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The diabetogenic activity of benzothiadiazine
drugs has been well established (2). Diazoxide?
is an antihypertensive agent with potent hypergly-
cemic activity, particularly when used in combina-
tion with trichlormethiazide 2 (3-5). The mode
of action by which these compounds exert a tem-
porary diabetogenic effect has not been established.
It has been suggested by some that diazoxide-in-
duced hyperglycemia may result from inhibition
of insulin release. Samaan, Dollery, and Fraser
found that insulin-like activity (both “typical” and
“atypical”) as measured by the epididymal fat
pad technique was lower in four diabetic patients
taking thiazides than in normal subjects (6).
Within 3 to 26 weeks after thiazides were discon-
tinued, insulin-like activity rose, but the levels still
remained below those of normal subjects. Wolff
has suggested that diazoxide blocks release of in-
sulin, since the hyperglycemic action of diazoxide
was diminished or abolished by simultaneous ad-
ministration of tolbutamide to experimental ani-
mals (7, 8).

On the other hand, the following evidence has
been presented to indicate that benzothiadiazine-
induced hyperglycemia is not mediated through in-
hibition of insulin release: a¢) diazoxide elicits a
hyperglycemic effect in surgically depancreatized
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dogs (9), b) plasma levels of insulin-like activity
do not decrease in normal or diabetic subjects
(10), or in rats (11) made hyperglycemic by ad-
ministration of diazoxide, and ¢) in patients with
metastatic insulin-secreting tumors, the hypergly-
cemic response to diazoxide and other benzothiadi-
azines occurs without apparent reduction in plasma
levels of insulin (12, 13). Other additional evi-
dence has been presented to indicate that diazoxide
hyperglycemia is an extrapancreatic phenomenon
(9, 11).

We (14, 15) have shown that when leucine is
given to chlorpropamide 3-pretreated healthy sub-
jects hypoglycemia together with a sharp increase
in plasma insulin occurs. We have also shown
that increased release of insulin from the pancre-
atic beta cells is the mechanism by which leucine
increases peripheral levels of insulin (16). In the
studies described below we have determined the
effects of trichlormethiazide and diazoxide in com-
bination upon levels of blood glucose and plasma

TABLE I

Experimental design of benzothiadiazine-leucine
study in healthy subjects

Tri-
Chlor- chlor-
prop- methi- Infusion I over 60 —« Infusion II over
Day amide* azide* minutes 30 minutest
I'4 mg
1 1.0
2 0.5
3 0.5
4. 0.5 300 ml saline Leucine (S-L
5 0.5 8 - .
6’ 10 300 mt saline Leucine (T-D-L
0.5 +600 mg diazoxide )
7 10 300 ml saline Saline (T-D-S)

4600 mg diazoxide

* Administered orally.
1 S-L =saline-leucine, T-D-L = trichlormethiazide-diazoxide-leucine,

and T-D-S = trichlormethiazide-diazoxide-saline, tests.

- 81-Propyl-3 (p-chlorobenzenesulfonyl) urea.
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TABLE II
Levels of blood glucose and plasma insulin after infusion of leucine to chlorpropamide-
Sub Blood glucose at time in minutes
ub-
ject Test* —61 —60 —45 —30 —15 0 10 20 40 50 60 75 90 105 120 130 140 150 165 180
mg/100 ml
GM. SL 81 8 84 8 8 8 8 717 55 44 36 42 55 70 78 85
T-D-L 91 92 94 99 110 111 114 106 111 116 119 121 124 119 118 117 123
T-D-S 8 94 99 107 111 116 115 116 112 112 111 115 116 116 117 115 118
B.E. SL 79 88 8 8 85 8 83 75 56 50 47 60 67 712 77 79
T-D-L 82 8 8 96 98 102 99 095 92 90 98 97 96 97 96 99
T-D-S 87 91 94 98 103 105 103 103 102 101 100 102 104 103 102 104 104
W.H. SL 65 64 61 59 57 57 54 44 40 35 38 40 37 38 44 49
T-D-L 75 82 82 92 102 "115 115 109 104 96 96 85 83 83 84 85 86
T-D-S 8 92 95 98 106 110 107 104 103 102 103 100 109 109 103 101 100
RK. SL 75 82 8 83 84 83 8 71 16 49 65 77 79 81f 220 183 165 131 110
T-D-L 91 83 90 95 101 103 102 99 8 86 8 8 91 9ol 92t 210 165 155 136 124
T-D-S 83 87 94 104 104 104 102 101 98 96 99 102 102 103 99t 229 190 161 140 126
RF. SL 79 80 8 8 83 83 84 77 58 55 52 66 13 716 79 84
T-D-L 80 8 92 101 112 112 108 103 92 92 92 92. 94 100 103 106
T-D-S 99 102 104 109 110 112 109 109 109 108 107 108 107 107 108 106 107
G.M. SL 79 8 83 8 8 8 81 13 54 42 43 58 65 11 19 84
T-D-L+K 8 88 92 102 107 110 109 106 102 101 101 105 115 108. 103 104 110
BEE. SL 81 81 8 8 8 77 171 51 40 42 52 57 65 69 75
T-D-L+K 91 8 95 102 105 102 100 97 85 8 8 8 93 94 93 94

