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Periodized low protein-high carbohydrate diet
confers potent, but transient, metabolic
improvements
Zhencheng Li 1, Mette Line Rasmussen 1, Jingwen Li 1, Carlos Henriquez-Olguin 1, Jonas Roland Knudsen 1,
Agnete Bjerregaard Madsen 1, Eva Sanchez-Quant 2, Maximilian Kleinert 1,2, Thomas Elbenhardt Jensen 1,*
ABSTRACT

Objective: Chronic ad libitum low protein-high carbohydrate diet (LPHC) increases health- and life-span in mice. A periodized (p) LPHC regimen
would be a more practical long-term human lifestyle intervention, but the metabolic benefits of pLPHC are not known. Also, the interactions
between LPHC diet and exercise training have not been investigated. Presently, we aimed to provide proof-of-concept data in mice of the efficacy
of pLPHC and to explore the potential interactions with concurrent exercise training.
Methods: A detailed phenotypic and molecular characterization of mice undergoing different durations of 14 d LPHC (5 E% protein)/14 d control
diet cycles for up to 4 months with or without concurrent access to activity wheels allowing voluntary exercise training.
Results: pLPHC conferred metabolic benefits similar to chronic LPHC, including increased FGF21 and adaptive thermogenesis, obesity-
protection despite increased total energy intake and improved insulin sensitivity. The improved insulin sensitivity showed large fluctuations
between diet periods and was lost within 14 days of switching back to control diet. Parallel exercise training improved weight maintenance but
impaired the FGF21 response to pLPHC whereas repeated pLPHC cycles progressively augmented this response. Both the FGF21 suppression by
exercise and potentiation by repeated cycles correlated tightly with Nupr1 mRNA in liver, suggesting dependence on liver integrated stress
response.
Conclusion: These results suggest that pLPHC may be a viable strategy to promote human health but also highlight the transient nature of the
benefits and that the interaction with other lifestyle-interventions such as exercise training warrants consideration.

� 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Chronic caloric restriction (CR), i.e. reduced total intake of calories of
30e50% without malnutrition, extends health- and life-span in
experimental models ranging from drosophila flies to adult rhesus
monkeys [1] and likely also in humans [2]. However, long-term
adherence to this ascetic regimen is difficult and chronic CR is not
feasible to implement broadly as a lifestyle intervention in human [1].
Two promising practical alternatives to chronic CR are intermittent CR
and protein restrictive diets. Thus, periodized (p) CR regimens, ranging
from alternate day fasting to 5 consecutive days/month, have been
shown to increase health-span in mice and indirect measures thereof
in humans [3e6]. Similarly, a low protein-high carbohydrate diet
(LPHC) elicited positive effects on mouse health- and life-span similar
to calorie-restriction, despite increased ad libitum total energy intake
[7e11]. A human cross-sectional study of>6000 participants showed
an association between protein intake and all-cause mortality and
cancer, which decreased progressively with age up tow65 years and
was reversed beyond this age [12]. Furthermore, a LPHC diet acutely
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improved glucose homeostasis in mice and healthy humans [10,13].
Recent studies suggest that protein restriction rather than calorie-
restriction per se might underlie the anti-aging effects of CR diets
[8,14].
The release of the stress-hormone FGF21 from the liver is necessary in
mice to elicit many of the reported benefits of LPHC diets [9,10,15e
17], including increased thermogenesis and improved insulin sensi-
tivity. Importantly, protein-diluted diets have been shown to increase
circulating FGF21 in humans too [9,10,13]. The LPHC diet also sup-
presses the pro-aging IGF1-Akt-mTOR signaling axis [8,10,12,18,19],
which is associated with health-beneficial outcomes such as
decreased tumorigenesis [12] and increased cellular renovation by
macroautophagy [20e22]. Mechanistically, LPHC is proposed to
stimulate FGF21 transcription and secretion by the liver via an inte-
grated stress response (ISR) pathway, involving increased activation of
a GCN2/eIF2a/ATF4 signaling axis [9,10,16] but also requiring inde-
pendent input from PPARa [9].
Like protein restrictive diets, exercise training is also associated with
increased health-span in humans [23]. Single bout and chronic
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Figure 1: Experimental overview. Not included is the 2 week low protein-high
carbohydrate (LPHC) diet time course experiment in w3 month and w9 month old
mice (Figure 2A) nor the 2 week LPHC diet � exercise study (Figure 5A).
MRI ¼ Magnetic resonance imaging, GTT ¼ modified glucose tolerance test, FI ¼ Food
Intake, Metab. Cage ¼ indirect calorimetry cage, Mo ¼ month, Fig. ¼ Figure.

