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Abstract
Amino acids are essential nutrients for living organisms. There are genetic differences in
voluntary consumption of amino acids among mouse strains. In two-bottle preference tests,
C57BL/6ByJ (B6) mice consume more glutamate (Glu) and glycine (Gly) solutions than do
129P3/J (129) mice. To examine the role of postingestive metabolism of these amino acids in
regulation of their intake, we compared metabolism of orally administered Glu and Gly in B6 and
129 mice. After administration of Glu, there were increases in circulating glucose and insulin in
B6 mice, whereas 129 mice had elevated blood alanine and body temperature. After ingestion of
Gly, B6 mice had increases in blood glucose, whereas there was an elevation of body temperature
in 129 mice. These data suggest that B6 mice preferentially convert ingested Glu and Gly to
glucose in contrast to 129 mice, which preferentially use them for thermogenesis. This study
strongly supports the hypothesis that the metabolic fate of a nutrient plays an important regulatory
role in control of its intake. This is the first detailed study of mouse strain differences in amino
acid metabolism.
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AMINO ACIDS ARE ESSENTIAL to all live organisms. They serve primarily as building blocks of protein
but also play many important roles in a free form [e.g., glutamic acid (Glu) and glycine
(Gly) are neurotransmitters]. The major source of amino acids for animals is protein
contained in ingested food. Once ingested proteins are hydrolyzed by digestive proteases,
released amino acids are extensively metabolized in the small intestine (3, 13, 28, 46).
Absorbed amino acids are transported by circulation to various tissues for protein synthesis.
Amino acids not used for protein synthesis are usually metabolized by the liver, where they
either serve as a source of energy or are converted to glucose or ketones (5). Amino acids
usually provide ~10% of the energy requirement in normal adult humans. If carbohydrate
intake is insufficient or carbohydrates cannot be metabolized (e.g., because of diabetes
mellitus), amino acids become a more important energy source.

Not all amino acids are metabolized the same way. For example, ingested Glu is extensively
metabolized in the small intestine into CO2, lactate, glutathione, glutamine (Gln), alanine
(Ala), and several other amino acids (28, 46). Under normal conditions, e.g., after
consumption of proteins or monosodium glutamate (MSG) mixed with food, blood Glu does
not rise because of its utilization in the intestine and liver (28, 35). However, blood Glu may
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increase under artificial experimental conditions, when large amounts of concentrated water
solutions of Glu are administered to the digestive tract. Ingested Gly is metabolized by the
intestine to a lesser degree compared with Glu (46). It is used for intestinal protein synthesis
and serves as an energy source and a precursor for glutathione synthesis. Dietary Glu or Gly
that is not metabolized in the intestine is released into the circulation, most of which is
further metabolized in the liver. Both Glu and Gly are gluconeogenic amino acids. In the
liver, along with their intestinal metabolites Ala and lactate, they can be converted to
glucose, which is then either released back into circulation or stored in the liver in the form
of glycogen. Alternatively, their carbon skeletons can be oxidized through the tricarboxylic
acid cycle to generate energy. Nitrogen in the amino acids is converted to urea, which is
excreted in urine.

Although key enzymes involved in amino acid metabolism are well studied, little is known
about genetic differences in amino acid metabolism. A few studies published so far indicate
that amino acid metabolism is under genetic control in mice (11, 24, 33). We therefore have
begun studies to examine genetic variation in amino acid metabolism.

We chose for this study two strains that differ in voluntary consumption of Glu and Gly. Our
previous studies showed (1, 2) that in two-bottle preference tests mice from the C57BL/
6ByJ (B6) inbred strain drink more MSG and Gly solutions than mice from the 129P3/J
(129) inbred strain. Like many free amino acids, Glu and Gly have distinct tastes to humans
and other animals. Glu salts, including MSG, have umami (savory meaty) taste, whereas Gly
has sweet taste (Refs. 15, 22, 26; Murata Y, Bachmanov AA, Beauchamp GK, unpublished
observations). This may suggest that strain differences in Glu and Gly consumption are
mediated by differences in taste responsiveness. However, gustatory neural responses to
MSG and Gly were similar in B6 and 129 mice (16, 17), and there were no or only minor
differences between these two strains in qualitative taste perception of MSG and Gly (Ref.
22; Murata Y, Bachmanov AA, Beauchamp GK, unpublished observations). This indicates
that mechanisms other than taste perception underlie strain differences in consumption of
these amino acids. Consistent with this, intakes of MSG and Gly appear to be influenced by
exposure to these amino acids, which suggests the role of postingestive mechanisms. First,
during 4-day two-bottle tests, B6 mice increased MSG consumption while 129 mice
decreased it. As a result, the strain difference in MSG consumption was larger during the
last 2 days of testing than during the first 2 days (1). Second, while in the 48-h two-bottle
tests B6 mice consumed more Gly than 129 mice (2), lick rates in brief-access tests tended
to be lower in B6 mice compared with 129 mice (9).

