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Abstract. The activities of key glutamine and urea cycle enzymes were assayed in liver ho-
mogenates from control and chronically acidotic rats and compared with citrulline and urea
productions by isolated mitochondria and intact liver slices, respectively. Glutamine-dependent
urea and citrulline synthesis were increased significantly in isolated mitochondria and in liver
slices; the activities of carbamoyl phosphate synthetase and arginase were unchanged and increased,
respectively. Glutamine was not a precursor in the carbamoyl phosphate synthetase system, sug-
gesting that the glutamine effect is an indirect one and that glutamine requires prior hydrolysis.
Increased mitochondrial citrulline synthesis was associated with enhanced oxygen consumption,
suggesting glutamine acts both as a nitrogen and fuel source. Hepatic phosphate-dependent glu-
taminase was elevated by chronic acidosis. The results indicate that the acidosis-induced reduction
in ureagenesis and reversal from glutamine uptake to release observed in vivo are not reflections
of corresponding changes in the hepatic enzyme content. Rather, when available, glutamine readily
supports ureagenesis, suggesting a close coupling of hepatic glutaminase flux with citrulline synthesis.

© 1986 Society for Experimental Biology and Medicine.

The liver normally removes delivered am-
monia (1) and glutamine (2, 3) and releases
urea (3) and glutamate (4). However, during
chronic metabolic acidosis urea release (3) and
subsequent urinary excretion is reduced (3, 5,
6) while hepatic glutamine extraction de-
creases (4) and reverts to net release (2, 3).
Since the delivered ammonia load increases
(3, 7), the alteration in urea and glutamine
metabolism suggests a redistribution of am-
monia uptake between carbamoyl phosphate
synthetase (EC 2.7.2.5) and glutamine synthe-
tase (EC 6.3.1.2). Such a redistribution could
account for the shift in urinary nitrogen par-
titioning from urea to ammonia that is ob-
served in metabolic acidosis (3, 5, 6). We
therefore measured the activity of both en-
zymes as well as that of arginase (EC 3.5.3.1)
and phosphate-dependent glutaminase (EC
3.5.1.2) in control and chronically acidotic rat
livers; in addition, the role of glutamine as a
direct precursor of urea was investigated. The
results indicate that glutamine plays a unique
role in supporting ureagenesis, an effect which
depends upon its prior hydrolysis by the he-
patic glutaminase.

Materials and Methods. Materials. All bio-
chemicals were obtained from Sigma Chem-
ical Company (St. Louis, Mo.) with the ex-
ception of antipyrine and 2,3-butanedione

monoxime which were purchased from Ald-
rich Chemical Company (Milwaukee, Wisc.).

Methods. Rats were housed in metabolic
cages and maintained on Purina laboratory
chow ad libitum. Metabolic acidosis was
induced by feeding rats 1.2% NH,Cl in 5%
glucose; controls were pair-fed equimolar
NH,HCO; in 5% glucose. After 4 days urinary
ammonium excretion plateaued at 1692 + 170
umole/day/100 g, some 10-fold greater than
pair-fed controls (139 + 38 umole/day/100 g);
urea excretion had decreased from 3506 + 404
10 1661 + 228 umole/day/100 g. Arterial blood
pH was slightly but significantly decreased to
7.32 + 0.02 compared to 7.40 + 0.01 in con-
trols. Therefore all assays were performed on
the fourth day of acid administration. At that
time the animals were anesthetized with In-
actin, 120 mg/kg, and 1 g of the middle liver
lobe was removed and homogenized in 9 vol
of 0.3 M sucrose containing 50 mM Tris-HCl
buffer and 1 mAM EGTA, pH 7.2. Aliquots of
the homogenate were then used in the arginase
and glutaminase assays; carbamoyl phosphate
synthetase and glutamine synthetase were as-
sayed on mitochondrial and postmitochon-
drial supernatant fractions obtained by differ-
ential centrifugation (8). For urea formation
by liver tissue, liver slices of 30 to 40 mg wet
wt were cut using a Stadie Riggs microtome;
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slices were then incubated in a modified
Krebs-Henseleit solution containing 1.7 mA/
L-glutamine and 25 mM HCOj3 equilibrated
with 95% O,~5% CO,, pH 7.4. For citrulline
formation by isolated mitochondria, freshly
isolated mitochondria were incubated at 37°C
in a modification of the media described by
Charles et al. (9); the media contained (mAf)
15 KCl, 5 MgCl,, 50 Tris-HCI buffer, 25 su-
crose, 16 KHCOj5, 10 ornithine, 2 ATP, and
either 10 NH,4Cl or 10 L-glutamine with equil-
ibration and pH adjustment to 7.2 just prior
to use. Citrulline formation was detected col-
orimetrically (10); supernatant glutamate was
determined enzymatically (11). Oxygen con-
sumption by isolated mitochondria was de-
termined manometrically (12) using 2 mM L-
glutamine or 4 mM succinate as the sole ex-
ogenous substrate; oxygen uptake was linear
over a 45-min time course.

