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Abstract

We previously demonstrated that feeding a 2% protein AIN-76 diet ad libitum for 14 days resulted in substantial clinical and biochemical
changes including weight loss, hypoglycemia, hypoalbuminemia, higher levels of plasma cytokines, oxidative stress in the liver, and
activation of inflammatory signaling to interleukin (IL)-6, as compared with a 20% protein diet. In the present study, 54 rats were randomly
given a standard rat chow diet ad libitum, or a 25% or 50% reduction of this intake for 14 days. The results showed that weight gain was less
in the 25% food-restricted group and halted in the 50% group as compared with the control group. Unlike protein restriction, neither level of
food restriction altered plasma levels of albumin and glucose, the hepatic protein abundance of signal transducers and activators of
transcriptions and of mitogen-activated protein kinases, or the hepatic contents of total glutathione and malondialdehyde. The intracellular
signaling in response to IL-6 stimulation was also well maintained. However, both levels of food restriction elevated IL-1 and corticosterone
in plasma, did not alter ghrelin, and decreased plasma levels of free fatty acids. Because these latter 3 markers were not examined previously,
20 rats were fed an AIN-76 diet, either with 20% or 2% protein, ad libitum for 14 days. The 2% protein diet significantly decreased plasma
levels of free fatty acids and increased ghrelin and corticosterone as compared with the 20% protein diet. Thus, food restriction, where all
essential nutrients are reduced in proportion, is a physiologic stress that, while limiting growth, does not activate or impair the systemic
inflammatory response, whereas a very low protein diet with little change in energy intake has a substantial impact on systemic inflammation,
body composition, and growth.
© 2009 Elsevier Inc. All rights reserved.
1. Introduction

A 2% protein diet induces protein malnutrition in rats [1],
as indicated by significant weight loss and hypoalbumine-
mia. Moreover, plasma levels of tumor necrosis factor
(TNF), interleukin (IL)-1, and IL-6 are significantly
increased with a low-protein diet, whereas α-1-acid glyco-
protein (AG), an anti-inflammatory acute phase protein, is
also significantly increased. A low-protein diet also
markedly decreases hepatic glutathione content and
increases malondialdehyde (MDA) production, indicating
oxidative stress in the liver. In addition, during experimental
protein malnutrition, the hepatic IL-6–mediated signal
transduction pathways that are responsible for cytokine
production are in an activated state. At basal conditions, the
mitogen-activated protein (MAP) kinases, such as extra-
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cellular signal–regulated kinase (ERK) 1 and 2 and p38
stress-activated protein kinase (p38), are already phosphory-
lated in the liver. In contrast, the signal transducers and
activators of transcription (STATs), mainly STAT1 and
STAT3, are not activated. The activation of STATs is
known to regulate the production of anti-inflammatory
acute phase proteins. These findings provide the evidence
that protein malnutrition will by itself induce inflammation,
which may be a contributing factor in the greater morbidity
and mortality associated with kwashiorkor-like malnutrition
induced by low protein intakes.

In man, marasmus, the other principal form of malnutri-
tion, arises from a deficiency of both dietary protein and
energy and is characterized by a moderate to severe loss in
body weight but with relative preservation of immune
function and a better prognosis [2-4] as compared with that
seen with kwashiorkor induced principally by protein
depletion [5,6], suggesting the different underlying mechan-
isms for these 2 forms of malnutrition.
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able 1
ietary compositions (grams per 100 g)

gredient Standard rodent diet 2% AIN diet 20% AIN diet

asein 19.9 2.0 20.0
ethionine 0.4 0.3 3.0
at 5.7 5.0 5.0
arbohydrate 69.6 90.3 70.0
thera 4.4 2.0 2.0
nergy (J/g) 14.2 16.2 16.2

IN diets were purchased from Dyets, and the standard rodent diet was
urchased form Harlan Tekland.

