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How does intrinsic aerobic capacity impact weight loss with 50% daily calorie

restriction and alternate day fasting?

T

2. W main finding and its importance?

EntEFmieAt fasting is effective for weight loss in low-fitness rats, which highlights
thhnce of how intermittent fasting interacts with aerobic fitness.

O

Abstract

Recent intm focused on the benefits of time-restricted feeding strategies, including
intermitte , for weight loss. It is unsettled, however, if intermittent fasting is more
effective ’tﬂ

individual mces. Here, rat models of leanness and obesity, artificially selected for

caloric restriction at stimulating weight loss, and how each is subject to

mtrinsicall HCR) and low (LCR) aerobic capacity, were subjected to intermittent

fasting anorie restrictive diets in two separate experiments using male rats. The

lean, high-¥ncS®HCR and obesity-prone, low-fitness LCR rats underwent 50% calorie
restricti e body weight and composition were monitored. The low-fitness LCR rats
were bette retain lean mass than the high fitness HCR, without significantly different

proportional 10ss of weight or fat. In a separate experiment using intermittent fasting in male
HCR and LCR rats, alternate-day fasting induced significantly greater loss of weight and fat
mass in L&ared to HCR rats, even though HCR had a more marked reduction in ad-
libitum dtake. Altogether, this suggests that mtermittent fasting is an effective
weight loss'S#@€gy for those with low intrinsic aerobic fitness, however, direct comparison
of caloric {striction and intermittent fasting is warranted to determine any differential effects

on ene e in lean and obesity-prone phenotypes.

R
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1. Introduction

With aM prevalence of obesity comes a heightened risk for the development of
chronic he ualae including metabolic diseases, cardiovascular diseases, diabetes, and
cancer (Hanes, 2005; Withrow & Alter, 2011). Most weight-loss diet regimens
such ad®¢aloFe™estriction (CR) rely on limiting daily food intake, while time-restricted
feeding arhittent fasting (IF) limit the timing or duration of food availability (Hoddy,
Marlatt, m & Ravussin, 2020). A common challenge with diet-induced weight loss is
that the re eight is often difficult to mamtain (Redman et al., 2009; Yamada et al.,

2013). Thi§ is¥bedause reduced weight and negative energy balance stemming from food

Gower, & Hunter§2020; Redman, Heilbronn, Martin, de Jonge, Williamson, Delany, &
Ravussin, Eamada, Colman, Kemnitz, Baum, Anderson, Weindruch, & Schoeller,

restriction suffress metabolic rate and physical activity (Martins, Roekenes, Salamati,

2013). Fofygnetabolic rate, energy expenditure is proportional to body mass; a decrease in

weight 1S mj by a decrease in energy expenditure (Most & Redman, 2020). Metabolic
adaptationfoc hen energy expenditure is decreased below what is predicted for the

reduce , also known as adaptive thermogenesis (Dulloo, Jacquet, Montani, &

Schutz, 20 iiller & Bosy-Westphal, 2013; Rosenbaum & Leibel, 2010). This adaptation

may b by the degree of negative energy balance (Most & Redman, 2020).
Aerobic c%is well recognized as a strong predictor of metabolic health (Goran, Fields,
Hunter, Herdgs$a Weinsier, 2000; Ladenvall et al., 2016; Timmons et al, 2010). Yet the
challenge of how to promote weight loss on a background of low aerobic fitness. To
investigate i llenge, we studied the lean high-capacity runners (HCR) and the obesity-
prone low%eapacity runners (LCR), rats that contrast for the fitness phenotypes of high and
low inu’Mic exercise capacity (Koch & Britton, 2018). These rat models were

developed -way artificial selection on maximal treadmill running capacity within a
large foun tion of genetically heterogeneous rats (N:NIH) (Hansen & Spuhler,
1984; Koch on, 2018). These contrasting rat models serve as a platform to nvestigate

erences in both behavior and physiology that lead to a susceptibility or

resistence to the development of obesity and a differential response to weight-loss strategies.

Here, we examine these rat models of leanness and obesity to observe intrinsic differences in

response to IF and CR dietary regimens. Previously, Smyers et al. (2015) reported that HCR
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eat more, are more physically active, and lose more weight relative to baseline body mass
compared to LCR during 50% CR (Smyers, Bachir, Britton, Koch, & Novak, 2015). This
held trthhe males as well as the females where body weight was more comparable

between thCR (Smyers, Bachir, Britton, Koch, & Novak, 2015). When

examining osition during daily 50% kcal restriction, female HCR rats lost more fat
and leaf nS8"#R LCR during CR even with similar baseline body weights (Smyers, Bachrr,
Britton, KMovak, 2015). In males, HCR also lost more weight as a proportion of their

baseline b@,ﬁt compared to LCR rats (Smyers, Bachir, Britton, Koch, & Novak,

2015).

