishikawa, S.-I.; Nakayama, K.; Nakayama, K.; et al. Abnormal angiogenesis in Foxo1 (Fkhr)-deficient mice.
J. Biol. Chem. 2004, 279, 34741–34749. [CrossRef]

34. Yamaza, H.; Komatsu, T.; Wakita, S.; Kijogi, C.; Park, S.; Hayashi, H.; Chiba, T.; Mori, R.; Furuyama, T.;
Mori, N.; et al. FoxO1 is involved in the antineoplastic effect of calorie restriction. Aging Cell 2010, 9, 372–382.
[CrossRef] [PubMed]

47



Nutrients 2019, 11, 3068

35. Shimokawa, I.; Komatsu, T.; Hayashi, N.; Kim, S.E.; Kawata, T.; Park, S.; Hayashi, H.; Yamaza, H.; Chiba, T.;
Mori, R. The life-extending effect of dietary restriction requires Foxo3 in mice. Aging Cell 2015, 14, 707–709.
[CrossRef] [PubMed]

36. Paik, J.-H.; Kollipara, R.; Chu, G.; Ji, H.; Xiao, Y.; Ding, Z.; Miao, L.; Tothova, Z.; Horner, J.W.; Carrasco, D.R.;
et al. FoxOs are lineage-restricted redundant tumor suppressors and regulate endothelial cell homeostasis.
Cell 2007, 128, 309–323. [CrossRef] [PubMed]

37. Lin, K.; Dorman, J.B.; Rodan, A.; Kenyon, C. daf-16: An HNF-3/forkhead family member that can function to
double the life-span of Caenorhabditis elegans. Science 1997, 278, 1319–1322. [CrossRef]

38. Ogg, S.; Paradis, S.; Gottlieb, S.; Patterson, G.I.; Lee, L.; Tissenbaum, H.A.; Ruvkun, G. The Fork head
transcription factor DAF-16 transduces insulin-like metabolic and longevity signals in C. elegans. Nature
1997, 389, 994–999. [CrossRef]

39. Kwon, E.-S.; Narasimhan, S.D.; Yen, K.; Tissenbaum, H.A. A new DAF-16 isoform regulates longevity. Nature
2010, 466, 498–502. [CrossRef]

40. Lin, K.; Hsin, H.; Libina, N.; Kenyon, C. Regulation of the Caenorhabditis elegans longevity protein DAF-16
by insulin/IGF-1 and germline signaling. Nat. Genet. 2001, 28, 139–145. [CrossRef]

41. Willcox, B.J.; Donlon, T.A.; He, Q.; Chen, R.; Grove, J.S.; Yano, K.; Masaki, K.H.; Willcox, D.C.; Rodriguez, B.;
Curb, J.D. FOXO3A genotype is strongly associated with human longevity. Proc. Natl. Acad. Sci. USA 2008,
105, 13987–13992. [CrossRef]

42. Teumer, A.; Qi, Q.; Nethander, M.; Aschard, H.; Bandinelli, S.; Beekman, M.; Berndt, S.I.; Bidlingmaier, M.;
Broer, L. CHARGE Longevity Working Group. Genomewide meta-analysis identifies loci associated with
IGF-I and IGFBP-3 levels with impact on age-related traits. Aging Cell 2016, 15, 811–824. [CrossRef]

43. Kim, D.H.; Lee, B.G.; Lee, J.W.; Kim, M.E.; Lee, J.S.; Chung, J.H.; Yu, B.P.; Dong, H.H.; Chung, H.Y.
FoxO6-mediated IL-1β induces hepatic insulin resistance and age-related inflammation via the TF/PAR2
pathway in aging and diabetic mice. Redox Biol. 2019, 24, 101184. [CrossRef]

44. Litvak, V.; Ratushny, A.V.; Lampano, A.E.; Schmitz, F.; Huang, A.C.; Raman, A.; Rust, A.G.; Bergthaler, A.;
Aitchison, J.D.; Aderem, A. A FOXO3–IRF7 gene regulatory circuit limits inflammatory sequelae of antiviral
responses. Nature 2012, 490, 421–425. [CrossRef] [PubMed]

45. Pearson, K.J.; Lewis, K.N.; Price, N.L.; Chang, J.W.; Perez, E.; Cascajo, M.V.; Tamashiro, K.L.; Poosala, S.;
Csiszar, A.; Ungvari, Z.; et al. Nrf2 mediates cancer protection but not prolongevity induced by caloric
restriction. Proc. Natl. Acad. Sci. USA 2008, 105, 2325–2330. [CrossRef] [PubMed]

46. Sykiotis, G.P.; Bohmann, D. Stress-activated cap“n”collar transcription factors in aging and human disease.
Sci. Signal. 2010, 3, re3. [CrossRef] [PubMed]

47. Schwarz, M.; Münzel, P.A.; Braeuning, A. Non-melanoma skin cancer in mouse and man. Arch. Toxicol 2013,
87, 783–798. [CrossRef] [PubMed]

48. Passos, G.F.; Medeiros, R.; Marcon, R.; Nascimento, A.F.G.; Calixto, J.B.; Pianowski, L.F. The role of
PKC/ERK1/2 signaling in the anti-inflammatory effect of tetracyclic triterpene euphol on TPA-induced skin
inflammation in mice. Eur. J. Pharm. 2013, 698, 413–420. [CrossRef]

49. Przybysz, A.J.; Choe, K.P.; Roberts, L.J.; Strange, K. Increased age reduces DAF-16 and SKN-1 signaling and
the hormetic response of Caenorhabditis elegans to the xenobiotic juglone. Mech. Ageing Dev. 2009, 130,
357–369. [CrossRef]

50. Mori, R.; Tanaka, K.; de Kerckhove, M.; Okamoto, M.; Kashiyama, K.; Tanaka, K.; Kim, S.; Kawata, T.;
Komatsu, T.; Park, S.; et al. Reduced FOXO1 Accelerates Skin Wound Healing and Attenuates Scarring. Am.
J. Pathol. 2014, 184, 2465–2467. [CrossRef]

51. Nakae, J.; Oki, M.; Cao, Y. The FoxO transcription factors and metabolic regulation. FEBS Lett. 2008, 582,
54–67. [CrossRef]

52. Kamohara, R.; Yamaza, H.; Tsuchiya, T.; Komatsu, T.; Park, S.; Hayashi, H.; Chiba, T.; Mori, R.; Otabe, S.;
Yamada, K.; et al. Overexpression of the adiponectin gene mimics the metabolic and stress resistance effects
of calorie restriction, but not the anti-tumor effect. Exp. Gerontol. 2015, 64, 46–54. [CrossRef]

53. Kitamura, M.; Hiramatsu, N. Real-time monitoring of ER stress in living cells and animals using ESTRAP
assay. Method. Enzymol. 2011, 490, 93–106.

54. Chalkiadaki, A.; Guarente, L. Sirtuins mediate mammalian metabolic responses to nutrient availability. Nat.
Rev. Endocrinol. 2012, 8, 287–296. [CrossRef] [PubMed]

55. Guarente, L. SIRT1 and other sirtuins in metabolism. Genes. Dev. 2014, 25, 138–145.

48



Nutrients 2019, 11, 3068

56. Banerjee, K.K.; Ayyub, C.; Zeeshan, A.S.; Mandot, V.; Prasad, G. dSir2 in the adult fat body, but not in
muscles, regulates life span in a diet-dependent manner. Cell Rep. 2012, 2, 1485–1491. [CrossRef] [PubMed]

57. Hirschey, M.D.; Shimazu, T.; Jing, E.; Grueter, C.A.; Collins, A.M.; Aouizerat, B.; Stančáková, A.; Goetzman, E.;
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66. Smiałowska, M.; Domin, H.; Zieba, B.; Koźniewska, E.; Michalik, R.; Piotrowski, P.; Kajta, M. Neuroprotective
effects of neuropeptide Y-Y2 and Y5 receptor agonists in vitro and in vivo. Neuropeptides 2009, 43, 235–249.
[CrossRef] [PubMed]

67. Shimokawa, I.; Fukuyama, T.; Yanagihara-Outa, K.; Tomita, M.; Komatsu, T.; Higami, Y.; Tuchiya, T.; Chiba, T.;
Yamaza, Y. Effects of caloric restriction on gene expression in the arcuate nucleus. Neurobiol. Aging 2003, 24,
117–123. [CrossRef]

68. Chiba, T.; Tamashiro, Y.; Park, D.; Kusudo, T.; Fujie, R.; Komatsu, T.; Kim, S.E.; Park, S.; Hayashi, H.; Mori, R.;
et al. A key role for neuropeptide Y in lifespan extension and cancer suppression via dietary restriction. Sci.
Rep. 2014, 4, 4517. [CrossRef]

69. Luque, R.M.; Park, S.; Kineman, R.D. Severity of the catabolic condition differentially modulates hypothalamic
expression of growth hormone-releasing hormone in the fasted mouse: Potential role of neuropeptide Y and
corticotropin-releasing hormone. Endocrinology 2007, 148, 300–309. [CrossRef]

70. Park, S.; Fujishita, C.; Komatsu, T.; Kim, S.E.; Chiba, T.; Mori, R.; Shimokawa, I. NPY antagonism reduces
adiposity and attenuates age-related imbalance of adipose tissue metabolism. FASEB J. 2014, 28, 5337–5348.
[CrossRef]

71. Park, S.; Komatsu, T.; Kim, S.E.; Tanaka, K.; Hayashi, H.; Mori, R.; Shimokawa, I. Neuropeptide Y resists
excess loss of fat by lipolysis in calorie-restricted mice: A trait potential for the life-extending effect of calorie
restriction. Aging Cell 2017, 16, 339–348. [CrossRef]

72. Liao, C.-Y.; Rikke, B.A.; Johnson, T.E.; Gelfond, J.A.L.; Diaz, V.; Nelson, J.F. Fat maintenance is a predictor of
the murine lifespan response to dietary restriction. Aging Cell 2011, 10, 629–639. [CrossRef]

73. Minor, R.K.; López, M.; Younts, C.M.; Jones, B.; Pearson, K.J.; Anson, M.R.; Dieguez, C.; de Cabo, R. The
arcuate nucleus and neuropeptide Y contribute to the antitumorigenic effect of calorie restriction. Aging Cell
2011, 10, 483–492. [CrossRef]

74. Farzi, A.; Reichmann, F.; Holzer, P. The homeostatic role of neuropeptide Y in immune function and its
impact on mood and behaviour. Acta Physiol. (Oxf.) 2015, 213, 603–627. [CrossRef] [PubMed]

75. Chida, Y.; Sudo, N.; Kubo, C. Does stress exacerbate liver diseases? J. Gastroenterol. Hepatol. 2006, 21, 202–208.
[CrossRef] [PubMed]

49



Nutrients 2019, 11, 3068

76. Sigala, B.; McKee, C.; Soeda, J.; Pazienza, V.; Morgan, M.; Lin, C.I.; Selden, C.; Vander Borght, S.; Mazzoccoli, G.;
Roskams, T.; et al. Sympathetic nervous system catecholamines and neuropeptide Y neurotransmitters are
upregulated in human NAFLD and modulate the fibrogenic function of hepatic stellate cells. PLoS ONE
2013, 8, e72928. [CrossRef] [PubMed]

77. Huan, H.-B.; Wen, X.-D.; Chen, X.-J.; Wu, L.; Wu, L.L.; Zhang, L.; Yang, D.P.; Zhang, X.; Bie, P.; Qian, C.;
et al. Sympathetic nervous system promotes hepatocarcinogenesis by modulating inflammation through
activation of alpha1-adrenergic receptors of Kupffer cells. Brain Behav. Immun. 2016, 59, 118–134. [CrossRef]
[PubMed]

78. Kinoshita, A.; Hayashi, H.; Kusano, N.; Inoue, S.; Komatsu, T.; Mori, R.; Park, S.; Takatsuki, M.; Eguchi, S.;
Shimokawa, I. Neuropeptide Y inhibits hepatocarcinogenesis in overnutrition in mice. Acta Medica
Nagasakiensia 2019, 41, 711–722.

79. Baldock, P.A.; Lin, S.; Zhang, L.; Karl, T.; Shi, Y.; Driessler, F.; Zengin, A.; Hörmer, B.; Lee, N.J.; Wong, I.P.; et al.
Neuropeptide y attenuates stress-induced bone loss through suppression of noradrenaline circuits. J. Bone
Miner. Res. 2014, 29, 2238–2249. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

50



nutrients

Article

Srebp-1c/Fgf21/Pgc-1α Axis Regulated by Leptin
Signaling in Adipocytes—Possible Mechanism of
Caloric Restriction-Associated Metabolic Remodeling
of White Adipose Tissue

Masaki Kobayashi 1, Seira Uta 1, Minami Otsubo 1, Yusuke Deguchi 1, Ryoma Tagawa 1,

Yuhei Mizunoe 2, Yoshimi Nakagawa 3, Hitoshi Shimano 2,4,5 and Yoshikazu Higami 1,6,*
1 Laboratory of Molecular Pathology and Metabolic Disease, Faculty of Pharmaceutical Sciences,

Tokyo University of Science, Chiba 278-8510, Japan; kobayashim@rs.tus.ac.jp (M.K.);
3B18508@ed.tus.ac.jp (S.U.); 3a15020@ed.tus.ac.jp (M.O.); 3B16060@ed.tus.ac.jp (Y.D.);
tagawar@rs.tus.ac.jp (R.T).

2 Department of Internal Medicine (Endocrinology and Metabolism), Faculty of Medicine, University of
Tsukuba, Ibaraki 305-8575, Japan; ymizunoe@md.tsukuba.ac.jp (Y.M.); hshimano@md.tsukuba.ac.jp (H.S.)

3 Division of Complex Biosystem Research, Department of Research and Development, Institute of Natural
Medicine, University of Toyama, Toyama 930-0194, Japan; ynaka@inm.u-toyama.ac.jp

4 Life Science Center for Survival Dynamics, Tsukuba Advanced Research Alliance (TARA),
University of Tsukuba, Ibaraki 305-8575, Japan

5 AMED-CREST, Japan Agency for Medical Research and Development (AMED), Tokyo 100-1004, Japan
6 Research Institute for Biomedical Sciences, Tokyo University of Science, Chiba 278-8510, Japan
* Correspondence: higami@rs.tus.ac.jp; Tel./Fax: +81-4-7121-3676

Received: 6 June 2020; Accepted: 8 July 2020; Published: 10 July 2020

Abstract: Caloric restriction (CR) improves whole body metabolism, suppresses age-related
pathophysiology, and extends lifespan in rodents. Metabolic remodeling, including fatty acid
(FA) biosynthesis and mitochondrial biogenesis, in white adipose tissue (WAT) plays an important
role in the beneficial effects of CR. We have proposed that CR-induced mitochondrial biogenesis in
WAT is mediated by peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α), which is
transcriptionally regulated by sterol regulatory element-binding protein 1c (SREBP-1c), a master
regulator of FA biosynthesis. We have also proposed that the CR-associated upregulation of SREBP-1
and PGC-1α might result from the attenuation of leptin signaling and the upregulation of fibroblast
growth factor 21 (FGF21) in WAT. However, the detailed molecular mechanisms remain unclear. Here,
we interrogate the regulatory mechanisms involving leptin signaling, SREBP-1c, FGF21, and PGC-1α
using Srebp-1c knockout (KO) mice, mouse embryonic fibroblasts, and 3T3-L1 adipocytes, by altering
the expression of SREBP-1c or FGF21. We show that a reduction in leptin signaling induces the
expression of proteins involved in FA biosynthesis and mitochondrial biogenesis via SREBP-1c
in adipocytes. The upregulation of SREBP-1c activates PGC-1α transcription via FGF21, but it is
unlikely that the FGF21-associated upregulation of PGC-1α expression is a predominant contributor
to mitochondrial biogenesis in adipocytes.

Keywords: caloric restriction; fatty acid biosynthesis; mitochondrial biogenesis; adipocyte

1. Introduction

It is well known that white adipose tissue (WAT) is involved in the pathogenesis of age-related
diseases including type 2 diabetes, atherosclerosis, and other cardiovascular and cerebrovascular
diseases [1]. It has recently been shown that WAT quality, including adipocyte size, mitochondrial
biogenesis, and adipokine expression profile, is a key player in lifespan regulation [2–6].
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Caloric restriction (CR) is the most robust, reproducible, and simple experimental manipulation
that is capable of improving whole body metabolism, delaying the onset of various age-related
pathophysiological changes and extending both median and maximum lifespan in a wide range of
organisms [7,8]. Dwarf rodents that demonstrate the suppression of growth hormone/insulin-like
growth factor 1 (GH/IGF-1) signaling live longer than their wild-type (Wd) littermates [9]. Since CR
suppresses GH/IGF-1 signaling, its beneficial effects are considered to be dependent on the suppression
of GH/IGF-1 signaling [10]. However, CR further extends the lifespan of long-lived dwarf rodents
that have GH/IGF-1 suppression [11,12]. Therefore, the beneficial effects of CR are also likely to be
mediated through a GH/IGF-1-independent mechanism.

To identify the GH/IGF-1-independent mechanism involved in the effects of CR, we compared the
gene expression profile of the WAT of long-living dwarf rats bearing an antisense GH transgene with
that of Wd rats subjected to CR, and we found that CR upregulated the expression of genes involved in
fatty acid (FA) biosynthesis in a GH/IGF-1-independent manner [13]. Sterol regulatory element binding
protein-1 (SREBP-1), including its two isoforms, SREBP-1a and -1c, is a master transcriptional regulator
of FA biosynthesis [14]. In WAT, SREBP-1c is predominantly expressed, rather than SREBP-1a [15].
Therefore, we applied CR to both Srebp-1c knockout (KO) and WT mice on a B6; 129S6 background
and found that CR extended lifespan in Wd mice but not in KO mice. Moreover, CR upregulated
the expression of proteins involved in FA biosynthesis and mitochondrial biogenesis in the WAT of
Wd mice but not in KO mice. These findings were observed only in WAT but not in the other tissues,
including liver, kidney, quadriceps femoris muscle, and heart [16]. Peroxisome proliferator-activated
receptor γ coactivator-1α (PGC-1α) is a master transcriptional cofactor for mitochondrial biogenesis [17]
and a key regulator of the CR-induced activation of mitochondrial biogenesis [18]. We also found that
CR upregulates Pgc-1a mRNA in WAT of Wd mice but not in Srebp-1c KO mice. Moreover, a chromatin
immunoprecipitation assay showed that SREBP-1 protein binds to the promoter region of the Pgc-1a
gene, as well as the Fasn gene, in mouse embryonic fibroblasts (MEFs) derived from WT mice but not in
those from KO mice. Therefore, we suggested that CR upregulates FA biosynthesis and mitochondrial
biogenesis via SREBP-1c in WAT [16].

Fibroblast growth factor 21 (FGF21), which was initially identified as a hepatokine, is mostly
secreted by the liver [19]. Circulating FGF21 binds to the FGF receptor (FGFR) and β-klotho
(KLB) receptor complex in target tissues such as WAT. The binding of FGF21 to its receptors
activates downstream signaling, including extracellular signal-regulated kinase (ERK) signaling,
which upregulates the expression of genes involved in glucose and lipid metabolism [20–22].
FGF21 expression is negatively regulated by SREBP-1c in hepatocytes [23]. In contrast, FGF21 expression
is upregulated by SREBP-1c in WAT and 3T3-L1 adipocytes [24]. FGF21 induces PGC-1α expression in
the liver as an adaptation to starvation [25]. In WAT, FGF21 positively regulates PGC-1α and PPARγ
expression and/or activity via feed-forward autocrine/paracrine loops [26,27]. Moreover, Fgf21 Tg
mice live longer than Wd mice and have a similar metabolic phenotype to CR mice [28]. We have
also shown that the CR-associated upregulation of PGC-1α expression is partially mediated through
FGF21 in WAT [29]. CR also upregulates PPARγ expression in WAT [29]. In addition, the expression of
PGC-1α is increased as a result of rosiglitazone-induced PPARγ activity in WAT [30].

Leptin, which was the first substance to be identified as an adipokine, is mostly secreted by
adipocytes [31]. Circulating leptin binds to the leptin receptor, which is predominantly expressed in
the arcuate nucleus of the hypothalamus and reduces appetite and increases energy expenditure via
the sympathetic nervous system [32]. However, the leptin receptor is also expressed in other cell types,
including adipocytes [33]. It has been reported that leptin treatment downregulates the expression
of SREBP-1 and its downstream targets in mouse WAT [34]. In addition, CR reduces leptin secretion
by adipocytes, thereby reducing the circulating leptin concentration [35]. These findings raised the
possibility that CR might suppress leptin signaling via an autocrine/paracrine loop, leading to the
SREBP-1-induced upregulation of proteins involved in FA biosynthesis in WAT.
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As stated above, the molecular mechanisms of CR-associated metabolic remodeling, including
FA biosynthesis and mitochondrial biogenesis, are unclear. In particular, the reciprocal regulatory
mechanism that involves SREBP-1, FGF21, and PGC-1α is complex. In the present study, we aimed
to clarify this molecular mechanism, focusing on the expression of the master regulators of FA
biosynthesis and mitochondrial biogenesis, SREBP-1 and PGC-1α, respectively, in adipocytes. To this
end, we analyzed the regulation of leptin signaling, SREBP-1c, FGF21, and PGC-1α in the CR-associated
metabolic remodeling of WAT and adipocytes.

2. Materials and Methods

2.1. Animals and the Collection of Mice Embryonic Fibroblasts (MEFs)

All animal experiments were approved by the Animal Experimentation Committees of Tokyo
University of Science (Y17051, Y18060, Y19056) or the University of Tsukuba (19–274). We back-crossed
Srebp-1c KO mice on a B6;129S6 background (B6; 129S6-Srebf1tm1Mbr/J; Jackson Laboratory, Bar Harbor,
ME, USA) and C57Bl/6J mice (CLEA Japan, Tokyo, Japan) to obtained Srebp-1c KO mice on a C57Bl/6
background. All the animals were maintained under specific pathogen-free conditions. At 3 months of
age, Wd and Srebp-1c KO mice were allocated to two groups: an ad libitum-fed (AL) and a CR (70% of
the energy intake of AL) group. At 10 months of age, four groups of mice (WdAL, WdCR, KOAL,
and KOCR) were provided with food 0.5–1 h prior to turning off the lights in the evening, then they
were euthanized under isoflurane anesthesia (Mylan, Canonsburg, PA, USA) 2–3 h later, after which
WAT was harvested. The time-course measurement of food intake of the Wd and KO mice that were
fed AL, and the body weights of the four groups, are shown in Figure S1.

MEFs were obtained from Srebp-1c KO and Wd mice, and Fgf21 KO and Wd mice on a C57Bl/6
background [36], as previously reported [16]. Briefly, 13–15-day old embryos (E13–15) were collected
from pregnant mice of each KO line, minced and trypsinized. MEFs were separated by passing the
tryptic digests through a cell strainer.

2.2. Cell Culture and Reagent Treatment

3T3-L1 preadipocytes were purchased from the Japanese Collection of Research Bioresources
(JCRB) cell bank (Osaka, Japan) and maintained in Dulbecco’s modified Eagle’s medium (DMEM)
containing a low glucose concentration (Wako, Osaka, Japan), 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific, Waltham, MA USA), and 1% penicillin/streptomycin (P/S) (Sigma-Aldrich, MO, USA).
MEFs were maintained in DMEM containing a high glucose concentration (Wako), 10% FBS, 1% P/S,
and 0.1 μM 2-mercaptoethanol (Sigma). The differentiation of 3T3-L1 preadipocytes or MEFs to mature
adipocytes was achieved by using our previous published protocol [37]. In the present study, 3T3-L1
cells or MEFs were used as mature adipocytes 8–12 or 16 days after the induction of differentiation,
respectively. PD1730741 (Funakoshi, Tokyo, Japan) was dissolved in DMSO to make a 5 mM solution,
and then it was diluted in PBS. Differentiated 3T3-L1 cells (day 7) were treated with 50 nM PD1730741
for 24 h and then collected.

2.3. Retrovirus Plasmid Construction

The construction of the retrovirus plasmids for Srebp-1c and Fgf21 overexpression have been
described in our previous reports [16,29]. Srebp-1a cDNA was obtained by PCR using KOD FX Neo
(Toyobo, Osaka, Japan) and the following primers: 5′-TTT GGA TCC GCC ACC ATG GAC GAG CTG
GCC TT-3′ and 5′-TTT GAA TTC TTA CAG GGC CAG GCG GGA-3′. Amplified Srebp-1a fragments
were digested with BamHI and EcoRI and subcloned into BamHI- and EcoRI-digested pBluescript II
SK (+). Then, this plasmid was digested with BamHI and EcoRI, and the gene sequence was inserted
into pMXs-AMNN-Puro (pMXs-AMNN-Srebp-1a-Puro) after it was also digested using the same
enzymes. The target sequences of the shRNAs against Lepr were designed using the Public TRC Portal
website (http://www.broadinstitute.org/rnai/public/seq/search), and the sequences were as follows:
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5′-GCT AGG TGT AAA CTG GGA CAT CTC GAG ATG TCC CAG TTT ACA CCT AGC TTT TT-3′
and 5′-CGA AAA AGC TAG GTG TAA ACT GGG ACA TCT CGA GAT GTC CCA GTT TAC ACC
TAG C-3′. The underlined letters are the sense and antisense target sequences. These oligonucleotides
were inserted into BstBI- and PmeI-digested pMXs-puro-mU6 (pMXs-puro-shLeptinR).

2.4. Retrovirus Vector Preparation

Retrovirus vectors were generated as reported previously [16]. Briefly, each pMXs-AMNN-Puro
plasmid or pMXs-puro-shLeptinR plasmid was transfected into Plat-E cells (kindly provided by
T. Kitamura, University of Tokyo, Japan) using the calcium phosphate method. To obtain each
overexpressing or shLeptinR-expressing 3T3-L1 cell line, the supernatant from each virus-containing
culture was collected after 3 days. The 3T3-L1 cells were infected by incubation in the collected
virus-containing supernatant for 2 days, followed by treatment with 2 μg/mL puromycin for a further
5 days. The 3T3-L1 cells overexpressing empty vectors or expressing shRNA targeting GFP (shGFP)
were used as control cells.

2.5. RT-PCR and Semi-Quantitative RT-PCR

RNA was extracted from WAT and other cell types using ISOGENII (Nippon Gene, Tokyo, Japan).
The purified RNA was reverse transcribed using ReverTra Ace® qPCR RT Master Mix (Toyobo)
and the cDNAs were then amplified using a CFX Connect™ Real-time System, Thunderbird SYBR
qPCR mix, and the primers for each gene. These procedures were performed according to the
manufacturer’s protocol. Since the intrinsic expression of Srebp-1c mRNA was very low in 3T3-L1
adipocytes, RT-PCR was not possible. Therefore, we performed conventional PCR and agarose gel
electrophoresis of the PCR products, followed by ethidium bromide staining. Fluorescence of the
ethidium bromide was visualized using an LAS3000 (Fujifilm, Tokyo, Japan) and data were analyzed
using Multigauge software (Fujifilm). Target gene expression data were normalized to Rps18 expression
(n = 4). The primer pair sequences are shown in Table 1.

Table 1. List of primers for RT-PCR.

Forward Reverse

Adipoq 5′-TGC CGA AGA TGA CGT TAC AAC-3′ 5′-CTT CAG CTC CTG TCA TTC CAA C-3′
Fasn 5′-AGC AGG CAC ACA CAA TGG AC-3′ 5′-GAA GAA AGA GAG CCG GTT G-3′
Fgf21 5′-GAA GCC CAC CTG GAG ATC AG-3′ 5′-CAA AGT GAG GCG ATC CAT AGA G-3′

LeptinR 5′- CAG TCT TCGG GGA TGT GAA TG-3′ 5′- CAT TGT TTG GCT GTC CCA AG-3′
PeriA 5′-TGG GAA GCA TCG AGA AGG TG-3′ 5′-ATG GTG TGT CGA GAA AGA GTG TTG-3′

Pgc-1α 5′-AGA CGG ATT GCC CTC ATT TG-3′ 5′-CAG GGT TTG TTC TGA TCC TGT G-3′
Rps18 5′-TGC GAG TAC TCA ACA CCA ACA T-3′ 5′-CTT TCC TCA ACA CCA CAT GAG C-3′

Srebp-1a 5′-GGC CGA GAT GTG CGA ACT-3′ 5′-TTG TTG ATG AGC TGG AGC ATG T-3′
Srebp-1c 5′-GGA GCC ATG GAT TGC ACA TT-3′ 5′-GGC CCG GGA AGT CAC TGT-3′

Tbp 5′-CCC TCA CAC TCA GAT CAT CTT CTC-3′ 5′-GCC TTG TCC CTT GAA GAG AAC C-3′

2.6. Western Blotting

Cell lysis and immunoblotting were performed as previously described [37]. Briefly, the collected
cells were lysed in lysis buffer (50 mM Tris-HCl (pH 6.8), 2% SDS, 3 M urea, 6% glycerol), boiled for
5 min, and sonicated. Lysates containing 15 μg protein were subjected to SDS/PAGE and the proteins
were then transferred to nitrocellulose membranes. The membranes were blocked with 2.5% skim milk
and 0.25% bovine serum albumin in Tris-buffered saline (50 mM Tris-HCl (pH 7.4) and 150 mM NaCl)
containing 0.1% Tween 20 (TTBS) for 60 min at room temperature, then incubated with appropriate
primary antibodies overnight at 4 ◦C. Primary antibodies against FGF21 (Abcam, Cambridge, UK),
PGC-1α (Sigma, MO, USA AB3242), mitochondrial transcription factor A (TFAM) (Proteintech, Chicago,
IL, USA, 19998-1-AP), SIRT3 (cell signaling technology (CST), Beverly, MA, USA, #5490), ACC (CST,
#3662), p-STAT3 (Thermo Fisher Scientific, 44-3804), and LaminB1 (Medical & Biological Laboratories,
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Nagoya, Japan, PM064) were used. The membranes were then incubated with an appropriate secondary
antibody (a horseradish peroxidase-conjugated F(ab’)2 fragment of goat anti-mouse IgG or anti-rabbit
IgG; Jackson Immuno Research, West Grove, PA, USA) for 60 min at room temperature. Thereafter,
they were incubated with ImmunoStar LD (Wako), specific protein bands were visualized using an
LAS3000 (Fujifilm, Tokyo, Japan), and the data were analyzed using Multigauge software (Fujifilm).

2.7. Statistical Analysis

The values presented are means ± standard deviations (SDs). The data were statistically
evaluated using Student’s t-test, two-way ANOVA and/or Tukey’s test, with R software (Version 3.4.1,
R Foundation for Statistical Computing, Vienna, Austria). p < 0.05 was considered to represent
statistical significance.

3. Results

3.1. Role of SREBP-1c in the Effects of CR on Gene Expression in WAT

We have reported previously that CR increases the expression of Srebp-1c, Srebp-1a, and Pgc-1a
mRNAs in the WAT of Wd B6;129S6 mice but not in KO mice [16]. In the WAT of mice on a C57Bl/6
background, CR also increased the expression of Srebp-1c, Pgc-1a, and Fgf21 mRNAs in Wd mice but
not in KO mice (Figure 1A or Figure 1C,D). Similar findings about the CR-associated upregulation of
Fgf21 mRNA were observed in B6;129S6 mice (Figure S2). However, in contrast to mice on a B6;129S6
background, CR did not upregulate the expression of Srebp-1a mRNA in either Wd or KO mice on
a C57Bl/6 background (Figure 1B). Overall, it is likely that the CR-associated upregulation of these
factors is less exaggerated in C57bl/6 mice compared with B6;129S6 mice.

Figure 1. The effects of Srebp-1c KO on the expression of key regulators of CR-associated metabolic
remodeling in the WAT of mice on a C57Bl/6 background. The mRNA expression levels of Srebp-1c (A),
Srebp-1a (B), Fgf21 (C), and Pgc-1a (D) in WAT were measured using RT-PCR and were normalized to
Tbp expression (n = 4). Values are means ± SDs. * p < 0.05, ** p < 0.01 vs. AL, according to Student’s
t-test, or two-way ANOVA and Tukey’s test.

3.2. Effects of SREBP-1c on the Expression of Genes and Proteins Involved in FA Biosynthesis and
Mitochondrial Biogenesis

To confirm that SREBP-1c is the significant regulator of the expression of genes and proteins
involved in FA biosynthesis and mitochondrial biogenesis in vitro, we generated 3T3-L1 preadipocytes
that overexpressed SREBP-1c (SREBP-1c OE) using retroviral vectors. The SREBP-1c OE 3T3-L1
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preadipocytes were differentiated to adipocytes (Figure 2A), and the expression levels of mRNAs and
proteins of interest were analyzed.

Figure 2. The effects of SREBP-1c overexpression on the expression of genes and proteins involved in
fatty acid (FA) biosynthesis and mitochondrial biogenesis in mature 3T3-L1 adipocytes. Control and
SREBP-1c OE preadipocytes were differentiated into mature adipocytes in four separate dishes from
each phenotype. RNA was extracted and lysates were prepared from each dish. RNA was extracted
and lysates were prepared from adipocytes. The mRNA expression levels of Srebp-1c (A), Srebp-1a (B),
PeriA (C), Adipoq (D), Fasn (E), Fgf21 (F), and Pgc-1a (G) were determined using RT-PCR and normalized
to Rps18 expression (n = 4). (H) Representative immunoblot images, showing the expression levels
of proteins involved in FA biosynthesis and mitochondrial biogenesis. Quantitative analysis was
performed using a chemiluminescence method. The protein expression of ACC (I), ME-1 (J), FGF21 (K),
PGC-1α (L), TFAM (M), and SIRT3 (N) are shown as the relative intensities of the indicated protein
divided by that of LMNB1 as an internal control (n = 4). Values are means ± SDs. * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. controls, according to Student’s t-test.