This study was carried out to test the hypothesis that the strain differences in Glu and Gly
consumption depend on postingestive metabolism of these amino acids. To examine
postingestive metabolism of orally administered Glu and Gly in B6 and 129 mice, we
measured changes in blood contents of Glu, Gly, their major metabolites, insulin, liver
glycogen, urine nitrogen excretion, and body temperature. By comparing postingestive
metabolism of Glu and Gly in B6 and 129 mice with different Glu and Gly consumption, we
attempted to determine whether metabolic differences underlie voluntary intake of these
amino acids.

MATERIALS AND METHODS
Animals and diet

All protocols involving animals were approved by the Institutional Animal Care and Use
Committee at the Monell Center before the experiments. Male B6 and 129 mice at the age of
8 wk were purchased from the Jackson Laboratory (Bar Harbor, ME). They were housed
individually in plastic shoe box cages with wood chip bedding and stainless steel wire tops.
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Ambient temperature was kept at 22–23°C, and lights were set to be on at 7 AM and off at 7
PM. Mice had access to Teklad Rodent Diet 8604 and deionized water at all time unless
otherwise mentioned below. They were allowed to recover from the shipping trip from the
vendor and to adapt to the laboratory environment for at least 1 wk before experiments
started.

Experiment 1: postingestive metabolites
The experiment was conducted with 16 B6 and 16 129 mice divided into 2 groups (with 8
mice from each strain in each group). Mice from group 1 were gavaged with MSG. Mice
from group 2 were gavaged with Gly.

At 9 AM, mouse body weights were recorded and food was removed. At 10 AM, 50 μl of
tail blood was collected from each mouse into a heparinized capillary tube, and mice from
group 1 were gavaged with 0.591 M (10% wt/vol) MSG at a volume of 1 ml/100 g body wt.
This dose (1 g/kg body wt) is similar to the average amount of MSG voluntarily consumed
in 1 h by an 129 mouse (B6 mice consume almost twice as much; Ref. 1) and had been used
in previous studies (35, 37). Mice from group 2 were gavaged with 0.591 M (4.4% wt/vol)
Gly at a volume of 1 ml/100 g body wt. This dose (0.44 g/kg body wt) is similar to the
average amount of Gly voluntarily consumed in 1 h by a B6 mouse (2). Blood collection
was repeated at 15, 30, 45, 60, and 120 min after the gavage. The blood sample was
immediately mixed with 500 μl of ice-cold 0.4 M HClO4 and vortexed. The mixture was
centrifuged at 12,000 g for 30 s at 4°C. An aliquot of 100 μl of clear supernatant (acid
extract) was transferred into a clean tube. Another aliquot of 350 μl was transferred and
neutralized with 2 M KHCO3. After centrifugation at 12,000 g for 10 min at 4°C, the
neutralized supernatant (neutralized acid extract) was transferred into a clean tube. After the
final blood sampling, mice were killed by exposure to CO2 and their livers were
immediately excised and clamped with a pair of aluminum tongs prechilled in liquid
nitrogen. Blood extracts and livers were stored at −80°C until further analysis.

Gavaging and blood and tissue collection were conducted over 4 days. Each day, four B6
and four 129 mice were used. On days 1 and 2, mice from group 1 were gavaged with MSG.
On days 3 and 4, mice from group 2 were gavaged with Gly.

Experiment 2: postingestive insulin
Serial blood collection was repeated with a separate group of 12 B6 and 12 129 mice, with 6
from each strain given MSG and the other 6 given Gly. Plasma was prepared within 15 min
of blood collection and used for determination of insulin levels.

