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A B S T R A C T In an attempt to assess hepatic func-
tional capacity, hourly urea production, and correspond-
ing serum amino acid concentrations after the ingestion
of single protein meals (60, 120, and 240 g of protein)
were evaluated in 18 normal subjects and in 8 patients
with liver disease. In normal subjects, the relationship
between urea production and serum amino acid concen-
tration was linear (urea production in milligram urea
nitrogen/kilogram lean body mass/hour = 6.3 times
mg amino acid nitrogen/100 ml minus 20.5 SE of the
estimate 6.9, r = 0.74, P < 0.001), and variation of
protein intake from 50 to 150 g/day for 3 days before
testing did not change this relationship. The patients
demonstrated impairment of urea synthesis proportional
to the clinical severity of their liver disease. The po-
tential clinical applications of these findings need to be
determined.

INTRODUCTION
In man the liver occupies a central role in protein ca-
tabolism with more than 99% of all urea synthesis taking
place in the hepatocyte (1). Although the biochemistry
of this process has been well defined on a cellular and
subcellular level in both animals and man, limited in-
formation on urea production after protein ingestion
in humans is available. Urinary urea excretion, which
reflects urea synthesis, peaks between 4 and 10 h after
large protein meals (2-5). Daily urea synthesis has been
estimated in starved and fed individuals (6), but only
one study has directly measured urea production im-
mediately after protein ingestion (7). In that study the
protein meals were given over an 8-h period and urea
synthesis measured over 4-h intervals. The authors
reported that their subjects reached a maximum rate
of urea synthesis which could not be exceeded by in-
creasing the amount of protein ingested, and this rate
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could be used to separate healthy individuals from pa-
tients with cirrhosis.
The aim of the present study was to relate hourly

urea production to the corresponding serum amino acid
concentrations reached after the ingestion of single
protein meals in order to evaluate this relationship as
a measure of hepatic function. Both normal and abnor-
mal subjects were tested. In addition, the effect of prior
protein intake on this relationship was also investigated.

METHODS
Subjects and procedures. After obtaining informed con-

sent, 18 healthy individuals (11 males and 7 females, ages
22-38 yr) and 8 patients with liver disease, without ascites,
were studied. All subjects had normal creatinine and urea
clearances. To investigate the effects of prior protein in-
take on urea production, six normal subjects were studied
in a metabolic unit where total protein and caloric intake
were controlled for the three days before each testing
period. The remainder of the normal subjects recorded their
dietary intake for a similar 3-day period and were studied
as out-patients. The patients with liver disease were studied
as in-patients after at least 3 days of a regular hospital
diet.
To initiate and maintain a urine output of at least 120

ml per hour on the day of the test, the subject would drink
400 ml of water upon awakening and then 200 ml every 30
min for the remainder of the test (usually 8-9 h). 2 h
after awakening a fasting blood specimen was drawn and
the test meal eaten. Blood specimens were drawn and
urine collected hourly for the remainder of the test period.
The blood samples were centrifuged and the serum frozen
until analysis. The urine was acidified with hydrochloric
acid and samples removed and frozen until analysis.
The test meal consisted of a chocolate flavored liquid

mixture of soy protein (Supro 610, Ralston Purina Co., St.
Louis, Mo.) and powdered skim milk. The final protein
content of 0.17 g/ml was 60% soy protein and 40% milk
protein. Test meals of 1, 2, or 4 g protein/kg lean body
mass (LBM) 1 were given.2 The meals of 1 and 2 g

lAbbreviations used in this paper: LBM, lean body mass;
TBW, total body water.

2 The LBM was derived from a nomogram (8): Male
[0.195 ht in cm + 0.297 wt in kg - 14.013] . 0.73; Female
[0.345 ht in cm + 0.184 wt in kg - 35.270] . 0.73.
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protein/kg LBM were ingested over a 15-min period, while
the largest meal of 4 g protein/kg LBM was given in four
equal portions over Hi h. All subjects ingested the standard
meal of 2 g protein/kg LBM, while four took the higher
and lower doses as well. In addition, one subject ingested
20 g of protein every 20 min for 8 consecutive h.
Serum amino acid nitrogen was determined using a di-

nitrofluorobenzene technique (9) with a coefficient of varia-
tion in our laboratory of 4% over the range of 4-9 mg/
100 ml. A manifold modification by Dr. C. Bandt (Henne-
pin County Medical Center) on a Technicon Auto Ana-
lyzer (Technicon Instrument Corp., Tarrytown, N. Y.)
allowed measurements of serum urea nitrogen within the
range of 5.0-35.0 mg/100 ml with a coefficient of variation
of 1.8%o. Urine urea nitrogen was measured using a stan-
dard manifold on a Technicon Auto Analyzer (coefficient
of variation of 3%o) (10).