In SREBP-1c OE adipocytes, the expression of Srebp-1a mRNA was similar to that of control cells
(Figure 2B), whereas that of perilipin A (PeriA) and adiponectin (Adipoq), which are markers of adipocyte
differentiation, was upregulated (Figure 2C,D). Fatty acid synthase (FASN) is a rate-limiting enzyme
in FA biosynthesis. The expression of Fasn mRNA was high in SREBP-1c OE adipocytes (Figure 2E).
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Moreover, the expression of both Fgf21 and Pgc-1a mRNAs was high in OE adipocytes (Figure 2F,G).
In addition, the protein expression of acetyl-CoA carboxylase (ACC) and malic enzyme 1 (ME1),
which are FA biosynthetic enzymes, and FGF21 and PGC-1α were high in OE adipocytes (Figure 2H–L).
With regard to mitochondrial proteins, expression of SIRT3 was also high in SREBP-1c OE adipocytes,
but that of TFAM was not (Figure 2H or Figure 2M,N).

To further characterize the regulation of FA biosynthetic genes by FGF21 and PGC-1α, we generated
Wd and KO adipocytes by differentiating MEFs derived from Wd and Srebp-1c KO mice. The expression
of Srebp-1c was not detectable in KO adipocytes and that of Srebp-1a was similar to that of control
adipocytes (Figure 3A,B). The expression levels of PeriA and Adipoq mRNAs in KO adipocytes did not
differ from those in Wd adipocytes, suggesting that SREBP-1c deficiency did not alter differentiation
(Figure 3C,D). However, the expression of Fasn was lower in KO adipocytes than Wd adipocytes
(Figure 3E). The expression of Fgf21 mRNA was slightly reduced, while that of Pgc-1a mRNA was
significantly lower in KO adipocytes (Figure 3F,G). Taken together, our findings suggest that the
expression of both Pgc-1a and Fgf21 is positively regulated by Srebp-1c, in addition to that of Fasn.
Moreover, SREBP-1c is the significant regulator of the expression of genes and proteins involved in FA
biosynthesis and mitochondrial biogenesis in adipocytes.

Figure 3. The effects of SREBP-1c deficiency on the expression of adipocyte differentiation markers and
genes involved in FA biosynthesis and mitochondrial biogenesis in mature adipocytes. MEFs were
obtained from four individual embryos of either Wd or Srebp-1c KO mice, differentiated to mature
adipocytes, and then RNA was extracted from each dish. The mRNA expression levels of Srebp-1c (A),
Srebp-1a (B), PeriA (C), Adipoq (D), Fasn (E), Fgf21 (F), and Pgc-1a (G) were determined using RT-PCR
and normalized to Rps18 expression (n = 4). Values are means ± SDs. *** p < 0.001 vs. Wd, according to
Student’s t-test.

3.3. Roles of FGF21 and PGC-1α in Mitochondrial Biogenesis

CR upregulated the expression of both Fgf21 and Pgc-1α mRNAs and proteins via SREBP-1c.
Therefore, we next determined the roles of FGF21 and PGC-1α in mitochondrial biogenesis.

In FGF21 OE adipocytes (Figure 4A or Figure 4C,D), the expression of Pgc-1αmRNA and PGC-1α
protein was high (Figure 4B,C or Figure 4E,F). Treatment with PD173074, an FGF receptor (FGFR)
inhibitor, reduced the phosphorylation of ERK without reducing Fgf21 mRNA and FGF21 protein
expression (Figure 4A or Figure 4C–E). In addition, this treatment did not reduce the expression of
Pgc-1αmRNA or PGC-1α protein (Figure 4B,C or Figure 4F).
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Figure 4. The effects of FGF21 overexpression and the inhibition of FGFR on the expression of genes
and proteins involved in FGF21 signaling and PGC-1α in mature 3T3-L1 adipocytes. Control and
FGF21 OE preadipocytes were differentiated into mature adipocytes in four separate dishes for each
phenotype, and they were treated with or without 50 nM PD173074, an FGFR inhibitor, for 24 h.
(A,B) RNA was extracted and lysates were prepared from each dish. The mRNA expression levels of
Fgf21 (A) and Pgc-1a (B) were determined using RT-PCR and normalized to Rps18 expression (n = 4).
(C) Representative immunoblot images showing the expression of proteins involved in FGF21 signaling
and mitochondrial biogenesis. Quantitative analysis was performed using a chemiluminescence
method. The protein expression of FGF21 (D) and PGC-1α (F) is shown as the relative intensity of the
indicated protein divided by that of LMNB1 as an internal control (n = 4). Extracellular signal-regulated
kinase (ERK) phosphorylation is expressed as the relative intensity of the phosphorylated form of
ERK/total ERK (n = 4) (E). Values are means ± SDs *p < 0.05, **p < 0.01, ***p < 0.001 vs. controls
administered the same treatment.
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In Fgf21 KO adipocytes differentiated from MEFs, the expression levels of PeriA, Adipoq, and Pgc-1α
mRNAs were much lower than in control cells, suggesting that the significant reduction in Pgc-1α
mRNA expression is associated with impaired adipocyte differentiation (Figure 5A–D).

Figure 5. The effects of FGF21 deficiency on the expression of adipocyte differentiation markers and
genes involved in mitochondrial biogenesis in mature adipocytes. MEFs were obtained from four
individual embryos of either Wd or Fgf21 KO mice, differentiated to mature adipocytes, and then
RNA was extracted from each dish. The mRNA expression levels of Fgf21 (A), PeriA (B), Adipoq (C),
and Pgc-1a (D) were analyzed using RT-PCR and normalized to Rps18 expression (n = 4). Values are
means ± SDs. * p < 0.05, ** p < 0.01 vs. Wd, according to Student’s t-test, ***p < 0.001.

Taken together, these findings indicate that FGF21 positively regulates PGC-1α expression, but ERK
signaling does not have a significant effect.

3.4. Effect of Leptin Signaling on the Expression of Genes and Proteins Involved in FA Biosynthesis and
Mitochondrial Biogenesis

To determine the effect of leptin signaling on FA biosynthesis and mitochondrial biogenesis in
adipocytes, we knocked down leptin receptor expression in 3T3-L1 preadipocytes using a retroviral
vector and analyzed the cells after differentiating them to adipocytes (Figure 6A). The activation of the
leptin receptor phosphorylates STAT3, the major downstream target molecule of leptin signaling [38].
Leptin receptor knockdown (KD) reduced the phosphorylation of STAT3, confirming that leptin
signaling had been inhibited (Figure 6F,G). The expression of Srebp-1c, Srebp-1a, Fgf21, and Pgc-1α
mRNAs was significantly higher in leptin receptor KD adipocytes than in control cells (Figure 6B–E).
Moreover, the expression of FGF21, PGC-1α, TFAM, ACC, and ME-1 proteins was higher in leptin
receptor KD adipocytes (Figure 6F or Figure 6H–L). This finding suggests that a reduction in leptin
signaling induces the expression of both Srebp-1c and Srebp-1a mRNAs and the expression of proteins
involved in FA biosynthesis and mitochondrial biogenesis in adipocytes.
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Figure 6. The effects of leptin signaling on the expression of genes and proteins involved in leptin
signaling, FA biosynthesis, and mitochondrial biogenesis in mature 3T3-L1 adipocytes. LeptinR
knockdown (KD) (shLeptinR) and control (shGFP) preadipocytes were differentiated into mature
adipocytes in four separate dishes for each phenotype, and then RNA was extracted, and lysates were
prepared from each dish. The mRNA expression levels of LeptinR (A), Srebp-1a (C), Fgf21 (D), and Pgc-1a
(E) were determined using RT-PCR and normalized to Rps18 expression (n = 4). (B) Representative
images of ethidium bromide-stained gels, showing fluorescence corresponding to the products of
Srebp-1c cDNA amplification by RT-PCR. Semiquantitative analysis was performed and the data were
normalized to Rps18 expression (n = 4). (F) Representative immunoblot images showing the expression
of proteins involved in leptin signaling, FA biosynthesis, and mitochondrial biogenesis. Quantitative
analysis was performed using a chemiluminescence method. The protein expression of pSTAT (G),
FGF21 (H), PGC-1α (I), TFAM (J), ACC (K), and ME-1 (L) is shown as the relative intensity of the
indicated protein divided by that of LMNB1 as an internal control (n = 4). Values are means ± SDs. * p
< 0.05, ** p < 0.01, *** p < 0.001 vs. shGFP, according to Student’s t-test.
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4. Discussion

SREBP-1 is a family of transcription factors that are master regulators of FA biosynthesis.
It comprises two isoforms, SREBP-1c and SREBP-1a. SREBP-1c is upregulated in the livers of obese
mice [39,40], and fatty liver occurs in mice with liver-specific overexpression of SREBP-1c [41].
According to previous findings, SREBP-1c functions predominantly in the liver, rather than in WAT,
and is involved in hepatic steatosis [42,43]. However, we have reported previously that CR upregulates
the expression of genes and/or proteins involved in FA biosynthesis and mitochondrial biogenesis,
including Pgc-1a mRNA expression via SREBP-1c, in WAT rather than in the livers of mice on a B6;129S6
background [16]. In the present study, we have shown similar results in mice on a C57Bl/6 background
and mature adipocytes differentiated from MEFs. We also demonstrated that CR upregulates FGF21
via SREBP-1c in mice on both B6;129S6 and C57Bl/6 backgrounds. Fgf21 and Pgc-1a mRNA transcripts
were downregulated in adipocytes differentiated from MEFs derived from SREBP1c KO mice, but these
gene expressions were unchanged in WAT between WdAL and KOAL mice. We are not able to
explain the discrepancy between the in vitro and in vivo findings, but these results reveal, at least,
that SREBP-1c positively regulates both gene expressions. We also generated SREBP-1a OE 3T3-L1
adipocytes (Figure S3A) and the expression levels of mRNAs and proteins of interest were analyzed.
Since the intrinsic expression of Srebp-1c mRNA was very low in 3T3-L1 adipocytes, RT-PCR was not
possible. In SREBP-1a OE adipocytes, the expression of Srebp-1c mRNA was similar in control and
SREBP-1a OE adipocytes (Figure S3B). However, the expression of PeriA and Adipoq mRNA was high
in OE cells (Figure S3C,D), as was that of Fasn and Fgf21 mRNAs, but this was not the case for Pgc-1a
mRNA (Figure S3E–G). In addition, the protein expression of ACC, ME-1, FGF21, PGC-1α, and SIRT3
was unaffected or downregulated by OE (Figure S3H–N). In contrast, protein expression of TFAM was
high in SREBP-1a OE adipocytes but not in SREBP-1c adipocytes. Moreover, Fgf 21 mRNA expression
was upregulated in both SREBP-1c and -1a OE 3T3-L1 adipocytes. In contrast, FGF21 protein was
increased in SREBP-1c OE adipocytes but decreased in SREBP-1a OE adipocytes. We are not able to
rationally explain these distorted results. However, overall, by comparing SREBP-1c and SREBP-1a OE
3T3-L1 adipocytes, we have confirmed that SREBP-1c, rather than SREBP-1a, is principally responsible
for increases in the expression of genes and proteins involved in FA biosynthesis in mature adipocytes.

It has been reported that CR activates mitochondrial biogenesis in various tissues, including WAT,
liver, heart, and skeletal muscle [44,45]. However, we found that CR-induced mitochondrial biogenesis
is mediated by SREBP-1c only in WAT [16]. ME-1, which is upregulated in SREBP-1c OE adipocytes,
is one of the enzymes involved in the pyruvate/malate cycle. Our previous proteomic analysis showed
that CR upregulates the expression of proteins involved in the pyruvate/malate cycle, including
ATP-citrate lyase, citrate synthase, mitochondrial pyruvate dehydrogenase E1 component subunit beta,
and mitochondrial pyruvate carboxylase, as well as ME-1. Therefore, we hypothesized that CR might
activate the pyruvate/malate cycle in WAT in order to switch from the use of glucose to the use of
energy-dense FAs so that energy can be used more efficiently under poor food supply conditions [46].
On the basis of this hypothesis, it makes sense that CR would simultaneously upregulate the expression
of proteins involved in FA biosynthesis, the pyruvate/malate cycle, and mitochondrial biogenesis via
SREBP-1c. Bruss et al. has shown that CR activates de novo FA biosynthesis predominantly in WAT,
rather than in the liver [47], and their findings are consistent with this hypothesis.

FGF21 positively regulates PGC-1α and PPARγ via feed-forward autocrine/paracrine loops in
WAT [26,27]. It is widely accepted that PGC-1α is a master regulator of CR-associated mitochondrial
biogenesis [18]. We have shown here that CR upregulates the expression of both FGF21 and PGC-1α
via SREBP-1c. CR also upregulates PPARγ expression in WAT [29]. Therefore, we characterized the
reciprocal regulatory mechanism involving FGF21 and PGC-1α expression in mitochondrial biogenesis.
In Fgf21 KO adipocytes, the expression of PGC-1α was low and adipocyte differentiation was impaired.
However, in FGF21 OE adipocytes, the expression of Pgc-1a mRNA and PGF-1α protein was high [29].
FGF21 promotes the phosphorylation of ERK via the binding of FGF21 to FGFR and the β-klotho
(KLB) receptor complex [21]. Treatment with an FGFR inhibitor reduced the phosphorylation of ERK
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and the expression of Pgc-1a mRNA but not that of PGC-1α protein. In SREBP-1c OE adipocytes,
the expression of FGF21, PGC-1α, and SIRT3 proteins was very high. We previously demonstrated
that SREBP-1c binds to the promoter of the Pgc-1a gene in adipocytes derived from Wd MEFs, but this
did not occur in SREBP-1c KO MEFs [16]. Furthermore, in brown adipocytes, it has been reported
that SREBP-1c activates the Pgc-1a promoter [48]. Therefore, when CR induces PGC-1α expression in
adipocytes, it is likely that direct transcriptional regulation by SREBP-1c is more significant than the
induction of FGF21 by SREBP-1c.

Leptin is secreted by WAT and acts as a satiety signal to the hypothalamus, activating NPY
and AGRP neurons and suppressing POMC and CART neurons in the hypothalamus, subsequently
activating the sympathetic nervous system and thereby lipolysis in WAT viaβ3-adrenergic receptors [32].
We have shown that a reduction in leptin signaling increases the expression of SREBP-1c, SREBP-1a,
SREBP-1-regulated genes, FGF 21, and PGC-1α in mature adipocytes. These findings suggest that
lower leptin secretion reduces leptin receptor signaling via an autocrine/paracrine loop, resulting
in the greater expression of genes involved in FA biosynthesis and mitochondrial biogenesis in the
WAT of CR mice. Previously, we found that the expression of proteins involved in FA biosynthesis is
higher in obese fa/fa Zucker rats that have a leptin receptor mutation than in lean +/+ rats. Moreover,
CR increases the expression of proteins involved in FA biosynthesis in lean +/+ rats but not in obese
fa/fa Zucker rats [49]. Our present in vitro findings are consistent with these findings in Zucker rats.

Based on findings concerning the CR-associated metabolic remodeling of WAT in Srebp-1c KO mice,
we investigated the upstream and downstream regulatory mechanisms of SREBP-1c in vitro. To confirm
our results in vitro, we examined the mRNA and protein levels of most factors in both OE cells and
KD or KO cells, and we were able to obtain relatively consistent data with regard to upregulated
and downregulated genes. As a result, it was likely that a reduction in leptin signaling induced the
expression of proteins involved in FA biosynthesis and mitochondrial biogenesis via SREBP-1c in
adipocytes. PGC-1α is upregulated via both the direct transcriptional regulation of SREBP-1c and the
upregulation of FGF21 indirectly regulated by SREBP-1c, but it is unlikely that the FGF21-associated
upregulation of PGC-1α expression is a predominant factor in mitochondrial biogenesis induced by
SREBP-1c. Therefore, we conclude that CR might downregulate an autocrine/paracrine loop involving
leptin, with a reduction in leptin signaling activating de novo FA biosynthesis and mitochondrial
biogenesis through the upregulation of SREBP-1c in WAT, in addition to the effects that leptin exerts via
the central nervous system. SREBP-1c expression is high when the leptin concentration is low, and this
is regulated in a GH/IGF-1-independent manner, but it is a key player in the CR-associated metabolic
remodeling of WAT, which involves the upregulation of both FA biosynthesis and mitochondrial
biogenesis. The CR-associated metabolic remodeling of WAT might be a leptin-mediated adaptive
response to food shortage, causing a switch from the use of glucose to lipid as an energy substrate.
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Abstract: Autophagy is an important housekeeping process that maintains a proper cellular
homeostasis under normal physiologic and/or pathologic conditions. It is responsible for the
disposal and recycling of metabolic macromolecules and damaged organelles through broad
lysosomal degradation processes. Under stress conditions, including nutrient deficiency, autophagy is
substantially activated to maintain proper cell function and promote cell survival. Altered autophagy
processes have been reported in various aging studies, and a dysregulated autophagy is associated
with various age-associated diseases. Calorie restriction (CR) is regarded as the gold standard for
many aging intervention methods. Although it is clear that CR has diverse effects in counteracting
aging process, the exact mechanisms by which it modulates those processes are still controversial.
Recent advances in CR research have suggested that the activation of autophagy is linked to the
observed beneficial anti-aging effects. Evidence showed that CR induced a robust autophagy response
in various metabolic tissues, and that the inhibition of autophagy attenuated the anti-aging effects
of CR. The mechanisms by which CR modulates the complex process of autophagy have been
investigated in depth. In this review, several major advances related to CR’s anti-aging mechanisms
and anti-aging mimetics will be discussed, focusing on the modification of the autophagy response.

Keywords: aging; autophagy; calorie restriction (CR); CR mimetic

1. Introduction

1.1. The Autophagy Process

Autophagy is an evolutionarily well-conserved process that occurs in all eukaryotic cells from
yeast to human [1]. The highly complex autophagy-related signaling pathways have been extensively
studied for the last 30 years, and they have been elucidated through the combined study of genetics
and physiology in various species [2]. At least three different forms of autophagy have been identified
so far: macro-autophagy, micro-autophagy, and chaperone-mediated autophagy. All three forms
depend on lysosomal degradation, with macro-autophagy (hereafter referred to as autophagy) being
the most prevalent form. Once activated, autophagy involves the sequestering of cytosolic components
(damaged cell organelles, proteins, or other macromolecule nutrients) by phagophores that mature
into autophagosomes, which are double membrane vesicles [2,3]. Autophagosomes further translocate
and fuse to the acidic lysosome and form the autolysosome, where degradation and recycling occur.
The diverse substrates and basal activity of these processes suggest that cells are highly dependent
on it for maintaining cellular homeostasis. The importance of maintaining an adequate autophagy
response has been demonstrated under both physiologic and pathologic conditions [4].
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1.2. Molecular Machinery of the Autophagy Process

The molecular mechanisms and signaling pathways controlling autophagy have been extensively
studied [5]. Autophagy begins with the de novo production of autophagosome components, followed by
assembly driven by the concerted action of a group of proteins named ATG (autophagy-related genes).
As the detailed molecular machinery of the autophagy process has been previously described in several
review articles, only its overall features will be discussed in this review. At the start of the autophagy
process, phagophore formation is initiated from the endoplasmic reticulum (ER)–mitochondrial
interface, and further elongation of the phagophore depends on the Golgi and plasma membranes. The
progression of autophagosome formation is largely characterized by the recruitment of ATG proteins
to the phagophore [6].

The formation of the UMC-51-like kinase 1 (ULK1, homologous to yeast ATG1) complex is the
earliest event in the formation of the autophagosome. ULK1 activation lies upstream of other ATG
protein recruitment, and ULK1 kinase activity is required for the recruitment of the VPS34 complex
(a class III PI3-kinase) to the phagophore. This is crucial for the phosphorylation of phosphatidyl
inositol (PtdIns) and the subsequent production of PtdIns 3-phosphate. The further recruitment
of phospholipid-binding proteins to the phagophore is important for the stabilization of protein
complexes near the autophagosome formation site. Two conjugation systems are involved in the
vesicle elongation process. The conjugation of ATG5 to the ATG12 complex requires the ubiquitin-like
conjugation system involving ATG7 and ATG10. The conjugated ATG5–ATG12 complex is needed to
further conjugate phosphoethanolamine (PE) to ATG8 (microtubule-associated protein 1 light chain 3;
LC3). ATG4, ATG7, and ATG3 are required for this conjugation process. The conversion of LC3 from
LC3-I (soluble form) to LC3-II (vesicle associated form) by PE conjugation is thought to be required
for the closure of the expanding autophagosomal membrane. Finally, the matured autophagosome is
fused with the lysosome to fulfill the main purpose of the process, culminating with the degradation
and recycling of substrates in the autophagosome.

1.3. Autophagy Is Regulated by Nutrient-Sensing Signaling

A variety of physiologically important stimuli induce the autophagy process, including organelle
(ER, mitochondria) damage, hypoxia, and inflammation [2]. However, nutrients and energy stress
are the most powerful regulators of the autophagy process [7]. Changes in the cellular energy status
such as the withdrawal of nutrients, such as glucose and amino acids, induce the activation of the
autophagy process, from initiation to termination [8]. Nutrient levels can be directly recognized by
the upstream signaling machinery of autophagy to regulate its initiation in response to the changing
cellular energy levels (Figure 1).

Of all the nutrient-associated signaling molecules, mammalian target of rapamycin (mTOR)
has been shown as one of the key upstream modulators of autophagy signaling [9,10]. mTOR is
a highly conserved serine/threonine kinase that is regulated by multiple signals including energy
levels, growth factors, and other cellular stressors, to coordinate cell proliferation/growth and maintain
energy homeostasis. mTOR forms a complex, which is known as mTORC1 (mTOR complex 1) and
mTORC2 (mTOR complex 2). mTORC1 is related to autophagy signaling changes and is activated
in the presence of nutrients or growth factors. mTORC1 is usually activated under nutrient-rich
conditions [11]. It can be directly activated by an increased concentration of amino acids in the cell
or as downstream signaling through the action of growth factors [11,12]. Once activated, mTORC1
directly phosphorylates ULK1 [13]. Critically, the activation of mTORC1 is sufficient to inhibit
autophagy in the presence of sufficient nutrients [14]. The direct repression of ULK1 kinase by
mTORC1 is also well conserved across species [15]. Other components of the ATG complex directly
interact with mTORC1 and repress the autophagy process [16]. Furthermore, mTORC1 can indirectly
suppress autophagy by controlling lysosome biogenesis [17,18]. The transcription factor EB (TFEB) is
responsible for the transcription of lysosomal and autophagy-related genes [19]. mTORC1-mediated
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TFEB phosphorylation decreases its transcriptional activity, thus decreasing the overall expression of
autophagy-related gene expression [20,21].

Figure 1. Autophagy is regulated by nutrient-sensing signaling. Autophagy signaling is modulated
mainly by nutrient-sensing signaling pathways. Insulin and IGF (insulin-like growth factor) induce the
activation of mammalian target of rapamycin (mTOR) signaling and inhibit autophagy initiation. The
activation of AMP-activated protein kinase (AMPK) by an increased AMP/ATP ratio during starvation
directly increases autophagy and inhibits the mTOR complex. CRE-binding protein (CREB) activation
by glucagon signaling and peroxisome proliferation factor-activated receptor α (PPARα) activation by
its ligands increases the gene transcription level of autophagy and lysosome-related proteins.

Under nutrient-deficient conditions, the activation of autophagy is regulated by several well-known
nutrient-sensing signaling proteins. One of the most prominent players of nutrient deprivation sensing
is the AMP-activated protein kinase (AMPK) [13,22]. The molecular ratio of ATP to AMP reflects the
cell’s energy levels, and increased levels of AMP represent an internal cell warning system that induces
the cell to save energy for the maintenance of metabolic homeostasis. AMP is directly sensed by AMPK,
and activated AMPK has been characterized and shown to have multiple functions in the regulation of
cellular metabolism. There are several mechanisms by which AMPK induces autophagy. First, AMPK
directly phosphorylates ULK, which is a process that is required for ULK1 activation and the initiation of
autophagy under nutrient deprivation conditions [13]. The interaction between AMPK and ULK1 can
be blocked by mTORC1-mediated ULK1 phosphorylation, indicating an intricate connection between
these two pathways. Secondly, AMPK is a negative regulator of the mTOR signaling pathway [23].
Mechanistically, AMPK directly phosphorylates the tuberculosis-associated complex (TSC), which is a
negative regulator of mTORC1 activation. AMPK also directly phosphorylates the Raptor subunit
of the mTORC1 complex, increasing the degradation of the mTORC1 complex. These studies clearly
demonstrated that AMPK, a critical regulator of nutrient availability, is able to regulate autophagy
activity by coordinating mTOR-dependent and independent mechanisms.

1.4. Autophagy and Aging

Aging is associated with various changes including genomic instability, loss of proteostasis,
epigenetic alterations, and deregulated nutrient-sensing pathways [24]. These changes are also
associated with numerous age-related diseases including cardiovascular diseases, neurodegenerative
diseases, and metabolic diseases. Among the changes that occur during aging, some are associated
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with autophagy-related signaling pathways [24,25]. A decline in the overall proteolytic activity
and an altered nutrient-sensing signaling are directly associated with autophagy. Indeed, decreased
autophagy with aging has been reported extensively in a broad range of organisms, where a progressive
accumulation of damaged proteins and cellular organelles was shown to occur [26]. The decreased
level of autophagy-related gene transcripts and proteins has been detected in nematodes and the fruit
fly [27–29]. Aged tissues from mammals and humans also showed a lower expression of key autophagy
proteins [30–32]. Consistent with changes in the levels of autophagy components, recent studies further
showed a decreased overall autophagic capacity during aging in C. elegans [33]. Electron microscopy
observations showed an age-related accumulation of autophagic vacuoles, which represents the
blockage of autophagy flux. Similarly, the overall proteolysis activity is impaired during the aging
process, and long-lived proteins that were not properly degraded have been detected in the liver in
aged rats [34].

Further striking evidence between aging and autophagy comes from several genetic models
of impaired autophagy. An unbiased screen for aging factors in yeast, nematodes, and fruit fly
revealed short-lived mutants with defects in autophagy [27,35,36]. Moreover, in knockout mice, whole
body deletion of autophagy-related genes led to early postnatal death, indicating an essential role of
autophagy in the overall maintenance of physiological processes [37–39]. Tissue-specific conditional
knockout mice models also revealed the multiple phenotypes of aging, including the aggregation and
accumulation of intracellular proteins, cellular organelles, and other macromolecules [40–43]. The
loss of autophagic activity in these models is likely to increasingly constrain the ability of the cells
to maintain quality control, leading to the accumulation of toxic insults, and resulting in aging and
age-associated pathologies [3]. On the other hand, accumulating evidence suggests that experimentally
enhanced autophagy extends the lifespan and delays the aged phenotype. The overexpression of
specific autophagy genes can extend the lifespan in several species. The upregulation of autophagic
activity can extend longevity in C. elegans, as well as in the yeast, while the ubiquitous overexpression
of Atg5 in mice is sufficient to stimulate autophagy and extend the lifespan [44,45]. Collectively, these
observations indicate that changes in autophagic activity may be associated with longevity and that
augmenting autophagic function may be an effective approach to delay aging and promote longevity
in different species, including in mammals.

The mechanisms by which autophagy components or autophagic processes decrease with age
remain unclear. Since the autophagy process, from initiation to completion, is complex and associated
with various steps and different proteins, it is likely that the mechanisms contributing to age-associated
autophagy decrease are multifactorial. The most plausible regulatory mechanism contributing to
suppressed autophagy in aging is a change in the upstream signaling during autophagy initiation. Two
important nutrient-sensing proteins, mTOR and AMPK, play an important role in the regulation of the
initiation of autophagy [10,13]. Furthermore, these factors reflect the status of a cell, such as hormonal
regulation (outside the cell) and nutrition stress (inside the cell). The nutrient sensor mTOR strongly
inhibits not only the initiation of autophagy but also exerts an inhibitory effect on multiple steps in
the autophagy process. It is possible that increased mTOR signaling during aging plays an important
role in the age-associated suppression of autophagy. Since increased mTOR activity has been reported
in various age-related diseases including metabolic and degenerative disorders, it is plausible that
increased mTOR signaling is the predominant cause for the downregulation of the overall autophagy
process [46]. Unlike mTOR, which is usually hyperactivated during aging, the activity or expression of
AMPK is typically suppressed [47]. It is plausible that decreased AMPK might influence or suppress
autophagy and act in concert with mTOR. To this end, although mechanisms disrupting autophagy
signaling during aging are multifactorial, it is clear that modifications in its upstream pathways are
critical for its regulation.

Another possible mechanism responsible for the decreased autophagy observed in aging is
transcriptional regulation. TFEB has been previously described as a regulator of autophagy-related
gene transcription; however, recent studies have revealed other important transcription factors
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that regulate the gene expression of autophagy-related proteins. The fasting transcriptional factor
CRE-binding protein (CREB) is upregulated by glucagon under nutrient deprivation conditions, and it
also upregulates autophagy gene expression including ATG7, ULK1, and TFEB. In addition to CREB,
peroxisome proliferation factor-activated receptor α (PPARα), another transcription factor playing
a role in starvation, also directs the transcription of autophagy genes [19,48,49]. Both transcription
factors may act in concert to increase autophagy-related gene expression. The genetic deletion of both
transcription factors reduced autophagy and led to an inadequate metabolic response, particularly
under nutrient deprivation. Although there is no direct evidence of whether they play a role in defective
autophagy during aging, there is some evidence that they are important and dysregulated during
aging [50–52]. Further studies will be necessary to reveal the relationship between these transcription
factors and defective autophagy during aging.

2. Calorie Restriction (CR) Modulates Autophagy Processes

2.1. Introduction to Calorie Restriction

Calorie restriction (CR) has been shown to be an established life-extension method regulating
age-related diseases as well as aging itself. Although different in methodology (usually 20%–40% ad
libitum intake, 40% reduction in most cases), CR showed a prolonged lifespan in a wide range of
species from yeast to non-human primates, and supports healthy human aging [53]. Furthermore, CR
exerts preventive effects on various age-related conditions such as cancer, neurodegenerative diseases,
cardiovascular, and other metabolic diseases [54]. The diverse efficacy of CR in counteracting aging
and age-related diseases has made it the golden standard of aging intervention studies. Although
the anti-aging effects of CR are reproducible, the exact mechanisms of how CR exerts its anti-aging
effects are debatable, because CR regulates several different aspects of physiology. These changes
include modifications in the energy-sensing signaling, oxidative stress, inflammation, and other
intercellular and intracellular processes. Among the many changes induced by CR, energy production
and utilization is the most directly regulated signaling exerted by CR [55,56]. Since reduced energy
intake and changes in nutritional status following CR may change the molecular signaling pathways
associated with energy-sensing mechanisms, other mechanisms may be secondary effects to this process.

2.2. Evidence for the Beneficial Effects of CR-Mediated Autophagy

Based on the induction mechanism of autophagy and its role during starvation, it was predicted
that CR might induce the autophagic process. Indeed, under many different settings of nutrient
deprivation conditions, including in CR, autophagy is induced to regulate the organism’s homeostasis.
Although it is clear that CR represents a strong physiologically autophagic inducer, it is uncertain
whether autophagy contributes to the anti-aging effects of CR. Recently, several studies have shown
that autophagy induction was essential for the anti-aging effects of CR (Table 1). CR was shown
to promote longevity or protect from hypoxia through a Sirtuin-1-dependent autophagy induction
process [57,58]. Another study also showed that life extension through methionine restriction required
autophagy activation [59]. Growing evidence supports the notion that autophagy has a substantial role
in the beneficial effects of CR [60,61]. In addition to research on longevity, other studies have shown
that CR robustly induces autophagy under various physiological and pathological conditions, and
that it has a protective effect in the maintenance of normal functions in the organism. In the following
section, the protective role of autophagy under CR conditions will be discussed.

71



Nutrients 2019, 11, 2923

Table 1. Studies showing protective effects of calorie restriction (CR)-induced autophagy in different
organs. LC3: light chain 3.

Liver Autophagy

Species CR Methods Main Results Ref

Fisher Rats 40% calorie restriction
(Life-long)

CR had no substantial effect on the expression of
autophagic proteins [62]

SD Rats Alternative day fasting
(10 months)

Alternative day fasting increased autophagy at
high levels [63]

Rat 40% calorie restriction
(4 months)

CR increased autophagy flux (LC3-II/LC3-I ratio)
especially in the mitochondrial membrane [64]

Mice 0%–40% calorie
restriction (4 months) A significant increase in autophagy was detected [65]

Muscle Autophagy

Fisher Rats 8% calorie restriction
(Life-long)

Mild CR attenuated the impairment of autophagy in
rodent muscle during aging [66]

Human
Up to 30% calorie

restriction
(3–15 years)

Autophagy-related genes were significantly
increased in response to CR [67]

Mice 40% calorie restriction
(6–18 months)

Autophagy and mitochondrial integrity was
significantly increased [68]

Adipose Tissue Autophagy

Mice 40% calorie restriction
(15 days)

Autophagy was significantly induced in lean mice
(but not in obese mice) [69]

Mice 40% calorie restriction
(Life-long)

Autophagy activity was enhanced in CR mice
compare to aged mice [70]

Kidney Autophagy

Mice 40% calorie restriction
(12 month)

Autophagy flux and LC3 conversion were higher in
CR mice [58]

SD Rats 40% calorie restriction
(2 month)

Short-term CR increased LC3-II/LC3-I ratio and
beclin-1 expression [71]

3. Protective Effects of CR-Induced Autophagy on Different Organs

The substrates of autophagy include important macronutrients such as glycogen and lipid
droplets [72,73]. Under CR conditions, it is essential for cells to use their internal nutrient stores.
The breakdown products derived from autophagy provide substrates for biosynthesis and energy
generation. The redistribution of nutrients, under starved or CR conditions, is essential for the cells
to adapt to the changed nutritional environment. Indeed, metabolic tissues show the most dramatic
changes in autophagy regulation under nutrient-starved conditions, suggesting its important role in
the regulation of metabolism.