Experiment 3: postingestive thermogenesis
Under anesthesia with halothane, 10 B6 and 10 129 mice were implanted with IPTT-300
programmable temperature transponders (Bio Medic Data Systems, Seaford, DE) in
subcutaneous interscapular tissue. During the next 4 days, mice were put into metabolic
cages individually for 2 h/day to allow them to adapt to the cages. The metabolic cages were
made out of 3-liter plastic soda bottles with bottoms cut out. They were mounted on stands
upside down with metal clamps. A plastic mesh was fitted above the narrow neck of the
bottle to let a mouse stay on and another finer mesh underneath to separate feces from urine.
Five days after implantation, five B6 and five 129 mice were placed individually in
metabolic cages at 9 AM with only access to deionized water. Body temperature of each
mouse was recorded at 9:30 AM, 9:40 AM, and 9:50 AM with a WRS-6007 wireless IPTT
reader. At 10:00 AM, each mouse was gavaged with 0.591 M NaCl at the volume of 1 ml/
100 g body wt. Body temperature was recorded again for 4 h at 10-min intervals. Urine
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excreted during the 7 h after gavage was collected into a tube and stored frozen until further
analysis. After 7 h, mice were returned to their home cages.

The experiment was repeated the following day with the remaining five B6 and five 129
mice and 0.591 M glucose. On the third day the first batch of mice was used to repeat the
experiment with 0.591 M MSG, and on the fourth day the second batch was used to repeat
the experiment with 0.591 M Gly.

After a 1-wk interval, all mice were tested again in a counterbalanced fashion. However, one
129 mouse lost the transponder during the interval and was not used for glucose and Gly
experiments. Therefore, at the end, all mice except one were tested with all four solutions.

Biochemical analyses
Acid extracts of blood samples were used to determine concentrations of lactate and alanine
with enzymatic assays described by Maughan (23). Gly concentration was also determined
in acid extracts of blood samples collected from mice gavaged with Gly by EZ:faast Free
Amino Acid Analysis (Phenomenex, Torrance, CA) with a HP 6890 series GC system
(Hewlett Packard, Wilmington, DE) according to the protocol specified by Phenomenex.
Quantification was achieved with a Gly standard and an internal standard of known
concentrations provided by Phenomenex.

Neutralized acid extracts of blood samples were used to determine blood concentrations of
glucose (with a kit from Waco Chemicals USA, Richmond, VA), total (oxidized plus
reduced) glutathione (GSH) (with the Glutathione Assay Kit from Cayman Biochemical,
Ann Arbor, MI), urea (with the QuantiChrom Urea Assay Kit from Bioassay Systems,
Hayward, CA), and ammonia [with a standard enzymatic method (4)]. Concentrations of
Glu and Gln in neutralized acid extracts from blood samples collected from mice gavaged
with Glu were determined with the Glutamine/Glutamate Determination Kit from Sigma (St.
Louis, MO).

Concentrations of insulin in plasma samples were determined by ELISA at the
Radioimmunoassy Core Facility in the Diabetes Center of the University of Pennsylvania.
Glycogen content in frozen liver samples was assessed by a standard method (21).
Concentrations of ammonia and urea in urine samples were quantified with the methods
described above. Total nitrogen excreted in urine was calculated from the ammonia and urea
values.

Statistical analyses
Two-way ANOVA was used to compare the values of the two strains when repeated
measures were made over time (i.e., blood metabolites and body temperature). When a
significant strain difference was found, Tukey least significant difference post hoc tests were
used to find significant differences at individual time points. Follow-up one-way repeated-
measures ANOVA was used to determine whether there were significant changes over time
for each strain. In experiment 3, differences between temperature measured after nutrient
(Glu, Gly, or glucose) ingestion and after NaCl ingestion were also analyzed with a one-
sample hypothesis test and a 95% confidence level to assess whether they were significantly
different from zero. For liver glycogen contents and total urine nitrogen, Student’s t-tests
were used to compare the two strains. Significance level was set at P ≤ 0.05.
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RESULTS
Postingestive metabolism of Glu

