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We have examined hepatic, genomic, and metabolic re-
sponses to dietary protein restriction in the non-pregnant
Sprague-Dawley rat. Animals were pair-fed either a 6 or 24%
casein-based diet for 7–10 days. At the end of the dietary pe-
riod, a microarray analysis of the liver was performed, followed
by validation of the genes of interest. The rates of appearance
of phenylalanine, methionine, serine, and glucose and the con-
tribution of pyruvate to serine and glucose were quantified
using tracer methods. Plasma and tissue amino acid levels, en-
zyme activities, and metabolic intermediates were measured.
Protein restriction resulted in significant differential expres-
sion of a number of genes involved in cell cycle, cell differenti-
ation, transport, transcription, and metabolic processes. RT-
PCR showed that the expression of genes involved in serine
biosynthesis and fatty acid oxidation was higher, and those
involved in fatty acid synthesis and urea synthesis were lower
in the liver of protein-restricted animals. Free serine and gly-
cine levels were higher and taurine levels lower in all tissues
examined. Tracer isotope studies showed an �50% increase in
serine de novo synthesis. Pyruvate was the primary (�90%)
source of serine in both groups. Transmethylation of methio-
nine was significantly higher in the protein-restricted group.
This was associated with a higher S-adenosylmethionine/S-
adenosylhomocysteine ratio and lower cystathione �-synthase
and cystathionine �-lyase activity. Dietary isocaloric protein
restriction results in profound changes in hepatic one-carbon
metabolism within a short period. These may be related to
high methylation demands placed on the organism and caused
by possible changes in cellular osmolarity as a result of the ef-
flux of the intracellular taurine.

The metabolic and biochemical impact of qualitative and
quantitative changes in dietary protein intake continues to be
of interest because of their implications for public health and
because of a number of studies showing a strong relationship
between protein intake during pregnancy with cardiovascular
function, hypertension, and glucose intolerance in the off-

spring (1–3). Studies in humans, primarily focused on whole
body protein, nitrogen metabolism, and protein accretion,
show that both high and low protein intake can impact these
processes (4–7). However, how humans adapt to protein dep-
rivation or the biochemical mechanisms involved has not
been examined. In the context of pregnancy, both high pro-
tein intake (in humans) and protein restriction in rodents
have been shown to cause fetal metabolic programming and
consequently altered physiological response in the offspring
in adulthood (8–11). In the rodent, dietary protein restriction
during pregnancy results in growth retardation, impaired beta
cell function and mass, impaired insulin sensitivity, hyperten-
sion, and other pathological responses in the offspring (1, 2).
These have been associated with a change in the hypothalam-
ic-pituitary-adrenal axis, changes in the renin-angiotensin
system, and alterations in the concentration of the cate-
cholamine and adrenoreceptors (reviewed in Ref. 2). These
observations have been attributed to metabolic programming
or imprinting, although the mechanism of such imprinting (of
the fetus) has not been identified (1).
The effect of total protein deprivation or total and specific

amino acid starvation has been examined in isolated cell sys-
tems and in vivo (12). These data may not be comparable with
the in vivo physiological situation where such total depriva-
tions are not observed. Other studies have examined the con-
sequence of protein restriction or individual amino acid dep-
rivation on specific biochemical pathways (13, 14). However, a
comprehensive metabolic and biochemical evaluation of an
organ system in vivo has not been done. Such studies are im-
portant to explore the specific biochemical cues that trigger a
particular phenotype. In this study, we have examined the
hepatic genomic and metabolic responses to dietary protein
restriction for 7–10 days. Using the gene array approach, we
identified the pathways of interest and have quantified the
changes in the specific metabolic pathway by measuring the
metabolic intermediates and the activity of enzymes involved
and by quantifying the substrate flux using tracer isotopic
methods. Our data show dietary protein restriction in the rat
resulted in differential expression of genes involved in various
cell cycle and metabolic processes and resulted in profound
changes in methionine and serine metabolism.

MATERIALS AND METHODS

Animals

Non-pregnant Sprague-Dawley rats were obtained from
Zivic-Miller Laboratories Inc. (Zelienople, PA). All studies
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were conducted at the animal care facility of Case Western
Reserve University, MetroHealth Medical Center, Cleveland,
OH. The protocol was reviewed and approved by the Institu-
tional Animal Care and Use Committee. American Associa-
tion for the Accreditation of Laboratory Care Guidelines were
followed for all the studies. The animal care facility was main-
tained under an ambient temperature (22 � 1 °C) and light
(on at 0600 h, off at 1800 h) conditions. After acclimatization
for 3 days, the animals were placed on either protein-re-
stricted (6%, LP)2 or normal protein (24%, NP) diet for 7–10
days. The control group was pair-fed. The pair-feeding was
performed by offering the amount of food taken by the exper-
imental animal pair (LP) on the previous day to the NP pair.
The source of protein was casein. The composition of the diet
is displayed in supplemental Table 1 (24% protein (TD90017),
6% protein (TD90016); Harlan Teklad, Madison, WI). The
carbohydrate content (nitrogen-free extract) in the LP diet
was increased to make it isoenergetic. The amount of water
and food ingested was measured daily. The animals were
weighed every 3 days during the study. At the end of the study
period, the animals were anesthetized using intraperitoneal
pentobarbital (100 mg per kg body weight). All isotopic trac-
ers studies and blood and tissue samples were obtained from
fasted (12 h) animals. Blood and tissue samples were collected
rapidly. Tissue samples were snap-frozen in liquid nitrogen.
The biological samples were stored at �80 °C for future
analysis.