a Other includes minerals (calcium, phosphorus, sodium, chloride,
otassium, magnesium, iron, manganese, zinc, copper, iodine, selenium)
nd vitamins (vitamin A, D3, E, B1, B2, B6, C, B12, and K3; choline;
icotinic acid; pantothenic acid; folic acid, biotin).
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This study sought to contrast the relative impact on key
nutrition parameters and certain aspects of the systemic
inflammatory response of protein malnutrition and malnutri-
tion induced by both protein and energy deficiency in rats.
Because the effects of protein restriction have been reported
in our previous study [1], this study only examined the
effects of simultaneous decreases of dietary protein and
calorie intake induced by food restriction. The same markers
measured in the previous study [1] were determined,
including the changes in body weight; organ size; plasma
levels of albumin, glucose, TNF, IL-1, IL-6, and AG; hepatic
oxidative status; and hepatic IL-6–mediated STAT and MAP
kinase pathways. Two levels of food reduction, 25% and
50% reduction from ad libitum, were used using a standard
rodent diet (20% protein, 5% fat, and 75% carbohydrate by
weight). To assess further the level of stress induced by food
restriction, plasma free fatty acids, ghrelin, and corticoster-
one were also determined. However, because these latter 3
markers were not previously examined in protein-malnour-
ished animals [1], the AIN-76 diet with either 20% protein or
2% protein diet was used to induce protein malnutrition; and
plasma free fatty acid, ghrelin, and corticosterone were
measured in these animals.
2. Materials and methods

2.1. Animals

A total of 74 pathogen-free male Sprague-Dawley rats
(220-250 g) were purchased from Taconic Farms (German-
town, NY) and maintained on a 12:12-hour light-dark
photoperiod at 24°C to 26°C for 4 days before the
experiments. Tap water and standard laboratory rat chow
(Harlan Tekland, Madison, WI) were provided ad libitum.
All experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of the Beth Israel
Deaconess Medical Center.

2.2. Diets

A standard rodent diet (Harlan Tekland LM-485 Mouse/
Rat Sterilizable Diet) was used for food restriction studies.
AIN-76 purified diets (Dyets, Bethlehem, PA) containing
20.0% or 2.0% casein were used for the protein malnutrition
study. The composition of diets is shown in Table 1.

2.3. Interleukin-6

Recombinant mouse IL-6 was used in this study because
the availability of rat IL-6 was limited. Mouse and rat IL-6
contains 211 amino acids, and the sequences exhibit 85%
amino acid identity and 92% homology (including identical
amino acid residues and conserved amino acid sequences).
Our previous studies have demonstrated that both types of
recombinant IL-6 induce similar responses in rats and that
the maximal responses are achieved at 5 minutes after IL-6
administration [7].
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Lyophilized mouse IL-6 containing less than 0.1 ng of
endotoxin per microgram of cytokine was obtained from R&
D Systems (Minneapolis, MN) and stored at −80°C. Before
the experiments, it was freshly made in saline with 0.1%
human albumin and used within 30 minutes.

2.4. Experimental design

After 4 days of accommodation in the animal facility,
animals were randomly assigned to the experimental
protocol (Table 2).

Fifty-four of a total of 74 rats were randomly divided into
3 groups (18 rats per group) and given the experimental
rodent diet (Harlan Tekland) for 14 days: ad libitum, 75%
food consumed ad libitum (25% restriction, 25% group), or
50% food consumed ad libitum (50% restriction, 50%
group). During the feeding period, body weight was
recorded every other day. Food was recorded and placed
into animal cages at 5:30 PM every day based on the
amounts consumed by the ad libitum group on the previous
day. This feeding schedule was used to minimize the effects
of eating behaviors influenced by hunger in the food
restriction groups [8].

On day 15 of the experiment, 10 rats from each dietary
group (ad libitum, 25%, and 50%) were decapitated between
10:00 AM and 12:00 PM. Blood was collected; and whole
liver, lungs, and heart were removed and weighed. Plasma
was used to assess the levels of albumin, glucose, and free
fatty acids as nutritional markers. Plasma levels of AG, TNF,
IL-1, IL-6, corticosterone, and ghrelin were determined as
inflammatory markers and a measure of satiety. The content
of total glutathione and of MDA was measured in the liver
tissue as the indicators of the hepatic antioxidative capacity
and/or the status of hepatic oxidative stress.

