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Abstract

Background Fasting is attracting an increasing interest as a potential strategy for managing diseases, including meta-
bolic disorders and complementary cancer therapy. Despite concerns of clinicians regarding protein catabolism and
muscle loss, evidence-based clinical data in response to long-term fasting in healthy humans are scarce. The objective
of this study was to measure clinical constants, metabolic, and muscular response in healthy men during and after a
10 day fast combined with a physical activity programme.

Methods Sixteen men (44 + 14 years; 26.2 + 0.9 kg/m?) fasted with a supplement of 200250 kcal/day and up to 3 h
daily low-intensity physical activity according to the peer-reviewed Buchinger Wilhelmi protocol. Changes in body
weight (BW) and composition, basal metabolic rate (BMR), physical activity, muscle strength and function, protein uti-
lization, inflammatory, and metabolic status were assessed during the 10 day fast, the 4 days of food reintroduction,
and at 3 month follow-up.

Results The 10 day fast decreased BW by 7% (—5.9 = 0.2 kg, P < 0.001) and BMR by 12% (P < 0.01). Fat mass and
lean soft tissues (LST) accounted for about 40% and 60% of weight loss, respectively, —2.3 + 0.18 kg and
—3.53 = 0.13 kg, P < 0.001. LST loss was explained by the reduction in extracellular water (44%), muscle and liver
glycogen and associated water (14%), and metabolic active lean tissue (42%). Plasma 3-methyl-histidine increased un-
til Day 5 of fasting and then decreased, suggesting that protein sparing might follow early proteolysis. Daily steps count
increased by 60% (P < 0.001) during the fasting period. Strength was maintained in non-weight-bearing muscles and
increased in weight-bearing muscles (+33%, P < 0.001). Glycaemia, insulinemia, blood lipids, and blood pressure
dropped during the fast (P < 0.05 for all), while non-esterified fatty acids and urinary beta-hydroxybutyrate increased
(P < 0.01 for both). After a transient reduction, inflammatory cytokines returned to baseline at Day 10 of fasting, and
LST were still lower than baseline values (—2.3% and —3.2%, respectively; P < 0.05 for both).

Conclusions A 10 day fast appears safe in healthy humans. Protein loss occurs in early fast but decreases as ketogenesis
increases. Fasting combined with physical activity does not negatively impact muscle function. Future studies will need
to confirm these first findings.

Keywords Long-term fasting; Body composition; Muscle function; Apelin; Energy metabolism; Lipids
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Introduction

Until early humans were able to store food, they were sub-
jected to seasonal cycles of food abundance and scarcity as-
sociated with recurrent periods of fasting, which likely
selected adaptive mechanisms for survival. Fasting for reli-
gious purposes has been practiced for centuries.! Fasting pe-
riods from 2 to 21 days or more, so called long-term fasting,
have also been used for decades for preventive and thera-
peutic purposes in specialized centres.® At the beginning of
the 20th century, Benedict et al* observed a normal-weight
subject fasting safely up to 31 days and documented among
other a drop in basal metabolic rate (BMR). Cahill later ob-
served that, after a quick depletion of liver glycogen, free
fatty acids are mobilized from adipose tissue and partly trans-
formed into ketone bodies, whereas glucose is produced by
the liver using body proteins as substrate.? In the 1960s, total
fasting was introduced in hospitals to treat morbid obesity
during periods lasting from 6 up to 382 days.” Despite reports
of successful treatments, one person died® after 30 weeks of
fasting, probably of protein depletion. This led to the devel-
opment of liquid protein diets, which in turn caused the
death of 44 persons.” Finally, the composition of protein sup-
plemented formula was regulated, and the duration of the
procedure reduced to 3-4 weeks.

Fasting regimens have regained major attention and are
relayed by the media for prevention and treatment of met-
abolic, chronic inflammatory, neurologic, and oncological
diseases.® Clinical studies have been reporting beneficial ef-
fects of intermittent fasting and chronic calorie restriction
(CR).° For example, 2 years of moderate CR (25%) de-
creases multiple cardiometabolic risk factors in non-obese
adults.’® Other studies of shorter duration reported benefi-
cial health effects of alternate day fasting and
time-restricted eating.>** However, valid concerns still exist
in the medical community about possible protein catabo-
lism and muscle loss.

Although a recent observational study reported no harmful
effects during fasting programmes lasting up to 21 days,*?
this was a cross-sectional observational study, and the funda-
mental physiological responses of humans to long-term
fasting clearly need more evidence-based clinical data. Here,
we investigated the physiological responses during a 10 day
fast, subsequent food reintroduction (RF) and at 3 months
follow-up (Fup) in 16 healthy men. Body composition, muscle
strength, energy metabolism, lipid profile, hepatic markers,
and inflammatory status were measured. Self-perceived sati-
ety and well-being were also assessed. To do so, we used a
peer-reviewed protocol®® consisting in a fasting programme

combined with physical activity and mindfulness programme
to improve fitness and reduce stress.