3.1. Liver

The importance and original concept of autophagy was first described in the liver, where high
levels of enzymes and cellular organelles associated with lysosomal degradation are found. Liver
autophagy plays an important role under physiologic and pathologic conditions by contributing to the
recycling of organelles, as well as macronutrients [74]. Recent evidence showed that the role of liver
autophagy under normal physiological conditions is to regulate the nutrient degradation systems, such
as glycogenolysis and lipid droplet degradation [42,75]. Furthermore, lipid droplet degradation in
hepatocytes (lipophagy) is particularly important under pathologic conditions such as in non-alcoholic
fatty liver disease, steatohepatitis, and in hepatocellular carcinoma [75–77]. The deficient autophagic
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response aggravated not only lipid accumulation but also other pathologic features of liver disease.
Liver autophagy is also impaired during aging. The base level of autophagy as well as autophagy
induced by stress responses is impaired in the aged liver, making it vulnerable to liver damage [72].

The effects of CR on liver autophagy were assessed in several studies. Wohlgemuth et al. evaluated
the effects of life-long CR in Fisher rats [62]. They found that life-long CR did not cause a substantial
change in the expression of autophagic proteins in the liver. However, other studies using different
CR settings found different results. Donati et al. assessed the effect of CR following alternate day
fasting [63]. When studying the rate of autophagic proteolysis in the isolated livers, they found that
maximum rates of autophagy were achieved in the CR groups compared to controls. A more recent
study by Luevano-Martinez et al. showed the effect of CR on the induction of autophagy in liver
mitochondria [64]. They isolated mitochondria from the livers of controls, and after 4 months of a
CR schedule, they found an increase in the LC3-II/LC3-I ratio in CR livers, indicating enhanced liver
mitochondrial autophagy. Derous et al. found similar results when they evaluated the effect of graded
levels of CR on autophagy using the hepatic transcriptome [65]. Mice were subjected to a graded
level of CR (from 0% to 40% CR) for 3 months, following which a significant increase in autophagy
levels was observed that correlated with increased levels of CR. In the liver, the autophagy response is
generally increased following CR, independently of the method used to induce CR.

In addition to CR, fasting also induced a robust hepatic autophagy. Although fasting is different
from a consistent pattern of CR, they share some common features. Researchers have identified that
a fasting-induced autophagy response is a fundamental process during food deprivation and is an
important protective response in the regulation of metabolism [78,79].

3.2. Muscle

The skeletal muscle is the most abundant body tissue (comprising approximately 40% of the
body weight) and is a dynamic tissue consistently adapting to metabolic demands. To meet the high
metabolic demand, autophagy proteolytic systems engage in metabolic regulation [80]. In the muscle,
autophagy regulates protein degradation and provides amino acids for energy production [43,81]. This
is particularly important under nutrient-deprived or stress conditions to maintain adequate energy
production. Recent studies have shown that basal autophagy is crucial for the maintenance of muscle
physiology, and that a maladaptive autophagy is implicated in various muscle diseases, including
muscular dystrophy, sarcopenia, and myofibril degeneration [31,66,82–84].

Several studies have shown the ability of CR to induce muscle autophagy and its beneficial
effects. Wohlgemuth et al. investigated the effects of aging and mild CR on skeletal muscle autophagy
and lysosome-related proteins [66]. They found LC3-I and LAMP-2 accumulation, suggesting an
age-related decline in autophagic degradation. Age-related changes were inhibited by CR, concluding
that mild CR attenuated the age-related impairment of autophagy in skeletal muscle in rodents. More
evidence comes from a recent clinical trial study. Yang et al. showed that long-term CR enhanced the
overall quality-control processes in human skeletal muscle [67]. They found that several autophagy
genes, including ULK1, ATG101, beclin-1, LC3 were significantly upregulated in response to CR.
Furthermore, they found decreased muscle inflammation, suggesting another beneficial role of CR
on muscle biology. The study by Gutierrez-Casado et al. also showed a prominent effect of CR on
autophagy in the muscle [68]. CR resulted in decreased levels of p62, suggesting a possible increase in
autophagy flux. Although not experimentally demonstrated, Lee et al. suggested the importance of
the role of autophagy on muscle stem cell regeneration induced by CR [85]. CR not only improved
stem cell regenerative capacity but also enhanced the engraftment capacity of muscle stem cells [86].
CR-induced autophagy may prime the improvement in oxidative stress and increase mitochondrial
activity in muscle stem cells, contributing to their beneficial regenerative effects in muscle.
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3.3. Adipose Tissue

Adipose tissue is another important metabolic tissue that plays an important role in lipid storage
during energy-sufficient conditions. A reduction in adiposity is the hallmark of CR, which is a
consequence that may result from hormonal changes [87]. Although it is clear that autophagy induces
lipid degradation through lipophagy in the liver, the role of autophagy in the regulation of adipose
tissue lipids is more complex [88]. Singh et al. first showed that adipose tissue autophagy regulates
adipose tissue mass and differentiation [89]. They found that the knockdown of Atg7, an essential
autophagy gene, inhibited lipid accumulation and decreased the protein level of several adipocyte
differentiation factors. Furthermore, they demonstrated that the adipocyte-specific Atg7 knockout
mouse had a lean phenotype with decreased white adipose mass and enhanced insulin sensitivity.
However, more recently, Cai et al. showed a protective effect of autophagy in mature adipocyte
function [90]. They showed that autophagy proteins are required for adequate mitochondrial function
and that the post-development ablation of autophagy caused insulin resistance.

The defective regulation of adipose tissue autophagy has been detected in mice and human
obesity [69]. In mice models of obesity and in obese humans, autophagy-related genes and proteins
were found to be significantly upregulated [91,92]. Although these results were interpreted as increased
autophagy, at first, Soussi et al. showed that the autophagy flux was impaired in obesity [93]. This
result was consistent with the conclusion derived from the work of Cai et al., showing that autophagy
may play a protective role after maturation. Based on these results, it is clear that the maintenance
of an appropriate activation of autophagy is needed in the adipose tissue. However, the role of CR
in adipose tissue function is yet to be clarified. Nunez et al. showed that CR successfully increased
autophagy in lean mice, but in obese mice, autophagy induction did not occur, suggesting that similarly
to previous reports, the autophagic response is defective during obesity [69]. Ghosh et al. studied
the effects of aging and CR on adipose tissue autophagy and found a diminished autophagy activity
with aging, contributing to aberrant ER stress and inflammation in aged adipose tissue [70]. They also
showed that autophagy activity was enhanced in the CR mice with a concomitant decrease in ER stress
and inflammation. Taken together, CR has beneficial effects on adipose tissue, at least partly through
the induction of the autophagy response.

3.4. Kidney

Kidneys also show beneficial effects from CR, including the induction of autophagy. In the
canonical concept of metabolism, the kidney is not an active participant. However, the kidney can
participate and play an important role in the metabolism of carbohydrates, proteins, and lipids [94,95].
Renal tubule cells have a high basal level of energy consumption and depend on the β-oxidation of
fatty acids to generate adequate amounts of ATP [96]. Furthermore, proximal tubule cells generate
glucose through gluconeogenesis, especially under nutrient-deficient conditions, and contribute to the
total blood glucose level [97]. For these reasons, suitable autophagy is important for the maintenance of
normal kidney physiology by regulating adequate metabolic processes and organelle quality. Defects
in autophagy have been found to worsen conditions in several types of kidney diseases [98,99]. CR is
known to have beneficial effects in the kidney both under physiologic and pathologic conditions [100].
In addition, CR also leads to a delayed age-associated kidney dysfunction and to structural changes [50].
Among several suggested mechanisms that explain the beneficial effects of CR in the kidneys, increased
autophagy activity is an important one.

Kume et al. designed a 12-month-long CR schedule in 12-month-old mice to assess the effect
of aging and CR on autophagy [58]. In comparison to the control group, CR resulted in healthy
mitochondria with numerous autophagosomes in the kidney. In addition, a lower level of p62 was
found in the kidney of the CR mice. The ratio of LC3 conversion and LC3 puncta were higher in the CR
mice, indicating that CR-mediated autophagy increased mitochondrial integrity and protected from
age-associated kidney damage. Ning et al. showed a similar result using a short-term calorie restriction
model [71]. CR groups had a 40% calorie restriction for 8 weeks, and showed increased autophagy flux,
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autophagy-related gene expression, and reduced oxidative damage. CR also significantly decreased
p62 expression and polyubiquitin aggregates.

Chung et al. also showed that short-term CR reduced age-associated renal fibrosis [50]. They
found that reduced PPARα expression during aging impaired lipid metabolism and induced interstitial
fibrosis in the kidney. PPARα knockout mice showed an early onset of age-associated kidney fibrosis.
Although they only focused on lipid metabolism for the regulatory role of PPARα and did not
check for autophagy changes in their model, PPARα plays an important role in the expression of
autophagy-related genes; therefore, it is plausible that autophagy might have played a role in mediating
the anti-fibrosis effects of CR in their model. Collectively, these studies strongly suggest that CR
effectively induces autophagy in aging and diabetic mice and plays a protective role in these settings.

4. Benefits of Intermeal Fasting in Autophagy: Is CR the Only Solution?

Recently, an interesting study by Martinez-Lopez et al. demonstrated a pivotal role for autophagy
under nutritional conditions other than CR [78]. They introduced an isocaloric twice-a-day (ITAD)
feeding model with the same amount of food consumption in total as ad libitum controls. These mice
were exposed to food at two short time intervals, early and late in the diurnal cycle. The concept of this
model is different from calorie restriction because the total food intake is the same as the controls. ITAD
still leads to intermeal fasting, which induces various physiological changes, including the autophagy
process. ITAD feeding impacted autophagy flux in multiple organs including liver, adipose tissue,
muscle, and neurons. ITAD feeding promoted multiple metabolic benefits in organs where autophagy
was increased, and further experiments demonstrated a tissue-specific contribution of autophagy to
the metabolic benefits of ITAD feeding by use of tissue-specific autophagy knockout models. Finally,
in an aging and obesity model, it was concluded that consuming two meals a day without CR could
prevent metabolic syndrome through the activation of autophagy. This study could easily translate to
humans, as ITAD is more feasibly applied than CR. If a similar regimen was applied in humans, it
could provide some beneficial effects such as autophagy induction and ultimately prevent various
age-associated metabolic diseases.

More recently, Stekovic et al. showed a prominent effect of alternate day (AD) fasting on aging in
non-obese humans [101]. AD fasting significantly improved physiological and molecular markers; it
also improved cardiovascular markers with reduced fat mass and without any of the typical adverse
effects. This study also emphasized that AD fasting can be tolerated more easily than continuous CR and
lead to similar beneficial effects. Although they did not check whether the autophagic response played
a role, it might be interesting to further investigate the effects of AD fasting on autophagy induction.

5. CR Mimetic as an Autophagy Inducer

CR could have beneficial effects that prolong human lifespan; however, it is challenging to
implement, even in the case of short-term CR. Therefore, the development of drugs or compounds that
mimic the effect of CR is an interesting topic of discussion among biologists and gerontologists [102].
Based on the pathways and proteins changed under CR conditions, many have started to investigate
modulators that mimic the CR effect. Currently, several drugs and other compounds naturally occurring
in the diet (nutraceuticals) have been shown to act as a CR mimetic through various mechanisms. The
targets of mimetics include the glycolysis pathway, insulin/insulin-like growth factor signaling, mTOR,
AMPK, sirtuins, and other pathways associated with CR. Interestingly, many well-known CR mimetics
are directly or indirectly associated with autophagy regulation. The following discussion will focus on
well-known CR mimetics that act through the regulation of autophagy (Figure 2).
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Figure 2. Calorie restriction (CR) and CR mimetics modulate the autophagy process. CR decreases
mTOR signaling by reducing insulin and IGF levels. CR increases the AMP/ATP ratio and activates
AMPK. Decreased mTOR and activated AMPK efficiently induce the initiation of the autophagy process.
Various CR mimetics can induce the autophagy process. Rapamycin activates autophagy by inhibiting
mTOR and metformin induces autophagy by activating AMPK. Spermidine enhances the overall
autophagy process through the inhibition of EP300 deacetylase.

5.1. Rapamycin, an mTOR Inhibitor

Rapamycin was initially described as an immune-suppressor drug and is a commonly referred
compound for CR mimetics. In later studies, it has been demonstrated that rapamycin directly
binds between FKBP12 and the mTOR kinase subunits of mTORC1, causing the inhibition of mTOR
and its downstream signaling pathway [103]. The mTOR inhibitory activity of rapamycin gained
attention because the activity and expression of mTOR is significantly increased in aging and in
age-related diseases [104]. Furthermore, CR was shown to downregulate mTOR function, leading to an
increased autophagy with decreased protein synthesis [105]. Rapamycin has been documented
as delaying or ameliorating age-related diseases including metabolic diseases, cardiovascular
diseases, Hutchinson–Gilford progeria syndrome premature aging phenotype, and neurodegenerative
diseases [104,106]. Rapamycin also showed a lifespan extension effect in various animal models
including in the yeast, fruit fly, and nematode [107]. In addition, the life-extension effect of rapamycin
was also verified and replicated in mice by several independent groups [108,109].

Although rapamycin activates autophagy through the inhibition of mTOR, it also shows other
beneficial effects through the regulation of other signaling pathways. mTORC1 is activated not only
by nutrient levels in the cell but also by cell growth hormones. mTORC1 interacts with key proteins
in the anabolic process such as S6K, 4E-BP1, and SREBP1c, and activates protein, lipid, nucleotide,
and organelle synthesis such as mitochondria [104]. However, evidence has also demonstrated some
side effects of rapamycin such as a suppressed immune system, increased incidence of diabetes,
and nephrotoxicity [110]. The safety and side effects of rapamycin in the long-term use should be
carefully considered.

5.2. Metformin, an AMPK Activator

Merformin is another interesting CR mimetic. It is a guanidine-based hypoglycemic agent that is
used as a drug for the treatment of type-2 diabetes, and has the ability to increase insulin sensitivity
through the activation of AMPK. Although it is commonly referred as an AMPK activator, it is unlikely
that metformin directly binds to either AMPK or its activator LKB1 [111]. Evidence supports that
metformin may increase AMPK activation by modulating ATP production in mitochondria [112].
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Since AMPK is downregulated in many types of metabolic disease, metformin showed a particular
beneficial effect in various age-related metabolic diseases [113]. Further studies have shown a lifespan
extension effect of metformin. During the screening of CR mimetics, Dhahbi et al. first found that
metformin treatment showed a similar transcriptional profile to that of CR in mice [114]. Moreover,
metformin was shown to lead to an increased lifespan in nematode and rodent models [115,116].
Interestingly, some studies showed that the beneficial effects of metformin were less pronounced
under autophagy-inhibited conditions, suggesting the importance of autophagy signaling induced by
metformin [117–120]. It is now clear that metformin shows its beneficial effects at least partly through
the induction of autophagy. However, in some models of aging, the longevity benefit of metformin
was not observed. It is clear that metformin has several beneficial effects in various metabolic diseases.
However, further investigation is needed to verify whether metformin can act as a CR mimetic and
consistently present anti-aging effects.

5.3. Spermidine

Unlike rapamycin and metformin, spermidine is a natural polyamine that stimulates
autophagy [121]. It has been demonstrated to be involved in various cellular processes and to
regulate cellular homeostasis. The external supplementation of spermidine extends the lifespan
in various species including yeast, nematodes, fruit flies, and mice [121–123]. It also showed
protective effects in several degenerative diseases. Importantly, many of these anti-aging and beneficial
properties of spermidine were abrogated when there was a genetic impairment to autophagy [123–125].
Mechanistic studies revealed that spermidine induces autophagy through the inhibition of several
acetyltransferases. EP300, one of the acetyltransferases regulated by spermidine, is a main negative
regulator of autophagy [126]. Epidemiology data showed that spermidine levels decline with age,
and that the increased uptake of spermidine-rich foods diminishes the overall mortality associated
with cardiovascular diseases and cancer [127,128]. Interestingly, a recent report also demonstrated
a similar role for aspirin, and the induction of autophagy by aspirin has been demonstrated in
several species [129,130]. Collectively, these results provide new molecular mechanisms for regulating
autophagy, and spermidine and aspirin could form a new type of CR mimetics with anti-aging effects.

6. Concluding Remarks

In this review, the anti-aging effects of CR-induced autophagy were discussed. Although
dependent on the species and age used in the experimental models and on the duration and intensity of
CR regimens, all evidence supports a role for CR in autophagy activation. CR-induced autophagy plays
a pivotal role under physiological conditions by maintaining adequate homeostasis in the organism.
Furthermore, in various organs and tissues under pathologic conditions including aging, CR-induced
autophagy played a protective role. The underlying mechanisms of longevity extension in response to
CR are not yet fully understood, but evidence supports that activated autophagy could be playing an
important role. With further advances in mechanistic biology, it is interesting that autophagy-inducing
CR mimetics show similar effects to CR in several organisms. While more studies are required to better
understand the benefits of CR mimetics, its safety and side effects should also be carefully considered.
Finally, it will be necessary to assess whether autophagy inducers are effective and can be applicable in
the treatment of human diseases.
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Abstract: During the aging process of an organism, the skin gradually loses its structural and
functional characteristics. The skin becomes more fragile and vulnerable to damage, which may
contribute to age-related diseases and even death. Skin aging is aggravated by the fact that the skin
is in direct contact with extrinsic factors, such as ultraviolet irradiation. While calorie restriction
(CR) is the most effective intervention to extend the lifespan of organisms and prevent age-related
disorders, its effects on cutaneous aging and disorders are poorly understood. This review discusses
the effects of CR and its alternative dietary intake on skin biology, with a focus on skin aging.
CR structurally and functionally affects most of the skin and has been reported to rescue both
age-related and photo-induced changes. The anti-inflammatory, anti-oxidative, stem cell maintenance,
and metabolic activities of CR contribute to its beneficial effects on the skin. To the best of the
author’s knowledge, the effects of fasting or a specific nutrient-restricted diet on skin aging have
not been evaluated; these strategies offer benefits in wound healing and inflammatory skin diseases.
In addition, well-known CR mimetics, including resveratrol, metformin, rapamycin, and peroxisome
proliferator-activated receptor agonists, show CR-like prevention against skin aging. An overview
of the role of CR in skin biology will provide valuable insights that would eventually lead to
improvements in skin health.

Keywords: skin aging; calorie restriction; intermittent fasting; CR mimetic; photoaging; skin appendages

1. Introduction

The skin is the largest organ of the body and provides important protection from life-threatening
environmental factors. The skin undergoes physiological and functional deterioration as organisms
age, which manifests as visible changes that are clearly apparent. The esthetic implication of skin aging
has been a motivating factor behind numerous studies investigating this phenomenon. In addition,
skin aging is largely influenced by extrinsic factors owing to its location; this process is called extrinsic
skin aging, which is a separate process to intrinsic and chronological skin aging.

Calorie restriction (CR) is the most effective intervention to extend the lifespan of various
organisms and has been used as a benchmark for longevity in anti-aging research [1,2]. There are
numerous reports demonstrating the preventive effects of CR on aging and associated diseases, such as
chronic nephropathies, cardiomyopathies, diabetes, autoimmune conditions, respiratory diseases,
and neurological degeneration [3,4]. However, the effects of CR on the skin are poorly understood.
The lifespan-prolonging changes induced by CR in the skin are believed to be less pronounced than
in other major organs, including the liver, heart, and brain. This review serves to summarize the
characteristics of skin aging and discuss current studies focusing on the effects of CR and alternative
approaches to CR on cutaneous physiology and aging.

Nutrients 2020, 12, 1529; doi:10.3390/nu12051529 www.mdpi.com/journal/nutrients85
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2. Skin Aging

2.1. Extrinsic Factors of Skin Aging

The aging process involves physiological and functional deterioration that progresses throughout
the lifetime of an organism, induced by various genetic and non-genetic environmental factors.
Eventually, homeostasis is disrupted, and susceptibility to disease or death is increased [5]. Skin aging
is affected by both intrinsic and extrinsic factors, with extrinsic environmental factors contributing to
the effects of chronological aging.

The concept of “exposome” was developed by American cancer epidemiologist Christopher Wild in
2005 [6] and refers to the totality of exposures to which an individual is subjected to from conception to
death. The skin aging exposome, proposed by Krutmann et al., suitably describes the external and internal
factors, and their interactions, that affect humans from conception to death, as well as the response of
the human body to these factors that lead to skin aging [7]. The environmental factors of a skin aging
exposome can be categorized into solar radiation (ultraviolet (UV) radiation, visible light, and infrared
radiation), air pollution, tobacco smoke, nutrition, cosmetic products, and miscellaneous factors [7].

Among the extrinsic factors, UV radiation is an established accelerator of skin aging, through
a process termed photoaging [8]. While UVC (200–280 nm) is filtered out by the ozone layer,
UVB (280–320 nm) and UVA (320–400 nm) are the principal wavebands responsible for photoaging.
An organism is exposed to sunlight UV comprising approximately 5% UVB and 95% UVA, but the
degree of UVB exposure is expected to increase with ozone layer depletion [9]. UVB generally
induces DNA damage, which results in skin tumorigenesis and causes excess melanin production
and sunburn at high doses. UVA causes little DNA damage but generates significant oxidative stress,
which mediates oxidative damage to DNA and non-DNA targets [10]. UVB and UVA both contribute
to the characteristic features of photoaging [11].

Unlike experimental animals, humans who have lived strictly indoors for a lifetime are rare.
In humans, photoaging is superimposed onto intrinsic aging. However, the difference between intrinsic
aging and photoaging can be evaluated by comparing the features of UV-exposed skin sites, such as
the face and dorsal side of the forearm, with non-exposed sites, e.g., the buttock skin. For example,
while the loss of extracellular matrix (ECM) is a distinct feature of intrinsically aged skin, photoaged
skin contains abundant elastin and collagen fibers, which are fragmented and disorganized [11,12].
Ultimately, the morphological changes and functional loss of skin during the aging process result from
a combination of intrinsic and extrinsic aging.

2.2. Structural and Functional Alterations in Aged Skin

The skin is a complex organ with multiple cell types. It consists of two primary layers, the epidermis
and dermis, as well as skin appendages, including hair follicles, sebaceous glands, sweat glands,
and nails [13]. The physiological and functional alterations of each part of the skin during aging are
reviewed in the following sections.

2.2.1. Epidermal Changes in Aged Skin

The outermost layer of the skin, a highly specialized and multilayered epithelium, is called the
epidermis. The mature epidermis is a stratified squamous epithelium that is composed of numerous
keratinocyte layers, including the “stratum basale” (or the basal layer), “stratum spinosum” (or the
spinous layer), “stratum granulosum” (or the granular layer), and the “stratum corneum” (or the
corneal layer). Keratinocytes proliferate symmetrically and asymmetrically and differentiate, slowly
moving towards the surface replacing old cells. During the terminal differentiation process, the cells
become more flattened and water impermeable.

Changes in the thickness of the epidermis with age are varied, but mostly appear to be sustained
or decreasing thickness. While the epidermis on the upper inner arm was reported to be thinner in the
elderly [14], highlighting the alteration of the epidermis during intrinsic skin aging, other reports showed
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that epidermal thickness was not correlated with age [15–17]. In a murine study, older animals had a
thinner epidermis at four different skin areas (dorsal, ventral, pinna, and footpad) of laboratory-raised
CBA mice [18], but no differences were observed in the thickness of the dorsal and ventral epidermis
of C57BL/6 mice [19]. In another study, photoaged skin appeared hypertrophic, atrophic, or unaltered,
and histologically, the stratum corneum showed hyperkeratosis [8]. Cigarette smoking, another
extrinsic factor of skin aging, was found to be negatively correlated with the thickness of the stratum
corneum [16].

A vital function of the epidermis is to act as a protective interface between the body and the
external environment, by preventing infection and the loss of body fluids, resisting mechanical stress,
and participating in immune responses. The skin barrier function is also partially influenced by age.
In menopausal women, measurements of transepidermal water loss showed a minor change in the
hydration of the cornified layer, decreased sebum production, and a significantly higher skin surface
pH [20]. Chronic itching is also common in aging skin. This may be due to the age-related decline in
Merkel cell numbers, which act as mechanoreceptors [21], which causes the sense of touch to turn to
an itching sensation [22].

A basement membrane lies beneath the epidermis at the dermo-epidermal junction, which adheres
the epidermis to the dermis through a connection of the basal keratinocytes to the basement membrane
by hemidesmosomes, and the fibroblasts in the dermis attach to the basement membrane by anchoring
fibrils [23,24]. The junction is undulating. The downward folds of the epidermis are called epidermal
ridges or rete ridges, and the upward projections of the dermis are called the dermal papillae. Significant
flattening of the rete ridges was consistently observed in independent studies of different areas of
skin [17,25]. This change is believed to reduce the interface between the epidermis and dermis,
decreasing epidermal resistance to shearing stress, which makes the epidermis more fragile [26].

2.2.2. Dermal and Hypodermal Changes in Aged Skin

The dermis is comprised of a connective tissue layer of mesenchymal origin and is subdivided into
the following three layers, in order of proximity to the epidermis: papillary, reticular, and hypodermis.
Fibroblasts, the most representative cells resident in the dermis, produce and secrete ECM proteins.
Collagen is an essential ECM protein found in the dermis; type I and type III collagen are particularly
abundant there. Other dermal ECM components include elastin fibers, proteoglycans, and hyaluronic
acid, which provide strength, support, and flexibility.

Structurally, the dermis in humans and mice becomes thinner and loses elasticity with age [15,19,27].
Solar elastosis is a hallmark of human photoaging, characterized by an accumulation of partially
degraded elastin fibers in the upper dermis. Although this alteration is not typically observed in
intrinsic skin aging, an abnormal elastin network is also detected with age in sun-protected skin [8,26].
Massive deposition of other components of the ECM, such as glycosaminoglycans and interstitial
collagen, has been observed in photoaged skin. The number of dermal fibroblasts and their capability
to produce ECM are lower in intrinsically aged skin. Fibril collagen is degraded markedly with age,
as well as by UV irradiation [28].

Matrix metalloproteinases (MMPs), a class of proteolytic enzymes, are considered the leading
physiological cause of the breakdown of dermal ECM proteins. The expression and activities of
MMPs are increased in aged skin and senescent fibroblasts, whereas the expression of tissue inhibitor
of metalloproteinases (TIMPs) is decreased [29]. UVB irradiation also contributes to the activation
MMPs [30]. Cathepsin K is a lysosomal protease that plays a vital role in clearing elastin that has
been partially degraded by MMPs in the ECM [31]. Codriansky et al. reported that Cathepsin K was
induced in young dermal fibroblasts as a response to UVA irradiation but not in fibroblasts from
old donors [32].

Two interesting studies recently reported the cellular and molecular mechanisms underlying
age-related dermal functions. Aged upper dermal fibroblasts gradually acquire the characteristics
of the lower dermis, with reduced expression of ECM proteins and increased adipogenic traits [33].
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Marsh et al. revealed that fibroblast positions are stably maintained over time, but clusters of fibroblasts
are lost, and the membrane extends to fill the space of lost neighboring fibroblasts in aged skin.
These findings provide a mechanism for a loss of cellularity in aged fibroblasts [34].

2.2.3. Changes in Hair Follicles during Skin Aging

Hair follicles are comprised of an outer root sheath (ORS) and inner root sheath (IRS), which enclose
the hair shaft. The hair bulb is at the base of the follicle, which contains proliferating matrix cells
that grow to form the hair shaft and surround the dermal papilla at the bottom of the hair follicle.
The dermal papilla consists of specialized mesenchymal cells [35]. The hair bulge, part of the ORS
and located at the insertion site of the erector pili muscle of the hair follicle, is where epidermal stem
cells reside. In adult mammals, hair grows in a regenerative cycle of phases, namely anagen (growth
phase), catagen (regression phase), telogen (resting phase), and exogen (hair shaft shedding phase) [36];
this cycle is tightly regulated by the integrated action of multiple signaling pathways.

Elderly hairs become thinner, weaker, dry, dull, and sparse, due to hair follicle miniaturization
and hair shaft weathering. Senescent alopecia is prevalent in the aged population, which is a diffuse
and non-patterned type of hair loss that differs from androgenetic alopecia [37]. A lack of correlation
between age and the total follicle number has been reported [38,39]. Old C57/Bl6 mice exhibited
swelling hair follicles and a variable loss of normal hair follicle triplet patterning compared to young
animals [40]. Furthermore, increased levels of inhibitors of Wnt, an activator of hair growth, such as
dickkopf Wnt signaling pathway inhibitor 1 (DKK1) and secreted frizzled-related protein 4 (Sfrp4),
were found in aged mice [41]. Aged hair follicle stem cells are believed to be a major contributor to a
slow hair cycle and loss of hair during skin aging, which will be discussed in depth in Section 3.

Gray hair is one of the most noticeable signs of aging [37]. The number of melanocytes in the hair
matrix decreases in aged hair follicles [42]. Melanocyte stem cells (MSCs) are maintained in the hair
bulge area, and the mature melanocytes reside in the hair bulb. The frequency of melanocyte-inducing
transcription factor (MITF)-positive melanocytes per basal keratinocytes in the hair bulge decreases
significantly with age [43]. The abnormal maintenance of MSCs, together with a loss of differentiated
progeny, contributes to physiological hair graying [43].

2.2.4. Changes in Sweat Glands during Skin Aging

The sweat glands are small tubular structures in the skin, producing and excreting sweat.
Functionally, sweat glands remove excess micronutrients, metabolic waste, and toxins from the body,
and are involved in thermoregulation. Sweat glands can be divided into three types: eccrine, apocrine,
and apoeccrine [44]. The eccrine sweat glands are the most numerous, distributed across almost the
entire body surface area, and are smaller than the other two glands. Apocrine and apoeccrine are
limited to specific regions of the body, such as axilla.

A decrease in the number of eccrine sweat glands and a shrunken morphology was detected in
the scalp skin of old males (83.8 ± 2.8 years old) compared to younger males (33 ± 6.3 years old) [15].
The responsiveness of the eccrine sweat gland to pharmacological stimuli was estimated in different age
groups of men. The results revealed a comparable density of activated glands but a lower sweat gland
output per active gland in the old group (age > 58 years old) [45], which implies a functional decline in
the sweat glands during aging. Recent data suggested that epithelial autophagy contributes to the
homeostasis of sweat glands, showing a significant decrease in the number of functional sweat glands
in conditionally lacking Atg7 in K14-positive precursor cells [46]. In another study, the age-related
reduction of sweat gland function was found to be regionally different [47]. In addition, sweating
between old and young adults during exercise in the heat was comparable, indicating that the ability
to regulate body core temperature during heat stress was retained in older adults [44].
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2.2.5. Changes in Sebaceous Glands during Skin Aging

Sebaceous glands are unique microscopic gland structures that accompany hair follicles. In humans,
sebaceous glands are distributed throughout all skin sites but show a high abundance on the face
and scalp. These glands secrete a complex oily and waxy mixture called sebum, which lubricates and
waterproofs the skin and hair [48] and also participates in the immunity of mammals through the
production of antimicrobial peptides, cytokines, and chemokines, such as interleukin (IL)-1β, IL-6,
IL-8/CXCL-8, and tumor necrosis factors (TNFs) [49]. Sebum is comprised of triglycerides, wax esters,
cholesterol esters, squalene, and free fatty acids [48]. Sebocytes are the major cells within the sebaceous
glands. Fully mature sebocytes act in a holocrine manner; this is a unique secretion process that
destroys the cell and results in the secretion of the product into the lumen [50].

During skin aging, the size and secretory activity of sebocytes decrease, which results in a
decreased level of the surface lipid and dry skin [51]. Aged sebocytes were found to express more
growth-regulated protein alpha (GRO-α), a CXC chemokine, which was attributed to the constitutive
activation of NF-κB [52]. Cigarette smoke was found to decrease the level of scavenger receptor B1
(SRB1) [53], which is an oxidative stress-sensitive, transmembrane receptor that is well known for
cholesterol uptake from high-density lipoprotein (HDL) [54]. Reduced SRB1 levels due to cigarette
smoking compromised the cholesterol uptake of sebocytes, leading to an alteration of the sebocyte
lipid content [53]. Moreover, age-related hormonal changes contribute to decreased lipid synthesis
and changes in the gene expression profiles of sebocytes [55].

3. Effects of CR on Skin Aging

3.1. Effects of CR on Wound Healing

CR is universally believed to be a remarkable dietary manipulation of aging and age-related
diseases, but its effects on the skin are poorly understood. Although CR has beneficial effects in other
organs, it had an insignificant influence on age-related cutaneous phenotypes and an association with
adverse outcomes in wound healing. Previous studies showed that CR retarded wound healing and
collagen production [56–59]. During wound healing, activated fibroblasts transform to myofibroblasts
and migrate to the area of the lesion, where they assist in closing the wound by promoting the synthesis
and secretion of collagen. In different studies, the capacity of wound repair in animals with food ad
libitum (AL), CR, and CR followed by refeeding for one month prior to wounding was compared [60,61].
Slower wound healing was observed in AL and CR aged animals compared to young subjects, which is
consistent with previous data, but it was reported that CR animals with refeeding before the wound
healed showed similar healing to that of the young animals, with enhanced synthesis of type I collagen.
CR reduced collagen glycation, which are abnormal protein adducts detected in diabetic or aged skin,
in older Rhesus monkeys by 30% [59]. These studies suggested that CR assisted in preserving the
proliferative capacity required for wound repair.

