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Abstract 
 
Average and maximal lifespan can be increased in mice, in one or both sexes, by four drugs: 
rapamycin, acarbose, 17a-estradiol, and canagliflozin. We show here that these four drugs, as 
well as a calorie-restricted diet, can induce a common set of changes in fat, macrophages, 
plasma, muscle, and brain when evaluated in young adults at 12 months of age. These shared 
traits include an increase in uncoupling protein UCP1 in brown fat and in subcutaneous and 
intra-abdominal white fat, a decline in proinflammatory M1 macrophages and corresponding 
increase in anti-inflammatory M2 macrophages, an increase in muscle fibronectin type III 
domain containing 5 (FNDC5) and its cleavage product irisin, and higher levels of doublecortin 
(DCX) and brain-derived neurotrophic factor (BDNF) in brain. Each of these proteins is thought 
to play a role in one or more age-related diseases, including metabolic, inflammatory, and 
neurodegenerative diseases. We have previously shown that the same suite of changes is seen in 
each of four varieties of slow-aging single-gene mutant mice. We propose that these changes 
may be a part of a shared common pathway that is seen in slow-aging mice whether the delayed 
aging is due to a mutation, a low-calorie diet, or a drug.  
 
 
Key Words: uncoupling protein UCP1, inflammatory, neurodegenerative, slow-aging mice, 
fibronectin type III domain containing 5 (FNDC5), doublecortin (DCX), and brain-derived 
neurotrophic factor (BDNF). 
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Introduction 
 
Several small compounds and dietary manipulations have been found to increase health-span and 
lifespan [1-3]. Canagliflozin (Cana) [4] and 17-α-estradiol (17aE2) [5, 6] increase lifespan in 
males only, whereas calorie restriction (CR) [1], acarbose (Aca) [5], and rapamycin (Rapa) [7-9] 
increase lifespan in mice of both sexes, although the longevity effect of Aca is stronger in males 
than in females.  
 
These agents affect health and aging through a variety of targets, not all of them fully delineated. 
Cana is a SGLT2 inhibitor used in the treatment of diabetes in humans [10, 11], Cana promotes 
release of urinary glucose under hyperglycemic conditions, and therefore decreases peak levels 
of glucose in the blood. Cana increased median lifespan of male mice by 14% with no change 
demonstrated in females [4]. Numerous studies have demonstrated the benefits of CR on the 
lifespan of organisms ranging from worms to humans, as well as its ability to delay or decelerate 
many aspects of aging [2, 3, 12, 13]. Rapa increases the lifespan of many organisms by inhibiting 
the mammalian target of rapamycin (mTOR) [14], Rapa can also diminish risks of cancer, 
cardiac diseases, neurodegenerative diseases, vascular aging, and cognitive function [15-19]. 
Like Cana, Aca reduces post-prandial glucose levels, and is used in the treatment of diabetics  
[20-22], but does so by inhibiting a-glucosidase conversion of starch to absorbable sugars in the 
GI tract. Like Rapa, Aca reduces mTOR signaling in liver and kidney [5, 23]. Mice treated with 
Aca showed a 20% increase in median lifespan in males and a smaller (5%) but statistically 
significant increase in females [5]. 17aE2 is a non-feminizing structural isomer of 17-β estradiol 
[5, 6] that increases lifespan in male mice by 19%, without an effect on female lifespan [6]. 
Interestingly, Rapa and Aca lead to an increase in cap-independent translation (CIT) in both 
sexes, with a similar but male-specific increase induced by 17aE2 [23]. The same pattern of drug 
effects is seen for inhibition of age-dependent increases in the kinase pathway, involving MEK1, 
Erk1/2, and MNK1/2, that regulates translation via phosphorylation of eIF4a [24]. These effects 
on protein translation suggest that these anti-aging drugs may share at least some common 
pathways and physiological mechanisms. 
 
Aging decreases the size and activity of brown adipose tissue (BAT) depots, and lowers 
expression Uncoupling Protein 1 (UCP1), a mitochondrial membranous protein devoted to 
adaptive thermogenesis [25-27] via uncoupling of mitochondrial respiration [28-30]. UCP1-
expressing adipocytes have also been found interspersed within white adipose tissue (WAT), in 
cells that exhibit a BAT-like phenotype, referred to as beige or “brite” (brown in white) fat [31]. 
Cold exposure and activation of β3-adrenergic receptors by norepinephrine induce the expression 
of UCP1 in brown adipocytes and beige adipocytes [26, 32-35]. Mice with increased activity of 
brown fat, beige fat are resistant to obesity, and show improvements in systemic metabolism, 
including improved glucose tolerance and increased insulin sensitivity [36-39]. We have reported 
that white (WAT) and brown (BAT) fat have elevated UCP1 in four varieties of long-lived 
mutant mice, including Snell dwarf, Ames dwarf, and growth hormone receptor (GHR) knock-
out mice, [40, 41], as well as in PAPPA-KO mice [42]. 
 