Materials and methods
Participants

Sixteen healthy males above 18 years and of body mass index
below 32 kg/m? were recruited (Supporting Information,
Figure S1). Exclusion criteria included any history of smoking,
cachexia, anorexia nervosa, advanced kidney, liver, or cere-
brovascular insufficiencies as described before.®® The study
was approved by the medical council Baden-Wirttemberg
(application number: F-2016-090) and registered at the Ger-
man Clinical Trials Register (DRKS-ID: DRKS00011165). A
signed informed written consent was obtained from all
participants.

Study design

This longitudinal non-controlled intervention was conducted
between November and December 2016 at the Buchinger
Wilhelmi Clinic in Uberlingen, Germany. Following a screen-
ing visit, eligible participants were enrolled in a 10 day fast
followed by a 4 day period of progressive RF. Data were
collected at baseline, during the 10 day fast, the 4 day RF,
and after 3 months of Fup. At Fup, subjects arrived the
evening prior to a morning test session performed in the
same conditions as prior to the fast.

Fasting protocol

All subjects remained under daily supervision of nurses and
physicians. Following their admission in the clinic, partici-
pants received a standardized vegetarian dinner. On the next
day (i.e. baseline period), participants were given a 600 kcal
vegetarian diet divided in three meals. To initiate the
10 day fasting period, the intestinal tract was emptied with
the intake of a laxative (20-40 g of NaSO, in 500 mL of
water). During fasting, all subjects received a portion of
20 g of honey each morning and had to drink 2—-3 L of water
or non-caloric herbal tea. An organic freshly squeezed fruit
juice (250 mL) was served at noon and a vegetable broth
(250 mL) in the evening. Total daily calorie intake was 200—
250 kcal/day (Table S1). During the fasting period, an enema
was applied every other day in order to remove intestinal
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remnants and desquamated mucosal cells. Food was
reintroduced during 3 days, progressively increasing from
800 to 1600 kcal/day.

Fasting was combined with a low-to-moderate intensity
programme of physical activity led by certified trainers. The
daily programme consisted in a 1 h gymnastic group class in-
cluding whole-body stretching and yoga, and outdoor walks
for 30 min in the morning and 90 min in the afternoon.

Clinical outcomes

After waking up and voiding, body weight, waist circumfer-
ence, blood pressure, and heart rate were measured by a
nurse.

Body composition, markers of protein and muscle
utilization

Body composition at baseline and Fup was assessed by whole
bio-impedance spectroscopy (BIS, SFB7 system, Impedimed,
USA). Measurements were performed in the morning when
the subject woke up but before getting up (no fluid shift).
We used the dual tab electrodes provided by Impedimed,
which guarantees equidistance between the electrodes.
These adhesive electrodes were placed on the left side hand
and foot, as instructed by Impedimed. A pen mark was left on
the hand and foot to avoid analytical variations due to elec-
trodes positioning. We carried out three series of measure-
ments composed of 10 measurements with 1 s interval. The
impedance meter was calibrated daily with the calibration re-
sistor provided by Impedimed. We used the manufacturer’s
default values to derive body composition (i.e. body density
of 1.049, hydration constant of 0.732, and body proportion
of 4.30). Raw data were exported to a computer by the man-
ufacturer software. Lean soft tissues (LST) were calculated
using the default setting proposed by the manufacturer
(Cole—Cole model between 10 to 500 kHz), and the three
values were averaged. Fat mass (FM) was calculated as body
mass minus LST.

During the fasting period of this study, the sum of changes
in lean metabolically active tissues, extracellular water, and
glycogen plus associated water was referred as the loss in
LST. We assumed that bone mineral density remained con-
stant. Because of fasting-specific changes in hydration of lean
tissues, measurement of LST by BIS during fasting could not
be accurately assessed. Because protein intake was virtually
zero, we rather estimated the change in LST by using the
10 day cumulated loss of nitrogen excretion in 24 h urine
measured during fasting, extracellular water loss, and muscle
and liver glycogen loss and its associated water loss. Urinary
nitrogen was measured at the core facility of the INRA —
UMR Pegase (Saint-Gilles, France) by an automated Dumas

technique system (sensitivity < 20 ppm, precision < 0.05%).
Loss of metabolically active tissues was estimated on the ba-
sis that it contains 33 g N/kg.** Glycogen loss and its associ-
ated water loss in liver (90% depletion) and skeletal muscle
(40% depletion) were estimated based on previous publica-
tions that used liver percutaneous and muscle needle biopsy
techniques to measure changes in glycogen stores in liver and
skeletal muscle from fasting humans.*>*® Muscle mass was
estimated as 57% of LST measured by BIS at baseline,” and
we assumed that 1% of total muscle mass was composed of
glycogen at baseline.'® Extracellular water loss (essentially
plasma volume and water loss linked to enemas) was
accounted for by the BIS measurement. FM loss was calcu-
lated as the difference between body weight loss and LST
loss.