3.2. Effects of CR on Morphological and Structural Changes in the Skin

A recent study on female 8-week-old Swiss mice fed a 60% reduced diet for six months revealed a
thicker epidermis and reduced dermal white adipose tissue, demonstrating that tissue ultrastructure is
modified by prolonged CR [62]. In addition, CR induced dermal vasculature development, accompanied
by higher levels of vascular endothelial growth factor (VEGF), compared to AL mice [62,63]. Abdominal
skin from 4-, 12-, and 24-month-old Fisher male rats that were fed a CR diet showed that age-related
increase in the thickness of dermis and hypodermis was rescued. In contrast to previous data which
showed thinner or age-independent changes in aged skin, the epidermis layer increased according
to age and was comparable with AL and CR animals [63]. Interestingly, CR induced morphological
changes to the fur coats of laboratory rats [62]. CR animals displayed significantly more and longer
guard hairs in their skin fur coats than AL animals, whereas other types of hairs (Awl, Auchene,
and Zigzag) remained unchanged. These changes provided a fur coat with better thermoregulatory
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properties. This same study also showed higher hair follicle growth in CR animals, which is associated
with an increase in interfollicular and hair follicle stem cells.

A study that investigated the effect of CR on photoaging showed that CR reduced wrinkle
formation when compared to AL animals, both with and without UVB irradiation [64]. Epidermal
thickness increased after UVB radiation, which was accelerated by CR, as observed by corresponding
epidermal proliferating cell nuclear antigen (PCNA) levels. CR also influenced the histological
alteration upon UVB radiation, but further molecular and mechanistic evaluations are required to
determine the precise effect of CR on photoaging.

3.3. Effects of CR on Skin Stem Cells

Changes in stem cells have been implicated primarily in aging, as well as skin aging, because
adult stem cells in tissues are essential for organ homeostasis and repair. In the epidermis, a range
of stem cell populations are located in different regions, and each stem cell compartment produces a
subset of differentiated epidermal cells. Interfollicular epidermal (IFE) stem cells are localized in the
basal layer of the epidermis, and hair follicle stem cells (HFSCs) and MSCs are in the bulge and the
hair germ [65].

Age-related decline in the renewal capacity of the hair cycle fully involves HFSC aging. DNA
damage accumulates in the HFSCs during repetitive hair cycling, which leads to proteolysis of
COL17A1, an important component of the follicle stem cell niche [66]. Deficiency in COL17A1 results
in HFSC loss of stemness and differentiation into an epidermal lineage. A comparison between young
and aged murine epidermal stem cells (ESCs) showed that they have similar in vitro growth and
differentiation potentials, but local environmental factors influence skin aging [67]. UV has been
demonstrated to induce stem cell apoptosis in the basal layer and hair bulge, which contributed
partially to epidermal atrophy, slow wound healing, and depigmentation. Intrinsically aged murine
skin had a comparable abundance of CD34+ epidermal stem cells [40].

The anti-aging capability of CR is related to its ability to reprogram stemness and boost the
regenerative capacity of stem cells. Previously, CR improved the functioning of various stem cell
populations, including hematopoietic and intestinal stem cells in mice and germline stem cells in
flies [68]. However, there is limited research investigating the effect of CR on skin-residing stem cells.
One study showed that CR expanded pools of IFE stem cells and HFSCs in CR animals, which promoted
the growth and maintenance of their fur coats [62]. Furthermore, stem cells are under the control of a
rhythmic circadian machinery; CR reversed the reprogrammed daily rhythms to adapt to tissue-specific
stress in aged epidermal stem cells [69].

3.4. Effects of CR on Carcinogenesis

CR, by the restriction of fats or carbohydrates, delayed the rate and reduced the incidence of
papilloma development [70]. Additionally, CR prevented UV-mediated skin tumor formation [71].
CR decreased the expression of oncogenic H-Ras and significantly activated Ras-GTP in skin stimulated
with 12-0-tetradecanoylphorbol-13-acetate (TPA) [72]. In addition, the TPA-induced activation of
PI3K/Akt and p42/p44-MAPK signaling was reduced in CR skin. Chemically induced ulcerative skin
was observed to be more infrequent in CR than AL skin. Furthermore, the decrease in p53 gene
expression in p53+/– mice may have reduced the beneficial effects of CR in these circumstances [73].
Together, these results suggest that CR prevents skin carcinogenesis.

3.5. Metabolic Effect of CR on Skin Aging

Molecular alterations to metabolically adapt to limited calorie intake mediates the beneficial
effects of CR. CR stimulates respiratory rates by enhancing mitochondrial biogenesis and stimulating
uncoupling between oxygen consumption and oxidative phosphorylation. A metabolic shift to a
more oxidative phenotype has been reported in the dermal compartment [62]. Metabolomic analysis
revealed that UV exposure induced catabolism of biomolecules and increased oxidative stress [74].
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The metabolome data showed altered activity in upper glycolysis and glycerolipid biosynthesis and
decreased protein and polyamine biosynthesis in aged skin [75]. CR-mediated metabolic alterations
might be employed through changes in cellular signaling, epidermal barrier function, and skin
structure during skin aging; further investigation is necessary to better determine the underlying
molecular activities.

4. Effects of Alternative Ways of Dietary Restriction on Skin Aging

The food intake of experimental animals under CR in aging research is severely restricted; overall,
calorie intake or food intake in CR models is reduced by approximately 10%–50%, without malnutrition,
compared to AL controls [76], which could be challenging for humans to practice and sustain. Therefore,
several practical approaches, such as intermittent (e.g., alternate day fasting) and periodic (fasting
that lasts three days or longer, every two or more weeks) fasting, or alternative methods of dietary
restriction, have been suggested for humans [77]. The restriction of specific nutrients rather than the
decrease in total food intake has shown beneficial effects on lifespan extension and prevention of
age-related diseases. In addition, various pharmacological interventions, from natural products to
synthetic compounds, have been developed and studied to mimic the benefits of CR as an anti-aging
strategy. However, the effects of these alternative ways of CR on skin biology, including the skin
aging process and skin disorders, have been paid less attention. The following sections of this review
describe current research into the effects of alternative dietary restriction approaches and CR mimetics
on skin biology and aging.

4.1. Effects of Fasting on Skin Biology

A recent review summarized current literature on the impact of fasting on skin biology [78].
Most of the study focused on the efficacy of fasting on wound healing. While fasting for three days
delayed wound healing [78], short-term, repeated fasting (four consecutive days, every two weeks) for
two months before the wound, improved wound healing with increases in epithelialization, contraction,
healing, collagen levels, and hydroxyproline [58]. This is consistent with the increased capacity of
wound repair in the animals of the caloric restricted-refed group. In another study, four days of a
diet that mimics fasting (FMD) reduced severe ulcerating dermatitis in C57BL/6 mice, which indicates
that FMD protects against inflammation and inflammation-associated skin lesions [79]. Bragazzi et al.,
the author of the recent review [78], emphasized the need for evidence-based and standardized
protocols of fasting and qualitative improvement in research on fasting and skin.

4.2. Effects of Specific Macronutrient Restriction on Skin Biology

Previous studies have shown that a decrease in either dietary protein or sugar can reduce
mortality and extend the life span of Drosophila [80] and mice [81], independently of the calorie intake.
Furthermore, the reduced intake of specific essential amino acids, such as methionine, tryptophan,
or branched-chain amino acids, had beneficial effects on delaying aging or improving health [82,83].
There has been little research on the impact of macronutrient restriction on skin biology and aging.

Protein restriction (PR, 0% kcal protein of total calorie) or methionine restriction (MR, 14% kcal
protein containing 0.05% methionine) regimens were tested in the context of wound healing in normal
and diabetic animals [84]. The mice preconditioned with PR for one week or MR for two weeks
before surgery showed comparable wound healing to mice fed a complete diet. Under diabetic
conditions, PR or MR improved perioperative glucose tolerance and perioperative hyperglycemia,
without any impairment in wound healing. These results lessen the concerns of poor wound healing
or susceptibility to infection associated with the typical CR method during surgery, suggesting the
potential clinical application of these regimens.

On the other hand, a carbohydrate-restricted diet promotes skin senescence in senescence-accelerated
prone mice. Histologically, the epidermis and dermis were thinner in the carbohydrate-restricted group,
and cutaneous expression of the senescence markers p16 and p21 and lipid peroxidation was increased
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by long-term carbohydrate restriction [85,86]. Considering that this group also showed a significant
progression of visible aging and decreased survival rate, the duration of nutrient restriction should be
carefully considered.

5. Protective Effect of CR Mimetics on Skin Aging and Skin Disorders

CR mimetics have attracted considerable attention for many years because of their
health-promoting effects [87]. Notwithstanding the limitations of some mimetics partially mimicking
the effect of CR and the unclear mechanisms of action of CR mimetics, CR mimetics still have
numerous advantages including convenience of application such as its potential use as a health food
supplement [88–90]. In skin aging research, many pharmacological compounds have been studied as
potential skin aging interventions. In this section, the current knowledge about several well-known
CR mimicking compounds in terms of skin aging and disorders will be discussed (Figure 1).

 

Figure 1. Summary of CR mimetics and their effects on skin aging. AMPK, AMP-activated protein
kinase; CR, calorie restriction; MLB, magnesium lithospermate B; mTOR, the mammalian target of
rapamycin; SIRT1, the mammalian homolog of SIR2; PPAR, peroxisome proliferator-activated receptors.

5.1. Sirtuin and Resveratrol

The activation of sirtuins, which are nicotinamide dinucleotide (NAD+)-dependent deacetylases,
has been reported to extend the lifespan of various organisms, including yeast, worms, fruit flies,
and mice [91–93] and has been identified as a mediator of the beneficial effects of CR. More than
14,000 compounds that activate sirtuin have been identified [94]. Resveratrol (3,5,4′-trihydroxystilbene)
was identified as the first potent activator of Sirtuin and has been studied extensively as a CR
mimetic [95–100].

SIRT1, the mammalian homolog of yeast SIR2, is expressed ubiquitously throughout the skin.
Immunohistochemical staining of elderly skin showed that the level of SIRT1 decreased and there was a
steady reduction in the proliferation of dermal fibroblasts [101]. UVA and UVB irradiation also induced
a decrease in gene expression or activity of SIRT1 in dermal fibroblasts [102,103], keratinocytes [104],
and melanocytes. The overexpression of SIRT1 prevented human skin fibroblast senescence through
deacetylation of forkhead box O3α (FOXO3α) and p53 [105]. Epidermis-specific SIRT1 deletion
inhibited the regeneration of both the epidermis and dermal stroma, which shows that epidermal SIRT1
is essential for wound repair [106]. The strong correlation between skin aging and sirtuin expression
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and extensive mechanistic studies have supported SIRT1 as a pharmacological target and resveratrol
as a powerful prevention therapy of skin aging.

The topical application of 2% resveratrol increased the repair of tissue wounds more so than for
vehicle-treated rats and was associated with the induction of angiogenesis, fibroplasia, and collagen
organization [107]. The administration of resveratrol to wounds improved epithelization, hair follicle
regeneration, and collagen deposition in both young and old rodents [108]. Resveratrol stimulates the
production of collagen types I and II, reduces the expression of AP-1 and NF-kB factors, and slows down
the process of skin photoaging in human keratinocytes and mouse skin [109]. Oxidative stress-induced
senescence was ameliorated by resveratrol in primary human keratinocytes [110]. Resveratrol was
initially characterized as a SIRT activator, but other types of signaling, such as AMP-activated protein
kinase (AMPK) and FOXO3, also contribute to its actions.

Resveratrol has been used increasingly in cosmetology and dermatology because of its antioxidant,
anti-inflammatory, anti-proliferative, and anti-pigmentation properties [111]. Epidermal permeation
of resveratrol has been assessed in vitro and in vivo. Most of the resveratrol was detected in the
stratum corneum, and resveratrol penetrated the porcine skin at 20–49 μm, corresponding to the viable
epidermis, at a constant concentration [112]. Dietary supplements and various types of cosmetics,
such as sunscreen and ampules containing resveratrol for skin rejuvenation, are currently available,
studies are underway to improve the delivery of the topical application of resveratrol to enhance its
efficacy and stability [113–116].

5.2. AMPK and Metformin

Metformin (N’,N’-dimethylbiguanide) is one of the first-line drugs for treating type 2 diabetes [117];
its anti-aging property was illustrated by lifespan extension in C. elegans [118–120], Drosophila [121],
and mice [122,123]. Although the precise molecular mechanisms of the effects of metformin remain
unclear, it is known that metformin activates AMPK, which serves as an energy sensor and regulator
of glucose homeostasis [124]. AMPK signaling intersects with the mammalian target of rapamycin
(mTOR) [125], extracellular signal-regulated kinase (ERK) [126], and SIRT3 [127] and is also involved
in mitochondrial biogenesis and activating autophagy [128].

AMPK activation in human skin reportedly decreases during the aging process [110]. Cutaneous
AMPK activity is also downregulated by UVB irradiation in humans and mice [129]. AMPKα deletion
in keratin 14-expressing ESCs resulted in hyperactive mTOR signaling leading to extensive
hyperproliferation after acute wounding, UVB exposure, and phorbol ester application. These findings
suggest that the essential role of ESC-specific AMPK is in the control of ESC proliferation and
physiological skin repair [130]. Additionally, the activation of AMPK has a beneficial effect on oxidative
stress-mediated UV-induced cellular senescence.

Both systemic and topical application of metformin successfully attenuated UVB-induced
epidermal hyperplasia and skin tumorigenesis [129]. Metformin reversed the diminished collagen I
production induced by UVA and suppressed MMP-1 expression, which substantiates the potential
use of metformin in prevention against dermal aging. Metformin was reported to have a prominent
effect on wound healing. Metformin-regulated AMPK/mTOR signaling resulted in M2 macrophage
polarization by inhibiting NLRP3 inflammasome activation [131].

Zhao et al. estimated the efficacies of popular anti-aging agents, including resveratrol, metformin,
and rapamycin; topical application of resveratrol and metformin, but not rapamycin, improved wound
healing in young mice, and metformin exerted strong regenerative efficacy in aged skin [108]. Some of
the beneficial effects of metformin have been achieved through cutaneous application. For example,
a transdermal formulation for metformin, such as a cream and transdermal patch, was developed for
patients who could not tolerate the oral dose or could not swallow large tablets. A recent paper reported
a significant improvement in skin delivery by incorporating metformin into solid lipid nanoparticles
and subsequently formulating an effective topical gel [132]. The future development of more advanced
metformin delivery systems will allow for expanded application.
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5.3. mTOR and Rapamycin

Rapamycin was first introduced as an inhibitor of mTOR, which is a serine-threonine kinase
that regulates cell survival, growth, proliferation, motility, protein synthesis, transcription [133],
and autophagy [134–136]. Rapamycin has also significantly increased the life span of various
experimental models [137–140] and has potential as a CR mimetic. However, there has been limited
research on the role of mTOR in skin aging. An age-related and UVB-induced increase in the activity
of mTOR and RICTOR protein, which is a major component of mTOR complex 2 (mTORC2) [141],
has been reported. In turn, the activation of mTORC2 signaling was found to mediate NF-kB activation
during skin aging. The epidermal deficiency of mTORC2 signaling caused moderate tissue hypoplasia,
reduced keratinocyte proliferation, and attenuated the hyperplastic response to TPA [142]. In an
in vitro study, mTORC2 activity-deficient keratinocytes displayed a longer lifespan, less senescence,
and an enhanced tolerance to cellular stressors. While this study was not performed in aged animals,
it highlights the potential implications of mTOR signaling in skin aging and the therapeutic resistance of
epithelial tumors. Moreover, mTOR has been implicated in the pathogenesis of various skin disorders,
such as psoriasis [143,144], which strongly suggests the dermatological application of rapamycin.

Rapamycin effectively suppressed UVB-induced oxidative stress and collagen degradation in
skin fibroblasts [145]. A recent clinical trial (ClinicalTrials.gov Identifier: NCT03103893) showed that
topical rapamycin reduced the senescence and age-related features in human skin [146]. This study
showed that the p16INK4A level, a marker of cellular senescence, and solar elastosis was decreased
in rapamycin-treated skin. Moreover, collagen VII, a critical component of the basement membrane,
was increased and disorganized collagen was restored. These histological and molecular observations in
rapamycin-treated skin highlight rapamycin as a potential anti-aging therapy with efficacy in humans.

5.4. PPAR Agonists

Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors with diverse biological
effects in the promotion of cellular proliferation and differentiation, lipid and carbohydrate metabolism,
inflammatory responses, and tissue remodeling [147,148]. There are three PPAR isoforms, PPARα,
PPARβ/δ, and PPARγ, which are distributed in different tissues and have selectivity and responsiveness
to specific ligands [149]. Among them, PPARα and γ have been well investigated in aging research.
The expression of PPARα and PPARγ genes was found to be decreased during aging, which was
rescued by CR [147,150]. UV irradiation reduced PPARγ levels, which resulted in dysregulation in
epidermal lipids in human skin, contributing to the development of skin photoaging [151].

PPARγ is also expressed throughout the skin and in most types of skin cells [149]. In the epidermis,
PPARγ has an essential role in skin barrier regulation [152] and negatively regulates the gene expression
of proinflammatory genes through the antagonization of inflammatory transcription factors NF-κB
and AP-1. Therefore, synthetic ligand “glitazones,” which are a class of oral antidiabetic drugs,
were applied; they had protective effects on inflammatory skin disorders, such as atopic dermatitis and
psoriasis [153,154].

In addition to well-known agonists of PPARs, the beneficial effects of potential novel ligands
in skin aging have been reported. Abietic acid, as a PPARα/γ dual ligand, decreased UVB-induced
MMP-1 expression significantly by downregulating UVB-induced MAPK and NF-κB signaling in
dermal fibroblasts [155]. Magnesium lithospermate B activated PPARβ/δ, leading to the upregulation
of collagen expression in aged murine skin [156]. Treatment with the synthetic compound
MHY966 (2-bromo-4-(5-chloro-benzo[d]thiazol-2-yl) phenol), a novel PPARα/γ dual agonist, protected
UVB-exposed hairless mice from lipid peroxidation and elevated cutaneous proinflammatory mediators,
including NF-κB, iNOS, and COX-2 [157].
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6. Conclusions

Dietary restrictions affect the structure and function of skin. CR has beneficial effects on skin
aging in terms of wound repair, stem maintenance, and carcinogenesis. While the physiological
and pathological features of aged skin are relatively well characterized, the full effects of CR on
skin physiology remain to be elucidated. Investigations pertaining to the effects of CR and CR
alternatives on skin aging are limited, and extensive research is necessary to resolve these gaps in
knowledge. Skin disease is increasing in prevalence among the elderly, and while many age-related
skin disorders are not lethal, they are integral to general health status and overall quality of life.
Currently, hormone therapy, antioxidant intervention, and the therapeutic application of stem cells
are used to treat skin aging. The use of CR and CR mimetics has great potential to rejuvenate and
maintain healthy skin, as well as improve age-related skin disorders. This review substantiates the
need for further investigation into CR and related mimetics as potential therapeutic agents for skin
aging and age-related disorders.
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Abstract: Severe food restriction (FR) impairs cardiac performance, although the causative
mechanisms remain elusive. Since proteins associated with calcium handling may contribute
to cardiac dysfunction, this study aimed to evaluate whether severe FR results in alterations in
the expression and activity of Ca2+-handling proteins that contribute to impaired myocardial
performance. Male 60-day-old Wistar–Kyoto rats were fed a control or restricted diet (50% reduction
in the food consumed by the control group) for 90 days. Body weight, body fat pads, adiposity
index, as well as the weights of the soleus muscle and lung, were obtained. Cardiac remodeling
was assessed by morphological measures. The myocardial contractile performance was analyzed
in isolated papillary muscles during the administration of extracellular Ca2+ and in the absence
or presence of a sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) specific blocker. The expression
of Ca2+-handling regulatory proteins was analyzed via Western Blot. Severe FR resulted in a 50%
decrease in body weight and adiposity measures. Cardiac morphometry was substantially altered,
as heart weights were nearly twofold lower in FR rats. Papillary muscles isolated from FR hearts
displayed mechanical dysfunction, including decreased developed tension and reduced contractility
and relaxation. The administration of a SERCA2a blocker led to further decrements in contractile
function in FR hearts, suggesting impaired SERCA2a activity. Moreover, the FR rats presented a
lower expression of L-type Ca2+ channels. Therefore, myocardial dysfunction induced by severe food
restriction is associated with changes in the calcium-handling properties in rats.

Keywords: malnutrition; heart impairment; papillary muscle assay; calcium transient proteins;
SERCA2a; L-type calcium channel

1. Introduction

Previous literature demonstrated that food restriction (FR) from 10% to 40% increases longevity
and prevents aging-related diseases such as diabetes mellitus, hypertension, and cancer [1–5]. It is
suggested that an excessive availability of macronutrients, rather than a specific nutrient, results
in increased oxidative stress [6]. Therefore, a reduction of total caloric intake via FR may result in
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beneficial adaptations that promote overall health. However, the FR associated to malnutrition in
humans has detrimental health effects, particularly on cardiac function [7–10]. In experimental models,
our previous studies [11–20] and studies from other laboratories [21–24] suggest that severe dietary
restriction, around 50%, leads to malnutrition and depresses cardiac performance. In young and mature
rats subjected to long-term severe FR, myocardial dysfunction was associated with mitochondrial
failure [25], changes in ultrastructure, including myofibril density reduction and myofilament/Z
line disorganization [17,20,26,27], as well as collagen accumulation [27,28] and β-adrenergic system
changes [28]. Despite these findings, the intrinsic factors responsible for the impairment of cardiac
function have not been elucidated.

Calcium handling is an essential process that facilitates myocardial contraction and relaxation.
Previous work examined whether alterations in Ca2+ handling participates in the decline of myocardial
function in response to malnutrition, but the results are divergent [12–17,29,30]. While one study
suggested that cardiac ultrastructural changes were responsible for deleterious cardiac outcomes [17],
several studies demonstrated that abnormal activity of Ca2+ handling specific regulatory proteins has
a fundamental role in the negative repercussions of severe FR on myocardial function [13,15,16,19].
Although malnutrition was shown to alter the gene transcription process that forms proteins involved
in Ca2+ handling [14,15,19,31], limited studies evaluated changes at the protein level. Work by
De Tomasi et al. [15] focused on the L-type calcium channel, and found only a significant reduction in
its protein expression in the hearts of FR rats. However, as it is known that the levels of transcripts and
proteins are not always in direct correlation [32,33] and no study evaluated all the proteins involved in
Ca2+ handling, additional work is required to understand the role that this mechanism plays in the
development of cardiac dysfunction during long-term FR.

Thus, the aim of this study is to test the hypothesis that malnutrition induced by restricting the
food intake causes the deterioration of myocardial function due to alterations in the expression of
calcium-handling proteins and sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) activity. The results
of our study demonstrate that 90 days of FR severely diminishes cardiac function in rats, which
is in part due to decreased intracellular calcium influx through the L-type channel and depressed
SERCA2a activity.

2. Materials and Methods

2.1. Animal Model and Experimental Protocol

Sixty-day-old male Wistar–Kyoto rats were obtained from UNICAMP—the State University of
Campinas, Brazil. The animals were randomized into control (C) and food restriction (FR) groups.
C animals (n = 14) received commercial chow (3.76% fat, 20.96% protein, 52.28% carbohydrate, 9.60%
fiber, and 13.40% moisture) and water ad libitum. The FR group (n = 13) was subjected to a severe food
restriction equivalent to 50% of the average amount consumed by group C. Food intake for the control
group was measured daily and used to calculate food quantity for the FR group. Rats were maintained
on this dietary regimen for 90 days and were weighed once a week. The rats were kept in individual
cages at a 23 ◦C room temperature, with light cycles of 12 h and relative humidity of 60%. At the end
of experimental protocol, the animals were anesthetized with an intramuscular injection of ketamine
(50 mg/kg; Dopalen®, Sespo Indústria e Comércio Ltd.a—Divisão Vetbrands, Jacareí, São Paulo, Brasil)
and xylazine (10 mg/kg; Dopalen®, Sespo Indústria e Comércio Ltd.a—Divisão Vetbrands, Jacareí, São
Paulo, Brasil), decapitated, and thoracotomized.

The project was approved by the “Committee for Experimental Research Ethics of the Faculty of
Medicine in Botucatu—UNESP” (CEUA 755-2009), in accordance with the “Guide for the Care and
Use of Laboratory Animals”.
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2.2. General Characteristics

Initial (IBW) and final body weights (FBW), total body fat (BF), adiposity index (AI), naso-anal and
tibia length, and soleus muscle and lung weight were measured to assess the effects of food restriction
on body parameters of rats. The adipose tissue fat pads (epididymal, retroperitoneal, and visceral)
were dissected and weighed. Adiposity index (AI) was calculated using the formula: AI = [total body
fat (BF)/FBW] × 100. BF was measured from the sum of the individual fat pad weights as follows:
BF = epididymal fat + retroperitoneal fat + visceral fat.

2.3. Cardiac Morphological Post Mortem Study

Cardiac remodeling was determined by macroscopic analysis of the following parameters: total
weight of the heart (HW) and left ventricle (LVW), right ventricle (RVW), and atria (ATW), and
normalized to body weight.

2.4. Myocardial Function

The cardiac contractile performance was evaluated by studying isolated papillary muscles from
the LV, as previously described [34,35]. The following mechanical parameters were measured during
isometric contraction: developed tension (DT; g/mm2), positive tension derivative (+dT/dt; g/mm2/s)
and negative tension derivative (−dT/dt; g/mm2/s). The mechanical behavior of papillary muscles
was assessed by increasing extracellular Ca2+ concentrations (0.5 mM, 1.0 mM, 1.5 mM, 2.0 mM, and
2.5 mM) in the presence and absence of cyclopiazonic acid (CPA, 30 mM), which is a highly specific
blocker of SERCA2a. All the variables were normalized per cross-sectional area of papillary muscle
(CSA). To avoid the central core hypoxia and impaired functional performance, papillary muscles with
CSA >1.5 mm2 were excluded from analysis.

2.5. Expression of Calcium-Handling Protein

Protein expression was analyzed by Western blot. Fragments of the LV were frozen in liquid
nitrogen and stored in a freezer at −80 ◦C. Frozen samples were homogenized with a Polytron apparatus
(IKA T25 Basic Ultra Turrax TM, Wilmington, NC, USA) in hypotonic lysis buffer (50 mM of potassium
phosphate pH 7.0, 0.3 M of sucrose, 0.5 mM of dithiothreitol [DTT], 1 mM of ethylenediamine tetraacetic
acid [EDTA] buffer pH 8.0, 0.3 mM phenylmethylsulfonyl fluoride [PMSF], 10 mM of sodium fluoride
[NaF], and phosphatase inhibitor). The homogenization product was centrifuged (5804R Eppendorf,
Hamburg, Germany) at 12.000 rpm for 20 min at 4 ◦C, and the supernatant was transferred to tubes
and stored in a freezer at −80 ◦C tubes. Protein concentration was analyzed by the method of
Bradford [36] using the curves of Bovine Serum Albumin (BSA) Protein Standard (Bio-Rad, Hercules,
CA, USA). Samples were diluted in Laemmli buffer (240 mM of Tris-HCL, 0.8% sodium dodecyl sulfate
[SDS], 40% glycerol, 0.02% bromophenol blue, and 200 mM of β-mercaptoethanol) and separated via
electrophoresis using Mini-Protean 3 Electrophoresis Cell (Bio-Rad, Hercules, CA, USA). Electrophoresis
was performed with a biphasic gel; stacking (240 mM Tris-HCl pH 6.8, 30% polyacrylamide, 10%
ammonium persulfate [APS], and tetramethylethylenediamine [TEMED]) and resolution (240 mM
of Tris-HCl pH 8.8, 30% polyacrylamide, 10% APS, and TEMED) at a concentration of 6% to 10%,
depending on the molecular weight of the analyzed protein. The Kaleidoscope Prestained Protein
Standard (Bio-Rad, Hercules, CA, USA) was used to identify the size of the bands. Electrophoresis was
performed at 120 V (Power Pac HC 3.0A, Bio-Rad, Hercules, CA, USA), for 3 h with running buffer
(0.25 M of Tris, 192 mM of glycine, and 1% SDS). Proteins were transferred to a nitrocellulose membrane
using a Mini Trans-Blot (Bio-Rad, Hercules, CA, USA) system with transfer buffer (25 mM of Tris,
192 mM of glycine, 20% methanol, and 0.1% SDS). Membranes were washed twice with TBS-T buffer
(20 mM of Tris-HCl pH 7.4, 137 mM of NaCl, and 0.1% of Tween 20). Membranes were blocked with 5%
nonfat dry milk in TBS-T for 120 min at room temperature under constant agitation. The membrane
was washed three times with TBS-T and incubated with primary antibody diluted in blocking solution
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under constant agitation for 12 h. After incubation with the primary antibody, membranes were
washed three times with TBS-T and incubated with the secondary antibody in blocking solution for
2 h under constant stirring. Then, the membrane was washed three times with TBS-T to remove
secondary antibody excess. Immunodetection was performed using chemiluminescence according
to the manufacturer’s instructions (Amersham Biosciences, Piscataway, NJ, USA) and detected by
autoradiography. Quantification analysis of blots was performed using Scion Image software (Scion
Corporation, Frederick, Maryland, EUA). Antibodies used were: Ryanodine (1:1000; ABR, Affinity
BioReagents, Golden, CO, USA); Calsequestrin (1:2000; ABR, Affinity BioReagents); Exchanger Na+/Ca2+

(1:2000; Upstate, Lake Placid, NY, USA); SERCA2a (1:2500; ABR, Affinity BioReagents); Phospholamban
(1:5000; ABR, Affinity BioReagents); Phospho-Phospholamban (Ser16) (1:5000; Badrilla, Leeds, West
Yorkshire, UK); Phospho-Phospholamban (Thr17) (1:5000; Badrilla); L-type calcium channel (anti-α1C)
(1:1000; Santa Cruz Biotechonology Inc., Santa Cruz, CA, USA); and β-Actin (1:1000; Santa Cruz
Biotechnology Inc.). Secondary antibodies that were linked to peroxidase were used (IgG anti-mouse or
IgG anti-rabbit, depending on the protein; 1:5000-1:10,000; Santa Cruz Biotechnology Inc.).

2.6. Statistical Analysis

All the data were tested for normality before statistical analysis using the Shapiro–Wilk test. Data
from physical characteristics, cardiac post-mortem morphology, and Western blot of calcium-handling
proteins were reported by descriptive measures of position and variability and subjected to the “t”
test for independent samples. For isolated papillary muscle experiments, the adjustment of the DT,
+dT/dt, and −dT/dt response linear model, in the presence and absence of CPA as a function of the
extracellular Ca2+ concentration elevation, expressed by Response Variable = a + b/[Ca2+]extracellular, was
performed by the minimum squares technique complemented with the comparative test of average
profiles of responses regarding the parallelism and coincidence of the adjusted models to the group.
The statistical analyses were performed using SigmaPlot 12.0 (Systat Software, Inc., San Jose, CA, USA).
The level of significance for all variables was p < 0.05.

3. Results

3.1. Physical Characteristics

Severe food restriction (FR) resulted in substantial changes to the physical phenotype of the rats.
As shown in Table 1, 90 days of FR significantly reduced body weight and fat mass measures, resulting
in an approximate 12-fold decrease in the adiposity index. Furthermore, masses of the soleus muscle,
lung, and tibia were significantly lower in FR rats. These results show that 90 days of FR severely alters
physical phenotype, including the impairment and/or regression of organ growth.

Table 1. Physical characteristics of animals.

Groups

C (n = 14) FR (n = 13)

IBW (g) 313 ± 41.2 301 ± 35.2
FBW (g) 445 ± 39.1 228 ± 19.1 *

Food intake (g/day) 21.1 ± 2.2 10.6 ± 1.1
Epididymal fat (g) 9.60 ± 3.42 0.90 ± 0.56 *

Retroperitoneal fat (g) 7.00 ± 2.80 0.19 ± 0.12 *
Visceral fat (g) 5.24 ± 1.68 0.67 ± 0.33 *

Total body fat (g) 21.8 ± 6.90 1.75 ± 0.70 *
Adiposity index 4.86 ± 1.45 0.76 ± 0.27 *

Naso-anal length (cm) 27.5 ± 0.70 24.6 ± 0.80 *
Soleus muscle (g) 0.19 ± 0.03 0.10 ± 0.01 *

Lung (g) 2.00 ± 0.41 1.19 ± 0.11 *
Tibia length (cm) 4.38 ± 0.07 4.15 ± 0.03 *

IBW/FBW ratio (g/g) 0.71 ± 0.10 1.33 ± 0.19 *

Data expressed as mean ± standard deviation. C: control group; FR: restriction food group; IBW: initial body weight;
FBW: Final body weight. Student “t” test for independent samples. * p < 0.05 vs. C.
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3.2. Macroscopic Cardiac Morphology

As shown in Table 2, the weight of the left ventricle (LV), right ventricle (RV), and atria (AT) were
approximately 50% lower in FR rats compared to their controls. However, the data normalized by
FBW were similar between the groups.

Table 2. Cardiac morphological post-mortem data.

Groups

C (n = 14) FR (n = 1 3)

LV (g) 0.84 ± 0.10 0.44 ± 0.05 *
RV(g) 0.25 ± 0.04 0.12 ± 0.01 *
AT (g) 0.10 ± 0.02 0.05 ± 0.01 *

Total heart(g) 1.20 ± 0.15 0.62 ± 0.07 *
LV/FBW (mg/g) 1.90 ± 0.22 1.93 ± 0.13
RV/FBW (mg/g) 0.56 ± 0.08 0.53 ± 0.03
AT/FBW (mg/g) 0.24 ± 0.04 0.24 ± 0.02

Heart/FBW (mg/g) 2.70 ± 0.32 2.70 ± 0.16

Data expressed as mean ± standard deviation. C: control; FR: food restriction; LV: left ventricular weight, RV:
right ventricle weight, ATW: atrium weight; Heart: heart weight; FBW: final body weight. Student “t” test for
independent samples. * p < 0.05 vs. C.

