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Introduction

This study aims to find out what happens to metabolism (resting metabolism, protein breakdown, etc.), as
well as hormonal changes to a strict 3 day water fast.

Conclusions

- Resting metabolism declines with strict water fasting.

- Leucine (an amino acid of protein) is released more with fasting, implying
potential greater protein breakdown.

- Leucine metabolism (use) also increases with fasting (possibly for ketone
production).

- Thyroid hormone T3 declines with fasting, as does insulin and
testosterone (free and total) with fasting.

- Glucagon increases with fasting.

Amendments

Study Design & Additional Information

Researchers recruited 6 healthy, young men and had them stay
at the laboratory for 3 days as they were allowed to consume
non-caloric drinks for those three days. Metabolism measures
and protein breakdown measures were performed at the
beginning and at the end of the study (3 days later) to compare.
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ABSTRACT & jons of lewci o3 d of fasting ined
in six bealthy young men by wse of L-[1- "l:']leuanc and h[ﬁ.ﬂ—’}!,],um as tracers. Leucine
fux increased 31% and leucine oxidation increased 46% afier 3 d of fasting compared with
leucine flux and oxidation after am overnight fast. Glucose production rate declined 38% and
resting metabolic rte decreased 8% during fasting. Plasma concentrations of testosterone, insulin,
and triiodothyronine were reduced by fasting whereas plasma glucagon concentrations. were
increased. We conclude that there is increased profeolysis and oxidation of lescine on short-
term fasting even though glucose production and energy expenditure decreased.  Am J Clin
Nutr 1987,46:557-62.
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Introduction Subjects, materials and methods

The metabolic changes during a brief fast are different 2™

from those present in a prolonged fast. Conservation of
energy and protein by llw body d.urmg prelonged fasting
I\ss been d d by redu bolic rate and
nary nitrogen excretion { |- ]}and reduced leucine flux
tnrmeolysis] {4, 5). During the first 3 d of fasting no sig-
nificant changes in urinary nitrogen excretion and met-
abolic rate have been demonstrated (1, 3, 6=10). Forearm
studies suggest an increased proteolysss after 2.5 d of Fast-
ing (11). However Sherwin {12) using physiologic infu-
sions of unlabeled leucine could not demonstrate an in-
creased leucine release from protein (proteolysis) after 3
d of fasting. Recently Tsalikian et al {13) using a tracer
dll.unm:l lnr.hmqued:mmmdan increased leucine fux,
is after 1.25 d of fasting.

There are no data available on the effect of short-term
fasting on leucine oxidation in man. Animal and in vitro

Six narmal healthy male volunteers (age, 23.7 £ 2.4 y [mean
+ SEM]; weight, 73.8 + 3.7 kg: height, 1.77 + .54 m: and
herght® 23.6 £ 1.56 kg/m’) with no history or family history of
diabetes meflings were selocted for this stady after their informed
consent was obtained. For mamy mlhsbcﬁm:lhcm.ud)' none
of the subj was
W@cummmﬁ!lwkhmﬂuawr The
protocel for this stsdy was approved by the Human Investigation
Committee of the University of Rochester School of Medscine
and Dentistry.

Materials

L 1-""Cleucine (99 atom percent excess), '"C-sodium bicar-
bnumciﬂ&mmmmm:.mn[ﬁ' Hijgucose (98 atom
percent excess) were purchased from Cambridge lsolopes Lab-

! Fram the Depaniment of Medicne (KSN, POW, SLW), Endocrise-
Unit, Unn

effect of fasting on leucine oxidation (14-17).

Because of the conflicting data on the effect of short-
term fasting on proteolysis and leucine oxidation, we un-
dertook this study to investigate the effect of a 3d l‘m on

leucine flux I and leucine

tistry, Rochester, NY and the Clinical Rescarch Center (DEM), New
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1. During the first few days of a complete fast, there is a reduction of metabolism and protein
breakdown.
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oratories (Wobum, MA), Stock solutions of L{1-*Clleucine ( 10
mg/mL), “C-sodium bicarbonate (2 mg/mL), and D-[6.6%
WW(JDMLJmm“wﬁmﬂm
with sterile techniques. The solutions were filtered through &
0.22 micron millipare filter (Millipore Corp, Bedford, MA) and
were tested for pyrogen befare wse. mﬂnmmlw
into & serile normal saline bag for

richment of dideuteroglecose was measured in a gas chromato-
mnhlc mass spectrometer (26).