Aging typically leads to chronic, low-grade inflammation in adipose tissue [43-45], through 
activation of pro-inflammatory M1 macrophages polarization and conversion from M2 to M1 
macrophages [46-48]. Adipose tissue macrophages (ATMs) play an important role in regulating 
inflammatory status within adipose tissue [49]. M1 macrophages typically express iNOS, while 
M2 cells are high in arginase. M1 macrophages secrete pro-inflammatory cytokines that inhibit 
insulin signaling within adipose tissue [50, 51]. M2 macrophages act opposite to their M1 
counterpart. M2 macrophages are more anti-inflammatory and secrete anti-inflammatory 
cytokines that maintain functional insulin signaling [50, 51]. We have found that long-lived 
mutant mice, including Snell dwarf, Ames dwarf, growth hormone receptor (GHR) knock-out, 
and PAPPA-KO mice, showed lower levels of inflammatory M1 macrophages and higher levels 
of anti-inflammatory M2 macrophages in BAT and WAT, including both subcutaneous 
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(inguinal) and intra-abdominal (perigonadal) depots [40-42]. This suggests that skewing 
macrophage polarization from pro-inflammatory M1 toward anti-inflammatory M2 phenotype 
may contribute to the slow aging and delayed disease profile of these mutant mice.   
 
Fibronectin type III domain-containing protein 5 (FNDC5) is primarily expressed by muscle 
fibers [52, 53]. FNDC5 is also expressed in heart, brain, ovary, testis, kidney, stomach, liver, and 
skeletal muscle tissues [54]. Under peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha (PGC1α) control, FNDC5 is cleaved and secreted as the hormone irisin in 
response to exercise. Irisin stimulates UCP1 expression and consequently induces browning in 
white adipose cells in culture and in vivo [39]. FNDC5/Irisin also has anti-inflammatory 
functions including reducing pro-inflammatory cytokines (IL-6, TNF-α, IL-1β, and MIP), and 
increasing anti-inflammatory cytokines (IL-10, IL-4, and IL-1ra, and inducing M2-type 
macrophage polarization [55-57]. We have reported that irisin is elevated in the plasma of 
longevity mice (Snell, Ames, PAPP-A KO and GHRKO mice), consistent with a possible role in 
the modulation of adipose tissues, and further shown an increase of FNDC5 in muscle [40-42]. 
 
Brain Derived Neurotrophic Factor (BDNF) belongs to the neurotrophin family [58]. It is a key 
molecule in the regulation of neuronal plasticity related to learning and memory [59]. BDNF 
levels in hippocampus and plasma have been found to decrease with increasing age [59-61]. 
There is evidence that FNDC5 and irisin can stimulate brain derived neurotrophic factor 
(BDNF), which improves learning and memory through increased neuronal survival, 
differentiation, and plasticity [62, 63]. Doublecortin (DCX) is an essential factor in neurogenesis 
[64]. It is a nervous system-specific micro-tubule associated protein expressed in migrating 
neurons of the central and peripheral nervous system during embryonic and postnatal 
development [64-66]. The expression of DCX can be used in the adult brain as a measure of 
neural progenitor cells (NPCs), which generate new neurons in the dentate gyrus [67]. We have 
found elevation of both BDNF and DCX in the brain of all four of the long-lived mutant mouse 
stocks tested [68], but there is no current information about the possible effects of anti-aging 
drugs on these brain proteins. 
 
GPLD1 (glycosylphosphatidylinositol-specific phospholipase D) is a plasma protein that is 
mainly liver-derived, but can also be produced by other tissues including brain, muscle, kidney, 
and immune cells [69]. GPLD1 production is increased through exercise in both mice and 
humans, and its function is to cleave GPI-anchored proteins from cell membranes. Increased 
levels of GPLD1 have been linked to an improvement in cognitive ability in aged mice [69]. We 
have reported [68] that GPLD1 protein is increased in liver and plasma of young adult Snell and 
GHRKO mice, Ames dwarf and PAPPA-KO mice  [41, 42]. Others have shown that augmented 
GPLD1 production in mice leads to increases in BDNF and DCX in brain [69], suggesting a 
connection between elevated GPLD1 in slow-aging mice and the accompanying increase in 
BNDF and DCX.  
 
We have shown recently that drugs known to increase mouse lifespan can also lead to higher 
levels of GPLD1 in mouse liver and plasma [68]. Rapamycin and acarbose elevated GPLD1 in 
both sexes, but elevation of plasma GPLD1 by canagliflozin and 17aE2 was seen only in male 
mice, consistent with the male-specific increase in lifespan induced by these two agents. A 
calorie restriction diet also elevated GPLD1 in both sexes. These results prompted us to ask 
whether other aspects of the phenotype seen in long-lived mutant mice, including changes in 
FNDC5, irisin, BNDF, DCX, UPC1, and M1/M2 macrophage ratios, might also be characteristic 
of mice exposed to drugs that extend lifespan and slow aging.  
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Materials and Methods 
 
Mice and Experimental diets. 
 
