
The Metabolic Response to Hypocaloric Protein Diets in Obese
Man

Errol B. Marliss, … , Frederick T. Murray, Azima F. Nakhooda

J Clin Invest. 1978;62(2):468-479. https://doi.org/10.1172/JCI109148.

Exogenous protein in the absence of other calories can cause protein-sparing, but the mechanisms involved are
controversial. It has been postulated that low insulin and high fat-derived substrate levels are necessary and sufficient
conditions for such protein-sparing. We therefore established such conditions with differing protocols of protein input to
define the role of protein input in mediating the response. Three groups of obese, nondiabetic subjects received the
following diets: (1) 82.5±1.0 g protein/day (400 cal/day) for 21 days, n = 7; (2) the same, but as a refeeding diet for 7 days
after 21-28 days of total fasts, n = 7; and (3) commencing with the same input, but with daily stepwise decrements over
14 days to 19.4±2.2 g/day, then maintained an additional 7 days, n = 4. Diet 3 gave approximately the amount and
pattern of protein lost during total fasting.

The circulating hormone and substrate responses of diets 1 and 3 were comparable and resembled those of total fasts, in
that plasma glucose and insulin fell and free fatty acids rose. Blood levels of alanine, pyruvate, and other glucogenic
amino acids fell and blood levels of branched-chain amino acids rose transiently. Blood 3-hydroxybutyrate levels and
urinary excretion were greater in diet 3 than diet 1, but less than in total fasting. Nitrogen balance in diet 1 was transiently
[…]

Research Article

Find the latest version:

https://jci.me/109148/pdf

http://www.jci.org
http://www.jci.org/62/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI109148
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/109148/pdf
https://jci.me/109148/pdf?utm_content=qrcode


The Metabolic Response to Hypocaloric
Protein Diets in Obese Man

ERROLB. MARLISS, FREDERICKT. MuRRAY, and AZIMA F. NAKHOODA,Endocrine-
Metabolism Division, Toronto General Hospital, University of Toronto,
Toronto, Ontario

A B S T RA C T Exogenous protein in the absence of
other calories can cause protein-sparing, but the mecha-
nisms involved are controversial. It has been postu-
lated that low insulin and high fat-derived substrate
levels are necessary and sufficient conditions for such
protein-sparing. We therefore established such condi-
tions with differing protocols of protein input to
define the role of protein input in mediating the re-
sponse. Three groups of obese, nondiabetic subjects
received the following diets: (1) 82.5±1.0 g protein/day
(400 cal/day) for 21 days, n = 7; (2) the same, but as a
refeeding diet for 7 days after 21-28 days of total fasts,
n = 7; and (3) commencing with the same input, but
with daily stepwise decrements over 14 days to 19.4
+2.2 g/day, then maintained an additional 7 days,
n = 4. Diet 3 gave approximately the amount and
pattern of protein lost during total fasting.

The circulating hormone and substrate responses of
diets 1 and 3 were comparable and resembled those of
total fasts, in that plasma glucose and insulin fell and
free fatty acids rose. Blood levels of alanine, pyruvate,
and other glucogenic amino acids fell and blood levels
of branched-chain amino acids rose transiently. Blood
3-hydroxybutyrate levels and urinary excretion were
greater in diet 3 than diet 1, but less than in total
fasting. Nitrogen balance in diet 1 was transiently nega-
tive, but in equilibrium from 12 to 21 days. In diet 3,
it was constantly negative at -6 g/day, the values also
observed at 21 days of fasting. Mean 3-methylhistidine
excretion decreased by 170 ,umol/day in diet 1 and 107
,umol/day in diet 3, reflecting decreased muscle pro-
tein catabolism. The refed, protein-depleted subjects,
diet 2, showed an increase in plasma glucose without
alteration in insulin levels. Free fatty acid and ketone
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body levels decreased to those of the steady state
observed in diet 1. Glucogenic and branched-chain
amino acids decreased transiently. Nitrogen balance
became positive, and the low 3-methylhistidine excre-
tion increased by 152 ,umol/day.

The differing responses of nitrogen balance could
not be accounted for on the basis of levels of insulin
or of fat-derived substrates. The primary determinants
of the protein-sparing observed appeared to be the
protein supply itself, and the magnitude of the decrease
in endogenous protein catabolism. The positive bal-
ance on refeeding after prior depletion of protein
stores was likely due to the exogenous supply, com-
bined with decreased catabolism and considerably
increased reutilization.

INTRODUCTION

"Protein-sparing", defined as any decrement in body
protein loss from that occurring in the absence of
exogenous nutrients, may be achieved in a variety of
ways. Energy (measured in calories) alone, without
protein, can curtail such loss. The classical example is
the sparing of protein by exogenous glucose (3). How-
ever, it is axiomatic that exogenous protein is required
for maintenance of equilibrium and for accretion of
body protein. Thus, by definition, exogenous protein
alone can be protein-sparing. Though this principle
has been recognized for many decades, it has recently
received increased application in nutritional therapies,
notably in intravenous feeding and in weight-reducing
diets for obesity.