To assess the validity of our calculations and assumptions,
we compared total energy expenditure (TEE) during fasting
calculated by two independent methods: one based on en-
ergy intake and body composition changes® as explained
above and one based on 3D accelerometry data.'® From en-
ergy intake and changes in body composition, TEE during
fasting was estimated at 2731 + 185 kcal/day. Estimation of
TEE from 3D-accelerometry was 2675 + 64 kcal/day with a
spearman correlation coefficient between the two estimates
of 0.53 (P = 0.06) and a non-significant mean difference of
—56 * 165 kcal/day (P = 0.74). These results suggest that
our calculations and assumptions to assess body composition
changes during fasting were appropriate.

Plasma 3-methyl histidine, a marker of muscle breakdown
when protein intake is zero, was measured using the human
3MH ELISA kit by Finetest (%CV intra-assay <8%, %CV inter-
assay 10%, sensitivity 3.75 nmol/mL, Wuhan, China).

Physical performance and muscle biomechanical
properties

Submaximal work rate was determined with an incremental
exercise tolerance test on a cycle ergometer (Sana Couch
250 L, Ergosana, Bitz, Germany). Because measurements
were performed early in the mornings on Day 5 of fasting
and Day 4 of RF, they in fact correspond to four full days of
fasting (FO4) and three full days of RF (RF3), respectively. Fol-
lowing a 1 min warm-up, the test was initiated at 75 W, which
was increased by 25 W every minute until subjective exhaus-
tion level was attained. This happened sometimes under or
above the estimated maximum theoretical aerobic capacity
[determined as (2.8 * BW) minus 10% per decade over
30 years old].2° Time needed for the volunteers to go up 40
stairs at their normal pace was also used as an indicator of
fitness.

Muscle physical and biomechanical properties were
further measured using the non-invasive Myoton system
(Myoton AS, Tallinn, Estonia). Tonus (intrinsic tension at the
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cellular level; high tonus is associated with fatigue), stiffness
(biomechanical resistance to contraction; high stiffness leads
to an inefficient economy of movement), and elasticity (the
capacity to recover its initial shape after contraction) were
measured. This was performed on brachioradialis (forearm)
and rectus femoris (thigh) muscles in the early mornings at
baseline, Days 5 (FO4) and 10 (FO9) of fasting, Day 4 of RF
(RF3), and at Fup. Following these measurements, grip
strength was assessed using a Camry 200 LBS/90 KGS digital
hand dynamometer (Camry Scale, City Industry, USA). Maxi-
mal contraction was recorded on the first measurements of
10 reps separated by 1 min interval. The 10 reps were used
to measure fatigability. We used a TKK5002 Back A dyna-
mometer device (Takei Corp. Japan) in a position that mini-
mizes the contribution of the arms and back and maximizes
the contribution of the legs to the strength measurements.
Subjects stood on a platform connected to a chain hold by
hands through an ergonomic holder connected to the dyna-
mometer (0 to 300 kg, sensitivity 1 kg). The chain was set
so that the legs were one-third bend with straight arms
aligned with the back. Subjects performed three successive
maximal isometric pull up with only the use of the legs. The
three values were averaged.

Physical activity

Time spent sedentary and physically active was determined
using a tri-axial accelerometer (ActiGraph GT3X+; ActiGraph,
Pensacola, USA). Participants were instructed to wear the
accelerometer at their right hip at all time, except for wa-
ter-activities, for 1 week prior entering the clinic, throughout
the fasting protocol, and for 1 week at Fup. After
identification of sleep and non-wear time, an automatic
activity-recognition algorithm?* was used to determine time
spent in different postures and activities and physical activity
energy expenditure per minute.'® Sedentary behaviour was
defined as the time spent awake in lying, reclining, or sitting
postures. Cutpoints of 1.5-3 METs and >3METs were used
for light intensity activity and moderate-to-very vigorous ac-
tivity, respectively. Valid data comprised at least 3 days with
a minimum of 10 h wear-time during waking time.

Basal metabolic rate and index of substrate use

Basal metabolic rate was determined at baseline and on the
mornings of Days 5 (FO4) and 10 (FO9) of fasting, Day 4 of
RF (RF3), and at Fup. Subjects were awakened at 7 a.m,,
and BMR was measured for 30 min using a mask connected
to a Fitmate open indirect calorimetry system (Cosmed,
Rome, Italy) measuring O, consumption while subjects were
resting, awake, and at thermo-neutrality. BMR was adjusted
on LST.

Because the Fitmate can measure O, consumption only, re-
spiratory quotient could not be calculated. To overcome this
limitation and obtain an index of shift in substrate use during
fasting, we measured 3CO, enrichment in breath samples.
Lipids being naturally depleted in *3C, any shift in the mix be-
ing oxidized towards lipids is indicated by a decrease in **CO,
in breath. Subjects blew in an air-sealed tube at baseline and
every other day of fasting. Breath *3C enrichment was mea-
sured by a Gas-Bench system (Thermo, Germany) interfaced
to a delta V IRMS (Thermo, Germany). Data are presented
as delta per mill enrichment vs. the international PDB
standard (IEAE, Vienna, Austria).

