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ABSTRACT The net renal metabolism of amino acids
and ammonia in the post absorptive state was evaluated
in subjects with normal renal function and in patients
with chronic renal insufficiency by measuring renal
uptake and release, and urinary excretion of free amino
acids and ammonia. In normal subjects the kidney ex-
tracts glutamine, proline, citrulline, and phenylalanine
and releases serine, arginine, taurine, threonine, tyro-
sine, ornithine, lysine, and perhaps alanine. The renal
uptake of amino acids from arterial blood occurs by way
of plasma only, whereas approximately a half of amino
acid release takes place by way of blood cells. Glycine
is taken up from arterial plasma, while similar amounts
of this amino acid are released by way of blood cells. In
the same subjects total renal ammonia production can
be largely accounted for by glutamine extracted.

In patients with chronic renal insufficiency (a) the
renal uptake of phenylalanine and the release of taurine
and ornithine disappear; (b) the uptake of glutamine
and proline, and the release of serine and threonine are
reduced by 80-90%; (c) the uptake of citrulline and the
release of alanine, arginine, tyrosine, and lysine are re-
duced by 60-70%; (d) no exchange of glycine is detect-
able either by way of plasma or by way of blood cells;
(e) exchange of any other amino acid via blood cells dis-

appears, and (f) total renal ammonia production is re- -

duced and not more than 35% of such production can be
accounted for by glutamine extracted, so that alternative
precursors must be used. A 140% excess of nitrogen re-
lease found in the same patients suggests an intrarenal
protein and peptide breakdown, which eventually pro-
vides free amino acids for ammonia production.

Portions of the data reported in this paper appeared in an
abstract presented at the VII International Congress of Neph-
rology, Montreal, 18-23 June, 1978.
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INTRODUCTION

In normal mammals in the post absorptive state the kid-
ney seems to play a substantial metabolic role for a lim-
ited number of amino acids (AA).! It is well known that
this organ is an important site for the disposal of glu-
tamine, which is used mainly for the production of am-
monia, the most important buffer for strong acid excre-
tion (1). In addition, the kidney is the almost exclusive
site for the synthesis of serine (2, 3) which, at least
in part, could derive from glycine extracted from the
arterial blood (3). Finally, the kidney seems to release
alanine and cysteine (2, 4). Whether chronic renal in-
sufficiency (CRI) induces alterations in the net metab-
olism of some AA across the kidney is obscure. The
only available data show that, in this clinical status, pa-
tients with still relatively high glomerular filtration
rates (GFR) and ammonia production have a negligible
renal extraction of glutamine from arterial plasma, cer-
tainly not sufficient to account for ammonia produced
(5). On the other hand, there is no information on alter-
native precursors used by the kidney for ammonia for-
mation in this condition.

Studies presented in this report were designed to
evaluate the net AA and ammonia metabolism across the
kidney in subjects with normal renal function and in pa-
tients with CRI. The study was performed by measuring
renal uptake or release and urinary excretion of AA and
ammonia. Considering the role of blood cells in the ex-
change of AA across many organs (6), AA determinations
were carried out both on whole blood and plasma.

METHODS

Patients. Two groups of patients were studied and are
described in Table I. The first group had arterial hypertension

! Abbreviations used in this paper: AA, amino acids; A-RV,
arterial-renal venous; CRI, chronic renal insufficiency; GFR.
glomerular filtration rate; Hct, hematocrit; PAH, Na para-
aminohippurate.
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with mean blood pressures ranging from 133 to 160 mm Hg.
Routine hematological tests, serum, and urine electrolyte con-
centrations, acid-base measurements, urinalysis, and renal
function tests were normal. The rapid sequence intravenous
pyelography showed a unilateral delayed appearance time of
the contrast material and a persistent hyperconcentration of it.
However, no significant difference in renal size was present.
The subjects were on a diet that provided 30-35 kcal and
0.70-0.85 g of protein/kg body wt per d. In all patients a renal
vein catheterization was considered necessary for diagnostic
purposes to determine plasma renin activity. Medications
were discontinued at least 15 d before renal vein catheteri-
zation. The final diagnosis was benign essential hypertension.