The mechanisms whereby exogenous protein, in
hypocaloric amounts, spares protein are as yet incom-
pletely understood. Factors recognized to be involved
have been reviewed recently (4). It has been postu-
lated that the prime mediator is the lower insulin level
which prevails when protein is given in the absence of
carbohydrate (5, 6). The inhibition of adipose tissue
lipolysis has been generally accepted to be the most
potent effect of basal or elevated levels of insulin.
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Therefore, it was suggested that such lowered levels
allow for a greater part of the caloric deficit to be
provided from endogenous fat. Thus it follows that the
greater the rate of fat mobilization, the fewer the
calories which must be produced from protein catabo-
lism, resulting in protein-sparing. Implicit in this
hypothesis is that any elevation of insulin levels would
impede this process, resulting in less effective pro-
tein-sparing (6, 7). We have recently presented evi-
dence that this is not the case: protein plus hypo-
caloric amounts of glucose intravenously (in the post-
operative patient) result in elevated insulin, lowered
free fatty acid, and ketone body levels, but no decrease
in protein-sparing when compared to protein alone (8).
Further, protein plus hypocaloric amounts of lipid
result in low insulin and elevated fat-derived sub-
strates, but again with the same protein-sparing. This
led us to hypothesize (a) that the principal deter-
minant of protein-sparing is the protein supply itself
and, (b) that caloric deficits are provided primarily
from endogenous fat irrespective of insulin or fat-
derived substrate levels. The latter function could be
described as a "caloristat", set at the requisite energy
demand, and able to quantify exogenous supply and
respond by mobilizing fat to precisely fill the deficit.
The operation of both the sensor and effector limbs of
such a caloristat require further definition.

We have previously studied nutritional states in
which provision of protein with added calorie input
has modified both insulin and energy substrate levels
(8, 9). The present study was designed to examine the
hypothesis that protein supply itself determines the
resultant protein-sparing, by fixing insulin at com-
parably low levels during different inputs of hypo-
caloric amounts of protein. Levels of hormone and
energy substrates, nitrogen balance, and excretion of
3-methylhistidine were monitored to allow for in-
ferences as to the mechanisms of the responses ob-
served. The importance of understanding mechanisms
operative in such states is underscored by the current
widespread use of so-called "protein-sparing modi-
fied fast" for weight reduction in obesity (10-14) and
in "protein-sparing therapies" employing intravenous
amino acids alone in postoperative (8, 15) as well as
prolonged intravenous nutrition (16).1 For the same
reason, parameters reflecting electrolyte, acid-base,
and other clinical variables have been monitored to
assess the safety of such therapies.

METHODS
Subjects and procedures. 14 obese subjects from 19 to 52

yr of age, 10 female and 4 male, were admitted to the

'Greenberg, G. R., E. B. Marliss, G. H. Anderson, and K. N.
Jeejeebhoy. Protein-sparing therapy in patients with gastro-
intestinal disease. Effect of infusing different levels of amino
acids. Submitted for publication.

Clinical Investigation Unit of the Toronto General Hospital.
One female was studied on three occasions, and another
female and one male were studied twice. Each had been
informed of the nature, purpose, and possible risks involved
in the diets and blood sampling, and consent was obtained as
prescribed by a University of Toronto human experimentation
committee which had approved the protocol. Some of the
subjects of the constant, refed, or total fasting diets under-
went other procedures before or subsequent to those of the
present report, which were sufficiently remote in time to have
no effect upon the variables reported. The latter studies are
published elsewhere (17-20). The patients were admitted
during long-term out-patient follow-up for the management
of obesity. However, they were directed not to practice
caloric restriction for 1 wk before admission.

All subjects had normal fasting and postprandial plasma
glucose concentration and were free from clinical and labora-
tory evidence of hepatic, renal, and cardiovascular disease,
and gout. A 3 to 7-day period in hospital on a weight-main-
taining diet of at least 2,500 calories (40% carbohydrate,
40% fat, and 20% protein) preceded the constant and de-
creasing protein diets and total fasts. A minimum of 1,500 ml
water was consumed daily, and one multivitamin tablet
(Beminal, Ayerst Division of American Homes Products
Corp., N. Y.) and 16 meq of potassium as KCI (Slow-K,
Ciba Pharmaceutical, Co., Division of Ciba-Geigy Corp.,
Summit, N. J.) were administered. Periodic single doses of
mineral oil were given during protein diets, which otherwise
uniformly produced severe constipation.

Continuous 24-h urine collections were made without
preservative, kept at 4°C, then frozen in several aliquots at
-20°C. Blood was obtained from an antecubital vein with
minimal stasis, at 7-9 a.m., in the overnight fasted state.
Daily weight and fluid balance records were kept; fecal col-
lections were not made. Blood pressure was monitored twice
daily for postural changes. Weekly electrocardiograms, serum
electrolytes, and renal and liver function variables were ob-
tained to assure adequate monitoring.

Seven subjects consumed a constant protein intake for 21
days (diet 1), seven others were refed the same intake for
7 days after 21-28 days of total fasting (diet 2) and four
subjects consumed a diet with daily stepwise decrements (of
0.5 g nitrogen) over the first 14 days followed by constant
intake for a further 7 days (diet 3).

The diets were calculated according to individual tastes,
employing varying proportions of egg white, beef tenderloin,
sole, skim milk cottage cheese, water-packed canned tuna,
shrimp, chicken, and was occasionally supplemented with
casein hydrolysate (Casilan, Glaxo-Allenburys, Toronto,
Ontario). For the constant and refed diets (1 and 2), total
calories varied from a mean of 368-404 in individual sub-
jects, with a mean of 393±7 (SEM) for all 14 studies. Cal-
culated protein intakes, according to standard tables (21), were
74.5+1.3 g/day; using the measured nitrogen contents of the
components, these intakes were 82.5±1.0 g/day (81% of
calories). (All results are presented using the measured values
for each component of the diet). Calculated fat intake was
6.9±0.1 g/day (62±1 Kcal/day), representing 16% of calories.
Carbohydrate contributed 3.2±0.4 g/day (12.8±1.6 Kcal/day),
3% of caloric input. For the decremental protein diet (diet
3), nitrogen input was as shown in the results, (Fig. 5), and
fat and carbohydrate were maintained at the same propor-
tions of the total caloric input. On days 14-21, caloric input
was 92±10 Kcal/day with 19.4±2.2 g/day as protein, 1.2
±0.5 g/day as fat, and 0.5+0.2 g/day as carbohydrate.