Original Article
exercise regimens have been reported to increase FGF21 both in mice
and humans [24e27], likely via glucagon [25,27], and FGF21 may be
required for the beneficial effect of glucagon and voluntary exercise
training on obesity-associated glucose intolerance [28]. However,
exercise training may also signal independently of FGF21. For instance,
exercising skeletal muscle releases myokines, such as Irisin [29] and
Meteorin-like [30], which may stimulate adipose tissue browning.
Furthermore, each bout of exercise stimulates macroautophagy in
mouse skeletal muscle [21,31] and likely in human skeletal muscle
[32e34]. Thus, exercise training might act synergistically with a LPHC
diet on health-related outcomes by co-stimulating processes such as
thermogenesis and macroautophagy.
In the current study, we hypothesized that periodized protein restric-
tion, similar to chronic protein restriction, would promote thermo-
genesis and metabolic improvements. Furthermore, we tested whether
exercise training and pLPHC diet would have an additive effect on
weight gain protection and improvements in glucose metabolism. In
support of our hypothesis, we found that mice on pLPHC diet for 14
days on/off progressively increased plasma FGF21 with each diet cycle
and increased energy expenditure and decreased feed efficiency (i.e.
weight gain/food intake) despite increasing total energy intake, and
improved glucose metabolism similar to earlier studies using chronic
LPHC regimens. Interestingly, most effects of the pLPHC diet were
completely reversed within 14 days after returning to the control diet
showing the short-lasting nature of the pLPHC benefits. Exercise
training had a strong suppressive effect on LPHC diet-induced Fgf21
mRNA expression in liver, suggesting that combining exercise training
and LPHC might impair some of the LPHC-associated health-benefits.

2. RESULTS

2.1. A 2 week LPHC period robustly increased FGF21 in young
adult and middle-aged mice
An overview of all experimental interventions is provided in Figure 1.
Placing mice on a chronic LPHC diet was previously reported to
improve metabolic outcomes in mice whereas high protein-low car-
bohydrate diet (HPLC) worsened these outcomes [7,8]. Presently, we
utilized a previously published LPHC diet containing 75/5/21 E% car-
bohydrate/protein/fat [7,35], using an obesogenic 20/20/60 E% car-
bohydrate/protein/fat high fat diet (HFD) as reference. Given that FGF21
is necessary for many of the benefits of the LPHC diet, we first sought
to verify that our pLPHC regimen elicited a substantial increase in
FGF21 reminiscent of the response to chronic LPHC diet. We therefore
measured the plasma FGF21 response to 2 days, 1 week, and 2 weeks
of LPHC. We found that 2 weeks of LPHC period was required to
robustly increase FGF21 in either young adultw3 months and middle-
aged w9 months old female mice to plasma concentrations
approaching w4 ng/ml (Figure 2A).

