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A B S T RA C T To delineate the potential role of dis-
ordered glucose and glucose-precursor kinetics in the
abnormal carbohydrate metabolism of chronic renal
failure, alanine and glucose production and utilization
and gluconeogenesis from alanine were studied in pa-
tients with chronic compensated renal insufficiency
and in normal volunteers. With simultaneous primed
injection-continuous infusions of radiolabeled alanine
and glucose, rates of metabolite turnover and pre-
cursor-product interrelationships were calculated from
the plateau portion of the appropriate specific activity
curves. All subjects were studied in the postabsorp-
tion state. In 13 patients with chronic renal failure
(creatinine = 10.7±1.2 mg/100 ml; mean+SEM),
glucose turnover was found to be 1,035+99.3 ,umol/
min. This rate was increased 56% (P = 0.003) over
that observed in control subjects (664±33.5 gmol/min).
Alanine turnover was 474±96.0 gmol/min in azotemic
patients. This rate was 191% greater (P = 0.007) than
the rate determined in control subjects (163±19.4
gmol/min). Gluiconeogenesis from alanine and the per-
cent of glucose production contributed by gluconeo-
genesis from alanine were increased in patients with
chronic renal failure (192% and 169%, respectively)
as compared to controls (P < 0.05 for each). Alanine
utilization for gluconeogenesis was increased from 40.2
±3.86 gmol/min in control subjects to 143+39.0
,umol/min in azotemic patients (P < 0.05). The percent
of alanine utilization accounted for by gluconeogenesis
was not altered in chronic renal insufficiency. In non-
diabetic azotemic subjects, mean fasting glucose and
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immunoreactive insulin levels were increased 24.3%
(P = 0.005) and 130% (P = 0.046), respectively.

These results in patients with chronic renal failure
demonstrate (a) increased glucose production and
utilization, (b) increased gluconeogenesis from ala-
nine, (c) increased alanine prodtuction and uitilization,
and (d) a relative impairment to glucose disposal. We
conclude that chronic azotemia is characterized by in-
creased rates of glucose and glucose precursor flux and
by a relative impairment to glucose disposal. These
findings may suggest an underlying hepatic and periph-
eral insensitivity to the metabolic action of insulin in
patients with chronic renal insufficiency.

INTRODUCTION

Disordered carbohydrate metabolism is widely recog-
nized in patients with chronic renal failure (1).
These abnormalities most commonly include previ-
ously unrecognized carbohydrate intolerance in
greater than 50% of azotemic individuals (2, 3) and
even overt fasting hyperglycemia (3, 4). However, the
development of spontaneous hypoglycemia has also
been reported (5, 6). On the other hand, an ameliora-
tion of the diabetic state with decreasing insulin
requirements is a well-known clinical concomitant of
advancing renal failure in patients with previously
established diabetes mellitus (7).

Recent work in patients with diabetes mellitus has
suggested that an inappropriate and excessive rate of
glucose production may function as an important deter-
minant of the degree of hyperglycemia (8). Addi-
tionally, increased gluconeogenesis from a variety of
precursors such as alanine, the principal gluconeo-
genic amino acid, has been demonstrated in patients
with diabetes mellitus (9, 10). Elevated rates of alanine
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formation and release may have been described in
skeletal muscle of chronically uremic rats (11). In-
creased hepatic gluconeogenesis has been observed in
the acutely uremic rat (12) and in rat liver slices in-
euibated in serum obtained from uremic patients (13).

In light of these data, investigations of glucose and
glucose-precursor kinetics were performed in patients
with chronic renal insufficiency. Turnover rates of
alanine and glucose were determined in chronically
azotemic patients and in normal control subjects with
simultaneous primed injection-continuous infusions of
[U-14C]alanine and [2-3H]Hglucose. Alanine-glucose,
precursor-product interrelationships were assessed
and compared in the two groups. The roles of ac-
celerated glucose fluix, of increased gluconeogenesis
from alanine, and of impaired glucose disposal in the
abnormal carbohydrate metabolism of chronic renal
failure are discussed.