plasma
"C—lmummnnlnﬂumdlbemnf"(}hm

. at plateau, 00,
leucine 21,27, mmmﬂmpd’h

mmwmmmumudm«memmw
caleulate the rate of infusion. Total volume in the bag was cal-
culated from the difference between total weight of bag with
solutions and the empty bag. The undiluted stock solution was
injected directly into the vein as priming dose.
Protocol

All subjects were admitted 1o the Clinical Research Center

for
{18) and urea nitrogen (enzymatic technique) {19).
Leucine and glucose kinetics and indireci calorimetry

On the moring of each infusion (after both avernight and
34d fasts), a retrograde catheter was inseried into one dorsal hand
wein and kept open by a normal saline infision. This hand was
kept in a warm box (maintained at 70°C) from 30 min before
‘the baseline blood sample until the end of the study. mm
was wsed
w)ﬂuwumnsh-mahnmmnmmmnmm
mhmundwmmmummm

and expired air sampl analysis

mlud.mn(p-{l "Clleucine (0.75 mg/kg), "'C-sodium bicar.
bonnc[ﬂZmo'hJ and 0-[6,6%-H;lglucose (2.5 me/kg) were
given 1o prime the respective pools (21). A continuous intra-
venous infision of L-[1- "Cllwcme[ﬂﬂm kg™'+h”") and D-
Isﬁ-‘ﬂ.um(z.nm Tg~" - ') was then given for 4 b with
ummnnmpmmmmm
-nulammlemd&n analysis st 15 min intervals
from | 50 min onwards until the end of the study, Urine samples
from 30 min before the infusion until the end of the infusion

ction were
measured using an open-circuit indirect calorimeter (22, 23). A
palyethelene mask with a mmnmm

when indirect

was performed (4). Oxygen consumption, carbon dioxide pro-

min averages were recorded. The indirect calorimetry was done
for 60-90 min during the "*C-leucine infusions. Metablic rate
was determined as described earfier (24). Urinary total nitrogen
excretion during the period of the infission was used to calculate
nummnq The amount of carbohydrate and Fat onidized

i e from in RO and Oy using
the equation of Lusk (25).

ichwmens end coleulasion of

of isatapic
lewrine and glucose kinetics
Plasma '“C-leucine enrichment (atom percent nml was
measured by chemical ionization gas chro
spectrometry (21), expired air ‘Cﬂ;lmmlm]w
‘measured in an isotope ratio mass spectrometer (21), and en-
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cine which carries the label {"*C) is either irreversibly lost
?p.u! “!I:P,Imnm_mpemuli m?pmlun, mummadlhll

leucine incorporation into protein. This portlon i referred 1o
as leucine outflow o protein.

The glucose production rate (appearance rate and disappear-

from enrichment of dideu-

melabolic clesrance

(mL - kg" - min~") was cabculated from glucose production rate
(mg-kg™' - min™ ']andplml]um concentration (mg/mL).
Glucose was measured by {Beckman Instru-
ments, Fullerton, CA), hydmaybutyrate by microfluoremetric
enzymatic technique ﬂ!l.andpmhﬁnyncdbymlm
mmn:nmlhnr
kit (Cambridge Nulear, Billerica, MA), Blucagon was measured
using 30 k antiscram (30), testosterone: and thyroid hormones
were measured

mmmwanw Ml)!. Cambridge, MA,

myul}_l'hn-nmmd concentrations were measured
by with flucrometric detection (32).

Al results are expressed as mean + SEM and siatistical anal-
yses were done by two-tailed paired ¢ test. We also caloubsted
mean + SEM of changes from the postabsorptive state to the 3-
o fasted state.

Resulis

The weights of the subjects decreased from 73.8 + 3.7
kg to 70.1 + 3.0 kg after 3 d of fasting (p < 0.01). The
daily urinary nitrogen excretion (total and urea) is given
in Table 1. The mean of wotal urinary nitrogen excretion
and urinary urea nitrogen showed a tendency to decrease
from the first 24 h after fasting when the fast
However the change in urinary nitrogen (total and urea)
loss was not statistically significant.