Genetically heterogeneous UM-HET3 mice were produced by a four-way cross between 
CByB6F1 mothers and C3D2F1 fathers and housed as previously described [9, 97]. Mice in 
breeding cages received Purina 5008 mouse chow, and weaned animals were fed Purina 5LG6. 
At 4 months of age, animals in different sibling groups were randomly allocated to control, Cana, 
CR, Aca, 17aE2, or Rapa treatments. All diets were prepared by TestDiet, Inc., a division of 
Purina Mills (Richmond, IN, USA), which also produces drug/food mixtures for the NIA 
Interventions Testing Program. Animals in the control group remained on the 5LG6 diet. Mice in 
the Cana group received this agent at 180 mg/kg of chow, i.e. 180 ppm [4]. Rapamycin was 
given as encapsulated Rapa (Emtora Biosciences, San Antonio, TX) at a dose of 14 ppm [7-9]. 
Aca was purchased from Spectrum Chemical Mfg. Corp. (Gardena, CA) and used at 1000 ppm 
[105]. 17aE2 was purchased from Steraloids Inc. (Newport, RI, USA) and used at a dose of 14.4 
ppm [5, 105]. For CR feeding: starting at 4 months of age, CR mice were given 60% of diet 
consumed by ad lib control mice, as previously described [9]. All mice were then euthanized at 
12 months of age. 
 
Western blot analyses 
 
Proteins from adipose tissues, thigh muscle, and brain cortex were extracted after 
homogenization in Immunoprecipitation Assay Buffer (RIPA Buffer, Fisher Scientific, 
Pittsburgh, PA, USA) supplemented with Complete Protease Inhibitor Cocktail (Roche Inc.). 
Protein content was measured using a BCA assay (Fisher Scientific, Pittsburgh, PA, USA). The 
protein extracts were separated by SDS/PAGE on a 4–15% running gel, transferred to 
polyvinylidene difluoride membranes, and electro-transferred to an Immobilon-P Transfer 
Membrane (Millipore, Billerica, MA, USA) for immune blot analyses. Membranes were blocked 
in Tris buffered saline containing 0.05% Tween20 (TBS-T) and 5% Bovine Serum Albumin 
(BSA) for 1 hour. After blocking, membranes were probed overnight with primary antibodies in 
TBS-T supplemented with 5% BSA with shaking at 4°C, followed by three 10-minute washes 
with TBS-T, incubation with secondary antibody for 1 hour, and three 10-minute washes with 
TBS-T. Membranes were then evaluated using an ECL Chemiluminescent Substrate (Fisher 
Scientific, Pittsburgh, PA, USA). Quantification was performed using ImageJ software. Table S1 
lists the antibodies used.  
 
Plasma irisin Measurement 
 
Blood was collected from 12-month-old control mice and treated mice into EDTA-treated tubes. 
Plasma was separated from cells by centrifugation for 10 minutes at 1,000–2,000 x g using a 
refrigerated centrifuge. Plasma irisin concentration was determined by using a commercially 
available enzyme-linked immunosorbent assay (ELISA) kit (MyBioSource, Inc., USA) 
according to the manufacturer’s instructions. 
 
Statistical analysis 
 
The data shown in each figure represent results of a minimum of three independent experiments. 
All data are presented as mean ± SEM. Each endpoint was evaluated first by two-factor 
ANOVA, using Sex, Treatment, and Interaction terms. When the interaction test was not 
significant, the values were combined across sex and effects of treatment evaluated by unpaired 
two-tailed Student’s t-test. When the interaction test was significant, data were separated by sex 
and effects of the treatment assessed by t-test separately for each sex independently. P < 0.05 was 
regarded as significant.  
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Results 
 
UCP1 increases in BAT and WAT of five varieties of slow-aging mice. Our previous work has 
shown increased levels of UCP1 in BAT and in inguinal (ING) and perigonadal (PG) WAT fat 
depots of Snell dwarf, Ames dwarf, GHRKO, and PAPPA-KO mice [40-42]. To see if these 
changes could be produced by 8 months of exposure to an anti-aging diet (CR diet) or by anti-
aging drugs, we evaluated fat tissues from 12 months old mice treated with the indicated 
interventions from 4 months of age. Figure 1 shows representative immunoblot images, with 
dotplots to show the distribution of densitometric results. For BAT, the two-way Anova found no 
evidence for sex specificity in the response to intervention (non-significant interaction term), and 
therefore results were pooled across sex for statistical assessment. Each of the five interventions 
increased UCP1 in BAT, with increases of 1.2 to 1.4, and p-values between 0.05 and 0.01 as 
shown in Fig 1B.  
 
The effects of these interventions on UCP1 in both ING and PG WAT showed more evidence of 
sex-specificity. Cana, 17aE2, and CR diet each led to sex-specific effects, as indicated by the 
significant ANOVA interaction terms shown in Fig 1B. In each case the drug effect was larger in 
males than in females, both in ING and PG fat. Aca, in contrast, produced significant increases in 
UCP1 in both sexes, without any evidence of sex-specificity, again in both ING and PG fat. Rapa 
reduced UCP1 significantly without sex difference in both of these WAT depots. 
 
Table 1 compiles the effect size (ratio of treated to control) and p-values for each sex evaluated 
separately for these UCP1 assays along with the other endpoints evaluated in this report. 
 