Concentrations of plasma Glu rose significantly after Glu ingestion in both B6 and 129
mice, as suggested by the significant time effect of two-way ANOVA (see results of 2-way
ANOVA in Table 1), with peaks at 15 min after Glu administration (Fig. 1A). Although
there was no significant strain difference, there was significant interaction between effects of
strain and time: compared with 129 mice, the Glu peak in B6 mice was higher but waned
faster. Glu returned to basal levels (0 min) by 120 min in both strains. Plasma Gln levels
were significantly higher in B6 mice than in 129 mice (Fig. 1B). However, the effect seemed
to be the result of a strain difference in baseline levels; Glu ingestion did not have any
significant effect on Gln levels in either strain.

Concentrations of plasma glucose were significantly higher in B6 mice than in 129 mice
after Glu ingestion (Fig. 1C). The difference was due to a significant postingestive increase.
A follow-up analysis revealed that the increase occurred in B6 mice (P < 0.05, 1-way
ANOVA) but not in 129 mice. There were no strain differences in plasma levels of glucose
at 0 and 120 min, but the levels were significantly higher in B6 than in 129 mice at 15 and
60 min. An opposite pattern was seen for plasma Ala levels (Fig. 1D). Postingestive Ala was
significantly higher in 129 mice than in B6 mice because of a postingestive increase in 129
mice (P = 6.0 × 10−5) but not in B6 mice. A significant strain difference was seen at 30 min
after Glu ingestion. There were no strain differences in plasma lactate levels and no effect of
Glu ingestion (Fig. 1E). Plasma GSH levels were higher in B6 than in 129 mice, but this
appears to be the result of a strain difference in baseline levels (Fig. 1F), and post hoc
analysis revealed no significant differences at individual time points. There were no
significant changes in plasma urea (Fig. 1G) or ammonia (Fig. 1H) concentrations after Glu
ingestion, nor were there strain differences. Liver content of glycogen did not differ between
the two strains at 120 min after Glu ingestion (Fig. 1I). Overall postingestive insulin levels
were significantly higher in B6 mice than in 129 mice (Fig. 1J). However, no significant
differences at individual time points were detected by post hoc analysis.

Postingestive metabolism of Gly
Plasma Gly levels rose significantly in both strains of mice after Gly ingestion (Fig. 2A).
They peaked at 30 min and waned afterward. There were no strain differences in
postingestive levels of plasma Gly. However, unlike after ingestion of Glu, plasma Gly did
not return to its basal levels at 120 min after ingestion of Gly. There was a significant strain
difference in postingestive levels of plasma glucose (Fig. 2B). Post hoc analysis revealed
significantly higher glucose concentrations in B6 mice than in 129 mice at 60 min. The
differences were due to larger postingestive increases in B6 than in 129 mice. Plasma Ala
levels did not differ between strains and were not affected by Gly ingestion (Fig. 2C). Basal
levels of plasma lactate were higher in B6 mice than 129 mice (Fig. 2D), leading to overall
significantly higher lactate levels in B6 mice than in 129 mice. The levels steadily decreased
after Gly ingestion in B6 mice but increased initially then decreased in 129 mice, resulting
in a significant strain × time interaction. There was a significant change in plasma GSH after
Gly ingestion, but the two strains did not differ (Fig. 2E). Levels of plasma urea changed
significantly after ingestion of Gly, and there was a significant strain effect (Fig. 2F).
Nevertheless, post hoc analysis did not reveal any significant differences at individual time
points. There were no significant changes in plasma ammonia concentrations after Gly
ingestion, nor were there strain differences (Fig. 2G). Liver glycogen content at 120 min
after Gly ingestion did not differ between the strains (Fig. 2H). Overall, there were no
significant changes over time or a strain difference in postingestive levels of plasma insulin,
but B6 mice tended to have higher insulin levels at the end of testing (Fig. 2I).
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Postingestive thermogenesis
In a pilot experiment, we found that simple handling of mice resulted in elevation of body
temperature and that a mock gavage produced increase in body temperature, which remained
elevated for a long time (data not shown). To separate these nonspecific effects from
thermogenic effects of nutrient administration, we subtracted body temperatures after MSG,
Gly, or glucose ingestion by those after NaCl ingestion for each mouse at each
corresponding time point. NaCl ingestion does not have thermogenic effects (34), and we
found no strain differences in body temperature after NaCl ingestion (data not shown). Thus
the resulting values allowed us to estimate the temperature changes due to nutrient
metabolism, excluding the nonspecific effects of handling. Therefore, the results presented
here are the changes in body temperature due to nutrient ingestion beyond those caused by
NaCl ingestion. Body temperature after glucose ingestion was measured to compare effects
of the amino acids with effects of another nutrient.