Biochemical methods. The venous blood samples were
divided into several aliquots. One was immediately depro-
teinized in an equal volume of cold 10% (wt/vol) perchloric
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acid, kept on ice until centrifuged at 4°C, then the super-
nates were frozen at -20°C in aliquots until assay. Heparin-
ized blood was added to tubes containing aprotinin (Trasylol,
10,000 Kallikrein inhibitor units/ml, FBA Pharmaceuticals,
NewYork), in a volume 1/10th that of the added blood. These
samples were cooled, centrifuged at 4°C, and aliquots of
plasma stored at -200C. Heparinized blood was kept
anaerobically in a sealed syringe for estimation of pH,
Pco2, and calculation of total CO2. Further samples were
added to oxalate-fluoride tubes for glucose (22) and urea-
nitrogen determination; to EDTA tubes for hemoglobin,
hematocrit, cholesterol, and triglyceride determinations; and
to tubes without anticoagulant for uric acid, creatinine,
glutamic-oxaloacetic transaminase, lactic dehydrogenase,
alkaline phosphatase, and electrolyte estimation by standard
autoanalyzer techniques.

Urine was collected over 24-h periods at 4°C, well mixed,
and aliquots were analyzed daily (for urea, creatinine, and
uric acid), or frozen at -20°C until assay for ammonium nitro-
gen or 3-methylhistidine. For the latter, an equal volume of
urine and 10% perchloric acid was mixed and the samples
centrifuged just before analysis.

Assay of most metabolic intermediates was by enzymic
microfluorimetric methods modified from published tech-
niques to enable assay of replicates on 5 or 10 /.d of blood at
the 1:2 dilution in the perchloric acid supemate. An Aminco
Fluoromicrophotometer (American Instrument Co., Travenol
Laboratories Inc., Silver Spring, Md.) was used. Lactate
(23), pyruvate (24), 3-hydroxybutyrate (25), and acetoacetate
(26), and glycerol (27) were determined in this fashion.
Acidic, neutral, and basic amino acids were estimated in
whole blood by a single-column method (28) employing a
lithium buffer system with a Beckman 120C amino acid
analyzer (Beckman Instruments, Inc., Spinico Div., Palo Alto,
Calif.) equipped with an Autolab Computer (Spectro-
Physics Inc., Autolab Div., Santa Clara, Calif.). Reduced
glutathione elutes in a separate peak well resolved from those
of other amino acids by this protocol, but that of the oxi-
dized form coelutes with aspartate. For urine 3-methylhisti-
dine, an elution protocol using a 6-cm column on a Beckman
121M amino acid analyzer (Beckman Instruments, Inc.,
Spinico Div.) was developed. This enabled assays to be per-
formed in 45 min, using a lithium citrate buffer, pH 4.17
at 64°C (Beckman Instruments, Inc., Spinico Div.), with 98
±4% recovery of standard added to urine perchloric acid
supernates.

Plasma with aprotinin was employed for the following
assays. Free fatty acids were assayed in single Dole extracts
by the radiochemical microtechnique of Ho (29), in which no
interference by organic anions occurs. Immunoreactive insulin
(IRI)2 was estimated using a radioimmunoassay system em-
ploying a coated-charcoal separation of free from bound
hormone (30), highly purified human insulin standard,
monoiodinated (1251)-pork insulin tracer (both from Novo
Research Laboratories, Copenhagen, Denmark), and anti-
serum kindly provided by Dr. Peter H. Wright, (Indianapolis,
Ind.). Immunoreactive glucagon (IRG) was assayed using the
same separation technique, purified porcine glucagon stand-
ard, monoiodinated (1251) pork glucagon label (Novo Re-
search Laboratories), and antiserum 30K from Dr. R. H. Unger
(Dallas, Tex.). A blank without antibody was run with each
sample for "nonspecific binding". The antiserum used is rela-
tively specific for "pancreatic glucagon" as distinct from
enteroglucagon, but is recognized to cross-react with a high
molecular weight component, probable glucagon precursors

2Abbreviations used in this paper: IRG, immunoreactive
glucagon; IRI, immunoreactive insulin.

(31), and probably fragments of the native hormone. All
assays performed on aprotinin-containing plasma were cor-
rected for the plasma dilution introduced, by use of the con-
currently obtained hematocrit determinations.

Urine nitrogen components were assessed as follows:
Urea nitrogen was obtained by the autoanalyzer method (32),
ammonium nitrogen using a specific ion electrode (Orion
Research Inc., Cambridge, Mass.), and creatinine and uric
acid by autoanalyzer methods (33, 34). The difference be-
tween the total of measured components and total nitrogen,
a relatively constant 0.5 g/d during fasting (35), was added
to the total. This value was verified for several samples in each
diet by measurement of total nitrogen by a micro-Kjeldahl
technique (36). Integumentary nitrogen loss was presumed to
be constant during the diets employed, and calculated as
5 mg/kg per day and included estimates of protein loss (37).
Finally, a value of 0.4 g/day of fecal loss was added to the
values for nitrogen loss, based upon reference 14, which
employed similar hypocaloric protein diets. This is likely to
be an overestimate (especially in the decreasing protein
diet) because the patients on both diets experienced small
bowel movements, and only once every 4-6 days. Three
different aliquots of each of the large, uniform stocks of indi-
vidual protein sources used throughout were assayed for
total nitrogen in water homogenates. These values were
employed in calculating intake in every patient for each day as
described above.

All determinations, except amino acids, were performed in
duplicate or triplicate. Statistical analyses were performed
using the Student's paired t test to test for the time-related
effects of each diet, and the unpaired t test to test for inter-
group comparisons.

