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Effect of Chronic Renal Failure and Hemodialysis on
Carbohydrate Metabolism *
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(From the Cardiorenal Laboratories and Clinical Research Center of the Peter Bent Brigham
Hospital, the Elliott P. Joslin Research Laboratory, the Diabetes Foundation, Inc., and

Harvard Medical School, Boston, Mass.)

It has been known for some time that patients
with renal failure are unable to adequately handle
a glucose load (1, 2). The mechanism of this
carbohydrate intolerance is far from clear, and
speculations as to its etiology have been made by
various authors (3, 4). No uniform hypothesis
is accepted; indeed, two articles appearing in the
same issue of a journal arrived at totally different
conclusions (5, 6).

With the advent of periodic hemodialysis, pa-
tients with chronic renal failure can be maintained
in relatively good health over long periods of time
(7), and the clinical syndrome of uremia can be
evaluated under controlled conditions. If the ab-
normality of carbohydrate metabolism is truly a
result of renal failure and not solely associated with
nonspecific factors such as starvation, stress, or
latent diabetes mellitus, an experiment controlling
such variables might shed light on the metabolic
defect or defects involved. Also the opportunity
arises to study the effect of hemodialysis itself on
carbohydrate metabolism. If glucose tolerance
can be completely normalized by dialysis, this
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would be useful as an added parameter for deter-
mining the adequacy of long term dialysis in the
individual patient.

Methods

The patients studied were those with chronic renal
failure chosen from the renal service of the Peter Bent
Brigham Hospital who would require hemodialysis for
treatment within a few weeks. All had an abnormal
intravenous glucose tolerance test (ivGTT) before he-
modialysis (K less than 1.0) (8). Four of the five pa-
tients selected had no family history of diabetes, and all
patients were reasonably certain of the medical histories
of their parents and at least three of their grandparents.
The maternal grandmother of Patient 4 had maturity-
onset diabetes, being treated with diet and an oral hypo-
glycemic agent.

The patients were hospitalized on the Clinical Re-
search Center of the Peter Bent Brigham Hospital for 6
or more days before testing, during which time daily die-
tary assessments were obtained on four of the five. In
the fifth, the diet was estimated to be very similar to that
of the other four patients. The diet consumed was
greater than 1,800 calories, including more than 250 g of
carbohydrate, and was followed throughout all periods.
Testing of glucose tolerance did not begin until such a
diet had been ingested for at least 5 days. Daily blood
urea nitrogen, hematocrit, and serum electrolytes (Na,
KS, Cl+, and HCO37) were obtained. Other laboratory
determinations were performed as indicated. Blood
samples for glucose measurement were collected in tubes
containing sodium fluoride and potassium oxalate, and
glucose was determined by the method of Somogyi (9)
and Nelson (10). All of the patients were ambulatory
and were allowed the freedom of the Clinical Research
Center and hospital.

All tests were performed within a 50-hour segment at
the end of each hemodialysis period. On day 1 of the
segment, after an overnight fast, an ivGTT (0.5 g of
glucose per kg body weight injected over a 3-minute
period) was performed, and samples of venous blood
were collected at 0, 3, 6, 10, 20, 30, 40, 50, and 60 minutes.
A specific disappearance rate constant for glucose (K)

1 K= (0.693/ti) X 100 = per cent per minute.
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was calculated (8). In most instances throughout the
test, duplicate blood samples were collected in clean
tubes, allowed to clot for 2 hours at room temperature,
and centrifuged; the serum was then removed, and
samples were stored frozen until determination of serum

immunoreactive insulin (IRI) by a double antibody
technique (11, 12). In addition, the concentration of
plasma free fatty acids (FFA) (13) was determined on

samples drawn at 0, 10, 20, 40, and 60 minutes.
After an additional 5- to 7-hour fast, after the glucose

tolerance test, an intravenous tolbutamide test (14) was

performed (1 g of sodium tolbutamide given in 1 min-
ute), and venous blood samples were taken at 0, 20, and
30 minutes for glucose measurement.

On day 2, after an overnight fast, an intravenous in-
sulin sensitivity test (15) was done (0.1 U of crystal-
line insulin per kg body weight), and venous blood
samples were taken at 0, 20, 30, 40, 50, 60, 90, and 120
minutes for glucose determinations.

On day 3, again after an overnight fast, a glucagon
test (1 mg of glucagon given rapidly intravenously) was

carried out, and venous blood glucose was measured at
0, 20, and 30 minutes.

When a normal K value of greater than 1.0 (8) for
the ivGTT was obtained, a steroid-primed ivGTT (16)
was performed (50 mg of hydrocortisone was given
orally 8 and again 2 hours before ivGTT).