NI ETHODS

10 healthy adults (5 men and .5 women) and 13 nondialyzed
patients with chronic renal f;ailure (11 men and 2 women) were
studied after obtaining informed consent in writing. All con-
trol subjects were wvithin 10% of' their desirable body weight
(Mletropolitan Life Inisurance Co. tables), and they ranged in
age f'rom 22 to 36 yr (25.8±1.29 yr; mean±+SENI). Glucose
tolerance was normal as determined by standard 5-h glucose
tolerance testing interpreted by the criteria of Fajans and
Conn (14). Routine screening blood chenmistries, hemograms,
and urinalyses were within normal limits as were tests of
adrenal and thyroid f unction.

The clinical data pertaining to the patients with chronic
renal failure are presented in Table I. Presumnptive etiologies
(diagnoses) for renal f:ailure were based upon the following

criteria: chronic glomerulonephritis, biopsy and(or) a history
of nephrotic syndrome in a nondiabetic patient; diabetic
nephropathy, insulin-dependenit mellitus of greater than 10 yr
duration; obstructive uropathy, chronic lower urinary tract
obstruction with bilateral hydronephrosis; nephrosclerosis,
severe, inadequately treated hypertension of greater than 10
yr duration before the onset of renal f:ailure; and chronic renal
f'ailure of unknown etiology, no specific etiology could be
f'ound. Mean weight (73.9±3.4 kg) of the azotemic patients
was not significantly different from the value for the control
subjects (65.6±2.7 kg). Body surface area, calculated as an
estimate of lean body mass, was not significantly different
in the patients with chronic renal failure (1.84+0.05 m2) when
compared to the normal volunteers (1.76+0.04 m2). In the
azotemic subjects, mean blood urea nitrogen, creatinine,
hematocrit, and albumini were 99.8±8.2 mg/100 ml, 10.7
+1.2 mg/100 ml, 27+1% and 3.5±0.2 g/100 ml, respectively.
None of'the patients had the nephrotic syndrome (24 h protein
excretion > 3.0 g) or peripheral edema at the time of the
study. All patients were maintained on a 2-g sodium, 2-g potas-
sium, 40-g high biologic value protein diet made isocaloric
to include 300 g carbohydrate for at least 3 days bef'ore
the study. The patients were all normokalemic and not acidotic
at the time of the study. Medications included varying dosages
of dihydrotachysterol, phosphate binders, and sodium citrate
solution. Patients taking additional medications required f'or
the management of' associated conditions were included in
this study only if' these medications wvere known not to inter-
fere with carbohydrate metabolism. Three patients were
known to be diabetic bef'ore the onset of renal f:ailure;
patient S. B. was taking insulin, patient S. P. was taking
chlorpropamiiide. 'Medications were omiiitted the morning of'
the study.

Previously described isotope dilution methodology was
modified slightly for the present study (15). After a 12-hr
overnight f'ast, short plastic catheters were inserted in the
antecubital veins, bilaterally. 30 min later, base-line blood
samples were withdrawn and a priminig intravenous injec-
tion of [2-3H]glucose (0.1 ,uCi/kg) an(d [U-14C]alanine (0.1

TABLE I
Clinical Data of Azotemic Patients Studied*

Stirf'ace
Patient Age Sex W't area Diagniosis Hct BUN Creat Alb

yr kg "I2 % mg/i 00 flml mgll00 nil gll()) nil

R. S. 22 NI 72 1.83 CGN 27 89 13.0 2.5
S. B. 22 NI 90 1.95 DN 21 140 19.9 1.7
J. P. 35 M .58 1.61 CRFUE 22 149 12.3 4.2
WNI. NI. 37 NI 81 2.02 NSC 26 82 11.8 3.4
A. G. 42 NI 99 2.28 CGN 27 91 10.2 4.4
D. F. 43 N1 76 1.96 CRFUE 25 120 15.7 4.1
R. V. 51 NI 72 1.89 OU 29 41 7.0 3.2
NI. T. 61 NI 54 1.52 DN 27 98 8.4 3.1
F. L. 63 NI 75 1.86 OU 31 78 5.7 3.6
K. Hl. 64 NI 74 1.83 NSC 34 130 13.6 3.9
A. S. 79 NI 61 1.68 CRFUE 23 110 6.6 3.4
S. P. 64 F 69 1.70 CRFUE 29 87 5.6 4.1
A. WV. 65 F 80 1.81 CRFUE 25 82 8.7 4.3