Isotopic Tracer Studies

Male Sprague-Dawley rats weighing 250–300 g with ind-
welling carotid artery and jugular vein catheters were ob-
tained form Zivic-Miller Laboratories. The indwelling PE50
catheters were placed 3–4 days prior to transfer of the ani-
mals to our institution. The surgical procedures were per-
formed under anesthesia and sterile conditions. The catheters
were tunneled subcutaneously, and the distal end of each
catheter was sutured to the dorsum of the neck. The catheters
were filled with an anticoagulant solution, capped, and se-
cured on the top of the neck. Postoperatively, the animals
were given analgesic for pain (0.2 ml of Ketosen�, 10 mg/ml)
and were placed on ad libitum rat chow and water. Following
recovery from surgery (3–4 days), the animals were placed on
the dietary regimens described above.
Tracer studies were performed during fasting that started

at 8 a.m. Food was removed at 6 p.m. the evening before
the study; water was provided ad libitum. Isotopic tracers
were administered as prime-constant rate infusion. The re-
spective rate of infusion of the various tracers were as follows:
[2H5]phenylalanine, 0.4 �mol�100 g�1�h�1; [13C,15N]serine,
1 �mol�100 g�1�h�1; [13C,2H3]methionine, 0.8 �mol�100
g�1�h�1; [1-14C]methionine, 0.4 �Ci�100 g�1�h�1. The prim-
ing dose corresponding to �30 min of infusion (0.25 ml) was
administered over 10–15 min. The sampling line (carotid ar-

tery) was kept patent by infusing isotonic saline at 0.5 ml/h.
The animals were unrestrained, awake, and moved freely in
the cage during the experiment. Blood samples (0.5 ml) were
obtained in heparinized syringes at 240, 270, 300, and 330
min. Respiratory calorimetry measurements were done using
an open canopy system as described previously (15).
The specific activity of expired CO2 was measured as fol-

lows. The animal in the cage was placed under a canopy. The
air in the canopy was suctioned using the wall suction. A part
of the outflow stream was slowly bubbled through 2 ml of
CO2 trapping solution (0.006 g of thymolphthaline, 100 g of
absolute alcohol, 100 ml of 1 M methylbenzethonium hydrox-
ide) until colorless, representing absorption of 1 mmol of CO2
(16). Scintillation mixture (10 ml) was added to the colorless
solution, and the radioactivity was measured on a beta
counter.
The rate of production of glucose was measured in a sepa-

rate group of animals using [6,6-2H2]glucose tracer as de-
scribed previously (17). Gluconeogenesis from pyruvate was
quantified by measuring the incorporation of 2H in C-6 of
glucose following the 2H labeling of the total body water (18).
Similarly, the contribution of pyruvate to serine was measured
by the incorporation of 2H of water in plasma serine.

Analysis

Tracer Enrichment in Plasma—The isotopic enrichment of
phenylalanine (m5), methionine (m4), serine (m2 and m3), and
glycine (m2) in the plasma was measured following prepara-
tory separation by ion exchange chromatography on a gas
chromatograph mass spectrometer as described from our lab-
oratory (19, 20).The 2H enrichment of C-6 of glucose was
measured using the hexamethylene tetramine derivative
method (21).
The specific activity of [1-14C]methionine in plasma was

estimated as follows. The concentration of methionine in the
plasma was measured by HPLC (15). An aliquot of plasma was
treated with perchloric acid to remove [14C]O2. The radioac-
tivity in the supernatant was measured using a beta counter. It
is assumed that all the radioactivity in the supernatant repre-
sents methionine. The contribution of other labeled products
of methionine metabolism is likely to be small.
Gene Array Analysis—Total RNA was extracted from the

livers of five rats on the NP diet and four on the LP diet. The
RNA was prepared according to the vendor’s protocol (Af-
fymetrix, Santa Clara, CA). All samples were tested using the
Rat Expression Array 230 version 2.0 whole genome oligonu-
cleotide arrays (Affymetrix, Santa Clara, CA). Signals were
generated from the scanned image files using Affymetrix pro-
prietary software, GeneChip Operating Software (GCOS), and
Affymetrix standard operating procedures. Microarray Suite 5
(MAS 5) algorithms were used to convert gel files into spread-
sheets of data. Array-wide data for individual samples were
uniformly scaled to 500 and exported to MS Excel. Data were
imported into BAMarray (Bayesian Analysis of Microarray
data) software. Data were analyzed for significant changes in
expression.
There were 483 genes called significantly increased and a

further 541 genes called decreased. BAM does not comment

2 The abbreviations used are: LP, low protein; NP, normal protein; AdoMet,
S-adenosylmethionine; AdoHcy, S-adenosylhomocysteine; PEPCK,
phosphoenolpyruvate carboxykinase; 3PDGH, 3-phosphoglycerate
dehydrogenase.
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on magnitude of the fold changes, and so we cross-referenced
the significantly changed genes with the ratio between group
signal averages on a per gene basis. We set the cutoff ratio to
�1.5 and �1.5 for the increases and decreases, respectively.
This second screening gave us a set of 232 gene transcripts
that were increased and 318 that were decreased (supplemen-
tal Tables 4, A and B) The list of increased and decreased
gene transcripts were imported separately into PathwayStudio
6.2 (Ariadne, Rockville, MD) and screened for the enrichment
of biological processes. In this step, PathwayStudio 6.2
compared the number of genes in a particular Gene Ontol-
ogy category in its data base with the number of observed
genes from the same category in the imported set of genes
using Fisher’s exact test and displayed the results with a p
value to indicate whether the imported list was enriched
with members from this category. In this way, we gener-
ated two lists of enriched biological groups as follows: one
represented increases and the other represented decreases.
These lists were subjected to three screening steps in the
following sequence. 1) All biological processes with as-
signed p values greater than 0.05 were expunged from the
list. 2) The remaining list of components was sorted in de-
scending order on the number of gene identities in com-
mon between the Gene Ontology category in the imported
gene list and that of the Pathway Studio data base list. All
biological categories in which the common genes num-
bered only 1 were excluded. 3) The remaining biological
processes were screened subjectively. Groups that were
perceived as pertinent to the study were kept; others from
many and diverse areas of biology were removed.