The second group consisted of five patients with CRLLA
mild azotemia had been present from 3 mo to 3 v. All patients
were in good nutritional balance and were actively employed
at the time of the study. They had no history orevidence of con-
gestive heart failure, pulmonary, or hepatic diseases or dia-
betes mellitus. Serum sodium and potassium were in the nor-
mal range. Proteinuria was lower than 0.5 g/24 h in four pa-
tients and was 1 g/24 h in one patient (C.A.). Urine cultures were
repeatedly negative. All patients were on a diet strictly com-
parable with that assumed by the control group. Two patients
(L.M. and T.P.) had severe hypertension and elevated renin
plasma activity, so that a renal vein catheterization for renin ac-
tivity determination was usetul for diagnostic purposes. The
other three patients showed bone alterations that were more
severe than could be expected on the basis of degree and dura-
tion of their renal insufficiency and that were attributed to
hyperparathyroidism. Innominate, internal jugular and thy-
roid veins catheterization for parathormone measurements was
carried out to localize the hyperfunctioning parathyroid tissue,
in view of a possible parathyroidectomy. In the patients with
severe hypertension, the intravenous pyelography showed a
unilateral delayed appearance time and a persistent hypercon-
centration of the contrast material. In all five patients the re-
nal size was normal or slightly reduced without any unilateral
disparity in renal mass.

Patients of both groups were informed of the nature, pur-
pose, procedure, and possible risks before giving their volun-
tary consent.

Procedure. All patients were studied in the postabsorptive
state, after a 12-14-h overnight fast. A Teflon catheter was in-
serted percutaneously into a peripheral artery to measure acid-
base status and arterial AA and ammonia levels. A Cobra No. 6
or 7 S catheter (Cook, Inc., Bloomington, Ind.) was then guided
under fluoroscopic control through a temoral vein to a renal or
an internal jugular vein. In this last circumstance, during re-
moval, the catheter was threaded into the renal veins. The
catheters were kept patent by flushing with saline intermit-
tently. The position of the catheter was ascertained visually
with image intensification before each blood withdrawal.
Arterial blood pressure and electrocardiogram were continu-
ously monitored during the study.

An intravenous infusion of Na thiosulphate and Na para-
aminohippurate (PAH) was started after the administration of a
priming dose of PAH (2.5-3 mmol). The infusion was kept ata
constant flow rate (Na thiosulphate 0.8 mmol/min and PAH
0.09 mmol/min) and two or three sequential clearance periods,
of 20 min each, were obtained. The correct position of the cathe-
ter in the renal vein was verified by calculating the renal extrac-
tion of PAH and oxygen. Oxygen extraction, calculated as
(oxygen, — oxygen,)oxygen, X 100, was used during catheteri-
zation as a quick test for checking with a good approximation
the correct position of the catheter. The combined measure-
ment of renal PAH and oxygen extraction was particularly use-
ful in patients with renal insufficiency, as low values of PAH
extraction could depend either on renal alterations or on an in-
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correct catheter position, but a low oxygen extraction defi-
nitely identified renal venous blood. During each clearance
period one set of blood samples was obtained simultaneously
from a peripheral artery and a renal vein for the measurement
of arterial-renal venous (A-RV) differences of AA and ammonia.

Blood was withdrawn by heparinized syringes kept in ice.
During the study urine was collected via a cannula under min-
eral oil and then stored at —25°C in bottles that contained thy -
mol.

Analytical methods.  AA were determined both on whole
blood and plasma. Perchloric acid (0.75 mol/liter) was used for
blood protein precipitation. For individual AA determination,
whole blood proteins were precipitated within 60 min and
plasma proteins within 2 h from the blood withdrawal. An ali-
quot of the supernate was neutralized with a buttered solution.
stored at —25°C, and used for enzymatic assay of glutamine,
glutamate, and aspartate within 30 h. Another aliquot was stored
at —25°C and used for the determination of 19 additional AA
within 3 mo. The influence of specimen storage at —25°C for
such a period of time does not aftect AA levels as shown by onr
laboratory and reported in the literature (7).