Enzyme assays. Phosphate-dependent glu-
taminase activity was assayed using liver ho-
mogenates and derived mitochondrial and
postmitochondrial fractions (8) employing 10
mAM L-glutamine in the medium described by
Curthoys and Lowry (13); glutamate formed
was measured enzymatically (11). Arginase
activity was determined in homogenates after
first heating the homogenate for 10 min at
55°C (14); urea formed was measured as pre-
viously described (10). Carbamoyl phosphate
synthetase was assayed in the citrulline assay
system above using freeze-thawed mitochon-
dria in the presence of 0.5 mM N-acetyl-
glutamate (15). Glutamine synthetase was as-
sayed in the homogenate and mitochondrial
and postmitochondrial supernatant, using
the previously described media (16) contain-
ing tracer amounts of L-[U-'*C]glutamate;
formed ['*Cl]glutamine was separated from
["*Clglutamate on a Dowex ion-exchange col-
umn (16). All reactions, with the exception of
citrulline synthesis, were linear with time and
expressed as nanomoles per minute per mil-
ligram of protein with the protein concentra-
tion determined using a dye-binding assay
(Bio-Rad, Richmond, Calif.) with bovine
serum albumin as the standard. Citrulline
synthesis from glutamine by the intact mito-
chondria exhibited a 5-min lag after which the
reaction assumed linearity. Results are ex-
pressed as means + SE; differences between
nonacidotic and acidotic rat liver activities are
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significant at the 0.05 percentile level using
the Student ¢ test.

Results. Table I presents the activity of car-
bamoyl phosphate synthetase, CPS, and ar-
ginase in freeze-thawed liver mitochondria
and liver homogenates, respectively, from
NH,HCOj;- and NH,Cl-fed rats. CPS activity
in the absence of N-acetylglutamate was 13%
of the activity expressed in its presence; met-
abolic acidosis had no effect on the expression
of either activity. Substitution of L-glutamine
for NH,CI gave rates only 21-23% of those
with NH,CI; in addition, supplementing the
complete system, NH,Cl + N-acetylglutamate,
with L-glutamine did not further enhance its
activity, suggesting the low rate observed with
glutamine may be due to NH, present. Al-
though there was no effect upon CPS, arginase
activity exhibits a slight but significant increase
in acidosis. Consequently, alterations in urea-
genesis do not appear to be reflections of de-
creased CPS activity. Table II shows that cit-
rulline formation from glutamine by intact
mitochondria was increased in chronic aci-
dosis; in contrast, citrulline formation from
equimolar NH,Cl was unchanged. In the
presence of both NH,Cl and L-glutamine, the
rate of citrulline formation was greatly in-
creased although the rate of formation by aci-
dotic preparations still exceeds that of the
control preparation; ammonium therefore
potentiated citrulline synthesis since the rate
far exceeded the sum of either substrate alone.
The ammonia-induced stimulation of citrul-
line formation may be due to activation of the