_ * Details of experimental procedures are given in Methods.
minutes. Leucine or saline was infused from 0 to 30 minutes.

Saline, 300 ml, with or without 600 mg of diazoxide was infused from —60 to 0
Tests: (S-L) = saline-leucine; (T-D-L

) = trichlormethiazide-diazoxide-leucine;

(T-D-S) = trichlormethiazide-diazoxide-saline; (T-D-L +K) = trichlormethiazide 4 K-diazoxide +K-leucine.

150 ml, 509, dextrose in water, iv.

insulin (immunoassay). In addition, the effects
of these drugs upon plasma insulin and blood glu-
cose levels of patients with insulin-producing islet
cell tumors have been investigated. The results
indicate that these benzothiadiazines increase blood
glucose by mechanisms that do not involve altera-
tions in levels of plasma insulin. However, in ad-
dition, they indicate clearly that 1) plasma levels
of insulin decrease or do not rise when hypergly-
cemia is induced by benzothiadiazines, 2) the hy-
perinsulinemia and hypoglycemia that result from
administration of leucine to chlorpropamide-pre-
treated subjects may be decreased by administra-
tion of benzothiadiazines, 3) the hyperinsulinemia
of patients with insulin-secreting tumors is de-
creased by administration of benzothiadiazines, and
4) hyperinsulinemia induced by administration of
glucose is decreased by the administration of ben-
zothiadiazines. These results indicate that de-
creased insulin secretion as well as failure of ap-
propriate increases in insulin release is involved
in mechanisms by which trichlormethiazide and
diazoxide induce hyperglycemia.

Methods

A) Studies in healthy subjects. Five healthy young
men served as subjects for this study. The experimental
design, employed in each subject, was as follows (Table

I) : 1) administration of chlorpropamide, 1.0 g on day 1
and 0.5 g daily thereafter (given at end of infusions on
days 4 and 6) ; 2) on day 4, infusion of 300 ml of saline
over 60 minutes, followed by an infusion of leucine over
30 minutes (0.2 g leucine per kg body wt, 20 mg per ml
dissolved in 0.45% saline); 3) administration of tri-
chlormethiazide a) 2 mg at 12 noon, 2 p.m., and 8 p.m.
on day 4 and at 2 am., 8 am., 2 p.m.,, and 8 p.m. on day
5 b) 2 mg at 2 am. and 8 mg at 8 a.m. on day 6, c) 2
mg at 2 a.m. and 8 mg at 8 am. on day 7; 4) on day 6,
infusion of 300 ml of saline containing 600 mg diazoxide
(hyperstat) ¢ over 60 minutes followed by an infusion
of leucine (same amount as on day 4) over 30 minutes;
and 5) on day 7, infusion of 300 ml saline containing
600 mg diazoxide over 60 minutes followed by an in-
fusion of isotonic saline (10 mg per kg body wt) over
30 minutes.

In two subjects (G.M. and B.E.) the experimental
plan for days 1 through 6 was repeated with the follow-
ing modifications: a) oral administration of 160 mEq po-
tassium in four divided doses on days 4 and 5, and 40
mEq at 8 a.m. on day 6, b) inclusion of 30 mEq of potas-
sium in the infusions on day 6, and ¢) omission of 8 mg
trichlormethiazide at 8 a.m. on day 6 in subject B.E.