RESULTS

The clinical response to the three regimens was similar.
With diets 1 and 3, initial rapid weight loss occurred
over 7-10 days (attributable largely to fluid volume
contraction), followed by a constant loss -300 g daily.
The total loss was comparable in diets 1 and 3. A gain of
0.9±0.6 kg occurred with refeeding (Table I). All
subjects had a demonstrable postural change in blood
pressure, and in one-third this was symptomatic. None
showed significant changes in liver-function studies or
electrocardiograms, and serum sodium and chloride
were maintained normal, though serum potassium was
usually at the lower limit of the normal range. The
mild, compensated metabolic acidosis was not different
in fasting or diets 1 and 3, but was neutralized during
refeeding (Table II). Hunger remained suppressed in
association with the presence of acidosis. Serum uric
acid showed an initial rise followed by a return toward
normal in fasting and diets 1 and 3 and was normal after
7 days of refeeding (Table II). These changes in serum
uric acid and renal urate handling, and the decrease in
renal creatinine clearance in fasting, and the three diets
are reported elsewhere (17, 18). No episode of gout oc-
curred. Diet 3 and fasting caused a progressive de-
crease in plasma urea nitrogen, but no change occurred
with diet 1, and an increase was observed with diet 2
(Table II).
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TABLE I
Patient Data

Weight Mean protein intake

Patient Age Sex Ht Start End a Initial weight

yr cm kg g glkg
Constant hypocaloric

protein
S. S. 21 F 175 79.0 71.7 -7.3 84.4 1.07
M. M. 28 F 160 97.7 89.2 -8.5 77.6 0.79
J. N. 37 F 173 120.4 111.0 -9.4 84.4 0.70
A. F. 24 F 157 86.8 78.6 -8.2 82.0 0.94
E. C. 32 F 168 100.5 93.7 -6.8 83.5 0.83
P. M. 19 F 155 106.8 97.5 -9.3 81.0 0.76
H. R. 41 M 180 111.2 100.3 -10.9 85.0 0.76

X+SEM 100.3±5.3 91.7±5.0 -8.6±0.5 82.5±1.0 0.84±0.05

Hypocaloric protein
refeeding

M. K. 41 F 157 96.7 97.4 +0.7 83.8 0.87
R. M. 37 F 160 119.5 121.7 +2.2 85.6 0.72
L. B. 19 M 178 93.7 95.1 +1.4 81.2 0.87
K. C. 44 M 170 96.6 98.6 +2.0 85.0 0.88
L. Bi. 52 M 180 103.5 100.9 -2.6 83.1 0.80
J. N. 36 F 173 101.2 102.9 +1.7 83.8 0.83
J. D. 34 F 157 82.7 83.8 +1.1 81.9 0.99

X±SEM 99.1±4.2 100.0±4.3 0.9±0.6 83.5±0.6 0.85±0.03

Decreasing hypocaloric
protein

J. N. 36 F 173 97.0 88.3 -8.7 82.5* 0.85
C. T. 46 F 155 89.1 79.8 -9.3 85.0 0.96
L. B. 19 M 178 89.5 79.5 -10.0 88.1 0.98
R. M. 36 F 160 127.3 115.5 -11.8 82.5 0.65

X±SEM 100.7±6.8 90.8±6.4 -9.9±0.7 84.5±1.3 0.86±0.07

* Day 1 value.

No significant change occurred with any of the three
dietary groups in plasma cholesterol, the differences
between groups in Table II being accounted for by dif-
fering 0 time values. In contrast, a significant decline
in triglycerides was observed with diets 1 and 3 and
fasting, and an increase with diet 2. A marked decrease
in sodium and chloride excretion occurred with all
diets and fasting, with the least chloride excretion oc-
curring during fasting. A similar decrease in urinary
potassium excretion occurred in the four groups
(Table II).

The time-courses of metabolic responses to the three
diets are shown in Figs. 1-4 and values are summarized
for the steady state of each in Table II. The constant
hypocaloric diet (diet 1) and the decreasing protein
diet (diet 3) produced changes in circulating hormones
and substrates which were similar in the following
ways. Plasma glucose declined to a minimum by day 5,
remaining at or slightly above this value thereafter

(Fig. 1, Table II). Plasma insulin showed the same
pattern of change, falling to 40% of postabsorptive
values. Plasma IRG increased transiently in all sub-
jects, with mean maximal increments of 35+8 pg/ml for
diet 1 and 44+5 pg/ml for diet 3 occurring on days
2-7 (P < 0.05). However, the interindividual variation
in absolute values and time-course of rise resulted
in mean absolute values for both groups showing no
significant change, and no diet-related differences.
Associated with the decrease in glucose and insulin
was a fall in blood pyruvate, without change in lactate,
resulting in a rise in the lactate/pyruvate ratio, maximal
at day 5 in diet 1 and day 7 in diet 3, (data for day
21 are shown in Table II). The glucogenic amino acid
alanine showed an early, marked fall which was sus-
tained in both diets (Fig. 2A). Significant decreases
in threonine, proline, ornithine, and arginine (P
< 0.05) occurred in diet 1 by day 14, and in glutamic
acid and ornithine in diet 3 by day 14 (data not shown).
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TABLE II
Steady-State Values with Hypocaloric Protein Diets and Prolonged Fast