The patients then underwent periods of hemodialysis
with the twin coil kidney (5 hours per day) ranging
from three to five dialyses per 7-day period. The di-
alysate composition was constant and included the fol-
lowing: Na+ = 130 mEq per L, K+ = 4 mEq per L, Ca++
= 3 mEqper L, Mg' = 2 mEqper L, Cl- = 104 mEqper

L, acetate = 5 mEqper L, HCO8- = 30 mmoles per L, and
glucose = 500 mg per 100 ml. At the end of 1 to 2 weeks
of dialysis, the ivGTT was repeated. If this test was not
normal, another course of hemodialysis was instituted, and
the ivGTT was repeated. If the ivGTT was then nor-

mal, the initial tests were repeated except that a hydro-
cortisone provocative ivGTT was substituted for the glu-
cagon stimulation test.

After this "correction" period, hemodialysis was with-
held for approximately 7 days while the diet was held
constant. Then the ivGTT, insulin sensitivity test, and
the intravenous tolbutamide test were repeated.

Whenever possible, another course of hemodialysis
was instituted, and glucose tolerance was re-evaluated.

Two patients (No. 1 and 2) underwent hemodialysis
with a high urea concentration in the dialysis bath in or-
der to evaluate the effect of urea on carbohydrate metab-
olism. The concentration of urea used was determined
by the level that the patient manifested during his initial
testing. The urea was added to the dialysate at a time
when the ivGTT was normal, and the patients underwent
from three to six dialyses with urea in an 8-day period.
The ivGTT was then repeated.

Four of the five patients investigated were followed
according to the above protocol. One patient (No. 5),
with poor veins, was evaluated only by the ivGTT.
IRI and FFA were not determined with all ivGTT per-

formed; however, these tests were obtained in each pa-
tient during at least one "normal" and "abnormal" ivGTT.
In addition, four other patients, who had been main-
tained on biweekly hemodialysis for more than 4 months,
were tested with an ivGTT.

The normal controls and the maturity-onset type dia-
betics were tested as outpatients at the Elliott P. Joslin
Research Laboratory. All followed a 300-g carbohydrate
diet for 3 days before the test. The diabetic patients
were asymptomatic, their glucose intolerance having been
documented on multiple occasions.

Results

Table I shows clinical data on the uremic pa-

tients studied. Four were male; all of the five
were less than 100%o of ideal weight. Their ages
ranged from 27 to 45 years.

Table II contains the composite data for the
group. The ivGTT, which had been abnormal
initially, reverted to normal in all patients within
16 days. The number of dialyses performed dur-
ing the initial correction period ranged from 5 to
13. It can be noted that the blood urea nitrogen
and serum creatinine were only rough indicators
of the normalcy of the ivGTT. None of the pa-
tients was severely acidotic (as judged by serum

HCO- concentration) at any time during the
study, and bicarbonate levels ranged from 20 to 26
mmoles per L with a mean of 23 mmoles per L.
Serum potassium was also not markedly de-

TABLE I

Clinical data on patients studied

Average %Ideal
Patient Sex Age Underlying disease wt Height wt*

years kg
1 Male 27 Chronic glomerulonephritis 63 5'10" 88
2 Male 28 Chronic glomerulonephritis 59 5'11" 79
3 Male 45 Chronic pyelonephritis 62 5'8" 85
4 Male 35 Chronic glomerulonephritis 66 5'11" 85
5 Female 35 Chronic pyelonephritis 43 5'2" 74

* Metropolitan Life Insurance tables.
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TABLE II

Composite results of carbohydrate tolerance*

Serum iv tolbutamide No. dialyses
Creat- potas- Serum ivGTT per total

Patient Period BUN inine sium HCOs- (K) 20 min 30 min IST days

I 1
2
3t
4
S

mg/100 ml mg/100 ml mEqIL mmoks/L %of PBS

174 20 4.6 22 0.8 100 86
36 5.3 5.3 21 0.6 95 84
30 4.9 4.0 22 1.0 84 74
33 6.4 5.2 21 1.7 77 68
33 5.4 5.3 24 1.9 75 63
31 5.0 4.4 25 1.2 ND ND

%of PBS
52
51
50
25
24
ND

0
5/7
5/7
3/4
5/7
1/1

(Hydrocortisone)

6t 166 5.6 4.0 24 1.7
7 100 15.5- 5.5 21 0.9
8 24 8.2 4.8 25 1.0
9 32 5.2 4.3 24 2.0

68 60
87 77
85 73
68 61

112 14.2 5.4 22 0.6 84 83
48 4.7 4.8 21 1.5 74 72
28 7.0 4.4 24 1.4 71 70
30 6.0 4.0 23 1.3 ND ND

(Hydrocortisone)
4t 112 8.0 4.6 24 2.0 83 63
5t 106 18.7 3.6 20 0.5 84 84
6 40 7.2 4.0 22 1.0 ND ND
7 43 9.2 4.1 23 1.4 72 68