Reliability of procedures followed for sample preparation
was verified by studying blood samples obtained from normal
controls and from patients with CRI. No difference in AA levels
measured in whole blood, plasma, and blood cells (three blood
samples from controls and three from patients) was observed
when samples, deproteinized immediately after the with-
drawal, and samples deproteinized 60 min (whole blood and
blood cells) or 2 h (plasma) after the withdrawal were com-
pared. For such a comparison peripheral venous blood and re-
nal venous blood was used, since in venous blood a potential
disequilibrium between plasma and blood cell proportions for
several AA could be induced by muscle and kidney. Further-
more. the same studies showed that the AA levels measured in
whole blood fairly matched the sum of AA contributions meas-
ured in plasma and in blood cells; there was no change during
periods of time considered. In other experiments a 20-AA
solution in amounts sufficient to increase significantly blood
AA levels was added to six blood samples (three from normal
controls and three tfrom patients with CRI) immediately after
the withdrawal. Controls were run by adding saline to addi-
tional samples of the same blood. Aliquots of blood were proc-
essed immediately and 1 h after the addition of the AA solu-
tion: AA levels in plasma and in whole blood were constant
within the 1-h period considered. These data suggest that no
change in AA distribution between plasma and blood cells took
place during the same period.

AA analyses were performed at least in triplicate by auto-
mated ion-exchange chromatography on a Beckman Multi-
chrom B AA analyzer (Beckman Instruments, Inc.. Fullertou,
Calif.)). When AA were measured on whole blood with this
technique, the supernate was neutralized and treated with Na
sulphite immediately before the assay to remove glutathione.
This procedure causes a loss of methionine and cysteine,
which are therefore not reported. Glutamine was estimated
enzymatically according to the method described by Lund (8).
modified for Huorometer measurements (Farrand A 4. Far-
rand Optical Co., Inc., Valhalla, N. Y.). Recovery of glutamine,
added to whole blood or plasma. was determined for each assay:
the recovery ranged from 97 to 102%. Glutamate and aspartate
were determined with the methods used by Graham and Apri-
son (9). For these assays the samples, blanks and standards
were done in triplicate. AA in urine were determined by ion-
exchange chromatography on a Multichrom B after deprotein-
ation.

For blood ammonia determination. whole blood was depro-
teinized at +4°C with Na tungstate and sulphuric acid immedi-
ately after the withdrawal. The protein-free supernate was
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stored at —25°C and assayed according to Chaney and Marbach
(10) within 12 h. An eightfold concentration of phenol and
hypochlorite reagents was used. The same method was fol-
lowed for the measurements of ammonia in urine.

Na thiosulphate concentration in plasma and urine was deter-
mined according to Brun (11). PAH concentration in plasma
and urine was measured as suggested by Smith et al. (12).

Blood and urine pH and Paco, were estimated at 37°C with
PHM 72/BMS 3 apparatus (Radiometer Co., Copenhagen,
Denmark). Blood [HCOj;] was calculated using the Hender-
son-Hasselbalch equation. Sa0, was measured with an Hellige
oximeter (American Optical Corp., Scientific Instrument Div.,
Buffalo, N. Y.). Hematocrit (Hct) was determined by a micro-
capillary procedure.

Calculations. Renal arterial plasma flow was calculated
from clearance and extraction of PAH using the equation of
Wolf (13). Renal arterial blood flow was calculated from renal
plasma flow and arterial Hct. Renal blood cell flow was ob-
tained by subtracting plasma flow from blood flow.

The levels of AA and ammonia in whole blood and of AA in
plasma was calculated using a dilution factor corresponding
to the dilution of the sample after deproteination and neutrali-
zation. A water content of 80 and 93%, respectively for whole
blood and plasma was taken into account for the calculation of
the dilution factor (14). The levels of AA in blood cells were
calculated by the following formula (15):

( HCt % [
l‘ \/ ‘]WB |: 1 1 ) Al ‘]PI ]
[1 L/ ‘]BC

Hct/100

where: |AAlgc = level of AA in blood cells (umol/liter);
|AAlyg = level of AA in whole blood (umol/liter), and [AA]p
= level of AA in plasma (umol/liter).

The coefficients of variation for individual AA analyses
were: +2% for glutamine; +3% for glutamate, leucine, tyro-
sine, phenylalanine, and 3-methylhistidine; +4% for aspartate,
glycine, alanine, valine, methionine, citrulline, and arginine;
+5% for serine, isoleucine, ornithine, lysine, and histidine;
+7% for threonine and proline; and +9% for a-aminobutyric
acid.

Net extraction (+) or netrelease (—) of individual AA and am-
monia by the kidney were calculated by the following formula:
M = (F, x S,) — S«(Fa — Fu) — (F, X S,), where: M = net up-
take or release (wmol/min-1.73 m?), F, = renal arterial blood
flow (ml/min-1.73 m?), F, = urinary flow (ml/min-1.73 m?),
S, = arterial level of metabolite (umol/ml), S, = renal venous
level of metabolite (wmol/ml), and S, = urinary level of metab-
olite (umol/ml).