Clinical blood parameters

Fasting blood samples were collected in the morning after
BMR measurements at baseline, on Days 2 (FO1), 5 (F04),
and 10 (F09) of fasting; Days 2 of RF (RF1) and 4 (RF3); and
at Fup. Liver enzymes (serum GGT, ASAT, and ALAT), kidney
parameters (urea and creatinine), lipid parameters (total cho-
lesterol, triglycerides, HDL-C, LDL-C, and LDL-C/HDL-C ratio),
electrolytes, glucose, CRP, and TSH were measured using
classical clinical lab assays, as previously described.*? Inflam-
matory parameters (IFNg, TNFa, IL6, 1L10, and MCP1) and
metabolic hormones (insulin, PP, PYY, GLP1, leptin, ghrelin,
IGF-1, and IGF-BP1) were measured using the multiplex tech-
nology by Merck (KGaA, Darmstadt, Germany) at the Cytom-
etry and Immunobiology core facility of the Cochin Institute
(INSERM U1016) in Paris, France. Information on the %CV
intra & inter-assay, accuracy, and sensitivity can be found
on the Merckmillipore website (www.merckmillipore.com).
Blood non-esterified fatty acids (NEFA) was measured by
the Wako Diagnostics assay (%CV intra-assay 0.61%, %CV
inter-assay 4.91%, and accuracy 100%, France). Blood
myostatin was measured by the Eurobio Scientific assay
(%CV intra-assay 10.4%, %CV inter-assay 12%, Sensitivity
0.37 ng/mL, France). Blood apelin was measured by the
Sigma Aldrich assay (%CV intra & intra-assay 10%, sensitivity
5.84 ng/mL, France). Free urinary cortisol was assessed using
the Diametra test (%CV intra-assay 6.5%, %CV inter-assay
7.2%, sensitivity 2.96 ng/ml, Darmstadt, Germany) in 24 h
urine samples collected at the same time points than urinary
nitrogen. In the same sample, ketone bodies were measured
by the Cayman assay (%CV intra-assay 3.7%, %CV inter-assay
3.0%, Michigan, USA).

Well-being and perceived hunger profile

Participants self-reported daily their physical and emotional
well-being on numeric rating scales from 0 (very bad) to 10
(excellent). The German version of the Well-being Index
(WHO-5) was used to measure positive psychological well-
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being.>> The WHO-5 refers to the feelings over the last
2 weeks. In this survey, we shortened the period to the last
24 h. Self-perceived hunger and desired food consumption
were assessed by using a 100-mm visual analogue scale.?®

Data and statistical analyses

Data analyses were carried out using SAS 9.4 (SAS Institute,
Inc., Cary, North Carolina). We used linear mixed-effects
models accounting for repeated measurements among sub-
jects to test changes over time of the different outcomes.
Based on the Akaike’s information criterion, a heterogeneous
compound symmetry or a spatial power variance—covariance
structure was selected for the estimation of the
within-subject errors. The effects of fasting and of RF were
tested using a joint F-test. Pre-specified post-hoc differences
between Fup and baseline were further tested with a
Bonferroni adjustment to account for multiple comparisons.
As the data were mainly exploratory, no additional adjustment
was made for multiple outcomes testing. Significance was set
up at 0.05 for time effect. Data are presented as Ismean + SE.

Results
Study participants

Baseline clinical and metabolic subject’s characteristics are
shown in Table 1. One subject did not come back at Fup,
and data for 15 instead of 16 subjects are therefore pre-
sented. For body composition, data of only 12 subjects are
shown at Fup due to a defect of the SFB7 instrument on
the last day of the study. Otherwise, all participants com-
pleted the study without deviating from the protocol and

Table 1 Baseline data of the subjects

Variable Baseline characteristics (n = 16)
Age (years) 44 + 14
Weight (k%) 85.7 +2.5
BMI (kg/m®) 26.2 = 0.9
Waist circumference (cm) 92.7 + 2.1
FM (%) 17.5 £ 1.77
LST (kg) 70.8 = 1.9
Fasting glucose (mM) 4.7 £ 0.1
Fasting insulin (pg/mL) 84.6 + 15.3
HbA1C (%) 5.23 £ 0.27
HOMA index 2.04+1.3
NEFA (uM) 472 + 43.7
TG (mg/dL) 122.3 = 14.4
HDL (mg/dL) 53.8 = 35
LDL (mg/dL) 150.4 = 10.2
LDL/HDL 3.0+0.3

Data are means * SE.

BMI, body mass index; FM, fat mass; HDL, high-density lipoprotein;
HOMA, homeostatic model assessment; LDL, low-density lipopro-
tein; LST, lean soft tissues; NEFA, non-esterified fatty acids; TG,
triglycerides.

no serious adverse event was reported. Participants took part
in the daily physical activity sessions, which increased daily
steps number by 60% (+5514 + 884 steps/day) and shifted
time spent standing and sitting towards time spent walking
(Table S2) during the fasting period compared with both
baseline and Fup. Time spent in moderate-intensity physical
activities increased at the expense of time spent in
light-intensity activities.