3.3. Assessment of Papillary Muscle Function

To determine whether abnormal heart size was associated with myocardial dysfunction,
the contractile performance of LV papillary muscles isolated from control and FR hearts was measured.
In response to increasing extracellular Ca2+ concentration, the developed tension (DT) was significantly
reduced in papillary muscles from FR hearts (Figure 1A). Papillary muscles from FR hearts also had
significantly lower values for positive tension derivative (+dT/dt) and negative tension derivative
(−dT/dt) (Figure 1B,C), which is consistent with impaired contractility and relaxation. Additionally,
the administration of cyclopiazonic acid (CPA), which is a specific inhibitor of SERCA2a, further
decreased +dT/dt and −dT/dt (Figure 1B,C) in FR hearts. Moreover, Figure 2 shows that the blocking
percentage by CPA was lower in the FR than the control group. This result suggests a prior impairment
of SERCA2a activity under caloric restriction, which would reduce the magnitude of the effect of
cyclopiazonic acid inhibition. Overall, these findings show that 90 days of FR severely impairs
myocardial contraction and relaxation, which is likely due to depressed SERCA2a activity.
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Figure 1. Food restriction (FR) animals presented altered functional responses in the papillary muscle
assay in the following parameters: (A) developed tension (DT), (B) positive tension derivative (+dT/dt),
and (C) negative tension derivative (−dT/dt) C: control group. CPA: Cyclopiazonic acid. C + CPA: control
submitted to CPA; FR + CPA: food restriction submitted to CPA. Data presented as mean ± standard
deviation. Minimum squares technique complemented with the comparative test of average profiles of
responses. p < 0.05; * C vs. FR; § C + CPA vs. FR + CPA; # FR vs. FR + CPA; and & C vs. C + CPA.

Figure 2. Blocking percentage under cyclopiazonic acid in papillary muscle preparation. C: control;
FR: food restriction; CPA: cyclopiazonic acid; DT: developed tension. Data are expressed as
mean ± standard deviation. Repeated measures two-way ANOVA complemented with Bonferroni
post-hoc test. p < 0.05. a vs. 0.5 mM Ca2+ concentration; b vs. 0.5 and 1.0 mM Ca2+ concentration;
* vs. control. (n = 13–14 each group).

3.4. Expression of Calcium-Handling Protein

Calcium-handling proteins are integral in facilitating myocardial contraction and relaxation.
Therefore, a Western blot analysis was conducted focusing on the primary proteins involved in
calcium handling, including SERCA2a, phospholamban (PLB), ryanodine receptor (RYR), calsequestrin
(CSQ), sodium-calcium exchanger (NCX), and the L-type calcium channel (L channel). As shown in
Figure 3B,F–H, no statistical differences were noted in SERCA2a, RYR, CSQ, or NCX. Additionally, no
differences in PLB or the phosphorylation sites at PLB Ser16 or PLB Thr17 were observed (Figure 3C–E).
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However, 90 days of FR did result in a significant lowering of L-channel protein levels (Figure 3I).
Furthermore, the ratios of SERCA2a/PLB, phosphorylated PLB (pPLB) Ser16/PLB, pPLB Thr17/PLB
were similar in both groups (Figure 3J–L).

Figure 3. Protein expression of calcium-handling regulators evaluated by Western blot in the
myocardium from control (C) and food restriction groups (FR) (n = 6 in each group). (A) Representative
bands of the proteins. Quantification of myocardial (B) sarcoplasmic reticulum calcium-ATPase
(SERCA2a), (C) total phospholamban (PLB), (D) phosphorylated PLB on serine-16 (pPLB Ser16),
(E) phosphorylated PLB on threonine-17 (pPLB Thr17), (F) ryanodine receptor (RYR), (G) calsequestrin
(CSQ), (H) sodium-calcium exchanger (NCX), and (I) L-type Ca2+ channel (L Channel) normalized
to β-actin (internal control). Quantification of (J) SERCA2a, (K) pPLB Ser16, and (L) pPLB Thr17

normalized to total PLB. Data are expressed as mean ± standard deviation. Student’s t-test for
independent samples. * p < 0.05 vs. C.

4. Discussion

The purpose of this study was to investigate the contribution of alterations in the expression
of Ca2+-handling proteins and SERCA2a activity to myocardial performance during severe food

109



Nutrients 2019, 11, 1985

restriction. The nutritional protocol used in this study was sufficient in duration and intensity to
cause malnutrition, which is in agreement with previous studies [12,13,17]. The main findings are that
malnutrition reduces the myocardial L-type calcium channels protein expression and alters SERCA2a
activity, as expressed by the decrement of the mechanical responses to extracellular Ca2+ elevation
in the absence and presence of cyclopiazonic acid. Overall, these changes in the calcium-handling
capacity of the cardiac myocyte are critical in the development of myocardial dysfunction during
severe food restriction.

In agreement with previous literature [11–15,17,19,31], the 50% reduction of food intake used in
this study promoted drastic changes in the body composition of animals, as visualized by a reduction
in all of the variables related to fat and body weight. Malnutrition causes damage to several segments
of the body system, including a substantial reduction of hind limb muscles such as the soleus, plantaris,
gastrocnemius, and extensor digitorum longus muscles [12,13,15,37,38]. In addition, food restriction
leads to severe changes in the cardiorespiratory structures, particularly the weights of the lungs, atria,
and ventricles [13,14,16]. These above responses, which were also observed in our study, are consistent
with increased protein catabolism, as well as decreased protein synthesis, since the restriction of pellet
intake produces protein and energy deficiency [38].

In isolated papillary muscle analysis, malnutrition resulted in decreased contractile (DT and
+dT/dt) and relaxation (−dT/dt) capacity, which is in accordance with functional impairments observed
in precedent studies [12,13,19,21,22,24,39]. At the molecular level, the quantity and quality of contractile
proteins and the availability of energy and Ca2+ are crucial factors in the regulation of myocardial
performance [40,41]. Previous work from our laboratory showed that severe food restriction causes a
reduction of myofibril density and myofilament disorganization [12,17,20,26]. Furthermore, the authors
reported myosin isoform remodeling with the down-regulation of alpha- (V1) and up-regulation of
beta-myosin heavy chain (V3) genes, which present faster and lower ATPase activity, respectively [24,30].
In addition, the constant low availability of substrates during the malnutrition period may lead to
mitochondrial injury [17,20], leading to a lack of ATP production, which may impair the capacity of
the ATP-dependent proteins.

The primary aim of this study was to evaluate the role of Ca2+-handling proteins in the development
of myocardial dysfunction induced by malnutrition. Myocardial Ca2+-handling inadequacies are
among the most critical responses to cardiac aggression [12–17,19,29–31]. Previous studies reported
alterations in the activity [13,15,16] and content [14,15,31] of Ca2+-handling regulatory components,
which is consistent with our current observations. With any cardiac remodeling process at the macro
or micro level, the initial intent of adaptations in Ca2+ handling is to attenuate the insult imposed
on the myocardium in an effort to maintain the functional balance. However, these adaptations are
incapable of enduring the aggression over time, contributing to the establishment of the dysfunctional
condition [42,43]. In the present study, 90 days of severe food restriction resulted in alterations in
SERCA2a activity and, among the analyzed proteins, only a reduction in L-type calcium channels
protein expression. During the Ca2+ transient, the SERCA2a is an ATP-dependent protein that is
responsible for the reuptake of Ca2+ into the sarcoplasmic reticulum of the cardiomyocyte, which is
crucial for the maintenance of the cytosolic concentration. Although we did not observe a reduction of
SERCA2a protein expression, impaired activity was noted in the papillary muscle assay in the presence
of cyclopiazonic acid, as noted previously [19]. This finding is likely due to the low-energy capacity
in severe food restriction, which limits the ATP required for proper SERCA2a function. Impaired
SERCA2a activity may provoke the elevation of diastolic Ca2+, which would lead to the increased
importance of the exchanger Na+/Ca2+ (NCX) cytosolic Ca2+ extrusion. Since the NCX mechanism has
a reduced capacity to remove cytosolic Ca2+, alterations in Ca2+ handling persist.

In disagreement with our hypothesis, in which changes in several Ca2+-handling proteins were
expected, our study showed only reduction in the expression of the L-type calcium channel protein
due to food restriction, which is in accordance with a previous report [15]. Although the reason for this
outcome is unclear, we speculate that this may be an adaptive response, serving as a cellular defense
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mechanism in response to dysfunctional SERCA2a activity. In this regard, myocyte Ca2+ influx is
decreased in order to avoid Ca2+ accumulation, particularly during diastole. However, the reduction
of Ca2+ influx across the plasma membrane as a result of decreased L-type calcium channel expression
over time may lead to impairments in cardiomyocyte force development, as evidenced by reduced
values of DT and +dT/dt in animals suffering from malnutrition. Although the functional control of
the L-type channel is well described, little is known about the processes involved in the expression of
this sarcolemma channel. The L-type channel is composed of three subunits (α1C, α2δ, and β) [44],
with the α1C pore-forming subunit analyzed in this study. The expression of the α1C subunit protein
is regulated by β and α adrenergic systems [45], angiotensin II [46], and calcium flux through the
L-type channel [47–49]. Based on our results, it is possible that the cytosolic Ca2+ “leftover”, due to
SERCA2a dysfunction, activated the auto-regulation mechanism of L-type channel protein expression
on the distal carboxyl-terminus via a process sensitive to Ca2+ flux alterations [47–49]. In conditions in
which there is undue cytosolic Ca2+ accumulation, the hyperactivation of this regulatory mechanism
may be related to the decrease in the protein expression of these channels. For better visualization of
the food restriction effects over the myocardium, we constructed a figure placing the main molecular
alterations and suggested a hypothesis that attributed cardiac dysfunction to malnutrition, as can be
seen in Figure 4.

Figure 4. Overview of food restriction effects over myocardium and presumable interactions between
molecular changes and myocardial mechanical impairment. Food restriction reduced sarcoplasmic
reticulum Ca2+-ATPase (SERCA2a) activity and L-type calcium channel (L channel) expression and
impaired myocardial mechanical performance. Hypothetical adenosine triphosphate (ATP) depletion
due to malnutrition could reduce the SERCA2a activity, leading to a high amount of residual cytosolic
calcium. In turn, residual calcium signals to deplete the release of calcium by the ryanodine receptor
(RYR), which is achieved by the reduced calcium entry secondary to the decreased protein expression
of the L channel. This sequence of events involving the myocardial calcium handling would be a
plausible mechanism by which the food restriction deteriorates the cardiac function. Ca2+, calcium;
Na+, sodium; NCX, sodium-calcium exchanger; SR, sarcoplasmic reticulum; CSQ, calsequestrin;
PLB, phospholamban; DT, developed tension; +dT/dt, positive tension derivative; −dT/dt negative
tension derivative.

Therefore, our results show that malnutrition, due to 90 days of severe food restriction, leads to
cardiac dysfunction. The deterioration of myocardial function may be the consequence of a reduction
of L-type calcium channels protein expression and impaired SERCA2a activity. Future studies are
required to understand the mechanisms that cause inadequacies in L-type Ca2+ calcium channels and
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SERCA2a activity during severe food restriction, which ultimately contribute to malnutrition-induced
myocardial dysfunction.
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Abstract: Objective: The aim of the study was to compare the impact of 6 weeks of reducing daily
caloric intake by 20% of total daily energy expenditure (TDEE)-CRI vs. reducing daily caloric intake
by 30% of TDEE-CRII on body mass reduction and insulin metabolism in former athletes. Methods:
94 males aged 35.7 ± 5.3 years, height 180.5 ± 4.1 cm, and body mass 96.82 ± 6.2 kg were randomly
assigned to the CRI (n = 49) or CRII (n = 45) group. Thirty-one participants (18 subjects from CRI and
13 from CRII) resigned from the study. The effects of both diets on the body composition variables
(body mass—BM; body fat—BF; fat free mass—FFM; muscle mass—MM; total body water—TBW),
lipid profile (total lipids—TL; total cholesterol—TCh; HDL cholesterol—HDL; LDL cholesterol—LDL;
triglycerides—TG), and glucose control variables (glucose—GL, insulin—I, HOMA-IR, insulin-like
growth factor-1—IGF-1, leptin and adiponectin) were measured. Results: After adhering to the CR
I diet, significant differences were observed in FFM, MM and TG. After adhering to the CR II diet,
significant differences were registered in tCh, TL and LDL. Both diets had a significant influence on
leptin and adiponectin concentrations. Significant differences in FFM, MM, and tCh were observed
between the CR I and CR II groups. At the end of the dietary intervention, significant differences
in BF, FFM, MM and TBW were observed between the CR I and CR II groups. Conclusion: The
6 weeks of CR II diet appeared to be more effective in reducing BF and lipid profile and proved to be
especially suitable for subjects with high body fat content and an elevated level of lipoproteins and
cholesterol. Both reductive diets were effective in improving the levels of leptin and adiponectin in
obese former athletes.

Keywords: calorie restriction diet; body mass reduction; insulin; IGF-1; leptin; adiponectin

1. Introduction

In many sports disciplines, and especially those in which muscular strength and body mass are
important for performance, lack of physical activity and diet modification after the end of the career
cause a drastic increase in body mass [1]. This often leads former athletes to become overweight or
even obese [1–3]. In spite of the fact that this phenomenon appears to be frequent, the problem of
excessive weight and obesity has not been studied extensively among former athletes, as their health
problems remain outside of the mainstream of scientific interest [1]. Recently, only a few papers have
been published regarding this topic [1–5], indicating that the maintenance of normal body mass in
former athletes is a serious health issue [6]. Weight gain in this population is a consequence of three
parallel processes: a decrease in the basal metabolic rate, the reduction of daily energy expenditure,
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and the excessive consumption of food [3,4]. The reduction in training intensity leads to a loss of
muscle mass, which, in turn, determines the value of the necessary daily caloric intake. Former athletes
are often accustomed to excessive calorie intake, which causes gains in body mass [4]. At the same
time, a significant reduction in the volume and intensity of daily physical activity is observed, and as a
consequence, a decreased resting metabolic rate occurs [7].

Currently, there are no clearly defined standards of nutrition for athletes terminating their sports
careers [1,3]. It appears that the metabolic changes caused by intense exercise and nutrition specific for
particular sports require a different approach to the diet of both the current and former athletes [6].
It is essential to consider that there are sport disciplines that require enormous energy consumption
and expenditure during training and competition, as well as sports that prefer calorie restriction and
low body mass [8]. In aesthetic sports disciplines that concentrate on movement coordination and
physique (e.g., artistic gymnastics), calorie restriction and body mass control are key factors of peak
performance [9]. Thus, a correctly adjusted diet for a standard subject may not be adequate for former
athletes, justifying the search for more efficient dietary management of athletes at the end of their
sports careers. A logical solution for former athletes with increased body mass and fat content includes
substantial calorie restrictions (CRs) [1]. The available studies confirm the positive influence of CR diets
on body mass reduction, blood pressure, variables of glucose metabolism, lipid profile, and immune
response [1,10–12]. Several studies have confirmed that reducing the amount of calories in the diet by
approximately 30% can lead to significant health benefits [13,14].

Besides poor eating habits, especially excess calorie intake, leptin and adiponectin are important
variables that influence excessive weight and obesity. Therefore, they have drawn the attention of
scientists engaged in metabolism and obesity studies. Leptin and adiponectin independently and
inversely influence such phenomena as the insulin resistance of tissues, glucose metabolism, and vessel
inflammation [15]. It has been proven that leptin can be associated with the complications resulting
from obesity, such as hypertension and cardiovascular diseases [16]. Adiponectin has an inverse
effect to leptin. This cytokine has an anti-atherosclerotic effect; it increases insulin sensitivity [17]
and has anti-inflammatory properties [18]. The concentration of adiponectin in plasma is inversely
proportional to the body mass index (BMI), and the concentration of insulin and triglycerides is directly
proportional to the concentration of HDL [19].

Apart from the mentioned hormones, insulin-like growth factor (IGF-1) also plays a key role in
glucose and lipids metabolism [20]. IGF-1 administration has been shown to reduce serum glucose
levels in healthy individuals but also in insulin-resistant patients [20]. IGF-1 promotes fatty acid
transport in muscle and its inhibition causes severe consequences like insulin resistance and even
diabetes [20,21]. A deficiency of IGF-1 in adults is associated with impaired muscle mass, bone
density, and lipid levels [20]. On the other hand, increased levels of free IGF-1 are observed in obese
subjects [22].

Excess body fat is a risk factor for insulin resistance [1,23,24]. There are a number of well-established
tests used to measure insulin resistance (IR) [25], including the homeostasis model assessment (HOMA).
The HOMA-IR model is a simple, noninvasive method for predicting insulin resistance in middle-aged
people with proper glucose tolerance [25]. This mathematical model is based on the reciprocal loop
theory between the liver and β-cells of the pancreas, which regulate the concentration of glucose and
insulin. The model can be used to evaluate the function of the β-cells of the pancreas as well as the
level of insulin resistance [21]. To determine the HOMA index, fasting glucose and insulin values must
be available. A higher level of HOMA-IR is observed in overweight, obese subjects but also in former
athletes with body mass imbalance [1,23,24].

Overweight and obese subjects are prone to metabolic diseases such as hypercholesterolemia or
hyperglycemia [1]. Thus, it is of great importance to monitor the above-mentioned blood variables
in these patients under calorie-restriction diets [1]. It is expected that reduced calorie intake would
decrease the concentration of blood glucose and insulin, while at the same time improving the lipid
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profile, decreasing the risk of diabetes [25]. A calorie restriction diet should also regulate the level of
adiponectin, which has a favorable effect on the cardiovascular system.

The aim of this study was to determine whether a dietary intervention based on the introduction
of two different types of calorie restriction induce significant changes in body mass and body
composition, as well as metabolic indicators, such as insulin resistance (HOMA-IR), concentration
of leptin, adiponectin, IGF-1, glucose, total cholesterol, triglycerides, and HDL and LDL cholesterol.
The first reductive diet decreased total daily energy expenditure (TDEE) by 20% (CR I), while the
second one was based on a 30% reduction of TDEE (CR II).

2. Materials and Methods

2.1. Subjects

Ninety-four (94) Caucasian males were initially qualified for the study. All of the qualified
individuals were obese former athletes as determined by the body mass index (BMI ≥ 30). The study
subjects included former athletes recruited from the following sport disciplines: canoeing, rowing,
swimming, athletics, soccer, as well as weightlifting and powerlifting. During their career, which lasted
10 years on average, each subject trained intensively from 6 to 10 times per week. The time period
since the end of their careers did not exceed 5 years. Volunteers were randomly assigned to one of the
two intervention groups CRI: n = 49 and CRII n = 45. For randomization, we used the sealed envelopes
method. Specifically, during the first visit to the laboratory, each participant drew an envelope with
the prescribed diet. The participants who were classified into the CRI group, consumed daily 20%
calories less than the total daily energy expenditure (TDEE), whereas the participants assigned to CRII
group reduced their daily calorie intake by 30% of TDEE (Table 1). Thirty-one participants resigned
from the study (18 subjects from CRI and 13 from CRII) (Figure 1). These individuals were not able
maintain the calorie-restricted diets and consumed fast foods, sweets, and alcohol, which were not
included in the prescribed diets. Of all the subjects recruited for the study, 31 from CRI and 32 from
the CRII group completed the experiment. After conducting the experiment, the study participants
were further divided into three subgroups (Figure 1): CRI—1.5–2.5 kg, n = 13/2.5–3.0 kg, n = 10/above
3.0 kg, n = 8; CRII—1.5–2.5 kg, n = 14/2.5–3.0 kg, n = 11/above 3.0 kg, n = 7, depending on the range of
body mass reduction.

Table 1. Characteristics of the applied diets.

Nutrients
CR I

MEAN ± SD
CR II

MEAN ± SD

TEI, kJ 9589.73 ± 150.6 8924.48 ± 217.6
TEI, kcal 2292 ± 36 2133 ± 52

CARBOHYDRATES, % 50 ± 0.4 50 ± 0.2
CARBOHYDRATES, g/kg/body mass 2.7 ± 0.3 2.6 ± 0.5

SIMPLE SUGARS, % <10 <10
FIBER, g/day 33 ± 0.2 34 ± 0.5

FAT, % 30 ± 0.6 30 ± 0.8
FAT, g/kg body mass 0.8 ± 0.2 0.75 ± 0.3

CHOLESTEROL, mg/day 300 ± 2.1 300 ± 1.7
PROTEIN, % 20 ± 0.7 20 ± 0.06

PROTEIN, g/kg body mass 1.2 ± 0.6 1.1 ± 0.4

Note: TEI—Total Energy Intake.
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Figure 1. Scheme of the experimental protocol.

During the initial visit, the volunteers were advised by a dietician to maintain their habitual
lifestyle and current physical activity. The exclusion criteria were as follows: The intake of any
supplements with established antioxidant properties; energy expenditure of physical activity >
3000 kcal/week; hypercholesterolemia (total cholesterol > 8.0 mM or dyslipidemia therapy); diabetes
(glucose > 126 mg/dL or diabetes treatment); hypertension (systolic blood pressure >140 mmHg
and/or diastolic blood pressure > 90 mmHg or antihypertensive treatment); multiple allergies; celiac
disease or other intestinal diseases; any condition that could limit the mobility of the subject, making
laboratory visits difficult; life-threatening diseases or conditions which could worsen adherence to
the measurements or treatments; vegetarianism or the need for other specific diets; and alcoholism or
other drug addiction. Written informed consent was obtained from all participants. The study protocol
was approved by the ethics committee of the Pomeranian Medical University in Szczecin, Poland (ethic
reference KB-0012/53/11) and conformed to the ethical guidelines of the 1975 Declaration of Helsinki.

2.2. Dietary Intervention

The dietary intervention lasted 6 weeks. The first group of participants received a mix diet with a
calorie reduction of 20% of the TDEE-CRI, while the second group was prescribed a similar diet with a
calorie reduction of 30% of TDEE-CRII. TDEE was calculated according to the commonly accepted
model (TDEE = RMR × AF) [26]. Resting metabolic rate (RMR) was measured during the first visit
and during the subsequent control visit by means of the Fitmate apparatus (Pro, COSMED, Rome,
Italy). The precise Cosmed Fitmate system was used to determine the RMR energy expenditure.
The whole test took approximately 20 min. The device uses the calorimetry method and directly
measures the amount of oxygen uptake (with accuracy of ± 0.02%) which makes it possible to measure
resting energy expenditure (REE), the resting metabolic rate (RMR) and the basic metabolic rate (BMR).
The Canopy measuring cap was used for the measurement. The activity factor (AF) was determined
based on the available indicator—2.0-high activity/1.6-medium/1.4-low/and 1.2-sedentary lifestyle [26].
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In order to establish the AF, each participant during the first visit was administered a validated
International Physical Activity Questionnaire—IPAQ. This questionnaire refers to the work-related
PA as well as activities performed at home and its surroundings, any kinds of activities performed
in free time (in relation to moderate or intensive physical activity) and time spent sitting. The CRI
and CRII diet model provided a total daily intake of 2192 ± 54 kcal and 2133 ± 42 kcal, respectively.
The following proportions of carbohydrates, fats and protein were prescribed for both study groups:
CRI—3 g/kg/body mass of carbohydrates, 0.8 g/kg/body mass of fats and approximately 1.2 g/kg/body
mass of protein. In the CRII diet, the participants consumed 2.9 g/kg/body mass of carbohydrates,
0.74 g/kg/body mass of fats and 1.1 g/kg/body mass of protein. The composition of the diets is presented
in Table 1. The applied macronutrient composition was recommended according to the actual norms
of nutrition for the Polish population as published by the Food and Nutrition Institute [27]. The meals
were prepared in the form of 24-h menus for 7 days of the week. They also consisted of instructions
for five meals per day. The particular diet composition was analyzed using DIETETYK 6.0 software
(Jumar, Poland). The scheme of the experimental protocol is shown in Figure 1.

2.3. Diet Control

After 3 and 6 weeks of the experiment, the prescribed diets were checked for quantity and
quality. The participants were asked to complete a 72 h food diary (2 weekdays and 1 weekend
day). To increase the accuracy of the recorded data, each participant received a diet diary booklet
that contained menus, pages to record foods, and photographs of food that depicted portion choices
for a common food item. The dietician indicated that each study participant should record the food
brand and portion size. The amounts consumed were recorded in household units, by volume or
by measuring with a ruler. In addition, each subject was interviewed about their dietary patterns in
the previous 6 weeks. The dietary records were validated by a nutritionist. Diets were reconstructed
from diary entries received from participants in the Diet 5 program and referred to the currently valid
standards recommended by the National Food and Nutrition Institute in Warsaw. Nutrient analyses
were carried out using the corresponding Polish food table [27]. The participants who did not report to
the control visit at the laboratory, as well as those who did not reach the recommended calorie values
programed in the experiment due to the excessive consumption of sweetened beverages or alcohol,
were eliminated from the study.

2.4. Anthropometric Data

The evaluations of body composition (body mass—BM, kg; body fat BF, %; fat free mass—FFM,
%; muscle mass—MM, %; total body water—TBW, %) were carried out twice using electric impedance
multi-frequency measurement BIA-1, Akern, Bioresearch SRL, PONASSIEVE, Florence, Italy [28,29].
Based on the obtained values, BMI was calculated using the following formula (BMI = body mass
(kg)/height[m]2). The anthropometric data of former athletes before the beginning of the study is
summarized in Table 2.

Table 2. The anthropometrics characteristic of the participant at the baseline.

Variable
CRI, n = 31
Mean ± SD

CR II, n = 32
Mean ± SD

BM, kg 92.3 ± 11.5 89.5 ± 14.0
BMI 28.1 ± 4.2 28.3 ± 4.1

BF, % 30.4 ± 8.0 29.3 ± 8.2
FFM, % 62.84 ± 8.36 58.98 ± 16.34
FFM, kg 67.68 ± 4.77 63.47 ± 17.48
MM, % 49.13 ± 4.59 43.36 ± 11.34
TBW, % 45.24 ± 5.26 42.35 ± 11.57

Note: CR—calorie restriction, BM—body mass; BMI—body mass index, BF—body fat, FFM—free fat mass,
MM—muscle mass, TBW—total body water.
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2.5. Biochemical Variables and Test Procedures

The following blood metabolic variables were evaluated in all study participants: glucose (GL),
total cholesterol (TCh), HDL cholesterol (HDL), LDL cholesterol (LDL), triglycerides (TG), total lipids,
insulin-like growth factor-1 (IGF-1), leptin, adiponectin, HOMA-IR, and insulin (I). Fasting blood
samples were collected between 08:00 and 10:00 am. at the beginning of the study and after 6 weeks of
intervention. After an overnight fast, venous blood samples for lipid analyses were collected into tubes
with EDTA anticoagulant, and for glucose estimation in tubes with sodium fluoride and for hormones
and IgF-1 in serum tubes. The blood was immediately placed on ice or in a refrigerator, and samples
were centrifuged at 2000× g (2500 rpm) for 10 min at 4 ◦C within 2 h of collection. The plasma was
then immediately stored in conditions to minimize artificial oxidation (i.e., with an antioxidant cocktail
under an inert atmosphere). Standard blood biochemical analyses such as blood lipid profile and
glucose concentration were carried out at the University Hospital Laboratory. The ELISA-automated
microparticle enzyme immunoassay test kits for quantitative assessments of leptin, adiponectin and
IGF-1 (all from R & D Systems, Minneapolis, MN, USA) were employed. HOMA-IR was calculated
from the formula—fasting insulin level × fasting glucose divided by 22.5 [30].

2.6. Statistical Analysis

The Shapiro-Wilk, Levene, and Mauchly’s tests were used in order to verify the normality,
homogeneity, and sphericity of the sample’s data variances, respectively. The verification of the
differences between the analyzed values before and after the diet intervention as well as between CRI
and CRII diets were verified using ANOVA with repeated measures. Statistical significance was set
at p < 0.05. Effect sizes (η2 Eta-squared) were reported for the results where appropriate (Table 3).
Parametric effect sizes were defined as large for η2 > 0.14, as moderate for 0.06 and small for 0.01 [31,32].
The statistical significance was set at p < 0.05. All statistical analyses were performed using Statistica
9.1 and the results were presented as means with standard deviations.

Table 3. Results of Shapiro-Wilk tests for CR I and CR II.

Variables
Shapiro-Wilk Test

CR I CR II

BM, kg 0.756 0.767
BMI 0.687 0.707

BF, % 0.686 0.715
FFM, % 0.713 0.743
FFM, kg 0.730 0.760
MM, % 0.749 0.778
TBW, % 0.764 0.791

GL, mmol/L 0.792 0.817
TCh, mg/dL 0.805 0.828
HDL, mg/dL 0.814 0.837
LDL, mg/dL 0.825 0.846
TG, mg/dL 0.835 0.855
TL, mg/dL 0.844 0.863
I, mg/dL 0.851 0.869

HOMA-IR 0.858 0.874
Leptin, ng/mL 0.791 0.813

Adiponectin, ng/mL 0.815 0.833
IGF-1, ng/mL 0.818 0.841

3. Results

Of the 96 randomly chosen participants, 63 completed the 6-week study (Figure 1). No significant
differences were noted between CR I and CR II groups for all measured variables before and after the
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diet intervention, except tCh and LDL (Table 4). After the diet intervention, a statistically significant
decrease in TG, TL and leptin, and an increase in adiponectin levels were observed in both the CR
I and the CR II group (Table 4). A high value of SD in BM before and after the CRI and CRII diet
(Table 4), resulted in the groups being divided into subgroups, depending on the body mass reduction.
It was revealed that after 6 weeks of diet in the CRI 1.5–2.5 subgroup, FFM (kg) and MM (%) were
significantly reduced (Table 5). There were significant differences in BF, FFM (%), MM, TBW (Table 5),
and tCh (Table 5) between CRI and CRII in the 3 kg subgroup. After the 6-week intervention, in the
CRI 1.5–2.5 subgroup there was a significant TG decrease (Table 6). In addition, after the same amount
of time in the three subgroups of CR II, a significant decrease was observed in the tCh TL and LDL
level (Table 6). Both CR I and CR II induced significant increases in adiponectin concentration in all
subgroups, while leptin concentration was significantly reduced in all subgroups after the CR I and CR
II diet model (Table 6). After the diet intervention, a statistically significant decrease in leptin and an
increase in adiponectin levels were observed in all subgroups in both the CR I and CR II diet (Table 6).

Table 4. Differences in body composition, lipid profile and glucose control variables before and after
CRI and CRII diet.

Variable

CR I
(n = 31)

CR II
(n = 32)

Before After
ES

Before After ES ES CR II vs. CR I

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Bo
dy

co
m

po
si

ti
on BM, kg 92.3 ± 11.5 90.4 ± 10.7 0.014 89.5 ± 14.0 87.1 ± 12.6 0.031 0.037

BMI 28.1 ± 4.2 27.8 ± 3.7 0.011 28.3 ± 4.1 27.3 ± 4.0 0.010 0.011
BF, % 30.4 ± 8.0 29.2 ± 5.8 0.013 30.71 ± 5.9 29.0 ± 7.7 0.027 0.014

FFM, kg 62.84 ± 8.36 58.95 ± 7.26 0.015 59.98 ± 16.34 58.02 ± 14.82 0.024 0.012
FFM, % 67.68 ± 4.77 67.62 ± 4.95 0.010 66.39 ± 14.10 63.47 ± 17.48 0.055 0.045
MM, % 49.13 ± 4.59 48.70 ± 6.07 0.011 48.39 ± 12.62 43.36 ± 11.34 0.058 0.051

TBW, kg 45.24 ± 5.26 45.18 ± 4.83 0.010 43.95 ± 11.80 42.35 ± 11.57 0.026 0.034

Li
pi

d
pr

ofi
le tCh, mg/dL 197.2 ± 40.3 171.4 ± 53.4 * 0.343 * 198.1 ± 40.5 187.3 ± 37.1 #* 0.241 0.351 #*

HDL, mg/dL 51.6 ± 13.4 47.0 ± 16.2 0.061 54.7 ± 13.3 56.4 ± 17.9 0.021 0.061
LDL, mg/dL 107.6 ± 28.3 102.5 ± 64.7 0.072 122.8 ± 42.0 116.3 ± 34.8 #* 0.253 0.347 #*
TG, mg/dL 102.3 ± 57.3 89.7 ± 54.8 * 0.333 108.5 ± 45.8 83.0 ± 48.7 * 0.249 * 0.057
TL, mg/dL 599.51 ± 102.7 520.80 ± 105.1 * 0.349 * 630.44 ± 124.4 572.93 ± 97.3 * 0.135 * 0.355

G
lu

co
se

co
nt

ro
l GL, mmol/L 5.24 ± 0.83 4.86 ± 1.27 0.070 5.34 ± 1.53 5.17 ± 1.01 0.013 0.067

I, mg/dL 10.9 ± 6.9 8.7 ± 5.2 0.034 10.0 ± 8.2 9.06 ± 5.8 0.021 0.028
HOMA-IR 2.6 ± 2.3 2.4 ± 1.1 0.010 2.7 ± 1.3 2.0 ± 1.4 0.010 0.012

Leptin, ng/mL 13.78 ± 4.8 9.45 ± 6.9 * 0.148 * 13.27 ± 4.7 9.69 ± 3.9 * 0.144 * 0.019
Adiponectin, ng/mL 3.33 ± 1.3 7.10 ± 3.2 * 0.166 * 3.83 ± 1.2 6.93 ± 3.3 * 0.147 * 0.022

IGF-1, ng/mL 43.93 ± 4.6 42.50 ± 14.8 0.041 44.76 ± 10.4 42.93 ± 6.6 0.023 0.011

Note: ES—effect size, BM—body mass; BMI—body mass index, BF—body fat, FFM—free fat mass, MM—muscle
mass, TBW—total body water, TL—total lipids, TG—triglycerides, tCh—total cholesterol, HDL—cholesterol HDL,
LDL—cholesterol LDL, GL—glucose, I—insulin, IGF-1—insulin-like growth factor, *—statistically significant
difference with p < 0.01 compared with before and ES for after, #—statistically significant difference with p < 0.05
compared with the CRI and ES for CRII; #*—statistically significant difference with p < 0.05 compared with the CRI
and ES for CRII and after.