The HCR%R response to daily CR differs markedly from the response to IF (Smyers,
Koch, Britton, gner, & Novak, 2020). Over 14 weeks of IF, LCR lost more weight than
HCR, whic sts with the response to 50% daily CR (Smyers, Bachir, Britton, Koch, &
Novak, 2045). HCR were still more physically active than LCR on both IF and 50% CR
(Smyers, Koch Britton, Wagner, & Novak, 2020). Continued IF mamtained changes n body
weight, bag @ position, and physical activity that persisted after 1 year (Smyers, Koch,

Britton, Novak, 2020). While intriguing, the ability of IF to induce marked weight
loss in low- compared to high-fitness rats was only investigated in females. Knowing
male R are larger than females, and that male HCR and LCR show a larger

divergence in body weight and composition than seen in females, the response to IF needs to

be investigdted n male HCR and LCR rats as well to determine if the magnitude of weight

loss on IF isgghatacteristic of the low-fitness phenotype in general. Here, the temporal pattern
of weight

using IFOﬁrate group of HCR and LCR rats.

> U

2.1 Ethic al

All reseamd to the principles of the laboratory animal care guidelines and were
ent State University Institutional Animal Care and Use Committee and
cordance with the Guide for the Care and Use and Laboratory Animals. All

composition changes were mvestigated in males, using 50% CR, and then

research complied” with the ethical principles and standards for reporting animal experiments

n Experimental Physiology.
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2.2 Diet
Water was available ad libitum and food (5P00 MRH 3000, T.R. Last Co., Inc.) was available
ad libitﬁMluring calorie restriction and intermittent fasting. Prolab® RMH 3000

chow peﬂmﬁsed of 26% protemn, 14% porcine and plant oil fat, and 60%

carbohydr hysiological fuel value of 3.46 kcal/g.

2.3 AnimaL

Male high#apacty runners (HCR) and low-capacity runners (LCR) rats were developed and
transferred e University of Michigan. Two experiments were performed on
individual rats. The first study included 48 rats that were aged 361 + 39 days [mean
+ SD; generation 27; HCR (n=24); LCR (n=24)]. These rats were subjected to either 2 days
or 21 days of 50% CR or were part of the ad libitum-fed control group. At phenotyping

(treadmill endurance tests at 3-4 months of age), HCR had significantly longer
maximal lﬁime (HCR, 77.7 £7.7 min; LCR, 15.3 £ 1.9 min), maximal running
distance ( 63.6 £ 373.4 m; LCR, 205.1 £30.6 m), top speed attaned (HCR, 48.5 +
3.8 m/minwll + 0.9 m/min), and work performed (HCR, 1377.3 £+ 153.6 Joules;

LCR, Joules). Within phenotype, there were no group differences except that the
LCR later s d to 2 days of 50% CR showed margmally lower work than the other
groups 6 J, compared to 183-192 J; 2-tailed t-tests). At the end of 50% CR,

animals were humanely euthanized in the middle of the light phase by rapid decapitation; rats
were briefs restrained and held by wrapping them in a clean medical towel and then quickly
decapitateba clean, sharpened, large decapitator (Harvard Apparatus, Holliston, MA).

37; HCR (%=8): LCR (n=8)]. For this study, these rats remamned on IF for 7 weeks and served
as their Ml to measure changes in body weight and body composition between HCR

The seconﬁexamined weight loss on IF in 16 male rats aged 384 + 25 days [generation

and LCR. typing, HCR had significantly longer maximal running time (HCR, 71.7 +
2.0 min; + 2.7 min), maximal running distance (HCR, 1968.2 + 88.4 m; LCR,
147.2 +41.9 p speed attained (HCR, 45.4 £ 1.5 m/min; LCR, 15.3 = 1.5 m/min), and
work p (HCR, 1295.6 £ 101.2 Joules; LCR, 127.0 + 38.1). Animals were not

euthanized at the end of IF.

A 12:12 light: dark cycle was mamntained during both studies with the light phase starting at
07:00 EST, at 71.1 °F + 0.96 °F (SD) for 50% CR, and 73.6 °F + 1.65 °F for IF and the
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humidity was between 30-55% for IF and CR. Water was provided to each rat ad libitum
throughout the duration of both studies. Daily food intake and body weight were measured
for 1 wMthe onset of CR or IF. After a week of baseline measurement, the rats on

21-day anm/: CR were fed ad libitum until they began CR. During baseline

measurenc ing CR, food intake and body weights were measured between 10:00-
11:00 (. ™S85 urs after lights-on). For IF, after a week of baseline measurement, all the

rats on IF hjected to alternate-day fasting and were fed ad libitum every-other day,
with no fo@d givéh on the alternating fasting days for 7 weeks. During this study, each rat had
two separa s—one for fasting days and one for feeding days; SSP Alpha-dri bedding
(TR Last; WA) was used to facilitate identification of any leftover food to be

measured. As with the baseline measurements, during alternate day fasting, food intake and

body weight wergdmeasured at 18:30 (ie., 30 min before the onset of the active phase).