3 it 54 10.4 4.9 24 0.7 84 77
2 65 7.8 5.3 23 1.5 ND ND

10-week bout of hepatitis after bilateral nephrectomy
3 35 6.8 5.0 22 0.8 ND ND
4 43 8.0 5.2 22 1.9 74 64

26 7.5 4.8 25 1.2 ND ND

(Hydrocortisone)
5 85 9.6 4.0 22 1.0
6 38 5.8 4.6 24 1.6

23 6/8
48 1/7
24 2/7
22 2/7

58 0
32 5/14
28 5/14
ND 1/1

30 3/8
44 1/8
ND 6/8
30 6/14

38 1/2
ND 8/16

ND 5/7
20 4/8
ND 1/1

80 74 26 1/6
72 61 18 4/12

16.3 5.8 21 0.6 88 68
4.8 5.4 22 1.1 ND ND
6.0 4.6 26 1.8 72 63
5.8 4.8 24 0.7 ND ND

(Hydrocortisone)
4 114 10.8 4.4 20 0.8 83 78

1 126 9.2 5.2 22 0.9 ND ND
2 33 5.8 4.4 24 1.3 ND ND
3 38 8.6 5.0 23 1.0 ND ND
4 26 7.4 5.0 21 0.9 ND ND
5 22 6.0 4.5 23 1.3 ND ND

38 0/5

ND 0
ND 8/14
ND 4/18
ND 3/7
ND 6/12

* All tests were performed at the end of the period noted under "No. dialyses per total days." They were performed
in from 1 to 50 hours (see Methods), and the time involved in testing is not included in the time of the next period. The
time taken for testing depended on the number of tests performed. The order of testing and the time involved were as
follows: iv glucose tolerance test (ivGTT) (1 hour) + iv tolbutamide (24 hours) + insulin sensitivity test (IST) (26
hours) + glucagon stimulation test (50 hours). The final dialysis was instituted on the last day of each period (the
period ending the following morning), and the remaining dialyses were distributed as evenly as possible throughout the
entire period. The blood biochemical data were obtained at the time of ivGTT. BUN = blood urea nitrogen; FBS
= fasting blood sugar; K = disappearance rate constant for glucose; ND = not done.

t Glucagon test (% of FBS): Patient 1 = 175, Patient 2 = 170, Patient 3 = 154, and Patient 4 = 182.
t Urea added to dialysis bath throughout entire period: Patient 1 = 170 mg per 100 ml and Patient 2 = 120 mg per

100 ml.

2 1
2
3

4 it
2
3

110
69
38
38

5

32 0
ND 3/8
18 3/8

ND 1/1
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FIG. 1. COMPARISONOFBLOODGLUCOSE(MEAN± STAND-
ARD ERROROF THE MEAN) VALUES DURING IV TOLBUTAMIDE
TEST BEFOREAND AFTER CORRECTIONOF IV GLUCOSETOLER-
ANCE TEST (IVGTT) BY DIALYSIS IN UREMIC PATIENTS.
"Normal" K (disappearance rate constant for glucose) =
K > 1.0. n = 11 in each group.

ranged in any of the patients, and values ranged
from 3.6 to 5.8 mEqper L (mean = 4.7 mEqper
L). Of the two patients who were evaluated af-
ter only 1 week of dialysis (Patients 1 and 4), one
had not maximally corrected his ivGTT after 3
dialyses (Patient 4), and the other demonstrated a
lower K (0.8 to 0.6) after 5 dialyses.

Four of the patients showed a decrease in glu-
cose tolerance in less than 8 days when dialysis
was withheld or limited to 1 per week. Patient 5
demonstrated this decrease over a 2-week period
when the number of dialyses had been reduced
from 4 to 11- per week. Those patients whose glu-
cose tolerance was corrected a second time (Pa-
tients 1, 2, 3, and 5) had done so by 14 days with a
total of 4 to 12 dialyses. However, the ivGTT
was repeated at the end of 1 week in three pa-
tients (Patients 1, 2, and 5) during this recor-
rection period and had not fully been repaired in
any patient.

The glucagon test suggested adequate glycogen
stores in the four patients in whom it was- per-
formed. In two patients, it was performed during
the initial period when the ivGTT was abnormal

(Patients 3 and 4), and in one (Patient 2) dur-
ing the redevelopment of carbohydrate intolerance.
In one (Patient 1), it was done at a time when the
ivGTT appeared to be normalizing.

The hydrocortisone ivGTT was done in four
patients when dialysis was associated with a nor-
mal ivGTT and was normal in three. Patient 4,
whose maternal grandmother suffered with dia-
betes mellitus, demonstrated a fall with hydro-
cortisone in the K from 1.8 to 0.7.