From each dietary group, another 8 animals were
randomly given a bolus injection of IL-6 (20 μg/kg) or an
equivalent volume of saline through the portal vein under
inhalation anesthesia of Metofane (Mallinckrodt Veterinary,
St Louis, MO). After 5 minutes of IL-6 administration,
animals were decapitated. Liver tissue was rapidly removed
and frozen in liquid nitrogen for determination of the protein



Table 2
Experimental design

Study Diet n Purposes

Food restriction 54
Ad libitum Rat chow 10 Body weight, organ size,

plasma glucose, albumin,
cytokine, free fatty acid,
ghrelin, corticosterone,
AG, and hepatic total
glutathione and MDA content

8 IL-6–mediated signaling
pathways in the liver

25% Reduction Rat chow 10 Body weight, organ size,
plasma glucose, albumin,
cytokine, free fatty acid,
ghrelin, corticosterone,
AG, and hepatic total
glutathione and MDA content

8 IL-6–mediated signaling
pathways in the liver

50% Reduction Rat chow 10 Body weight, organ size,
plasma glucose, albumin,
cytokine, free fatty acid,
ghrelin, corticosterone, AG,
and hepatic total glutathione
and MDA content

8 IL-6–mediated signaling
pathways in the liver

Protein
malnutrition

20

2% Protein group AIN-76 diet
with 2% protein

10 Plasma free fatty acids,
ghrelin, and corticosterone

20% Protein group AIN-76 diet
with 20% protein

10 Plasma free fatty acids,
ghrelin, and corticosterone

ig. 1. The effects of food restriction on body weight. Three groups were
rovided a standard rodent diet for 14 days ad libitum as controls (filled
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and response of STAT1, STAT3, ERK1, ERK2, and p38. The
portal injection method was used to minimize the possible
influence of altered blood flow on the delivery of IL-6 to its
hepatic receptors after bolus injection.

Of the total of 74 rats, 10 rats were given AIN-76 diet with
20% protein (20% group) and another 10 rats were given
AIN-76 diet with 2% protein (2% group) (Dyets) ad libitum
for 14 days; and the food was removed at 5:00 PM on day 14
similar to the previous study [1]. The food intake and body
weight changes were monitored to ensure the reproduction of
the previous protein malnutrition condition [1]. Similar to the
results previously reported, animals on the 2% protein diet
lost 16.3% of their initial body weight, whereas those on the
20% protein diet had a 27.8% increase. From 10:00 AM to
12:00 PM on day 15, plasma from these animals was used to
determine free fatty acids, corticosterone, and ghrelin.

All samples were stored at −80°C for subsequent analysis.

ircles, n = 10), 25% reduction of ad libitum intake (25%, open circles,
= 10), or 50% reduction of ad libitum intake (50%, filled triangles, n = 10).
ne-way ANOVAwith LSD test was used to compare the differences among
roups at each day. The differences between the final and the initial body
eights were compared by Student t test in individual groups. After 4 days
f feeding, body weights were significantly different among groups; ⁎P less
an .05 and +P less than .001 vs control. The significant differences between
itial and final body weight were found in the control group, #P less than
1, and in the 25% group, ⁎⁎P less than .05. No difference was observed in
e 50% group.
2.5. Analytic methods