The total ammonia production was obtained by summing
the values for renal venous ammonia release and urine ammo-
nia excretion.

The N balance across the kidney here reported was calcu-
lated by subtracting N contributed by individual AA signif-
icantly released, plus N contributed by total ammonia pro-
duced, from N contributed by individual AA significantly
extracted (i.e., 1 wmol of citrulline is considered to have 3
umol of N; 1 umol of glutamine, 2 umol of N; 1 umol of alanine,
1 pmol of N; 1 wmol of ammonia, 1 umol of N; etc.).

Controls and patients with CRI were compared by analysis
of variance by using a completely randomized design. A random-
ized block design was applied to the analysis of variance for
the paired data. This method was followed to ascertain if the
A-RV differences were significantly different from zero. Re-
lationships between citrulline uptake and arginine release and
between arterial level of each individual AA and their renal re-

Amino Acid and Ammonia

lease or uptake were studied by analysis of linear regression
and correlation (16). Values are given as mean=1 SEM.

RESULTS

A-RV differences and net balance across the kidney
of free AA in whole blood, plasma and blood cells in
subjects with normal renal function and in patients
with CRI. In normal subjects (Table II) AA determi-
nations in whole blood show significant positive A-RV
differences only for glutamine, proline, citrulline and
phenylalanine, indicating a renal uptake of these AA.
The rate of glutamine uptake accounts for 58% of the
total AA extraction by the kidney. In the same subjects,
analysis of plasma demonstrates a significant uptake of
glycine also. Since the rates of glutamine, proline, ci-
trulline, and phenylalanine uptakes are strictly compa-
rable both in whole blood and in plasma, it follows that
the kidney takes up these AA only from arterial plasma.
Conversely, in the case of glycine, which is extracted
from plasma but not from whole blood, blood cells must
play an important role in the exchange of this AA across
the kidney.

A-RV differences determined in whole blood are neg-
ative for taurine, threonine, serine, tyrosine, ornithine,
lysine, and arginine, indicating a release into the circu-
lation of these AA. The release of alanine is only at the
borderline of significance (P < 0.1), likely depending
on a high variability among subjects. The rate of serine
release is responsible for 37% of the total AA output by
the kidney. In the same subjects serine and ornithine
are released into the renal venous blood only by way of
plasma; taurine, threonine, and lysine only by way of
blood cells. Alanine, tyrosine, and arginine are added to
the renal veins both by way of plasma and blood cells.

In patients with CRI (Table III) AA analyses both on
whole blood and on plasma demonstrate a significant
decrease in renal extraction of glutamine, proline, and
citrulline in comparison with controls. As in normal
subjects, these AA are extracted by the kidney only
from arterial plasma. Phenylalanine extraction is not de-
tectable. Glycine uptake from plasma and glycine re-
lease by way of blood cells disappear completely. In pa-
tients with CRI, as in normal subjects, A-RV differences
on whole blood are negative for threonine, serine, ala-
nine, tyrosine, lysine, and arginine, indicating a release
of these AA. However the rates of release of these AA are
variously decreased. The comparison between the rate
of release obtained from whole blood and from plasma
measurements indicate that these AA are released into
renal venous blood via plasma only. Consequently, in
contrast to normal controls, in CRI no role is played by
blood cells in such exchange. Again in contrast to con-
trols, taurine and ornithine release disappears, whereas
a statistically detectable output of leucine occurs.

In patients with CRI there are increases in whole
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blood arterial level of 3-methylhistidine, proline (P
< 0.01), citrulline (P < 0.001), histidine (P < 0.005),
and perhaps glutamine (P < 0.1) and phenylalanine
(P <0.1), whereas there are decreases of aspartate
(P < 0.005), tyrosine (P < 0.005), and perhaps serine
(P <0.1) and lysine (P < 0.1).

Excretion of most urinary AA was negligible in both
normal and pathological conditions. Differences in uri-
nary output at the borderline of significance (P < 0.1)
are observed only for 3-methylhistidine, which is ex-
creted in lower amount in CRI, and for proline, which,
conversely, is excreted in higher amount.