2.4 Body &mposition analysis using EchoMRI

To measure_bodycomposition, rats underwent magnetic resonance spectroscopy
(EchoMRIEM E‘ at baseline and after CR (Nixon et al., 2010). For rats on IF, body

compositi asured weekly for 8 weeks to quantify lean and fat mass (each in grams).
This was do e same time and day each week, resulting in alternating fasting and
feeding

2.5 Cytokiges and gPCR analysis

After the couelsion of the study, rats subjected to 50% CR and their control counterparts
were euthd @ rapid decapitation and trunk blood was collected while in the light phase.

Serum levi okines IL-1f, IL-1a, TNF-a, IL-6, IL-10, and leptin were determined by
the CTSC®ioanalyte Core Center at Case Western Reserve University using the Luminex
xMAP plexifle ELISA system, as described previously (Almundarij etal., 2016).

2.6 Statisti lysis
RStudio s as used to analyze the collected data for both the CR study and the IF
study and S s used to analyze the data from multiplex analysis. Analysis of variance

used to compare body weight and body composition within and between

lines. For cytokin€ analysis, outliers were identified using the outlier labeling rule (calculated
by 2.2 * the upper and lower quartile). Repeated measures ANOVAs were used to compare
food intake, body weight, fat mass, and lean mass between HCR and LCR over 7 weeks of
IF. A two-way repeated measures ANOVA was used to compare baseline and final values for
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body weight on fasted and non-fasted days and to compare food intake between HCR and
LCR over time. Upon analysis of food intake and body weight using two-way repeated
measurems, sphericity was violated and corrected for the main effect of time using
the Huynh: orrection. Two-way ANOVAs were used to compare fed versus fasted
values be and LCR for weight loss, fat loss, and lean mass loss, and a post-hoc

Tukey Hofi@§®SiBhificant Difference Test (Tukey HSD) was used when comparing between

groups, a were used after repeated-measures analysis. Unpaired 2-tailed t-tests were
used co e wogkly body weight, fat mass, and lean mass between HCR and LCR. Analysis
of covarian COVA) was used to determine whether baselne fat mass (covariate)

affected vwd fat loss, and to determine if the overall change in food intake (covariate)
affected weight loss. Effect sizes (Cohen’s d) were calculated for the CR-fed and IF-fed rats.

Data are represenfed as mean + SD.

NUE

3. R

3.1 21 da I,b days of 50% CR: body composition and circulating cytokines

d

The abili to induce weight loss and alter body composition was compared between
male HCR R. HCR and LCR significantly differed i baseline body weight, fat mass,
and lea re and after the onset of CR, such that LCR had higher baseline body

weight, fat mass, and lean mass, consistent with prior studies (Smyers, Bachir, Britton, Koch,
& Novak,@2015) (Table 1). When analyzing the body composition from 2 days of 50% CR,

there were pegsignificant difference in the loss of body weight or fat mass (in grams) from
baseline bCR and LCR (Table 1). HCR, however, lost significantly more lean mass

from baseli LCR on 2-day CR (p = 0.003; Table 1). Two days of continuous energy
restriction Wid not allow enough time for noticable changes between the two phenotypes in

body weli mass, in contrast to lean mass.

Although ;olute weight loss (in grams) approached significance, the LCR showed only
a trend more body weight loss after 3 weeks of 50% CR and more lean mass loss in
the HCR e LCRs much higher baseline body weight and lean mass (p = 0.051;
Table 1). Consistent with prior experiments, HCR were less able to maintain lean mass when
subjected to food restriction (Smyers, Bachir, Britton, Koch, & Novak, 2015; Smyers, Koch,
Britton, Wagner, & Novak, 2020) (Figure 1C). After 21 days of 50% CR, LCR lost
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significantly more fat mass from baseline than HCR (p < 0.001; Table 1). Compared to
control-fed rats, rats subjected to 50% CR for 21 days lost a greater proportion of baseline
body w@re 1A), fat mass (Figure 1B), and lean mass (Figure 1C). 21 days of 50%
CR induce ificantly greater proportional loss of baseline lean mass in HCR (p =
0.001); th& of weight loss and fat loss, however, did not reach significance
betweef tHE"EW@Phenotypes (Figure 1). Compared to HCR, LCR was more resistant to the
loss of leahnd lost significantly more grams of fat mass from baseline than HCR after

3 weeks 0®R.