Blood for determination of blood glucose and plasma
insulin was obtained every 15 minutes during the first
hour (— 60 to 0 minutes in Tables II and III and Fig-
ure 1), every 10 minutes during the second hour (0 to 60
minutes), and every 15 minutes during the last 13 hours
(60 to 150 minutes) of the experiments. In one subject
(R.K.) 25 g glucose was given intravenously at 120 min-

4 Kindly supplied by Dr. J. Black, Schering Corp.,
Bloomfield, N. J.
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TABLE II
pretreated healthy subjects before and after administration of benzothiadiazine compounds
Plasma insulin at time in minutes
—61 —60 —45 —30 —15 O 10 20 30 40 50 60 75 90 105 120 130 140 150 165 180
wU/ml

16 20 19 20 15 16 133 122 164 164 130 95 43 24 20 15 19
20 22 10 2 8 3 30 39 42 52 70 64 63 53 44 36 29
20 28 18 14 15 22 22 22 21 19 22 27 28 26 32 27 29
13 12 11 12 13 10 33 44 70 46 37 19 11 9 6 7
11 5 3 3 4 5 26 42 28 23 18 18 11 10 27 13
9 14 8 7 7 13 11 12 8 10 1 1 14 10 13 12 12
9 6 9 7 7 8 37 40 72 69 58 18 32 32 16 9 8
15 15 7 2 8 11 22 42 42 44 39 38 23 16 11 10 10
6 13 11 5 10 7 10 10 7 9 15 18 13 15 10 16

5 5 5 7 7 4 26 23 29 35 9 11 12 10 SI 65 74 83 91 32

9 8 4 5 4 7 25 24 27 25 15 17 7 7 6 6 84 70 63 43 23

9 6 8 16 6 9 3 4 4 4 4 5 7 6 7 8t 25 73 44 34 34
11 10 14 6 12 10 27 34 46 48 40 30 24 7 5 7 12
16 20 13 14 14 14 35 40 60 51 52 50 34 28 29 19 26
19 17 12 13 12 14 14 13 14 17 15 12 17 14 14 13 14
12 11 11 13 12 12 66 80 174 161 8 58 28 17 14 12 19
18 19 16 4 S 11 14 30 45 38 42 48 59 39 25 20 18
5 2 3 5 8 0 15 28 54 47 32 16 5 1 1 2 3
20 20 9 5 8 6 47 36 52 24 22 16 11 7 15 10 9

utes of the experiment and blood obtained 10, 20, 30, 45,
and 60 minutes thereafter.

Serum levels of sodium and potassium were determined
at —60, 0, and 150 minutes of all experiments on days
4,6, and 7.

In two subjects (G.M. and B.E.) intravenous insu-
lin tolerance tests (0.05 U glucagon-free insulin per kg
body wt) were performed during separate experiments
1) after infusion of 300 ml of saline over 60 minutes, and
2) after oral administration of 8 mg of trichlormethiazide
in four divided doses per day for 2 days and of 8 mg at
8 a.m. on the third day and an infusion of 300 ml saline
containing 600 mg diazoxide over 60 minutes.

B) Studies in patients with insulin-secreting pancreatic
tslet cell ademoma. Six patients with insulin-secreting
tumors were studied. All patients received a daily dietary
carbohydrate intake of 300 g or more, which was kept
constant within narrow limits. All patients received a
constant midnight feeding. In addition, subject R.B.
received a feeding either at 4 or at 3 a.m. and 5:30 a.m.
as indicated in Table IV. Daily determinations of blood
glucose and plasma insulin were performed for 12 to 40
days before removal of the tumor. Control infusions of
saline (300 ml over 60 minutes) as well as intravenous
glucose tolerance tests (rapid injection of 25 g of glu-
cose in a 50% solution) were carried out before adminis-

TABLE III

Levels of serum sodium and potassium before and after administration of
benzothiadiazine drugs to healthy subjects*

Serum sodium at time in minutes

Serum potassium at time in minutes

Subject —60f Ot 150t —60% oOf 150t —60§ 0§ 150§ —60t Of 150t —60f 0% 150} —60§ 0§ 150§
mEq/L mEg/L .
GM. 141 141 141 141 141 136 136 135 132 4.2 4.2 40 36 33 33 33
B.E. 139 139 136 136 133 133 136 136 136 45 45 43 40 39 40 36 38 3.5
W.H. 138 138 141 135 135 135 138 135 138 45 46 43 39 39 38 38 36 3.7
R.K. 142 144 144 141 138 132 141 135 135 46 39 39 47 38 36 41 36 3.7
RF. 141 140 140 140 140 136 140 140 140 46 49 49 40 40 36 33 34 37
Mean 140.2 1404 140.4 138.6 137.4 1344 1382 136.2 136.2 4.48 4.42 4.28 404 390 3.75 3.62 3.54 3.58
G.M. 138f 138t 138t 138|| 138| 138 4.8t 4.8t 4.0t 4.0] 49| 3.7
B.E. 138t 138t 138t 138| 135{ 132} 5.0t 5.0t 4.6t 49| 59| 4.4

_ * Details of experimental procedures are given in Methods.
minutes. Leucine or saline was infused from 0 to 30 minutes.
Saline-leucine test.