After MSG ingestion, there was a significant strain difference [F(,153) = 30.4, P = 5.8 ×
10−8] in body temperature changes, with significantly higher values in 129 mice than in B6
mice at 120 and 170 min (Fig. 3, top). In both strains, there were significant changes in
temperature over the 4-h period after gavage. In 129 mice, temperature was mostly above
the baseline (0) level, with significant elevations above 0 at 110 and 180 min. In B6 mice,
temperature was mostly below 0, with significant drops below 0 at 170, 210, and 220 min.

After Gly ingestion, there was also an overall significant strain difference [F(,153) = 8.6, P =
0.004] in body temperature changes, but post hoc analysis did not reveal any significant
differences between the strains at individual time points (Fig. 3, middle). One-way
ANOVAs did not detect significant variation in postingestive body temperature over time in
any strain, but in 129 mice temperature was mostly above 0 level, with significant elevations
above 0 at 60, 70, and 110 min. In B6 mice, temperature was mostly below 0, but at 150 min
it was significantly elevated above 0.

Therefore, up to 120 min after ingestion of either MSG or Gly, when circulating levels of
Glu or Gly returned or were close to basal levels, body temperature of B6 mice did not
change beyond that caused by gavaging of NaCl, whereas body temperature of 129 mice had
a significant increase beyond that caused by gavaging of NaCl.

After glucose ingestion, there were significant changes in body temperature over time [F(,
2653) = 1.56, P = 0.04] due to large variations in B6 mice seen during a period past 90 min
after gavage, with significant elevations above 0 at 100, 150, and 240 min (Fig. 3, bottom).
However, there were no significant strain differences.

In experiment 3, we also measured total nitrogen (ammonia plus urea) excretion in urine
over 7 h after the ingestion of Glu, Gly, glucose, or NaCl and found no strain differences
(data not shown).

DISCUSSION
We uncovered some significant strain differences in postingestive metabolism of Glu and
Gly between B6 and 129 mice. During 2 h after ingestion of either amino acid, B6 mice had
higher increases in blood glucose levels compared with 129 mice. During the same period,
body temperature increased in 129 but not B6 mice. Levels of blood Ala were also
significantly more elevated in 129 mice than in B6 mice after Glu ingestion. Consistent with
higher plasma glucose levels in B6 mice, plasma insulin levels after Glu ingestion were also
higher in these mice than in 129 mice. These data suggest that B6 and 129 mice metabolize
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ingested amino acids differently (Fig. 4). These metabolic differences may explain their
differential consumption of amino acids.

Postingestive metabolism of Glu and Gly
When mice were given a dose of Glu that was equivalent to the amount voluntarily
consumed by a 129 mouse in 1 h, blood Glu levels increased rapidly, peaked at 15 min, and
then returned to basal levels within 2 h in both strains. Such a time course is similar to those
reported earlier for mice that were orally administered similarly high doses of water
solutions of MSG (35, 37). Contrasting this rapid rise in blood Glu, there was no change in
blood Gln, suggesting that little ingested Glu was converted to Gln and then released into
the circulation by either mouse strain. On the other hand, there was a rapid rise in blood
glucose in B6 mice, an increase in blood Ala in 129 mice, and little change in blood lactate
concentration in either strain. These results imply that administered Glu is rapidly absorbed
into the circulation in both mouse strains. On the basis of time of the peak levels of blood
Glu and Ala, it seems that a portion of ingested Glu is metabolized in the intestine by 129
mice to Ala, which is subsequently released into circulation, but much less so by B6 mice.
An increase in blood glucose was only seen in B6 mice, suggesting that absorbed Glu was
converted to glucose in the liver of these mice through the gluconeogenic pathway and then
released back into the circulation. On the other hand, 129 mice did not show a significant
increase in blood glucose; instead, they had a significant increase in body temperature,
which was not seen in B6 mice. Lack of a strain difference in liver glycogen after Glu
ingestion excluded the possibility of newly produced glucose being stored as liver glycogen.
Therefore, these observations indicate that the metabolic fate of oral Glu differs between B6
and 129 mice as the former tend to use it as a gluconeogenic precursor in the liver whereas
the latter convert it to Ala in the intestine; then Ala and possibly Glu are further used for
thermogenesis (Fig. 4).