At baseﬁn@ater subjected to 3 weeks of 50% CR ate 22.63 + 1.65 g and LCR ate
21.20 +2.06 g;: HCR selected for 2 days of 50% CR consumed 21.47 = 1.85 g and LCR ate
20.27 + 1.28 g. Upon examination of daily food intake on 2 days and 21 days of 50% CR,
analysis revi hat there was no significant difference in food ntake between HCR and
LCR. Ovesgl days of 50% CR, HCR ate 10.04 + 0.83 g and LCR ate 10.01 £ 0.83 g of
chow/day. Similarily, during 2 days of 50% CR, HCR ate 10.07 + 0.95 g and LCR ate 9.87 +
0.75 g of . Before and after 50% CR in rats subjected to either 2-day or 21-day CR,
there igificant difference in food mtake between HCR and LCR.

Plasma significantly different between HCR and LCR, as well as between rats on
control (ad libitum) feeding, 2 days of CR, and 21 days of CR. The 50% CR significantly
decreased€eptin levels, and LCR had significantly higher leptin levels overall (Table 2).
levels of circulating cytokines IL-1f and IL-10 showed a significant main

s, with no main effect of food restriction and no interaction. Cytokines IL-

laand IL- idgnot differ significantly between HCR and LCR or with food restriction,
although IL-6 the main effect of diet approached significance (p = 0.051) and there was

also HOW difference in circulating TNF-a levels between HCR and LCR on CR or
control di he cytokines assessed here, 2 days and 21 days of 50% CR reduced leptin
levels co 21 days of an ad libitum-fed diet, with LCR having overall lower levels of

leptin; cytoki -1B and IL-10 were significantly different between phenotype, with LCR
having evels of both cytokines than HCR.

3.2 Low-fitness male rats lost more body weight, fat mass, and lean mass on intermittent

fasting
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Similar to the HCR and LCR prior to 50% CR (Table 1), before mitiation of 7 weeks of IF,
LCR weighed significantly more than HCR at baseline, and LCR also had significantly more
baselinewn mass (Table 3). Afier 7 weeks of IF, LCR lost 3.6 times more absolute
body wei CR with a large effect size of body weight (d =2.55; Table 3). Not only
did LCRm

proporti®n™FEHEH# baseline fat mass than HCR. Indeed, LCR lost 13.5% of their baseline
body weighearly half (47.4%), of their baseline fat mass, whereas HCR lost only 4.8%

of their ba@dy weight and 27.1% of their baseline fat mass (Figure 2A & B).
Therefore t jority of the weight lost on IF, and the more marked loss by LCR, was

proportion of their baseline body weight, they also lost a greater

attributed s 0f fat mass rather than lean mass (Figures 2 & 5). In fact, LCR lost over
three times_more fat mass than HCR, an effect size of d =1.79 (Table 3). For lean mass, on
the other hand, th@re was much less overall loss, and the proportional loss of 5.30% in LCR

and 1.88%& (d=1.08; p=0.048; Table 3; Figure 2C). In summary, on IF, LCR lost

significantfy more fat mass, which accounted for the majority of their weight loss.

Food inta\m@mined to determine the extent to which a decrease in food intake

contrib enhanced weight loss in LCR relative to HCR while on IF. Although HCR
weighed les LCR, HCR ate more at baseline (p <0.001) and on each week of IF (p <
0.05)s
revealed a significant main effect of time (p <0.001) where both HCR and LCR reduced their

icure 3A. A repeated-measures ANOVA of food intake across 7 weeks

food intak@with IF, a significant main effect of phenotype (p =0.001) where HCR and LCR
had differentig ange in food intake over time, and a significant interaction between time
and pheno @ 0.001) where HCR and LCR showed differential decrease in food intake

over I[F. A y ANOVA comparing food intake before and at the end of IF showed a
signiﬁcantgin effect of time (p <0.001) where HCR and LCR ate less over IF, and a

signiﬁcWect of phenotype (p < 0.001) where HCR ate more than LCR; there was
no interacliE/een time and phenotype. Independent two-sample t-tests (two-tailed)

showed t from baseline weekly food ntake was significantly different between
HCR and L eeks 1,2, 4, and 7 (p <0.05), where HCR had the larger decrease in food
intake eline (Figure 3B). Interestingly, HCR ate more than LCR, and while both

LCR and HCR decreased their food intake, the larger decrease was seen in the HCR
phenotype.
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When examining the effect that reduced food intake had on weight loss during week 7 of IF,

an ANCOVA revealed that total weight loss was significantly related to the decrease seen in
total dawke (p <0.037). This differed between HCR and LCR where LCR had a

greater losmeight for a given decrease in food intake (p <0.001; Figure 3C). In

summary, ased their average food intake from 19.36 g to 14.66 g, a decrease of 4.7
g ntak SWIlEEW8icht loss of 71.88 g, while HCR decreased their food mtake from 24.11 g to
16.64 g, ab of 7.47 g mtake with a weight loss of 19.85 g. On IF, HCR ate 69.0% of

their ad limake, while LCR ate 75.7% of their ad libitum intake. Although HCR had a

greater red m food intake than LCR, HCR were still eating more than LCR, while the

LCR lost Wght.

