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ABSTRACT Arterial blood concentrations of insulin,
glucagon, and various substrates were determined in six
anephric subjects in the postabsorptive state and im-
mediately after hemodialysis. Plasma glucose and serum
insulin concentrations were normal, and declined during
dialysis. Plasma glucagon was elevated and remained
unchanged. There was moderate hypertriglyceridemia
before dialysis, but this decreased significantly after ad-
ministration of heparin just before the start of dialysis,
and at the end of dialysis was lowered further into the
normal range.

Comparison of postabsorptive whole blood concentra-
tions of amino acids with those in normal, healthy adults
revealed striking differences. Glutamine, proline, citrul-
line, glycine and both 1- and 3-methyl-histidines were
increased, while serine, glutamate, tyrosine, lysine, and
branched-chain amino acids were decreased. The gly-
cine/serine ratio was elevated to 300% and tyrosine/
phenylalanine ratio was lowered to 609 of normal.

To investigate the potential role of blood cells in
amino acid transport, the distribution of individual
amino acids in plasma and blood cell compartments was
studied. Despite a markedly diminished blood cell mass
(mean hematocrit, 20.6+1.49,), there was no significant
decrease in the fraction of most amino acids present in
the cell compartment, and this was explained by in-
creases of several amino acids in cellular water. None
were decreased. Furthermore, during dialysis, whole
blood and plasma amino acids declined by approxi-
mately 309 and 409, respectively, whereas no sig-
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nificant change was observed in the cell compartment.
Alanine was the only amino acid whose concentration
declined in the cells as well as in plasma.

The results indicate (a) significant alterations in the
concentrations of hormones and substrates in patients
on chronic, intermittent hemodialysis; (b) removal of
amino acids during hemodialysis, predominantly from
the plasma compartment, with no significant change in
cell content; and (¢) a redistribution of amino acids in
plasma and blood cell compartments with increased
gradients of most of the amino acids per unit cell water,
by mechanism(s) as yet undetermined.

INTRODUCTION

A wide variety of metabolic disturbances are known to
take place in patients with chronic renal disease (1-3).
Defects in the regulation of insulin (4), glucagon (5),
and growth hormone (6), as well as alterations in the
metabolism of carbohydrates (7), proteins (8), and
lipids (9) have been observed. While some of these ab-
normalities are, to a variable degree, reversible by
chronic treatment with dialysis, the immediate effects
of this “therapeutic” intervention on the concentrations
of hormones and substrates have not received much
attention. This is of particular relevance to amino acids
which, due to their relatively small molecular weight,
are susceptible to being “washed out” during several
hours of each dialysis period (10-13).

Recently, a dynamic role of blood cells in amino acid
transport has been emphasized (14-16), and alterations
in the distribution of amino acids between blood cells
and plasma have been found in several clinical disorders,
including protein-calorie malnutrition (17). In stud-
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TaBLE I
Clinical Data of the Patients

Date
Date of

Hct BUN Creat K dialysis nephrec- Diet Protein

Patient Age Sex Wt pre/post pre/post pre/post pre/post Alb Diagnosis started tomy C P fat Cal intake
yr kg % mg/100ml mg/100ml  meq/liter g/100ml g/day day™! g/ke
H.]J. 46, F 51 13/13 75/19 12.8/4.8 6.2/3.3 3.6 CGN 7/69 9/69 200 55 75 1,700 1.08
D. P. 39, M 69 22/25 95/30 15.4/6.5 6.1/3.5 3.5 PRD 3/69 4/70 200 80 125 2,245 1.16
J. B. 29, M 64 16/18 69/29 14.4/7.3 5.5/3.6 3.3 CGN 8/11 1/73 180 85 105 2,005 1.33
E. M. 28, F 48 26/27 42/9 8.7/3.6 45/3.4 4.5 CGN 8/70 10/70 290 70 90 2,250 1.46
S. B. 57, F 58 19/23 75/18 13.5/5.1 5.3/3.4 4.5 PRD 4/67 8/72 120 60 85 1,485 1.03
D. H. 37, M 55 21/24 51/12 12.0/4.0 4.9/3.0 3.0 Severe NSC 12/73 1/74 250 90 100 2,260 1.64

Hct, hematocrit; BUN, blood urea nitrogen; Creat, serum creatinine; K, serum potassium; Alb, serum albumin; pre/post, predialysis/postdialysis; C, carbohydrate;
P, protein; Cal, approx. total calories per day; CGN, chronic glomerulonephritis; PRD, polycystic renal disease; NSC, nephrosclerosis.
Studies were performed between 7/74 and 9/74.

ies so far available on uremic patients, only plasma con-
centrations of amino acids were determined (10, 11, 18-
24). Therefore, the potential role, if any, of the blood
cell compartment in amino acid transport in such pa-
tients remains uncertain.

In this study, the serum or plasma concentrations of
insulin, glucagon, and various substrates in blood, in-
cluding glucose, pyruvate, lactate, lipids, and individual
amino acids (whole blood and plasma) were determined
immediately before and after dialysis in a group of
anephric subjects maintained on chronic, intermittent
hemodialysis. The distribution of amino acids in plasma
and blood cell compartments was analyzed and the acute
alterations induced by dialysis were examined.

METHODS

Six surgically nephrectomized subjects, three men and
three women, undergoing chronic intermittent hemodialysis
at the Lemuel Shattuck Hospital, Boston, Mass., and the
Lakeville Hospital, Lakeville, Mass., were studied. The
clinical data are summarized in Table I. The subjects were
on the dialysis program for periods varying between 1 and
7 yr and all had been bilaterally nephrectomized 8 mo—4%
yr previously. The nutritional status of each subject was
carefully evaluated by a research dietician by assessing the
diet consumed over several weeks before study. As shown
in Table I, each patient was on a balanced, eucaloric diet,
containing 1.08-1.64 g protein/kg body wt/day. Approxi-
mately three-fourths of the protein intake was of high
biologic value.