Quantitative Real Time PCR

Quantification of RNA was done using real time PCR
using the protocol described (22). Rat tissue samples were
homogenized using a Brinkmann tissue homogenizer, and
RNA was extracted using 5 ml of TRI Reagent as per the
manufacturer’s protocol. Debris was removed by centrifu-
gation, and RNA was collected and resuspended in diethyl
pyrocarbonate-treated water. The concentration of RNA
was estimated by measuring absorption at 260 and 280 nm.
Quality verification of the RNA sample was performed by
separating 10 �g of total RNA on a 1.25% formaldehyde
agarose gel. BD Clontech kit protocol was followed to syn-
thesize first strand cDNA from 1 �g of total RNA. Oligo-
nucleotide primers used for the various genes are shown in
supplemental Table 2 (primer list). Real time PCR was per-
formed using protocols previously described (22). Real
time PCR for quantification of mRNA was performed on a
Stratagene Mx3000P (Stratagene Inc., La Jolla, CA) using a
SYBR� protocol on the fluorescence temperature cycler.
Results were expressed as fold change in expression of each
gene in the low protein diet-fed rats compared with the
control normal protein diet-fed animals using a relative
quantification method (23). The relative expression of the
gene of interest in the LP diet rats was quantified com-
pared with its expression in the NP diet-fed controls. All
real time PCR products were then separated on a 1.5%

Tris/acetic acid-agarose electrophoresis to confirm prod-
uct presence and size.
Other Biochemical Analysis—Amino acid concentration in

the plasma and tissues were measured following pre-column
o-phthaldehyde derivatization and using high performance
liquid chromatography (HPLC) with fluorometric detec-
tion (20). Rat tissues (liver, skeletal muscle, and kidney)
were homogenized in 3% sulfosalicylic acid (1:4 dilution).
The homogenate was centrifuged and the supernatant used
for analysis.
AdoMet and AdoHcy concentrations were measured as

described by Merali et al. (24). Plasma concentrations of cys-
teine, homocysteine, and glutathione were measured as de-
scribed by Garcia and Apitz-Castro (25).
Enzyme Activity Measurements—Cystathionine �-lyase ac-

tivity in the liver homogenate, 25 �l, was measured as de-
scribed by Stipanuk (26). Briefly, 1 ml of the reaction mixture
contained 100 mM potassium phosphate buffer, pH 7.5, 4.0
mM L-cystathionine, 0.125 mM pyridoxal 5�-phosphate, 0.32
mM NADH, 1.5 units of lactate dehydrogenase. The rate of
production of pyruvate was measured by the decrease in the
absorbance at 340 min using a spectrophotometer. Maximal
velocity was calculated from the linear portion of the reac-
tion. Glycine N-methyltransferase activity was measured as
described by Rowling et al. (27). Glycine N-methyltrans-
ferase activity assay was initiated by the addition of 250 �g
of protein from the liver homogenate to a reaction mixture
containing 200 mM Tris, pH 9.0, 5 mM dithiothreitol, 2 mM

glycine, and 0.2 mM S-adenosyl-L-[methyl-3H]methionine
and incubated at 37 °C for 30 and 60 min. The reaction was
stopped by adding 50 �l of 10% TCA to the reaction mix-
ture. Unreacted AdoMet was removed by the addition of
activated charcoal, and an aliquot of the subsequent super-
natant was removed for scintillation counting. The assay
was linear with respect to time and protein concentration.
The activity was expressed as nanomoles of sarcosine
formed per mg protein per min.
Methionine synthase activity in liver homogenate was

measured by the formation of methionine in the presence of
homocysteine and [6-14C]methyl tetrahydrofolate (28). 100 �l
of tissue homogenate was incubated with 100 �l of reaction
mixture. The concentration of the reagents were 14.5 mM

homocysteine, 2.5 mM S-adenosyl-L-methionine, 0.05 mM cya-
nocobalamin, 15 mM dithiothreitol in 85 mM phosphate
buffer, pH 7.5. The methionine produced was separated by
ion exchange chromatography and radioactivity counted in a
Packard scintillation counter.
Cystathionine �-lyase activity was also measured, as de-

scribed by Heinonen (29), by quantifying the rate of produc-
tion of cysteine from cystathionine in the presence of pyri-
doxal phosphate. The amount of cysteine in the reaction
mixture was measured by HPLC (25). Cystathionine �-syn-
thase activity was measured using the method of Mudd et al.
(30). The rate of synthesis of [14C]cystathionine from
[14C]serine and -homocysteine was quantified in the presence
of pyridoxal phosphate.
Phosphoenolpyruvate mRNA and protein were measured

as described previously (31). Phosphoenolpyruvate carboxyki-
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nase activity in the liver of the rats was measured by the
method Ballard and Hanson (32).

Calculations and Statistical Analysis

The rate of appearance of each amino acid was calculated
using tracer dilution method during isotopic steady state as
shown in Equation 1,

Ra � ��100/Ep� � 1� � I �mol � 100 g�1 � h�1 (Eq. 1)

where Ra � rate of appearance (�mol�100 g�1�h�1); Ep is the
enrichment of respective tracer in the plasma, and I is the rate
of infusion of isotopic tracer. The contribution of [1-14C]me-
thionine to expired CO2, a measure of the rate of trans-sulfu-
ration of methionine, was calculated from the specific activity
of expired CO2 and plasma methionine-specific activity using
the precursor-product relationship (33).The contribution of
pyruvate to glucose (gluconeogenesis) and to serine was cal-
culated from their respective tracer enrichments and the pre-
cursor-product relationship. Because there were three labeled

hydrogens on the serine molecule, the enrichment of serine
was divided by 3.
All data are reported as means � S.E. Student’s t test was

used to examine statistically significant (p 	 0.05) differences
among the groups.