When cov:he method of food restriction between daily 50% CR and IF, male LCR
subjected ——arguably a modest restriction of food intake of <25% (Figure 2B)—Ilost
similar arrcﬁ proportion body fat (47.4%, 62 g) as the male LCR on much more
severe damestriction (39.8%, 64 g), with relative preservation of lean mass on IF

(Figures B). The ability of a relatively benign total energy deficit with IF to
decrea: osity in LCR stands in contrast with the vulnerability of HCR to a more severe
restriction, CR lost >10 g more lean mass (Table 1 & Figure 1C).

Some varigbles changed between fed and fasted days, while others showed less day-to-day
Volatilityane to acute food availability. Repeated measures 2X7 ANOVA for the

average w, weeks) fed minus fast days for body weight showed a significant main
effect of ti 0.001) where HCR and LCR had a change in body weight between fed and

fasted me (higher body weight after a fed day), and a significant main effect of
pheno =07009) where LCR had a greater change between fed and fasted day body
weights; s no significant interaction between time and phenotype (p = 0.160). T-tests
(two-tailed@d the LCR weighed more than HCR on both fed and fasted days each week
(p <0.05;

betwee nd LCR subjected to IF, the last fasted and fed days where body composition

4A). To compare changes in body composition between fed and fasted days

was measurcau@ge,, weeks 6 and 7) were analyzed using t-tests (two-tailed). As shown in
(Figure 4D & E), comparing the change in fat mass and lean mass from the final fasted and
final fed measurements between HCR and LCR, analysis revealed a greater change in fat
mass between fed and fasted days m HCR than LCR (p = 0.02; fasted fat mass was 3.6 = 1.09
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g lower than fed fat mass in HCR, and 1.69 £ 1.64 g higher in LCR), but there was no
difference i the change of lean mass between HCR and LCR (p = 0.51; fasted lean mass was
75¢ IOWd lean mass in HCR, and 5.85 g lower in LCR). HCR and LCR fat mass
did not di eek 6 (fasted day) or on week 7 (fed day; p > 0.05; Figure 4B), but LCR
had moremn HCR on both weeks 6 and 7 of IF (p < 0.05; Figure 4C). In both
HCR afifl M@RSe day-to-day changes of body weight while on IF were primarily due to
daily fluctusis flean mass rather than fat mass.

4. Din

Previously@orted that female LCR lost more weight than HCR on IF (Smyers, Koch,
Britton, \m Novak, 2020), which contrasts with 50% CR, where HCR lost a greater

proportio baseline body weight than LCR (Smyers, Bachir, Britton, Koch, & Novak,
2015). Hei®’ nfirm that IF induces greater weight loss in male LCR. This greater loss of
body wei t mass in the male rats with low intrinsic aerobic fitness is consistent with
the greatre'mbody weight and fat mass previously identified in female LCR (Smyers,
Koch, Bri gner, & Novak, 2020), and further underlines the potential for IF to be a
benefic -loss regimen for the obesity-prone rats.

The un enotypic differences in intrinsic aerobic capacity in HCR and LCR rat

models produce a differential response to both methods of energy restriction discussed here.
Through tL‘
diﬂerencebic fitness capacity (Koch & Britton, 2008; Wisleff et al, 2005). As such,

LCR have @ higher risk for the development of cardiovascular disease and metabolic
syndrormBﬁtton, 2008). Previously, these rats showed differential weight gain on a
high-fa

Koch, acLean, & Thyfault, 2016; Morris et al., 2014; Morris et al., 2017; Motris et
al, 2016; Et al,, 2019; Naples et al., 2010; Noland et al., 2007; Novak et al., 2010;
Park et al,,

artificial selective breeding, these contrasting models exemplify the

ulin sensitivity in male rats (Bikman et al., 2009; Matthew Morris, Meers,

and some deleterious health effects of a high-fat diet in LCR were not seen

, Escande, Burghardt, Zhang, Barbosa, Chini, Britton, Koch, Akil, & Levine,
2010). Des general vulnerability to weight gain and the corresponding health sequela
n low-fitness rats, IF is a promising dietary regimen that results in a marked weight and fat