Table 5. Results of the CR I and CR II diet on body mass and composition before and after the
diet intervention.

Variables

CR I

1.5–2.5 kg 2.5–3.0 kg Over 3 kg

Before After Before After Before After

BM, Kg 97.95 ± 4.5 92.26 ± 3.1 99.60 ± 6.1 94.75 ± 4.2 105.67 ± 5.2 100.91 ± 8.1
BMI 31.26 ± 1.2 28.14 ± 0.2 30.65 ± 2.13 29.23 ± 1.3 32.19 ± 2.5 30.86 ± 2.1

BF, % 30.68 ± 3.1 29.92 ± 2.1 32.46 ± 5.3 31.85 ± 3.4 37.61 ± 3.4 37.10 ± 5.3
FFM, % 69.32 ± 4.2 68.05 ± 3.64 67.60 ± 4.2 66.54 ± 5.3 63.02 ± 4.2 62.39 ± 5.2
FFM, Kg 59.52 ± 3.1 55.75 ± 2.36 * 60.70 ± 4.1 55.91 ± 4.2 55.94 ± 4.1 53.53 ± 2.5
MM, % 49.97 ± 5.3 46.91 ± 2.77 * 49.56 ± 3.1 46.97 ± 2.7 42.96 ± 2.6 42.67 ± 2.9
TBW, % 50.87 ± 5.3 49.19 ± 3.36 49.61 ± 4.2 48.55 ± 3.1 47.59 ± 3.9 46.84 ± 2.8
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Table 5. Cont.

Variables

CR II

1.5–2.5 kg 2.5–3.0 kg Over 3 kg

Before After Before After Before After

BM, Kg 96.95 ± 8.9 93.37 ± 6.3 100.43 ± 4.2 96.27 ± 4.3 98.67 ± 3.8 93.15 ± 2.1
BMI 30.08 ± 1.3 28.99 ± 1.4 30.78 ± 2.1 29.56 ± 1.1 30.40 ± 2.1 28.30 ± 1.4

BF, % 32.89 ± 2.1 31.86 ± 2.4 34.44 ± 2.6 33.75 ± 1.3 33.61 ± 2.1 # 31.21 ± 0.9 #
FFM, % 67.60 ± 3.1 65.84 ± 4.2 65.56 ± 4.2 65.21 ± 3.8 68.79 ± 4.9 # 67.90 ± 5.3
FFM, Kg 58.48 ± 4.1 57.86 ± 3.2 58.53 ± 3.6 55.98 ± 4.1 59.71 ± 3.2 54.86 ± 3.1
MM, % 47.83 ± 2.1 46.92 ± 3.5 46.83 ± 2.6 44.74 ± 2.5 49.86 ± 2.1 # 46.64 ± 2.5
TBW, % 50.25 ± 4.1 48.86 ± 3.4 48.85 ± 3.6 47.82 ± 4.1 50.59 ± 3.2 # 48.56 ± 3.5

Note: BM—body mass; BMI—body mass index, BF—body fat, FFM—free fat mass, MM—muscle mass, TBW—total
body water, *—statistically significant difference with p < 0.05 compared with baseline, #—statistically significant
difference with p < 0.05 compared with the CRI.

Table 6. Results of the CR I and CR II diet on lipid profile and glucose control variables before and
after the diet intervention in particular subgroups.

Variables

CR I

1.5–2.5 kg 2.5–3.0 kg Over 3 kg

Before After Before After Before After

Li
pi

d
pr

ofi
le TL, mg/dL 735.63 ± 33.5 609.65 ± 41.23 775.00 ± 47.3 665.36 ± 63.1 608.86 ± 51.3 528.50 ± 72.1

TG, mg/dL 131.63 ± 13.37 84.41 ± 14.91 * 127.30 ± 8.2 84.45 ± 13.1 126.00 ± 11.2 82.63 ± 8.2

tCh, mg/dL 201.56 ± 35.26 162.35 ± 26.13 200.90 ± 26.1 166.55 ± 21.4 181.14 ± 38.5 165.00 ± 27.2

LDL, mg/dL 132.25 ± 14.81 104.47 ± 12.1 139.90 ± 12.5 110.45 ± 9.2 120.86 ± 17.1 99.87 ± 15.5

HDL, mg/dL 49.81 ± 2.94 49.12 ± 3.2 46.37 ± 5.3 47.62 ± 8.2 49.43 ± 3.2 50.07 ± 4.1

G
lu

co
se

co
nt

ro
l GL, mmol/L 5.30 ± 1.42 4.78 ± 0.6 5.50 ± 0.8 4.95 ± 1.7 5.51 ± 1.5 5.12 ± 1.2

I, mg/dL 11.08 ± 2.62 10.14 ± 1.3 13.52 ± 4.1 12.86 ± 3.1 11.79 ± 3.7 10.18 ± 4.2

HOMA-IR 2.68 ± 0.31 2.43 ± 0.24 3.36 ± 1.3 3.15 ± 1.5 2.82 ± 0.8 2.36 ± 0.7

Leptin, ng/mL 12.32 ± 1.2 9.76 ± 1.3 * 13.10 ± 1.4 8.45 ± 0.4 * 15.43 ± 2.3 9.19 ± 1.3 *

Adiponectin, ng/mL 3.51 ± 0.2 6.45 ± 0.5 * 3.50 ± 0.3 7.55 ± 0.5 * 3.12 ± 0.6 7.20 ± 1.2 *

IGF-1, ng/mL 42.23 ± 0.9 41.90 ± 2.1 43.06 ± 1.1 41.60 ± 0.8 44.21 ± 3.4 43.10 ± 1.5

Variables

CR II

1.5–2.5 kg 2.5–3.0 kg Over 3 kg

Before After Before After Before After

Li
pi

d
pr

ofi
le TL, mg/dL 639.71 ± 42.3 559.36 ± 23.2 * 632.70 ± 54.2 540.40 ± 21.1 * 649.14 ± 32.1 548.57 ± 24.5 *

TG, mg/dL 99.50 ± 4.2 71.36 ± 12.1 109.00 ± 12.3 76.70 ± 21.5 109.00 ± 15.1 73.86 ± 23.6

tCh, mg/dL 204.54 ± 18.1 183.64 ± 13.1 * 199.40 ± 14.2 172.80 ± 11.2 * 206.71 ± 14.1 # 177.57 ± 12.2 *

HDL, mg/dL 55.50 ± 8.2 56.63 ± 6.1 50.80 ± 3.1 49.89 ± 4.1 50.42 ± 4.1 50.76 ± 3.4

LDL, mg/dL 131.43 ± 9.4 112.64 ± 7.3 * 126.90 ± 8.2 107.60 ± 8.2 * 134.5 ± 7.27 112.29 ± 9.4 *

G
lu

co
se

co
nt

ro
l GL, mmol/L 5.07 ± 1.1 5.04 ± 0.8 5.34 ± 0.7 5.12 ± 0.9 5.39 ± 0.8 5.10 ± 1.1

I, mg/dL 10.77 ± 1.8 8.34 ± 1.3 12.29 ± 1.3 8.72 ± 2.8 14.99 ± 2.1 9.90 ± 3.1

HOMA-IR 2.52 ± 0.5 1.93 ± 0.9 2.91 ± 0.7 2.13 ± 0.5 3.57 ± 1.4 2.46 ± 1.1

Leptin, ng/mL 11.86 ± 2.1 8.13 * ± 2.5 12.10 ± 3.1 9.65 * ± 0.3 15.15 ± 1.1 10.30 * ± 1.2

Adiponectin, ng/mL 4.08 ± 1.2 8.10 * ± 2.6 3.84 ± 3.2 7.20 * ± 0.4 3.60 ± 0.8 6.95 * ± 0.4

IGF-1, ng/mL 44.35 ± 2.7 43.16 ± 3.1 42.94 ± 2.9 43.08 ± 1.5 42.40 ± 1.9 41.30 ± 0.8

Note: TL—total lipids, TG—triglycerides, tCh—total cholesterol, HDL—cholesterol HDL, LDL—cholesterol
LDL, GL—glucose, I—insulin, IGF-1—insulin-like growth factor, *—statistically significant difference with p <
0.05 compared with baseline, #—statistically significant difference with p < 0.05 compared with the CRI.

4. Discussion

The current literature does not provide scientifically-based nutritional standards for former
athletes [33–35]. However, there are studies concerning nutritional methods and observations of the
health status of these subjects [5,36–38]. In the present study, from the 96 randomly chosen participants
to consume caloric-restriction diets, 63 completed the 6-week study. Thirty-one participants (18 subjects
from CR I group and 13 subjects from CR II) resigned from the study. The high number of participants
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who discontinued the study was caused by many diet restriction such as the need to have regular meals
or no snacking. When participants met with the dietitians, they which informed them that despite
their initial readiness, they could not resign from their usual diet habits especially from snacking,
eating sweets or consuming alcohols. Unfortunately, it is a typical problem, psychological rather
than physiological, common for obese and overweight individuals. Although these people are aware
of the fact that high body mass and fat content significantly increase the risk of developing many
fatal disorders, they cannot commit fully to the dietary restrictions. Studies show that individuals
who decide to reduce their body mass and fat content, apart from dietetics, require psychological
care [39,40].

In the present study, both CR I (reducing daily caloric intake by 20% of TDEE) and CRII diets
(reducing daily caloric intake by 30% of TDEE), when adjusted to the caloric needs of a participant,
helped to reduce body mass, thus improving BMI. In former athletes who applied the reducing daily
caloric intake by 30% of TDEE and lowered their body mass by 1.5–2.5 kg, 2.5–3.0 kg, and over 3.0 kg,
a significant improvement in lipid variables (tCh, LDL and TL) was observed, as insulin and levels
were decreased and HOMA-IR was reduced. When comparing the CRI and CRII groups, it appeared
that a more drastic reduction of calories observed in the CRII model improved the variables of lipid
metabolism to a greater extent. This was especially visible in subjects who reduced their body mass by
more than 3 kg. In former athletes who reduced daily caloric intake by 20% of TDEE and achieved
a body mass loss of 1.5–2.5 kg, a significant decrease in FFM and MM was observed. This suggests
that a calorie restriction diet does not protect the muscle tissue from being catabolized [41]. The lower
glucose concentration resulting from this calorie restriction can be explained by a greater uptake of
glucose by increased muscle mass.

Losing weight and increasing physical activity independently has a beneficial effect on the glucose
metabolism and insulin sensitivity [42]. Improvement in insulin sensitivity with dietary intervention
depends on the number of calories reduced. The more restrictive the diet, the greater improvement
in insulin sensitivity [42]. Our study participants demonstrated no significant improvement in
glucose, I or HOMA- IR, as they consumed a relatively high number of calories daily (2192 ± 51 kcal).
Insulin sensitivity improvement can be observed in healthy subjects even in short-lasting but very
low-calorie diets, where calorie intake can only be 500 kcal/day [43]. Such a diet model induces a
marked decrease in abdominal adipo tissue, reduction in adipocyte size, an increased adipo tissue
gene expression of mitochondrial biogenesis markers and non-mitochondrial oxygen consumption
pathways, as well as improved whole-body insulin sensitivity [43]. Other authors confirm that calorie
restriction helps decrease body mass, reduces insulin, glucose and HOMA-IR, and stabilizes their level,
even if the subjects are not physically active [1,10,12]. Research on reducing daily caloric intake by
30% of TDEE has also been carried out on subjects with type 2 diabetes. The results indicate that this
relatively mild caloric restriction helps decrease the level of insulin in diabetic patients [44]. Weiss and
colleagues [45] in their research performed on 52 men and women aged 45–65 observed a decrease in
the level of insulin and glucose and an improvement in insulin sensitivity after the introduction of a
diet based on calorie restriction.

The loss of body mass due to calorie restriction significantly affects leptin and adiponectin secretion
in fat tissue [46]. Indeed, strong evidence indicates that lowering body mass contributes to the reduction
of blood leptin concentration. In the research carried out by Wing et al. [47] on 52 obese women, after
the introduction of a calorie-restricted diet, the average decrease of body mass was 8.1 kg and the
concentration of leptin was lowered from 30.1 to 20.4 ng/mL [47]. Sartorio et al. [48] in a study that
lasted 3 weeks and involved a group of 54 obese patients, achieved a statistically significant reduction
in plasma leptin concentration in both men and women (women: from 41.1 ± 3.6 ng/mL to 29.9 ±
3.0 ng/mL; men: from 19.4± 2.6 ng/mL to 11.6± 1.3 ng/mL) [48]. Adiponectin demonstrates the opposite
effect. Its level rises in the blood in proportion to the reduction of body mass [49,50], a phenomenon
that was also confirmed in the present study. Adiponectin can influence body mass reduction through
the stimulation of the release of free fatty acids and glucose from peripheral tissues [51].

123



Nutrients 2019, 11, 1461

The present study did not show any changes in the blood concentration of IGF-1 in any of the
groups. This is a rather unfavorable phenomenon because IGF-1 can promote muscle lipids and
glucose metabolism and reduce insulin resistance [20,52]. Fontana et al. [22] in a study performed
on men and woman showed that a 2-year calorie restriction diet caused a significant decrease in the
concentration of IGF-1.

The former athletes participating in this study had a significantly increased body fat mass,
which varied from 28% to 30% in most cases. Similar findings were reported by other authors [1].
Overweight and obesity among former athletes has been observed more often in athletes participating in
speed–strength sport disciplines and those with weight categories in comparison to aerobic endurance
sports [5,53,54]. This association is strongly related to body mass and fat mass during their sports
careers [55–58]. Among NFL and NHL players, shot putters, and wrestlers in the heavyweight division,
body mass helps in achieving better sport results. Borchers et al. [59] found that the prevalence of
obesity was 21% in former NFL players. Kujala et al. [60] also confirmed that former power-sports
athletes had a higher body mass compared with endurance athletes, especially long-distance runners
and cyclists. Similarly, Albuquerque et al. [4] and Hyman et al. [54] showed that obesity is common in
retired NFL players.

Not all former athletes have problems with body mass. Former endurance-trained athletes have
a much smaller likelihood of obesity [53,56]. Marquet et al. [53] confirmed that former cyclists have
a significantly lower prevalence of obesity than the general population [53]. This may be caused by
previously increased energy expenditure due to significant training loads, as well as high total daily
energy expenditure compared with sedentary subjects [61]. In addition, Vogt et al. [62] indicated that
elite cyclists had a 30% higher daily energy expenditure during the competitive season compared to
preseason training. Other authors also explain this phenomenon by pointing to the very active lifestyle
of retired endurance athletes [3,53]. Cyclists or marathoners even after the end of their careers maintain
proper body weight and optimal body fat [49]. Phil and Jurimae [4] indicate that more than half of
the former athletes in Finland engage in regular leisure-time physical activity or compete in different
kinds of sports throughout their adult life, maintaining normal body weight. Similar observations
were reported by Sarna et al. [2] in former Estonian athletes.

It can be concluded that calorie-restriction diets are effective in reducing body mass in overweight
and obese former athletes. Reducing daily caloric intake by 30% of TDEE is especially suitable for
subjects with high body fat content, as well as increased glucose, insulin, lipoprotein and cholesterol
levels. The reduction of body mass by 3 kg or more allows for a significant improvement in the lipid
profile, leading to favorable endocrine changes. The concentration of leptin is reduced while that of
adiponectin likely increases, stimulating the release of free fatty acids and glucose from peripheral
tissues. It seems that former athletes should adopt a dietary strategy which allows for the preservation
of muscle mass while reducing body fat content. Reducing daily caloric intake by 30% of TDEE can be
recommended for overweight and obese former athletes to maintain proper body mass and health.

The present study has several strengths but also some limitations. The former includes a unique,
large research group, the use of two calorically-different diet models, and a relatively long 6-week
dietary intervention. The main limitation is the adherence of the study participants to the prescribed
diet, effective control of dietary intake by the subjects, and the inability to unify the groups by preparing
the same variable-calorie meals at the same time of day. These variables likely affected the final results
of weight reduction, which are often quite divergent within the same dietary group.

5. Conclusions

For overweight and obese former athletes, a calorie restriction diet based on a 30% reduction of
TDEE is more effective with regards to improved body mass, lipid profile, and reduced insulin and
HOMA-IR levels compared to a 20% calorie restriction diet. Both the 20% and 30% of TDEE restriction
diets reduced the levels of leptin and increased adiponectin concentration.
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Abstract: Genetic and pharmacological interventions have successfully extended healthspan and
lifespan in animals, but their genetic interventions are not appropriate options for human applications
and pharmacological intervention needs more solid clinical evidence. Consequently, dietary
manipulations are the only practical and probable strategies to promote health and longevity
in humans. Caloric restriction (CR), reduction of calorie intake to a level that does not compromise
overall health, has been considered as being one of the most promising dietary interventions to
extend lifespan in humans. Although it is straightforward, continuous reduction of calorie or food
intake is not easy to practice in real lives of humans. Recently, fasting-related interventions such as
intermittent fasting (IF) and time-restricted feeding (TRF) have emerged as alternatives of CR. Here,
we review the history of CR and fasting-related strategies in animal models, discuss the molecular
mechanisms underlying these interventions, and propose future directions that can fill the missing
gaps in the current understanding of these dietary interventions. CR and fasting appear to extend
lifespan by both partially overlapping common mechanisms such as the target of rapamycin (TOR)
pathway and circadian clock, and distinct independent mechanisms that remain to be discovered.
We propose that a systems approach combining global transcriptomic, metabolomic, and proteomic
analyses followed by genetic perturbation studies targeting multiple candidate pathways will allow
us to better understand how CR and fasting interact with each other to promote longevity.

Keywords: aging; lifespan; longevity; calorie restriction; fasting

1. Introduction

1.1. Opening Sentences

Almost all organisms, except for a few species including perennial plants, lobsters, quahog, rockfish,
and Testudinidae, undergo a series of biological processes referred to as “aging” and “senescence.” [1].
Biological aging is generally defined as “a series phenomenon of functional, structural, and biochemical
changes that occur throughout cells and organs, disrupting homeostasis in the body and ultimately
leading to death” [2]. Prior to the early twentieth century, studies on human aging were not considered
important because humans lived for a relatively short period of about 35 to 45 years. Since that
time, technology and human medicine have greatly advanced, the human lifespan has increased,
and research into human longevity and healthy living has increased. One of the breakthroughs of the
research is that the aging process can be retarded by dietary manipulations.
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1.2. History of Dietary Manipulations for Health and Longevity

In the early 1900s, there was some evidence that dietary manipulations affect health and longevity
of organisms. Reduction of food intake decreased the occurrence of cancers in rodents [3], and increased
the lifespan in aged female rats [4] and fruit flies [5]. The basic concept of caloric restriction (CR) was
founded in the late 1930s. Ingle et al. reported that the reduction of food intake increased the lifespan
of planktonic cladoceran, Daphnia longispina [6], and McCay et al. showed that restricted diet extended
the lifespan of rats two fold compared to rats on a normal diet [7]. Since the late 1930s, the term CR has
become more widely used, and, in the 1940s, many researchers reported that CR retarded or prevented
the onset of age-related diseases such as kidney disease, tumors, and leukemia [8–12]. From the 1950s to
the 1980s, the longevity effect of CR was also reported in other species. CR decreased the mortality rate
in Tokophrya infusionum (Protozoan) [13], Philodina acuticornis (rotifera) [14], Lebistes reticulates (fish) [15],
Caenorhabditis elegans (nematode) [16], Rattus norvegicus (rat) [17,18], and Mus musculus (mouse) [19,20].
In addition to limiting the feeding amount, controlling the feeding period (e.g., intermittent feeding)
was also researched during these decades [18,20–23]. In the 1980s, several sources of evidence started
to indicate that the dietary composition was the controlling determinant for the longevity effect of
CR, and the term dietary restriction (DR) began to be widely used. Several studies have shown that
reduced calorie intake by alteration of nutrient content, such as fat, carbohydrates, or amino acids,
can have different effects on longevity in model animals [24–26]. In the 1990s, results of studies into
the effects of CR in rhesus monkey (Macaca mulatta), non-human primates (NHP) were published by
three groups—the National Institute on Aging (NIA) [27], the Wisconsin National Primate Research
Center (WNPRC) [28], and the University of Maryland [29].

In the 2000s, the term intermittent feeding underwent a slight change and became intermittent
fasting (IF). IF is a dietary manipulation that cycles between periods of ad libitum feeding and periods
of fasting, including alternate-day fasting (ADF) and periodic fasting (PF) [30]. Although the effects
of IF on health and longevity have not been elucidated as clearly as those of CR, there is evidence
indicating a positive effect of IF on aging [31,32]. Recently, the concept of IF merged with that of the
circadian rhythm and a new diet regimen, time restricted feeding (TRF), has emerged. TRF is a slight
variation of IF interventions in which food intake is limited to 12 h each day without a change in
the total calorie intake of the normal diet [31–35]. TRF has been reported to reduce the incidence of
aging-related diseases and delay aging without an actual reduction in food intake.

1.3. Key Determinant of Lifespan Regulation through Diet Manipulation

CR regards the daily caloric intake per se as a key determinant in lifespan regulation. For example,
a reduction of calorie intake without a reduction of protein intake increased the lifespan of rats [25],
and lifespan was not altered in rats fed isocaloric diets in which either fat or mineral components had
been reduced [26,36]. These studies indicated that the total calories are a key determinant in regulating
the lifespan of rats. However, recent evidence had indicated that the amount of calorie intake might
not be a key determinant of lifespan regulation by CR. The lifespans of rats and fruit flies have been
increased by nutritional changes or protein reduction while providing the same calorie intake [37–41].
Moreover, the results of several studies have suggested that amino acids are key modulators of lifespan
in organisms [42,43]. Furthermore, reducing only one type of amino acid, methionine, is sufficient
enough to increase the lifespan of yeast, nematodes, fruit flies, and rodents [44–47]. Beneficial effects of
TRF on health and longevity indicated that there might be a third determinant in lifespan extension,
other than total calories or nutrient composition, since TRF exerts its effect without exhibiting notable
changes in total calories or nutrient composition [31]. A more thorough investigation into the key
determinant(s) of nutrient restriction effect is necessary.
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2. Animal Models and Protocols of Dietary Manipulation

2.1. Yeast (Saccharomyces Cerevisiae)

Yeast aging is classified into two different types as replicative and chronological aging [48].
Replicative aging is defined by the number of daughter cells produced by a mother cell, while
chronological aging is defined by the time in which a nondividing cell can maintain viability. Although
two yeast aging paradigms have been used in aging studies, replicative aging is more widely used in
CR-related aging studies. Generally, CR in yeast is performed by reducing the glucose level in growth
medium, which commonly contains 2% peptone, 1% yeast extract and 2% glucose. The concentrations
of glucose are reduced to ~0.5–0.005% for CR [49]. In these settings, replicative lifespan of budding
yeast was extended by about 10 times in the low-dose glucose medium compared to the lifespan of
control [50–53]. Yeast is also cultured in water in order to undergo fasting [54].

2.2. Nematode (Caenorhabditis Elegans)

C. elegans has several advantages in aging studies—a relatively short lifespan/reproductive
cycle, a translucent body, it is easy to culture, has a small genome, and there are many available
mutants [55]. DR is mainly performed in nematodes by controlling the concentration of the bacteria
such as Escherichia coli in the media that they feed [54,56]. In the worms, genetic perturbations
that mimic DR were also introduced by inhibiting specific nutrient transporters [57] and reducing
pharyngeal pumping [58]. For IF, worms are placed every other day in medium with and without
bacteria [59,60]. This IF regimen (alternate 2 days eating/ 2 days fasting) successfully extended lifespan
in the worms [59,60]. Furthermore, chronic fasting also increased the lifespan of worms compared to
normal diet-fed worms [61,62].

2.3. Fruit Fly (Drosophila Melanogaster)

The fruit fly, D. melanogaster, is another invertebrate model organism widely used for aging and
dietary intervention studies [63]. Similar to C. elegans, the fruit fly also has many advantages such as
a relatively short lifespan and high productivity. However, compared to C. elegans, the fruit fly has
more complicated and diverse tissues such as the heart and kidney that are functionally homologous
to mammals [63]. Gene manipulation and editing tools are also readily available to study the genes
of interest in a time- and tissue-controlled manner [63]. Furthermore, their simple food composition
allows for easy manipulation of the food component in experiments. Although the composition of
the food medium is diverse among laboratories, the most general method for DR supplementation
in the fruit fly is dilution of the food ingredients including yeast as a protein source, sugar, or fat
from an ad libitum medium. Food reduction or diluted food has also been consistently shown to
extend the lifespan in fruit flies [40,64,65]. Furthermore, limiting amino acids such as methionine or
limiting protein sources were sufficient to increase the lifespan of fruit flies [40,41,46,66]. A relatively
diverse fasting study design can be carried out in fruit flies. In the case of ADF, food is provided
every two days and fasting is performed for 24 h. Recent studies have found that a 2-day fed:5-day
fasted IF regime [67] and a TRF regime with daily access to food during the day and water access
during the night [68] can be implemented in fruit flies. In the IF regime’s case, flies were treated for IF
for the first 30 days of adulthood and then switched to an ad libitum diet due to high mortality by
fasting in older flies [67]. In this regimen, IF increased the lifespan of fruit flies [67]. However, a 3 h
or 6 h starvation during the day was not enough to extend the lifespan [65]. Additionally, TRF did
not increase the median lifespan of fruit flies, although TRF improved the muscle performance and
attenuated age-related cardiac dysfunction [31,68].

2.4. Rodents

Although research results showing longevity manipulation by dietary modulation in nematodes
and fruit flies are thought-provoking and motivating, the complexities of human physiology block
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the direct application of such results in humans. In this regard, rodents can fill some of the gaps
between them and humans because, compared to fruit flies, nematodes, and yeast, rodents have a closer
phylogenic relationship to humans and greater similarities in their physiological features and process.
Many studies have shown beneficial effects of CR/DR on aging in rodents. For example, CR/DR reduced
the incidence of age-related diseases such as cancer, neurodegenerative diseases, and cardiovascular
diseases and prolonged lifespan by 30% in rats and 15% in mice [24,69–71]. Rodents, including mice
and rats, were the first experimental model systems used to investigate the effect of CR on lifespan [7].
Generally, to conduct CR in rodents, the total consumed volume of food is thoroughly controlled so
that 20–50% of calories are reduced compared to ad libitum food administration. [72,73]. In addition
to this traditional CR administration, trials modulating macromolecule composition such as proteins
or carbohydrates were also attempted. Similarly, reducing the concentration of specific amino acids
such as methionine or tryptophan is another form of dietary modulation and was shown to extend
lifespan [42,47,71,74–78]. To assess the effects of fasting regimen in rodents, IF can be conducted so that
rodents are provided with only water or minimal nutrients for less than 24 h followed by a normal
diet period of 48 h, whereas PF can be conducted so that rodents are fasted for approximately 48 h,
returned to normal feeding and then fasted again at least one week later [79]. To conduct TRF, food
access can be regulated by transferring mice daily between cages with ad libitum food and cages with
water only [80,81]. In rodent models, the effects of IF on lifespan are not yet conclusive. IF with every
other day fasting or fasting for one day every three to four days extended the lifespan of rodents [82–85].
However, a study showed that IF introduced at 10 months of age had no effect on mean lifespan in
C57BL/6J mice or decreased the lifespan in A/J mice [83]. Unlike IF, multiple studies showed that TRF
inhibits several chronic diseases and tumor progression and increases lifespan in rodents [86–88].

2.5. Non-Human Primates

The use of NHP in dietary studies provides unique evidence that cannot be obtained by studying
a lower-order model animal. Although the results of NHP studies have high reliability in human
applications, NHP studies can encounter several technical, financial and ethical difficulties. Three
independent groups, the NIA, the WNPRC, and the University of Maryland have investigated, or are
currently investigating, the beneficial effects of CR on NHP by using the rhesus monkey model.
A research group at the University of Maryland have focused on the effects of short-term CR on
obesity and diabetes [89,90], while the NIA and WNPRC have been investigating the effects of CR
in rhesus monkeys throughout their entire lifetime. Although the rhesus monkeys in the CR groups
were provided with about 70% food compared to ad libitum groups in both the NIA and WNPRC
studies, there is a key difference between them in terms of dietary composition [91–93]. The NIA
provided unpurified natural ingredient-based food, while the WNPRC provided a purified diet to
monkeys [91–93]. Although the exact information of food ingredients is not available in natural
ingredient-based food, it provides phytochemicals and minerals which might have beneficial effects on
health and lifespan. On the other hand, a purified diet has an advantage in that nutrient composition of
the diet is more defined, allowing the manipulation of specific components of the diet. In addition, the
NIA provided approximate ad libitum intake considering their age and bodyweight for the maturing
control monkeys without overfeeding, but the WNPRC established the ad libitum reference for each
individual and implemented CR based on individual standards [91–93]. Lifelong CR in rhesus monkeys
led to lifespan extension at the WNPRC [91], but there was no lifespan extension effect by CR at
NIA [92]. The NIA used the food that was lower in calories and fat, and higher in protein and fiber
compared to food used by the WNPRC. These dietary manipulations conducted at the NIA led to a
longer lifespan of the control old-onset groups from the median lifespan of rhesus monkey. The median
lifespan of rhesus monkey was similar to what was previously reported as the 90th percentile of this
species (~35 years old). In addition, juvenile/adult males without CR in the NIA showed similar
median lifespans compared to the lifespan of monkey with CR in the WNPRC. Thus, it suggests
that the difference in diet between the control and the CR group was insufficient to change lifespan.
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However, since the NIA uses rhesus macaques of various ages, sex, and different genetic backgrounds
(Indian and Chinese), it showed results that can compare the effect of CR according to the differences in
age/sex/genetic background. Although the results of the effect of CR on the lifespan of rhesus monkey
were different, both groups present health benefits of CR such as loss of weight and fat, and reduced
risk of cancer and cardiovascular disorder. Thus, if all variables were controlled, it was suggested that
CR can robustly increase lifespan in monkeys and also suggest applications in humans [93].

3. Dietary Manipulations for Human Application

Many studies have shown that dietary manipulation can retard the aging process through some
well conserved mechanisms in diverse organisms from yeast to NHP. The determination of conserved
mechanisms that produce beneficial effects of dietary manipulation in humans would require additional
investigation, due to the limited number of studies examining the effects of CR/IF in humans. However,
several epidemiological and cross-sectional studies using centenarians and individuals who volunteered
CR practice indicate the beneficial effect of CR in humans. Epidemiological data can be gathered from
people who follow food restrictions due to religious guidelines. For example, Muslims ingest no food
or water for approximately 15 h between sunrise and sunset for a month during Ramadan every year.
Thus, this long-term food restriction during Ramadan could be considered a human IF model.

Some studies have shown that Ramadan fasting has the effect of promoting human health [94].
A Comprehensive Assessment of the Long-term Effects of Reducing Intake of Energy (CALERIE)
research program was designed to systematically investigate sustained CR effects in healthy volunteer
humans over a two-year period [95]. The CALERIE program produced several results that demonstrate
the beneficial effect of CR on aging and health in humans, including observation of an increase in
metabolism and a decrease in oxidative stress [96,97]; however, the study did not indicate the presence
of beneficial effects of CR on age-related bone and muscle impairment [98,99]. Additionally, some
studies have shown that IF can improve metabolic health and physiological function in humans.
IF reduced fat mass, lean mass, and body weight in healthy humans and obese patients [33,100–104].
Similarly, IF improved lipid and glucose metabolism, reduced inflammatory response, lowered blood
pressure, and improved cardiovascular health [102,105–109]. Several studies have shown that IF is an
effective intervention, especially for people who are overweight or diabetic. IF reduced overall fat mass
and decreased insulin resistance [103,110–113]. Some researchers also conducted the studies to evaluate
the effects of TRF on human health, and demonstrated that TRF improved insulin sensitivity, blood
pressure, oxidative stress, and quality of life in overweight or diabetic adults [35,114,115]. Results of
the studies also showed that TRF improved cardiovascular function and other indicators of healthspan
(e.g., walking distance and heart rate) in healthy middle-aged and older adults [116] although weight
loss observed with other IF methods were not accompanied by TRF. These results suggest that IF
including TRF may be a promising manipulation to extend the healthspan of humans.

4. Molecular Mechanisms of CR and IF

The ultimate goal for animal studies on CR/IF is to identify the conserved molecular mechanisms
that can extend the healthspan of humans. Healthspan, the period of life that is free from disease, is
measured by examining declines of functional health parameters and disease states. Because healthspan
is a multifactorial complex phenotype that is significantly affected by genotypes (G) and environmental
factors (E) as well as complicated interactions between them (G × E), measuring healthspan often gets
complicated [117]. Furthermore, delayed functional aging in one parameter is not always necessarily
linked to the extension of healthspan in different health parameters [117]. In fact, by depending
on the types of health parameters and experimental approaches, different healthspan results were
observed from the studies that used the same long-lived mutant animals [117]. Unlike healthspan,
lifespan is unequivocally recorded by simply following the mortality of individual organisms. Lifespan
extension in animal models is strongly correlated with a decrease in morbidity and an increase in
health. Therefore, although we believe that results of health-related parameters from animal CR/IF
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studies are likely to be translatable to human healthspan, we will focus on the mechanisms of lifespan
extension in animal models in this manuscript.