Changes in fat-associated M1 and M2 macrophage subsets in slow-aging mice. Our studies of 
long-lived mutant mice showed increases in M2 macrophages and declines in the M1 
macrophage subset in BAT and WAT [40]. Figure 2 shows drug- and diet-induced changes for 
Arg1, the M2 marker we used. Arg1 was elevated by CR and by all four drugs in BAT (Figure 
2B). In ING WAT, Cana elevated Arg1 in males only (p < 0.05 for the ANOVA interaction 
term), and the other three drugs, along with CR, increased Arg1 in both sexes, although the 
17aE2 effect may have been more potent in males (p = 0.06 for interaction). In PG WAT we saw 
Arg1 elevation in all five treatment groups, and there were no significant [sex x treatment] 
interactions.   
 
Parallel data for the M1 marker iNOS are shown in Figure 3. As in the Snell and GHRKO 
mutants [40], each of the five tested interventions led to lower levels of iNOS in BAT, in PG 
WAT, and in ING WAT. For PG fat, there is suggestive evidence that the effect of 17aE2 might 
be stronger in males than in females (p = 0.08 for interaction). Decline in M1 cells is consistent 
with the evidence for an increase in M2 macrophages shown in Figure 2. 
 
Muscle FNDC5 and plasma irisin changes were consistent with the effects on fat depots. Our 
work on GHRKO mice, and in mice where GHR was deleted only in muscle, found evidence that 
changes in fat and fat-associated macrophage subsets were dependent on elevated plasma irisin 
levels and to the levels of irisin-precursor FNDC5 in skeletal muscle [40]. We therefore looked 
at FNDC5 and plasma irisin in the five varieties of slow-aging mice in our current study. As 
shown in Figure 4B, muscle FNDC5 protein was significantly elevated by all five treatments. 
Plasma irisin, the secreted portion of the FNDC5 molecule, was also elevated significantly in all 
five kinds of treated mice (Figure 4C). For Cana and 17aE2 mice, the [sex x drug] interaction 
term approached statistical significance (p = 0.07 and 0.06 respectively), with slightly higher 
drug effects in the male mice. These data, along with the published results on Snell dwarf, 
GHRKO, and muscle-specific GHRKO [40], support the idea that the changes in the fat depots 
and fat-associated M1 and M2 subsets in diet- and drug-treated mice might be secondary to 
increases in muscle FNDC5 and plasma irisin. 
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Indices of neurogenesis and neural cell health in hippocampus of slow-aging mice. We have 
previously shown elevation of BDNF and DCX in hippocampus of Snell dwarf, GHRKO [68], 
Ames dwarf [41], and PAPPA-KO mice [42]. We therefore measured levels of both proteins in 
brain cortex of the five varieties of slow-aging mice, with results shown in Figure 5. All five 
interventions elevated both BDNF and DCX in brain. There were suggestions that the effects of 
Cana and 17aE2 might be relatively male-specific for BDNF, because 0.05 < p < 0.06 for the 
ANOVA interaction terms for these two drugs.    
 
In addition to effects of muscle - derived FNDC5 on adipose tissue, it has been reported recently 
[63, 70] that exercise can elevate FNDC5 in the mouse hippocampus, and thereby activate a 
neuroprotective program that includes elevation of BDNF. We therefore measured FNDC5 levels 
in brain of our five varieties of slow-aging mice (Figure 6). All five varieties of slow-aging mice 
had elevated levels of FNDC5 in brain cortex, with no evidence of significant sex-specificity.   
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Discussion 
 
Our study shows that mice exposed to caloric restriction, or treated with drugs that extend 
lifespan, including rapamycin, acarbose, 17a-estradiol, and canagliflozin, show increases in 
levels of UCP1 in WAT and BAT, increases in the ratio of M2 to M1 macrophages in fat depots, 
increases in the irisin precursor protein FNDC5 in skeletal muscle, increases in plasma irisin 
levels, and an increase in BDNF and DCX in the brain. These alterations are also characteristic 
of four varieties of slow-aging mutant mice: Ames dwarf, Snell dwarf, GKO, and Pappa-KO 
mice [40-42, 68]. Each of these proteins has been implicated as playing a role in maintenance of 
function in aging fat, brain, or metabolic and inflammatory control circuits, making it plausible 
that their elevation in mutant or drug-treated non-mutant mice might contribute to the 
exceptional preservation of good health in each of these nine models of slowed aging. The 
mechanism(s) through which the mutations, diet, or drugs induce these alterations in adipocytes, 
macrophages, muscle, and brain are not clear, but likely to be a fertile area for future study.  
 