Hct, hematocrit; BUN, blood urea nitrogen; Creat, serum creatinine; Alb, serumn
albuimin; CGN, chroniic glomertulonephritis; DN, diabetic nephropathy; CRFUE,
chronic renal failure of uniiknown etiology; NSC, nephroselerosis; OU, obstructive
uropathy.
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,uCi/kg) was given, followed by a continuous infusion of both
isotopes (0.15 ,uCi/kg per h). Venous blood samples were ob-
tained without tourniquet occlusion at 30-min intervals for
5 h while the patient was at absolute bedrest. Alanine (16)
and glucose (17) were determined in neutralized per-
chloric acid extracts of whole blood in triplicate by fluoro-
metric enzymatic techniques. Nonglucose reducing sub-
stances, present in higher than normal concentrations in
azotemic patients (18), are not measured by this glucose-
specific assay which relies upon hexokinase (E.C.2.7.1.1.)
and glucose-6-phosphate dehydrogenase (E.C.1.1.1.49). For
determination of their specific activities, alanine (5) and
glucose (19) were removed from neutralized perchloric acid
extracts of blood by ion exchange chromatography. Because
of the redistribution of alanine between erythrocytes and
plasma in anephric man (20) and to minimize blood loss
from the azotemic patients during the study, previously
described recovery techni(lues (15) with plasma were modi-
fied for whole blood analysis with small volume samples
(5 ml). Glucose recovery was determined for each individual
blood sample analyzed and was greater than 95% in all in-
stances. Alanine recoveries ranged from 93 to 99%. The
amount of tritiuim label from [2-3H]glucose appearing in the
alanine pool was insignificant. Greater than 95% of '14C label
in all blood samples was accounted for by 14C label recovered
in the sum of glucose plus alanine.

Turnover rates for both glucose and alanine were calcu-
lated for each patient from the plateaui portion of each
appropriate specific activity curve. Point-to-point calculations
of metabolite production and utilization by modifications of
the equations of Steele and colleagues were also performed as
described previously (15, 21). However, becauise these data
did not significantly extend the data derived from the turn-
over calculations, they have not been incluided. Calctulations
of precursor-produtct interrelationships for alanine and glui-
cose were based upon minor modifications of the equations
described by Kreisberg et al. (19). These modifications cor-
rect for loss of 14C label appearing in glucose because of
fumarase randomization and stubsequent decarboxylation by
P-enolpyruvate carboxykinase of four-carbon intermediates
in the pathway of gluconeogenesis (22, 23). Serum insulin
was measured by double antibody radioimmunoassay (24).
Statistical evaluation of data was performed with Student's
t test after ascertaining normal distribution (25). Results are
expressed as the mean+SEMas the index of dispersion. Com-
putational assistance was provided by the CLINFO project.

RESULTS

After initiation of the simultaneous isotope infusions,
constant specific activity in glucose and alanine was
observed in each subject no later than 210 min. In most,
constant specific activity was reached between 120 and
150 min. As shown in Figs. 1A and 2A, constant specific
activity of the 14C label in the circulating alanine
pool was attained after 180 min of infusion in control
subjects and in azotemic patients. In comparison, con-
stant specific activity of 3H label in circulating glucose
was evident after 150 and 210 min in normal volunteers
and in patients with chronic renal failuire, respectively
(Figs. 1C, 2C). The appearance of' 14C label in the cir-
culating glucose pool from [U-14C]alanine was deter-
mined to provide an index of the rate of gluconeogene-
sis, at least from alanine. Constant specific activity of