Although not complete, studies for the last two decades on CR have provided a great amount
of details about the mechanisms of CR. Recent advances in OMICs and bioinformatic techniques
followed by organism level genetic perturbation analyses significantly extended our knowledge on the
molecular mechanisms that mediate lifespan extension by CR. A current understanding is that CR works
through the key nutrient and stress-responsive metabolic signaling pathways including IIS/FOXO,
TOR, AMPK, Sirtuins, NRF2, and autophagy. While these pathways regulate CR independently,
cross-talks among these pathways as well as upstream master networks such as circadian clock were
also suggested to regulate lifespan extension by CR. Although the number of reports on IF is less than
CR, recent studies clearly demonstrated that IF also extends lifespan in both vertebrate and invertebrate
model organisms [60,67,79,83,118,119]. Notably, increased survival by nutrient deprivation was also
observed in prokaryotic E.coli cells, emphasizing that fasting-related lifespan extension is evolutionarily
conserved [79]. However, there is still a lack of comprehensive understanding for the mechanisms
responsible for lifespan extension by IF. As nutrient-dependent interventions, CR and IF were suggested
to share a common strategy: the reduction of caloric intake and nutrients that limit longevity. In fact,
CR and IF also result in common metabolic and physiological changes in multiple tissues and organs
(Figure 1) [32]. For example, ketone bodies, insulin sensitivity, and adiponectin are increased while
insulin, IGF-1, and leptin are decreased. Overall inflammatory response and oxidative stress are
reduced by both regimens [32]. They also cause similar behavioral changes such as increased hunger
response and cognitive response [32]. Accordingly, it is widely accepted that common molecular
mechanisms may mediate the lifespan extension by CR and IF. A proposed model for the mechanisms
underlying the lifespan extension by CR and IF relatively follow the notion that both CR and IF alter the
activity of common key metabolic pathways, namely, TOR, IIS, and sirtuin pathways (Figure 1) [120].
However, there must be independent mechanisms as well due to one major difference between CR and
IF in that IF aims to extend lifespan without an overall reduction in caloric intake by taking advantage
of the molecular pathways that respond to fasting [30,32,121].

 
Figure 1. Possible anti-aging mechanisms of caloric restriction (CR) and intermittent fasting (IF).
Different dietary interventions by CR and IF result in similar molecular and physiological changes
that promote longevity in model organisms. Patterns of individual dietary, metabolic, molecular, and
physiological parameters can be different depending on the types of CR and IF as well as the animal
models. See the main text for details.

134



Nutrients 2020, 12, 1194

Chronic CR that results in the extension of healthspan and lifespan usually involves a body
weight loss in animal models [119]. Body weight loss is also often observed in animals under IF [119].
This is an important issue in both practical and mechanistic perspectives. Although a modest body
weight loss may be beneficial for overall health, a severe loss of body weight may counteract beneficial
effects on other health parameters. Mechanistically, it is possible that CR and IF result in extension of
healthspan and lifespan at the cost of body weight reduction. In this sense, it is interesting to note
that a loss of body weight can be decoupled from other beneficial effects by IF [30,114]. This raises an
important question of whether fasting by itself may induce some, if not all, extension of healthspan
and lifespan at least by IF. Although a weight loss was observed in the participants of the CALERIE
trial (also seen in Section 3), the weight loss was mild and within the normal range of health while
improving other health parameters [95–97]. Therefore, although further investigations are required for
the reciprocal relationship between body weight and the efficacy of CR/IF, we favor the idea that that
body weight reduction by CR and IF are side effects that are not the mechanistic determinant for the
benefits of CR and IF.

CR and IF significantly reorganize genomic, metabolomic, and proteomic landscapes in local
tissues as well as in the global organism level in an age, sex, and strain-dependent manner. However,
these molecular changes in gene expression, metabolites, and proteomes do not necessarily represent
whether those changes are causal factors for CR- and IF-mediated lifespan extension. Genetic
perturbation studies in animal models must be followed in order to link them to lifespan regulation by
CR and IF. Therefore, in this review, we will primarily focus on the molecular pathways that were
genetically tested for CR and IF effects on lifespan, leaving out much of correlative studies describing
the physiological and metabolic traits affected by CR and IF. Because genetic perturbation studies and
OMICs data for IF are significantly less than those of CR, we will first discuss molecular mechanisms
of CR followed by whether those mechanisms overlap with IF.

4.1. AMPK-TOR Signaling

In eukaryotes, the target of the Rapamycin (TOR) pathway plays a central role in nutrient and
energy sensing to control cellular and organismal growth [122–124]. The TOR pathway regulates growth
and metabolism by promoting protein synthesis in response to nutritional availability including dietary
amino acids [124]. A number of genetic studies showed that suppression or downregulation of the TOR
pathway extend lifespan in multiple model organisms including the yeast S. cerevisiae [54,125–129], the
worm C. elegans [60,130–142], the fly D. melanogaster [143,144], and the mouse M. musculus [145–148].
As CR downregulates the TOR signaling cascade, it has long been suggested that CR may extend
lifespan by at least partially suppressing the TOR pathway at the cost of reduced growth. In fact,
mutant animals for the components of the TOR pathway were often shown to fail or decrease in
lifespan extension by CR [54,125–129,136,141,143,144], indicating that the TOR pathway antagonizes
the full benefit of CR-mediated lifespan extension. As a key amino acid sensing pathway, this may
explain that restriction of protein alone, specifically by single amino acids methionine and tryptophan
in the diet, were sufficient to extend lifespan.

In addition to amino acids, the TOR pathway is also regulated by cell energy status through
AMP-dependent protein kinase (AMPK), a conserved energy sensor in eukaryotes [149,150]. Increased
AMP:ATP ratio by energy depletion such as CR activates AMPK, which in turn inhibits the TOR
pathway [149]. Thus, CR activates AMPK while suppressing the TOR cascade subsequently. Unlike the
TOR pathway where it extends lifespan when suppressed, AMPK extends lifespan in model organisms
when activated [136,151–153]. Importantly, similar to the TOR pathway, genetic perturbation studies
also showed that AMPK mediates lifespan extension by CR. For example, lifespan extension by CR in
worms was suppressed in the mutant worms for aak-2, one of the catalytic subunits of AMPK [136].
However, it is interesting to note that another type of CR in worms (i.e., feeding diluted bacteria in
liquid culture) did not require AMPK signaling to extend lifespan [154]. Although this discrepancy
needs further investigation particularly into their methods including the nutritional value in each
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type of the CR protocols, it is possible that non-overlapping mechanisms between CR and IF may
be responsible. In other words, fasting-related mechanism independent of CR may contribute to
this difference. In this sense, it is interesting to note that mild nutritional stress through feeding
2-deoxy-D-glucose (2-DG) or food deprivation, which mimic fasting, extended lifespan in worms
through AMPK signaling [155,156]. An indication for this explanation can be drawn from mammalian
studies. While acute starvation readily activates AMPK, activation of AMPK depends on the duration
and type of CR [157]. In some cases, extended CR failed to activate AMPK [157]. Thus, it is possible
that the AMPK-TOR dependent lifespan extension could partially be due to the mechanisms induced
by fasting, parts of which may be independent of CR. Supporting this hypothesis, it is noteworthy
that Honjoh et al. showed that lifespan extension by IF (by every-other-day feeding) was dependent
on RHEB, a small GTPase protein that activates the TOR pathway by directing binding to the TOR
Kinase [158], at least in worms [60]. As they also showed that RHEB-dependent IF-mediated lifespan
extension was partially due to IIS/FOXO signaling, their results support the idea that tightly regulated
networks between IIS/FOXO and TOR signaling cascade may mediate both DR and IF-dependent
lifespan extension.

4.2. IIS-FOXO Signaling

In mammals, growth hormone (GH) secreted from the pituitary gland promotes somatic growth
by activating a cascade of downstream hormonal signaling such as Insulin/Insulin-like growth factor-1
signaling (IIS) [120,159]. Activated IIS signaling cascade by GH mediates the translocation of its main
downstream targets, forkhead box protein O (FOXO) transcription factors, to the cytoplasm from the
nucleus [160]. In the absence or reduction of GH/IIS signals, the FOXO transcription factors translocate
into the nucleus and promote the expression of their target genes involved in cell death, cell cycle arrest,
DNA repair, stress resistance, and detoxification [160], all of which are attributed to promote longevity
by switching organismal metabolic status from somatic growth to maintenance [161]. Although there
is no system equivalent to GH in lower organisms such as yeast, worms, and flies [120], a number
of observations reported for the last two decades strongly support the idea that downregulation of
IIS and activation of FOXO transcription factors extend lifespan in these animal models (reviewed
in [120,159,162,163]). In fact, of the > 40 genetic mutations that have been reported to extend lifespan
in the mouse and the rat models, approximately one third of them are involved in GH and IIS [164].
Because CR reduces GH and IIS [164], it is generally accepted that CR extends lifespan by limiting
GH/IIS signaling and subsequently expressing pro-longevity genes by activating FOXO transcription
factors [165]. To date, there are mixed results reported for the question of whether the IIS-FOXO
signaling cascade is responsible for CR-mediated lifespan extension. For example, Bonkowski et al.
reported that dwarf mice with targeted disruption of the GH receptor failed to extend overall,
median, or average lifespan by CR (food reduction by 30% compared to ad libitum) [69], suggesting
that CR extends lifespan by downregulation of IIS. Alternatively, in another study, CR (30% CR)
further extended the lifespan of the long-lived dwarf mice with GH production that was selectively
suppressed in the pituitary gland, spleen, and thymus [166], suggesting that lifespan extension by GH
suppression may occur through an independent mechanism of CR. Alternatively, these results also
imply that GH signaling in other tissues such as the liver and testis should be also suppressed for a full
benefit of lifespan extension by CR [166], raising an important question regarding the tissues critical
for CR-mediated lifespan extension. Interestingly, these data show a clear dissociation of lifespan
extension by GH suppression from its dwarfism (small body size caused by GH suppression), opening
an important possibility that CR may extend lifespan without the cost of growth reduction. Similar to
the dwarf mice mutant for the GH receptor [69], CR failed to extend lifespan of both heterozygous
and homozygous mutant mice for FOXO3 [167], showing that IIS-FOXO signaling is indeed required
for the full benefit of CR-mediated lifespan extension. More complicated observations were reported
in lower organisms. In flies, multiple studies suggest that although IIS-FOXO signaling modulates
longevity response to CR, it appears not to be the main player of CR [168–170]. In worms, it is still
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inconclusive whether IIS-FOXO is required for CR-mediated lifespan extension because mutant worms
for DAF-16, the sole ortholog of FOXO transcription factors, showed a different longevity response
depending on the types of CR [154]. While a relatively considerable amount of research has been done
on the relationship between IIS-FOXO and CR-dependent lifespan extension, no direct genetic studies
testing whether IIS-FOXO mediates IF-dependent lifespan have been reported. However, functional
studies characterizing the reciprocal effect between IF and IIS-FOXO signaling suggests that IIS-FOXO
may be at least partially responsible for IF-dependent lifespan extension. For example, in mammals,
key metabolic and physiological changes attributed to lifespan extension by CR include increased
insulin sensitivity, stress resistance, and immune function with reduced inflammation. Recent studies
demonstrated that IF also shows these beneficial changes, displaying a promising prospect that IF may
also increase lifespan through IIS-FOXO signaling.

4.3. Sirtuins

Sirtuins, silent information regulator 2 (sir2) proteins, are protein deacetylases that require NAD+

as a cofactor for the deacetylation reaction [171]. Because NAD+ and its reduced form NADH are
involved in many important cellular metabolic pathways, sirtuins function as metabolic sensors
that represent the metabolic state of the cell. As NAD+ accumulates under nutritional stress and
activates sirtuins [172], it was suggested that activation of sirtuins may extend lifespan, possibly
through the mechanisms that extend lifespan by CR and/or IF. In fact, it was shown that genetic
overexpression of sirtuins extended lifespan in multiple model organisms including yeast [173],
worms [50,174–182], flies [178,183–185], and mice [186,187]. Similarly, pharmacological activation of
sirtuins by feeding resveratrol extended lifespan in some of these animals [178,188]. Furthermore,
it was also shown that the sirtuin family genes were required for the lifespan extension by CR in these
animal models [50,178,183–185]. For example, when SIR2 was deleted, CR by glucose dilution failed to
extend lifespan in yeast [50]. However, it is interesting to note that, while a milder CR (0.5% glucose) in
yeast required SIR2 for lifespan extension [50], a severe form (0.05% glucose) of CR extended lifespan
independent of SIR2 [189]. It would be important to test whether this severe form of CR extend
lifespan by the mechanisms related to fasting. In this case, it would also be critical to identify the
threshold concentration of glucose that differentiates fasting from CR. Characterizing global changes
in transcriptome and metabolome between these sir2-dependent mild CR and sir2-independent severe
CR (aka fasting) would be also critical to better understand the relationship between CR and fasting.
In flies, increased lifespan by sir2 overexpression was not further extended by CR [183]. On the other
hand, CR failed to extend the lifespan of null mutant flies for sir2 [183]. It was also shown that genetic
knockdown of sir2 in fat body suppressed the lifespan extension by CR [185]. These reports support
the idea that sir2 plays a critical role in CR-dependent lifespan extension. In worms, whether sir-2.1
(the ortholog of sir2 in yeast and flies) is necessary for CR-mediated lifespan extension or not was
dependent on the type of CR-treatment [154]. It would be interesting to test whether the type of CR
that does not require sir-2.1 extends lifespan by activating the pathway that extends lifespan by fasting.
Despite all of these observations that support the idea that sirtuins are important mediators of CR, there
are conflicting claims about the role of sirtuins in pro-longevity and CR-mediated lifespan extension
in lower eukaryotic organisms [189–191]. This discrepancy may be due to differences in dosage of
sirtuins, tissue septicity, and CR administration protocols [189–192]. For example, lifespan extension by
overexpression of sirtuins depends on the levels of sirtuins [184,185,192,193]. When sir2 was expressed
over 45 fold, it resulted in a shortened lifespan while a modest overexpression up to 11 fold increased
lifespan [193]. Therefore, the impact of sirtuins on aging, CR-mediated, and possibly IF-mediated
lifespan extension needs to be thoroughly studied [189–192]. In mice, knockout mutants for SIRT1, one
of the seven mammalian sirtuins homologous to invertebrate sirtuins [194], failed to extend lifespan
under CR [195,196], confirming that sirtuins’ role in CR-mediated lifespan extension is conserved across
species. In addition, similar to the lower organisms, multiple studies demonstrated that activation of
sirtuins extended lifespan in mice [186,187]. Overall, if some degree of variability in published data

137



Nutrients 2020, 12, 1194

is tolerated [189–191], it can be concluded that the sirtuin pathway is key for CR-mediated lifespan
extension in both invertebrate and vertebrate model organisms. However, despite the observations
that NAD+ levels are increased by fasting and that sirtuins are involved in the benefits of fasting in
physiological and pathological level [32,197], whether SIRT1 or the other mammalian sirtuins (SIRT1-6)
play a role in IF-mediated lifespan extension is poorly understood. There is no lifespan data yet
shown in animal models that specifically tested for the involvement of sirtuins in IF-mediated lifespan
extension. It was recently revealed that fasting induced dSirt4 (a Drosophila sirtuin family member
localized to mitochondria) and over-expression of dSirt4 extended lifespan [198]. It would be of great
interest to test whether dSirt4 mediates the CR- and IF-dependent lifespan extensions. Furthermore,
considering the fact that the levels of sirtuins can result in opposite results in lifespan [193], it would
also be important to profile the expression levels of sirtuins by different types of CR and IF.

4.4. Circadian Clock

Circadian (~24 h) clocks control a wide range of rhythmic metabolic, physiological, and behavioral
parameters by communicating timing information via rhythmic transcription of output genes [199].
The misalignment of these internal clocks with 24 h environmental cycles are known to adversely
impact metabolism, aging, and age-related disease [200,201]. Because the circadian clock orchestrates
daily metabolism in response to cellular needs and nutritional availability, it was proposed to mediate
the beneficial effect of CR [191,202]. A series of recent observations suggested that the circadian clock
may play a master role in CR-dependent lifespan extension [203,204]. For example, it was shown
that CR for two months in early life was sufficient enough to increase the amplitude of core clocks
in the mouse liver [204,205]. As loss of rhythmic expression of clock-controlled genes (CCGs) is
implicated as a cause of aging, these results suggest that CR may promote longevity by strengthening
the rhythmic regulation of metabolism and physiology. In this regard, it is remarkable that CR failed to
extend lifespan of knockout mice for Bmal1, one of the core circadian clock transcription factors [206],
indicating that a functional circadian clock system is indeed necessary for CR-dependent lifespan
extension in mice. Similar to mice, in flies, Katewa et al. reported that CR also increased the amplitude
of core clock genes [203]. They also showed that genetic perturbation that increases clock function
also resulted in lifespan extension in a diet-dependent manner [203]. Furthermore, they showed that
homozygous mutants for timeless, a core clock gene in flies, failed to extend lifespan under CR to the
level of wild type [203], indicating that circadian clock is also determinant of CR-dependent lifespan
extension in flies. However, whether circadian clock is required for CR-mediated lifespan in flies needs
cautious analysis as inconsistent results were reported, possibly due to uncontrolled environmental
factors such as intestinal microbiome among the fly population [203,207,208]. With these observations
in mice and flies, one important question is how exactly the circadian clock mediates the beneficial
effect of CR. It is noticeable that transcriptional and post-transcriptional regulation of most known
CR effectors such as GH/IGF-1, FOXO, TOR, AMPK, sirtuins, and NRF2 are directly or indirectly
under the control of the circadian clock [32,202]. This raises the possibility for the circadian clock
to play a master role in CR-mediated lifespan extension by simultaneously controlling these CR
pathways. For example, in mice, cellular production of NAD+, a key co-factor of sirtuins that promotes
CR-dependent lifespan extension, is under the circadian clock. During fasting at night, the NAD+

level is increased, which, in turn, activates sirtuins [32]. Similarly, nutritional input from feeding
during the day increases ATP:AMP ratio and amino acid availability, thereby increasing the IIS and
TOR pathways while suppressing the AMPK cascade. This process facilitates anabolic reactions and
may promote aging. On the other hand, metabolism is switched to catabolic reactions by decreased
ATP:AMP ratio and amino acid availability during fasting at night. Consequently, fasting at night
suppresses the IIS and TOR pathways while activating the AMPK cascade and FOXO transcription
factors, which subsequently give rise to anti-aging effects. Therefore, the circadian clock system may
promote longevity by relaying the anti-aging signals induced by CR and IF.
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One outstanding question is whether it is the total caloric/diet intake, rhythmic oscillation between
feeding and fasting, or fasting itself (time and duration of fasting) that determines the beneficial effect
of CR and IF. At least in mice, recent studies provided evidence that supports fasting as the key factor
for CR- and IF-mediated lifespan extension. A systemic monitoring of food consumption behavior
revealed that mice given the CR diet tended to limit their feeding time to a narrow temporal window,
self-imposing and mimicking TRF [209]. Thus, mice under CR experienced a longer fasting time than
when under AL diet [209], suggesting the possibility that it was not the calorie but the timing of food
consumption or duration of fasting that confers longer lifespan in CR. Another study unequivocally
demonstrated that mice under TRF extended lifespan even when they were under AL diet [88]. This
study proved that controlling time-of-feeding can override the anti-longevity effect of caloric intake
and is sufficient for lifespan extension [88]. This may explain why lifespan was not extended in mice
when they were allowed to eat a hypo-caloric diet all day, although their overall caloric intake was
comparable to that of CR [42]. Because these studies show that eating pattern (i.e., circadian fasting
time and duration) rather than nutritional value (i.e., calorie and composition) determines lifespan,
lifespan extension by CR and IF could occur at least partially through non-overlapping independent
molecular mechanisms. Therefore, these observations strongly argue that molecular mechanisms
responsible for lifespan extension by CR utilize some of the metabolic changes that occur during
fasting. In this sense, lifespan extension by restricting specific nutrients such as methionine may
also be due to changes in eating patterns that mimic TRF and IF as in Mitchell et al. [88]. With the
evidence that restriction of caloric intake as well as specific nutrients such as methionine are sufficient
to extend lifespan, these studies also indicate that there are both common and independent mechanisms
underlying CR- and IF- mediated lifespan extension. Unlike CR studies in mice, where they have to
fast once they consumed all the food that is given to them, CR in invertebrate models such as flies and
worms allows them to have constant access to food. In fact, although there are daily rhythms in feeding
behavior, flies do feed continuously over 24 h [210,211], removing the possibility that CR-mediated
lifespan extension in flies is through the mechanisms by which IF extends lifespan. Furthermore, a
genome-wide expression analysis revealed that global expression changes by CR and TRF differ from
each other [212]. Importantly, this study also showed that the gene expression signature of TRF is also
different from an extended starvation, raising the possibility that the molecular changes responsible
for IF-mediated lifespan extension are different from that of CR, but also may not be from extremely
severe fasting conditions. Gill et al. also reported that TRF ameliorates age-dependent heart failure
by a mechanism independent of starvation and CR [212]. They showed that global transcriptional
response to TRF is very different from that of starvation and CR [212]. Instead, they discovered that the
circadian clock and clock-controlled TCP-1 ring complex chaperonin mediate the TRF effect. It will be
of great interest to test whether TRF promotes longevity in flies, in which case these pathways might
also mediate lifespan extension by TRF. Discovering the contribution of circadian clock to the benefits
of TRF in Gill et al.’s study is not unexpected, considering the role of the circadian clock system to
regulate daily metabolism and physiology in response to rhythmic environmental signals including
the light:dark cycle and food consumption. Despite all of this compelling evidence, contribution
of circadian clock to CR in worms and yeast is less understood due to their lack of a homologous
system of a circadian clock pathway. However, they contain oscillatory metabolic fluctuations and
behavior which need to undergo further studies for whether their CR response can be also modified by
a circadian oscillatory mechanism [213–215].

5. Conclusions and Future Directions

5.1. Coordinated Regulation between IIS, TOR, AMPK, Sirtuins, and Circadian Clock

The ultimate goal of animal studies for CR and IF is to uncover evolutionarily conserved molecular
mechanisms for the beneficial effect of CR and IF, and to eventually apply them to humans. Despite
recent progress in our understanding of CR and IF, there are multiple challenges to overcome in order
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to achieve this goal. One such challenge is that there still lacks a comprehensive understanding of
coordinated regulation among the key molecular pathways known and suggested to mediate CR and
IF, namely, IIS, FOXO, TOR, AMPK, sirtuins, and the circadian clock. Molecular characterization of
these pathways showed that they are tightly linked to and intertwined with each other in response
to cellular nutritional state. However, the majority of animal studies performed so far on these
pathways for the impact of CR and IF have been limited to testing and identifying single genes and
pathways. Considering the impact of these pathways on systemic metabolism and physiology in many
different tissues and organs, it is unlikely that a single gene or pathway is solely responsible for the
lifespan extension by CR and IF. One way to solve this issue is to target multiple genes and pathways
simultaneously [154,216]. For example, Hou et al. postulated that perturbation of multiple pathways
would result in an additive or synergic effect in lifespan extension compared to the lifespan extensions
by any single gene perturbation [217]. Using C. elegans as a model organism, they took advantage
of the temporally resolved global transcriptome analysis followed by a systems biology approach.
From this approach, they discovered that a combination of downregulation of IIS, downregulation of
TOR, and upregulation of AMPK strongly resembled the transcriptomic change induced by CR [217].
Further genetic testing confirmed that lifespan was maximized when all of these perturbations were
combined. More importantly, they also discovered that CR failed to further extend lifespan in these
animals [42], showing that a simultaneous targeting of multiple candidate pathways may increase the
power to detect hidden mechanisms for CR and IF.

5.2. Limits of Animal Studies for CR and IF

The amount of food that animals consume (meal size) and the time/duration of food consumption
(meal timing) that animals take are key factors to interpret CR and IF results in animal models.
Unlike rodent models where food is readily provided and removed from experimental animals, these
parameters (i.e., meal size and meal timing/duration) are hardly controlled in the lower organisms
widely used for CR and IF studies such as yeast, worms, and flies. Regardless of the method of
choice for CR and IF, these animals basically feed ad libitum when they are provided food. A bigger
challenge is that it is not practically easy to measure the amount of food they consumed, which is an
important confounding factor to interpreting CR and IF data. An unignorable number of different,
often contradictory, results from different strains and/or laboratory on CR and IF may be at least
partially due to these factors. Importantly, these limits also put roadblocks on the translation of animal
studies for CR and IF into human applications. In addition to these practical limits, the interspecies
differences in physiology, metabolism, reproduction, and behavior between model organisms and
humans serve as additional confounding factors for human translatability. For example, rodents
have much higher metabolic rates than humans [218], yet similar fasting and feeding protocols are
often used for IF. In addition to these intrinsic differences between model organisms and humans,
intraspecies variations (differences in the population of the same species; also seen Section 5.3) often
add to the complexity of human translation of animal studies. In flies, although some beneficial effects
were observed by TRF (12 h of fasting during the dark phase of the day) on cardiac function and other
metabolic and behavioral parameters such as body weight and sleep [212], an increased mortality was
observed by 12 h of fasting in some young (<2 weeks) wild types flies (D.S. Hwangbo, unpublished
data). On the other hand, some other wild type flies were strongly resistant to an extended period
of fasting (up to 5 days), at least when they were young, during the IF regime of 2 day feeding:5
day fasting [67]. We speculate that, due to the confounding factors arising from the interspecies and
intraspecies differences, the degree of beneficial effect of CR and IF on healthspan and lifespan in
humans might not be equivalent to that of animal models [4,219]. Therefore, for the best working CR
and IF protocols for human translations, we propose that multifactorial models should be developed
to accommodate these confounding factors that interfere with the interpretation of animal results to
human applications.
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5.3. Individual Variations

From a practical perspective, IF is often thought of as a milder form of CR and generally
considered to be easier for human implication. Beyond the evolutionary difference in metabolism and
physiology between animals and human, potential interactions between genetic variations among
human populations and the candidate mechanisms for CR and IF should not be overlooked. Human
lifespan is affected by multiple genetic and non-genetic factors including population origin and
interactions between the nuclear/mitochondrial genome and microbiomes [220]. It was suggested that
only about 10–25% of human lifespan variation is explained by genetic factors [159], emphasizing the
importance of the interactions between genetic background and environmental factors [221]. In animal
models, some physiological and metabolic traits, especially lifespan, are strongly affected by genetic
backgrounds and variations as well as non-genetic factors such as symbiotic microbiome and water
balance [222]. When a collection of recombinant inbred mouse strains were tested for lifespan under
ad libitum diet and CR (40% reduction compared to ad libitum diet) diet, a wide range of lifespan
responses were observed in both ad libitum and CR diets [223,224]. For example, the mean lifespan of
female mice on ad libitum diet varied from 407 to 1208 days. Strikingly, their lifespans on CR diet
varied to a greater degree from 113 to 1225 days. Importantly, not only did CR fail in lifespan extension
in some lines, but it even shortened lifespan in some lines too [223]. Similarly, a strong variation in
lifespan response to diets was observed when a collection of nearly 200 genetically distinct lines of
Drosophila (DGRP: Drosophila Genetic Reference Panel) tested for lifespan in ad libitum (5% Yeast)
and CR (0.5% Yeast) [225]. In both cases, lifespan response also significantly varied between males and
females [223,225], generating a further layer of complication in understanding the mechanisms of CR.
A simple interpretation of these animal studies would suggest that a certain type of CR and IF may not
be beneficial, but they can be even deleterious depending on genetic variations and sex [32]. Therefore,
for human applications of CR and IF, we suggest that individualized genomics and medicine should
be established first to take full advantage of CR and IF.
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Abstract: Fasting is known to cause physiological changes in the endocrine pancreas,
including decreased insulin secretion and increased reactive oxygen species (ROS) production.
However, there is no consensus about the long-term effects of intermittent fasting (IF), which can
involve up to 24 hours of fasting interspersed with normal feeding days. In the present study,
we analyzed the effects of alternate-day IF for 12 weeks in a developing and healthy organism.
Female 30-day-old Wistar rats were randomly divided into two groups: control, with free access to
standard rodent chow; and IF, subjected to 24-hour fasts intercalated with 24-hours of free access to
the same chow. Alternate-day IF decreased weight gain and food intake. Surprisingly, IF also elevated
plasma insulin concentrations, both at baseline and after glucose administration collected during
oGTT. After 12 weeks of dietary intervention, pancreatic islets displayed increased ROS production
and apoptosis. Despite their lower body weight, IF animals had increased fat reserves and decreased
muscle mass. Taken together, these findings suggest that alternate-day IF promote β -cell dysfunction,
especially in developing animals. More long-term research is necessary to define the best IF protocol
to reduce side effects.

Keywords: intermittent fasting; fat mass; insulin secretion; pancreatic islet

1. Introduction

The increasing prevalence of obesity around the globe is known to be linked to unhealthy eating
patterns and a sedentary lifestyle. Treatments in obesity involve hypocaloric diets associated with
physical exercises, producing an overall energy deficit [1,2] and leading to weight loss. One of the many
diets that results in weight loss in both humans and laboratory animal models is intermittent fasting
(IF). The most common IF protocols adopted by people in attempt to lose weight involve daily fasting
for up to 16 hours; or fasting periods of up to 24 hours interspersed with normal feeding days [3,4].
Despite demonstrated weight loss [5–7], more studies are needed to evaluate whether alternate-day IF
diets promote health benefits or could cause undesired effects in the long run.

Several studies about IF in both volunteers and animal models have uncovered beneficial effects,
such as improved insulin sensitivity and glucose homeostasis [8–10]; improved performance and
metabolic efficiency during exercise [11], increased alertness [12], and increased life expectancy [13–15];

Nutrients 2020, 12, 1029; doi:10.3390/nu12041029 www.mdpi.com/journal/nutrients153



Nutrients 2020, 12, 1029

a reduction in blood pressure and heart rate [16–20]; a reduction in inflammation; and protection
against neurodegeneration [17–19,21–30].

On the other hand, many studies have reported adverse outcomes as a consequence of
IF. Diabetic individuals performing IF may exhibit hypoglycaemia, ketoacidosis, dehydration,
hypotension, and thrombosis [10,31]. A study in middle-aged men showed a significant increase in
blood pressure and total cholesterol [32]. Increased plasma concentrations of cortisol at night have also
been reported in several studies following daily fasting for one month, suggesting altered circadian
rhythms [33–40]. IF may lead to the worsening of glucose tolerance in non-obese women [41] and cause
decreased energy expenditure in young women [42]. Munsters et al. compared plasma insulin and
glucose concentrations over only three days of reduced meal frequency and found that the intermittent
fasting model produced higher peaks and more abrupt declines in insulin and glucose concentrations,
indicating a biological environment prepared for long-term insulin resistance and diabetes [43].

Various physiological parameters are known to be altered in the endocrine pancreas during acute
fasting, including insulin syntheses, glucose-stimulated insulin secretion (GSIS), glucose utilization,
pancreatic islet metabolism, and pancreatic β-cell sensitivity to glucose [44–50]. Our group showed
that a 48-hour acute fast increases net reactive oxygen species (ROS) production in isolated pancreatic
islets and alters GSIS [51]. Thus, in the present study, we sought to evaluate the effects of 12 weeks of
IF on glucose homeostasis and pancreatic islets isolated from rats.

2. Material and Methods

2.1. Ethical Approval

The Ethical Committee on Animal Research of the Institute of Biomedical Sciences of the University
of São Paulo (CEUA) and Brazilian Society of Science in Laboratory Animals (SBCAL) approved the
experimental protocols for this study, including the use of 24-hour fasted rats. The approved protocol
number is 157/2014/CEUA.

2.2. Animals

Three-week-old female Wistar rats were transferred from the breeding facility to the experimental
facility and remained 1 week for acclimatization before IF is initiated. The animals were housed in
cages with three animals each in a room with constant temperature of 23 ± 2 ◦C on a standard 12-hour
light/dark cycle. After acclimatization, the animals were randomized into two groups: control (CT)
and intermittent fasting (IF) for 12 weeks. During the treatment, the CT group had free access to the
standard rodent chow (Nuvilab, Sao Paulo, SP, Brazil – macro-nutrients in supplemental Figure S1) and
the IF group was submitted to periods of 24 hours of total food deprivation interspersed with periods
of 24 hours of ad libitum access to the same standard rodent chow. Food was withdrawn or made
available to the IF group at noon (Figure 1). Both groups had free access to water for the entire period.
During the full period, body weight and food intake were recorded. During the last week of treatment,
we performed an oral glucose tolerance test (oGTT), an intraperitoneal insulin tolerance test (iITT),
and dual x-ray absorptiometry. After 12 weeks of treatment, the animals were killed, and the pancreas,
blood, liver, adipose tissue, and muscle were collected for different analyses. All tissue weights
collected were normalized by the body weight of the animals. Euthanasia was always performed after
the 24-hour period of free access to food, so that both groups were fed, thus eliminating the need to
subject the control animals to acute fasting and excluding its effects. The exception occurred in liver
collection, in order to analyze glycogen content after acute fasting, so, in this way, liver collection was
also performed after a 24-hour fast of both groups in two different cohorts (i.e., both groups with free
access to food or both groups in 24-hour fasting).
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Figure 1. Scheme of the intermittent fasting protocol used.

2.3. Indexes Calculation

The Lee index was calculated using the body weight (grams) and naso-anal length (centimeters)
of the animals. The Lee index and adipose tissue mass correlate and can be used as a simple measure
of obesity in rats [52].

Lee index =
3
√

body weight
naso_anal length

(1)

The Homeostasis Model Assessment (HOMA) index is based on fasting plasma insulin (ng/ml)
and glucose concentrations (mg/dL) [53]. Its purpose is to determine insulin resistance (HOMA-IR)
and the functional capacity of pancreatic β-cells (HOMA-BETA).