2.2. Prolonged pLPHC diet protected against weight gain and
improved glucose tolerance
We next implemented the 14 days pLPHC diet regimen chronically in
w9 months old middle-aged female mice. This age was chosen to
represent mature adult life prior to onset of age-related functional
decline and diseases, a life stage where the LPHC diet is suggested to
be more efficacious [12]. In these experiments, the diet was switched
between pLPHC and an obesogenic HFD deriving 60 E% from fat every
14 days for 3 months (3 cycles). Since both diet and exercise are
considered as cornerstones in health recommendations, we provided
2 MOLECULAR METABOLISM - (2018) 1e10 � 2018 The Authors. Published by Elsevier GmbH. T
additional groups of mice with access to activity wheels to allow
concurrent voluntary exercise training to examine the interaction.
Middle-aged mice on chronic HFD progressively increased their body
mass (Figure 2B) and fat mass (Figure 2C). Interestingly, the pLPHC
groups significantly lost fat mass with each pLPHC period followed by
regain in the following HFD periods (Figure 2B þ C). Lean body mass
showed similar fluctuations but was not significantly affected by any
intervention (Figure 2D). Exercise training tended to attenuate both the
regain in body and fat mass in the HFD periods and the body and fat
mass loss on pLPHC diet (delta-values in Figure S1A þ S1B). Con-
current exercise training caused expected changes in skeletal muscle
exercise training markers, including Hexokinase II and mitochondrial
complex proteins ATP5A, NDUF8B, and MTCO1 (representative blots in
Figure 2E, quantifications in Figure S1C). After 3 cycles of pLPHC diet
at 12 weeks, the pLPHC groups had not gained significant body or fat
mass compared to their initial weight. Remarkably, the protection
against body and fat mass gain in the pLPHC groups occurred despite a
similar total energy intake during the HFD periods (when all groups
received HFD) and a higher total energy intake in the pLPHC groups vs.
chronic HFD groups during the pLPHC periods (Figure 2F, individual
timepoints shown in Figure S1D).
To evaluate the effect of pLPHC diet on glucose tolerance and insulin
sensitivity, we measured the blood glucose and insulin-response
before and 30 min after receiving a 2 g/kg body weight intraperito-
neal glucose injection. Whole-body glucose handling, insulin-response,
and HOMA2-IR index all indicated improved insulin sensitivity in
response to pLPHC diet, with no effect of concurrent exercise training
(Figure 2GeI). The LPHC diet effect was evident even after a single
cycle at 4 weeks on glucose tolerance and 30 min insulin measure-
ments (Figure 2G,H), but the group separation was clearer after 3
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Figure 2: Periodized low protein-high carbohydrate (pLPHC) diet protected against weight gain and improved glucose tolerance. A) Plasma FGF21 in w3 month old
(young, Y) or w9 month old (old, O) mice subjected LPHC diet for the indicated duration. D, day. W, week. B-D) Body mass, fat mass and lean mass were measured at the
indicated time points. The shaded areas indicate LPHC diet periods. The legend for panel B is shared with C, D & G. E) Protein expression of exercise training markers in quadriceps
muscle. H ¼ HFD (red). P ¼ pLPHC (green). Ex, exercise. ¤ symbols beside the blots denote statistical significance as explained below. F) Average total energy intake measured
during the 2nd week of HFD and LPHC diet periods � exercise. The legend for panel F is shared with H & I.G) A modified 30 min glucose tolerance test (GTT) was performed at
week 2, 4, and 12 during which blood samples were collected for H) insulin concentration and I) HOMA2-IR calculation. For panel A, ***p < 0.001 vs. 2D Y using Tukey’s post hoc
test. For C-I), ¤/¤¤/¤¤¤ p < 0.05/0.01/0.001, exercise main effect at indicated time-point. #/##/###p < 0.05/0.01/0.001, diet main effect at indicated time point. *p < 0.05 (HFD vs.
pLPHC þ Ex at week 12 using the KruskaleWallis and Dunn’s multiple comparison non-parametric test. Data are expressed as mean � SEM. N ¼ 6, unless indicated otherwise
on a given bar.
cycles at 12 weeks and HOMA2-IR only significant at this time-point
(Figure 2I). Skeletal muscle is the primary site of insulin-stimulated
glucose disposal and suggested to be insulin sensitized by both
FGF21 [36] and AMPK activation by exercise [37]. We therefore
evaluated the sensitivity of insulin-stimulated Akt and TBC1D4 phos-
phorylation in isolated, ex vivo incubated extensor digitorum longus
(EDL) and soleus (SOL) muscles in response to a fixed submaximal
1.8 nM dose of insulin, but found no discernible effect on skeletal
muscle insulin signaling (Fig. S1E þ S1F). Overall, pLPHC diet
decreased feed efficiency (i.e. weight gain/food intake), lowered fat
mass and improved whole-body insulin sensitivity independently of
skeletal muscle.
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2.3. pLPHC diet increased thermogenesis and Ucp1 in brown
adipose tissue (BAT)
Based on the literature (see introduction), we suspected that the
protective effects of pLPHC against weight and fat gain could be
explained by increased resting energy expenditure due to adaptive
thermogenesis. Indeed, oxygen consumption was higher in pLPHC diet
mice vs. controls when measured at 16 weeks after 4 diet cycles
(Figure 3A). Respiratory exchange rate was, as expected from the high
carbohydrate content, markedly higher on pLPHC diet (Figure 3B). No
difference in habitual activity was observed in the mice on pLPHC diet
compared to controls (Figure 3C). pLPHC diet cycling for 16 weeks
significantly increased rectal temperature in conscious mice and
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Figure 3: Periodized, low protein-high carbohydrate (pLPHC) diet increased thermogenesis and brown adipose tissue Ucp1 mRNA expression. At the end of week 16, A)
oxygen consumption (VO2), B) respiratory exchange rate (RER), and C) habitual activity were measured. The legend in panel A is shared with panels BeF. After the metabolic
measurements, rectal temperature (D) was recorded before the mice were sacrificed to determine gene expression in E) intrascapular brown adipose tissue (iBAT) and F)
epididymal white adipose tissue (eWAT). For A, B, D, E), */**/**p < 0.05/0.01/0.001 vs. HFD using Student’s t-test for sub-group comparisons. Data are expressed as
mean � SEM. N ¼ 8.
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tended to do so in isofluorane anaesthetized mice (Figure 3D), directly
demonstrating that pLPHC diet increased thermogenesis. Ucp1 mRNA
expression was increased by pLPHC diet in brown adipose tissue
(Figure 3E) whereas no significant effects were observed in white
adipose tissue browning markers (Figure 3F). These data suggest that
the decreased feed efficiency with pLPHC is caused at least in part by
increased BAT adaptive thermogenesis.