Table IV gives the rates of renal AA extraction and re-
lease per 100 ml of GFR. Itis evident that the extraction
of citrulline and the release of alanine, leucine, tyro-
sine, and arginine appear markedly increased, whereas
the extraction of glutamine and proline, and the release
of threonine, serine and lysine are unchanged in com-
parison with normal controls.

Fig. 1 depicts the relationship between citrulline ex-
traction and arginine release in subjects with normal
renal function and in patients with CRI. A highly sig-
nificant direct linear correlation was observed (P
< 0.001).

Fig. 2 shows the relationship between the release
into the renal veins of tyrosine and the arterial level of
the same AA in subjects with normal renal function and
in patients with CRI. A significant correlation was found
(P <0.05). No significant correlation between the
arterial level of other AA and their renal metabolism
was observed.

Rencl ammonia production in subjects with normal
renal function and in patients with CRI. In normal
subjects total renal ammonia production was 37.8+3.08
umol/min, almost equally partitioned between urine
and renal venous blood (Table V). Both urinary am-
monia and ammonia added to the renal venous blood
are reduced in patients with CRI. Consequently, total
renal ammonia production is decreased. If total am-

monia production is expressed per 100 ml of GFR, the
rate of ammonia production per unit of GFR is much
greater in patients with CRI than in subjects with nor-
mal renal function. The distribution of ammonia pro-
duced between urine and renal venous blood is not
different from normal controls and this finding is likely
dependent on strictly comparable urinary pH and flow.

Nitrogen extraction and release by the kidney in sub-
jects with normal renal function and in patients with
CRI (Table VI). In normal conditions N contributed
by AA extracted, and N contributed by AA and ammonia
released by the kidney are well balanced. On the con-
trary, patients with CRI show a 140% excess of N added
to the renal venous blood (P < 0.025).

DISCUSSION

Findings presented here confirm previous observation
by Owen and Robinson (2) demonstrating that in nor-
mal conditions the human kidney extracts glutamine
and proline and releases large amounts of serine into
the renal veins. Our data provide stronger statistical
evidence for the release of arginine. Alanine outputis at
the borderline of statistical significance in our study,
whereas it is statistically significant in Owen and
Robinson’s normal subjects. On the contrary, this AA is
significantly extracted by the kidney in starved man
(17). In addition, we obtained several new results. A
significant citrulline and phenylalanine extraction and
a taurine, threonine, lysine, tyrosine, and ornithine re-
lease are observed. The detection of the renal release of
a greater number of AA in comparison with data by
Owen and Robinson is partly due to the important role
played by blood cells in the handling of AA by the kid-
ney. For the same reason, the net balance of glycine ac-
ross the kidney is not different from zero.

The data presented here demonstrate that renal up-
take of AA from arterial blood occurs by way of plasma
only, whereas AA release by the kidney to renal venous

TABLE IV
Renal AA Extraction and Release per 100 ml of GFR in Subjects with Normal Renal Function and in Patients with CRI*

Glutamine  Proline  Citrulline  Phenylalanine  Serine Alanine Taurine Arginine Threonine Tyrosine Ornithine Lysine Leucine
extraction  extraction  extraction extraction release release release release release release release  release  release
umol/min/100 ml GFR
Subjects with 22.8 9.5 4.6 0.9 16.6 75 5.0 4.7 X 2.8 2.5 2.4 0.3t
normal renal +5.23 +4.04 +0.96 +0.39 +2.55 +4.37 +1.81 +0.70 =1.17 +0.85 +1.41 +0.85 +1.50
function (8)
Patients with 12.6 13.4 12.1§ 0.8¢ 25.7 30.6§ 5.3 14.1 6.0 6.4 1.4% 5.0 5.2
CRI (5) +10.62 +3.55 +3.78 +2.06 +4.00 +9.10 +6.69 +3.21 +2.64 =0.99 *1.57 +1.67 +1.99

* Data are presented as mean=SEM. Only the AA that showed statistically significant A-RV differences across the kidney at least in one of the two groups studied

are considered.

1 Extraction or release not significantly ditferent trom zero.

§ Significantly different from the corresponding value in normal subjects, P < 0.05.
Significantly different from the corresponding value in normal subjects, P < 0.01.