Patient 3 developed mild serum hepatitis (docu-
mented by liver biopsy) shortly after the onset of
testing. He had recently undergone bilateral
nephrectomy in preparation for renal homotrans-
plantation. He slowly recovered over a 10-week
period with return to normal of the serum glutamic
oxaloacetic transaminase and then was continued
with the protocol. He was the only anephric pa-
tient studied.

A high urea dialysate concentration was used
in Patients 1 and 2. The dialyses with urea were
instituted at a time when the ivGTT was normal,
and there was no decrease in the K value at the
end of three and six dialyses over a 7- and 8-day
period, respectively.

The intravenous tolbutamide test followed the
ivGTT. The 20- and 30-minute blood glucose
values for individual patients (expressed as per
cent of fasting blood glucose) are recorded in

INSULIN SENSITIVITY TEST

loot
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FIG. 2. RESPONSEOF BLOOD GLUCOSE (MEAN STAND-
ARD ERROROF THE MEAN) TO EXOGENOUSINSULIN (0.1 U
PER KG) BEFORE AND AFTER CORRECTION OF IVGTT BY
DIALYSIS IN UREMIC PATIENTS. "Normal" K = K > 1.0.
n =11 in each group.
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INSULIN RESPONSETO I.V. G.T.T.
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FIG. 3. INDIVIDUAL PATTERNS OF INSULIN RESPONSETO ivGTT BEFORE
AND AFTER CORRECTIONBY HEMODIALYSIS IN PATIENTS WITH CHRONICRENAL
FAILURE. The major difference in the response is noted during the first 10
minutes of insulin release.

Table II. Figure 1 shows the mean values
standard error of the mean comparing the tests
performed at times when the ivGTT was normal
and abnormal. A highly significant difference
(p < 0.001) for the 20- and 30-minute samples
was present.

The insulin sensitivity tests were performed
during the periods when ivGTT was normal and
abnormal. The lowest blood glucose achieved as

a per cent of the fasting value is recorded in Table
II with the mean values at 30, 60, 90, and 120 min-
utes illustrated in Figure 2. There was a sig-
nificant increase in insulin sensitivity after cor-

rection of the ivGTT. The differences between
the mean values at the 30-, 60-, and 90-minute
samples are all significant (p < 0.05). In neither
group had the glucose value returned to fasting
levels at the end of 2 hours.

Fasting blood glucose was compared during
normal and abnormal periods as judged by ivGTT,
and no significant difference was found. This
was true for fasting values obtained with all tests
as well as for individual tests (data not shown).

Serum IRI responses to the ivGTT before and
after correction of the K value are shown in
Figure 3. The abnormal test chosen for compari-

CO)

k
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TABLE III

Values for per cent ideal weight, K, age, and serum immunoreactive

Insulin

ivGTT 0 3
Group n Ideal wt (K) Age min min

% years JuU/ml
Uncorrected uremics 5 82 i 2.5* 0.73 4 0.09 34 i 3.2 13.8 i 1.0 48.8 i 6.6
Corrected uremics 5 81 4t 2.4 1.47 i 0.19 34 i 3.2 19.6 i 1.9 78.0 i 9.1
Difference: corrected minus

uncorrected 5 5.8 :1 1.9 27.2 =1 7.5
Normals (wt = < 95% ideal wt) 15 90 ± 1 2.68 i 0.25 27.7 i 0.8 13.3 :1 1.2 72.4 :1 6.5
Normals (K = 1.2-2.0) 11 98 ± 3 1.72 ± 0.05 27.2 i 0.7 14.3 :1 1.8 69.2 ± 7.2
Diabetics (K = < 1.2) 9 109 ± 10 0.95 4t 0.07 50.3 i 3.6 15.3 i 3.2 30.3 i 2.8
7-day fast (normals) 6 100 41 4.5 0.625 ±t 0.02 26.8 i 2.5 8.3 ± 1.0 47.7 4t 1.0

* Mean i standard error of the mean.

son in Patients 3 and 4 was that performed dur-
ing the predialysis period (period 1 in Table II).
Since we did not determine IRI during this pe-
riod, in Patients 1, 2, and 5, the test used was that
done during the redevelopment of the abnormal K
value (K less than 1.0) when dialysis was re-
duced. The insulin response to the normal ivGTT
in Patients 1, 4, and 5 was the test with the maxi-
mal K value. In Patient 2, the insulin levels of
the ivGTT during period 4 (Table II), when the
K was 2.0, were not determined, and the ivGTT
of period 7 (K = 1.4) was used. In Patient 3,
because of the uncertain liver status and its ef-
fect on insulin, the ivGTT of period 5 (K = 1.0)
instead of period 4 (K = 1.9) was used in com-
paring the insulin response. This was felt to be
acceptable, as the K value of 1.0 was slightly higher
than the initial K of 0.7. In all patients we com-
pared the IRI during the ivGTT with the highest
and lowest K value for which we had data.