RESULTS

Dietary protein restriction caused differential regulation
of a number of genes involved in several biological pro-
cesses in the liver. Some of these processes and the respec-
tive number of genes that were significantly changed by
dietary intervention are displayed in Figs. 1 and 2. As
shown, significant down-regulation was observed among
genes involved in cell cycling, differentiation, and apopto-
sis, and significant up-regulation was observed among
those involved in the response to oxidative stress and cellu-
lar redox homeostasis. Some genes of particular interest
involved in specific metabolic processes are listed in sup-
plemental Table 3, A and B.

FIGURE 1. Biological processes with significantly down-regulated genes (numbers) in the liver of the protein-restricted animals.

FIGURE 2. Biological processes with significantly up-regulated genes (numbers) in the liver of the protein-restricted animals.
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As anticipated, the regulation of metabolic processes in-
volved both up-regulated and down-regulated genes. The ex-
pression of genes involved in fatty acid oxidation was in-
creased, and those involved in fatty acid synthesis were
decreased. In addition, the expression of genes for glucose-6-
phosphate dehydrogenase and phosphogluconate dehydro-
genase was markedly lower in response to dietary protein re-
striction. Among the genes involved in amino acid
metabolism, a significant increase was observed for those in-
volved in serine biosynthesis via the phosphorylated interme-
diate pathway (3-phosphoglycerate dehydrogenase, phospho-
serine aminotransferase). Also of interest was the increased
expression of histidine decarboxylase, cysteinesulfinic acid
decarboxylase, and asparagine synthetase.
We confirmed by RT-PCR the changes in expression of the

genes of interest in hepatic metabolism of serine, urea, and
fatty acids. As shown in Fig. 3, in protein-restricted animals,
there was an increase in the mRNA for 3-phosphoglycerate
dehydrogenase (EC 1.1.1.95), phosphoserine aminotransferase
(EC 2.6.1.52), cysteinesulfinic acid decarboxylase (EC 4.1.129),
and glutamate-cysteine ligase (EC 6.3.2.2). In contrast, the
genes for the enzymes involved in urea synthesis, aspartate
aminotransferase (EC 2.6.1.1), argininosuccinate lyase (EC

4.3.2.1), and argininosuccinate synthase (EC 6.3.4.5) were re-
pressed. The changes in genes involved in fatty acid synthesis
(fatty-acid synthase (EC 2.3.1.85) and stearoyl-CoA desatu-
rase (EC 1.14.19.1)) were down-regulated, although the genes
for those involved in fatty acid oxidation (carnitine O-palmi-
toyltransferase 2 (EC 2.3.1.21), acyl-CoA oxidase (EC 1.3.3.6),
and peroxisome proliferator-activated receptor-�) were up-
regulated, suggesting higher expression of enzymes involved
in fatty acid oxidation in protein-restricted animals. Finally,
CYP4A1 was down-regulated in the LP group.
The hepatic gene array data suggest an attempt at nitrogen

conservation (lower urea synthesis), higher serine biosynthe-
sis, lower fatty acid synthesis, and higher fatty acid oxidation,
probably related to high energy demands in the liver.
Amino Acid Concentration in Plasma and Tissues—The

total amino nitrogen concentration in the plasma was higher
in the protein-restricted group (LP, 4.93 � 55.9; NP, 3.93 �
43.9 mM�liter�1, mean � S.E.); however, the difference was
not statistically significant. As shown in Fig. 4, the plasma
concentration of several amino acids was changed as a result
of dietary protein restriction; most notable were serine and
glycine, which were markedly higher in the LP group (serine,
LP 526.9 � 45.9; NP 224.8 � 33.5 �mol/liter, p � 0.001; gly-
cine, LP 568.5 � 60.9; NP 291.8 � 7.57 �mol/liter, p � 0.007).
In addition, plasma concentrations of citrulline and ornithine
were also higher in the LP group (p � 0.06). The plasma con-
centration of taurine was not different among the two groups.
Free serine and glycine concentrations in the liver were

significantly higher (serine p � 0.002 and glycine p � 0.014),
although free taurine concentration was markedly lower (p �
0.000) in the protein-restricted animals compared with the
NP animals (Fig. 5). The hepatic concentrations of free tyro-
sine, valine, and isoleucine were also significantly lower in the
LP animals. Hepatic total cysteine concentration was signifi-
cantly lower in the LP group as compared with the NP group
(LP, 1.66 � 0.15; NP, 2.15 � 0.08 mmol/liter; p � 0.004).
The free amino acid concentration in the skeletal muscle

was markedly affected by dietary protein restriction (Fig. 6).
The levels of essential amino acids, leucine, isoleucine, methi-
onine, and phenylalanine, were significantly lower in the pro-
tein-restricted animals. Among nonessential amino acids, the
concentrations of serine and glycine were significantly higher
(p 	 0.05), although that of tyrosine and glutamic acid was
significantly lower in the LP group. In addition, skeletal mus-
cle concentration of free taurine was lower in the LP group.
There was no significant change in the concentration of free
amino acids in the kidney as a result of dietary protein restric-
tion except for taurine, which was significantly lower (p �
0.01), and serine, which was higher (p � 0.057) in the LP
group (Fig. 7).
Plasma Cysteine, Homocysteine, and Glutathione—The

concentration of total cysteine, homocysteine, and glutathi-
one in the peripheral plasma was unchanged as a result of
dietary protein restriction (Table 1). There was no change in
the portal venous plasma concentration of cysteine, homocys-
teine, and glutathione.
Amino Acid Kinetics—We quantified the rate of appearance