the 14C label in glucose was observed by at least 270
min in all control and azotemic subjects (Figs. iB, 2B).
As shown in Table II, mean fasting blood glucose levels
of the nondiabetic patients with chronic renal insuf:
ficiency were increased 24.3% (P = 0.005) as com-
pared to control subjects, and fasting immunoreactive
insulin levels were increased 130% (P = 0.046). None
of the nondiabetic azotemic subjects had fasting hyper-
glycemia (glucose > 6.67 mM). Calculated glucose
turnover in control subjects was found to average 664
±33.5 gmol/min. Glucose turnover was increased 55%
in both the nondiabetic azotemic patients (P < 0.001)
and in the total group of azotemic patients studiecd
(P = 0.003). These increments in the data obtained
from the azotemic patients were also statistically sig-
nificant when expressed either on a per unit weight or
body surface basis. Glucose turnover did not correlate
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FIGURE 1 14C carbon specific activity in the circutlatinig
alanine (A) and glucose (B) pools and tritium specific ac-
tivity in the circulating gltucose pool (C) in 10 control sub-
jects after simultaneous injection-continutouis influsions of
[U-'4C]alanine and [2-3H]glucose. Couints per minutte were
obtained after counting to at least the 1% significance level.
Valuies are expressed as the mean+SEM.
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FIGURE 2 14C carbon specific activity in the eireulating ala-
nine (A) and gluicose (B) pools and tritium specific activity
in the cireculating gluicose pool (C) in 13 azotemiiic subjects
after primne(l injection-contintlous infusions of [U-14C]
alanine and [2-3H]glucose. Valtues are expressed as the
mean-+SEN1.

with fasting glucose levels or body surface area in
either controls or nondiabetic azotemic subjects, nor
did glucose turnover rates correlate with the age of the
azotemic subjects studied.

No differences were found in fasting blood alanine
levels between the various groups studied (Table III).
In control subjects, alanine turnover averaged 163
+ 19.4 ,mol/min. Rates of alanine turnover in the
entire azotemic population and in the nondiabetic
subpopulation were increased 191% (P = 0.007) and
234% (P = 0.008), respectively. No correlation could
be found between age, weight, body surface area, or
fasting alanine level and the rate of alanine turnover
in either the azotemic or control group.

Glucose production from alanine was estimated by
the rate of 14C label appearance in glucose from
[U-14C]alanine. In control subjects, glucose produced
from alanine was 21.7+2.24 ,umol/min, amounting to
3.21+0.42% of total glucose production (Table IV).
In the nondiabetic azotemic subjects, glucose produc-
tion from alanine was increased 221% (P = 0.003),
whereas in the entire azotemic population the rate of
gluconeogenesis was increased 192% (P = 0.02). The
relative contribution of gluconeogenesis from alanine
to total glucose production was also increased to 9.74
+3.00% (P = 0.059) in the nondiabetic subjects with
chronic renal failure and to 8.64+2.38% (P < 0.05) in
the entire group of azotemic patients. The rate of
glucose production from alanine correlated well with
the rate of alanine tuirnover in both control subjects
(r = 0.729, P = 0.017), and the entire azotemic popula-
tion (r = 0.626, P = 0.022) as shown in Figs. 3 and 4,
respectively. However, a lesser degree of correlation
between rates of gluconieogenesis from alanine and
alaniine turnover wvas found in the nonidiabetic patients
with renal failure (r = 0.597, P = 0.069).

In control subjects, 40.2+3.86 ,mol/min of alanine
were uitilized for glticoneogenesis, accounting for 25.4

TABLE II
Glucose Kitnetics in Azotemic and Conitrol Snbjects

Patienits Inistulin Glticose Gltucose turnover

AtU/In I mAM ,Amol/min Amol/kg/mnin Amol/mn'min

Normal volunteers 6.61±0.72 4.23±0.22 664±33..5 10.3 ±0.67 379±22.6

Azotemic subjects
Total 6.29± 1.15 1,035±99.3* 14.2± 1.29t 563±52.5*
Nondiabetics 1 5.2±3.44t .5.26±0.23* 1,034-76.5§ 14.2+ 1.29t .556±-+46.1*

\'aliies shown are the means-SENM for each determination. P represenits the probability oft rejection
ot the nutll hypothesis of etqtuality between the footnoted population mean and the appropriate control
mean.
* P < (.(1.

P < 0.0(5.
§ P < (.()01.
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TABLE III
Alanine Kinetics in Azotemic and Control Subjects

Patients Alanine Alanine turnover

mM Amol/min AmolIkg/min ttmolIm'Imin

Normal volunteers 0.233+0.021 163+19.4 2.51+0.29 92.7+10.7

Azotemic subjects
Total 0.245±0.019* 474±96.0t 6.47±1.36§, 257±53.1t
Nondiabetic 0.259±0.023* 545±114t 7.47± 1.65§ 295±64.05

Values shown are the means ±SEMfor each determination. P represents the probability
of rejection of the null hypothesis of equality between the footnoted population
mean and the appropriate control mean.
*P > 0.1.
* P < 0.01.
§ P < 0.05.