€ Significantly different from the corresponding value in normal subjects, P < 0.025.
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FIGURE 1 Relationships between citrulline extraction and
arginine release by the kidney in eight subjects with normal
renal function (solid circles) and in five patients with CRI
(open circles).

blood takes place approximately a half by way of blood
cells and the other half by way of plasma. Most of in-
dividual AA are released by the kidney either via plas-
ma or via blood cells only. Others, namely alanine, tyro-
sine, and arginine are released both via plasma and via
blood cells in parallel directions. Conversely, glycine is
taken up by the kidney from arterial plasma and de-
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FIGURE 2 Relationships between tyrosine release by the
kidney and arterial tyrosine levels in whole blood in eight
subjects with normal renal function (solid circles) and in five
patients with CRI (open circles). '
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livered to renal venous blood via blood cells, showing
opposite directions of exchange across the kidney.
There is consistent evidence for a role of blood cells in
AA exchanges across hepatosplanchnic bed and muscle
also (6, 18, 19). These results suggest the existence of
direct AA exchanges between renal tissue and blood
cells as postulated occur in dog hepatosplanchnic bed
(19). Conversely, AA transfer from plasma to blood cells
within the kidney seems unlikely, since human
erythrocytes take up AA slowly in vitro (20). Surprisingly
our data show that the role of blood cells in AA
exchange across the kidney disappears in CRI
Recently a lower creatinine transfer rate into erythro-
cytes was shown in uremia (21). Explanations for the
exchange of AA across the kidney via blood cells, its
disappearance in CRI, and the related metabolic
meanings are obscure. However, our findings implicate
that definite conclusions on the net renal balance of AA
must be drawn only from analyses carried out on whole
blood.

It is well known that the extraction of glutamine by
the normally functioning kidney greatly exceeds the ex-
traction of other AA and that the extraction rate of glu-
tamine is related to the acid-base status of the subjects,
since glutamine is the major precursor used by the kid-
ney for ammonia formation (1). The values of renal glu-
tamine uptake in normal subjects studied here by anal-
yses on whole blood confirm previous results obtained
from plasma measurements (2, 5, 22), as no significant
extraction of glutamine from blood cells occurs across
the kidney (Table II). In normal conditions the amount
of glutamine extracted from blood is sufficient to ac-
count for all the ammonia produced. The ratio of am-
monia production to glutamine extraction is ~1, and
this suggests that only a half of N provided by this AA
is used for ammonia synthesis, the other half likely
being added to an intrarenal N pool used for the syn-
thesis of other AA.

Findings reported here demonstrate that there is no
renal extraction of glycine from whole blood as ob-
served in rat (23). Actually, the lack of a glycine extrac-
tion by the kidney appears to be the result of an uptake
from plasma, as already shown in starved man (17) and
in acidotic dog (24), and of a concomitant addition of
similar amounts of glycine to the renal venous blood by
way of blood cells. The origin of glycine added to blood
cells within the kidney is obscure. It is known that gly-
cine is a component of glutathione, which is present in
high concentrations in erythrocytes and in living cells
(25). There is also evidence that glutathione turnoveris
much more rapid in kidney than in any other organ (25)
and that, in vitro, glutathione degradation releases gly-
cine within the kidney (26). Thus, a glutathione break-
down in the kidney might be an important source of gly-
cine. Glycine so produced might be added to the renal
glycine pool and partially transferred to blood cells.
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TABLE V
Renal Ammonia Production in Subjects with Normal Renal Function and in Patients with CRI*

NH; added to

Urine pH Urine flow Urinary NH; the renal veins Total NH; production
ml/min- 1.73 m* pmol/min-1.73 m* pmol/min-1.73 m?* pmolimin-1.73 m* umol/min/100 ml GFR
Subjects with 5.68 2.18 21.0 16.8 37.8 26.8
normal renal +0.16 +0.29 +2.45 +1.34 +3.08 +2.99
function (8)
Patients with 5.75 2.36 9.0% 9.8§ 18.8% 89.2"
CRI (5) +0.29 +0.24 +2.19 +2.89 +1.15 +9.92

* Values are given as mean=SEM.

{ Significantly different from the corresponding value in normal subjects, P < 0.005.
§ Significantly different from the corresponding value in normal subjects, P < 0.025.
Significantly different from the corresponding value in normal subjects, P < 0.001.