All patients had chronic anemia, the mean hematocrit
being 20.6+1.4%, mean=SEM (range 13-26%) ; none had
hypoalbuminemia. There was no history of diabetes mellitus
in any of the subjects. Medications included multivitamins,
folic acid, and Amphojel (Wyeth Laboratories, Div. of
American Home Products, Philadelphia, Pa.). J. B. was
also taking fluoxymesterone, 5 mg daily.

Each subject underwent hemodialysis (capillary-type coil
kidney apparatus; EX-21) for 6-7 h three times a week.
The dialysis fluid was delivered at 97-99°F at a rate of
500 ml/min and contained: 130 megq/liter sodium, 2.0 meq/
liter potassium, 3.0 meq/liter calcium, 1.5 meq/liter mag-
nesium, 101.5 meq/liter chloride, and 35 meq/liter acetate,
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without glucose. Each subject received systemic heparin
during dialysis in the usual dosage, i.e. 3,000 U as a bolus
at the beginning, followed by 3,000-5000 U/h for the
duration of dialysis.

Informed written consent was obtained from each sub-
ject. On the day of study, the patients were asked to arrive
in the dialysis unit in the postabsorptive state after a 12-h
overnight fast. Food was withheld until the end of dialysis.
Blood, plasma, and serum samples for glucose, insulin, glu-
cagon, cholesterol, triglycerides, pyruvate, lactate, a-keto-
glutarate, ammonia, and amino acids were obtained from
the arterial end of the pre-existing arteriovenous shunt for
dialysis in each subject 5-10 min before starting dialysis
and within 5 min after the end of dialysis. Samples for
cholesterol and triglyceride determinations were also ob-
tained in each subject 5-6 min after the initial rapid heparin
administration, before starting dialysis.

Preparation and analyses of the samples for whole blood
and plasma amino acids, whole blood lactate, and pyruvate
have been described elsewhere (15, 25). Plasma glucose
was determined by a B-glucose-oxidase technique with the
Beckman glucose analyzer (Beckman Instruments, Fuller-
ton, Calif.), serum immunoreactive insulin (IRI)* by a
double antibody technique (26), plasma immunoreactive
glucagon (IRG) by a modification (27) of the method (28)
employing 30K antibody, kindly supplied by Dr. Roger
Unger (Dallas, Texas), blood ammonia by a modified en-
zymatic assay (29), blood a-ketoglutarate by the enzymatic
method of Bergmeyer and Bernt (30), and plasma cho-
lesterol and triglycerides by Technicon II dual-channel
Auto-Analyzer (Technicon Instruments Corp., Tarrytown,
N.Y.) (31).

A macrohematocrit was obtained in duplicate on each
blood sample. From the whole blood and plasma concentra-
tions of each amino acid, the content in plasma compart-
ment in a liter of whole blood was calculated as (100 —
hematocrit) (0.01) (micromoles per liter of plasma). The
amino acid content in the blood cells was then calculated in
a given sample: cell content = whole blood concentration —
plasma content.

The individual amino acid concentrations in whole blood
and their fractional distribution in plasma and blood cells
in the patients were compared with the data previously ob-

L Abbreviations used in this paper: IRG, immunoreactive
glucagon ; IRI, immunoreactive insulin.
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Ficure 1 Arterial plasma glucose (PG), serum IRI, plasma IRG, blood pyruvate, and blood
lactate immediately before and after dialysis in anephric subjects on chronic, intermittent hemo-
dialysis (n =6). Mean=SEM, NS, not significant.

tained in this laboratory in normal, adult subjects in the
postabsorptive state (32) by the same technique of analysis.
The hematocrits in the normal subjects varied in a close
range between 43 and 46%. Finally, the individual amino
acid concentrations in the blood cell-water compartment
were calculated for each patient, by assuming 65% of the
erythrocytes as water (33), and compared with those simi-
larly derived for the normal subjects.

Statistical analyses were performed by employing Stu-
dent’s ¢ tests (34) and the Wilcoxon rank sum test (35)
as appropriate. The results are expressed as mean=SEM.

RESULTS

Glucose, IRI, IRG, pyruvate, and lactate (Fig. 1).
The fasting plasma glucose was 76*+2.0 mg/100 ml and
IRI 13%+2.0 »U/ml (normal postabsorptive concentra-
tion in this laboratory (26), 8.4+0.35 xU/ml, n =75,
mean*SEM). The mean IRG was considerably elevated
at 127+36.0 pg/ml (P < 0.02 compared to the normal
postabsorptive concentration in this laboratory; 64+8.3
pg/ml, n=18). One of the patients (J. B.) had no de-
tectable glucagon in the plasma after corrections for
blank value (27). If this subject is excluded, the mean
of the remaining five subjects was greater than the nor-
mals to a more significant degree (152+314, P <
0.001). The pyruvate and lactate concentrations were
normal at 56+7.0 #M and 545+83 uM, respectively.
At the end of dialysis, there was a significant decline in
the concentration of plasma glucose (P <0.01), IRI
(P <0.01), and pyruvate (P <0.01). There was no
significant change in IRG and lactate.

The mean a-ketoglutarate (16+=2.0 uM) and ammonia
(77%7.0 #.M) levels were normal and did not change
after dialysis (18%+1.0 «M and 76%=10 M, respectively).