After ingestion of Gly, blood Gly levels peaked at 30 min and waned slowly thereafter in
both strains of mice. Clearance of Gly in blood seemed to take a longer time than clearance
of Glu. Similar to the effects of Glu ingestion, there was a substantial increase in blood
glucose in B6 mice after Gly ingestion but at a seemingly slower rate with a smaller peak
compared with that after Glu ingestion. Rise in blood glucose in 129 mice was smaller than
in B6 mice, suggesting that B6 mice converted more ingested Gly to glucose than 129 mice.
Unlike after ingestion of Glu, there were no strain differences in blood Ala after Gly
ingestion, which suggests that Ala is not a significant metabolite of Gly in the intestine. Like
after ingestion of Glu, body temperature of 129 mice was elevated significantly, whereas
body temperature of B6 mice remained mostly unchanged after Gly ingestion. These data
suggest that strain differences in Gly metabolism seem to exist in the liver, where B6 mice
use it for gluconeogenesis but 129 mice use it for thermogenesis (Fig. 4).

The time courses for appearance of Glu, Gly, and some of their metabolites in the circulation
suggest that metabolism of a single oral dose of the amino acid was mostly completed within
2 h. The extent of the rise in blood glucose was smaller after Gly ingestion than after Glu
ingestion. This was likely due to the smaller carbon skeleton of Gly compared with Glu but
equal molar doses of the amino acids administered. Consistent with the higher levels of
blood glucose in B6 mice after ingestion of either amino acid, blood insulin was also
elevated in B6 mice compared with 129 mice. The time courses of blood glucose and insulin
show that the rise in insulin followed the rise in glucose in B6 mice, suggesting that release
of insulin was triggered by rising blood glucose. The lack of consistent effects of Glu or Gly
ingestion on, or strain differences in, levels of other metabolites indicates that both Glu and
Gly are not significant precursors for synthesis of lactate, glutathione, or liver glycogen.
Nitrogen in Glu and Gly was rapidly converted to urea, which was actively excreted in
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urine, because we observed little change in blood ammonia or urea after amino acid
ingestion.

It appears that B6 mice preferentially convert a significant portion of ingested Glu and Gly
to glucose, whereas 129 mice preferentially convert it to heat. Although mice increase their
temperature easily due to handling stress, using NaCl as a control enabled us to estimate
body temperature change due to ingestion of a nutrient after excluding the effect of handling
stress. The data presented here show that administration of amino acids resulted in a
significant difference in thermogenesis between 129 and B6 mice. Up to 120 min after
ingestion of either MSG or Gly, when circulating levels of Glu or Gly returned or were close
to basal levels, the body temperature of B6 mice did not change beyond that caused by
gavaging of NaCl, whereas during the same period the body temperature of 129 mice had a
significant increase beyond that caused by gavaging of NaCl. The most pronounced changes
in blood amino acid metabolites (including those synthesized in the intestine, e.g., Ala)
occurred within the first hour after gavage, but the most pronounced changes in
thermogenesis in 129 mice occurred later, within the second hour after amino acid
administration. This delayed thermogenic response suggests that the thermogenesis mainly
occurred not in the intestine but in the liver and/or other tissues. We implanted temperature
transponders in the interscapular region that contains brown adipose tissue, which was
shown to be involved in MSG-induced thermogenesis in rats (34). However, our data do not
allow us to determine whether liver, brown adipose tissue, or other organs were sites of
thermogenesis. Thus additional studies would be needed to find out in which organs Glu- or
Gly-induced thermogenesis occurs. Similar to a finding in rats (34), there were no strain
differences in body temperature change after glucose ingestion, suggesting that the strain
differences in thermogenesis were specific to Glu and Gly but not to nutrients in general.
This genetic difference further suggests that Glu and Gly act more as an energy source in
129 mice than in B6 mice, which use them as gluconeogenic precursors.