Hypocaloric protein Hypocaloric
protein

Constant Decreasing Prolonged fast refeeding Postabsorptive*

Day of regimen 14 14 21-28 7 0
n 7 4 7 7 7
Substrates

Plasma glucose, mgldl 86±2 77±2 77±4 87±6 94±3
Blood lactate, ,uM 700±56 650±66 890±120 900±77 760±160
Blood pyruvate, ,uM 56±14 49±6 54±12 71±11 75±15
Plasma FFA, ,uM 750±130 840±210 1,260+120 870±110 500±80
Blood glycerol, ,uM 213±35 211±33 232±38 228±30 133±21
Blood 6-hydroxybutyrate, mM 2.6±0.17 3.5±0.49 4.9±0.28 2.9±0.50 0.11±0.04
Blood acetoacetate, uM 520±68 650±98 910±67 650±84 19±15
Urine,8-hydroxybutyrate, mmol/day 36±10 64±11 118±20 40±15 0
L/P 14.2±2.3 13.2±0.5 18.3±1.4 13.8±1.6 10.5±1.1
,3HB/AcAc 5.0±0.4 5.5±0.5 5.4±0.5 5.8±0.6 6.0±0.7

Hormones
IRI, ng/ml 0.51±0.11 0.52±0.17 0.58±0.09 0.58±0.11 1.2±0.2
IRG, pg/ml 101±17 139±26 78±8 85±20 89±19

Other
Plasma urea nitrogen, mg/dl 12±2 9±1 9±2 13±2 13±1
Plasma triglycerides, mg/dl 116±6 117±20 102±8 126±8 130±12
Plasma cholesterol, mgldl 197±13 148±14 167±15 165±9 195±10
Serum creatinine, mg/dl 1.1±0.1 1.0±0.06 1.4±0.2 1.0±0.1 0.9±0.7
Serum uric acid, mg/dl 10.7±0.4 9.6±2.5 8.1±2.2 5.2±1.3 6.7±1.0
Blood pH (venous) 7.34±0.01 7.31±0.03 7.32±0.02 7.38±0.02 7.36±0.01

PCo2, mmHg 43±3 40±1 40±3 45±4 47±1
Tco2, meqlliter 24.5±1.4 21.5±1.9 22.9±1.9 28.1±2.0 27.5±1.2

Urine sodium, meqlday 24±4 19±8 23±11 15±8 80±20
Potassium, meqiday F 39±6 60+18 48±16 50±8 81±21
Chloride, meq/dayt 34±7 41±12 15±4 32±16 89±19

* Values from day 0 of the constant hypocaloric protein group.
t All subjects received 16 meq of potassium as KC1 daily.
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FIGURE 1 Plasma glucose, IRI and IRG in the hypocaloric
protein diets. Results are shown for the constant diet (diet 1,
0, n = 7), refeeding after 20-28 day total fasting (diet 2, *,
n = 7) and for the diet with stepwise decrements of protein
for 14 day (diet 3, 0, n = 14). Data are plotted as mean+SEM.
Statistical analyses are described in the text.

Notable are the failure of glutamine to change signifi-
cantly and the absence of differences in glutamine be-
tween these diets and the fall in glycine in diet 1 (Fig.
2A). Transient increases in the branched-chain amino
acids, valine, leucine, and isoleucine, on days 2, 5,
and 7 were followed by a return to postabsorptive
levels (Fig. 2B).

A progressive rise to plateau plasma FFA values by
day 7 occurred with diets 1 and 3, but the rise in
blood glycerol was more rapid with diet 3 (Table II,
Fig. 3). Further divergences between the two re-
sponses are found in blood and urine ketone bodies
(Fig. 4). Blood 3-hydroxybutyrate in diet 1 plateaued
between 2.3 and 3.0 mMduring days 7-21. With diet
3, 3-hydroxybutyrate rose progressively throughout
the 21 days, resulting in significantly higher levels on
days 14 and 21 (P < 0.05). (Peak value was 4.3 mMon
day 21.) Acetoacetate levels were not different, result-
ing in a higher 3-hydroxybutyrate/acetoacetate ratio in
diet 3 on those days. Corresponding to the higher
blood 3-hydroxybutyrate were greater urinary excre-
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FIGuRE 3 Plasma free fatty acids and blood glycerol in the
three hypocaloric protein diet protocols. Data are shown as
in Fig. 1.

FIGURE 2 Blood levels of selected individual glucogenic
amino acids (A) and the branched-chain amino acids (B)
during the three hypocaloric protein diet protocols. Data
are plotted with 0 days representing commencement of each
diet, using the same symbols as in Fig. 1. Circled values
signify a significant change from day 0 of that diet (P < 0.05,
paired t test).

tions in diet 3 between days 7 and 21. Another dif-
ference between the two diets was in blood glycine,
which remained constant in diet 3.

These hormones and substrates were associated with
very different patterns of nitrogen balance, for which
the time-course is seen in Fig. 5, and details for day
14 and cumulative values are presented in Table II.
With diet 1, urine urea-nitrogen excretion approxi-
mated nitrogen intake for the 1st wk, then declined
to 2-4 g/day less than the intake. With development
of the ketoacidosis, ammonium nitrogen excretion in-
creased, and uric acid excretion decreased. The sum of
these urine nitrogen components exceeded the intake
for the 1st wk, and was near that value thereafter.
Hence, with estimates of unmeasured urine nitrogen
components, fecal and integumentary losses included,
a small net negative nitrogen balance existed for the
first 12 days, but balance was not significantly different
from zero thereafter. Thus, the cumulative negative
nitrogen balance was 20 g/21 days. In contrast, in diet 3
the net nitrogen balance remained constantly negative
at 4-6 g/day with a decrease in excretion of urea nitro-
gen balancing the decrease in protein intake. Am-
monium nitrogen increased, again concurrent with the
development of acidosis. The cumulative negative
nitrogen balance was greater than that of diet 1, namely
117 g/21 days, but less than that for total fasting.