In four subjects urea recovery was investigated using a
sterile, pyrogen-free solution of ["C]urea (New England
Nuclear, Boston, Mass.) with a concentration of 4 pCi/ml.
1 ml was injected into the deltoid muscle and all urine
collected in 24-h periods for the subsequent 72 h. A 1 cm'
specimen of urine was diluted with 10 cm' of Handifluor®
(Mallinckrodt Chemical Works, St. Louis, Mo.) and
counted in duplicate in a Beckman LS 250 liquid scintilla-
tion counter (Beckman Instruments, Inc., Fullerton, Calif.).
Because of the possibility that the specific activity of

urine after [14C] urea injection is not entirely associated
with [14C]urea, both urine and ["4C]urea standard solutions
were treated as follows: 1 ml of phosphate buffer, pH 7.2,
and 1 ml of urease solution, 50 U per ml, (Sigma Chemi-
cal Co., St. Louis, Mo.) were added to 2 ml of urine in
an uncovered beaker. After 15 min shaking at 370C, dilute
H2SO4 was added and shaking continued for another hour.
Portions of the remaining solution were again counted in
duplicate. Control samples of both urine and standard
were treated similarly except phosphate buffer was sub-
stituted for the urease solution. Under these conditions,
"CO2 should be lost from the urease-treated samples, but
['4C]urea should remain in the control samples.

Calculations. The basis for calculating urea synthesis is
illustrated in Fig. 1. After ingestion, dietary protein is
broken down into peptides and amino acids in the alimen-
tary canal and over 90%o is absorbed from the small in-
testine and transported to the liver as amino acids via the
portal vein. Those amino acids which are extracted by the
hepatocyte are either deaminated or transaminated and the
bulk of the excess nitrogen enters the urea cycle. The
remainder is used for protein synthesis throughout the
body. The urea produced follows one of three pathways.
It may be excreted in urine, equilibrated with the total body
water (TBW), or diffused into the intestine where bac-
terial action, almost exclusively limited to the colon, hy-
drolyzes it to CO2 and NH8. The CO2 is presumably re-
absorbed and expired through the lungs or lost in flatus.
The ammonia is reabsorbed and ultimately recycledthrough
the liver.
Urinary urea nitrogen is directly measured. Since urea

rapidly diffuses into the total body water with over two-
thirds of a labeled dose of urea equilibrating within 5 min
of intravenous injection (11), direct measurements of
blood urea nitrogen and the use of an estimated figure for
TBW allow calculation of the urea which has diffused into
the urea space. The third component, the urea lost into
the gastrointestinal tract, can also be determined using
radioisotopic methods. An intramuscular injection of [14C]-
urea is presumed to equilibrate rapidly with the urea in the
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FIGURE 1 Diagrammatic representation of the origin and
fate of urea in man. After a protein meal, the urea pro-
duced rapidly equilibrates with the total body water and
is excreted in urine or is recycled through the gastro-
intestinal tract.

urea space and can leave this compartment only by renal
excretion or by diffusion into the gastrointestinal tract.
Over a long period of time, all the isotope is presumed to
be completely cleared from the urea space. Using the 72-h
fractional recovery (total recovered/total injected) of the
isotope in the urine, the amount of urea lost into the gut
over any period of time can be determined. The gastroin-
testinal loss is the difference between urine area content
predicted for 100% isotope recovery (actual urine urea/
fractional isotope recovery) and the actual urine content.
The LBM, or fat free body weight, correlates closely

with the body surface area in normal and obese subjects
(8). Because this value was derived to calculate the urea

distribution space or TBW (0.73 LBM = TBW), it was

used in this study to standardize the oral protein meal and
urea synthetic rate as well.