Uncoupling protein 1 (UCP1) is a mitochondrial membranous protein that contributes to adaptive 
thermogenesis in brown and beige adipocytes [27]. Cold acclimation or treatment with a ß3-
adrenergic receptor agonist induces UCP1 expression in WAT, which mimics brown adipose 
tissue (WAT browning). These white adipose cells with similar BAT-like morphological features 
(such as smaller size, increased cytoplasm, and higher mitochondrial mass), and higher 
expression of UCP1, are referred to as "beige" fat cells [35, 71, 72]. Beige adipocytes have a 
high level of plasticity that allows for the rapid and dynamic induction of thermogenesis by 
external stimuli such as cold exposure [73]. Aging is characterized by an increase in WAT depot 
size, decreased amounts of BAT depots and in UCP1 levels within brown adipocytes, and a 
decline in the ability to induce fat browning in WAT depots [71]. Genetic and pharmacological 
interventions that increase characteristics of longevity in mice are often associated with 
resistance to age-related increases in intra-abdominal fat, with relative preservation of 
subcutaneous WAT depots [73]. The amount of BAT tissue, and level of UCP1 in BAT, are both 
increased in Ames dwarf mice [74], consistent with the idea that higher BAT thermogenic 
activity might contribute to longevity and health maintenance in Ames mice. For example, there 
is considerable evidence that UCP1-mediated uncoupling of the mitochondrial electron transport 
chain can augment beneficial health-related metabolic traits including beta oxidation of fatty 
acids and glucose homeostasis. In BAT, UCP1 is elevated by all four drugs and the CR diet, with 
Cana and 17aE2 producing the change in males only. In both ING and PG WAT, sex-specificity 
was again seen for Cana and 17aE2, and, unexpectedly, also for the CR diet, with greater effects 
in males in each case. The sex effect of these interventions (17aE2 and Cana) on enhancing the 
function of BAT and induction in beige adipocyte formation is consistent with their effect on 
longevity. Aca led to changes in WAT in both sexes; this agent increases lifespan significantly in 
both sexes, though more dramatically in male mice.  In contrast to the results of the other four 
treatments, Rapa led a lower UCP1 in both ING and PG WAT.  We speculate that this may 
reflect direct or indirect effects of Rapa independent of those by which Rapa modulates the aging 
process.   
 
Chronic low-grade inflammation is a common feature of age-related diseases and loss of 
homeostasis [75]. As a large and versatile endocrine, immune, and regenerative organ, adipose 
tissue plays both a direct and indirect role in chronic inflammation and consequently aging [76, 
77]. Adipose tissue macrophages (ATM) have been considered to be key contributors to 
inflammation and insulin resistance [78, 79]. Macrophages have been classified as either 
classically (M1, proinflammatory), or alternatively (M2, anti-inflammatory) activated [80]. The 
M1 macrophage produces proinflammatory cytokines (e.g., IL-6 and TNFα), whereas the M2 
macrophage secretes anti-inflammatory cytokines (e.g., IL-10). ATMs may also play a role in 
systemic or local adipose tissue inflammation. Aging typically leads to a change in polarization 
from anti-inflammatory M2 status to proinflammatory M1 macrophages in mice [80]. Using 
Arg1 protein levels as a marker for M2 cells and iNOS as a marker for M1 macrophages, our 
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previous study showed that M2 type macrophages were increased, with parallel decreases in M1 
type macrophages, in BAT and two WAT depots of 6 months old Snell and GHRKO mice [40], 
as well as in Ames and PAPP-A KO mice [41, 42]. Our work here showed elevation of Arg1 by 
CR diet and by all four drugs in BAT and in both WAT depots. Cana had male-specific effects 
on Arg1 in ING WAT and PG WAT, and the effects of 17aE2 on Arg1 in ING fat showed a 
suggestive (p = 0.06) trend for male-specific effect.  Using iNOS to identify M1 macrophages, 
we found that each of the five tested interventions led to lower levels of iNOS in BAT, PG 
WAT, and ING WAT. It is noteworthy that Aca and 17aE2 reduces age-dependent inflammatory 
changes in the hypothalamus of male, but not female, mice [81], and Cana also blunts several 
aspects of age-dependent inflammation in the hypothalamus, some in a sex-specific manner [82]. 
Whether the pathways by which these drugs modulate M1/M2 function in adipose tissue overlap 
with those by which they diminish neuroinflammation is unknown and needs further study. 
 
FNDC5 is a glycosylated type I membrane protein [52]. The cleaved and secreted form of 
FNDC5 was discovered in 2012 and named “irisin”. The sequence of irisin is 100% conserved 
between humans and mice [39]. Irisin has multiple effects, ranging from lipid metabolism, 
thermogenesis, and browning of white adipose tissue, as well as ATM inflammation [83]. 
FNDC5 decreases adipose tissue inflammation and insulin resistance via AMPK-mediated 
macrophage polarization in HFD-induced obesity [56]. FNDC5/irisin also induces the expression 
of BDNF and other neuroprotective genes in the hippocampus [84]. Our previous work showed 
enhanced levels of FNDC5 in muscle and increased levels of irisin in plasma of Snell dwarf 
Ames dwarf, growth hormone receptor (GHR) knock-out mice, and PAPPA-KO mice [40-42].  
In our current study, FNDC5 protein in muscle was significantly elevated by CR and by all four 
of the drugs tested, in both sexes. Irisin levels of plasma were consistent with the FNDC5 results: 
each of the five interventions produced elevations of plasma irisin.  There was a suggestion of 
male-specific effect on irisin, with interaction p-values of 0.06 and 0.07 for 17aE2 and Cana, 
respectively. These data, along with the published results on Snell dwarf, GHRKO, and muscle-
specific GHRKO [40], support the idea that the changes in the fat depots and fat-associated M1 
and M2 subsets in diet and drug treated mice might be secondary to increases in muscle FNDC5 
and plasma irisin. It seems likely that the changes in FNDC5 may underlie the alterations in 
UCP1 and M1/M2 ratio in WAT of this series of mutant mice, but more work would be needed 
to test this hypothesis.   
 