Resting metabolic rate and the amounts of carbohy-
drate, protein, and fat oxidized during the period of leu-
cine and glucose kinetic studies afler an overnight fast
and after a 3-d fast are given in Table 2. There was an 8%
average decrease in resting metabolic rate (p < 0.05). The
percent contribution of carbohydrate and protein metab-

TABLE [
Total urinary nitrogen (TUN) and usinary urea mitrogen (LIUN)
excretion during 3-day fast {mean + SEM)

Day 1 Dy 2 Day 3

TUN
{mmol/
24 b} 795172 8137 S0LTI: 8280 TOABO 213343
N

{mmol/
24 b 57675212420 493124111706 46183 2.09

2. Researchers recruited 6 healthy, young men and had them stay at the laboratory for 3
days as they were allowed to consume non-caloric drinks for those three days. Metabolism
measures and protein breakdown measures were performed at the beginning and at the
end of the study (3 days later) to compare.
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TABLE 7
Effect of 3 fast on resting metabolic rate (RMR) and amoums of
proiein, carbohydrate, and fal oxidized (mean + SEM)

ive After 14 Change from
state (A} Fast (B) AwB

RME (keal/h) Ti5xlSs  678x1M 57zl
Protwin ozidation™ ('h) 39x03 34103 0502
Carbobydrate oxldationd

(b} LIE0S LSO -16+05
Fa cosdationy (2R} 31408 LT+03 07202

. I'-mm total mm nitrogen exCTEtion.

from state, p < 005,
# From nompeossin RO,

olized for energy fell from 17 + 510 9 £ 2% (p < 0.05)
and from 21 = | 10 19 = 1% (NS), ively, while the
contribution of fat increased from 6] £ 41075 + 3% (p
< 0.05).

Plasma glucose concentrations decreased from 92 + 3
to 68 + 6 mg/dL (5.11 + 0.17 to 3.77 % 0,33 mmol/L; p
<Mll.hmmmmlm&mﬂﬂ
£0.07100.99 £ 0.11 mmol/L (p < 0.05), and f-hydroxy-
butyrate levels increased from 0,17 + 0.09 10 2,53 £ 0,27
mM {p < 0.001). Blood urca did not change significantly
during fasting.

Table 3 indicates hormone levels. There was a signifi-
cant decrease of serum T, plasma insulin, and plasma
testosterone whereas plasma glucagon levels increased.
“There was no statistically significant change in serum free
T, cortisol, and epinephrine levels.

There was a significant decrease in end |

Our subjects fasted for 3 d and ob d a greater increase
(31%) in leucine Aux.

Three days of fasting significantly increases leucine ox-
wdation. Intracellular leucine enrichment, which |s hkr.l,y
w0 be the i i af leucine oxi
better reflected by ketoisocaproate lmemdmem :331'
leucine oxidation could be an ~15%
because plasma leucine enrichment is ~ | 5% higher than
KIC enrichment (4, 33), In vivo rat (15) and in vitro tissue
studies { 14) demonstrated an increased leucine oxidation
on fasting. Hnwmr studies in rabbits (17) and dogs (16)

leucine oxidation on short-term
fasting. In humans restriction of carbohydrate intake in-
creases leucine oxidation (34) whereas prolonged fasting
decreases leucine oxidation (5).

The increased leucine llu:( and leucine uud.nunu ob-
served in this study indi
which was not reflected in ll\elmnlr)' total nitrogen ex-
cretion. No significant changes in urinary total nitrogen
excretion were noted by other investigators during the
first 3 d of fasting in man (1, 3, 6, 7, 9, 10). There arc
several explanations for why proteolysis and leucine ox-
idation can be elevated while nitrogen excretion is un-
changed or even reduced. First, nitrogen excretion only
provides information about the amounts of amino acids
oxidized and gives no quantitative :niurmmn about ll\e
rate of Lysis. Thus if rei of
into protein is elevated along with an increase in prote-
olysis, net availability of amino acids for oxidation may
not be increased. Second, increased oxidation of leucine
does not imply that oxidation of all amino acids is in-
creased. Even when proteolysis is elevated, a reduction in

pmdnmmana!dofmﬂ'lbleli The calculated
mmﬁymmmmzm
201210224 +0.14 mg-kg™' -min”' (p < 0.01).

id synthesis could reduce the availability of non-
essential amino acids for oxidation. Finally, it has been
that the magnitude of urinary nitrogen loss on

Leucine flux and leucine in every
subject (Table 4). However the percent of leucine oxidized
([leucine nudaumﬂ-eume flux] < 100) did not change

tly from the overnight fast (17.6 £ 0.6%) during
the 3-d fast (19.9 £ 1.3%). The calculated leucine outflow
to protein increased from 719+ 1.7 w0 95124
umol kg™' b~ {p < 0.01).

wvaline increased (Table 5).