RESULTS
Urea recovery. The number of 14C counts present in

urine and standard solution after treatment with urease

was less than 5% (range 1-4%) of control samples.
The total number of counts present in the control sam-

ples were almost identical to those of urine diluted di-
rectly with Handifluor'.
The urinary recovery of ["C]urea from four healthy

subjects averaged 95 (range 92-98%). Since peak urine
urea nitrogen excretion after the largest test meal con-

tributed about two-thirds of the total calculated urea syn-
thesis, calculated gastrointestinal urea loss averaged only
3% of the hourly urea production rate after protein meals.
As this loss did not appreciably alter the results of
urea production, correction for gastrointestinal loss is
not included in subsequent calculations.

Test meals in healthy subjects. Four individuals were

tested on three separate occasions with protein meals
of 1, 2, and 4 g protein/kg LBM. The responses in Fig.
2 are representative of this group. There appears to be a

direct relationship between average hourly serum amino
acid concentrations and urea production. Linear regres-
sion analysis demonstrated a positive correlation (with
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FIGuRE 2 Hourly urea production and hourly average
serum amino acid levels after oral protein meals of 1 g
protein/kg LBM (A), 2 g protein/kg LBM (B), and 4 g
protein/kg LBM (C).. The dots indicate urea production
and the X's, amino acid concentration.

r values ranging from 0.80 to 0.91) between the serum
amino acid concentration and urea production in each
of these four individuals.
Hourly serum amino acid concentration and urea

production after protein meals in all 18 normal indi-
viduals is plotted in Fig. 3 and shows the same linear
relationship between serum amino acid levels and urea
production. Using the method of least squares, the
equation: urea production (mg urea nitrogen/kg LBM)
= 6.3 times the serum amino acid concentration (mg
amino acid nitrogen/100 ml) -20.5 (SE of estimate
= +6.9, r = 0.74, P < 0.001) was derived.

Effect of diet. To evaluate the effect of diet on urea
production, six normal subjects were studied on two sep-
arate occasions with the intermediate test meal (2 g pro-

tein/kg LBM) after a 3-day period of either high (3 g
protein/kg LBM per day) or low (1 g protein/kg LBM
per day) protein intake. Three subjects started with a
high-protein diet and three with the low. Statistical
analysis showed no difference, either individually or as
a group, in peak urea production, hourly serum amino
acid concentrations after the test meal, or the slope of
the line relating serum amino acid concentration to urea
production.

Patients with liver disease. Eight patients with liver
disease were studied (Table I). In Fig. 4, the line of
best fit for each patient's data is compared with the
linear regression line from the group of normals.
The amount of urea produced by these patients ap-

pears to be related to the clinical severity of their liver
disease. Urea production in the patient with alcoholic
fatty liver urea was in the high normal range.

DISCUSSION

The most striking finding in this study was a linear re-
lationship between serum amino acid concentration and
the urea production rate. Within the range of serum
amino acid concentration achieved, that concentration,
rather than the liver's synthetic ability, was the limit-
ing factor in urea production. These results stand in
clear conflict with the conclusions of Rudman et al. (7)
who reported a maximum rate of urea synthesis which
could not be exceeded by increasing oral protein in-
gestion. Even though urea synthetic rates one and one-
half times higher than the maximum rate reported by
Rudman et al. were achieved in normal subjects in the
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FIGURE 3 Relationship between hourly urea production
and corresponding serum amino acid levels in 18 healthy
individuals. The regression equation-SE of the estimate is
Y =6.3x - 20.5+6.9.
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FIGuRE 4 The lines of best fit relating hourly urea pro-
duction and corresponding serum amino acid levels in
each of eight patients are compared to the linear regression
line±1 SE of the estimate of the normal group. The lines
span the lowest to highest serum amino acid level at-
tained in each patient. The numbers of each line refer to
the patients in Table I.
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TABLE I
Clinical Data*

Clinical Liver Alkaline Bilirubin Prothrombin
Patient diagnosis biopsy SGOT phosphatase (total) time Albumin Globulin