of serine, phenylalanine, and methionine during isotopic

FIGURE 3. Quantitative changes (mean � S. E.) by real time PCR in the
mRNA of the various genes in the liver of the protein-restricted ani-
mals. Bars above the base line show an increase and those extending
below it show a decrease in the expression of mRNA. 3PGD, 3-phospho-
glycerate dehydrogenase; PAST, phosphoserine aminotransferase; CSAD,
cysteinesulfinic acid decarboxylase; CGL, glutamate-cysteine ligase; AST,
argininosuccinate lyase; AGS, argininosuccinate synthase; FAS, fatty-acid
synthase; SCD, steroyl-CoA desaturase; ACoAO, acyl-CoA oxidase; CPT2,
carnitine-O-palmitoyltransferase.
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steady state in resting, awake animals. As shown in Fig. 8, the
whole body serine rate of appearance was markedly higher in
the protein-restricted animals (p � 0.06). The contribution of
serine to the glycine pool was 19.7% (�0.02) in the LP group
and 25% (�0.06) in the NP group (p � not significant).
Whole body rate of protein turnover measured by the rate

of appearance of phenylalanine and methionine ([1-14C]me-
thionine tracer) was not statistically different between the LP

and NP groups. Methionine rate of appearance, measured
using the 13C,2H3 tracer, was significantly higher in the pro-
tein-restricted animals (LP 8.48 � 0.9 and NP 6.33 � 0.65
�mol�100 g�1�h�1, p � 0.03) suggesting a higher rate of trans-
methylation of methionine. The fractional rate of oxidation of
methionine (trans-sulfuration) was not different among the
LP and NP groups (LP 0.11 � 0.01, NP 0.20 � 0.06, p � not
significant). The total rate of trans-sulfuration (rate of appear-

FIGURE 4. Amino acid levels in plasma. Amino acid levels in the plasma of rats fed either a low protein (dark bars) or a normal protein (light bars) diet. Data
are mean � S.E. The amino acids are abbreviated as follows: ASP A, aspartic acid; GLU A, glutamic acid; ASN, asparagine; SER, serine; GLN, glutamine; GLY,
glycine; HIST, histidine; THR, threonine; CIT, citrulline; ALA, alanine; TAUR, taurine; ARG, arginine; TYR, tyrosine; ABA, aminobutyric acid; METH, methionine;
VAL, valine; TRY, tryptophan; PHE, phenylalanine; ISO, isoleucine; LEU, leucine; ORN, ornithine; LYS, lysine. *, p � 0.001; §, p � 0.007.

FIGURE 5. Amino acid levels in the livers of rats fed either a low protein (dark bars) or a normal protein (light bars) diet. The amino acids are abbrevi-
ated as in Fig. 4. To maintain the scale of the graph, all values for amino acid are divided by 10. *, p 	 0.01; §, p 	 0.05; F, p 	 0.02; �, p 	 0.002.
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ance of [1-14C]methionine�fractional rate of oxidation) was
also not different between LP and NP groups.
Hepatic Methionine Metabolism—The concentrations of

AdoMet, AdoHcy, and their ratio (AdoMet/AdoHcy) are
shown in Table 2. Dietary protein restriction resulted in a
significant (p 	 0.002) lowering of hepatic AdoHcy levels,
although AdoMet levels were not different when compared
with the normal protein group. Consequently, the AdoMet/

FIGURE 6. Amino acid levels in skeletal muscle of rats fed either a low protein (dark bars) or a normal protein (light bars) diet. The amino acids are
abbreviated as in Fig. 4. To maintain the scale of the graph, all values for amino acid are divided by 10. §, p 	 0.05; F, p 	 0.025; �, p 	 0.001.

FIGURE 7. Amino acid levels in the kidney of rats fed either a low protein (dark bars) or normal protein (light bars) diet. The amino acids are abbrevi-
ated as in Fig. 4. F, p 	 0.01.

TABLE 1
Plasma cysteine, homocysteine, and glutathione
Means � S.E. No significant difference between groups was noted. Number in
parentheses indicates number of animals.

Cysteine Homocysteine Glutathione

�mol�liter�1 �mol�liter�1 �mol�liter�1

LP 287 � 13.64 (11) 4.1 � 0.43 (11) 24.9 � 3.17 (8)

NP 298 � 13.73 (8) 5.1 � 0.77 (8) 16.8 � 1.42 (5)
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AdoHcy ratio in the liver was significantly higher (p 	 0.02)
in the LP group, suggesting a higher hepatic methylation po-
tential in these animals. However, there was no significant
difference in the total hepatic genomic methylation between
the two groups (data not shown). There was no significant
change in the concentration of AdoMet, AdoHcy, or AdoMet/
AdoHcy ratio in the kidney or skeletal muscle (data not
shown).
We quantified the activities of key enzymes involved in me-

thionine metabolism in the liver. As reported by others (34,
35), dietary protein restriction resulted in a significant de-
crease in the activity of cystathionine �-synthase and cystathi-
onine �-lyase (Table 3). The lower activity of cystathionine
�-lyase was evident when the activity was measured by two
independent methods. There was no significant change in the
activity of glycine N-methyltransferase nor that of methionine
synthase.
Gluconeogenesis and Serine Biosynthesis—Cytosolic phos-

phoenolpyruvate carboxykinase is a key cataplerotic enzyme
in the rodent liver (36). It regulates the efflux of citric acid
cycle anions from the TCA cycle toward the gluconeogenic
pathways. Because serine is synthesized from the gluconeo-
genic/glycolytic intermediate, 3-phosphoglycerate, we exam-
ined the effect of dietary protein restriction on the expression
and activity of PEPCK-C and on the contribution of pyruvate
to glucose and serine. Dietary protein restriction did not have
any significant effect on PEPCK-C mRNA, protein, or activity

(data not shown). The rate of appearance of glucose, mea-
sured by [6,6-2H2]glucose tracer dilution, was not different in
the two groups (LP, 4.7 � 0.56; NP, 5.2 � 0.53 �mol�100
g�1�min�1; see Table 4). The fraction of glucose rate of ap-
pearance contributed by pyruvate, measured by 2H incorpora-
tion of body water in C-6 of glucose, was also unchanged (LP,
35.8 � 5.7%; NP, 40.6 � 6.4%, p � not significant). In con-
trast, the fraction of serine rate of appearance derived from
pyruvate was significantly higher in the protein-restricted
group (LP, 92.4 � 3.5%; NP, 69.5 � 4.1%, p � 0.004). Pyruvate
was the predominant contributor to serine synthesis in both
the LP and NP groups, even in the presence of a higher rate of
appearance of serine in the LP group.