The levels of IRI during the first 10 minutes of
the precorrection ivGTT showed a blunted re-
sponse. There was also a tendency for flattening
of the later part of the curve.

Fasting insulin levels were slightly lower in all
five patients during the abnormal phase. The to-
tal amount of insulin released was approximated
by the area under the serum IRI curve extending
to 60 minutes and was from 1.1 to 4 times greater
in four of the five patients in the normal phase.
Patient 4 demonstrated a 1 to 1.5 ratio of insulin
when comparing normal to abnormal. However,
during the first 10 minutes of the ivGTT, a greater
amount of insulin was released in all cases when
the test was normal and ranged from 1.6 to 3
times that seen during the abnormal periods.

Table III shows the characteristics and serum
IRI levels (mean ± standard error of the mean)
during ivGTT in the uncorrected and corrected
uremic patients. Also shown for comparison are
various groups of normal controls. They were
selected on the basis of either ideal weight or
performance in order to closely approximate the
uremic patients. Data are also given for six nor-
mal subjects who received ivGTT immediately
after a 7-day total fast (17). The results obtained
in nine diabetic subjects are also shown; however,
it is to be noted that this group was significantly
older and heavier than the uremic patients. Ta-
ble IV compares the various groups studied.

In comparing the mean serum IRI levels be-
tween the corrected and uncorrected uremic pa-
tients, the levels in the corrected phase are sig-
nificantly higher at 0, 3, and 6 minutes. When
the data are analyzed as to differences in serum
IRI values in each uremic patient before and after
correction, significant differences are seen at the
0-, 3-, 6-, 10-, 20-, and 40-minute intervals.

Comparison of the mean serum IRI levels dur-
ing the abnormal ivGTT showed at least two sig-
nificantly different levels (i.e., the uremic patients
had lower values) when compared to normal con-
trols all less than 95%o of ideal weight, or normal
controls with a low normal range of K rates (1.2
to 2.0). Comparison with the diabetic group
(Figure 4) indicated that the uncorrected uremics
had a significantly higher mean serum IRI level
at the 3-minute interval although the diabetics
were significantly older and heavier. The group
with whom mean serum IRI values to ivGTT in
the uncorrected uremics showed the least differ-
ences was a normal control group fasted 7 days

1724
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TABLE III

insulin during ivGTT in uremic, normal control, and diabetic groups

Insulin

6 10 20 30 40 50 60
min min min min min In min

j&U/ml
37.0 1- 5.0 37.0 4 8.3 33.6 i 4.9 37.4 i 7.0 32.2 1 4.2 33.4 4.0 30.6 i 3.0
64.0 4 9.0 65.0 A 10.6 52.4 i 7.4 46.4 ± 8.9 48.2 :1 6.6 42.6 i 8.3 35.0 :i 7.2

27.2 ± 6.2 28.8 4 9.7 18.8 it 6.9 9.0 :1: 7.6 16.2 i1 5.9 9.2 ± 8.0 4.4 i 6.8
64.1 -t 7.0 51.4 4 5.4 40.3 4 4.0 33.7 ± 3.2 27.7 2.5 23.2 i 1.7 17.9 i 1.4
58.1 ± 5.9 49.9 i 5.8 47.2 + 6.7 44.7 6.8 43.1 4 6.4 39.5 ± 6.4 34.4 :1 6.7
29.4 1t 2.7 30.8 i1 4.6 32.8 i 5.7 31.1 :1 6.4 34.3 i 5.8 35.5 i 6.3 35.4 i: 6.4
42.7 4 6.1 40.7 -t 7.3 29.8 5.9 22.7 ± 2.7 21.3 i 2.1 20.8 i+ 2.7 21.5 ± 2.4

(shown in Figure 4). The starved patients had
a significantly lower mean serum IRI level at the
60-minute point only.

When the uremics were corrected and exhibited
normal K rates, they compared well with the
normal group with K rates in. the 1.2 to 2.0 range
despite a higher mean per cent ideal weight of
this normal group.

The corrected uremic patients had multiple sig-
nificantly different mean serum IRI levels (higher
values) compared to the diabetics, and the 7-day
fasted normals and the diabetics and the fasted
normal controls also showed multiple differences.

Mean values for FFA determined throughout
the ivGTT performed during the uncorrected and

60 -

uncorrected uremicis

3so /40

~30

~20 dabetics (K'-<i.2)

corrected periods are shown in Table V. No sig-
nificant differences were found between the two.