Plasma cholesterol and triglycerides (Fig. 2). Fig. 2
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depicts the triglyceride levels before and 5 min after ini-
tiation of heparin administration and at the end of dialy-
sis. The mean cholesterol was 184+20 mg/100 ml and
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FIGURE 2 Arterial plasma triglyceride concentrations im-
mediately before and after dialysis in anephric subjects on

chronic, intermittent hemodialysis. The bars represent mean
levels. Each symbol represents an individual subject.
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TasBLE 11
Arterial Amino-Acid Concentrations (Mean+SEM) in Anephric Subjects (n = 6), Compared with Normal Subjects (n = 8)

Whole blood concentration Plasma content Blood-cell content
Anephrics Normals P Anephrics Normals P Anephrics Normals P
Decreased Decreased Decreased
Serine 104413 176411 <0.01 a-Aminobutyrate 1042 161 <0.02 Serine 3846 95 +9 <0.001
Glutamate 112415 15246 <0.05 Valine 105411 1367 <0.05 Glutamate 8019 12145 <0.01
Valine 15112 230412 <0.001 Leucine 4945 76 £7 <0.02 Valine 46414 9410 <0.02
Isoluecine 4243 60 4 <0.01 Tyrosine 1942 302 <0.01 Leucine 27+£10 S51%5 <0.05
Leucine 769 12749 <0.01 Tyrosine 843 2542 <0.001
Tyrosine 28 +4 5644 <0.001
Lysine 145417 18748 <0.05
Increased Increased Increased
Glutamine 888+98 650422 <0.05 Threonine 127412 8211 <0.02 Citrulline 37+10 1843 <0.05
Proline 302436 17948 <0.01 Asparate 3843 ND 1-CH;-Histidine 1949 ND *
Citrulline 1106 36 +4 <0.001 Glutamine 623420 301413 <0.001 3-CH;-Histidine 7+3 ND *
Glycine 607 183 321417 <0.01 Proline 21042 10548 <0.02
1-CH-Histidine 51412 ND * Citrulline 726 19+2 <0.001
3-CHs-Histidine 1942 ND * Glycine 37669 12449 <0.01
Alanine 220420 142414 <0.01
1-CHs-Histidine 3349 ND *
3-CHs-Histidine 1242 ND *
Arginine 6247 4143 <0.001
Unchanged Unchanged Unchanged
Taurine 148 427 154419 NS Taurine 3246 2441 NS a-Aminobutyrate 443 942 NS
Aspartate 132419 13011 NS Serine 6610 818 NS Taurine 11624 13019 NS
Threonine 20636 13911 NS Glutamate 33+7 3142 NS Aspartate 94417 13011 NS
Alanine 339419 279420 NS Isoleucine 2714 3644 NS Threonine 7927 576 NS
Phenylalanine 405 4942 NS Phenylalanine 2741 2942 NS Glutamine 265473 349428 NS
Ornithine 99418 9547 NS Ornithine 474+13  33%2 NS Proline 92421 7446 NS
Histidine 84+10 9044 NS Lysine 8849 106 9 NS Glycine 232441 197413 NS
Arginine 92417 5746 NS Histidine 48 +6 51+4 NS Alanine 12017 137410 NS
a-Aminobutyrate 14 44 2443 NS Isoleucine 155 2542 NS
Phenylalanine 1245 2042 NS
Ornithine 5249 6347 NS
Lysine 57+15 8145 NS
Histidine 3648 39+4 NS
Arginine 29+13 1743 NS

All values are in micromoles per liter of whole blood. Plasma and cell contents were as described in text. Anephric subjects were on chronic intermittent hemodialysis.
ND, not detectable.
* A significant increase, because not detectable in normal subjects.

did not change significantly after the priming injection
of heparin (175+24 mg/100 ml) or at the end of dialy-
sis (171+=18 mg/100 ml). The triglycerides, on the
other hand, were elevated at 25950 mg/100 ml (range,
143-480 mg/100 ml) and declined to 191+52 mg/100
ml (P <0.001, paired ¢ test) 5 min after the priming
injection of heparin. There was a further decline of tri-
glycerides to 105+20 mg/100 ml by the end of dialysis,
but this value was not significantly different when com-
pared to the level achieved 5 min after initial heparin
administration.

Amino acids. The whole blood concentrations of free
amino acids in the postabsorptive state and the fractional
contents of the respective amino acids in the plasma and
cell compartments were compared with the data obtained
on postabsorptive normal subjects. These comparisons
are presented in Table I1. The sum of each amino acid in
plasma and cell compartment equals the whole blood
concentration per liter for that amino acid.
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As indicated in the table, whole blood concentrations
of glutamine, proline, glycine, citrulline, 1-methyl-histi-
dine, and 3-methyl-histidine were significantly increased.
The contents of only the last three amino acids were
significantly elevated in the blood cell compartment,
whereas the plasma compartment had increases in threo-
nine, aspartate, alanine, and arginine in addition to those
found increased in whole blood. In contrast, the concen-
trations of serine, glutamate, valine, isoleucine, leucine,
tyrosine, and lysine in whole blood were significantly de-
creased. In cells, serine, glutamate, valine, leucine, and
tyrosine, and in plasma, valine, leucine, tyrosine, and
a-aminobutyrate were found to be decreased. The rest of
the amino acids in whole blood and the respective plasma
and cell contents were unchanged.

Table ITI depicts the changes in the mean whole blood
concentrations of individual amino acids and their
plasma and cell contents in response to dialysis. Most
of the amino acids were strikingly decreased in whole



blood and plasma. The notable exceptions were gluta-
mine, which was elevated before dialysis and remained
unchanged in whole blood, and isoleucine and leucine,
the last being increased after dialysis, particularly in the
plasma compartment (P < 0.02). In contrast, in the
blood cell compartment, none of the amino acids showed
a significant change, with two exceptions. Glutamate in-
creased and this increase was also noted in whole blood,
and alanine showed a significant decrease, like its de-
crease in plasma and whole blood. Overall, there was ap-
proximately a 309 decrease (P < 0.01) in total amino
acid concentration in whole blood and a 409, decrease
(P <001) in plasma content in response to dialysis,
while the content in cell compartment revealed no sig-
nificant change.