2.5.1. Chemical assays
Plasma TNF, IL-1, and IL-6 were determined using

enzyme-linked immunosorbent assay kits (Biosource Inter-
national, Camarillo, CA) with the minimum detectable dose
of less than 0.7, less than 3, and less than 7 pg/mL,
respectively. Plasma AG concentration was determined using
the rat AG plate kit within a detectable range of 100 to 3000
μg/mL (Cardiotech Services, Louisville, KY). Protein and
albumin levels were determined using an albumin reagent kit
(Sigma Diagnostics, St Louis, MO). Plasma glucose
concentration was determined by the glucose oxidase method
using a Beckman glucose analyzer (Beckman Instruments,
Fullerton, CA). Plasma free fatty acid concentration was
determined by Wako NEFA C test kit using an in vitro
enzymatic colorimetric method (Wako Chemicals, Rich-
mond, VA). Plasma corticosterone was determined using 125I
radioimmunoassay kit with the minimum detectable dose of
25 ng/mL (Cambridge Medical Technology, Billerica, MA).
Total ghrelin in plasma was measured using a commercial
radioimmunoassay kit with 125I-labeled bioactive ghrelin as
tracer and polyclonal rabbit antibodies against full-length rat
ghrelin with the sensitivity of 5 to 20 pg per tube (Phoenix
Pharmaceuticals, Belmont, CA).

The contents of total glutathione and MDA in the liver
tissue were determined with colorimetric determination kits
(Oxis International, Portland, OR). The detection limits
provided by the manufacturer are 9 μmol/L for total
glutathione and 0.0088 μmol/L for MDA. The amounts of
total glutathione and MDA in the liver tissue were expressed
per unit of tissue protein.

2.5.2. Western blot analysis
Liver samples (∼1 g) were pulverized in a liquid

nitrogen–cooled stainless steel mortar and pestle. The
pulverized tissue then was transferred to a tube containing
6 mL of buffer consisting of 20 mmol/L Tris, pH 7.6, 120
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Fig. 2. The effects of food restriction on plasma IL-1 (A) and IL-6 (B) levels.
Three groups were given a standard rodent chow diet for 14 days at ad
libitum (control, n = 10), 25% reduction of ad libitum intake (25%, n = 10),
or 50% reduction of ad libitum intake (50%, n = 10). One-way ANOVAwith
LSD test was used to compare the differences among groups. ^P less than
.05, control vs 25% and 50%.

ig. 3. The effects of food restriction on plasma free fatty acids, ghrelin, and
orticosterone concentrations. Three groups were given a standard rodent
iet for 14 days at ad libitum (control, n = 10), 25% reduction of ad libitum
take (25%, n = 10), or 50% reduction of ad libitum intake (50%, n = 10).
ne-way ANOVAwith LSD test was used to compare the differences among
roups. Food restriction significantly decreased plasma free fatty acid levels;
less than .05, control vs 25% and 50% (A). There were no differences in

lasma ghrelin among the 3 groups (B). Food restriction significantly
creased plasma corticosterone levels; ^P less than .05, control vs 25% and
0% (C).
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mmol/L NaCL, 1% NP-40, 10% glycerol, 2 mmol/L sodium
vanadate, 10 mmol/L sodium pyrophosphate, 1 mmol/L
phenylmethylsulfonyl fluoride, 40 μg/mL leupeptin, and
100 mmol/L sodium fluoride. After homogenization in an ice
bath for 45 seconds at maximum speed with a Polytron
(Brinkman, Westbury, NY), the samples were mixed for 45
minutes at 4°C by end-over-end rotation and centrifuged at
200 000g for 1 hour. The clear supernatant was removed with
care to avoid the overlying fat layer and stored in aliquots at
−80°C for later analysis. Protein content of liver homo-
genates was determined using a protein assay (Bio-Rad,
Hercules, CA), and 200 μg of protein per sample was loaded
in 10% polyacrylamide gels. After electrophoresis, proteins
were transferred to nitrocellulose membranes (Schleicher &
Schuell, Dassel, Germany) and stained with Ponceau S
(Sigma) to confirm equal protein loading. Membranes were
then destained with water and blocked with 5% powdered
milk for 30 minutes at 37°C. Blots were washed and
incubated overnight at 4°C with antiphospho-STAT1, anti-
STAT1, antiphospho-STAT3, and anti-STAT3 antibodies
(Upstate Biotechnology, Lake Placid, NY), or with antiactive
MAP kinases (ERK1/ERK2) and anti-MAP kinases anti-
bodies (Promega, Madison, WI), or with phosphor-p38 and
anti-p38 kinase antibodies (New England Biolabs, Beverly,
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MA). Goat-rabbit immunoglobulin G (Jackson ImmunoR-
esearch Biotech, Piscataway, NJ) or mouse immunoglobulin
G (Upstate Biotechnology, Lake Placid, NY) was used as
second antibodies. Specific protein bands were detected by
enhanced chemiluminescence (Amersham Pharmacia Bio-
tech, Buckinghamshire, England) and quantitatively deter-
mined using the ImageJ program. To make possible the
pooling of data from multiple immunoblots, the relative
density of each band was normalized against an internal
standard analyzed on each blot. The data from the ad libitum
group with saline injection were expressed as 1, and the
relative changes in other groups were calculated against
these controls.