Discussion

From the results of this study, it appears that
the glucose intolerance of chronic renal failure is
related to the renal failure per se and is not a sec-
ondary feature of low calorie intake. This con-
clusion is based on calorie counting before and
during the period of study and on the response to
glucagon stimulation (18). In addition, it has
long been recognized that patients with renal
failure do not demonstrate fasting hypoglycemia
as would be expected with starvation and, indeed,
have been noted to manifest fasting hyperglycemia

10 20 30 40 50 60 0 10 20 30 40 50 60

TIE (Mi/# )

FIG. 4. SERUMIMMUNOREACTIVEINSULIN (MEAN± STANDARDERROROF THE MEAN)
DURING ivGTT IN UNCORRECTEDUREMICS AND DIABETICS AND UNCORRECTEDUREMICS
AND NORMALCONTROLSAFTER A 7-DAY FAST. Insulin release during the first 10 min-
utes of the ivGTT is virtually identical in the graph on the right.
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CHRONICRENAL FAILURE AND CARBOHYDRATEMETABOLISM

(19). Since the patients who were included in
this study did not have significant nausea or vom-
iting, it was possible to accurately assess their in-
take and ensure that all had adequate total calories"
in addition to sufficient carbohydrate. For these
patients with a relatively low level of physical ac-
tivity, the diets ingested should have been adequate
for their caloric needs (20).

These uremic patients required only an abnor-
mal ivGTT while maintaining adequate diet, and
chronic renal failure of a degree that necessitated
dialysis, to be selected for this study. The first
consecutive five patients encountered were selected
because in each the ivGTT was abnormal and
their caloric intake was acceptable. This sug-
gests that the carbohydrate abnormality in chronic
renal failure is common and may be present in
the majority of severely uremic patients even while
they maintain adequate food intake. This study
also suggests that the abnormal glucose tolerance
associated with chronic renal failure can not only
be corrected but maintained with adequate he-
modialysis. It has been shown previously that
the glucose tolerance test will improve by dialysis
in patients with acute renal failure (21), but it
has not been conclusively demonstrated that it can
be maintained normal in the patient with chronic
renal disease undergoing long term dialysis.

Four other patients (Table VI) maintained
with chronic hemodialysis and tested by ivGTT
all had normal K values. This indicates that an
abnormal ivGTT in a patient being treated with
intermittent hemodialysis may be indicative of
inadequate dialysis, or if seen during intensive
dialysis that diabetes mellitus should be considered.
The blood urea nitrogen and other chemical pa-
rameters are often misleading when judging the
dialysis requirement, and another parameter (such

TABLE V

Levels of FFA determined during ivGTT

0 min 10 min 20 min 40 min 60 min

IAEq/L
Uncorrected 708 630 528 438 442

uremics ±77* +75 ±79 446 446
Corrected 764 500 464 414 438

uremics ±97 ±t87 ±76 ±L-49 ±77
t 0.45 1.13 0.58 0.36 0.05
p NSt NS NS NS NS

* Mean ± standard error of the mean.
t NS = not statistically significant, p > 0.2.

TABLE VI

ivGTT of patients being maintained with
biweekly hemodialysis

Months of
chronic ivGTT %ideal

Patient Age Sex dialysis (K) Height Wt wt

years kg
1 40 Male 8 2.0 5'11" 72 91
2 44 Male 6 2.0 5'10" 70 90
3 36 Male 5 1.3 6' 65 81
4 17 Male 4 1.8 5'10" 64 105

as the ivGTT) would be useful in assessing the
adequacy of treatment.

Increasing the frequency of dialysis within the
first 7 to 8 days did not shorten the time needed
for correction of the ivGTT. Regardless of
whether 3 or 5 dialyses per week were instituted,
the ivGTT remained abnormal at the end of the
first week. All patients demonstrated a normal
K value when tested at about 2 weeks. This pat-
tern was the case regardless of whether we were
correcting the abnormality for the first time or
recorrecting. In some of the patients who were
corrected twice (Patients 1, 2, and 3), the total
number of hours of dialysis necessary for correc-
tion during a 2-week period was less than that
found to be without significant effect in a 1-week
period on another occasion. However, glucose
intolerance would appear within 8 days if dialysis
was withheld. This suggests that dialysis might be
removing a toxic substance (or substances) that
inhibits glucose utilization. Furthermore, this
material may not necessarily be poorly dialyzable
as has been suggested (6). Indeed, the material
itself may cross the dialysis membrane rapidly,
but the affected tissue may require a recovery
time for restoration of normal glucose metabolism.
If this is the case, one would not expect to shorten
the recovery time beyond roughly defined limits
(perhaps through new protein synthesis) regard-
less of how intensive a course of hemodialysis is
instituted.