Urine 3-methylhistidine excretion (Fig. 6), a reflec-
tion of muscle protein catabolism, decreased during
total fasting to values 67% those of day 1. Values with
diet 1, began at 180 ,umol/day more than with fasting,

reflecting the excretion due to the ingested protein.
Through intake was constant, a significant decline oc-
curred between days 7-14, and a further decrease to
50% day 1 values was observed by day 21. This excre-
tion of 177+24 umol/day was the same as during day
1 of fasting, but >day 21 of fasting (P < 0.05). With
diet 3, excretion also decreased between days 7 and 14,
remaining significantly less than with diet 1, but greater
than with fasting, except on day 21.

The refeeding with the constant protein intake in
diet 2 is presented separately because the 0 time base
line was that of prolonged fasting. It caused a return
of hormone and substrate values from those charac-
teristic of prolonged fasting to those reported for the
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FIGURE 5 Nitrogen balance in the three hypocaloric protein
diet protocols. Nitrogen intake is plotted downward from
the horizontal axis, and mean+SEMof intake is indicated at
the bases of the bars. Output components are plotted upward
from the intake levels, and the net balance is indicated by
the closed circles and solid line for each day. The method of
calculation of balance is detailed in the text. For the re-
feeding diet, two days (-2 and -1) of the prior total fasting
balance are shown for contrast with the response to the
exogenous protein.

steady state with diet 1. Plasma glucose rose signifi-
cantly by 10 mg/day 1, despite the lack of measurable
changes in either IRI or IRG (Fig. 1). Blood lactate
remained stable, but pyruvate rose from the low values
of fasting, such that the lactate/pyruvate ratio decreased
significantly (Table II). The whole-blood amino acid
pattern showed several changes: a transient, significant
decline (P < 0.05) on day 2 occurred for alanine,
glutamine, (Fig. 2A), threonine, serine, and asparagine,
(not shown), as well as a smaller decline for the
branched-chain amino acids (Fig. 2B), phenylalanine
and tyrosine (not shown). Most returned to day 0
values by day 7. The elevated glycine values typical
of prolonged fasting showed a progressive decrease to
normal postabsorptive levels (Fig. 2A). Plasma FFA
decreased by one-third from 1,257+121 uM, from day
2 on, (Fig. 3), and though blood and urine ketone
bodies declined more slowly (Fig. 4), all returned by
day 5 to the same levels as during days 14-21 of the
constant diet. Blood glycerol did not change. The

steady-state negative balance of nitrogen with fasting,
of -6 g/day, was converted to significant positive
balance (Table III, Fig. 5). A marked disparity be-
tween the nitrogen intake and that appearing as urinary
urea nitrogen persisted through the whole period,
including days 5-7 when the plasma urea-nitrogen
concentration had returned to normal (Table II). The
urine ammonium nitrogen decreased concurrently
with decreasing acidosis. The cumulative positive
nitrogen balance for this 7-day period was 20 g. (Inclu-
sion of a calculation for the change in urea pool size
would only decrease this value by -0.8 g.) 3-Methyl-
histidine excretion (Fig. 6) increased from a low value
typical of prolonged fasting by 152 ,umol/day on day 7.
This excretion was equivalent to that observed on day
14 of diet 1.

DISCUSSION

Studies as early as the turn of the century showed that
protein equilibrium cannot be attained without exoge-
nous protein (reviewed in 38). In this early work,
calories were provided concurrently as carbohydrate,
fat, or both. Three decades later, Strang et al. (40)
showed that protein alone could produce protein-
sparing. This has been elaborated upon more recently
by Apfelbaum et al. (40), Flatt and Blackburn (5),
Blackburn et al. (11), and Bistrian et al. (12, 14, 41),
and Bell et al. (42) who found that constant oral intake
of protein alone is capable of producing protein-spar-
ing and in some cases, protein balance. Amounts of
protein employed have varied, but it would appear that
about 1 g/kg per day of high-quality protein is gen-
erally successful in achieving balance. In parenteral
nutrition employing amino acid solutions alone, nitro-
gen balance is achieved with -1.6 g/kg per day for one
commonly used formulation (reviewed in 43). Most
studies of hypocaloric amounts of protein given orally
have not presented comprehensive hormone-substrate
and nitrogen-balance data in homogeneous populations
and with numbers of subjects amenable to statistical
analysis. Accordingly, specific roles of each variable
in mediating the response have not been conclusively
proven.

The three protein diet protocols of the present study
all produced protein-sparing. Diet 2 caused positive
nitrogen balance, and the constant input (diet 1)
achieved equilibrium after 12 days. The decreasing
input (diet 3) achieved constant negative balance at
a value near that of the steady state during total fasting,
and therefore achieved protein-sparing only during the
first 2 wk, by reference to total fasting. It is probable
that the major factors in the protein-sparing were the
supply of amino acids from the ingested protein, com-
bined with decrease in protein catabolism, as inferred
from the 3-methylhistidine data.
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FIGuRE 6 Daily urinary 3-methylhistidine excretion in the
three hypocaloric protein diet protocols and total fasting.
Data are shown as in Fig. 1.