2.6. Statistical analysis

Values are means ± SE. The results from food restriction
study were analyzed by 1-way analysis of variance
(ANOVA) with Fisher least significant difference (LSD)
test for comparisons of nutritional markers and inflamma-
tory markers among groups. Two-way ANOVA with Fisher
LSD test was also used for comparison of STATs and MAP
kinases among different feeding groups and IL-6 adminis-
tration in the food restriction study. The differences in body
weight between the final weight and the initial weight in
each feeding group were compared by paired Student t test.
The results of free fatty acids, ghrelin, and corticosterone
Fig. 4. The effects of food restriction on STAT1, STAT3, ERK1/2, and p38 abundan
administration. Three groups were given a standard rodent chow diet for 14 days at a
50% reduction of ad libitum intake (50%, n = 8). From each group, 4 rats received s
(+IL-6). After 5 minutes of injection, the liver was harvested. Liver extracts were
antibodies. Each lane in blots corresponds to an individual representative animal in
units normalized against an internal standard were compared. No significant diffe
different treatments (−IL-6 and +IL-6).
from the protein malnutrition study were analyzed by
Student t test between the groups fed by the 20% and the
2% protein diet.

Significance for all analyses was defined as P less than
.05 in all studies.
3. Results

3.1. Changes in body weights and organ weights with
food restriction

With 25% food restriction, animals gained 27.0 ± 3.1 g,
an 11.1% increase from their original weight (P b .05). When
the food intake was restricted to 50% of ad libitum intake,
body weight was slightly decreased, a 3.3% reduction, in the
first week and then maintained. As a result, the final body
weight in the 50% group was not significantly different from
their initial body weight. Animals fed ad libitum for 14 days
gained 66.9 ± 4.0 g, a 22.5% increase from their original
weight (P b .001), which was significantly higher than those
in the 25% and the 50% groups (Fig. 1).

Significantly smaller livers, hearts, and lungs were
only found in the 50% group compared with ad libitum
and 25% groups. There were no differences in the weight
of these organs between the 25% group and ad libitum
group. However, the ratio of organs to body weight was
not different among 3 groups (data not shown).
ce and phosphorylation in rat liver at basal conditions and in response to IL-6
d libitum (control, n = 8), 25% reduction of ad libitum intake (25%, n = 8), or
aline injection (−IL-6); and another 4 rats received 20 μg/kg of IL-6 injection
directly blotted with anti- or antiphospho-STAT1, STAT3, ERK1/2, and p38
the indicated group. The mean changes from 4 rats in arbitrary densitometry
rences were observed in different groups (ad libitum, 25%, and 50%) and
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3.2. Changes in plasma glucose, albumin, TNF, IL-1, IL-6,
and AG with food restriction

Food restriction did not alter plasma glucose, albumin,
and AG (data not shown). Tumor necrosis factor was not
detected in any group. Both levels of food restriction
significantly increased plasma IL-1 concentration compared
Fig. 5. The effects of low protein intake on plasma free fatty acids (A),
ghrelin (B), and corticosterone (C) concentrations. Two groups were given
either the 20% (20%, n = 10) or the 2% casein diet (2%, n = 10) ad libitum
for 14 days. Student t test was used. ⁎P less than .001, 2% vs 20%.
with the ad libitum group (P b .01). The same trends were
found in plasma IL-6 concentration, although the trend did
not reach statistical significance (Fig. 2).