Perkoff and colleagues (3) have suggested that
urea may be playing an important role in glucose
tolerance by interfering directly with carbohydrate
metabolism. It is known that high concentrations
of urea can affect enzyme systems in vitro (22,
23), and Perkoff and co-workers were able to
show a decrease in the glucose tolerance of nor-
mal patients given a urea load. However, our
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data suggest that urea was not a major factor, as
the two patients with normal K values (Patients
1 and 2) who underwent dialysis for a 7-day
period against a urea dialysate concentration iden-
tical to that present when the ivGTT was ab-
normal did not develop an abnormal ivGTT. In
these same patients, withholding dialysis for 7
days produced an abnormal ivGTT. This is
strong evidence that urea alone cannot be in-
criminated.

It has been suggested by Westervelt and
Schreiner that the intravenous tolbutamide test
can be used to distinguish between diabetes mel-
litus and the carbohydrate intolerance of uremia
(6). These investigators found that seven uremic
patients with abnormal glucose tolerance had a
normal blood sugar response 30 minutes after tol-
butamide injection, and several of their patients
also had adequate lowering of blood sugar at the
20-minute interval.

These results, coupled with a decreased sensi-
tivity to exogenous insulin, led the authors to spec-
ulate that in uremia there may be an abnormal
plasma insulinase system (formed in the liver)
that inactivates insulin in its passage through the
liver. This was felt to account for the impaired
peripheral glucose utilization without altering he-
patic glycogenesis. Our results with intravenous
tolbutamide are in contrast to those of Schreiner.
This test, in our hands, demonstrated a clear (p <
0.001) difference between the uremic and cor-
rected (posthemodialysis) state and was clearly ab-
normal in all uncorrected patients and paralleled
glucose tolerance.

The insulin sensitivity test improved after cor-
rection of the ivGTT and is in keeping with the
mild insulin resistance of nondiabetic uremic pa-
tients reported previously (3, 5). On several oc-
casions, patients with an abnormal ivGTT dem-
onstrated a fall in the fasting blood sugar, after
insulin, greater than 50%o. Although this has
been accepted as a normal response (15), com-
parative values after correction of the ivGTT
demonstrated an even greater insulin sensitivity.

The steroid-primed ivGTT, which will be ab-
normal in a great proportion of latent diabetics
(16), was normal in three of the four patients
tested. In the one patient with a family history
of diabetes, the test was abnormal, and one might
speculate as to whether this patient's carbohydrate

abnormality was in part a manifestation of un-
derlying diabetes mellitus. All other tests per-
formed on this patient were similar to those found
in the others. However, it is of considerable in-
terest that the serum IRI response to ivGTT
when corrected and uncorrected was the lowest
in the series.

There exists other evidence that the type of
carbohydrate derangement present with uremia
is different from that seen in diabetes mellitus.
Cohen (5) has shown that uremic patients, unlike
diabetics, are unable to handle a galactose load.
This present study can add additional differences.
The incidence of the glucose intolerance of renal
failure, as judged from this series, is much higher
than one would expect on the basis of diabetes
mellitus in random sampling. Furthermore, the
pattern of serum IRI response found during
ivGTT appears to be different from that seen in
diabetes. With maturity-onset type diabetes, the
insulin response to ivGTT seen at 3, 6, and 10
minutes (as judged by mean values) is depressed
below that seen in the uncorrected uremics. How-
ever, in this small series and between these
crudely matched groups the difference is statisti-
cally significant only at 3 minutes (p < 0.05).
The pattern of insulin release seen in the uremic
patients, especially during the early part of the
test, is similar to that of normal subjects who have
been starved for 7 days.

The magnitude and pattern of the serum IRI
response found in individual patients show mod-
erate variations, and this was the basis for com-
paring the levels during normal and abnormal
glucose tolerance in the same patient. The pat-
tern of serum IRI during ivGTT in a normal sub-
ject, as detected with the double antibody assay
method, appears to be very reproduceable on re-
peated testing (24). The change in response seen
in all our patients is, therefore, significant. It
shows a decrease in magnitude of peripheral se-
rum insulin with uremia that is manifested prin-
cipally during the first 10 minutes after ivGTT.
This early response was shown to increase by 1.6
to 3 times when the ivGTT had been corrected by
dialysis.

Cerletty and Engbring (25)- have recently
measured serum immunoreactive insulin release in
azotemic patients during an oral glucose tolerance
test. These investigators found elevated periph-
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eral insulin levels at a, 1, 2, and 3 hours after the
glucose load. It is difficult to compare results,
as the insulin response to the oral and intravenous
glucose tolerance tests are quite different (26).
Insulin release is considerably greater after oral
loading with glucose even with identical loads and
probably reflects gastrointestinal and/or other
factors triggered by alimentary glucose that in-
fluence pancreatic insulin secretion.