Dicussion

This study demonstrates that leucine flux (reflecting
proteolysis) increases in healthy young men afier 3 d of
fasting. Our results support studies of net amino acid bal-
ance across the forcarm in 2.5-d fasted human volunteers,
‘which demonstrated a net increase in leucine release (11).
A recent study demonstrated that leucine fux increased
from 87.6 + 3.0 to 984 + 6 ymol-kg™' b~ {an 11%
increasc) after 1.25 d of fasting in healthy subjects (1 3).
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TABLE 3
Effect of 3-d fast on hormane concentrations in six bealthy subjects
(mean + SEM)

Postabscapaive Alter 314 Change from
state fasting At B

(pmol/L) 1150.0=119.8 BMEL 1154 648221029

(omolly 180213 LLEYE ] 0£07
in
Ipmol/L} BB =14 430z 14" 15129
Glucagos
(pmelL)  S16£TE 934 £00% 412281
Cortisal
(emol/L) MEO+I21 383 £303 “BIzdld
Testosierone.
{mmal/Ly
Total L1839 IBIE 106 -60B5=254E
Free 387 R85 =352111
Epinehrine
(pmolyL)  1965£153  I54Bxall 157.5 £ 426
* S different from state (p < 0.05).

1 Diferent from postabsorptive state (p = 0.055).

V202 AEnuer

]

Table 2

This data shows the change in metabolism after the 3 days of fasting. Before the fast (post-
absorptive state - A) and then 3 days later (After 3-d fast - B). RMR is resting metabolic rate
(which does not include physical activity or metabolic expenditure from eating food). Protein
oxidation is the amount of protein used in metabolism. Carbohydrate and fat oxidation are the
same as protein oxidation - how much is used in metabolism?

Primary Results

- RMR decreased by 8% after 3 days of fasting.

- Protein oxidation did not change.

- Carbohydrate oxidation (use) decreased after fasting.
- Fat oxidation (use) increased after fasting.

Resting metabolism decreases from water fasting, but does not affect protein
use, and predictably increases reliance on fat molecules for energy production.

3. The researchers believe the increased leucine oxidation (use) is in the formation of
ketones.

Table 3

This table shows the various hormones that changed over the 3 day fasting period compared to
before the fasting. Before the fast (post-absorptive state - A) and then 3 days later (After 3-d
fast - B).

Primary Results:

- T3 active thyroid hormone decreases from water fasting.

- T4 does not change.

- Insulin decreases from fasting.

- Glucagon increases from fasting.

- Cortisol does not change from fasting.

- Testosterone (free and total) decline from fasting.

- Epinephrine does not change from fasting (large SEM? Must be close, though).

Active thyroid hormone, insulin, and testosterone all decline from 3 days of
water fasting, while glucagon increases. This indicates changes in hormonal profile that would
reduce dependence on carbohydrates for energy, and reduce metabolism overall.
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TABLE 4

[Effect of -4 fast on steady-state plasma leucine fux, | idatian, and percent leucine avidation in healiby men

Lewcine flux Leucine cusdation il production
Subgoct " n 1 n ! n
ol kg~ A~ wmal- kg™ A R pp—
L) a6 157 1.7 129 1.0
98 1Han 153 6 nr B3
0e 1234 152 i 144 85
9.4 1204 175 43 144 9.5
a0 104.3 136 1.6 14 a8
919 122.1 18.5 53 138 83
] H73+25¢ 160207 I4xLTH 13552038 __BAz0ixt

ight fast: 1l = after 3-d fast.
+ 11 significantly different fram 1 (5 < D.01).

the first day of fasting {especially in the postabsorptive
state) depends on the protein intake on the previous day
and that the predominant protein oxidation on this day
is from labile protein (7). When the labile ptn:l.clu store is
depleted, there is an

total glucose production was reduced, this does not mean

gluconeogenesis from amino acid was reduced since
in the immediate postabsorptive state only a small fraction
of total glucose production is from amino acid-derived

proteins. If the leucine content of nnmnl proteins is
higher than that of labile protein, an enhanced leucine
flux would be observed when structural protein break-
down increased. No correlation between leucine catabo-
lism and urea production was observed in exercise studies
in man {35), further demonstrating that leucine kinetics
and nitrogen excretion do not abways change in the same
direction.