DISCUSSION

Our data show that isocaloric restriction of dietary protein
in rat causes the following: 1) marked changes in expression
patterns of a large number of genes in the liver; 2) perturba-
tions in the amino acid pattern in plasma and tissues, particu-
larly serine and glycine; 3) a marked decrease in free taurine
in the liver and skeletal muscle; 4) changes in hepatic methio-
nine metabolism; and 5) an increase in serine synthesis. The
exact mechanism(s) that mediate these responses to dietary
protein restriction will require further study.
A few aspects of our studies should be underscored. 1) The

animals were pair-fed, so that any impact of a decrease in to-
tal energy intake was the same for both groups of rats. 2) We
used a casein-based diet for both groups, because the quality
of protein by itself has been shown to impact whole body me-
tabolism (37). 3) Our data are not directly comparable with
studies where the response to diets made of amino acid mix-
tures are examined, because those studies did not require di-
gestion of ingested proteins and therefore may not impact the
gastrointestinal hormones. These data are not comparable
with other studies of so-called “amino acid starvation” in vivo
or in vitro, because total deficiency of protein/amino acid will
evoke acute proteolytic responses not seen in the present
model (12). 4) Because the cysteine content of casein is low
(0.5%), even though methionine was added to the protein-
restricted diet, the available cysteine to the LP group may
have been low. 5) We examined the animals at 7–10 days of
protein restriction, and therefore we did not determine the
acute responses. In this context, our study may invoke early
adaptation to the diet, which may be quite different after pro-
longed (weeks) duration of protein restriction.
Amino Acids—The striking feature of the changes in plasma

and tissue concentration of amino acids was the increase in
the concentration of serine and glycine and the decrease in

FIGURE 8. Effect of dietary protein restriction on whole body amino acid
kinetics in rats. Whole body rate of appearance of serine, methionine, and
phenylalanine were measured in awake resting rats. The rate of appearance
of methionine was measured using [13C,2H3]methionine and [1-14C]methi-
onine tracers. *, p � 0.03; §, p � 0.06 compared with normal protein group.
LP, dark bar; NP, clear bar.

TABLE 2
Effect of low protein diet on AdoHcy and SAM in rat tissues
Mean � S.E. Number in parentheses indicates number of animals.

AdoMet AdoHcy AdoMet/AdoHcy
LP (13) NP (7) LP (13) NP (8) LP (13) NP (8)

nmol�g�1 wet weight nmol�g�1 wet weight ratio
Liver 74.5 � 5.69 83.9 � 9.91 15.7 � 1.39a 24.4 � 1.98 5.2 � 0.43b 3.5 � 0.40
Kidney 47.0 � 5.81 42.7 � 5.11 13.9 � 2.39 12.7 � 1.50 3.4 � 0.51 3.8 � 0.74
Muscle 28.9 � 2.36 25.9 � 3.70 1.4 � 0.18 1.7 � 0.19 23.7 � 2.81 16.6 � 2.47

a p 	 0.002.
b p 	 0.02 compared with NP group.
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taurine concentration in the protein-restricted group. Al-
though these changes were seen in all compartments, they
were most marked in the liver. The higher concentrations of
serine were associated with evidence of an increase in its bio-
synthesis (discussed below). Both serine and glycine are the
key components of one-carbon metabolism, as methyl donors
for the de novo synthesis of purine nucleotide, as precursors
for cell proliferation, and as the carbon source for other
amino acids (i.e. cysteine and taurine), and for lipid molecules
such as phosphatidylserine and ceramides (38). A high con-
centration of these amino acids may reflect a high demand for
any of these processes. A similar increase in the serine con-
centration in plasma and liver was reported by Nagao et al.
(39) in rats placed on lysine- or valine-free diets and by Adibi
et al. (40) in rats placed on protein-free diets. Thus, high ser-
ine levels may be a basic response to protein or amino acid
restriction and a consequent high demand for serine for many
metabolic processes.
The large magnitude of change in the free amino acids in

the liver suggests that liver plays a primary role in adaptation
to dietary protein restriction. The changes in free amino acids
in skeletal muscle, i.e. lower essential amino acids, suggest a
lower rate of protein turnover, an adaptive response aimed at
conserving body proteins. The observed changes in plasma
and skeletal muscle amino acids levels are somewhat similar
to those seen following prolonged (30 days) total starvation in
humans (41). However, the animals in this study were not
restricted in energy intake, and the lower amount of protein
in the diet was substituted with equivalent carbohydrate en-
ergy. The non-protein energy intake may have inhibited the
proteolytic responses usually seen with acute starvation (41).
There was a significant decrease in total hepatic cysteine

levels in the protein-restricted group. The lower levels may be
related to the lower activity of the enzymes of the trans-sulfu-
ration pathway, although there was no significant change in
the trans-sulfuration flux during fasting. We did not observe
any difference in total homocysteine concentration in the

plasma as a result of protein restriction. This is in contrast to
the data from studies in humans showing a negative correla-
tion between protein malnutrition, assessed by plasma transt-
hyretin levels, and the total concentration of homocysteine in
the plasma (42). The lack of change in total homocysteine
may be related to the short duration of the study and to the
higher rate of transmethylation of methionine (43). The lower
plasma glutathione levels in the LP group likely reflect the
lower hepatic concentration of glutathione in this group.
Whole Body Protein and Nitrogen Metabolism—Protein