Glycine from the renal pool can also be used for the syn-
thesis of serine. In fact, glycine is the almost exclusive
precursor used by the kidney for serine formation
through the serine hydroxymethyltransferase pathway
(EC 2.1.2.1.) (3). Results reported here indicate that the
normal kidney in the postabsorptive state releases ser-
ine at a higher rate than that measured for any other AA.
These data confirm previous observations in different
mammals (2, 17, 23, 24). Not more than 50% of such a
large amount of serine produced by the kidney can be
accounted for by glycine supplied to the renal glycine
pool via plasma, as confirmed by data by other authors
(2, 24). The other 50% of serine must derive from gly-
cine supplied to the kidney by other sources.

Our results show that in normal man large amounts of
citrulline are constantly extracted by the kidney and
this extraction is well correlated with the release of
arginine (Fig. 1). This relationship suggests that the
human kidney produces arginine from citrulline, as al-
ready demonstrated in rats both in vitro (27) and in vivo
(28). Thus, the kidney shares the overall release of argi-
nine with muscular tissue, which produces comparable
amounts of arginine (29, 30).

TABLE VI
Renal Extraction and Release of Nitrogen Contributed by AA
and Ammonia in Subjects with Normal Renal Function
and in Patients with CRI*

Nitrogen Nitrogen Net nitrogen
extracted released balance
Subjects with 100.1 127.8 —27.8 (+27.8%)
normal renal +19.90 +16.63 +11.23
function (8)
Patients with 174 41.8% —24.4 (+140.2%)
CRI (5) +5.87 +11.24 +6.34

* Data are presented as mean+=SEM in umol/min-1.73 m2.
1 Significantly different from nitrogen extracted, P < 0.025.
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Findings obtained in normal controls demonstrate
that the human kidney produces significant amounts of
tyrosine. This production is of the same magnitude as
that of muscular production, as can be calculated from
data by Felig and Wahren (29, 30). Though the liver
synthesizes large amounts of tyrosine, the net tyrosine
balance across the hepatosplanchnic bed demonstrates
a significant uptake of this AA (30). Hence in the post-
absorptive state the kidney and the muscle participate
almost equally in the release of significant amounts of
tyrosine into the circulation. It is believed that tyro-
sine is produced by the kidney from phenylalanine
through the phenylalanine 4-hydroxylase system (EC
1.14.16.1) (31). However, in our cases, the amount of
phenylalanine extracted by the kidney is not sufficient
to account for the amount of tyrosine produced.

Finally, an important finding is the renal release of
taurine. Since this AA is significantly released into the
circulation neither by muscular tissue nor by the hepa-
tosplanchnic bed (6), it follows that in postabsorptive
man the kidney appears to have a major role in homeo-
stasis of circulating taurine. This AA may derive from
cysteine, which in turn may derive from glutathione.

Our results demonstrate that chronic renal disease
significantly affects both the uptake and the release of
the same AA considered above under normal condi-
tions. In addition, total renal production of ammonia,
namely that excreted plus that added to renal venous
blood, is decreased in relation to the reduction of func-
tioning renal mass. In the same condition, renal gluta-
mine extraction from whole blood is greatly decreased,
as already shown by measuring A-RV differences in
plasma glutamine (5, 22). In contrast to normal subjects,
in patients with CRI only 35% of ammonia produced
can be accounted for by the amount of glutamine ex-
tracted from arterial blood, even assuming that both N
groups of glutamine are used for ammonia production.
Accordingly, most of the ammonia produced must de-
rive from substrates other than glutamine extracted

A. Tizianello, G. De Ferrari, G. Garibotto, G. Gurreri, and C. Robaudo



from blood. In CRI the availability of glutamine sup-
plied to the kidney through the arterial inflow does not
seem to be rate limiting forammonia production. In fact
glutamine loads, administered orally (32) or intrave-
nously (22), failed to enhance ammonia excretion in pa-
tients with CRI, whereas comparable loads given to nor-
mal controls induced a significant increase in ammonia
excretion. In patients with CRI, the rate of renal am-
monia production per unit of GFR is increased fourfold.
Nevertheless, the rate of glutamine extraction per unit
of GFR is not different from controls, despite the pres-
ence of chronic metabolic acidosis. These data demon-
strate that the residual functioning renal tissue does not
extract enough glutamine to account for the amount of
ammonia produced. Moreover, if patients with CRI are
compared with a group of subjects with normal renal
function and NH,CI induced chronic acidosis, else-
where reported (5), it is possible to calculate that am-
monia production per unit of GFR is similar in both
groups (116.0+20.70 wmol/min per 100 ml GFR in
NH,CI acidosis vs. 89.2+9.92 in CRI), whereas gluta-
mine extraction per unit of GFR is sevenfold higher in
subjects with NH,ClI acidosis (85.2+13.86 pmol/min
per 100 ml GFR in NH,CI acidosis vs. 12.6+10.62 in
CRI, P <0.001). All the above data strongly suggest
that in CRI glutamine was inadequately used by the
residual functioning tissue for ammonia production.
The defective use might be dependent on an altered
transport of glutamine into the mitochondria, the major
sites for its use (33) and/or on an inhibition of
glutaminases by some “uremic toxin”. It has been
shown that methylguanidine inhibits rat kidney
phosphate-independent glutaminase activity (34). Fur-
ther, in rats with subtotal nephrectomy, phosphate-
dependent glutaminase activity (EC 3.5.1.2.) per gram
of tissue is significantly decreased despite an increased
production rate of ammonia per residual nephron (35).