2.4. Reversal of the pLPHC diet order abolished the improved
glucose tolerance
Given that our initial studies ended on a LPHC diet period, we next
asked if the benefits would persist if the diet order were reversed, i.e.
ending on a 14 d HFD period. Similar to our initial pLPHC diet cohort,
middle-aged pLPHC mice on the reverse diet order increased their total
energy intake during the pLPHC periods (Figure 4A) and exhibited
similar fluctuations in body mass (Figure 4B) and fat mass (Figure 4C)
but not lean body mass (Figure 4D). Interestingly, improved glucose
tolerance was observable after the initial 2 weeks on pLPHC diet
(Figure 4E), but this effect was completely absent after 12 weeks on
pLPHC diet ending with HFD (Figure 4F). As expected from previous
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studies showing a rapid reversal of FGF21 levels after switching from
acute LPHC diet to control diet in mice and humans [10], plasma
FGF21 was comparable to control levels after 3 cycles of reversed
pLPHC diet ending on HFD. Liver gene expression of Fgf21 and
associated genes such as Pppara, Nupr1, and Gadd45a were not
different after 3 cycles of reversed pLPHC diet ending on HFD
(Figure 4H). Thus, the beneficial effects of the pLPHC diet dissipate
within 14 days when switching back to a reference diet.

2.5. FGF21 was suppressed by concurrent exercise training and
increased by repeated pLPHC cycles
To test the effect of concurrent diet and exercise on FGF21 levels, we
measured plasma FGF21 after 1 and 3 full cycles of the pLPHC
diet� activity access. Interestingly, the increase in plasma FGF21 with
pLPHC diet was strongly suppressed by concurrent exercise training at
both time-points, albeit the exercise-associated suppression was less
pronounced after 3 pLPHC diet cycles (Figure 5A). The decrease in
plasma FGF21 was associated with suppressed Fgf21 and Nupr1
mRNA expression (Figure 5B) and eIF2a Ser51 phosphorylation
(Figure 5C) in the liver, indicating that concurrent exercise lowered the
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Figure 4: Reversed, periodized, low protein-high carbohydrate (r pLPHC) diet order abolished the improved glucose tolerance. A) Average total energy intake in the HFD
and LPHC feeding periods. The legend in panel A is shared with panels BeH. B) Body mass, C) fat mass, and D) lean mass determined by magnetic resonance imaging at the
indicated time point. The shaded areas indicate LPHC diet periods. At E) week 2 and F) week 12, a modified glucose tolerance test (GTT) was performed to assess whole body
glucose metabolism. After the dietary regimen, the mice were sacrificed and plasma and liver tissue collected to determine G) Plasma FGF21 and H) liver gene expression. For A),
**p < 0.01 vs. HFD during the LPHC diet feeding periods. For B & C), */**p < 0.05/0.01, Sidak’s post hoc test effect of diet. For E), ***p < 0.001 vs. HFD at 300 using Student’s t-
test. Data are expressed as mean � SEM. N ¼ 8, unless indicated otherwise on a given bar.
pLPHC-induced stimulation of the ISR pathway. Liver glycogen content
was increased by pLPHC, but not affected by exercise (Figure 5D),
suggesting that repartitioning of glucose away from the liver was not
part of the exercise-induced protection against liver stress. Perilipin
(PLIN) 2 and Acetyl CoA carboxylase (ACC) 1 protein expression in liver,
biomarkers of hepatic steatosis and de novo lipogenesis, respectively,
were not affected by pLPHC or exercise training (Figure 5E). Together
with the absent mRNA induction of the fatty acid-activated transcrip-
tion factor Ppara (Figure 5B), a reported requirement for basal and
LPHC diet-induced FGF21 induction independent of eIF2a [9], these
data suggest that exercise lowers the liver ISR to pLPHC diet inde-
pendent of accumulation of liver glycogen or fatty acids.
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We also tested if multiple cycles of pLPHC diet would affect the plasma
FGF21 response. Strikingly, pLPHC cycling progressively increased
plasma FGF21 (Figure 5F) despite FGF21 returning to baseline during
the HFD diet periods (Figure 4G). The increase in plasma FGF21
strongly correlated with either liver Fgf21 or Nupr1 mRNA (Figure 5G),
suggesting that repeated pLPHC diet cycling augments plasma FGF21
via a liver ISR pathway-dependent increase in Fgf21 mRNA expression.