In such hypocaloric states, the amount of protein
required for balance is the sum of that required for
maintenance of protein synthesis plus the obligate
minimum which is directed into gluconeogenesis and
ammoniagenesis. Using the technique of 3-methyl-
histidine excretion, Young et al. (44) demonstrated that
muscle-protein catabolism decreases during prolonged
fasting. This amino acid is found in the actin of all
muscle and the myosin of white muscle. It is not
catabolized or reutilized when released from peptide
linkage upon proteolysis, and appears quantitatively
in the urine. 75%of administered 14C-labeled 3-methyl-
histidine appears in the urine within 24 h, and 95%
within 48 h (45), indicating rapid and virtually quanti-
tative excretion. The present data (Fig. 6) confirm the
decrease in 3-methylhistidine excretion, and hence
protein catabolism, during fasting. The magnitude of
the decreases in protein catabolism and nitrogen excre-
tion are also consistent with increased reutilization of
amino acids from the catabolized muscle protein (44).
The data from diet 1, day 1, indicate that the exogenous
protein contributed 3-methylhistidine in an amount
equal to that from endogenous sources, namely 170
,umol/day.3 Because the input was constant, the

3 With isocaloric provision of fat or carbohydrate without
protein, the excretion on day 1 is the same as that of total fast-
ing. At three different levels of protein input on day 1, a
linear relationship between protein input and 3-methylhisti-
dine excretion has been found. The value at 0-protein input
is 170-200 ,umol/day, with an increment of 1.4 ,umollday
per gram of protein ingested. E. B. Marliss, unpublished
results.

dramatic decrease in excretion, from 354+18 ,umol/
day to 177+24 ,umol on day 21, must signify decreased
endogenous protein catabolism, unless absorption
and(or) excretion of the exogenous amino acid were
selectively reduced. This suggests an even greater
decrease in catabolism with this diet than with fasting
alone. Quantitative interpretations with diet 3 are
rendered more difficult because of the reductions in
input and (probably) of endogenous catabolism during
the first 14 days. On day 21, (despite input of one-
quarter the amount of protein as in diet 1) excretion
was not significantly different from either fasting or
diet 1, because of a large standard error of the mean
(Fig. 6). This suggests that the catabolic rate was at
least as great as in fasting, and certainly greater than
with diet 1. Interestingly, in diet 2, a mean increment
of 152 ,umol/day on day 7 brought the value for excre-
tion (254+±33 umol/day) to greater than on day 21 of
diet 1 (P < 0.05). This would be consistent with per-
sistence of a higher level of endogenous protein
catabolism. Because it occurred during positive nitro-
gen balance (Fig. 5), this further implies a considerable
increase in reutilization as compared with diet 1.

Considering the concurrent 3-methylhistidine and
nitrogen-balance data, certain inferences as to pro-
tein-sparing mechanisms may be drawn. Curtailed
body-protein mobilization in prolonged fasting occurs
via a decrease in catabolism and modest increase in
reutilization (44). Protein balance with constant input
of protein resulted from a considerably greater de-
crease in catabolism, though a modest increase in
reutilization is also possible. Refeeding with the
constant protein input after fasting caused positive
balance in a setting with greater catabolism than in
diet 1, and therefore implies greatly increased reutili-
zation. The data available do not give a direct meas-
ure of the protein synthetic rates, which almost cer-
tainly were reduced in fasting (46). In diet 1, synthetic
rate was equal to catabolic rate when protein balance
occurred, and therefore was considerably reduced. In
diet 2, presumably synthetic rate increased, because
the catabolic rate was likely to be between those of
day 21 of fasting and of diet 1.

The nitrogen balances demonstrate trends which are
consistent with the presence of a functional "labile
nitrogen pool" (38). The size of this pool is estimated
in total fasting by the difference between actual loss
which decreases progressively over the first 2 wk (35),
and the obligate minimum loss, represented by the
plateau seen thereafter. For the first 2 wk of fasting,
the cumulative value of these differences (using 6 g/
day as obligate minimum) is 28 g N (data not shown).
In diet 1, the cumulative net negative balance for the
same duration was 27 g N, a strikingly similar value.
In diet 3, the pattern of input provided appeared to
have also caused mobilization of this putative pool,
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TABLE III
Nitrogen Balance: Steady-State Values and Cumulative Balance

Hypocaloric protein
Hypocaloric

Constant Decreasing Prolonged fast protein refeeding Postabsorptive*

Day of regimen 14 14 21-28 7 0
n 5 4 7 7 7

Intake 13.4±0.1 3.5±0.2 0 13.4±0.1
Output

Urine
Urea 11.7±1.2 5.7±0.5 2.5±0.8 7.7±0.9 12.0±1.1
Ammonium 0.91±0.18 1.50±0.20 1.74±0.36 1.28±0.18 0.50±0.06
Uric acid 0.16±0.02 0.19±0.03 0.11±0.01 0.22±0.04 0.30±0.01
Creatinine 0.57±0.06 0.50±0.07 0.43±0.06 0.59±0.08 0.57±0.08
Unmeasured (est.) 0.5 0.5 0.5 0.5 0.5

Feces (est. from [17]) 0.4 0.4 0.4 1.0
Integument (est. from [37]) 0.46±0.02 0.45±0.04 0.50±0.02 0.50±0.02 0.50±0.03

Total 14.2±0.4 9.1±0.5 5.7±0.8 11.1±0.9 14.5±0.7
Net balance -0.80±0.37 -5.3±0.7 -5.7±0.8 +2.3±0.9
Cumulative balance

g N -29.4±5.4 -117.0±14.8 -167.5±8.1 +19.8±5.1
Duration (days) 21 21 21 7

* Values from day 0 of the constant hypocaloric protein group.

because the constant negative balance which occurred
from the outset was identical to the obligate minimum
of prolonged fasting.