Changes in anthropometric parameters

Body mass was reduced by 5.9 + 0.2 kg after the 10 day fast.
This effect was maintained during RF. Three months after the
end of fasting, body weight had increased but was still signif-
icantly lower than before fasting (Figure 1A). Waist circumfer-
ence was reduced by 4.4 + 0.4 cm during fasting. It did not
increase during the RF period but had returned to baseline
3 months later (Figure 1B). Both systolic and diastolic blood
pressure decreased during fasting but had returned to base-
line at Fup (Figure 1C-D).

Changes in body composition and protein
oxidation

Weight loss during fasting was explained by changes in both
FM and LST (—2.34 + 0.18 kg and —3.53 + 0.13 kg, respec-
tively, after 10 days of fasting Figure 2A).

FM loss accounted for 40 * 2.1% of changes in total body
weight. LST loss accounted for 60.7 * 2.1% of body weight
loss, explained for 44% (—1.6 £ 0.1 kg) by extracellular water
loss (which includes loss of faeces by enemas), for 14%
(0.50 £ 0.01 kg) by early glycogen loss and its associated wa-
ter, and for 42% by metabolic active (liver, kidneys, heart, in-
testine, muscles, etc.) tissues (1.5 £ 0.1 kg representing 25%
of weight loss). However, during the 10 days of fasting, pro-
tein oxidation (total N excretion) was not constant. It
dropped by 41 + 7% on FO5 and then remained stable until
the end of the 10 day fast (Figure 2B). A gradual 41 + 5% de-
crease in plasma urea (Figure 2C) was concomitantly noted.
These effects were maintained during RF but baseline values
were re-established at Fup. Creatinine, ASAT, and ALAT in-
creased during fasting but returned to baseline value during
the RF and Fup periods (Figure 2D—F). 3-Methyl-histidine, a
marker of skeletal muscle breakdown, transiently increased
during the first 4 days of fasting (Figure 2G) and returned
thereafter to baseline values. Myostatin, which inhibits mus-
cle mass growth, remained stable during fasting but dropped
significantly during RF (Figure 2H). These data suggest a tran-
sient increase in proteolysis and muscle utilization during
early fasting, followed by a protein sparing phase. A decrease
in 3CO, enrichment in breath was concomitantly observed,
indicating a greater reliance on fat as fuel (Figure 21). This
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Figure 1 Changes in body weight (A), waist circumference (B), systolic (C), and diastolic (D) blood pressures before and during the 10 day fasting
(n = 16) and after 3 months of Fup (n = 15). Data are Ismeans * SE. F, fasting days; Fup, follow-up; RF, food reintroduction days. *P < 0.05,
**p < 0.01, ***P < 0.001 as indicated by the lines for the whole effect of fasting, the whole effect of RF or the effect of Fup vs. the end of fasting.

#P < 0.05 vs. baseline during Fup.

was accompanied by a drastic increase in plasma apelin con-
centration at FO4, known to stimulate muscle fat oxidation,
that returned to baseline values during RF (Figure 2J).

Changes in basal metabolic rate

Basal metabolic rate decreased gradually by 12% during
fasting (Figure 3A). BMR values during RF and Fup remained
lower than baseline values, but the difference was not signif-
icant. BMR drop during fasting remained significant after ad-
justment for changes in LST (Figure 3B). By comparing
baseline and Fup data (n = 12), we observed that body mass
and LST, but not FM, remained lower at Fup (Figure 3C). BMR
and LST-adjusted BMR were lower (Figure 3D) compared with
baseline, but this did not reach significance. Plasma TSH
concentration remained unchanged (Figure 3E).

Changes in fitness, skeletal muscle function, and
biomechanical properties

We assessed changes in muscle function and physical proper-
ties. Maximal grip strength and fatigability remained

unchanged during fasting (Figure 4A-C). Conversely leg
strength was increased at FO4 and remained so even at Fup
(Figure 4D). Submaximal work power-to-weight ratio devel-
oped on a cycle ergometer increased after 4 days of fasting
and was still higher during RF compared with baseline (Figure
4E). These improvements were not associated to any changes
in muscle physical properties (stiffness, tonus, and elasticity),
neither on the forearm muscle involved in grip strength nor
on the thigh muscle (Figure 4F—K). The time to climb 40 steps
was not affected by fasting but tended to be reduced during
RF. This reduction reached significance at Fup (Figure 4L).