The increases in branched-chain amino acid levels and
decreases in other amino acids during short-term fasting
have been reporied previously (12, 36). The increase in
branched-chain amino acid levels is consistent with the
increased proteolysis. The reduction in some of the other
amino acids may be related to reduced amino acid syn-
thesis (in the case of nonessential amino acids) or increased
utilization of amino acids for gleconeogenesis. Although

TABLE 3
Effect of 3-d fast on plasma amino acid concentrations (xM)
Ohvernight 3 et Chiange fram
fast (A} 1B} AtoB
Alanine %610 182z 16% =13z2l
Amginine Toxé 461 6% “M4zx5
M3 2942 -3zl
Glumate: 42412 LI £ 6* -4k
Giluamane 9 +29 2229 -37=x15
Glycine m=xI7 16718 2546
Histidine TOx3 f423% 5=2
Phemylalanine 53 $3za -1z1
Serime: 0% + 4 LEET —=4
Threanine 1580 108 = B* -50z 10
Tyrosine 454 4a2=x2 ~6x3
13312 164 = 18 =10z 14
Leucine 1238 202211 B =23
Valise 125+13 315+ 22¢ 90 =28

* Lower than after cvernight fast. p < 0.05.
+ Greater than after overnight fast, p < 0.01.
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After 2.5 d of fasting, net splanchnic glucose output is
reduced by araverage of 63% in normal volunteers (37),
which is similar 1o the 66% reduction in net splanchnic
glucose output after 4 d of carbohydrate deprivation (38).
However, we found that total-body glucose production
was reduced by only 38% after 3 d of fasting, which is
similar 1o the 36% reduction in total-body glucose pro-
duction after 3 d of fasting in obese subjects (39). If we
assume that fasting does not increase splanchnic glucose
utilization, these data suggest that much of the glucose
production after 3 d of fasting comes from extrasplanchnic
gluconeogenesis. The most likely source of this extra-
splanchnic gluconeogenesis is the kidney, which accounts
for ~50% of the total gluconeogenesis during prolonged
fasting (9).

An adaptive decrease in the metabolic rate on fasting
of longer than 3 d was reported by Benedict (1) and other
pioneering workers, as summarized by Lusk (7). We dem-
onstrated a small but consistent decrease in resting met-
abalic mem our normaj sutuem :l'lera 3 Fm During
this period for
energy d d at the exp
fat utilization, Our measurements were done in steady-
state conditions and therefore changes in gluconeogenesis
and ketone metabolism should not affect our calmllnucms
of energy iture. Under
ketone metabolism and gluconeogenesis could cause er-
rors in the calculation of energy expenditure if standard
equations are used (40).

Plasma Tevels i after
3 d of fasting, Chronic malnm.nhm is known 1o decrease

plasma

obese men ing a ic fast did
not have reduced testosterone concentrations (42) and
testosterone levels in moderately obese men did not
change until after 10 d of fasting (43). Moderate weight

Table 4

This table shows the flux of leucine (a key amino acid in protein), with greater flux meaning
greater proteolysis (protein breakdown) in each participant and then their average. This is
compared between the first night in the laboratory (1) and after 3 days of fasting (Il). Leucine
oxidation (the use of leucine for metabolism) is also compared, as well as glucose production by
the body (gluconeogenesis).

Primary Results:

- Leucine flux is greater after 3 days fasting.

- Leucine oxidation is greater after 3 days fasting.

- Glucose production decreases after 3 days fasting.

There is greater protein breakdown and protein use in metabolism, but
reduced glucose production by the body after 3 days of fasting.

4. The researchers point out that other studies with fasting show no decrease in
testosterone, but those studies were done in obese individuals. They also pomt out that
general calorie restriction and reduction in weight in overweight people can raise
testosterone.
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loss on a low-calorie diet increased testosterone levels in
another study (44). Our lean subjects reduced their plasma
testosterone concentration after only 3 d of fasting. It is
possible that the existing body energy stores are a deter-
minant of the plasma testosterone concentration, Testos-
terone is known to increase lean body mass (45) but the
effect of a decreased testosterone concentration on leucine
flux and leucine cxidation is not known,

Decreased insulin levels and increased glucagon levels
were observed previously after 3 d of fasting (8). An in-
creased leucine flux was observed in insulin-deprived type
1 diabetic patients (27) and insulin causes a dose-related

15.
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