loss i this rat model of intrinsic aerobic capacity (Smyers, Koch, Britton, Wagner, & Novak,
2020).
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According to human clinical trials, low aerobic fitness is one of the strongest predictors of
cardiovMase and all-cause mortality in healthy adults (Kodama et al., 2009;
Kokkinos 08; Ladenvall, Persson, Mandalenakis, Wilhelmsen, Grimby, Svérdsudd,
& Hansso&odama et al. (2009) compiled data from 33 eligible studies to reveal that
lower faxHAEEStobic capacity is associated with higher cardiovascular disease and all-
cause morhodama, Saito, Tanaka, Maki, Yachi, Asumi, Sugawara, Totsuka, Shimano,
Ohashi, Y@L Sone, 2009). High fitness levels i children reduce obesity-related
comorbidit1 ell (DuBose, Eisenmann, & Donnelly, 2007). Keeping this m mind,
humans wJaerobic capacity or even those who do not exercise may benefit from IF for
weight loss and the treatment of obesity. Indeed, in overweight and obese mndividuals, IF has
resulted in signifigant weight loss, improvements of inflammatory markers, and

improvemEﬂDL cholesterol and triglyceride concentrations (Patterson et al., 2015).

Aerobic capacity is therefore a major driver to the development of obesity and thus serves as

a mediator esponse to calorie restriction and intermittent fasting for weight and fat
loss.

Our past ex t showed that 50% CR induced greater proportional weight loss in HCR
(Smyers, Bachir, Britton, Koch, & Novak, 2015). Here, however, the
difference in weight loss between the two phenotypes did not reach significance. This
inconsistelsi here and elsewhere (Mukherjee, Koch, Britton, & Novak, 2020) could be
attributable desthe relatively low effect size, reflected in the margnal difference in weight loss
1A). This stands in contrast to the robust ability of IF to reduce body
weight rty in the LCR. Comparing daily food restriction with IF, a more consistent

and notabl&phenotypic difference is apparent when examining body composition where LCR

rather

seen here

lost simWs and proportion body fat on 50% CR and IF, while HCR lost 55.12 +

1454 go ss on 50% CR compared to 5.29 + 9.67 g on IF. This raises the question as
to why L re fat and body weight than HCR on IF, which is a less restrictive diet,

albeit for a k duration of food restriction. Possible contributing factors include food
expenditure, or both. When examining food intake, HCR ate more than LCR
both before and dlring IF (Figure 3A). HCR, however, decreased their food intake more than
LCR even though LCR lost more weight (Figures 3B & C). This implies that there is an
additional energetic contribution to this phenotypic difference in the amount of weight lost,

such as changes in energy expenditure, where LCR may experience less severe energy
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expenditure suppression than HCR. It is known that HCR has higher energy expenditure (EE)
due to their heightened aerobic capacity and activity-related EE (Gavini et al, 2014;
Mukhew Britton, & Novak, 2020) and thus may be affected differently than LCR in
response t restriction. A direct comparison of the effects IF and CR have on EE is
warranted,mrential change in body composition between HCR and LCR could stem
from differSAE@™Suppression off EE when subjected to different modes of food restriction.
The size between male HCR and LCR complicates expenditure analysis, whereas
female H@CR have less size variation and are more easily weight matched to control
for the effe

restriction Wbody composition could stem from the intermittent nature of food

restriction, the overall lower severity of energetic restriction, or both.

eight when measuring EE. Similarly, the ability of different modes of food

As shown 1 2, CR-induced weight loss was accompanied by a significant decrease in
leptin in bQth HCR and LCR, as predicted with fat loss. Also, consistent with Novak et al.
(2010), thm body size and adiposity of the LCR coincided with significantly higher

leptin leve no differential decrease in leptin with weight loss (Novak, Escande,

Burgha Barbosa, Chini, Britton, Koch, Akil, & Levine, 2010). There were also
higher leve oinflammatory cytokine IL-18 in LCR. Counterintuitively, there were also
higher anti-inflammatory cytokine IL-10 in the low-fitness LCR. Though obesity

is associated with inflammation (Engin, 2017), the association between adiposity and
mndividual §€ytokines is not entirely predictable; for example, elevated levels of IL-10 are
reported in_glese women with metabolic syndrome, whereas low levels of IL-10 were present
in obese ithout metabolic syndrome (Esposito et al., 2003). Some evidence supports
the idea tjtreases pro-inflammatory cytokines such as TNFa, IL-1p, and IL-6
(Arumuga®,_Phillips, Cheng, Morrell, Mattson, & Wan, 2010; Liu, Page, Hatzinikolas, Chen,
Wittert,Wn, 2018; Patterson, Laughlin, LaCroix, Hartman, Natarajan, Senger,
Martinez, Wallasgiior, Sears, Marinac, & Gallo, 2015). Indeed, Liu et al. (2018) subjected
high-fat dEice to IF and that 8 weeks of IF improved adipose tissue markers of
mflammatio Page, Hatzinikolas, Chen, Wittert, & Heilbronn, 2018). Arumugam et al.
(2010)
an IF-fed diet e

d that age might modulate the effect of diet on inflammation; young mice on
ited decreased inflammatory cytokines TNFa and IL-6, while
mflammatory cytokines were increased in older mice (Arumugam, Phillips, Cheng, Morrell,
Mattson, & Wan, 2010).
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The absence of change in inflammation-related cytokines in HCR and LCR subjected to CR
(Table 2) stands in contrast to a report that time-restricted feeding, which restricts the
durationMrailability, reduced IL-1p in mice (Chung, Kim, Kim, Choi, & Yu, 2002;