Trichlormethiazide-diazoxide-leucine test.
Trichlormethiazide-diazoxide-saline test.
Trichlormethiazide +K-diazoxide +K-leucine test.

Saline, 300 ml, with or without 600 mg of diazoxide was infused from —60 to 0
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Fi1c. 1. EFFECTS OF TRICHLORMETHIAZIDE AND DIAZOX-

IDE UPON PLASMA INSULIN AND BLOOD GLUCOSE AND ON
RESPONSE TO LEUCINE IN A CHLORPROPAMIDE-PRETREATED
HEALTHY SUBJECT.

tration of benzothiadiazines. Trichlormethiazide in a
dose of 1 to 8 mg per day was administered orally as
indicated in Figure 2 and Table IV.. Intravenous infu-
sions of diazoxide (450 to 600 mg in 300 ml of saline)
were given over 60 minutes. Twenty-five ‘g of, glucose
was given intravenously .90 to 150 minutes after the be-
ginning of the diazoxide infusion. Blood for determina-
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tion of blood glucose and plasma insulin was obtained
at frequent intervals starting 30 minutes before the be-
ginning of the diazoxide infusion and ending 60 minutes
after administration of glucose. Diazoxide was adminis-
tered orally to five patients in a dose of 180 to 510 mg
per day for 3 to 28 days as indicated in Table IV. (The
intravenous preparation “hyperstat” was given to pa-
tients S.L., LW, and A.W., whereas H.R. and R.B.
received capsules containing crystalline diazoxide.)

Blood levels of glucose were determined with the Tech-
nicon Auto-Analyzer and frequently verified by the
Somogyi-Nelson technique (17). Plasma levels of in-
sulin were determined by the immunoassay of Yalow
and Berson (18) as previously described in detail from
this laboratory (15, 19).

Results
Healthy subjects

Levels of blood glucose and plasma insulin ob-
tained during the seven series of experiments in
the five healthy subjects are shown in Table II;
Figure 1 illustrates the principal findings.

Blood glucose. Before administration of benzo-
thiadiazine compounds, infusion of leucine pro-
duced large decreases in blood glucose in all the
chlorpropamide-pretreated subjects (p < 0.001).
Administration of trichlormethiazide for 2 days re-
sulted in an increase in fasting blood glucose lev-
els in six of the seven experiments (mean increase
of 8 mg per 100 ml; p < 0.01). Infusion of dj-

r
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Fic. 2. EFFECTS OF TRICHLORMETHIAZIDE AND DIAZOXIDE ON DAILY LEVELS OF
PLASMA INSULIN AND BLOOD GLUCOSE IN A PATIENT WITH AN INSULIN-SECRETING-

PANCREATIC ISLET CELL TUMOR.
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TABLE IV

Effects of administration of benzothiadiazine drugs on mean levels of blood glucose and plasma insulin in
five patients with insulin-secreting islet cell tumors

7:30-8 a.m.
(Last feeding at midnight unless

stated otherwise) Afternoon*
Benzothiadiazine Blood Blood
Patient administration glucose P Insulin P glucose P Insulin P
mg/100 ml nU/mi mg/100 ml wU/ml
S.L. Before (14 days) 95 43 3
<0.005 <0.005 <0.001 <0.001
Duringt and 2 days after 164 22 117 32
L.W. Before (11 days) 59 25
Duringt and 2 days after 72 17
AW. Before (11 days) 66 : 20 68 106
<0.001 <0.005 <0.005 <0.005
. During§ and 2 days after 90 10 89 38
H.R. Before (10 days) 57 64 )
- <0.001 <0.005
During|| 68 46
R.B. Before (6 days)
with 4 a.m. feeding 47 96
64 128
Before (6 days)
with 3 a.m. and 69 97
5:30 a.m. feedings <0.05 <0.05
vs. “4 a.m. vs. ‘4 a.m.
before” before”
During
with 4 a.m. feeding 95 <0.005 72  <0.005 85 o4
During** 120 <0.001 58  <0.001

* 2 hour postprandial—S.L.; 4 hour postprandial—A.W.; 3 hour postprandial—R.B.

1 1,820 mg diazoxide and 3 mg trichlormethiazide over 4 days (includes day diazoxide given intravenously).