3.3. Changes in plasma free fatty acids, ghrelin, and
corticosterone concentrations with food restriction

Plasma free fatty acid concentrations were significantly
lower in both the 25% and 50% groups compared with the ad
libitum group (0.33 ± 0.03 and 0.35 ± 0.03 vs 0.44 ± 0.06
mEq/L, P b .01). No differences in plasma free fatty acids
were found between the 25% and 50% groups. Plasma
ghrelin concentrations were not different among the 3
groups. However, both levels of food restriction significantly
increased plasma levels of corticosterone compared with ad
libitum (P b .05). No differences in plasma corticosterone
were found between the 25% and 50% groups (Fig. 3).

3.4. Changes in hepatic oxidative stress and IL-6–mediated
signaling pathway in the liver with food restriction

Food restriction did not alter the contents of total
glutathione content in the liver and the hepatic MDA level,
as compared with ad libitum feeding (data not shown). As
shown in Fig. 4, the protein abundance and activation of
STAT1, STAT3, ERK1, ERK2, and p38 in the liver were
maintained at the same levels between food restriction and ad
libitum grouping in the basal condition. In response to IL-6
administration, all the signaling proteins were activated to
comparable levels among the 3 groups.

3.5. Changes in plasma levels of free fatty acids, ghrelin,
and corticosterone with protein restriction

Plasma free fatty acids were significantly reduced by
dietary protein restriction. Although not directly comparable,
baseline levels of free fatty acids were substantially higher in
the control group fed the standard chow diet (Fig. 3A)
compared with the group fed the purified diet containing
20% protein (Fig. 5A). In contrast, the ghrelin and
corticosterone concentrations were significantly elevated
by protein restriction (Fig. 5).
4. Discussion

The present study showed that reduction of total food
intake in a proportionate fashion, at either 25% or 50% of
normal, was insufficient to provide a normal rate of growth.
With 25% less food, animals gained weight but at a lower
rate compared with those with ad libitum feeding. A further
reduction to 50% of normal food intake caused animals to
fail to gain from their initial body weight. Growth measured
as gain in weight is often used to estimate gains in body
nitrogen [9]; and for the rat, the correlation between gain in
weight and gain in body nitrogen is excellent [10]. Thus,
these results indicate that a substantial range in dietary intake
is compatible with continued growth.
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Protein intake is used in 3 principal metabolic pathways:
for lean tissue maintenance, for growth, and for energy [11].
In response to inadequate food intake, there is a diminution
in basal metabolism as a compensatory response to lower
energy and protein needs. Unlike the previous protein
malnutrition study [1], the plasma albumin levels, the total
content of glutathione, and the protein abundances in
signaling proteins were not different between these 2 food-
restricted groups and the ad libitum group in the present
study. Moreover, the hepatic antioxidative capacity and the
response to inflammatory stress, such as IL-6 stimulation,
were also well maintained during 25% or 50% food
restriction as compared with ad libitum feeding (Fig. 4).
Thus, there was relative preservation of protein content in
lean tissue and organs and full preservation of an essential
immune function with modest to severe food restriction.
Lower plasma fatty acid concentrations were observed in the
25% and 50% groups, presumably reflecting the relative loss
of adipose tissue compared with the ad libitum–fed animals.
These results suggest a useful adaptive response that allows
either slower accretion of lean tissue (25% reduction) or lean
tissue preservation (50% reduction) while maintaining intact
an essential function such as the ability to mount a systemic
inflammatory response.