Because we have previously shown that GPLD1 is elevated in liver and plasma of these CR and 
drug-treated mice [68], evaluated BDNF and DCX in the brain; both of these indicators of brain 
health are thought to be simulated by elevated GPLD1. Consistent with our earlier GPLD1 
observations, BDNF and DCX were indeed higher in brain cortex of all five varieties of slow-
aging mice.   
 
In addition to the effects FNDC5/irisin has on the WAT browning and macrophage polarization 
[56, 83], it has been reported that exercise can elevate FNDC5 in the mouse hippocampus, and 
thereby activate a neuroprotective program that includes elevation of BDNF [63, 70]. We 
therefore measured FNDC5 levels in the brain of mice treated with anti-aging drugs or exposed 
to the CR diet (Figure 6). All five varieties of slow-aging mice had elevated levels of FNDC5 in 
the brain cortex. None of the drugs had a significant sex-specificity. These findings were 
consistent with our previous data that showed an increase in FNDC5 in hippocampus of Ames, 
Snell, and GHRKO mice [40, 41].  
 
The research strategy for this paper emphasized breadth – evaluation of many tissues and cell 
types in parallel – at the expense of a deeper analysis of any one of the cell types examined, and 
this is a limitation of our study.  To pick one example, we relied upon iNOS as our only index of 
pro-inflammatory M1 macrophages, and on Arg1 as our estimator for anti-inflammatory M2 
macrophages in the three fat depots studied.  In an earlier paper focused on adipose tissue in 
Snell dwarf and GHRKO mice [40], we used multiple methods for evaluation macrophage 
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polarity in fat depots, including (a) qRT-PCR data on mRNA for Arg1 and iNOS; (b) 
immunohistochemical assessment of CD80 (a separate M1 marker) and CD163 (M2 marker) in 
tissue sections, (c) measurement of CD80 and CD163 mRNA by qRT-PCR; and (d) RT-PCR 
quantitation of three cytokines (TNFa, IL6, MCP1) produced by M1 cells.  We performed this 
entire test battery in three tissues: BAT, inguinal WAT, and perigonadal WAT.   Consistency 
among these tests was excellent, and all of them were consistent with the estimation of Arg1 and 
iNOS levels by Western blots.  It was also reassuring to see consistent reciprocity between the 
M1 and M2 markers, which moved in opposite directions in both mutant mice, as in the data 
presented here in our current paper.  But it is an oversimplification to imagine that there are only 
two differentiation states in the macrophage lineage without adipose tissue depots, and a more 
careful and comprehensive study using additional methods would very probably lead to greater 
nuance and additional insights into the status of macrophage polarization in these drug-treated 
mice.  Similarly, our data on BDNF and DCX in brain cortex are provocative, but leave 
unanswered a wide range of questions related to other aspects of neural and glial status in young 
adults, age-related changes in our drug-treated and CR mice, variation among CNS regions and 
tissue layers, and other topics of very high interest.  These limitations of our study provide, we 
hope, ample opportunities for specialist laboratories to tease apart and exploit. 
 
The work reported here, together with parallel studies of long-lived mutant mice [40, 41, 68], 
suggest that slow-aging mice may share a suite of physiological characteristics, regardless of 
whether the extended longevity is caused by an inherited mutation, or by treatment with a drug 
or dietary regime starting in adult life. This suite of “aging rate indicators” seems to include 
increases in UCP1, M2/M1 ratio at least in adipose tissue, FNCD5/irisin in muscle, GPLD1 
production by liver and adipose tissue, and increases in BDNF and DCX in brain. Mutant and 
drug-treated slow-aging mice are also characterized by augmented cap-independent translation 
[23, 85], by lower function of mTORC1 [86], and by inhibition of two distinct MAP kinase 
cascades [24]. It seems likely that future work may add additional shared characteristics to this 
set of changes. Working out the cellular basis for this apparently coordinated set of changes is an 
important challenge for future studies, along with exploration of links between these changes and 
the delayed pace of multiple lethal and non-lethal diseases in these mice. It is also possible that 
some or all of these alterations can serve as surrogate endpoints that can identify drugs with good 
potential to delay aging. 
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All raw images, densitometric data, and statistical calculations are available from the authors 
(XL, RAM) on request. 
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Legends to Figures: 
 
Figure 1: Expression of UCP1 in adipose tissue of five varieties of slow-aging mice. 
 
A. Cell lysates were prepared from adipose tissues (brown adipose tissue, inguinal adipose tissue 
and perigonadal adipose tissue) of 48-week-old wild type littermate control mice (WT) and mice 
treated with the indicated interventions (CR diet, Cana, 17aE2, Aca and Rapa) from 4 months of 
age. Protein levels of UCP1 (brown and beige fat marker) were measured by western blotting. 
Representative gel images showing UCP1 in brown adipose tissue, inguinal adipose tissue and 
perigonadal adipose tissue. B. Protein quantification data normalized to β-actin and expressed as 
fold change compared with WT control (defined as 1.0). For BAT and PG WAT, N = 5 mice for 
each group (control and slow-aging mice). For ING WAT, N = 8 mice for each group (control 
and slow-aging mice).  Each symbol shows an individual mouse. * p < 0.05; ** p < 0.01, *** p < 
0.001 versus control mice.     
 