1 2,220 mg diazoxide and 11 mg trichlormethiazide over 5 days (includes day diazoxide given intravenously).
§ 4,775 mg diazoxide and 17 mg trichlormethiazide over 12 days (includes day diazoxide given intravenously).
Il 3,200 mg diazoxide and 37 mg trichlormethiazide over 9 days (includes day diazoxide given intravenously).
4 2,400 mg diazoxide and 28 mg trichlormethiazide over 7 days (includes day diazoxide given intravenously).
** 5,700 mg diazoxide and 53 mg trichlormethiazide over 21 days.

azoxide after administration of trichlormethiazide
produced definite increases in blood glucose levels
in all subjects tested (maximal increases 13 to 33
mg, mean 22 mg per 100 ml; p < 0.001). When
this infusion was followed by the infusion of leu-
cine, the hypoglycemic effect of leucine was di-
minished in four of five subjects.

Almost identical results were obtained in sub-
jects G.M. and B.E. when these experiments were
repeated with a total of 390 mEq of potassium ad-
ministered over 2 days with concomitant adminis-
tration of the benzothiadiazine drugs.

During the intravenous insulin tolerance tests
performed in subjects G.M. and B.E., maximal
decreases in blood glucose were of the same order
of magnitude when performed before and with ad-
ministration of trichlormethiazide and diazoxide
(from 80 to 54 mg per 100 ml and from 80 to 40

mg per 100 ml before administration of benzothi-
adiazines, and from 147 to 112 mg per 100 ml and
112 to 64 mg per 100 ml, respectively, after ad-
ministration of benzothiadiazines).

Plasma levels of insulin. In chlorpropamide-
pretreated subjects, infusion of leucine produced
large increases in plasma levels of insulin in all
subjects (p < 0.001). After administration of
trichlormethiazide, insulin levels did not increase
during any of the 12 infusions of diazoxide even
though blood glucose levels rose on each occasion.
On the contrary, there were either definite de-
creases or a trend to decreases in plasma levels of
insulin during the infusions of diazoxide on day
6 of the experiments (trichlormethiazide-diazoxide-
leucine series, Table IT; p < 0.005). Similar ele-
vations of blood glucose levels (maximal increases
10 to 29 mg, mean 20 mg per 100 ml) after intra-
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TABLE V

Effect of intravenous administration of diazoxide upon levels of blood glucose

Infusion of saline or
diazoxide 0 to 60

Blood glucose at time in minutes

Patient minutes —-30 -15 0 15 30 45 60 75 90 105 120 150 180
mg/100 ml
R.B Saline 77 85 83 76 8 15 76 66 57 40
e Diazoxide, 600 mg* 60 64 69 69 71 71 72 85 92 100 106 117
H.R Saline 58 58 51 53 53 50 45 42 38 35 35
e Diazoxide, 600 mg* 56 65 65 67 72 80 8 97 107 101
SL Saline 122 104 95 71 42 34 36 40
e Diazoxide, 500 mgt 115 112 107 102 110 127 154 177 204 232 256

* Trichlormethiazide, 4 mg per day, had been given orally on preceding 2 days and again 1 hour before infusion.
1 Diazoxide, 1,320 mg, had been given orally during preceding 3 days.

venous administration of 5 g of glucose or 0.006
to 0.05 mg of glucagon to healthy subjects (11
tests) were accompanied by a mean increase in
plasma levels of insulin of 10 pU per ml. These
changes in plasma insulin are significantly different
from those obtained during the infusions of diazox-
ide (p < 0.001).

Infusion of leucine after administration of tri-
chlormethiazide and diazoxide resulted in lesser
increases in plasma levels of insulin than before

administration of these agents in three of the five
subjects (G.M., B.E., W.H.). In subject RK.
there was no significant decrease in plasma levels
of insulin when leucine was administered after
benzothiadiazines. However, when glucose was
administered intravenously to this subject 2 hours
after the end of the leucine infusion, the sum of the
increments in plasma levels of insulin over 60-
minutes was less after 2 and 3 days of administra-
tion of benzothiadiazines (253 and 170 pU per ml,

g%ucoss
- gm 1.V, -300
7o wm /\
N
60+ SN ~w. BLOOD GLUCOSE | 250
= 504 TRICHLORME THIAZIDE ) - E
E %0 4mg (0) Plasma Insulin 200 8
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2 : B g
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=4 | | o]
2 204 i ! -50
! ; PLASMA INSULIN
! I
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)
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1
!
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Fic. 3. EFFECTS OF TRICHLORMETHIAZIDE AND DIAZOXIDE UPON PLASMA INSULIN
AND BLOOD GLUCOSE IN A PATIENT WITH AN INSULIN-SECRETING PANCREATIC ISLET
CELL TUMOR. Trichlormethiazide, 8 mg per day, had been given orally (O) for 2

preceding days.