HOMA_IR =
(Fasting plasma insulin × Fasting blood glucose)

22.5
(2)

HOMA_BETA =
(Fasting plasma insulin × 20)
(Fasting blood glucose− 3.5)

(3)

2.4. Dual Energy x-Ray Absorptiometry (DEXA)

The animals were anesthetized with Sodium Tiopental (Cristália, Itapira, SP, Brazil) at a dose
of 0.2 U/g body weight and placed in a dual energy in vivo radiological absorptiometry device
(Biocompare In-Vivo Imaging System FX PRO, San Francisco, CA, USA) for the quantification of
abdominal adipose tissue reserves. The images captured had the regions of interest (ROI) delimited
and their pixels were quantified for analysis using ImageJ software.

2.5. Glycogen Measurement

The liver was collected after the euthanasia of the animals at two different cohorts: after the
24-hour fasting period or after the 24-hour ad libitum food ingestion period, i.e., either the CT and
IF groups with free access to food or the CT and IF groups in 24-hour fasting. In total, 250 g of each
sample was weighed and placed in a 15-mL conical tube. Then, 1 mL of 30% potassium hydroxide
(Sigma-Aldrich, St Louis, MO, USA) was added to the tissues and boiled for 1 hour. After that, 100 μL
of saturated sodium sulfate solution (Sigma-Aldrich, St Louis, MO, USA) and 3.5 mL of 70% ethanol
(Synth, Diadema, SP, Brazil) were added to the mixture and the samples were boiled for 15 minutes
and centrifuged at 3000 RPM for 7 minutes. The supernatant was discarded and the ethanol wash was
repeated. The samples were resuspended in 1 mL of hot water and then 50 μL of the sample and 200 μL
of 0.2% antrona concentrated sulfuric acid solution (Sigma-Aldrich, St Louis, MO, USA) were placed in
a 96-well plate. Next, absorbance at a wavelength of 650 nm was recorded by a plate reader (Biotek
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Sinergy H1 - Winooski, VT, USA). Glycogen concentrations were calculated using the absorbance
values, and the liver mass (grams) of tissue was used to normalize glycogen concentrations.

2.6. Oral Glucose Tolerance Test

In the last week of treatment (12th week), both groups were submitted to a 12-hour overnight fast.
Then, blood was collected by tail snip for glucose measurement (time 0) on a blood glucose monitor
(FreeStyle Potium Neo, Witney, Oxon, Uk). Later, a glucose solution of 2g/kg per body weight was
administered to the animals through gavage, and blood glucose concentrations were measured after 5,
10, 15, 30, 60, 90, and 120 min.

2.7. Intraperitoneal Insulin Tolerance Test

In the last week of treatment (12th week), in a cohort different from that in which we performed
oGTT, animals were submitted to a 4-hour food restriction. Then, blood was collected by puncture at
the animal caudal end for glucose measurement (time 0) on a blood glucose monitor (FreeStyle Potium
Neo, Witney, Oxon, UK). After that, a solution of regular human insulin (Humulin, Indianapolis,
IN, USA) at a dose of 0.75 U / kg per body weight was administered to the animals by intraperitoneal
injection, and blood glucose concentrations were measured after 5, 10, 15, 30, 60, 90, and 120 min.

2.8. Blood Analysis

Blood was collected for insulin concentrations measurement following an Elisa kit protocol
(Milipore, Billerica, MA, USA). Hemoglobin A1c (HbA1c) was also assessed by following the protocol
of an automated chemistry analyzer by immunoturbidimetry (Labtest, Lagoa Santa, MG, Brazil).

2.9. Isolation of Pancreatic Islets

The isolation of pancreatic islets was carried out by the method of exocrine pancreas digestion
using collagenase V [54], in which 20 mL of collagenase solution (0.68 mg/mL—Sigma-Aldrich,
St. Louis, MO, USA) was injected through the bile duct. The dissected pancreas was placed in a bath
at 37 ◦C for 25 min and shaken by hand for exocrine pancreas digestion. The sample was washed to
remove exocrine tissue, and pancreatic islets were collected using a micropipette and a stereoscope.

2.10. Static Insulin Secretion

Pancreatic islets isolated from Wistar rats were placed in a microtube containing Krebs-Henseleit
buffer with 0.1% albumin and 5.6 mM glucose for 30 min. Next, the islets were incubated at
37 ◦C in a microtube containing Krebs-Henseleit with 2.8, 5.6, 8.3, 11.1, or 16.7 mM glucose.
Then, the supernatant and sonicated islets were stored at −20 ◦C for further measurements.
The amounts of secreted and intracellular insulin content were determined by radioimmunoassay
(RIA) [55].

2.11. Pancreas Histological Assessment

The pancreas was dissected, collected, and fixed with 40 mL of 10% formalin. Then, the pancreases
were paraffin-embedded and sectioned at 4μm using a semi-automated microtome (RM2155 Leica
Micro-systems, Wetzlar, Hessen, Germany). Afterward, the tissue sections were mounted on glass
slides. The sections were stained with hematoxylin and eosin (H&E). All slides were examined
using light microscopy with a camera attached (Nikon Eclipse TS100, Sao Paulo, SP, Brazil) under
a magnification of X200. The slides were scanned and all pancreatic islets found were photographed.
The images were calibrated and analyzed with the Aperio ImageScope software (Leica Micro-systems,
Wetzlar, Hessen, Germany), then the length and width of each islet were measured. Next, the area of
each pancreatic islets present on each slide was quantified by multiplying length and width.
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2.12. Cell Viability

For the analysis of cell viability, groups of 20 pancreatic islets were dissociated, and the cells were
incubated with ViaCount reagent (Millipore, Billerica, MA, USA) for 5 minutes at room temperature.
The samples were placed into a 96-well plate for flow cytometer reading (Guava easyCyte ™ 8Ht
Sampling - Millipore, Billerica, MA, USA), and cell viability, cell apoptosis, and cell death were
quantified by counting 1000 events.

2.13. Measurement of Net ROS Production

Previously isolated islets were pre-incubated with Krebs-Henseleit buffer containing 5.6 mM
glucose. Next, the samples were maintained for 1 hour in Krebs-Henseleit buffer containing 2.8
or 16.7 mM glucose. Then, the samples were incubated for 20 min with redox sensitive probe
50 μM dihydroethidium (DHE– Life Technologies, Eugene, Oregon, EUA) or 15 μM MitoSOX
Red reagent (Life Technologies, Eugene, Oregon, USA—5 μM). After that, 300 μL of trypsin
(Gibco, Grand Island, NY, USA) was added for 2 min to disperse the cells. Afterward, for
trypsin inactivation, 600 μL of RPMI-1640 culture medium with 5% fetal bovine serum was added
(Life Technologies, Itapevi, SP, Brazil). The islets were recollected and homogenized in 200 μL of
RPMI-1640 culture medium for cell dispersion. The samples were placed in a 96-well plate and
analyzed by flow cytometry (Guava EasyCyte 8HT- Millipore, Billerica, MA, USA).

2.14. Measurement of Net Hydrogen Peroxide Production

Groups of 120 pancreatic islets were placed in a microtube and pre-incubated for 30 min at 37 ◦C
with in Krebs-Henseleit buffer with 5.6 mM glucose and 0.1% albumin. After this period, the islets
were incubated for 1 hour at 37 ◦C with 2.8 or 16.7 mM glucose. Then, the samples were sonicated
and incubated for 30 minutes with 50 μM Amplex Red probe (Life Technologies, Eugene, OR, USA),
a specific marker for hydrogen peroxide (H2O2). The samples were placed into a 96-well plate for
absorbance reading at 560 nm in a microplate reader (Biotek, Winooski, VT, USA).

2.15. Western Blot Analysis

To evaluate protein kinase B phosphorylation (p-AKT), samples of liver, retroperitoneal white
adipose tissue (WAT), and extensor digitorum longus muscle were removed before and after
an intravenous administration of 10 U regular insulin (Eli Lilly and Company, Indianapolis, IN, USA).
To evaluate the expression of mitochondrial superoxide dismutase (SOD2) and glutathione peroxidase
1 (GPX1), groups of 300 pancreatic islets were collected after euthanasia of the animals. The tissues
were collected in radioimmunoprecipitation assay buffer (Thermo Scientific, Saint Louis, MI, USA)
containing protease and phosphatase inhibitors. The samples were sonicated, laemmli buffer was
added, and the samples were boiled for 5 min. After that, polyacrylamide gel electrophoresis was
performed followed by transfer to a nitrocellulose membrane. After transfer, the membranes were
blocked with 5% bovine albumin solution for one hour at room temperature and incubated overnight
at 4 ◦C with primary antibody (Millipore, Darmstadt, Hesse, Germany). They were incubated with the
secondary antibody (Bio-Rad Laboratories Inc., Hercules, CA, USA) for 1 hour at room temperature.
Finally, the membranes were developed using the enhanced chemiluminescent (ECL) reagent, and the
images were captured by the Image Quant LAS4000 apparatus (GE Healthcare, Uppsala Sweden).
The quantitative analysis of the bands was made by densitometry with the program of the Image Quant
apparatus. Protein expression was normalized by the expression of the constitutive α-tubulin protein
as the control protein or through the stained membranes with Ponceau-S to control protein loading.

2.16. Statistical Analysis

The results are expressed as the mean ± standard error of the mean (SEM). GraphPad Prism 5
software was used for analysis. Differences between multiple conditions were determined by One-way
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ANOVA followed by Bartlett’s test for equal variances or two-way ANOVA followed by Sidak’s
multiple comparisons test, as specified in figure legends. In experiments with only two conditions, the
differences were determined by Student’s t-test. Comparisons were considered significantly different
for p < 0.05.

3. Results

3.1. Body Weight Gain and Development

Thirty-day-old Wistar rats were randomly divided into two groups: control (CT) and submitted to
intermittent fasting (IF) for 12 weeks. Lower weight gain was recorded in the IF group already after the
second week of dietary intervention (Figure 2A—week 3). These changes were maintained throughout
the whole treatment period; the area under the curve of the treated animals was 20.3% lower than the
control animals (Figure 2A). At the end of the treatment, the tibia length and naso-anal length were
significantly decreased in the IF group (Figure 2B,C), and this led to an increased Lee index (Figure 2D).

Figure 2. (A) Weekly body weight, (B) naso-anal length, (C) tibia length, and (D) the Lee index of
Wistar rats submitted to intermittent fasting (IF) for 12 weeks. The results are presented as the means ±
standard error of the mean (SEM) with 10 different animals for each group. * p <0.05, ** p <0.005, and
*** p <0.0005 compared to the control of the same period, as indicated by two-way ANOVA followed by
Sidak’s multiple comparisons test (A) or Student’s t-test (B–D).

3.2. Food Intake and Stomach Disturbances

The IF group consumes 35% less chow compared to the control group if the average total intake is
considered, i.e., fasting days (zero consumption) plus feeding days (gorging behavior). However, if we
consider only the mean ingestion of ad libitum ingestion days, the consumption in relation to the
control is 31% higher, indicating chow overconsumption (Figure 3A). Figure 3B,C show that this
hyperphagia caused a large increase in stomach length (by 47.95%) and weight (by 171.66%). Even after
emptying stomach contents, we observed increased stomach weight by 12.55% (Figure 3D).

158



Nutrients 2020, 12, 1029

Figure 3. (A) Food intake, (B) stomach length, and (C) full and (D) empty stomach weight of Wistar
rats submitted to IF for 12 weeks. The results are presented as the means ± standard error of the mean
(SEM) with 10 different animals for each group. * p <0.05 and *** p <0.0005 compared to the control of
the same period, as indicated by one-way ANOVA followed by Bartlett’s test for equal variances (A) or
Student’s t-test.

3.3. Body Composition

In vivo dual energy x-ray absorptiometry showed increased abdominal adiposity, as can be seen
in Figure 4A. In addition, the weights of adipose tissues (Figure 4B–D) and dry muscles (Figure 4E–G)
reveals changes in body composition with fat mass gain and muscle loss in the IF group.

Figure 4. (A) Dual energy x-ray absorptiometry (DEXA), (B) retroperitoneal, (C) perigonadal, and (D)
brown adipose tissue weight. (E) Dry gastrocnemius weight, (F) Soleus, and (G) Extensor digitorum
longus (EDL) muscle of Wistar rats submitted to IF for 12 weeks. The results are presented as the means
± standard error of the mean (SEM) with 10 different animals for each group. * p <0.05 and ** p <0.005
compared to the control of the same period, as indicated by Student’s t-test.
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3.4. Liver Alterations

IF reduced liver weight in the fed state by 13.8% (Figure 5A) and after fasting by 35.68% (Figure 5B)
when compared to the control in a similar state, whereas the reduction in liver weight may be correlated
with reduced glycogen stores. We analyzed glycogen content in both states. In the fed state, a 47.68%
reduction in glycogen (Figure 5C) was observed, and fasting led to a 98.33% liver glycogen decrease in
the IF group (Figure 5D).

Figure 5. (A) Liver weight before and (B) after 24h of fasting, (C) liver glycogen content before and
D) after 24h of fasting of Wistar rats submitted to IF for 12 weeks. The results are presented as the
means ± standard error of the mean (SEM) with 10 different animals for each group. ** p <0.005 and
*** p <0.0005 compared to the control of the same period, as indicated by Student’s t-test.

3.5. Glucose Homeostasis

An oral glucose tolerance test (oGTT) performed at the end of treatment showed no differences
between the control and IF group (Figure 6A). The area under the curve was significantly lower in this
group with a reduction of 6.8% (Figure 6B). However, hemoglobin A1c levels after IF treatment do not
differ significantly compared to the control group (Figure 6C).

At the end of the treatment, an intraperitoneal insulin tolerance test (iITT) was also performed.
Although the area under the curve was 27% lower in the IF group (Figure 7B), the groups did not show
significant differences in blood glucose values at any of the times studied (Figure 7A) and the glucose
decay constant (Kitt) did not differ between groups (Figure 7C).
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Figure 6. (A) Oral glucose tolerance test (oGTT), (B) area under curve, and (C) hemoglobin A1c (HbA1c)
of Wistar rats submitted to IF for 12 weeks. The results are presented as the means ± standard error of
the mean (SEM) with 5 different animals for each group. ** p<0.005 compared to the control, as indicated
by Student’s t-test (B and C), two-way ANOVA followed by Sidak’s multiple comparisons test (A).

Figure 7. (A) Intraperitoneal insulin tolerance test (iITT), (B) area under curve and (C) glucose decay
constant rate during insulin tolerance test (kITT) of Wistar rats submitted to IF for 12 weeks. The results
are presented as means ± standard error of the mean (SEM) with 5 different animals for each group.
* p <0.05 compared to the control, as indicated by Student’s t-test (B and C), two-way ANOVA followed
by Sidak’s multiple comparisons test (A).

3.6. Insulin Concentrations

Plasma insulin concentrations were measured in the fasted state and after 15, 30, 90, and 120 min
of oral glucose administration. Intermittent fasting for 12 weeks greatly increased basal plasma insulin
concentrations (by 4-fold). Insulin increase was also observed in the IF group by 155%, 271%, 259.7%,
and 304% after 15, 30, 90, and 120 min of oral glucose stimulation (Figure 8A), respectively.
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Figure 8. (A) Insulin concentrations obtained during oral glucose tolerance tests (oGTT) in Wistar
rats submitted to IF for 12 weeks. (B) Content-corrected insulin secretion, (C) insulin secretion,
and (D) insulin content values in pancreatic islets isolated from Wistar rats submitted to IF for
12 weeks, after one hour of incubation in the presence of 2.8, 5.6, 8.3, 11.1, and 16.7 mM glucose.
The results are presented as the means ± standard error of the mean (SEM) with 5 different animals
for each group. * p <0.05 and ** p <0.005 compared to the control at the same time, as indicated by
two-way ANOVA followed by Sidak’s multiple comparisons test.

A glucose-stimulated insulin secretion (GSIS) assay was performed with isolated pancreatic islets
after glucose stimulation at 2.8, 5.6, 8.3, 11.1, and 16.7 mM levels. Content-corrected GSIS and secreted
insulin (Figure 8B,C) were significantly higher after intermittent fasting at all glucose concentrations,
except in presence of 2.8 mM glucose. At the same time, the insulin content remaining in the pancreatic
islets of the IF group was lower at all glucose concentrations, with the exception of low-level glucose
(Figure 8D), which corroborates the higher values of insulin found.

3.7. Homeostasis Model Assessment (HOMA) Indexes

From the values of fasting blood glucose and fasting plasma insulin, both obtained during
oGTT performed in the last week of dietary intervention (time 0 – before glucose administration),
we calculated HOMA-IR and HOMA-β indexes, which are mathematical models used to evaluate
insulin resistance. Intermittent fasting greatly increased values in both models by 3.6-fold (HOMA-IR)
and by 4.7-fold (HOMA-β), as can be observed in Figure 9A,B.

Figure 9. (A) Homeostasis model assessment of insulin resistance (HOMA-IR) and (B) homeostasis
model assessment of β-cell function (HOMA-β) indexes of Wistar rats submitted to IF for 12 weeks.
The results are presented as the mean ± standard error of the means (SEM) with 5 different animals for
each group. * p <0.05 and ** p <0.005 compared to the control, as indicated by Student’s t-test.
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3.8. AKT Phosphorylation

Figure 10 shows that 12 weeks of intermittent fasting were able to alter AKT phosphorylation in
muscle, liver, and white adipose tissue (WAT). In the control group, an increase in AKT phosphorylation
after intravenous insulin stimulation was observed, while the IF group did not show significant
differences in AKT phosphorylation, indicating impairment in insulin action (Figure 10A–C).

Figure 10. (A) Protein kinase B phosphorylation (p-AKT) expression of extensor digitorum longus
(EDL) muscle, (B) liver, and (C) retroperitoneal white adipose tissue from Wistar rats submitted to
IF for 12 weeks. The results are presented as the means ± standard error of the mean (SEM) with 5
different preparations for each group. * p <0.05 compared to the respective control, as indicated by
Student’s t-test.

3.9. Pancreatic Islet Area and Viability of Cells from Pancreatic Islets

Histological analyzes in pancreas revealed a 28.6% decrease in the islet size of the animals
submitted to IF treatment (Figure 11A,C). The weight of the pancreas also showed a significant
reduction in the IF group of about 26% (Figure 11B).

Figure 11. (A) Pancreatic islet of the longitudinal cut of pancreas caudal portion, (B) pancreas weight
related to body weight, and (C) pancreatic islets area from Wistar rats submitted to IF for 12 weeks
(Hematoxylin-eosin stained tissue (H&E) and 100x magnification). The results were presented as the
mean ± standard error of the mean (SEM) with 5 different animals for each group. ** p <0.005 compared
to the control, as indicated by Student’s t-test.
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The viability of the dispersed cells from pancreatic islets was assessed and no significant difference
in the number of viable cells (Figure 12A) and number of dead cells was observed (Figure 12C).
However, we observed a significant increase of 27.8% in the number of apoptotic cells (Figure 11B).

Figure 12. (A) Viability, (B) the percentage of apoptotic cells, and (C) the percentage of dead cells of
dispersed cells from pancreatic islet isolated from Wistar rats submitted to IF for 12 weeks. The results
are presented as the mean ± standard error of the mean (SEM) with 5 different cellular preparations for
each group. * p <0.05 compared to the control, as indicated by Student’s t-test.

3.10. ROS Production of Dispersed Cells from Pancreatic Islets

We observed an 80.2% increase in the net fluorescence induced by reactive oxygen species (ROS) in
the presence of glucose 2.8 mM after incubation with the redox-sensitive probe DHE (Dihydroethidium).
No significant difference was found between the groups at 16.7 mM glucose level (Figure 13A).

Figure 13. (A) Mean fluorescence intensity (MFI) emitted by a dihydroethidium (DHE) probe, (B) MFI
emitted by a MitoSox Red probe, and (C) the absorbance emitted by the Amplex Red probe of dispersed
cells from a pancreatic islet isolated from Wistar rats submitted to IF for 12 weeks after one hour of
incubation in the presence of 2.8 and 16.7 mM glucose. The results are presented as the means ±
standard error of the mean (EPM) with 6 different cellular preparations for each group. * p <0.05,
** p <0.005, and *** p <0.0005, compared to the respective control, as indicated by Student’s t-test.

Net mitochondrial ROS production was also measured in the presence of 2.8 and 16.7 mM glucose
after incubation with the MitoSox Red probe (Figure 13B). After 12 weeks of intermittent fasting,
a significant increase in fluorescence associated to ROS production was revealed (59.2% in low glucose
and 26% in high glucose concentration).

Finally, we measured the concentrations of hydrogen peroxide (H2O2) in the presence of 2.8 and
16.7 mM of glucose after incubation with the Amplex Red probe (Figure 13C). IF caused a significant
increase in H2O2 detection in the presence of both glucose concentrations compared to the values of
the control group. At low glucose levels, an increment of 85% was observed, while, at at 16.7 mM
glucose, an increase of 211% was measured.

3.11. Antioxidant Systems

Lastly, we analyzed two antioxidant enzyme expressions: mitochondrial superoxide dismutase
(SOD2), also known as manganese-dependent superoxide dismutase (MnSOD), and glutathione

164



Nutrients 2020, 12, 1029

peroxidase 1 (GPX1). The enzymes were measured by electrophoresis gel and calculated in relation
to α-tubulin protein expression. Intermittent fasting resulted in a significant increase (by 70.86%) in
SOD2 expression (Figure 14A). However, after intermittent fasting, GPX1 expression was not different
from the values found in the control group.

Figure 14. (A) Superoxide dismutase 2 (SOD2) and (B) glutathione peroxidase 1 (GPX1) expression of
pancreatic islets isolated from Wistar rats submitted to IF for 12 weeks. The results are presented as
the means ± standard error of the mean (SEM) with 5 different cellular preparations for each group.
* p < 0.05 compared to the control, as indicated by Student’s t-test.

4. Discussion

Alternate-day intermittent fasting (IF) is a relatively new dietary approach that has been promoted
to help weight management. As a result, the number of people adhering to this new diet grows every
day. We are aware that children are not usually placed on IF diets. However, our society is constantly
changing, and with increasing levels of obesity and overweight in children, it is possible that this may
be a dietary approach recommended by nutrition professionals in the future. Hence, we need to study
possible consequences of this practice in young organisms, as the adverse effects of alternate-day IF
have not been fully elucidated.

Compared with daily calorie restriction, intermittent fasting in obese volunteers did not produce
better adherence, weight loss, weight maintenance, or improvement in risk indicators for cardiovascular
disease. Rather, the dropout rate and hunger in the IF fasting group was higher than that in the daily
calorie restriction group, and the authors concluded that IF may be less sustainable in the long-term
for obese individuals [56,57].

In this study, long-term IF was successful in reducing body weight gain (Figure 2A) in female
Wistar rats, and this may be due to lower average food intake (by 35%) (Figure 3A). Weight loss
as a consequence of IF has been reported in previous studies in both animal [58,59] and human
subjects [60–62]. However, Sakamoto and Grunewald showed that IF in 4-week-old rats markedly
reduced the growth rate and the animals had smaller livers, kidneys, hearts, tibias and tibialis anterior
muscles [63]. In this study, the treatment was also initiated in young animals (4-weeks old) and, as can
be seen in Figure 2B (reduced naso-anal length) and 2C (reduced tibial length), may affect growth since
the animal is developing [64].

As previously reported, IF in slim and healthy people for 2 weeks [65] or 1 month [66] showed
a significant decrease in resting energy expenditure. Hence, the animals could gain weight in relation to
control animals if the food intake in both groups were the same, assuming that IF promotes lower energy
expenditure. Additionally, a hyperphagic behavior on free feeding days (Figure 3A) was observed,
which caused a large increase in stomach dimensions (3B-D). There are records of IF-induced increased
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expression of the agouti-related peptide (AGRP), neuropeptide Y (NPY) and orexin due to intermittent
fasting in rodents, even when the stomach was full [58,67,68]. These orexigenic neurotransmitters are
involved in appetite modulation and metabolic regulation [69], and their increasing concentrations
in plasma could explain the increase in food intake. There are also several human studies showing
increased subjective appetite sensation as a result of fasting cycles [70–72].

It has been previously reported that IF promotes a greater deposition of triacylglycerides in
the white adipose tissue by increasing the expression of genes involved in lipid storage, such as
fatty-specific protein 27 (FSP27) [73]. In 1928, Lee described a rapid method to quantify obesity from
body weight and naso-anal length values. The result defines the nutritional status, called the Lee index,
which correlates positively with adipose tissue mass. [74,75]. In this study, the values obtained from
this index reveal a slight, but significant, increase in the IF group values compared to the control group
(Figure 2D), which does not mean that the IF animals are obese, but corroborates the largest adipose
reserve found (Figure 4A–D).

No significant differences were found between groups neither in blood glucose concentrations
after oral glucose administration (Figure 6A) nor in HbA1c (Figure 6C). These results contradict
previously published studies, which show a reduction in blood glucose concentrations. [25,76,77].
Nevertheless, in this case, the lower glycaemia can be a consequence of large amounts of circulating
insulin concentrations (Figure 8) since insulin is the hypoglycemic hormone that allows glucose to enter
in insulin-sensitive target cells. The decrease in liver weight observed may be related to lower glycogen
reserves (Figure 5). The significant drop in hepatic glycogen and muscle glycogen concentrations
(Supplemental Figure S2) may result in increased fatigue and impaired maintenance of normoglycemia
between feeding periods [78].

Our data show changes in body composition with decreased muscle mass (Figure 4E–G) and
increased fat mass (Figure 4B–D), in contrast to the literature data, which generally show reduced
body fat and maintenance of lean mass. [28,62,79–81]. However, a decrease in lean mass after only
1 month of IF has been reported in adolescent girls [42]. An increase in body mass index was found
with IF only in women, with a reduction in this parameter in men [82]. Another study found that
improvements in body composition are less pronounced in younger women [62]. In female mice,
IF did not cause weight loss [83]. It is possible that intermittent fasting causes more adverse effects on
the body composition of females, and this could be accentuated in younger and developing organisms.

Glucose and insulin plasma concentrations under fasting conditions in both healthy and type 2
diabetes mellitus (T2DM) subjects are expressed at characteristic concentrations for each individual’s
nutritional status. Basal insulin concentrations are a consequence of fasting glucose concentrations,
the secretory capacity of pancreatic β-cells, and the rate of pulsatile insulin secretion. Previous work
shows that IF increases both basal and glucose-stimulated insulin secretion in mice with diet-induced
obesity [83]. This increase in insulin concentrations (Figure 8A), also found in in vitro pancreatic
islets (Figure 8B–D), suggests resistance to this hormone, as evidenced by a significant increase in
the homeostasis model assessment (HOMA) index (Figure 9), and impaired AKT phosphorylation in
muscle, liver, and adipose tissue (Figure 10).

HOMA is a mathematical calculation based on fasting insulinemia and glycaemia, proposed by
David Matheus [53] as a simple and fast way to determine insulin resistance (HOMA-IR) and the
functional capacity of pancreatic β-cells (HOMA-BETA). Similar data were found in a study performed
with male rats submitted to 5 weeks of IF and likewise in volunteers during 1 month of fasting,
both showing increased plasma insulin and HOMA indexes [38,84].

One hypothesis for this insulin resistance induced by fasting is increased secretion of ghrelin. The
secretion of this gastric hormone is elevated in calorie restricted mice, rats, and humans [85]. Ghrelin is
produced and secreted predominantly in the oxyntic mucosa of stomach (approximately 60–70% of
circulating ghrelin), and low plasma ghrelin concentrations are associated with elevated fasting insulin
concentrations and insulin resistance, suggesting both physiological and pathophysiological roles in
glucose metabolism [86,87]. Barazzoni et al. observed that, in rats, sustained ghrelin administration
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reduced hepatic AKT phosphorylation. The deregulation of AKT phosphorylation has been suggested
to occur under insulin resistance conditions and diabetes [88].

Although insulin tolerance tests showed no differences in glycaemia values at any time studied
(Figure 7A), nor in glucose decay constant values (Figure 7C), impaired AKT phosphorylation
in muscle, liver, and WAT indicates impaired insulin action (Figure 10). Intermittent fasting for
8 months in rats caused impaired glucose clearance, as reported by Cerqueira et al. [89]. In addition,
intermittent food restriction in female rats for 6 weeks induced glucose intolerance and detrimental
hypothalamic alterations coupled with compulsive eating behavior [90]. Thus, frequent feeding
and fasting cycles may be harmful and associated with insulin resistance, increasing risks of T2DM.
A hyperinsulinemic-euglycemic clamp was not conducted in this work and should be included in
future studies.

There are several studies that suggest that high insulin concentrations are associated with
typical pathologies of the metabolic syndrome, such as insulin resistance [91–97], obesity [98–103],
hypertension, cardiovascular diseases [104–108], atherosclerosis [109], and hepatic steatosis [110,111].
In general, the development of T2DM begins when the metabolic demand for insulin is greater,
due to peripheral insulin resistance. This insulin resistance generally precedes the development
of hyperglycaemia. In other words, there is a period of normoglycaemia, where pancreatic β-cells
compensate insulin resistance by increasing insulin secretion [112–115]. However, this compensatory
hyperinsulinemia can cause damage to the secretory cell in the long run, leading to β-cell apoptosis
and the development of T2DM [116–118].

Corroborating with this idea, the decreased pancreas weight and pancreatic islet area (Figure 11),
as well as increased apoptotic cells in pancreatic islets (Figure 12), reinforce the hypothesis that IF may
be detrimental to the endocrine pancreas and represents an unhealthy long-term diet. Although we
must be cautious when comparing the effects to humans, this study in an animal model is an important
tool to evaluate the potential impacts of this diet in a standardized manner, with minimal artifact
interference. Moreover, animal studies allow us to evaluate the effects directly in important organs,
such as the pancreas, given that data in humans is obviously sparse or non-existent as to whether
long-term intermittent fasting diets affect pancreatic islets.

Lastly, 8 weeks of IF caused no difference in net ROS production between groups at any of the
glucose concentrations studied (Supplemental Figure S3). However, 12 weeks of IF increased total
(Figure 13A) and mitochondrial (Figure 13B) net ROS production in the pancreas, besides increasing
hydrogen peroxide levels (Figure 13C), together showing that the effects are accentuated by a longer
time of treatment and lead to oxidative imbalance, as previously shown by Cerqueira et al. [89] in other
tissues. Intermittent fasting in mice showed that, on ad libitum feeding days, when the animal ingests
a large amount of food, ROS production is enhanced due to increased mitochondrial respiration [21].

These ROS increments caused the enhancement antioxidant defenses, as evidenced by increased
SOD2 (Figure 14A), that catalyzes the dismutation of superoxide into O2 and H2O2, which are less
damaging molecules. This cellular response promoted by 12 weeks of IF diet may be important to
mitigate oxidative stress, since increased ROS production has been reported to cause a loss of function
and even apoptosis in several cell types [119–126], including pancreatic islets [127–133].

The insulin receptor is essential for pancreatic β-cell function and survival. The insulin signaling
networks contain many proteins that are established regulators of apoptosis and proliferation.
Insulin directly prevents apoptosis in human and mouse islets, as well as in β-cell lines [134,135].
Cerqueira et al. showed that long-term intermittent feeding leads to redox imbalance and peripheral
insulin receptor nitration [89]. Thus, increased oxidative stress induced by 12 weeks IF may be
accompanied by the oxidation of the insulin receptor in pancreatic β-cells and the impairment of cell
survival. However, a more detailed study of oxidative stress induced by fasting on the protective
effects of autocrine insulin signaling is needed.

Several studies show that the effects of IF depend on several factors, such as the period of day
in which fasting is practiced. Time restricted feeding (TRF) is a type of IF that involves eating all
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nutrients within a few hours every day, usually up to 12 hours. Studies suggest that, depending on the
time of the eating window, TRF leads to opposite effects. Restricting food intake to the resting phase
worsened fasting and postprandial glucose concentrations, blood pressure, and lipid concentrations in
humans [32,136], and induced leptin resistance that contributes to the development of obesity and
metabolic disorders in mice [137]. However, restricting food intake to the active phase improved
insulin sensitivity, blood pressure, glucose tolerance, and oxidative stress [8,138,139].

Corroborating these results, there are several long-term studies in humans showing detrimental
effects of skipping breakfast, which is a type of IF by prolonging overnight fasting to the active
phase. Breakfast skipping is associated with a significantly increased risk of overweight and obesity,
poorer glycemic control, insulin resistance, and an increased risk of T2DM [140–145]. Considering that
the present study evaluated juvenile rats and that they present a different endocrinology response
to adults, our results only apply to juveniles. In developing organisms, growth hormone may play
an important role in inducing insulin resistance under fasting stress conditions, which may be
significant for the defense against hypoglycemia [146]. Besides, further long-term research is necessary
to investigate which IF protocol is more suitable to reduce these side effects and improve health,
before IF can be considered a good alternative for weight management in young individuals.

5. Conclusions

Intermittent fasting is effective for weight loss, but the long-term safety has been questioned.
Considering increasing levels of obesity and overweight in children, we studied possible consequences
of this practice in young animals. We have shown here that 12 weeks of alternate-day intermittent
fasting in young female Wistar rats causes several changes that can be detrimental in the long run
to young individuals, including the elevation of pancreatic islet cells apoptosis and ROS production.
We also found a reduction in pancreatic islet mass, a large increase in insulin secretion, and signs of
insulin resistance by reduced AKT phosphorylation in muscle and adipose tissue, which may be a risk
factor for T2DM. Besides that, we noticed a remodeling of body composition, with increased body fat
and decreased muscle mass. Taken together, these findings suggest that caution may be warranted
when unrestrictedly recommending intermittent fasting to young individuals, especially for people
with compromised glucose metabolism. This study was conducted in healthy juvenile rats and these
findings may not translate into adult humans. Further studies are required.
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