Although in this experiment we intended to approximate conditions that mice experience
during 24-h two-bottle tests, the delivery of amino acids was not identical in these two types
of tests. First, we calculated doses of Glu and Gly based on 24-h intakes of 0.3 M MSG and
0.3 M Gly (the most preferred concentrations) in two-bottle tests with water, assuming that
most of the intake occurred during the 12-h dark period. We delivered these hourly ingested
amounts of amino acids as a single bolus of 0.591 M solutions. Therefore, the time course of
the amino acid delivery was much faster in this experiment than in the 24-h two-bottle tests.
Second, during two-bottle tests, animals consume some water in addition to the amino acid
solutions, which dilutes the concentrations of consumed amino acids. Therefore, in this
experiment we administered more than twice higher concentrations of amino acids
compared with their concentrations in the stomach during the two-bottle tests with the most
preferred solutions. All this likely resulted in faster intestinal absorption rates and higher
blood levels of Glu and Gly in this experiment compared with 24-h two-bottle tests.
Nevertheless, the strain differences in postingestive metabolism of Glu and Gly found in this
study are likely to also influence postingestive processing of these amino acids delivered
under different regimens, including those occurring during long-term two-bottle tests.

Amino acid metabolism and intake
The observations presented here suggest that in mice intake of an amino acid may be
regulated by its metabolic fate. B6 mice prefer and consume large quantities of both amino
acids (1, 2), possibly because they channel amino acids into the gluconeogenic pathway,
resulting in elevations of blood glucose and then insulin. In contrast, 129 mice prefer and
consume less of either amino acid, possibly because they use them mostly for
thermogenesis. Although the present study did not provide a causal relationship between
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intake and postingestive thermogenesis or gluconeogenesis, previous studies have shown
evidence to support such a relationship.

Numerous studies indicate that changes in body temperature are inversely related to feeding.
People exposed to cold climates increase food intake (10). Energy intake is inversely
correlated with local temperature (20). An increase in core temperature decreases food
intake (43), whereas a decrease in core temperature promotes overeating (44). In addition,
diet-induced thermogenesis positively correlates with satiety (42). Recently, the
effectiveness of a low-carbohydrate dieting regime has been attributed to appetite
suppression by thermogenesis of protein usually consumed in large quantities in this dieting
regime (41). It is therefore likely that in 129 mice thermogenesis as the preferred metabolic
fate of Glu or Gly raises body temperature, which subsequently limits intake.

Although the present study was not designed to examine whether Glu- or Gly-induced
thermogenesis occurs in the intestine, liver, or other tissues, our data suggest that the liver
could be a major site for thermogenesis in 129 mice. This process involves oxidation of
carbon skeletons through the tricarboxylic acid cycle in mitochondria and buildup of a
proton gradient across mitochondrial membrane. The gradient then drives the synthesis of
ATP to provide energy for numerous cell functions or produces heat if uncoupled. Heat can
also be generated from breakdown of ATP when it is used. Therefore, thermogenesis
induced by amino acids is likely an indication of increased cellular energy status. Several
studies have demonstrated that hepatic energy status regulates appetite, because a decrease
in energy status promotes food intake (12, 19, 27) and an increase produces satiety (18).
Protein is the most satiating among the three macronutrients (36, 40). The present study
provides further evidence to support the underlying mechanism for protein’s ability to
induce thermogenesis and the role of energy metabolism in regulation of energy intake in
general. It will be interesting to see whether Glu or Gly suppresses energy intake in 129
mice more than in B6 mice.