GTT = glucose tolerance test.
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and plasma insulin in three patients with insulin-secreting islet cell tumors

Plasma insulin at time in minutes

—-30 —-15 V] 15 30 45 60 75 90 105 120 150 180
: uU/mi

117 99 113 99 106 109 123 130 134 140

132 124 112 106 102 91 91 93 90 87 76 92
61 60 45 57 56 54 53 52 48 50 50
57 63 62 28 26 37 41 37 32 32
44 49 58 68 65 58 50 50
20 23 19 20 16 17 14 17 14 11 13

respectively) than before administration of benzo-
thiadiazines (320 pU per ml). In subject R.F.
leucine induced increases in plasma insulin that
were greater after administration of benzothiadia-
zines. However, as in the other subjects, the rise
in blood glucose levels (27 mg per 100 ml) pro-
duced by infusion of diazoxide did not evoke an
increase in plasma insulin.

When the experiments were repeated with po-
tassium administered concomitantly with the ben-
zothiadiazine drugs, almost identical decreases in
plasma levels of insulin were obtained in subject
G.M. (Table II).

In subject B.E. the infusion of leucine after ad-
ministration of benzothiadiazines and potassium
did not cause lesser increases of plasma insulin
than before benzothiadiazines. This subject did
not receive the 8 mg of trichlormethiazide just be-
fore the diazoxide infusion, as on the previous oc-
casion. However, as in the previous experiment,
there was a decrease in plasma levels of insulin
during the infusion of diazoxide, whereas blood
levels of glucose were rising.

Serum levels of sodium and potassium. Serum

levels of sodium and potassium obtained during
the experiments reported in Table II are given in
Table IIT.

Patients with insulin-secreting pancreatic islet cell
tumors

Infusion of diazoxide. In patient L.M., daily
fasting levels of insulin® varied between 23 and
28 pU per ml for 7 days before administration of

5In this laboratory mean fasting level of plasma insu-

lin in 105 nondiabetic subjects is 11 uU per ml with a
standard deviation of 6.8 xU per ml.

benzothiadiazines (Figure 2). Fasting blood glu-
cose levels varied between 42 and 62 mg per 100
ml. After administration of trichlormethiazide for
2 days, intravenous infusion of diazoxide produced
a decrease in plasma insulin from 25 to 3 to 5 pU
per ml (Figure 3), accompanied by an increase in
blood glucose from 78 to 120 mg per 100 ml 90
minutes after the beginning of the infusion. The
control infusion of saline before administration of
trichlormethiazide did not cause a similar decrease
in plasma insulin or an increase in blood glucose.
Intravenous administration of 25 g of glucose 90
minutes after the beginning of the diazoxide in-
fusion caused a maximal increase in plasma in-
sulin of only 10 pU per ml, accompanied by a large
increase in blood glucose (Figure 3). Intravenous
administration of glucose before administration of
benzothiadiazines had evoked a maximal increase
in plasma insulin of 46 pU per ml accompanied by
a smaller increase in blood glucose (Figure 3).
On the 3 days after administration of diazoxide
to this patient, plasma levels of insulin were 10,
13, and 9 pU per ml, whereas fasting blood glu-
cose levels were 127, 86, and 68 mg per 100 ml
(Figure 2). Several days after surgical removal
of the functioning islet cell tumor, plasma levels
of insulin were below 10 pU per ml, whereas fast-
ing blood glucose levels were in the normal range.
The effects of the infusion of saline or diazoxide
upon blood glucose and plasma insulin in patients
R.B.,, HR., and S.L. are given in Table V. In
each case blood glucose fell significantly during
and after infusion of saline but rose 42 to 154 mg
per 100 ml during a period of 120 to 150 minutes
after the beginning of the diazoxide infusion.
Plasma insulin remained constant or rose during
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the saline control test. After infusion of diazoxide,
plasma insulin fell significantly in all three patients.
Two other patients (L.W. and A.W.) who, like
patient S.L., had also received diazoxide orally for
several days before the infusion of diazoxide ex-
hibited qualitatively similar effects. However,
since plasma levels of insulin were at or below 10
U per ml immediately before the infusion of di-
azoxide, decreases of plasma insulin were small.
Twenty-four hours after the infusion of diazox-
ide, patient R.B. was fasted until 12 noon, his last
feeding having been at 4 a.m. Blood glucose lev-
els at 8, 10, and 11 a.m. and 12 noon were 101, 91,
82, and 90 mg per 100 ml, respectively. Plasma
levels of insulin at the same time intervals were
82, 84, 79, and 66 pU per ml. During a similar
period of fasting (saline control test, Table V)
blood glucose fell from 77 to 40 mg per 100 ml and
plasma levels of insulin were considerably higher
(99 to 140 pU per ml). ‘ '
Patient H.R. was fasted from midnight until
noon 2 days after the infusion of diazoxide. On
the day preceding this fast, she received 300 mg of
diazoxide and 3 mg of trichlormethiazide orally
in three divided doses. Blood glucose levels at
7 and 10:30 a.m. and 12 noon were 81, 77, and 87
mg per 100 ml, respectively. Plasma levels of in-
sulin at the same time intervals were 49, 33, and
42 U per ml. During a similar fast (saline con-
trol test, Table V) blood glucose fell from 58 to
35 mg per 100 ml, whereas plasma levels of in-
sulin ranged between 45 and 61 pU per ml.
Increases in levels of blood glucose and plasma
insulin produced by intravenous administration of