Changes in plasma lipids, glucose, and insulin
concentration

Total cholesterol, high-density and low-density lipoproteins
and triglycerides were all reduced during fasting and RF
(Figure 5A—E). As expected, plasma NEFA (Figure 5F) and
urine beta-hydroxybutyrate (Figure 5G) increased during
fasting (2.5-folds and 6-folds, respectively) and dropped at
RF. While NEFA rose linearly during the 10 days of fasting,
beta-hydroxybutyrate plateaued at FO4. Glycaemia decreased
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Figure 2 Changes in body weight (BW), fat mass (FM), and lean soft tissues (LST) at FO9 vs. baseline. LST change is estimated as the loss of metabol-
ically active tissues (MAT), glycogen (Gly), and extracellular water (ECW) (A). Measurement of protein oxidation (B), urea excretion (C), creatinine ex-
cretion (D), plasma ASAT (E), plasma ALAT (F), plasma 3 methyl histidine (G), myostatin (H), 13(202 of expired air (/) and plasma apelin (J) before and
during the 10 day fasting (n = 16) and after 3 months of Fup (n = 15). Data are Ismeans + SE. ALAT, alanine amino transferase; ASAT, aspartate amino
transferase; F, fasting days; Fup, follow-up; RF, food reintroduction days. *P < 0.05, **P < 0.01, ***P < 0.001 as indicated by the lines for the whole
effect of fasting, the whole effect of RF or the effect of Fup vs. the end of fasting. ###P < 0.01 vs. baseline during Fup.

by 15% during fasting but remained within physiological
range (4.0 = 0.1 mM at F10) and immediately returned to
basal value during RF (Figure 5H). Plasma insulin dropped
rapidly by 59% during fasting to reach 34.6 £ 6.2 pg/mL at
F10. It progressively increased during RF (Figure 5l1). GGT
was reduced during the fasting and RF periods (Figure 5J).
As expected, plasma prealbumin was reduced during fasting
but still within normal range at FO9 (Figure 5K). All these
metabolic variables went back to baseline values at Fup.

Changes in inflammatory markers

CRP remained unchanged during the intervention (Figure 6A).
Pro-inflammatory cytokines (IFNg, TNFa, IL6, and IL10)

showed very consistent changes. All dropped on FO1 and
then gradually came back to baseline over the course of the
10 day fasting. Only IL10 remained lower during fasting, but
significance was not reached. All these markers increased sig-
nificantly during RF but returned to baseline values at Fup
(Figure 6B—E). A trend to decrease was observed for MCP1
that did not reach significance (Figure 6F).

Changes in fluid and electrolytes

While total body water, intracellular fluids, and blood volume
remained stable throughout fasting, transient increases in
haematocrit and haemoglobin concentration were observed
after 1 day of fasting. They decreased back to basal value
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on FO4 (Figure S2A-E). All these parameters returned to base-
line values 3 months later, except for intracellular fluids that
were slightly but significantly lower, in line with the reduced
LST. A slight decrease in plasma sodium concentration, within
a normal physiological range, was also noticed during fasting.
Baseline values were re-established with RF (Figure S2F).

Changes in satiety and appetite-related regulatory
hormones

Circulating levels of orexigenic (i.e. ghrelin) or anorexigenic (i.
e. PP, PYY, and GLP-1) hormones remained unchanged during
the study (Figure 7A-D). Plasma leptin concentration was re-
duced during fasting and RF, and this lower level was still
maintained at Fup (Figure 7E). IGF1 was reduced with fasting
while IGF-binding protein was increased and returned to
basal values during the RF period (Figure 7F-G). Perceived
hunger was either unchanged or transiently reduced during
fasting and re-increased to baseline during RF (Figure 7H-I).

Changes in general well-being

No significant changes in general well-being scales were ob-
served (Figure S3A-C). Urinary cortisol concentration, a
marker of stress, was 36% lower on the last day of fasting
compared with baseline and remained low during RF (Fig-
ure S3D).

Discussion

Many studies have been focusing on the effects of CR and in-
termittent fasting, but only few recent ones considered
long-term fasting in non-obese healthy humans.>® By study-
ing clinical physiology during a 10 day fasting protocol com-
bined with a physical activity programme in healthy men
we provided new data to the field.

One major concern regarding long-term fasting in humans
is related to the decrease in LST. Lignot and Le Maho
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Figure 4 Changes in maximal grip strength (A) and fatigability expressed in kg after 10 repeats (B) or as a percent of strength reduction after 10 re-
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decrement (H), rectus femoris tonus (1), stiffness (J) and decrement (K), and time to climb 40 steps (L) before and during the 10 day fasting (n = 16) and
after 3 months of Fup (n = 15). Data are Ismeans * SE. F, fasting days; Fup, follow-up; RF, food reintroduction days. ***P < 0.001 as indicated by the
lines for the whole effect of fasting, the whole effect of RF or the effect of Fup vs. the end of fasting. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. baseline.

demonstrated in a number of animal species that three
phases occur in response to fasting.?* During the first 24 to
48 h, glycogen stores are depleted, and body cells rely upon
fat and proteins (around 70-30% respectively) (Phase 1).
The fuel mix then shifts towards lipids, and a protein sparing
mechanism is set up (Phase 2) that can last from weeks to
months in humans according to initial FM. When fat stores
reach 10% of body weight, protein oxidation increases mas-
sively (Phase 3).