Table IV presents the blood cell-water concentration
of individual amino acids and compares these with those
of normal subjects in whom the blood cell-water con-
centration was similarly calculated. In view of the wide
variability in the concentrations in patients, the signifi-
cance of differences between the two groups were deter-
mined by the Wilcoxon rank sum test (35). As ap-
parent from the table, the calculated concentrations in
the water compartment of cells were significantly ele-
vated for 10 of the 22 amino acids when compared to
normals, and remained elevated for most of these amino
acids even after dialysis. The concentrations of the other
amino acids were not significantly different, and none of

the amino acids was decreased. When pre- and post-
dialysis concentrations were compared, only alanine re-
vealed a significant decrease; the remainder of the amino
acids were unaltered.

DISCUSSION

Patients with chronic renal disease have been found to
manifest a diverse variety of disturbances in hormones
and substrates involving carbohydrate, protein, and lipid
metabolism (1-9). The present study was designed to
evaluate the blood concentrations of hormones and sub-
strates in nephrectomized subjects and to assess the
immediate response to hemodialysis. Although all sub-
jects were undergoing dialysis three times a week for a
variable length of time, abnormalities of several param-
eters were observed in the postabsorptive state, less than
48 h after their last dialysis.

Fasting plasma glucose and insulin concentrations
were normal and within a narrow range, whereas others
(7) have observed that the glucose-insulin interrelation-
ships can still be abnormal in response to alimentation in
these subjects. Food was withheld during the dialysis on
the day of the study and there was no glucose in the
dialysis fluid. After dialysis, all subjects showed a
modest decline in the plasma glucose concentration,
perhaps reflecting limited glucogenic reserves. A dimin-
ished glucose production rate and alanine turnover may
exist in chronic renal insufficiency (36). Since alanine

TasBLE 111
Arterial Concentrations (Mean+SEM) of Amino Acids Immediately Before and After Dialysis
in Anephric Subjects (n = 6)

Whole blood concentration

Plasma content

Blood-cell content

Pre- Post- Pre- Post- Pre- Post-
dialysis dialysis P dialysis dialysis P dialysis dialysis P
Taurine 148 +-27 143430 NS 3216 2043 NS 116424 123428 NS
Aspartate 132419 10216 <0.01 3843 1441 <0.001 94417 88416 NS
Threonine 20636 136+23 <0.01 127412 75+11 <0.001 79427 61412 NS
Serine 104413 8146 NS 6610 3843 <0.02 3846 4345 NS
Glutamine 888 4-98 841437 NS 623420 529+4-20 <0.02 265473 312433 NS
Glutamate 112415 124417 <0.05 337 3247 NS 8049 91412 <0.05
Proline 302436 16013 <0.01 210442 92+10 <0.05 92421 68 +9 NS
Citrulline 110 +6 6014 <0.001 7246 2643 <0.01 37410 3444 NS
Glycine 607 +-83 335 +41 <0.01 376 =69 176 £25 <0.02 232341 158 +30 NS
Alanine 339419 135 +11 <0.001 220420 6414 <0.001 12017 7048 <0.05
a-Aminobutyrate 1414 1143 NS 10+2 742 NS 443 542 NS
Valine 151+12 122414 <0.001 105 411 7347 <0.02 46414 4949 NS
Isoleucine 4243 48 +6 NS 2744 312 NS 1545 1744 NS
Leucine 76 9 97 +14 NS 4945 6146 <0.02 27+10 3649 NS
Tyrosine 2844 2142 <0.05 1942 1241 <0.01 8+3 941 NS
Phenylalanine 4045 3543 NS 2741 2141 <0.001 1245 14343 NS
Ornithine 99418 7014 <0.02 47413 2746 NS 5249 4349 NS
Lysine 14517 11615 <0.01 8849 6048 <0.02 57415 568 NS
1-Mehyl-histidine 51412 3246 <0.05 3349 1743 NS 1949 1543 NS
Histidine 84410 6347 <0.01 48 +6 3342 <0.05 3648 3045 NS
3-Methyl-histidine 1942 81 <0.001 1242 5+1 <0.05 743 3+1 NS
Arginine 92417 69+14 <0.01 6247 3948 <0.01 29413 307 NS
Total 3,789 +172 2,7314+118 <0.01 2,324 4187 1,431 470 <0.01 1,465 1148 1,2994-91 NS
All values are in micromoles per liter of whole blood. Plasma and cell contents were as described in text.
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is a principal gluconeogenic precursor (37), its limited
availability could account for the inadequancy of hepatic
glucose production in replenishing glucose loss in dialy-
sate. In this regard, it is of interest that during dialysis,
whole blood alanine levels declined by 609, (Table IIT).
In fact, alanine was the only amino acid that declined
not only in the plasma compartment but in blood cells as
well (Tables III and IV). The plasma insulin concen-
tration also fell by the end of dialysis, probably as an
appropriate response to the decrease in plasma glucose
(Fig. 1). The significant decline in pyruvate would be
in keeping with the decreasing alanine levels during
dialysis (37).

Elevated glucagon concentrations have been reported
in chronic renal disease, even after several weeks of
"dialysis (5), and our results are in agreement with this
observation. Kidney is the primary site of glucagon
degradation (38) and this may account for its accumu-
lation in patients with uremia (39), if there is either a
lack or a derangement of homeostatic feedback control.
In view of this, it was not surprising that the mean glu-
cagon levels did not change after dialysis.