The exact role of FFA in diabetes mellitus or in
glucose tolerance itself is unsettled. It has been
suggested by Hales and Randle (27) that the de-
fect in carbohydrate metabolism seen with dia-
betes may be secondary to an increase in FFA,
which in turn, is indicative of an as yet undefined
abnormality of lipid metabolism. There is fur-
ther evidence demonstrated by Schalch and Kipnis
(28) relating artificially elevated plasma levels of
FFA to decreased glucose tolerance. In our

study, however, there was no significant differ-
ence in fasting FFA between the uncorrected and
corrected uremic patients, nor was there any dif-
ference in the FFA response to glucose loading.
From our data, we would conclude that an ele-
vated level of circulating FFA is not a critical fac-
tor in the carbohydrate abnormality of uremia.

Severe acidosis has been shown to affect glucose
tolerance in dogs (29), and recent work suggests
a close relationship between serum and total body
potassium and glucose intolerance (30). Al-
though we did not measure blood pH or Pco2 in
our patients, neither of these factors would ap-

pear to be decisively important in our study, as

neither the HCO3- [which in patients undergoing
dialysis is a reflection of blood pH (31)] nor se-

rum potassium was markedly deranged during any

of the periods in this study (Table II).
The kidney is known to take an active part in

carbohydrate metabolism (32) and may have a

place in regulating blood glucose (33). However,
it is difficult to assign to it a direct metabolic role
in the present situation. The fact that we can

correct the carbohydrate abnormality with dialy-
sis, coupled with the demonstration that anephric
man (Patient 3) responded in the same manner

as the other patients, would argue against the car-

bohydrate intolerance stemming from a biochemi-
cal defect involving primarily renal tissue.

The explanation that seems best to fit the data
is one implicating a decreased pancreatic insulin
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reserve or release, suggested by the measurements
of serum IRI during ivGTT. As noted, the ini-
tial serum IRI response was very similar to the
diminished response seen with starvation in nor-
mal subjects and associated with abnormal ivGTT.
In addition, the clear abnormality in the intrave-
nous tolbutamide test would also indicate an im-
paired insulin release after tolbutamide. These
data, including the insensitivity to exogenous in-
sulin, could be explained on the basis of a dimin-
ished insulin response to glucose and tolbutamide
with a decreased peripheral sensitivity to insulin.

The recovery period suggested by'the pattern of
response to dialysis to be necessary for restoration
of normal carbohydrate handling could represent
the time necessary for affected enzyme systems to
recover, perhaps through new protein synthesis.
One might speculate that material with a relatively
low molecular weight is indirectly responsible for
the metabolic defect. The substance may accu-
mulate to significant levels and affect enzyme sys-
tems over a relatively short time, but could be
rapidly dialyzed. This is suggested by the rapidity
with which the glucose abnormality recurs when
dialysis is limited, correction of the defect with com-
paratively few total hours of dialysis, and the ex-
clusion characteristics of the dialysis membrane.
The cellophane employed has an effective pore size
that excludes most molecules with a molecular
weight greater than 4,000 (34), and this defines
the maximal size of any such material.

Summary

In an attempt to better define the carbohydrate
intolerance of uremia, we investigated five patients
with abnormal glucose tolerance and chronic re-
nal failure severe enough to require hemodialysis.
After we were assured that calorie intake was ade-
quate, the patients were studied with tests of car-
bohydrate tolerance. In addition, serum immu-
noreactive insulin (IRI) and free fatty acids were
determined in response to intravenous glucose
(ivGTT). The patients then underwent fre-
quent hemodialysis, after which they were re-
evaluated. The frequency of dialysis was subse-
quently varied in order to determine its effect on
glucose metabolism.

Our data indicate the following: 1) There is a
defect in carbohydrate metabolism present in ure-
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mia that is not related to secondary factors, such
as starvation or latent diabetes mellitus.

2) This abnormality does not appear to be re-
lated to urea per se.

3) The glucose intolerance can be corrected
with frequent hemodialysis, but a minimal recovery
period (approximately 2 weeks) is necessary.

4) The insulin insensitivity and abnormal re-
sponse to intravenous tolbutamide are also cor-
rected with dialysis.

5) The carbohydrate abnormality will reappear
within 7 days if dialysis is withheld.

6) There it a decreased serum IRI response to
ivGTT noted primarily within the first 10 min-
utes of testing. We compared mean values of
IRI with various control groups and found that
the uremic patients during the early phase of the
test had depressed IRI similar to patients after
a 7-day fast.

7) Circulating FFA levels were not significantly
different during periods of normal and abnormal
glucose tolerance.

We speculate that a small molecular weight
substance (or substances) accumulates rapidly in
uremia and affects carbohydrate metabolism (pos-
sibly by interfering with enzyme activity). This
is manifest by a decreased serum insulin response
to glucose loads and by a peripheral insensitivity to
insulin.
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