Figure 2: Expression of adipose tissue macrophage infiltration and M2 macrophage 
marker in adipose tissue of five varieties of slow-aging mice. 
 
 A. Cell lysates were prepared from adipose tissues (brown adipose tissue, inguinal adipose 
tissue and perigonadal adipose tissue) of 48-week-old wild type littermate control mice (WT) 
and mice treated with the indicated interventions (CR diet, Cana, 17aE2, Aca and Rapa) from 4 
months of age. Protein levels of Arg1 (M2 macrophage marker) were measured by western 
blotting. Representative gel images showing Arg1 in brown adipose tissue, inguinal adipose 
tissue and perigonadal adipose tissue. B. Protein quantification data normalized to β-actin and 
expressed as fold change compared with WT control (defined as 1.0 For BAT and PG WAT, N = 
5 mice for each group (control and slow-aging mice). For ING WAT, N = 8 mice for each group 
(control and slow-aging mice). Each symbol shows an individual mouse. * p < 0.05; ** p < 0.01, 
*** p < 0.001 versus control mice.  
 
Figure 3: Expression of adipose tissue macrophage infiltration and M1 macrophage 
marker in adipose tissue of five varieties of slow-aging mice. 
 
A. Cell lysates were prepared from adipose tissues (brown adipose tissue, inguinal adipose tissue 
and perigonadal adipose tissue) of 48-week-old wild type littermate control mice (WT) and mice 
treated with the indicated interventions (CR diet, Cana, 17aE2, Aca and Rapa) from 4 months of 
age. Protein levels of iNOS (M1 macrophage marker) were measured by western blotting. 
Representative gel images showing iNOS in brown adipose tissue, inguinal adipose tissue and 
perigonadal adipose tissue. B. Protein quantification data normalized to β-actin and expressed as 
fold change compared with WT control (defined as 1.0 For BAT and PG FAT, N = 5 mice for 
each group (WT and slow-aging mice). For ING FAT, N = 8 mice for each group (WT and slow-
aging mice).  Each symbol shows an individual mouse. * p < 0.05; ** p < 0.01, *** p < 0.001 
versus control mice.   
 
Figure 4: Expression of FNDC5 in thigh muscle and plasma irisin levels of five varieties of 
slow-aging mice. 
 
A. Cell lysates were prepared from thigh muscle of 48-week-old wild type littermate control 
mice (WT) and mice treated with the indicated interventions (CR diet, Cana, 17aE2, Aca and 
Rapa) from 4 months of age. Protein levels of FNDC5 were measured by western blotting. 
Representative gel images are shown. B. Protein quantification data normalized to β-actin and 
expressed as fold change compared with WT control (defined as 1.0).  N = 5 mice for each group 
(WT and slow-aging mice. Data are means ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 
versus WT. C. Irisin content was measured by ELISA assay on plasma samples of 48-week-old 
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wild type littermate control mice (WT) and five varieties of slow-aging mice (Cana, CR, ACA, 
17aE2 and Rapa). N = 6 per group.  Each symbol shows an individual mouse. * p < 0.05; ** p < 
0.01, *** p < 0.001 versus control mice. 
 
Figure 5: Expression of BDNF and doublecortin (Dcx) in brain cortex of five varieties of 
slow-aging mice. 
 
A. Cell lysates were prepared from brain cortex of 48-week-old wild type littermate control mice 
(WT) and mice treated with the indicated interventions (CR diet, Cana, 17aE2, Aca and Rapa) 
from 4 months of age. Protein levels of BDNF and Dcx were measured by western blotting. 
Representative gel images are shown. B. Protein quantification data normalized to β-actin and 
expressed as fold change compared with WT control (defined as 1.0).  N = 5 mice for each group 
(WT and slow-aging mice. Each symbol shows an individual mouse. * p < 0.05; ** p < 0.01, *** 
p < 0.001 versus control mice.   
 
   
Figure 6: Expression of FNDC5 in brain cortex of five varieties of slow-aging mice. 
 
A. Cell lysates were prepared from brain cortex of 48-week-old wild type littermate control mice 
(WT) and mice treated with the indicated interventions (CR diet, Cana, 17aE2, Aca and Rapa) 
from 4 months of age. Protein levels of FNDC5 were measured by western blotting. 
Representative gel images are shown. B. Protein quantification data normalized to β-actin and 
expressed as fold change compared with WT control (defined as 1.0).  N = 5 mice for each group 
(WT and slow-aging mice. Each symbol shows an individual mouse. * p < 0.05; ** p < 0.01, *** 
p < 0.001 versus control mice.  
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Table 1: Collection of statistical results  
 