FAJANS, FLOYD, KNOPF, RULL, GUNTSCHE, AND CONN

glucose 120 to 150 minutes after the beginning of
infusion of diazoxide are given in Table VI. In-
creases in insulin levels were greatly depressed
after administration of the benzothiadiazine drugs
(maximal increases 11, 11, 12, and 18 U per ml,
respectively) as compared to control experiments
performed before the administration of benzothia-
diazines (maximal increases 47, 60, 68, and 69
pU per ml, respectively).

Adwministration of trichlormethiazide and di-
azoxide for 4 to 28 days. Administration of ben-
zothiadiazines for more prolonged periods of time
to five patients with insulin-secreting tumors pro-
duced large increases in blood glucose and sig-
nificant decreases in plasma insulin in the fasting
state as well as postprandially (Table IV). In
subject S.L.. an increase in the fasting blood glu-
cose level into the hyperglycemic range (mean
164 mg per 100 ml) was associated with a de-
crease in plasma insulin from a mean fasting level
of 43 uU per ml to a mean level of 22 pU per ml.
In subjects L.W., AW., and H.R,, increases in
blood glucose levels from the mildly hypoglycemic
to the normal range were accompanied by signifi-
cant decreases in fasting plasma levels of insulin.
The decreases in plasma levels of insulin that oc-
curred with administration of benzothiadiazines
were even more striking in samples obtained post-
prandially (Table IV). In patients S.L. and
L.W. the decreases in plasma levels of insulin
persisted for 4 days after discontinuation of ben-
zothiadiazines up to the day of surgical removal
of the insulinoma.

In subject R.B., the severity of fasting hypo-

TABLE VI

Increases in levels of blood glucose and plasma insulin after rapid intravenous administration
of 25 g of glucose in four patients with insulin-secreting islet cell tumors*

Increase in blood glucose at time in minutes

Increase in plasma insulin at time in minutes

Subject Infusion 10 15 20 30 40 45 50 60 10 15 20 30 40 45 50 60
mg/100 ml wU/ml

S.L. Control 103 53 23 6 3 2 60 23 -2 -—18 -29 -35

Diazoxide 170 153 148 133 118 O 1 5 11

L.W. Control - 182 146 96 61 31 59 69 28 13 -1

Diazoxide 157 135 121 109 91 12 4 0 -2 —4

AW. Control 98 94 79 63 49 28 68 16 9 12

Diazoxide 101 871 717 69 63 18 2 4 3 3

H.R. Control 146 110 92 63 50 47 20 1 —4 -1

Diazoxide 149 130 126 97 92 11 10 7 5 9

* Glucose was given 120 to 150 minutes after the beginning of diazoxide or control infusion.
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glycemia after an 8-hour fast necessitated more
frequent feedings. With a 4 a.m. feeding (a glass
of milk and a jelly sandwich) the mean level of
blood glucose at 8 a.m. was 47 mg per 100 ml and
mean plasma insulin was 96 pU per ml. When
feedings were given at 3 and 5:30 a.m., mean lev-
els were 69 mg per 100 ml and 97 U per ml, re-
spectively. After administration of benzothiadia-
zines for 7 days, mean levels were 95 mg per 100
ml and 72 pU per ml while a 4 a.m. feeding was
given. Because of the correction of hypoglycemia,
the 4 am. feeding was discontinued. During the
next 21 days of benzothiadiazine administration,
mean fasting blood glucose was 120 mg per 100
ml, and mean fasting plasma insulin was 58 pU
per ml after an 8-hour overnight fast.