Endogenous hypertriglyceridemia is characteristic of
azotemic states (9, 40, 41)). Five of the six patients in
the present study had increased triglyceride levels with
normal cholesterol levels. Of interest was the prompt de-
crease in triglycerides in response to heparin (Fig. 2).
While excessive hepatic synthesis contributes to increased
triglyceride levels in such patients (40), a diminished
clearance from plasma, as indicated by a subnormal
postheparin lipolytic activity (PHLA), has also been
observed (41, 42). During dialysis, PHLA has been
found to be unchanged (40) or significantly improved
(41). In this study, a rapid decline in plasma triglycer-
ide concentrations after initial heparin administration,
before the start of dialysis, would suggest an immediate
activation of lipoprotein lipase by the large dose of
heparin, rather than a hypotriglyceridemic effect of di-
alysis itself. Since triglyceride levels do return to pre-
dialysis levels in less than 48 h after dialysis, diminished
basal lipoprotein lipase activity is probably an impor-
tant underlying mechanism of endogenous hypertri-
glyceridemia seen with azotemia.

The crucial role of kidney in nitrogen homeostasis

TABLE IV
Amino Acid Concentrations (Mean+SEM) in Blood Cell-Water in Anephric Subjects (n = 6)
Compared with Normal Subjects (n = &)

Anephric subjects

(Before vs.
P P after
Normal subjects Predialysis (vs. normals) Postdialysis (vs. normals) dialysis)
nM wM uM

Taurine 444465 9434214 <0.02 8544175 <0.05 NS
Aspartate 444 437 781+153 NS 6514120 NS NS
Threonine 195+20 694-+249 NS 4611108 NS NS
Serine 325430 323472 NS 313435 NS NS
Glutamine 1,193+95 2,0454+493 NS 2,315+£350 <0.01 NS
Proline 253420 7214216 <0.05 50673 <0.05 NS
Glutamate 414120 625439 <0.001 639+35 <0.001 NS
Citrulline 61+10 31388 <0.001 247426 <0.001 NS
Glycine 67345 1,8884372 <0.01 1,1634+218 <0.05 NS
Alanine 468434 968136 <0.01 515462 NS <0.01
a-Aminobutyrate 317 38126 NS 38415 NS NS
Valine 321+34 393+132 NS 374458 NS NS
Isoleucine 85+7 127449 - NS 119+36 NS NS
Leucine 17417 234196 NS 247465 NS NS
Tyrosine 8547 72426 NS 65+9 NS NS
Phenylalanine 68+7 109446 NS 10317 NS NS
Ornithine 215424 456115 <0.05 335482 NS NS
Lysine 27717 5054154 NS 42985 NS NS
1-Methyl-histidine ND 17076 * 10721 * NS
Histidine 13317 31885 <0.05 232445 <0.05 NS
3-Methyl-histidine ND 65428 * 2545 * NS
Arginine 5810 2594124 NS 23663 <0.02 NS

ND, not detectable.

* Significant increase because not detected in normal subjects.
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TABLE V
Mean Ratios of Tyrosine: Phenylalanine and Glycine: Serine in Patients
with Chronic Azotemia

Glycine: Serine Tyrosine: Phenylalanine

Authors (reference) Patients Normals Patients Normals
Muting and Dishuk (18)* Serum 2.5 1.6 1.50 1.2
Gulyassy et al. (21)* Plasma 2.0 14 0.62 1.1
Condon and Asatoor (22)* Plasma Serine not reported 0.75 1.0
Held et al. (24)% Plasma 2.3 1.6 0.65 1.1
This study$§ Whole blood 5.9 1.8 0.70 1.1

Plasma 5.7 1.5 0.70 1.0
Blood cells 6.1 2.1 0.75 1.2

* Patients not on dialysis.

t Patients on chronic intermittent hemodialysis.

§ Patients anephric; on chronic intermittent hemodialysis.

has been emphasized (43, 44). Alterations in the plasma
levels of several amino acids have been noted in pa-
tients with chronic renal failure (18-24). In this study,
we examined the arterial concentrations of amino acids
in both whole blood and plasma to evaluate the role of
human blood cells in amino acid transport (15, 16).
First, the comparison of the whole blood amino acid
pattern with that of normal subjects revealed several
interesting differences. The concentrations of glutamine,
proline, citrulline, glycine, and 1- and 3-methyl-histidine
were markedly elevated. These amino acids are primarily
extracted by kidney in normal man (43, 44). Therefore,
their increase in anephric subjects suggests a lack of
removal from the circulation. Earlier work of Owen
and Robinson (45) and of Pitts et al. (46) indicated
that the uptake of glycine by the kidney results in its
stoichiometric conversion to serine, and that kidney is
the primary source for serine production in the body. In
this regard, it is of great interest that in the present
study, the increase of whole blood concentration of gly-
cine was accompanied by a striking diminution of serine
(Table IT). The glycine-to-serine ratio was found to be
approximately 6.0, as compared to less than 2 in normal
subjects (Table V). A similar but modest increase in
the ratio of glycine to serine was calculated from the
plasma data in previous reports of nonnephrectomized
paitents with renal failure (Table V).