1 Fatty liver No 82 101 2.1 10.5 *3.8 3.5
2 Cirrhosis Yes 29 62 1.7 12.1 4.2 2.5
3 Viral hepatitis Yes 81 106 2.6 12.8 3.8 4.0
4 Chronic aggressive hepatitis Yes 200 59 0.8 13.5 4.3 3.1
5 Drug cholestasis Yes 52 210 2.1 13.2 3.1 3.4
6 Cirrhosis Yes 32 76 6.1 14.2 2.1 3.0
7 Cirrhosis Yes 10 125 7.7 15.2. 1.5 6.8
8 Cirrhosis No 52 148 2.0 17.6 3.1 4.5

* Normal values for our clinical laboratory are serum glutamic oxalacetic transaminase (SGOT), 4-20 LU; alkaline phosphatase,
24-96 IU; bilirubin, 0.2-1.2 mg/100 ml; prothrombin time, control 12.5 s; albumin, 3.5-5.3 g/100 ml; globulin, 2.4-4.0g/100 ml.

present study, no plateau in production was reached.
In their studies, both 4-h collection periods and adminis-
tration of oral protein in divided doses over 8-h periods
would favor a stable rate of urea production. The former
by minimizing hourly differences and the latter by
causing relatively stable serum amino, acid levels. Fur-
thermore, their largest single meal contained only about
95 g of protein.
While Fig. 3 shows a good correlation between urea

production and serum amino acid levels, extrapolation
of the line does not go through the origin. This would
suggest that the body conserves amino acid nitrogen
below a serum level of 3.5 mg/100 ml with essentially
no urea production taking place.

In our test, gastrointestinal tolerance of the protein
meal was the factor limiting urea production. The 2 g
protein/kg LBM meal was the largest readily tolerated
by all individuals. The 4 g protein/kg LBM meal, even
though ingested over 1j h, resulted in nausea and bloat-
ing for 1-2 h. Even the ingestion of 480 g of protein
over an 8-h period in an attempt to avoid gastrointesti-
nal side effects failed to elevate serum amino acid con-
centrations above 10 mg/100 ml.

Since individual amino acids have a variable effect
on blood ammonia concentrations (12), a similar effect
on urea production might be expected. Thus, the use
of a test meal with a different amino acid composition
might result in urea production rates either higher or
lower than reported here. However, the linear relation-
ship between urea formation and serum amino acid
levels presumably would not change.
The gastrointestinal urea loss was only a negligible

(3%) fraction of the total urea synthetic rate in this
study. Even if the 72-h recovery of the isotope were
in the range of 80%, as reported by others (13), total
gastrointestinal loss would still be less than 10% of the
calculated production. It is not clear why our isotope
recovery rates were so high. Perhaps the use of a

standard 90 g/day protein diet in young, healthy sub-
jects was responsible.
The level of prior dietary protein intake changes the

level of urea -cycle enzyme activity and maximum rates
of urea production in rat liver homogenates (14-16).
However, in our human studies, variation of prior
protein intake over a wide range (approximately 50-
150 g/day) failed to change the amino acid-urea pro-
duction relationship, the fasting serum amino acid level,
or the range of hourly serum amino acid concentrations
after the test meal.
The relationship of serum amino acid concentration

and urea production is in many ways akin to a clearance
phenomenon. Using this concept, some patients with
clinically mild liver disease show clearance rates within
the normal range, while those with more severe disease
show a definite impairment of this function, either from
shunting of blood or from a decrease in effective hepato-
cyte mass. Unfortunately, peripheral blood amino acid
levels only indirectly reflect portal venous concentrations
and so calculation of an absolute clearance rate based
on peripheral values is meaningless.
The liver appears to have a remarkable capacity to

degrade amino acids to urea. In fact the reserve ca-
pacity for this function is so great that only one pa-
tient has been reported with such severe liver disease
that no urea formation was detectable (17). The hu-
man organism appears to have an extremely effective
method to degrade excess dietary protein, and this
metabolic pathway, located entirely in the hepatocyte,
is so efficient that it is one of the last to cease function-
ing before the death of the cell.

Manipulation of the serum amino acid-urea produc-
tion relationship, either on a hormonal or drug basis,
could have several clinical applications. If this rela-
tionship could be influenced in favor of greater urea
production, the same methods might be applied to pa-
tients with hyperammonemia and hepatic encephalopathy.
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A shift in the opposite direction, toward lower urea
production, might be adapted to allow conservation of
amino acids for other vital synthetic functions and de-
crease the minimum daily protein requirement or aid in
the therapy of patients with renal failure.
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