+ 1.52% of total alanine utilization (Table V). In the
nondiabetic azotemic patients, alanine utilization for
gluconeogenesis was increased 305% (P = 0.034).
However, the fraction of total alanine utilization ac-
counted for by gluconeogenesis was unchanged in
azotemic subjects as compared to control subjects.

DISCUSSION

Isotope dilution techniques have been widely used for
the in vivo study of intermediary metabolism, par-
ticularly of glucose and glucose precursors (26). Simul-
taneous infusions of labeled glucose and gluconeo-
genic precursors have been employed previously to ob-
tain accurate data concerning gluconeogenesis in vivo
(27). The use of [2-3H]glucose provides a relatively
good estimation of total glucose production because
detritiation occurs by the action of phosphohexose-
isomerase (28). However, recent studies have indicated
that overestimations of glucose utilization rates result
from the use of [2-3H]glucose as compared to [3-3H] or
[6-3H]glucose because of futile cycling between

glucose and glucose-6-phosphate (29, 30). Never-
theless, in a preliminary analysis of our data from
another study,' no significant difference could be
discerned between the mean rates of glucose turnover
determined with [2-3H] or [3-3H]glucose in normal
volunteers (663+33.5 vs. 687+49.7 gmol/min, respec-
tively) or in patients with chronic renal insufficiency
(1034+86.5 vs. 1074±139 ,umol/min, respectively).
With [2-3H]glucose, rates of glucose production ob-
served in the normal volunteers of this study (663
,umol/min or 172 g/day) appear to be in excellent
agreement with values obtained by others with isotope
dilution methods (8, 31) or hepatic venous catheteriza-
tion techniques (32, 33). Similarly, the fraction of total
glucose production contributed by gluconeogenesis
from alanine in the normal subjects of this study (3.21
±0.42%) is in good agreement with the data of other
studies with isotope techniques (34, 35).

l S. Rubenfeld and A. J. Garber. Abnormal carbohydrate
metabolism in chronic renal failure: suppression of
endogenous glucose overproduction by exogenous glucose.
Manuscript in preparation.

TABLE IV
Glucose Production from Alanine in Azotemic and Control Subjects

Patients Glucose from alanine Glucose from alanine

gmol/min jAmollkglmin pAmolIms/min %

Normal volunteers 21.7+2.24 0.339+0.041 12.4+1.38 3.21+0.42

Azotemic subjects
Total 63.3+14.9* 0.888+0.231* 35.1±8.71* 8.64+2.38*
Nondiabetic 69.6+18.9* 0.983+0.2951 38.5±11.1* 9.74±3.00t

Values shown are the means±SEMfor each determination. P represents the probability
of rejection of the null hypothesis of equality between the footnoted population mean
and the appropriate control mean.
* P < 0.05.
* P = 0.059.
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FIGURE 3 Relationships between gluconeogenesis from ala-
nine and alanine turnover rate in 10 control subjects. Each
point is the result of a 300-min primed injection-continuous
infusion of [U-'4C]alanine and [2-3H]glucose in separate pa-
tients. The solid diagonal line inidicates the least s(quare lines
of regresssion.

Although observations concerning glucose and
glucose-precursor kinetics in chronic renal failure
are previously unreported (1, 36), WZestervelt observed
that insulin-stimulated rates of glucose uptake in fore-
arm studies from azotemic patients were decreased
75% compared to rates observed with control subjects
(37). Decrements in blood gltucose concentration after
intravenous insulin injection (2, 4, 38) or tolbtutamide
injection (18, 38) were diminished and slower in de-
velopment in azotemic as compared to control sub-
jects. In this study, as in other studies, increased
fasting immunoreactive instulin levels and normal
fasting glucose levels were found in chronic azotemia
(2, 3, 18, 38, 39). However, the extent to which these

y 0.098x +17.1
( r=0. 626 )

160-

120 r
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800 1000 1200U0 200 400