Besides serine, the whole blood concentrations of
branched-chain amino acids and of tyrosine, glutamate,
and lysine were significantly diminished. Since branched-
chain amino acids are mainly metabolized by nonhepatic
tissues (47), their decreased blood concentration and
that of lysine may reflect a reduced rate of protein
catabolism (48), although the site(s) of the diminished
proteolysis have not been characterized. Whereas simi-
lar decreases in branched-chain amino acids and lysine
have been observed in clinical states of protein-calorie

Hormone-Fuel Concentrations in Anephric Subjects

malnutrition (49) and kwashiorkor (50), the patients
in this study were on a eucaloric, balanced diet, contain-
ing 1.1-1.6 g protein/kg per day (Table I), approxi-
mately three-fourths of which were of high biologic
value. Ginn et al. (10) have shown that an intake of
0.75 g/kg per day of high biologic value protein is ade-
quate to maintain nitrogen balance in patients on hemo-
dialysis. None of the patients showed any clinical evi-
dence of muscle wasting or edema and all had normal
serum albumin levels. Gross malnutrition in these sub-
jects is therefore unlikely. The decrease in tyrosine con-
centration with decreased tyrosine-to-phenylalanine ra-
tio has also been observed in uremia by other investiga-
tors (Table V). Although phenylalanine hydroxylase
has been found in liver and pancreas, as well as in kid-
ney (51), the correlation between reduced phenylalanine-
to-tyrosine ratios with diminishing renal function (52)
suggests an impotrant contribution by kidney in tyro-
sine synthesis in man. Furthermore, a significantly de-
layed disappearance of exogenously administered phenyl-
alanine has recently been shown in patients with chronic
renal failure (53).

Since most of the alterations in whole blood concen-
trations of amino acids were reflected by alterations in
plasma (Table II), especially for those amino acids that
increased, the cell water concentrations of individual
amino acids were calculated.? As indicated in Table IV,
when compared to normal subjects, the cell water con-
centrations of several of the amino acids were signifi-

2 These calculations were done assuming 65% of erythro-
cytes as water, based on the studies of McMenamy et al.
in normal man (33). While the water content of erythro-
cytes of uremic subjects may not necessarily be the same,
the differences in amino acid concentrations in the cell
water compartment in the two groups of subjects in this
study were striking and will most probably remain sig-

nificant.
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cantly increased. The unaltered, fractional content of
most of the amino acids in the cell compartment, there-
fore, reflects the diminished blood cell mass, the mean
hematocrit being only 209,. However, the mechanism of
the increase in the concentrations of the various amino
acids per unit cell water remains uncertain. Moreover,
during dialysis, there was a significant decrease (about
30%) in the total amino acid concentration in whole
blood, indicating a modest a-amino nitrogen depletion,
since others have calculated that total nitrogen loss
during 6-8 h of hemodialysis is usually of the order of
1-3 g (10-13). This was, again, due to a 409, decrease
in the plasma compartment, the blood cell compartment
revealing no significant depletion, whether the fraction
in cells or the absolute concentration in cell water was
considered (Tables III, IV). It is of interest, however,
that an increased uptake (in vitro) of certain amino
acids in blood cells and increased ratios of erythrocyte
to plasma amino acids have also been documented in
protein-calorie malnutrition and other diverse situations
(17), and suggest alterations in the active transport
across the cell membrane and accumulation inside the
cell.

Finally, it is noteworthy that the whole blood concen-
trations of certain amino acids, including glutamine, leu-
cine, and isoleucine, remained unchanged during dialy-
sis and that of glutamate, paradoxically, increased (Ta-
ble III). The mechanism of the lack of decline in the
concentration of these amino acids remains to be deter-
mined. One possibility is a selective removal during
dialysis due to differences in molecular configuration
and charge. However, our preliminary observations (un-
published) indicate substantial quantities of these amino
acids in the dialysate. Moreover, previous studies (8-11)
have reported significant losses of most of the amino
acids (including glutamine and glutamate) in the dialy-
sate, particularly when a capillary-type kidney, as in
this study, is employed (10) and when a glucose-free
dialysis fluid is used (11). Therefore, a more likely ex-
planation is that during dialysis the release of certain
amino acids from muscle or other tissues (e.g. liver)
must accelerate to maintain their unaltered blood levels.
An augmented hepatic release of glutamine has indeed
been shown in dogs during dialysis, with or without in-
duced metabolic acidosis (54). Further studies on the
effect of hemodialysis on the amino acid release from
muscle and liver in man appear warranted to character-
ize the regulation of nitrogen homeostasis in renal
disease.

ACKNOWLEDGMENTS

We gratefully acknowledge the excellent technical assistance
of Mmes. Dzidra Rumba, Patricia Hatch, Velta Ramolins,
and Helene Wartel, and Mr. Michael Arcangeli. Dr. Ray
E. Gleason, Ph.D., provided valuable help in statistical
analyses of the data. We also deeply appreciate the help of

1410 Ganda, Aoki, Soeldner, Morrison, and Cahill

Guru Chatterjee, M.D., and Miss Leslie Clark, registered
dietician, and the entire staff of the dialysis units of Lemuel
Shattuck Hospital, Boston, Mass., and the Lakeville Hos-
pital, Lakeville, Mass.

This work was supported by U. S. Public Health Service
grants AM 15191, AM 05077, AM 01421, and AM 09748
and the Joslin Diabetes Foundation, Inc., Boston, Mass.

REFERENCES

1. Hampers, C. L., E. Schupak, E. G. Lowrie, and J. M.
Lazarus. 1973. Long-term hemodialysis. Grune & Strat-
ton, Inc.,, New York. 2nd edition. 169-195.

2. Proceedings of a Symposium on End-Stage Diabetic
Nephropathy. 1974. Metabolic complications. Kidney Int.
6 (Suppl. 1) : S47-S76.

3. Symposium on Renal Metabolism. 1975. S. Baruch, edi-
tor. Med. Clin. North Am. 59: 505-799.

4. Reaven, G. M, J. R. Weisinger, and R. S. Swenson.
1974. Insulin and glucose metabolism in renal insuffi-
ciency. Kidney Int. 6(Suppl. 1): S63-S69.