 
Protein Tissue Cana CR Aca 17aE2 Rapa 
UCP1 BAT M: 1.4x, p < 0.05 

F: 1.4x, p < 0.05 
M: 1.3x, p < 0.05 
F: 1.4x, p < 0.05 

M: 1.2x, p < 0.05 
F: 1.4x, p < 0.05 

M: 1.3x, p < 0.05 
F: 1.4x, p < 0.01 

M: 1.4x, p < 0.05 
F: 1.3x, p < 0.05 

UCP1 ING WAT M: 1.7x, p < 0.001 
F: 1.1x, p =0.67 

M: 1.7x, p < 0.001 
F: 1.1x, p =0.72 

M: 1.6x, p < 0.001 
F:1.8x, p < 0.01 

M: 2.1x, p < 0.001 
F: 1.1x, p =0.78 

M: 0.4x p < 0.001 
F: 0.4x, p < 0.001 

UCP1 PG WAT M: 2.2x, p < 0.01 
F: 0.9x, p =0.46 

M: 1.9x, p < 0.01 
F: 1.0x, p =0.89 

M: 1.3x, p < 0.05 
F: 1.3x, p < 0.05 

M: 1.3x, p < 0.01 
F: 0.7x, p =0.07 

M: 0.4x, p < 0.01 
F: 0.3x, p <0.05 

Arg1 BAT M: 1.8x, p < 0.01 
F: 1.6x, p < 0.01 

M: 1.5x, p < 0.05 
F: 1.5x, p < 0.05 

M: 1.7x, p < 0.01 
F: 1.9x, p < 0.05 

M: 1.6x, p < 0.05 
F: 1.7x, p < 0.01 

M: 1.6x, p < 0.05 
F: 1.8x, p < 0.01 

Arg1 ING WAT M: 1.6x, p < 0.01 
F: 1x, p = 0.78 

M: 1.5x, p < 0.05 
F: 1.4x, p < 0.05 

M: 1.6x, p < 0.05 
F: 1.5x, p < 0.05 

M: 1.4x, p < 0.01 
F: 1.1x, p = 0.89 

M: 1.5x, p < 0.05 
F: 1.4x, p <0.05 

Arg1 PG WAT M: 1.6x, p < 0.05 
F: 1.0x, p =0.54 

M: 1.8x, p < 0.01 
F: 1.5x, p < 0.05 

M: 1.7x, p < 0.05 
F: 1.7x, p < 0.01 

M: 1.9x, p < 0.01 
F: 1.3x, p =0.21 

M: 1.2x, p < 0.05 
F: 1.3x, p <0.05 

iNOS BAT M: 0.7x, p < 0.05 
F: 0.9x, p = 0.33 

M: 0.7x, p < 0.05 
F: 0.7x, p < 0.05 

M: 0.9x, p < 0.05 
F: 0.8x, p < 0.05 

M: 0.4x, p < 0.05 
F: 0.7x, p =0.16 

M: 0.4x, p < 0.01 
F: 0.5x, p < 0.05 

iNOS ING WAT M: 0.7x, p < 0.01 
F: 0.9x, p = 0.35 

M: 0.5x, p < 0.01 
F: 0.5x, p < 0.01 

M: 0.7x, p < 0.01 
F: 0.6x, p < 0.01 

M: 0.7x, p < 0.01 
F: 0.9x, p = 0.25 

M: 0.6x, p < 0.01 
F: 0.7x, p < 0.01 

iNOS PG WAT M: 0.7x, p < 0.01 
F: 0.8x, p < 0.01 

M: 0.8x, p < 0.05 
F: 0.8x, p < 0.05 

M: 0.7x, p < 0.01 
F: 0.6x, p < 0.01 

M: 0.6x, p < 0.01 
F: 0.7x, p < 0.01 

M: 0.5x, p < 0.01 
F: 0.6x, p < 0.01 

FNDC5 Muscle M: 1.4x, p < 0.05 
F: 1.1x, p = 0.21 

M: 1.3x, p < 0.05 
F: 1.3x, p < 0.05 

M: 1.4x, p < 0.05 
F: 1.4x, p < 0.05 

M: 1.3x, p < 0.01 
F: 1.1x, p =0.46 

M: 1.2x, p < 0.05 
F: 1.2x, p < 0.05 

FNDC5 Cerebral 
Cortex 

M: 1.3x, p < 0.05 
F: 1.1x, p = 0.24 

M: 1.3x, p < 0.05 
F: 1.4x, p < 0.01 

M: 1.7x, p < 0.01 
F: 1.7x, p < 0.01 

M: 1.4x, p < 0.05 
F: 1.1x, p =0.19 

M: 1.2x, p < 0.05 
F: 1.3x, p < 0.05 

BDNF Cerebral 
Cortex 

M: 1.4x, p < 0.01 
F: 1.1x, p = 0.51 

M: 1.4x, p < 0.05 
F: 1.3x, p < 0.05 

M: 1.4x, p < 0.05 
F: 1.4x, p < 0.05 

M: 1.5x, p < 0.05 
F: 1.0x, p =0.81 

M: 1.4x, p < 0.05 
F: 1.5x, p < 0.05 

DCX Cerebral 
Cortex 

M: 1.3x, p < 0.05 
F: 1.1x, p =0.15 

M: 1.3x, p < 0.05 
F: 1.3x, p < 0.05 

M: 1.3x, p < 0.05 
F: 1.4x, p < 0.05 

M: 1.3x, p < 0.05 
F: 1.1x, p =0.50 

M: 1.4x, p < 0.05 
F: 1.3x, p < 0.01 
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