Further evidence suggests that mechanisms of the
protein-sparing observed are analogous to those re-
sulting in the progressive curtailment of protein loss
with total fasting. The circulating amino acid levels in
diets 1 and 3 show patterns like those reported for
prolonged fasting, with respect to most glucogenic
amino acids as well as the branched-chain amino acids
(47). The fall in alanine levels in fasting is due to a
decrease in muscle release despite sustained increase
in fractional extraction by the liver (47, 48). The
transient rise in branched-chain amino acids in fasting
is considered to be due to early increase in protein
catabolism and thereupon release from muscle, medi-
ated by the fall in insulin. The later decline is related
to the decrease in net protein catabolism despite
persistence of low insulin levels. The same trends in
branched-chain amino acids in the present study sug-
gest that similar mechanisms apply as well in diets 1
and 3. In diets 2, it is noteworthy that a further fall in
alanine and branched-chain amino acid levels oc-
curred. Because 3-methylhistidine excretion in-
creased, this fall would be more consistent with in-
creased anabolism than decreased catabolism. The re-
cent demonstration that branched-chain amino acids
are able to stimulate muscle protein synthesis directly
in an isolated system (49) would further support the
notion that these diets could directly influence pro-
tein synthesis via substrate supply. Branched-chain

amino acids constitute >20% of the amino acids in
the protein given. In fasting (47), as in most states of
protein deficiency (50), glycine levels rise. The notion
of glycine levels as an indicator of the presence of
exogenous protein supply is supported by the failure of
levels to rise in the constant and decreasing protein
diets, and the fall with refeeding.

Turning to other factors potentially responsible for
mediating the responses observed, one which can be
excluded as quantitatively significant, is the caloric
value of the protein itself. Though the administration
of nonprotein calories as glucose is protein-sparing in
prolonged fasting, as in the postabsorptive state (3),
protein equilibrium has never been achieved whether
the input was hypocaloric (51) or isocaloric (52).

The roles of hormones in this response remain
controversial. The earlier hypothesis that low insulin
combined with high or postabsorptive glucagon levels
constitute a "catabolic" milieu, and that high insulin
and lowered glucagon levels are "anabolic" is appli-
cable only in some circumstances (reviewed in refer-
ence 4). The more recent notion that low insulin levels
in hypocaloric states are both necessary and sufficient
to obtain protein-sparing with hypocaloric amounts of
protein has also been challenged (vide supra). The
present data again show that below postabsorptive in-
sulin levels are a "sufficient" condition in which pro-
tein-sparing may be obtained (5-8, 14-16, 41, 43).1
It is not certain that this is a "necessary" condition
for the organism to supply its caloric deficit from stored
fat (4, 8, 43),1 however. It is clear that insulin levels are
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not the absolute determinants of protein-sparing, be-
cause they were indistinguishable in the steady states
of all three diets and prolonged fasting. The insulin
levels reported represent those prevailing in the over-
night-fasted state. Subjects of diets 1 and 2 showed no
significant change in peripheral IRI in relation to meals
when monitored during days 21 and 7, respectively;4
hence the values reported are likely to be representa-
tive for the whole day.

The rates of fat mobilization and utilization with
these diets are the determinants of how much protein
may be "saved" from catabolism for energy produc-
tion. In diet 1, it may be inferred that the caloric
deficit was made up to a greater extent by endogenous
fat after 2 wk, in light of the pattern of nitrogen bal-
ance. Commencement of nitrogen balance coincided
with the time required to attain maximum levels and
excretion of ketone bodies. A similar inference may
be drawn in diet 3: though protein intake decreased,
the negative balance remained constant while ketone
body levels rose progressively and to higher levels than
in diet 1. Despite this greater ketosis, more negative
nitrogen balance was obtained with diet 3 than 1. How-
ever, fat mobilization and ketogenesis are not neces-
sarily related to ketonemia and ketonuria, because of
changing patterns of fatty acid and ketone body utiliza-
tion as well as excretion with time (53). The positive
nitrogen balance of diet 2 could have resulted from
administration of protein during established maximal
fat mobilization. However, positive N balance per-
sisted at lower levels of fat-derived substrates. There-
fore, the antecedent protein depletion (-168 g N at 0
time of refeeding), probably played a role in the greater
nitrogen retention. This effect of prior depletion in
increasing the retention of protein has long been recog-
nized, in the absence of ketosis (38). Its mechanism
is unclear but would be consistent with the existence
within the organism of a means of recognition of its
protein balance status, independent of insulin levels.
However, the recent demonstration of altered insulin
receptor number and(or) affinity in prolonged fasted
and refed man (54) raises the possibility that altered
"effectiveness" of insulin may be a determinant.

If increases in protein synthesis contribute to the dif-
ferent levels of protein-sparing observed with the three
diets, it would be predicted that the energy cost of such
synthesis would be provided primarily from fatty acids.
Thus the lower levels of FFA and ketones in these
diets than in total fasting could reflect increased utili-
zation for this purpose, at comparable rates of produc-
tion. For example, in diet 2, a change in nitrogen bal-
ance from -6 to +3 g/day, might represent an increase
in synthesis of 56 g protein. At an estimated energy
requirement of 4 Kcal/g protein synthesized, this would

4Marliss, E. B. Unpublished data.

require 200 Kcal/day more than during total fasting.
Detailed studies of not only protein turnover, but of
fatty acid turnover, oxygen consumption, and carbon
dioxide production will be required to quantify this
factor.

From the therapeutic standpoint, apart from the sup-
pression of appetite related to the state of controlled,
mild ketoacidosis, the approach of employing such
drastically hypocaloric ketogenic diets as therapy for
obesity has no unique advantages in terms of protein
conservation, except when compared with total fasting
(55). The short-term efficacy of these diets for weight
loss, and their safety when used in healthy individuals
and under closely supervised hospital surroundings
have been confirmed. However, only 25% of the pa-
tients so treated either maintained the loss or continued
to lose weight in subsequent follow-up.5 The adverse
symptomatology observed was part of the physiological
response, namely lightheadedness due to postural
hypotension, and constipation. The utility of this type
of diet as a phase in refeeding after total fasting has been
demonstrated, in that minimal water retention oc-
curred. It is stressed that the addition of exogenous
energy as small amounts of carbohydrate appears not
to mitigate the benefit of the amounts of protein ad-
ministered (8, 10, 13) in respect to protein-sparing,
and may be advantageous in that less adverse symp-
tomatology accompanies the lesser ketosis.
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