3. DISCUSSION

This study tested whether ad libitum LPHC diet provided in 14 day on/
14 day off cycles would confer health-beneficial adaptations in mice,
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Figure 5: FGF21 was suppressed by concurrent exercise training and increased by repeated periodized low protein-high carbohydrate (pLPHC) cycles. A) Plasma
FGF21 in w9 month old mice fed with LPHC � activity wheel access for 2 weeks (middle panel) or HFD and pLPHC � running wheel for 12 weeks (left and right panels). B) Liver
gene expression in mice fed with HFD or pLPHC � running wheel for 12 weeks. The legend in panel B is shared with remaining panels, C) eIF2a Ser51 phosphorylation, D) liver
glycogen content and E) liver Perilipin 2 (PLIN2) and acetyl CoA carboxylase (ACC)1 protein expression. F) Plasma FGF21 from mice fed with pLPHC for 8 weeks (2 cycles), 12
weeks of pLPHC (3 cycles) or 16 weeks of pLPHC (4 cycles). G) Spearman correlation analyses of plasma FGF21 and liver Nupr1 or Fgf21 mRNA. For A), ¤ p < 0.05, main effect of
exercise. ###p < 0.001, main effect of pLPHC, **p < 0.01 exercise effect using Student’s t-test. For B), ###p < 0.001, main effect of pLPHC. *p < 0.05, exercise effect within
pLPHC group using Student’s t-test. For C & D), ¤/##p < 0.05/0.01, main effect of exercise/pLPHC. For F), */***p < 0.05/0.001 vs 2 cycles, ¤ p < 0.05 vs 3 cycles using Tukey’s
post hoc test. Data are expressed as mean � SEM. N ¼ 6e8, unless indicated otherwise on a given bar.
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such as lowering of feed efficiency and improvement of glucose
metabolism, similar to the effects reported with continuous chronic
LPHC diet. Indeed, our data showed that pLPHC diet cycling protected
against weight gain, increased thermogenesis and improved glucose
tolerance, implying that pLPHC diet may be a viable strategy to pro-
mote health in humans. However, our data also add an interesting
6 MOLECULAR METABOLISM - (2018) 1e10 � 2018 The Authors. Published by Elsevier GmbH. T
perspective to LPHC and other diet studies in mice by highlighting the
large and rapid fluctuations in body composition and metabolism in
mice in response to diet switching and the highly transient nature of
the LPHC diet-induced changes.
Dietary restriction and exercise are cornerstones in health-promoting
lifestyle interventions and often implemented concurrently. Despite
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this, diet and exercise are most often studied separately in the labo-
ratory setting. Presently, we found both positive (weight gain-
attenuation) and negative synergies (FGF21 release and weight-loss
reduction) between LPHC diet and exercise training. Most notably,
concurrent exercise prevented much of the regain in weight when the
pLPHC mice were switched back to an obesogenic HFD, in agreement
with the concept that physical activity protects against weight regain
after weight-loss interventions [38], concurrent exercise training
clearly suppressed pLPHC diet-induced FGF21 expression and release
from liver. Since FGF21 is a major driver of the health beneficial ad-
aptations to low-protein diet in mice [5,10,15e17], concurrent exer-
cise would thus presumably be counter-productive to attaining the
effects of eating a LPHC diet. These findings highlight the need to also
consider the diet and exercise interactions, rather than focusing
exclusively on one or the other.
Remarkably, despite returning to baseline in each HFD period, plasma
FGF21 progressively increased with each pLPHC diet cycle. This in-
crease showed excellent correlations with liver mRNA induction of
Ffg21 and the eIF2a-ATF4 ISR pathway gene-target Nupr1, an ISR
biomarker partially required for the FGF21 increase by a chronic 5E%
protein-diluted diet in mice [10]. Conversely, concurrent exercise
training lowered the Nupr1 mRNA response to pLPHC diet. Overall, this
suggests a convergence between duration of pLPHC diet and exercise
training onto Nupr1 gene expression. As the name implies, the inte-
grated stress-response can react to a diverse number of different cell
extrinsic and intrinsic cellular insults [39]. Short-term LPHC diet is able
to double liver TG content within a week in mice [40], and liver lipid
accumulation is associated with an increased liver ISR response and
FGF21 release [41]. We currently tested if repeated pLPHC diet cycling
and exercise training affected lipid triacylglycerol metabolism but
found no changes in markers of liver TG content (PLIN2), de novo
lipogenesis (ACC1), or the free fatty acid-activated transcription factor
Ppara. Thus, the exact mechanism underlying the progressively
increased Nupr1 and Fgf21 mRNA with repeated pLPHC diet cycles
remains to be determined.
Similarly, the mechanism behind the dampening effect of exercise
training on liver FGF21 and Nupr1 induction by pLPHC diet is currently
unclear. We suspected that glucose repartitioning away from the liver
to the insulin-sensitized exercising muscles to lower de novo gluco-
neogenesis [42] might be involved, but found neither liver glycogen nor
muscle insulin sensitivity to be altered by training. Alternatively, ex-
ercise might increase the muscle breakdown and release of FGF21-
supressive non-essential amino acids [10] to fuel gluconeogenesis
[43]. This might explain both the current negative effect of exercise
training and the previously reported similar effect of calorie restriction
on the liver FGF21 response to LPHC diet [9]. Interestingly, the pro-
teolytic response to prolonged fasting in mouse skeletal muscle de-
pends on AMPK-stimulated autophagy [44]. This makes it tempting to
hypothesize that an AMPK-dependent amino acid release from muscle
dampened the liver ISR pathway in both cases.
The metabolic benefits of ingesting a pLPHC diet were remarkably
short-lasting in the current study. This is an important observation for
at least two reasons. Firstly, although the faster metabolism and
accelerated metabolic response to fasting in mouse vs. man is well-
known, our study provides a good example of the fact that mice are
highly plastic in their physiological response to any intervention, being
able to change their body weight by 10e15% within a 14 days pLPHC
diet period. Chronic intervention studies sometimes observe changes
in tissue morphology/function, which might be expected to provide
durable protective structural changes against obesity and metabolic
MOLECULAR METABOLISM - (2018) 1e10 � 2018 The Authors. Published by Elsevier GmbH. This is an open acc
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disease, e.g. the expansion of subcutaneous white adipose tissue by
FGF21 treatment [45], but such protective effects might be rapidly
reversed without the stimulus. Secondly, from an applied perspective,
these data suggest that this dietary regimen, if effective in expanding
health- and life-span as chronic diet LPHC diet studies would suggest
[8], needs to be applied throughout adult life to be efficacious. Indeed,
this is a feature of most if not all remedies against aging- and lifestyle-
related diseases.
In conclusion, pLPHC diet applied in 14 d on/14 d off cycles protected
against weight gain despite increased ad libitum food intake and
improved glucose tolerance in mice. These effects were likely medi-
ated by increased plasma FGF21, the concentration of which was
lowered by concurrent exercise and progressively increased with each
pLPHC cycle. Furthermore, delineating whether the tight correlation
between gene expression of Fgf21 and the ISR marker Nupr1 is a
causal relationship explaining mechanism behind the inhibitory effect
of exercise training and the stimulatory effect of repeated diet cycles
may provide important insight into FGF21 regulation of potential
relevance to detection, prevention, and treatment of metabolic disease.
The translatability of our findings into humans warrants further
investigation.
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EXPERIMENTAL PROCEDURES