The net balance across the kidney of AA besides glu-
tamine appears to be altered by renal disease. The abso-
lute values of uptake or release of each AA are de-
creased with the exception of leucine. However, when
extraction and production rates of each AA are calcu-
lated per unit of GFR, different behaviors are seen.
Thus, alanine release is increased fourfold, citrulline
uptake and arginine release are increased threefold
compared to those measured in normal controls. More-
over, the relationship between citrulline uptake and ar-
ginine release is still present (Fig. 1), despite the quan-
titative variations of the net balance of these AA across
the kidney. Accordingly, the conversion of citrulline
into arginine seems fairly preserved. Likewise, the re-
sidual functioning renal tissue adds twice as much tyro-
sine to the venous blood compared to controls. On the
contrary, proline extraction, and serine, threonine, and
lysine release per unit of GFR are not different from
controls, suggesting a defective nephron adaptation of

Amino Acid and Ammonia Metabolism by Normal and Diseased Kidney

the metabolism of these AA. A still more severe de-
rangement is observed in the renal metabolism of gly-
cine, taurine, phenylalanine, and ornithine, whose up-
take or release disappear.

Data presented in this study suggest that the renal
metabolic alterations induced by chronic disease may
be responsible for changes of arterial levels of
some AA, that were observed in patients with
CRI considered here, and previously outlined (5,
36-39). Thus, the lower level of tyrosine in arterial
blood in patients with CRI may be accounted for by de-
creased renal production, as suggested by the relation-
ship between renal tyrosine release and arterial level of
this AA (Fig. 2). The same may be inferred for serine.
In addition, the higher arterial level of proline and glu-
tamine may be partly dependent on a reduced use by
the diseased kidney. On the contrary, the increased ci-
trulline level measured in the arterial blood of these pa-
tients is likely not only dependent on the decreased re-
nal uptake of this AA, inasmuch as arterial citrulline
level shows atendency torise as renal uptake increases.

Striking differences between normal subjects and
patients with CRI are revealed if one compares the net
balance between the N contributed by AA extracted
from the arterial blood, and the N contributed by AA
added to the renal veins and by ammonia produced
(Table VI). In CRI the amount of N released is more
than twice as much as the amount of N taken up by the
kidney. We think that the most reasonable explanation
for the excess of N released by the kidney in patients
with CRI is an intrarenal degradation of peptides, poly-
peptides, and low molecular weight proteins supplied
to the kidney by the arterial inflow. The renal break-
down of these compounds and the presence in the kid-
ney of specific degrading enzymes are largely sup-
ported by the literature (40). Nitrogen balance across
the kidney reported here suggests that the renal break-
down of these substances is increased in CRI. Such a
breakdown releases free AA, which may be added to
renal vein blood and/or conveyed to various metabolic
fates, including ammonia production. The comparison
between the rate of ammonia production and the rate
of AA extraction in CRI supports such a hypothesis.
In fact, the N groups deriving from glutamine and
proline extracted from the arterial blood can account
for not more than 50% of ammonia produced by the
kidney. Citrulline is not included in this calculation
because it seems to be used mainly for arginine produc-
tion and it does not produce ammonia in vitro (unpub-
lished observations), whereas proline may be an am-
monia precursor through conversion into glutamate (41).
Therefore, it may be presumed that approximately half
of the ammonia produced in CRI derives from pre-
cursors made available by protein and peptide degrada-
tion within the kidney. Consequently, it seems likely

1171



that in CRI glutamine supplied to the kidney by arterial
blood is no longer the major ammonia precursor.
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