5. Bilbrey, G. L., G. R. Faloona, M. G. White, and J. P.
Knochel. 1974. Hyperglucagonemia of renal failure. J.
Clin. Invest. 53: 841-847.

6. Wright, A. D, C. Lowy, T. R. Fraser, I. M. Spitz, A.
H. Rubenstein, and I. Bersohn. 1968. Serum growth-
hormone and glucose intolerance in renal failure. Lancet.
2: 798-801.

7. DeFronzo, R. A., R. Andres, P. Edgar, and W. G.
Walker. 1973. Carbohydrate metabolism in uremia: a
review. Medicine (Baltimore). 52: 469—481.

8. Kopple, J. D, and M. E. Swendseid. 1975. Protein and
amino acid metabolism in uremic patients undergoing
maintenance hemodialysis. Kidney Int. 7(Suppl. 2): S64—
S72.

9. Cramp, D. G, J. F. Moorhead, and M. R. Wills. 1975.
Disorders of blood lipids in renal disease. Lancet. 1:
672-673.

10. Ginn, E. H,, A. Frost, and W. W. Lacy. 1968. Nitrogen
balance in hemodialysis patients. Am. J. Clin. Nutr.
21: 385-393.

11. Rubini, M. E, and S. Gordon. 1968. Individual plasma-
free amino acids in uremics: effect of hemodialysis.
Nephron. 5: 339-351.

12. Aviram, A. J. H. Peters, and P. F. Gulyassy. 1971.
Dialysance of amino acids and related substances.
Nephron. 8: 440-454.

13. Kopple, J. D, M. E Swendseid, J. H. Shinaberger, and
C. Y. Umezawa. 1973. The free and bound amino acids
removed by hemodialysis. Trans. Am. Soc. Artif. In-
tern. Organs. 19: 309-313.

14. Elwyn, D. H.,, W. J. Launder, H. C. Parikh, and E. M.
Wise, Jr. 1972. Roles of plasma and erythrocytes in
interorgan transport of amino acids in dogs. 4Am. J.
Physiol. 222: 1333-1342.

15. Aoki, T. T., W. A. Muller, M. F. Brennan, and G. F.
Cahill, Jr. 1973. Blood cell and plasma amino acid
levels across forearm muscle during a protein meal.
Diabetes. 22: 768-775.

16. Felig, P., J. Wahren, and L. Raf. 1973. Evidence of
inter-organ amino acid transport by blood cells in
human. Proc. Natl. Acad. Sci. U. S. A. 70: 1775-1779.

17. Mikhail, M. M., C. I. Waslien, M. K. Gabr, and M. M.
Mansour. 1975. In vitro uptake of labeled amino acids
by red blood cells of children with protein calorie mal-
nutrition. Am. J. Clin. Nutr. 28: 233-237.

18. Miiting, D., and B. D. Dishuk. 1967. Free amino acids



19.

21.

—

22.

23.

24.

25.

26.

27.

28.

30.

3L

32.

33.

34.

35.
36.

in serum, cerebrospinal fluid and urine in renal disease
with and without uremia. Proc. Soc. Exp. Biol. Med.
126: 754-758.

Gulyassy, P. F., J. H. Peters, S. C. Lin, and P. M.
Ryan. 1968. Hemodialysis and plasma amino acid com-
position in chronic renal failure. Am. J. Clin. Nutr. 21:
565-573.

Peters, J. H,, P. F. Gulyassy, S. C. Lin, P. M. Ryan,
B. J. Berridge, Jr.,, W. R. Chao, and J. G. Cummings.
1968. Amino acid patterns in uremia: comparative effects
of hemodialysis and transplantation. Trans. Am. Soc.
Artif. Intern. Organs. 14: 405-411.

Gulyassy, P. F.,, A. Aviram, and J. H. Peters. 1970.
Evaluation of amino acid and protein requirements in
chronic uremia. Arch. Intern. Med. 126: 855-859.
Condon, J. R, and A. M. Asatoor. 1971. Amino acid
metabolism in uremic patients. Clin. Chim. Acta. 32:
333-337.

McGale, E. H. F,, J. C. Pickford, and G. M. Aber. 1972.
Quantitative changes in plasma amino acids in patients
with renal disease. Clin. Chim. Acta. 38: 395-403.
Held, E., W. Winkelmann, K. Finke, H. V. Dehn, G.
Seyffart, and H. J. Gurland. 1974. Plasma-Aminosiuren
bei chronischer Niereninsuffizienz. Klin. Wochenwschr.
52: 974-978.

Marliss, E. B, T. T. Aoki, R. H. Unger, J. S. Soeldner,
and G. F. Cahill, Jr. 1970. Glucagon levels and metabolic
effects in fasting man. J. Clin. Invest. 49: 2256-2270.
Soeldner, J. S., and D. Slone. 1965. Critical variables
in the radioimmunoassay of serum insulin using the
double antibody technic. Diabetes. 14: 771-779.

Weir, G. C., R. C. Turner, and D. B. Martin. 1973.
Glucagon radioimmunoassay using antiserum 30K: in-
terference by plasma. Horm. Mectab. Res. 5: 241-244.
Unger, R. H., E. Aguilar-Parada, W. A. Maiiller, and
A. M. Eisentraut. 1970. Studies of pancreatic alpha cell
function in normal and diabetic subjects. J. Clin. Invest.
49: 837-848.

Kirsten, E., C. Gerez, and R. Kirsten. 1963. Eine enzy-
matische Mikrobestimmung des Ammoniaks, geeignet
fiir extracte tierischer Gewebe und Flussigkeiten. Bes-
timmung des NH.*-Gehaltes im Blut. Biochem. Z. 337:
312-319.