Animal experiments
LPHC and HFD diets were purchased from Specialty Feeds (Cat.: SF09-048) and

Research Diet Inc. (Cat.: D12492) respectively. Following acclimation for 1 week, 8e

9 months old C57BL/6JRj female retired breeder mice (Janvier labs, France) were

randomized to HFD (n¼ 12) and pLPHC (n¼ 12). Half of the mice received access to

a running wheel and were single housed at 22e24 �C on a 12-hour light/12-hour

dark-cycle with ad libitum access to water and their respective diet regimens for 12

weeks (see Figure 1, periodized LPHC diet study). The HFD group was maintained on

the same diet for the entire period whereas the pLPHC group completed 3 cycles of 2

weeks on HFD and 2 weeks on LPHC. Magnetic resonance imaging (MRI) was

performed every fortnight to determine body composition. Food intake was measured

in the 2nd week after diet switching. A modified GTT was performed at week 2, 4,

and 12 to assess whole body glucose metabolism.

For the data shown in Figure 3 and Figure 5F, another cohort of mice were group-

housed with ad libitum access to either HFD (n ¼ 8) or 4 cycles of 2 weeks on HFD

and 2 weeks on LPHC (n¼ 8) for 16 weeks (see Figure 1, extended LPHC diet study).

Metabolic measurement was performed during week 16 to assess O2 consumption,

CO2 production, and habitual activity. 2 days after the metabolic measurement, rectal

temperature of these mice was recorded at room temperature at 8 and 9 PM (see

below).
ess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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For the data in Figure 4, 16 mice were single housed and randomized into HFD group

or reverse pLPHC group for 12 weeks. The reverse pLPHC regimen was composed of

3 cycles of 2 weeks on LPHC and 2 weeks on HFD. Food intake was measured every

week for 12 weeks, MRI was performed every 2nd week. A modified GTT was

conducted at the end of week 2 and 12 (see Figure 1, reverse pLPHC diet study).