In most fasting studies, humans stay in Phase 2 although in
extremely malnourished or anorectic patients Phase 3 can be
reached.? As suggested by CR studies, one could expect mus-
cle function to be preserved if fasting adaptations were se-
lected during evolution. Our results support this hypothesis.
First, we observed a major shift towards lipid and ketone
metabolism.?* Second, apelin, known to increase lipid oxida-
tion at the muscle level,?® raised 18-fold. Third, nitrogen ex-
cretion dropped and remained stable during fasting, limiting
protein breakdown to 25% of total weight loss.

We showed that weight loss during fasting was rather due
to the loss of LST than FM (60% vs. 40%, respectively). An im-
portant part of LST loss was due to extracellular water loss
and glycogen depletion in liver and muscle during fasting.
Our results are in agreement with a previous 20 day fasting
study without enemas in subjects with obesity that resulted
in a loss of 50% LST and 50% FM.”’

We cannot specifically ascertain how much muscle mass
breakdown explained the LST decrease. However, plasma 3-
methylhistidine, a good marker of muscle mass utilization
when protein intake is zero, as well as other proteolysis
markers such as ASAT and creatinine, suggest that there was
only a transient increase in skeletal muscle proteolysis in the
first days of fasting. Animal studies demonstrated that protein
sparing occurs during prolonged fasting in skeletal muscles.*
Rat models showed that protein utilization during CR is mainly
due to a loss in metabolically active organs such as kidneys,
liver, and intestine.?® In contrast to the observed increase in
BMR during short-term fasting, which can be expected to
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Figure 5 Changes in HDL (A), LDL (B), LDL/HDL ratio (C), total cholesterol (D), triglycerides (E), plasma NEFA (F), urine hydroxybutyrate (G), plasma
glucose (H), plasma insulin (1), GGT (J), and plasma prealbumin (K) before and during the 10 day fasting (n = 16) and after 3 months of Fup
(n = 15). Data are Ismeans * SE. F, fasting days, Fup, follow-up; GGT, gamma-glutamyl transferase; HDL, high density lipoprotein; LDL, low density li-
poprotein; NEFA, non-esterified fatty acids; RF, food reintroduction days. ¥*P < 0.05, **P < 0.01, ***P < 0.001 as indicated by the lines for the whole
effect of fasting, the whole effect of RF or the effect of Fup vs. the end of fasting.

contribute to increased protein utilization,?® BMR decreased
during the present study, up to 12% after 10 days. This drop
remained significant even after adjustment for LST loss.
Muscle function was maintained or improved, suggesting
that changes in protein breakdown did not negatively impact
muscle function in this context. Importantly, because our
fasting protocol included daily physical activity, we are unable
to evaluate the impact of fasting per se on muscle strength
and performance. One study showed that 8 weeks of intermit-
tent fasting does not attenuate the muscle adaptations to a
resistance exercise training programme.30 In our study, we
did not notice changes in muscle physical properties, suggest-
ing that the biochemical properties of skeletal muscles were
not affected. We rather observed an improvement in muscle
function, as shown by an increase in leg muscle power and
strength while grip strength remained unchanged. The spe-
cific improvement observed in weight-bearing muscles is

likely due to the adherence to the daily physical activity pro-
gramme that led to a 60% increase in daily steps and a shift
from time spent sitting/standing to time spent walking.

While hunger decreased during fasting, presumably in rela-
tion with the fully compensated acidosis linked to
ketogenesis,®! an increase was measured on the last fasting
day, likely as a psychogenic anticipation of RF. The increase
in the orexigenic hormone ghrelin at Fup may correspond
to a compensatory mechanism to restore the initial body
weight after weight loss because LST and BMR had remained
lower compared with baseline. However, body weight of the
subjects remained under baseline values at Fup.

We observed that fasting reduced cardiometabolic risk fac-
tors. Blood pressure, plasma glucose, insulin, and lipids de-
creased, even if baseline values were still in the normal
range and returned to baseline at Fup. These results support
the beneficial metabolic adaptions to long-term fasting

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 1690-1703
DOI: 10.1002/jcsm.12766



1700 C. Laurens et al.
A B C
. 200 " . . 0 - .
E £
=3 D 150 2 150
> = e
o ©
E« 2 Z 10 £ 100
= =
[ © @
© E 5 £ s
kS ]
o o
[ 0 [
N D N %3 S N %]
R R R AR &S e ;S S E e
& & &
D E F
40 - o - © wr - _
= = £
£ 5 >
30 B
2 g £
s & T
ﬁ 20 E 20 g
E g ©
E 10 ’_f_‘ g 10 §
o - -
o o
[ - - - : o
4}\(9 QQ\ Qgh @% Q?N Qg": Q‘,Q é“@ st me- Q@ Qg\ & P K
F @’9

Figure 6 Changes in CRP (A), IFNg (B), TNFa (C), IL6 (D), IL10 (E), and MCP1 (F) before and during the 10 day fasting (n = 16) and after 3 months of Fup
(n = 15). Data are Ismeans + SE. CRP, C-reactive protein; F, fasting days; Fup, follow-up; IL, interleukin; INFg, interferon gamma; MCP, monocyte
chemoattractant protein; RF, food reintroduction days. **P < 0.01, ***P < 0.001 as indicated by the lines for the whole effect of fasting, the whole

effect of RF or the effect of Fup vs. the end of fasting.