FIGURE 4 Relationship between gltuconeogenesis from
alanine and alanine turnover rate in 13 azotemic subjects.
The open circles represent nondiabetic azotemic patients
and the filled circles represeent diabetic azotemic patients.

increased immunoreactive insulin levels may reflect
the accumulation of proinsulin was not ascertained.
The results of previouis stuidies have been interpreted
to suggest the presence of insulin resistance in chronic
renal failure. The results of this study demonstrate
increased basal glucose flux in chronic renal insuffi-
ciency. This increased glucose prodtuction observed in
the postabsorptive state may result in part from an
increased rate of gluconeogenesis from alanine be-
cause the latter was inereased 192% in the azotemic
subjects as compared to conitrol subjects. The increased
gluconeogenesis in turn appears to depend in part upon
an increased rate of alanine productioni, without which
gluconeogenesis could not be sustained for any sig-
nificant period. In addition, an independent activation
of hepatic alanine metabolism towards gluconeogene-

TABLE V
Alanine Utilization for Glucorneogenesis in Azotemic antd Control Subjects

Patients Alanine to glutcose Alanine to glucose

,rniolinin ,umol/kg/min jAmolIm2/min Y

Normal volunteers 40.2±3.86 0.624±0.069 22.9+2.33 25.4+1.52

Azotemic stubjects
Total 143 +39.0* 2.01 +0.600* 79.4 ±22.8* 30.1 +4.061
Nondiabeties 163+±48.9* 2.31 ±0.760§ 90.6±28.8* 29.3+5.204

Values shown are the means±SENM for each determination. P represents the probability
of rejection of the null hypothesis of equality between the footnoted population mean
and the appropriate control mean.
* P < 0.05.

P > 0.1.
§ P = 0.055.
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sis mi-ust also l)e present because the percentage of'
total glucose prodtictioni conitrib)uted l)y gliuconeogenie-
sis w-as inicreased 169% ini azotemiic subljects, and I)e-
cause alaninie lev-els were unchaiiged desp)ite a thre-e-
folId inicrease in atlaninie delivery. In niormials, in-
creased alaniniie delivery as providled by ani alaniniie
inifutsion resuilts ini incereased alaninie levels (40). These
finidings of' increased glutconeogeniesis lin atzoteinici
miani correlate wvell with finin(iigs of increased in vitro
hepatic gluiconeogeniesis in the urem-ic rat (12, 13).

The total inceremienit ini glucose productioni observed
ini patienits with chronici renial fatiluire cannot lbe ac-

Counted fo(r en-tirely, by the increased rate of' glutco-
nieogeniesis f'romi alaniniie. Althoutgh niot specifically
determiiined in this stud(y, glucose produiction f'rom
precursors suchl as glycerol, lactate, aindc other aminiio
acidis may also be incereasedl. Even so, it seem-is un-

likely that increased glmiconieogeniesis alon-e cani pro-
dutce the enitire elev-ationi in glucose prodllctimn l)e-
cautse th-e uiptake of' all gluicose precursors accounts
fu(r onily abouit 25% of' hiepatic gluicose produtctioni ini
p)ostabsorptive niormial miani (41), and only :32% in dlia-
betic man (42). Becauise total gluicose productioni in

azotemice subjects w-as inicreasedI by miore thian 50%/,,
somie elemienit of' incereatsed glucogenolysis as wvell as

incereasedI gluconeogenesis seemis likely'.
The datai of the presenit study SUggeSt that ani inisensi-