Sherman m Interestingly, higher levels of IL-10 after 30% CR were observed in

aged rhes (Willette et al., 2013). Despite relevance of inflammation to the health
impact 8 GHESH™ Engin, 2017), there was no significant effect of food restriction and weight
loss on cytoks identified here outside of leptin. Similar to our findings in male HCR and
LCR rats @ 50% CR, Trepanowski etal (2017) found that overweight or obese
mndividuals ere either on an alternate-day fasting or CR regimen saw similarly reduced
leptin level§, But feither diet affected other measured adipokines including TNF-a or IL-6.
Cytokine levels are under circadian control, and perhaps the timing of serum collection in
part influenced cytokine levels (Keller et al, 2009; L, Page, Hatzinikolas, Chen, Wittert, &
Heilbronn, &The effect IF has on circulating cytokines is of mterest though

unfortunatdly, the experimental design and sample size in this study precluded gathering

serum sanﬁore and after IF.

ys of fasting, changes in body weight corresponded with acute food

availability, hat there was an increase in body weight after feeding and a decrease in
fasting (Figure 4A). This weight fluctuation is primarily due to daily
changes in lean mass, rather than fat mass, consistent with prior evidence (Figure 4C & E)
(Smyers, sch, Britton, Wagner, & Novak, 2020). Previously, Smyers et al. (2020) measured
water intR and LCR during IF and found that the fluctuations seen in lean mass,

and therefd bpdy weight, may in part be due to the change in water mtake with food

availability days (Smyers, 2019). Even though water was available ad libitum, there
was less r intake on fasted days compared to fed days (Smyers, 2019). Limited evidence

from huMl trials indicates similar day-to-day responses and, not surprisingly,
fasting damociated with increased hunger and lower physical activity compared to fed

days (Beayli 1., 2020). The prevalence of day-to-day changes in energy expenditure and
physical actiy ith food availability is an important under-addressed issue as it would be
expect act diet adherence.

Consistent with our recent report that female LCR were more responsive to IF, here we show
that male LCR lost significantly more weight with alternate-day fasting, and this weight loss
is primarily from the loss of fat mass (Table 3). Conversely, 3 weeks of CR induced a greater
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loss of lean mass in HCR (Table 1), consistent with our previous experiments, where HCR
appear to have a greater vulnerability to the loss of lean mass with food restriction than LCR
(SmyersWritton, Koch, & Novak, 2015). Even so, our findings suggest that IF is an

effective ss regimen for the low-fitness LCR phenotype, however, direct
compariso ed to determine if this greater weight loss in LCR is secondary to timing
or the $8vIHRMERH00d restriction, as well as the potential for IF to lessen the adaptation in

energy ex i seen with weight loss. Altogether, these datasets highlight not only the
ability of @mote weight and fat loss, but also the interaction with aerobic fitness.
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1 160.82 368.00 | 493.38 96.85 325.75| . 6396 123
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HCR#AL
R <0.00  <0.00 <0.00 <0.00 <0.00 0.07
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(p-value)

Table 1. wgight and composition before and after 21 day or 2 days of 50% calorie
restriction )*r ad libitum (control) intake in male high- and low-capacity runners (HCR,

LCR). :

Body wei e of body composition measurement. Control-fed represents rats that ate
ad libitum ays. Significant p-values are bolded. Effect size (Cohen’s d) between HCR

and LCR lean mass loss on 2-day 50% CR was d =2.55 and fat loss loss on 21-day 50% CR
ificantly different between HCR and LCR at baseline, after CR, and grams
iled t-test), Mean + SD.

was d = 1 872!
lost or gai

da

Author
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Table 2. Circulating cytokine levels i high-capacity runners (HCR) and low-capacity

runners
(CR) for 2

{

r 21 days.

ad libitum (control) food intake or subjected to 50% calorie restriction

2

Cytokine (pg/ml)