The pilot-experiment in Figure 2A to ascertain the duration of pLPHC diet required to

substantially increase plasma FGF21 was conducted in w3 month old female

C57BL/6JRj mice (Janvier labs, France) and the 14 day response then verified inw9

month old retired breeder mice. The 2 week LPHC diet � activity wheel access

measuring plasma FGF21 was performed iñ9 month old retired breeder mice.

The individual procedures and analyses are detailed below.

Indirect calorimetry and habitual activity
1 week before the cage measurements, mice were acclimated to single housing in

metabolic cages (PhenoMaster, TSE, Germany) with free access to diet and water

gel. After acclimation, habitual activity, measured as laser beam break counts,

inhaled O2 and expired CO2 were monitored in week 16 across the entire week. The

data from the last 24 h were used in the analysis.

Body composition (BC) determination
BC of individual conscious fed mice was determined in an EchoMRI� 4-in-1-500

Body Composition Analyzer between 9 and 12 A.M. according to the manufacturer’s

instructions.

Energy intake
Food intake was measured 2e3 times per week between 9 and 11 A.M. The food

pellets were weighed before and after a period on the cage to calculate food intake,

making sure to collect food pellets in the cage too. The food intake was converted to

energy intake by multiplying with the net metabolizable energy of a given diet.

GTT and plasma collection
On the experimental day, the mice were weighed, single housed in clean cages and

deprived of food from 7 to 8 A.M. for 6 h. Glucose solution in isotonic saline (1 g/5 ml)

was prepared 1 h prior to the experiments and injected at a dose of 10 mg/g body

weight. Blood glucose was monitored using a standard glucometer (Contour XT,

Bayer’s) pre and 30 min after the intraperitoneal glucose injection. Meanwhile,

w50 ml of blood was collected and centrifuged to recover plasma for insulin

measurements. Immediately after the experiment, the mice were allowed access to

their respective diets again.

Rectal temperature
Rectal temperature measurements were performed in an unlit room at room tem-

perature at 8 P.M. using a torch light when mouse handling was required. The

measurement was first conducted on mice acutely anesthetized by 2e3% Iso-

flurane, then after 1 h the measurement was repeated on conscious mice. Briefly,

once stable anesthesia was reached, a lubricated temperature probe (Model: BIO-

TK9882, BIOSEB) was gently inserted in the rectum 1.5e2 cm into the mice. The

rectal temperature was recorded approximately 15 s after probe insertion when the

measurement was stable. Afterwards, the mice were allowed to gain consciousness

and recover for w1 h before another measurement was performed on mice

restrained by scruffing.

Tissue harvest and muscle incubation
Mice were fasted for 2e3 h from 9 A.M. Quadriceps (Quad) was harvested from mice

anesthetized with pentobarbital 6 mg and 0.2 mg lidocaine/100 g body weight. After

that, extensor digitorum longus (EDL) and soleus (SOL) muscles were carefully

dissected from the mice and then were pinned vertically at resting length onto a

custom-made silicone/plastic holder and placed in glass tubes containing Krebs-

Ringer-Henseleit (KRH) buffer supplemented with 2 mM pyruvate and 8 mM mannitol
8 MOLECULAR METABOLISM - (2018) 1e10 � 2018 The Authors. Published by Elsevier GmbH. T
at 30 �C with continuous gassing with 95% O2 and 5% CO2. After 30 min, the plastic

holders with EDL or SOL muscles were swiftly transferred into other glass tubes

containing the same KRH �1.8 mM insulin. 20 min later, the EDL and SOL muscle

were carefully remove from the plastic holders, rinsed in ice-cold KRH, dried on

paper tissue and snap frozen in liquid nitrogen (N2).

After EDL and SOL were dissected out, a piece of the most ventral lobe of the liver

was collected and snap frozen in liquid N2. Blood was then collected from the

punctured heart and thoracic cavity and centrifuged to obtain plasma. The entire

tissue collection procedure took approx. 2e3 min/mouse.

Protein extraction and western blotting
w15 mg of liver or Quad muscle, or the entire EDL and SOL muscles, trimmed free

of visible fat and tendons, were homogenized in 300 ml of cold lysis buffer (0.05 M

Tris Base pH 7.4, 0.15 M NaCl, 1 mM EDTA and EGTA, 0.05 M sodium fluoride, 5 mM

sodium pyrophosphate, 2 mM sodium orthovanadate, 1 mM benzamidine, 0.5%

protease inhibitor cocktail (P8340, Sigma Aldrich), and 1% NP-40) using a bead mill

homogenizer (TissueLyser II, Retsch) operating at 30 Hz for 1 min. The homogenates

were then rotated end-over-end at 4 �C for 30 min followed by centrifugation at

18.320 g at 4 �C for 20 min to recover tissue lysates for western blotting.