tivity or resistancee to the metabl)(ic actioni of' inisulini
may be ani important mechtanism in the abnormal
glutcose andi( glucose-precursor ki imetics ol)serve(l ini
chironici renial insufficiencly. The fin dlings of' ele\ated
fimmunoreactivc inisulini levels togethier withi inicreatsed
glycogenolysis and gIuconieogenesi s suiggest an in-
sensitivity to inisulin mi-odutlationi or hepatic glucose
produictioni. The demonstration of' tlimini ished( inistil in
binding to hiepatic me-nblranes isolatted f'romi experi-
mientally uiremici rats suiggests a potential mi-echanismi
for the hiepatic inisulini insensitiv~itv because dliimin-
ishied receptor binding may produce (liminiiished lhor-
inione actioni (43), Additionally, imipairedI inisulini ac-
tioni oni skeletal muitscle maxit accounit f'Or the inc-reatsed
alaniniie turnover observed ini patienits with chroniic
renal insuifficiencly. Becauise the action o)f' inisulini is
imiportanit to the regulation of' both proteini synthe-
sins and proteini (legradatini-m ini skeletal muiLscle (44),
insensitivity or resistanice to insulin miighit be asso-
ciated with either acceleratedI muiscle p)roteolys5is or
diminished amiiino) acid incorporation inito muiiscle pro-
tein or both. As a conisequtence of' either process, ac-
celeratedI alaninie f'orm-ationi and( release would be
aniticipated (45). These finin(iigs of' incereased alaninie
productimn in postabsorptiv e azoteinic miani extenid our
prior observationis of' ncreased skeletal muiscle alanine
f'ormation and release observed ini miuscle preparattionis
f'romi experinentally uiremici rats (1 1). Ani imtpairmient
of insulin-mnediated glucose uitilization maiiy also be in-
f'erred f'romt the dlata of' this stud(y. M/eani f'asting im-

mutnoreactive insuilini levels wvere incereased 130% anid
miean fhsting gluicose levels were increased 20% in
azotemici suibjects. These finin(ilgs, coupled with the ohb-
serv'ation of a 56% inicrease in gluicose fluix, suggest
ani imipairmienit of' gluicose disposal. Otherw\ise, un-

chaniged gluicose levels would be anticipated dlesp)ite
thle Substantial inicIimmentcts in gluicose fluix.

Althouigh ani insensitivity or resistancee to insutlin
actioni cani accounit fo(r miost of' the dleranigemienits in
gluicose and( glucose-precursor kinietics observ'ed in
azotemnic' subjects. abnIormnalitie s in the action anid
circulating levels of o)ther hiormionies have also b)eeni re-

ported in chironiic rencal insufficiency. Gluicacgomi en--
hiances both hepatic alainine extractioni and( gluiconco-
geniesis (34). Because increasedI circutlatinig glucagon
levels, incluidinig the 3,500 miol \\t f'raction, have
beeni reported in chironiic renial f'ailutre (39), pathologic
hypergliucagoniemiia may account in part fu(r the in-
creasedI gluiconeogenesis obIserv,ed in azoteiiic uman.
Parathyroid hiorm-ione, like glucagon, appears to stinimu-
late hiepatic adeniylate cyclase activity (46) and( hepat-
tic gluiconieogeniesis f'romi thiree carbon prectirsors (47).
Whereas the eff'ect of' parathyroid hiormionc o)n adlenyl-
ate cyclase activity is less thian- the stiimutlation pro-
dutced by epiniephri ne o)r glutcagoni, parathyroid h-or-
mionie levels are suibstanltially elevated in chironiic renial
f'ailuire (:36) andi( may' contributetc to the inicreased1
hiepatic gluiconieogemmesis. Ihoweve-r, a single study hias
suiggestedI that parathyroi dectomy h-as nio ef'fect tipon
thie abnormal gluicose mectabolism of' chiron-ic- renial
fhailutre (48).

In sumnmarv, the finidinigs of the p)rcsent studyt demin)ml-
strate incrcasedl gluicose production, uitilizationi, and
gluconeogenesis in patienits with chlronici renial t'aluire.
InicreasedI glucose produiction f'romi alaniIiie appears to
derive f'romi a primary abnormality of'hepatic gILucose
mietabolismi. Rates of' alaniniie produtction atlso wvere
substantially incereatsed su ggestliug ani indltepenidenit ab-
niormiality )1' alanine metabolism in L)eripberal tissuies
sutch as skeletal inn iscle. Relative elevationis of' f'astiing
gluicose and ilInMuLnoreactive inisulini levels were

ol)served in azotemi-ic pattienits. Taken as at whole, the
finin(iigs ofI' incereasedi alaninie producttioni, inicreatsedi
glucose production, incereatse(l gluconeo)genesi s, and
imipaired gluicose dlisposal, all o)f which are processes
reguilatedi by insuinii, suiggest ani undierlyinig loepattic
as well as peripheral iinsensitivitv to insutlini actioni in
chironici renial insufficiencx'.
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