Compared with 129 mice, B6 mice consume more Glu and Gly, and also have higher blood
glucose after ingestion of either amino acid, which suggests that rising blood glucose may
have a rewarding effect that promotes feeding. It has been shown previously that raising
blood glucose generates a satiety signal. For example, intravenous infusion of glucose
suppresses intake in baboons (45) and rats (6, 39). This satiety signal, similar to
thermogenesis in 129 mice, potentially could be associated with reduced amino acid
consumption by B6 mice. However, satiating effects of nutrients appear to be distinct from
their postingestive reward effects (30). For example, intragastric and hepatic portal glucose
infusions were shown to condition flavor preferences in rats (29, 38). Intragastric
carbohydrate infusions also condition flavor preferences in mice (31, 32). Although systemic
intravenous glucose administration has rewarding properties in hungry animals under certain
conditions (7, 8), it was not effective to condition flavor preferences (14, 38). Thus the
rewarding signal of amino acid ingestion in B6 mice may be initiated by glucose generated
during gluconeogenesis in the liver before it enters the circulation. However, additional
studies are needed to examine this hypothesis.

Summary
The present study uncovered strain differences in postingestive metabolism of Glu and Gly
between B6 and 129 mice. Metabolic fates of the two amino acids are characterized by
gluconeogenesis and elevations in blood glucose and insulin in B6 mice and by
thermogenesis in 129 mice. These data provide strong evidence that postingestive
metabolism plays an important regulatory role in higher intake of these amino acids in B6
mice compared with 129 mice. The findings presented here provide the first detailed
characterization of genetic variation in amino acid metabolism.
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Fig. 1.
Mean ± SE plasma levels of metabolites and insulin and liver glycogen content after
C57BL/6ByJ (B6) and 129P3/J (129) mice were gavaged with monosodium glutamate
(MSG). A–I: data from experiment 1 (n = 8 for each strain). Glu, glutamate; Gly, glycine;
Ala, alanine; GSH, total glutathione (oxidized + reduced). Glycogen was determined at the
end of the experiment (at 120 min). J: data from experiment 2 (n = 6 for each strain).
*Significant difference between 129 and B6 strains at a specific time point (P ≤ 0.05).
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Fig. 2.
Mean ± SE plasma levels of metabolites and insulin and liver glycogen content after B6 and
129 mice were gavaged with Gly. A–H: data from experiment 1 (n = 8 for each strain).
GSH, total glutathione (oxidized + reduced). Glycogen was determined at the end of the
experiment (at 120 min). I: data from experiment 2 (n = 6 for each strain). *Significant
difference between 129 and B6 strains at a specific time point (P ≤ 0.05).

Ji and Bachmanov Page 14

Physiol Genomics. Author manuscript; available in PMC 2013 April 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Mean ± SE relative changes in body temperature of B6 (n = 10) and 129 (n = 9 or 10) mice
after they were gavaged with MSG (top), Gly (middle), or glucose (bottom) in experiment 3.
Mice were gavaged at time 0. Values presented are deviations in body temperature from
those recorded after gavage with NaCl. The horizontal 0 line represents no additional change
in body temperature due to ingestion of a nutrient (i.e., relative to temperature after gavage
with NaCl). *Significant difference between B6 and 129 mice at a specific time point (P <
0.05); #temperature level significantly different from zero (P ≤ 0.05).
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Fig. 4.
Differences in Glu and Gly metabolism between B6 and 129 mice. Thick arrows and bold
text indicate predominant metabolic pathways in each strain. Thin arrows and shaded text
indicate relatively minor pathways.
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Table 1

F-values of two-way ANOVA analyses of metabolic measures after ingestion of either Glu or Gly

After Glu Ingestion After Gly Ingestion

Measures Time F(11,5) Strain F(11,1) Time × Strain F(11,5) Time F(11,5) Strain F(11,1) Time × Strain F(11,5)

Glu 16.00* 0.20 3.08*

Gln 0.35 21.58* 2.01

Gly 28.89* 0.47 2.05

Glucose 3.12* 37.80* 1.66 10.34* 30.92* 3.49*

Ala 13.96* 30.85* 0.97 12.49* 1.37 0.27

Lactate 0.42 0.40 2.43* 3.98* 7.77* 2.47*

Total GSH 2.44* 27.40* 0.24 4.22* 3.03 0.61

Urea 0.54 3.42 1.08 2.59* 4.72* 1.43

Ammonia 0.12 0.86 0.09 0.90 0.82 0.32

Insulin 0.38 10.65* 0.34 1.04 2.82 1.83

Glu, glutamate; Gly, glycine; Gln, glutamine; Ala, alanine; GSH, glutathione.

*
Significance at P ≤ 0.05.
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