Bergmeyer, H. U., and E. Bernt. 1963. a-Oxoglutarate.
In Methods of Enzymatic Analysis. H. U. Bergmeyer,
editor. Academic Press, Inc, New York. 324-327.
Rush, R. L, L. Leon, and J. Turrell. 1972. Automated
simultaneous cholesterol and triglyceride determination
on the Auto-Analyzer II instrument. Advances in auto-
mated analysis. Technicon International Congress, 1970.
Futura Publishing Company, Inc., Mount Kisco, N.Y.
503-507.

Aoki, T. T., M. F. Brennan, W. A. Miiller, and G. F.
Cahill, Jr. 1974. Amino acid levels across normal fore-
arm muscle: whole blood vs. plasma. Adv. Ensyme
Regul. 12: 157-165.

McMenamy, R. H, C. C. Lund, G. J. Neville, and D.
F. H. Wallach. 1960. Studies of unbound amino acid
distributions in plasma, erythrocytes, leukocytes and urine
of normal human subjects. J. Clin. Invest. 39: 1675-1687.
Steel, R. G. D., and J. H. Torrie. 1960. Principles and
Procedures of Statistics. McGraw-Hill Book Company,
New York. 67-87.

Bradley, J. V. 1968. Distribution-free statistical tests.
Prentice-Hall, Inc., Englewood Cliffs, N. J. 87-145.
Garber, A. J., D. M. Bier, P. E. Cryer, and A. S. Pag-
liara. 1974. Hypoglycemia in compensated chronic renal

Hormone-Fuel Concentrations in Anephric Subjects

37.
38.

39.

41.

42,

43.

45.

47.

49.

50.

51.

52.

53.

54.

insufficiency. Substrate limitation of gluconeogenesis.
Diabetes. 23: 982-986.

Felig, P. 1973. Glucose-alanine cycle. Metab. Clin. Exp.
22: 179-207.

Assan, R. 1972. In vivo metabolism of glucagon. In
Glucagon, Molecular Physiology, Clinical and Thera-
peutic Implications. P. J. Lefebvre and R. H. Unger,
editors. Pergamon Press Ltd., Oxford, England. 47-59.
Sherwin, R., M. Fisher, C. Bastl, R. Hendler, H. Block,
F. O. Finkelstein, and P. Felig. 1975. Decreased glu-
cagon turnover: mechanism of hyperglucagonemia and
glucose intolerance in uremia. Clin. Res. 23: 3324.
(Abstr.)

Bagdade, J. D., D. Porte, Jr., and E. L. Bierman. 1968.
Hypertriglyceridemia: a metabolic consequence of
chronic renal failure. N. Engl. J. Med. 279: 181-185.
Gutman, R. A, A. Uy, R. J. Shalhoub, A. D. Wade,
J. M. B. OConnell, and L. Recant. 1973. Hypertri-
glyceridemia in chronic nonnephrotic renal failure. Am:.
J. Clin. Nutr. 26: 165-172.

Murase, T., D. C. Cattran, B. Rubenstein, and G.
Steiner. 1975. Inhibition of lipoprotein lipase by uremic
plasma, a possible cause of hypertriglyceridemia. Metab.
Clin. Exp. 24: 1279-1286.

Cahill, G. F., Jr.,, and O. E. Owen. 1970. The role of
the kidney in the regulation of protein metabolism. In
Mammalian Protein Metabolism. N. H. Munro, editor.
Academic Press, Inc., New York. 4: 559-584.

Cahill, G. F,, Jr., and T. T. Aoki. 1975. Renal gluco-
neogenesis and amino acid metabolism. Med. Clin. North
Am. 59: 751-761.

Owen, E. E, and R. R. Robinson. 1963. Amino acid
extraction and ammonia metabolism by the human kidney
during the prolonged administration of ammonium chlo-
ride. J. Clin. Invest. 42: 263-276.

Pitts, R. F., A. C. Damain, and M. B. MacLeod. 1970.
Synthesis of serine by rat kidney in vivo and in vitro.
Am. J. Physiol. 219: 584-589.

Young, V. R. 1970. The role of skeletal and cardiac
muscle in the regulation of protein metabolism. In
Mammalian Protein Metabolism. H. N. Munro, editor.
Academic Press, Inc., New York. 4: 585-674.

. Ruderman, N. B. 1975. Muscle amino acid metabolism

and gluconeogenesis. Annu. Rev. Med. 26: 245-258.
Smith, R. S, T. Pozefsky, and M. K. Chhetri. 1974.
Nitrogen and amino acid metabolism in adults with
protein-calorie malnutrition. Metab. Clin. Exp. 23: 603
618.

Padilla, H., A. Sanchez, R. N. Powell, C. Umezawa, M.
E. Swendseid, P. M. Prado, and R. Sigala. 1971. Plasma
amino acids in children from Guadalajara with kwashior-
kor. Am. J. Clin. Nutr. 24: 353-357.

Tourian, A., J. Goddard, and T. T. Puck. 1969. Phenyl-
alanine hydroxylase activity in mammalian cells. J. Cell.
Comp. Physiol. 73: 159-170.

Kopple, J. D., M. Wang, I. Vymeister, N. Baker, and
M. Swendseid. 1972. Tyrosine metabolism in uremia. In
Uremia, An International Conference on Pathogenesis,
Diagnosis and Therapy. R. Kluthe, G. Berlyne, and B.
Burton, editors. Georg Thieme Verlag KG, Stuttgart.
150-163.

Letteri, J. M, and R. A. Scipione. 1974. Phenylalanine
metabolism in chronic renal failure. Nephron. 13: 365-
371.

Addae, S. K, and W. D. Lotspiech. 1968. Glutamine
balance in metabolic acidosis as studied with the arti-
ficial kidney. Am. J. Physiol. 215: 278-281.

1411