>
w

@
3

IS
S

Plasma Ghrelin (pg/ml)
Plasma PP (pg/ml)

1000 ok *

4

Plasma GLP-1 (pg/ml)
Plasma Leptin (pg/ml)

60

20 sk ok p=0.06

a
S

IGFBP (ng/ml)
>

"How hungry do you

feel ?" (Score / 100)

IGF1 (pg/ml)

Plasma PYY (pg/ml)
@
8

"How much do you think

=)
€ w0 -
A
o
S 60
o
@
i 40
k]
3
e 20
©
o
3 0 N > $ N %]
> 3
S &S
,)6
X5

Figure 7 Changes in plasma ghrelin (A), plasma PP (B), PYY (C), GLP-1 (D), leptin (E), IGF1 (F), IGFBP1 (G), and two question on satiety derived from
visual scale: ‘how hungry do you feel’ (H) and ‘how much do you think you can eat’ (/) before and during the 10 day fasting (n = 16) and after 3 months
of Fup (n = 15). Data are Ismeans * SE. F, fasting days; Fup, follow-up; GLP-1, glucagon like peptide 1; IGF1, insulin growth factor 1; IGFBP1, insulin
growth factor binding protein; PYY, polypeptide YY; RF, food reintroduction days. *P < 0.05, **P < 0.01, ***P < 0.001 as indicated by the lines for
the whole effect of fasting, the whole effect of RF or the effect of Fup vs. the end of fasting. #P < 0.05 vs. baseline during Fup.

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 1690-1703

DOI: 10.1002/jcsm.12766



Physiology of long-term fasting

1701

initially reported in a previous study.*®3? Similar observations
were made in healthy patients and patients with overweight
or type 2 diabetes,*® and after CR, alternate day fasting and
intermittent fasting.%'%34

Low-grade inflammation is a key feature of cardiometa-
bolic diseases including insulin resistance.>®> We observed
that all inflammatory markers decreased, even if MCP-1
showed only a trend, and went slowly back to baseline
on the last day of fasting. Previous studies showed that
fasting reduces inflammation and oxidative stress,®’
alternate day fasting reduces TNFa in overweight asthma
patients,®® and CR decreases other pro-inflammatory
cytokines.3®

By contrast, CRP tended to increase in the first days of
fasting, concomitantly with a transient rise in ALAT and ASAT
that could be associated with apoptosis occurring in the liver
during fasting. It is well-known that liver and other organs
transiently shrink in volume during fasting.*® Interestingly,
pro-inflammatory cytokines increased on Day 4 of RF. This
is in line with a study describing the pro-inflammatory status
during RF following fasting.**

The physical and emotional well-being of participants was
not negatively affected by the fasting protocol, and even
tended to improve, which corroborates a recent study in
1422 subjects who followed the same fasting protocol.*? In
contrast with other studies showing an increase in cortisol
after 2 to 10 fasting days,*> we documented a decrease in
cortisol levels.

Limitations include the small sample size and the absence
of a parallel control group that would have allowed to delin-
eate the specific role of the fasting protocol from the poten-
tial influence of the environment and holistic care of the
participants on the measured outcomes. Changes in energy
substrates would have also been better characterized by
using stable isotopes and indirect calorimetry. Determining
the contribution of the different metabolically active organs
to LST loss is required to fully understand the balance be-
tween energy and protein sparing. Yet changes in different
body compartments were estimated using assumptions from
previously published studies and were not directly
measured. Nevertheless, this first set of results lays the
foundation for future mechanistic and clinical studies. Finally,
future studies should include women and a longer Fup
period.

In conclusion, these data show that a 10 day fasting pro-
gramme combined with physical activity according to a
peer-reviewed protocol is safe. As observed in animals,
humans similarly trigger protein sparing mechanisms limiting
the initial loss in skeletal muscle proteins. Fasting combined
with physical activity did not affect the effects of training
on muscle performance. However, given the popularity of
fasting seen in public media, we obviously urge extreme cau-
tion when applying fasting in underweight or older individ-
uals, as well as in patients with eating disorders, patients

who are suffering from higher severity or end-stage chronic
diseases and those taking medication that may be impacted
by fasting, or patients undergoing chemotherapy who are
more vulnerable to sarcopenia.
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indicated by the lines for the whole effect of fasting, the

whole effect of food RF or the effect of Fup versus the end
of the fast. ##p < 0.01 versus baseline during Fup.

Figure S3. Changes in physical well-being (A), emotional

well-being (B), WHO well-being index (C) and free urinary cor-

tisol (D), before and during the 10-day fast (n = 16) and after

3-months of Fup (n
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