restriction in healthy humans has been shown to cause a de-
crease in whole body protein turnover (leucine rate of appear-
ance) and a decrease in protein/leucine oxidation (6, 44) and a
lower rate of oxidation of leucine in rats (46). Specifically in
relation to the liver, a decrease in protein intake to 0.6
g/(kg�body weight) for 7 days caused a significant decrease in
nutrient transport protein and an increased formation of
acute phase protein, suggesting that a low grade inflammatory
response was associated with an increased plasma concentra-
tion of proinflammatory cytokine interleukin 6 (47). In con-
trast to these data, we did not observe any significant change
in the whole body rate of protein turnover (phenylalanine and
[1-14C]methionine rate of appearance). This may be related to
difference in the isotopic tracer used (leucine versus phenyl-
alanine), the relative contribution of liver versus skeletal mus-
cle to the kinetic measurement, or may simply be due to spe-
cies difference and the small sample size of our study. The
lower levels of free essential amino acids in the skeletal mus-
cle suggest a lower rate of protein breakdown in the muscle
caused by the protein restriction. An overall attempt to con-
serve body nitrogen was evidenced by the lower level of RNA
for the urea cycle enzymes in the liver (Fig. 3).
Hepatic Methionine Metabolism—Dietary restriction of

protein resulted in a higher rate of transmethylation of methi-
onine, higher methylation potential (higher AdoMet/AdoHcy
ratio) (48), lower activity of cystathionine �-synthase and cys-
tathionine �-lyase, as well as a higher level of expression of
cysteinesulfinic acid decarboxylase and glutamate-cysteine
ligase. These changes were associated with lower hepatic cys-
teine and taurine levels and no alteration in the concentration
of homocysteine and glutathione. The higher rate of trans-
methylation may be related to increased methylation de-
mands as a result of a high level of cell cycle activity and other
processes suggested by the alterations in the level of RNA
noted in the gene array data. The lower activity of the en-
zymes of the trans-sulfuration pathway in the LP group would
conserve the methionine/homocysteine carbons to sustain the
high activity of methionine cycle and may be part of a general

TABLE 3
Effect of low protein diet on hepatic enzyme activity
Mean � S.E. All data are �mol�mg protein�1�h�1.

LP NP

Cystathionine �-lyase
Cysteine3 pyruvate3 lactate 0.433 � 0.02a (10) 0.618 � 0.04 (5)
Cystathionine3 cysteine 0.82 � 0.09b (13) 1.07 � 0.03 (8)

Cystathionine �-synthase 0.292 � 0.01 (10) 0.461 � 0.06 (7)
Glycine N-methyltransferase
AdoMet � glycine3 sarcopine 1.770 � 0.10 (11) 1.964 �0.11 (5)

Methionine synthase 34.93 � 4.13 (7) 25.87 � 3.75 (4)
a LP versus NP, p 	 0.001 two-tailed t test.
b LP versus NP, p 	 0.02.

TABLE 4
Glucose kinetics and contribution of pyruvate to glucose and serine
Ra glucose means rate of appearance of glucose.

Ra glucose

2H enrichment
Glucose from pyruvate Serine from pyruvatePlasma Glucose C-6 Serine m3

�mol�100 g�1�min�1 % % % % %
LP 5.0 � 0.5 0.37 � 0.01 0.28 � 0.01 0.78 � 0.06 40.6 � 6.4 69.5 � 4.1

NP 4.7 � 0.6 0.31 � 0.01 0.22 � 0.04 0.86 � 0.03 35.9 � 0.6 92.9 � 3.5a
a p � 0.004, LP versus NP.
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mechanism to conserve body nitrogen. The mechanism or the
molecular signal responsible for these changes remain to be
determined.
Taurine Homeostasis—There was a marked decrease in the

intracellular concentration of taurine and a small increase in
the levels of taurine in the plasma of the protein-restricted
animals. The dramatically lower concentration of taurine in
the liver may be related to the lower availability of cysteine as
a result of protein restriction (with low (0.5%) concentration
of cysteine in casein) or lower levels of total cysteine in the
liver or to a lower rate of synthesis of cysteine due to down-
regulation of the trans-sulfuration pathway. However, tracer
isotope measured trans-sulfuration was not reduced in the LP
group. In addition, as reported previously by other investiga-
tors (14), the expression of the gene coding for the enzyme
involved in the synthesis of taurine, cysteinesulfinic acid de-
carboxylase, was up-regulated in the LP group. Thus, the
lower concentration of free taurine in the LP group could not
be attributed to a lower rate of taurine synthesis. Taurine is a
major intracellular osmolyte and is present at relatively high
concentrations (e.g. 7–8 mM in the liver) in some mammalian
tissue (49). The markedly lower levels of taurine in the liver
may be due to taurine efflux as a result of change in extracel-
lular osmolarity, activation of phospholipase A2 pathway, or
high levels of reactive oxygen species or may be hormonally
mediated (50, 51). Changes in intracellular osmolarity have
been related to the expression of certain genes and to pertur-
bations in several metabolic processes (52, 53).
Serine Homeostasis—Dietary restriction of protein resulted

in a higher expression of key enzymes involved in serine bio-
synthesis in the liver, in a marked increase in plasma and tis-
sue concentration of serine, and an �50% increase in the rate
of appearance of serine (Fig. 8). Because serine and phenylala-