TABLE I. EFFECT OF CHRONIC ACIDOSIS ON CPS
AND ARGINASE ACTIVITY

nmole/min/mg

Control Acidotic P
CPS*
—Ac-Glu + NH.Cl 92+ 1.4° 94 +14 NS
+Ac-Glu + NH,CI 69.3+4.5 700 £ 5.8 NS
+Ac-Glu + L-GIn 159 £2.7 16.1 = 3.8 NS
+Ac-Glu + L-Gln
+ NH,CI 749 £ 9.4 65.6 £9.4 NS
Arginase 654 + 40 810+ 23 <0.05

2 Carbamyl phosphate synthetase assayed with 0.5 mAM N-ace-
tylglutamate and 10 mM NH,CI and/or 10 mM L-Gln.
b Results are means + SE from four to six rats.
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TABLE II. EFFECT OF CHRONIC ACIDOSIS ON
CITRULLINE AND UREA SYNTHESIS

nmole/min/mg

Control Acidotic P

Citrulline®

NH,CI 0.70 + 0.24 1.05 £ 1.10 NS

L-Gin 0.49 + 0.15 1.14 £0.25  <0.05

NH,CI + L-Gin 349+ 194 122+18 <0.01

NH,CI + succinate  2.23+0.58 6.91£1.20 <0.05
Urea®

NH,C1 148 + 22 143 + 38 NS

L-Gln 97+ 19 267 + 51 <0.025

NH,CI + L-Gln 168 + 52 359 + 61 <0.05

“ Studied in isolated mitochondria with 10 mM substrate con-
centrations except for succinate which was 4 mA/,

® Studied in liver slices with 1 mM NH,Cl and 1.7 mM L-glu-
tamine. Results are means + SE. Respiratory control ratio measured
manometrically was 4.85 + 0.27 in isolated mitochondria respiring
4 mM succinate, N = 5.

intramitochondrial glutaminase (17); consis-
tent with this, glutamate production from glu-
tamine by mitochondria from control rats rose
from 4 + 1 to 32 + 6 nmole/min/mg consistent
with ammonia enhancement of phosphate-
dependent glutaminase. An accelerated glu-
tamine deamidation would provide ammonia
for citrulline synthesis and as well an oxidiz-
able fuel in the form of glutamate. That cit-
rulline formation from NH,Cl was limited
under the present conditions by an energy
source was shown by the sevenfold increase
with NH,4Cl and succinate as substrates (Table
II). However, citrulline synthesis from NH,Cl
plus glutamine even exceeded the rate with
succinate as the fuel source, 12.2 + 1.8 vs 6.91
+ 1.20 nmole/min/mg. Oxygen consumption
by mitochondria utilizing 10 mA/ glutamine
was increased from 3.6 + 1.2 to 12.2 + 3.7
nmole/min/mg, P < 0.05, in acidosis; with 4
mAM succinate oxygen consumption tended to
be increased 34 + 5 to 43 = 4 nmole/min/mg
which, however, did not achieve statistical sig-
nificance, 0.10 < P < 0.05. These findings are
therefore consistent with increased citrulline
synthesis resulting from glutamine’s role both
as a nitrogen donor and as an oxidizable sub-
strate. Similarly, urea formation by liver slices
from 1.7 mM L-glutamine was markedly in-
creased by chronic acidosis, 97 = 19 to 267
+ 51 nmole/min/g, while urea formation rates
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from NH,C] were not different. Adding am-
monium chloride to liver slices, metabolizing
glutamine increased urea production far less
than it did in mitochondrial preparations;
nevertheless the difference between control
and acidotic preparations was maintained. The
effect of chronic acidosis on two key enzymes
of hepatic glutamine metabolism, glutamine
synthetase and phosphate dependent gluta-
minase activity, is shown in Table IIL
Glutamine synthetase activity measured in
the postmitochondrial supernatant was un-
changed, 46 = 4 vs 54 £ 6 nmole/min/mg;
similarly, when assayed in the homogenate the
specific activity was less, but again without any
effect of acidosis, 32 = 4 vs 36 £ 5 nmole/
min/mg. On the other hand, homogenate glu-
taminase specific activity was increased in aci-
dosis, 84 + 7 to 105 + 4 nmole/min/mg.
Discussion. The results clearly establish that
the reduced urea production in vivo during
chronic metabolic acidosis is not attributable
to a decrease in the inherent capacity of several
key urea cycle activities. Other factors influ-
encing in situ cycle activity would therefore
appear to play dominant roles in vivo.
Amongst these could be prevailing pH (18)
and bicarbonate concentration (18) as well as
substrate availability (3). In the perfused liver,
doubling the hydrogen ion concentration re-
duces the rate of urea production (18) and en-
hances net glutamine release (18-20). Both of
these responses are indeed observed in vivo
although in this situation the elevation in hy-
drogen ion concentration was far less, 40 to