N — .
s Leptin IL-1a IL-1p IL-6 IL-10 TNFa
9851 35.9 55.4 31.9 54.7 205
@ +3136  +£1495  +2504  +£851  +23.16 L
Control- 5.91
=)
13,003 40.7 60.0 32.5 64.4 20.9
s +2147  £1135  +£19.68  +7.61  +£1158  +3.19
8075 28.6 32.6 28.5 36.8 17.5
CR
2-day + 4417 +2.57 +9.99 +5.01 +779  +2.19
CR @ 11679 332 89.5 29.6 752 185
£3970  +1291 7196  +£907  +£4189 +£4.79
E 3556 30.8 45.6 25.6 42.6 18.6
+ 2696 +5.63 £2573 +£345  +£2008 +£220
21-day
cr 7988 36.9 52.3 26.8 50.4 19.7
£3553 41421 £2787  +£436  +1541 4
3.08
i p <0.01 n.s. n.s. (p= n.s. ns.
iy - 0.051)
effect s p<0.01 p=0.043 p=0011
§ (LCR > n.s. (LCR > n.s. (LCR > 1.S.
< HCR) HCR) HCR)
Interaction n.s n.s. n.s. n.s. n.s. 1.S.

n.s., not significant; Mean + SD
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Table 3. *ﬁﬁ weight and composition before and after 7 weeks of intermittent fasting (IF) in

male high-, -capacity runners (HCR, LCR).
Baseline Intermittent Fasting Change from Baseline
Fat Lean | Body Fat Lean Body Fat Lean

y
ht Mass  niags | Weight Mass Mass | Yeight Mass ypqqq

® @l o ©® @|® © @

W,
67.50 28L11| Lo 4834 27583 | oo o 529
HCR 38
09 iz T = o156+ *
1231 16.80 : 743 20.00 : ong 967

130.79 326.23 458.93 68.53 308.94 -71.88 62.26 17.29

LCR

56.60 +40.92 +18.80 =+ +
19. 2043  19.31
>80 243 193 32.75 12.36

<0.001 0.008 <0.001 | <0.001 0.081 0.004 | <0.001 0.003 0.048

Body weightattime of body composition measurement on a fed day at the end of 7 weeks,
significant m are bolded. Effect size (Cohen’s d) between HCR and LCR body weight
loss was a 3 fat mass loss (d = 1.29), and lean mass loss (d = 1.08). Significantly
different be CR and LCR (2-tailed t-test), Mean = SD.
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Figure 1. Body weight and composition in male high-capacity runners (HCR) and low-
capacity ru (LCR) subjected to 21 days of 50% calorie restriction (CR). 50% CR

9

induced a t loss of (A) body weight, (B) fat mass, and (C) lean mass. There was
significant r loss of lean mass in HCR than LCR subjected to 50% CR and non-
significant r greater weight loss in HCR than LCR (p = 0.051); T (over bar)

significant loss 1-day CR rats compared to control ad libitum-fed rats; * (in legend) HCR
significant nt from LCR during 21-day CR; Mean + SD, p < 0.05.
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Figure Z.Wight and composition in male high-capacity runners (HCR) and low-

capacity runners (LCR) subjected to 7 weeks of intermittent fasting (IF). LCR lost

significantly mor® of their baseline (A) body weight and (B) fat mass than HCR on IF. (C)
There was ighificant difference in the percent of lean mass lost from baselne between

HCR and Cigniﬁcantly more loss in LCR than HCR; Mean + SD, p < 0.05.
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Figure 3m00d intake across 7 weeks of intermittent fasting (IF) in high-capacity

runners

IF. (B) H

d low-capacity runners (LCR). (A) HCR and LCR significantly reduced

showed a greater reduction from baseline food intake at weeks 1, 2,4, and 7.

therr food ﬁom baseline. HCR ate more than LCR at baseline and during each week of

(C) ANC

phenotype

eompared to LCR, HCR showed a significantly greater reduction in food

gend) HCR significantly different from LCR, Mean = SD, p <0.05.

intake for mwight loss. # (over vertical bar) significant interaction between time and
*
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A Weekly Fed vs. Fast Body Weight
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Figure 4 l@ight and composition during fed and fasted days of intermittent

fasting (I h-capacity runners (HCR) and low-capacity runners (LCR). (A) LCR

had hlgmd fasted-day body weights than HCR in each week of IF. (B) HCR and

LCR fat ass diwlot differ between phenotype during weeks 6 (on a fasted day; p = 0.06) or
da

7 (on a fe ; p = 0.08). (C) LCR had more lean mass than HCR at both weeks 6 (fasted)
and 7 (fedﬁ:R lost more fat mass than HCR during both weeks 6 (fast) and 7 (fed). (E)

LCR lost n mass than HCR during week 7 (fed), but not week 6 (fast) of IF. 1 (over
bar) significa re fasted and fed lean mass in LCR than HCR; * (in legend) or * (over
error b icantly more in LCR than HCR, Mean + SD, p < 0.05.
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Figure 5 change in body composition with 50% calorie restriction (50% CR)
and inte asting (IF) in male high- and low-capacity runners (HCR, LCR).
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