However, it also should be noted that the vital organs,
such as the liver, the heart, and the lung, became smaller,
although organ weight to body size did not change when
food intake was reduced from 25% to 50% of normal, and
remained presumably still adequate in relation to needs as
reflected in body size. It is likely that further food restriction
below this level would cause greater weight loss and render
muscle protein mass inadequate to supply the necessary
amino acids to maintain optimal rates of fractional protein
synthesis in those rapidly turning over tissues like the viscera
and the immune system that require either muscle-derived or
dietary protein [12-14]. Thus, with greater food restriction,
there might well be an impact on the systemic inflammatory
response potential. Certainly, further study is necessary to
explore this possibility.

The low-protein diet by itself results in increases in
plasma proinflammatory cytokines, including TNF, IL-1,
and IL-6 [1], as well as evidence of inflammation including
acute phase protein elevation, reduced glutathione and
increased MDA levels, and activation of cytokine signaling,
presumably reflecting that this diet is an inflammatory stress.
Although the low protein intake is likely to be the
predominant factor for these findings [1], the higher
carbohydrate intake in the diet without protein may also
play a role [15]. In the current study, we further found that
the low-protein diet also elevated plasma levels of
corticosterone, confirming physiologic stress (Fig. 5).
Similar to these changes, both levels of food restriction
enhanced plasma IL-1 and corticosterone levels compared
with ad libitum feeding; but there was limited evidence of
inflammation, suggesting that this was primarily a physio-
logic stress. Taken together, these results suggest that,
although substantial nutrient deprivations, either of energy
and protein together or protein alone, are physiologic
stressors in healthy adult rats, only severe protein restriction
is an inflammatory condition. Moreover, food restriction has
even been used to reduce inflammation [16] mainly in states
where there is preexisting inflammation, as observed in
response to endotoxin [17,18], obesity [19,20], cancer [21],
and aging [22].

Ghrelin is a peptide produced mainly by the stomach,
with circulating ghrelin highest before feeding and declining
immediately after nutrient ingestion [23,24]. We observed no
differences in circulating ghrelin levels in response to
reduced food intake in the food restriction study. Interest-
ingly, plasma ghrelin was significantly increased in the 2%
protein group compared with the 20% group with a similar
amount of food consumed by both groups. Although blood
samples were taken at 10:00 AM to 12:00 PM in both studies,
the reasons for the differences in plasma ghrelin response are
not known. Several possibilities may help explain these
differences. First, rats eat predominantly during the first and
last portions of the dark period and eat relatively little food
during the midportion of the dark. In the food restriction
study, food was placed into the animal cages at 5:30 PM but in
the protein restriction study, food was there whenever the rats
needed but was removed at 5:00 PM on day 14. Thus, it is
possible that eating patterns differ between food restriction
and protein restriction, which might also partially explain the
substantial differences in baseline levels of free fatty acid
levels between groups fed the 20% protein diet or chow diet;
but the more likely reason is the overnight fast in the protein
restriction study. Second, the low serum free fatty acid levels
found in the protein-malnourished animals might be a signal
of energy deficit that should stimulate food intake and
ghrelin secretion [25,26], whereas the low levels of free fatty
acids in the food-restricted animals could reflect the impact
of recent dietary intake and/or reduced adipose tissue stores
that would not increase ghrelin levels. Furthermore, the
carbohydrates in the AIN diets used in the protein restriction
study were from refined sources such as starch and sugar,
whereas the carbohydrates in the chow diet used for food
restriction were from less refined natural sources such as
grain or soybean, representing important differences that
could influence insulin and thereby free fatty acids and
ghrelin responses as well as eating behavior.

Finally, although the effects of protein restriction alone
were profoundly different from those found with food
restriction, it is important to note that different controls as
discussed above were used in these 2 conditions. Although
both diets contained adequate nutrients for rats and both
controls had good growth patterns, a confirmed conclusion
should await a direct comparison using a single control.

In summary, a substantial but proportional reduction in
all essential nutrients as in the present study seemed to
have had a far less detrimental impact on body structure
and essential function like systemic inflammation than did
a very low protein intake with a near-adequate energy
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intake, as previously suggested in both animals [1,27,28]
and man [29-31].
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