TABLE III. EFFECT OF CHRONIC ACIDOSIS ON Gin
METABOLIZING ENZYMES

nmole/min/mg
Control Acidotic P

GIn synthetase

Homogenate 32+4 365 NS

Mitochondria 11+2 12+3 NS

PMS*“ 46 + 4 50+6 NS
PD glutaminase

Homogenate 84 +7 105+ 4 <0.05

Mitochondria 126 + 15 147 £ 17 NS

PMS 9+2 14+4 NS

4 Postmitochondrial supernatant; results are means
+ SE.
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48 nmole/liter in contrast to the doubling, or
more, employed in vitro. Under the condi-
tions employed in the present study, citrulline
synthesis (Table II) and ureagenesis (Table II)
were shown to be highly dependent upon glu-
tamine as a substrate; rates with ammonia as
the nitrogen donor were similar in both control
and acidosis. Part of this effect no doubt re-
flects glutamine contributing its amide nitro-
gen as a nitrogen source; consistent with this
is the increased hepatic glutaminase activity.
It may be that glutamine nitrogen, in contrast
to extracellular ammonium nitrogen, is more
readily accessible for carbamoyl phosphate
synthetase. The importance of the glutaminase
activity as the first step in making glutamine
nitrogen available is underlined by the con-
firmation of previous studies showing that
mammalian CPS (21), in contrast to microor-
ganisms (22) and elasmobranchs (23), does not
utilize glutamine. Another role of glutamine
in acidosis may be to supply glutamate for in-
tramitochondrial N-acetylglutamate synthesis;
the presence of increased N-acetylglutamate
could be a powerful stimulant for carbamoyl
phosphate synthesis (Table I and (10)). Finally,
glutamate derived from glutamine may pro-
vide an oxidizable substrate to fuel the heavily
energy-dependent ureagenesis. That citrulline
synthesis was limited by the available energy
was suggested by the enhanced rate occurring
with the addition of succinate. In vivo, of
course, exogenous succinate is not available
but must be derived from blood-borne fuels.
Mitochondrial preparations from acidotic rat
livers consumed more oxygen when incubated
with glutamine, suggesting that this physio-
logical fuel acts as both a nitrogen donor and
oxidizable fuel under these in vitro conditions.
Invivo, on the other hand, the kidneys syphon
off tremendous amounts of glutamine in this
condition, providing substrate for renal am-
moniagenesis and perhaps, as well, depriving
hepatic ureagenesis of substrate.

The shift in portal-delivered ammonium
nitrogen from ureagenesis to glutamine release
in acidosis is not dependent upon an increased
amount of glutamine synthetase as previously
suggested for liver (7) and which apparently
plays a role in skeletal muscle (16). It is not
clear why the increased ammonium load by-
passes the upstream ureagenesis for incorpo-
ration into glutamine at the perivenous site
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(24). However, one possibility is that the up-
stream urea production is relatively deprived
of oxidizable substrate and relinquishes am-
monia for downstream glutamine synthesis, a
process which requires much less energy for
deposition of a mole of ammonium than does
ureagenesis. Further studies are required to
evaluate this as well as other possible mecha-
nisms involved in nitrogen partitioning oc-
curring during chronic metabolic acidosis.

1. Duda GD, Handler P. Kinetics of ammonia metab-
olism in vivo. J Biol Chem 232:303-304, 1958.

2. Schréck H, Goldstein L. Interorgan relationships for
glutamine metabolism in normal and acidotic rats.
Amer J Physiol 240:E519-E525, 1981.