nine constitute a similar proportion of animal protein, the
serine rate of appearance from protein breakdown will ap-
proximate the phenylalanine rate of appearance. Therefore,
the difference between the serine and the phenylalanine rate
of appearance (�45 �mol�100 g�1�h�1) in the NP group, rep-
resenting the majority of serine rate of appearance, is a mea-
sure of the de novo synthesis of serine, probably in the kidney
(54, 55). In addition, pyruvate provided almost all the carbon
source (70% of the serine rate of appearance (�60 �mol�100
g�1�h�1) � 42 �mol�100 g�1�h�1). Protein restriction did not
have any measurable impact on the rate of whole body pro-
tein breakdown (phenylalanine and methionine rates of ap-
pearance). Therefore the increase in serine rate of appearance
in the LP group can be entirely attributed to a higher rate of
de novo synthesis, most likely by the liver, because of the
higher expression of enzymes involved in serine biosynthesis
and the very high concentration of serine in that tissue.
Tracer isotope studies using [2H2]O suggest that almost the
entire carbon source for de novo serine synthesis in the LP
group (serine minus phenylalanine rate of appearance, �96–
13 � 83 �mol�100 g�1�h�1) was pyruvate (serine rate of ap-
pearance (96%) 
 serine from pyruvate (93%) � 89 �mol�100
g�1�h�1), although the site of de novo synthesis (kidney versus
liver) depends upon nutritional state of the animal. The rela-
tive flux of pyruvate carbon to serine represented only �5% of
the carbon flow to glucose (gluconeogenesis). Serine is
formed from pyruvate by an abbreviated version of gluconeo-
genesis that provides 3-phosphoglycerate, which is then oxi-
dized to 3-phosphohydroxypyruvate and subsequently to ser-
ine (38).
Serine is primarily synthesized in the renal cortex and re-

leased into the blood (54, 55). Under normal conditions, ser-
ine is not synthesized by the liver in rodents because the

FIGURE 9. Effect of dietary protein restriction on hepatic one-carbon metabolism in the rat. Shown are the substrate fluxes that were increased (thick
arrows) as well as the differentially regulated enzymes. Red up and blue down. SAM, AdoMet; C�L, cystathionine �-synthase; C�S, cystathionine �-lyase; THF,
tetrahydrofolate; CSAD, cysteinesulfinic acid decarboxylase; GCL, glutamate-cysteine ligase.
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activity of the key enzyme in its biosynthetic pathway, 3-phos-
phoglycerate dehydrogenase (3PGDH), is absent or negligible
(56). Dietary protein restriction caused an 8-fold induction of
the RNA for 3PGDH and a 3-fold increase in phosphoserine
aminotransferase, both of which support the hepatic synthesis
of serine. Total amino acid deficiency in vitro and cysteine
deficiency in vivo have been shown to induce the transcrip-
tion of the gene for 3PGDH (56). Although hepatic cysteine
levels were lower in the LP group, the magnitude of decrease
does not appear to be sufficient to cause an induction of
3PGDH. We propose that the induction of 3PGDH gene tran-
scription is mediated by transcriptional factors such as SP1
and NFy as a component of a global stress response (45, 57–
59). Finally, the increase in serine flux was much greater than
the decrease in methionine trans-sulfuration pathway, sug-
gesting that the elevated serine levels were primarily the result
of increased de novo synthesis rather than a decrease in the
utilization of serine for cysteine and taurine production.
Serine plays an important role in cell growth and develop-

ment by providing precursors for the synthesis of pyrimidine
nucleotide and for deoxythymidine monophosphate. In addi-
tion, serine is the precursor for cysteine and taurine and for
lipid messenger molecules such as phosphatidylserine and
ceramide and neuromodulators glycine and D-serine. The
markedly increased synthesis of serine in the LP group may be
related to a heightened demand for all these metabolic
processes.
Source of Carbon for the Synthesis of Serine—It is generally

believed that glucose provides the 3-phosphoglycerate for the
synthesis of serine via glycolysis. Our study provides the first
evidence that serine is synthesized largely from pyruvate. This
greatly broadens the potential sources of carbon for serine
synthesis, because the carbon skeletons of several amino acids
can enter the citric acid cycle and then be converted to phos-
phoenolpyruvate via PEPCK as part of a process of cataplero-
sis (Fig. 9). Thus gluconeogenesis, glyceroneogenesis, and ser-
ine synthesis share a common portion of the same pathway,
which has been traditionally associated solely with gluconeo-
genesis. We now view PEPCK as a conduit for carbon flow
from the citric acid cycle, a process that is critical for the
functioning of the cycle (36). The synthesis of serine now
joins the well studied pathways mentioned above as impor-
tant cataplerotic routes that involve PEPCK. This enzyme
converts the citric acid cycle anion oxalacetate to phos-
phoenolpyruvate, which is the starting point for several path-
ways that dispose of the carbon, either by biosynthesis of new
compounds (i.e. glycerol, glucose, or serine) or result in the
oxidation by its conversion to pyruvate via pyruvate kinase
and then to acetyl-CoA in the mitochondria. The pathway
offers impressive metabolic flexibility in the determining the
appropriate fate of citric acid cycle intermediates.
Our data show that the major metabolic impact of protein

restriction was a marked decrease in intracellular free taurine
concentration and possibly a decrease in intracellular osmo-
larity. This was associated with a marked change in hepatic
one-carbon metabolism, including a high rate of serine syn-
thesis, a higher rate of transmethylation, and a high methyla-
tion potential. Even though the activity of the enzymes of the

trans-sulfuration pathway was decreased in the LP group,
tracer isotope studies did not show significant change in the
flux over this pathway. These changes in metabolism were
accompanied by differential expression of a number of genes
involved in transcription and the cell cycle. Although the ex-
act mechanism of these responses remains to be investigated,
our data suggest that these may be mediated in part by
changes in cellular osmolarity. Whether a change in osmolar-
ity is the initiating event remains to be investigated. These
data have broad biochemical, physiological, and clinical impli-
cations because of the known consequences of dietary protein
restriction on epigenetic changes during development and for
their overall implication for public health in societies where
marginal protein intake is common.
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