Equivalent amounts of protein from liver, Quad, EDL or SOL were separated by 5e

15% SDS-PAGE and semi-dry transferred to PVDF membranes. After that, the

membranes were blocked in 3e5% BSA or skim milk for 1 h and incubated overnight

with primary antibodies. The following day, the membranes were washed in TBS-T

and incubated with relevant horseradish peroxidase-conjugated secondary anti-

bodies for 1 h followed by TBS-T washing. The signal of bound antibody was

visualized using enhanced chemiluminescence (ECLþ; Amersham Biosciences,

Little Chalfont, UK) and a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA,

USA). Afterwards, the membranes were washed with TBS-T again and stained with

Coomassie Brilliant Blue to verify even transfer and similar total protein loading.

The primary antibodies used were phospho-eIF2a Ser51 (Cell Signaling Technology

(CST), 9721), phospho-Akt Thr308 (CST, 13038), phospho-Akt S473 (CST, 4060),

phospho-TBC1D4 Thr642 (CST, 8881), Perilipin2 (Novus Biologicals, NB110-40877),

Akt2 (CST, 2964), OXPHOS cocktail (ab110413, Abcam), and Hexokinase II (HKII)

(CST, 2867). Anti-acetyl CoA carboxylase (ACC)1 was gift from Grahame Hardie,

University of Dundee.

Plasma FGF21 and insulin measurements
ELISA kits from BioVendor (Cat. RD291108200R) and ALPCO (Cat. 80-INSMSU-E10)

were used to measure plasma FGF21 and insulin concentration, respectively,

following the manufacturer’s instruction.

Liver glycogen
10e30 mg of frozen liver tissue and 200 ml of 1 N HCL were added to a 1.5 ml tube,

then the tubes were tightly capped and heated at 98 �C. 2 h later, the samples were
cooled to room temperature. Glycogen content was measured as glycosyl units after

acid hydrolysis, and glucose was determined fluorometrically from the neutralized

perchloric acid extracts [46].

Preparation of RNA and gene expression analysis
Total RNA from tissues was prepared using RNeasy Kit (Qiagen, Hilden, Germany)

following the manufacturer’s instructions. cDNA synthesis was performed with a

QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany). Gene expression

was examined with SYBR Green based quantitative PCR (qPCR), using the 7900HT

Fast Real-Time PCR System (Thermo Fisher Scientific, Erlangen, Germany). The

relative expression levels of each gene were normalized to hypoxanthine phos-

phoribosyltransferase (Hprt), which served as a housekeeping gene, using the ddCt

method. The following forward (for) and reverse (rev) primers were used: Ucp1: for
GGCCTCTACGACTCAGTCCA, rev TAAGCCGGCTGAGATCTTGT; Cidea: for AATGGA-

CACCGGGTAGTAAGT, rev CAGCCTGTATAGGTCGAAGGT; Dio2: for
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


TGCCACCTTCTTGACTTTGC, rev GGTTCCGGTGCTTCTTAACC; Pgc1a: for AGCCGT-

GACCACTGACAACGAG, rev GCTGCATGGTTCTGAGTGCTAAG; Cyc1: for CAGCTTC-

CATTGCGGACAC, rev GGCACTCACGGCAGAATGAA; Prdm16: for CCGCTGTG

ATGAGTGTGATG, rev GGACGATCATGTGTTGCTCC; Fabp3: for ACCTGGAAGCTAGTG-
GACAG, rev TGATGGTAGTAGGCTTGGTCAT; Fgf21: for CTGCTGGGGGTCTACCAAG, rev
CTGCGCCTACCACTGTTCC, Nupr1: for ACCCTTCCCAGCAACCTCTAA, rev TCTTGGT

CCGACCTTTCCGA; Ppara: for TACTGCCGTTTTCACAAGTGC, rev AGGTCGTGTTCA-

CAGGTAAGA; Gadd45: for AGACCGAAAGGATGGACACG, rev GTA-

CACGCCGACCGTAATG. Primer efficiency was tested.

Statistical analyses of data
Results are expressed as mean � SEM. Statistical tests were performed using

Spearman correlation test, student’s T test, ANOVA, or repeated measurements

ANOVA followed by Tukey’s (independent comparisons) or Sidak’s (repeated mea-

sures) post hoc testing as indicated in the legends using SPSS 22 and GraphPad

Prism 7. The data in Figure 2B failed Levene’s equal variance test even after

transformation, and the KruskaleWallis with Dunn’s multiple comparison non-

parametric test was instead applied. The significance level was set at p < 0.05. A

number written above bars in graphs highlights a tendency, defined as p < 0.1.
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