3. Phromphetcharat V, Jackson A, Dass PD, Welbourne
TC. Ammonia partitioning between glutamine and
urea: Interorgan participation in metabolic acidosis.
Kidney Int 20:598-605, 1981.

4. Heitmann RN, Bergman EN. Integration of amino
acid metabolism in sheep: Effects of fasting and aci-
dosis. Amer J Physiol 239:E248-E354, 1980.

S. Oliver J, Koelz AM, Costello J, Bourke E. Acid-base
induced alterations in glutamine metabolism and
ureagenesis in perfused muscle and liver of the rat.
Eur J Clin Invest 7:445-449, 1977.

6. Adolph EF. The metabolism of ammonium salts and
of urea in man. Amer J Physiol 71:335-361, 1924.

7. Addae SK, Lotspeich WD. Relations between gluta-
mine utilization and production in metabolic acidosis.
Amer J Physiol 215:269-277, 1968.

8. Kalra J, Brosnan JT. The subcellular localization of
glutaminase isoenzymes in rat kidney cortex. J Biol
Chem 249:3255-3260, 1974.

9. Charles R, Tager JM, Slater EC. Citrulline synthesis
in rat-liver mitochondria. Biochim Biophys Acta 131:
29-41, 1967.

10. Lusty CJ. Carbamylphosphate synthetase I of rat-liver
mitochondria. Eur J Biochem 85:373-383, 1978.

11. Bernt E, Bergmeyer HU. Methods of Enzymatic
Analysis, Academic Press, New York, Vol 4: p1704,
1974.

12. Potter VR. In: Umbreit WW, Harris RA, Staffer JF,
eds. Manometric Techniques. Minneapolis, Burgess,
pl70, 1957.

13. Curthoys NP, Lowry OH. Subcellular localization of
rat kidney glutaminase isoenzymes. J Biol Chem 248:
162168, 1973.

14. Schimke RT. Adaptive characteristics of urea cycle
enzymes in the rat. J Biol Chem 237:459-468, 1962.

15. Yamazaki RK, Graetz GS. Glucagon stimulation of
citrulline formation in isolated hepatic mitochondria.
Arch Biochem Biophys 178:19-25, 1977.

16. King PA, Goldstein L, Newsholme EA. Glutamine



17.

18.

19.

20.

21.

ACIDOSIS ON GLUTAMINE AND UREA SYNTHESIS

synthetase activity of muscle in acidosis. Biochemistry
4:2803-2809, 1965.

Verhoeven AJ, Van Iwaarden JF, Joseph SK, Meijer
AlJ. Control of rat-liver glutaminase by ammonia and
pH. Eur J Biochem 133:241-244, 1983.

Haussinger D, Akerboom TPM, Seis H. The role of
pH and the lack of a requirement for hydrogencar-
bonate in the regulation of hepatic glutamine metab-
olism. Hoppe-Seyler’s Z Physiol Chem 361:995-1001,
1980.

Haussinger D, Gerok W, Seis H. Regulation of flux
through glutaminase and glutamine synthetase in iso-
lated perfused rat liver. Biochim Biophys Acta 755:
272-278, 1983.

Lueck JD, Miller LL. The effect of perfusate pH on
glutamine metabolism in the isolated perfused rat liver.
J Biol Chem 245:5491-5497, 1970.

Lusty CJ. The molecular structure and function of

22.

23.

24,

403

carbamoyl-phosphate synthetase I. Trans NY Acad
Sci 41:103-115, 1983.

Anderson PM, Meister A. Evidence for an activated
form of carbon dioxide in the reaction catalyzed by
Escherichia coli carbamoyl phosphate synthetase.
Biochemistry 4:2803-2809, 1965.

Anderson PM, Casey CA. Glutamine-dependent syn-
thesis of citrulline by isolated hepatic mitochondria
from squalus acanthias. J Biol Chem 259:456-462,
1984.

Sies H, Hiussinger D. In: Glutamine Metabolism in
Mammalian Tissue. Berlin, Springer-Verlag, p83,
1984.

Received May 29, 1985. P.S.E.B.M. 1986, Vol. 182.
Accepted April 18, 1986.