Discussion

In chlorpropamide-pretreated healthy subjects
and in patients with functioning islet cell tumors,
administration of trichlormethiazide and diazoxide
produced consistent and significant increases in
blood levels of glucose. The present studies have
produced evidence which indicates that changes
in plasma levels of insulin are involved in mecha-
nisms by which these compounds induce hypergly-
cemia.

In the healthy subjects in whom administration
of trichlormethiazide and diazoxide produced con-
sistent and significant increases in blood levels of
glucose, there were no associated increases in
plasma levels of insulin. Similar increases in blood
glucose derived from exogenous or endogenous
(glucagon) sources of glucose produced signifi-
cant increases of plasma insulin. During the in-
fusions of diazoxide on day 6 of the experiments,
the increases in blood glucose were actually ac-
companied by decreases in plasma insulin. In one
subject in ‘'whom multiple intravenous glucose tol-
erance tests were performed, glucose induced in-
creases in plasma levels of insulin that were sig-
nificantly diminished by prior administration of
benzothiadiazines.

Administration of leucine to chlorpropamide-
pretreated subjects is a strong stimulus for in-
sulin release and consequent hypoglycemia, as has
been reported previously from this laboratory
(14-16). This is demonstrated again by the data
derived from the seven infusions of leucine before
administration of benzothiadiazines (Table II,
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Figure 1). After administration of the benzo-
thiadiazine drugs, infusion of leucine caused lesser
decreases in blood glucose in six, and lesser in-
creases in plasma insulin in four, of the seven ex-
periments. Thus, administration of these benzo-
thiadiazines may inhibit the increases in plasma
insulin that are evoked by administration of leu-
cine to chlorpropamide-pretreated subjects. This
stimulus to insulin release may be too potent un-
der these circumstances to be inhibited consistently
by the amounts of benzothiadiazine drugs ad-
ministered.

In patients with insulin-secreting tumors of the
pancreas, infusion of diazoxide after prior admin-
istration of trichlormethiazide caused prompt and
significant decrease in plasma levels of insulin
(Figures 2, 3; Table V). After infusion of di-
azoxide, increases in plasma insulin in response to
intravenous administration of glucose were greatly
reduced in comparison to the results obtained be-
fore administration of the drug (Figure 3; Table
VI). Associated increases in blood glucose were
greater after than before administration of the
drugs.

More prolonged administration of the two ben-
zothiadiazine drugs to patients with insulin-se-
creting tumors also caused clear-cut decreases in
plasma levels of insulin, and these were associated
with increases in levels of blood glucose into the
normal or hyperglycemic range (Table IV).

Thus, when blood glucose was rising as a result
of administration of trichlormethiazide and diazox-
ide to patients with islet cell tumors or to chlor-
propamide-pretreated healthy subjects, plasma lev-
els of insulin decreased or did not increase. In
both groups of subjects the benzothiadiazine drugs
inhibited the expected increases in plasma insulin
after administration of glucose. In some healthy
chlorpropamide-pretreated subjects benzothiadia-
zines inhibited leucine-induced increases in plasma
insulin. In the patients with insulin-producing
tumors, the drugs decreased fasting as well as
postprandial plasma levels of insulin. All these
findings can be interpreted to mean that trichlor-
methiazide and diazoxide decreased the secretion
of insulin and inhibited insulin release in response
to hyperglycemia. Only the finding of decreased
levels of insulin in portal blood after administra-
tion of benzothiadiazines could furnish direct proof
for such an effect in vivo. Nevertheless, our in-
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terpretation is strongly supported by the report of
Frerichs and Creutzfeldt that diazoxide inhibits
insulin release from pancreatic slices in vitro (20).
The in vitro addition of benzothiadiazines to nor-
mal human serum to which tracer radioactive in-
sulin was subsequently added produced no altera-
tion in the distribution of radioactive insulin
among the serum proteins, as demonstrated by
electrophoresis (5). This can be taken as evi-
dence against a possible alteration by benzothia-
diazines in the character of circulating insulin.

Whereas our studies indicate that decreased in-
sulin secretion, as well as failure of appropriate
increases in insulin secretion, is involved in
mechanisms by which trichlormethiazide and di-
azoxide induce hyperglycemia, they do not ex-
clude additional mechanisms. Benzothiadiazines
have been reported to contribute to hyperglycemia
by effects that are exerted through extrapancre-
atic mechanisms. Thus, diazoxide has been shown
to elicit a hyperglycemic effect in surgically depan-
creatized dogs (9).

The results of the present studies also indicate
that trichlormethiazide and diazoxide have effects
upon blood glucose that are not explained by al-
terations in plasma levels of insulin. In two ex-
periments in chlorpropamide-pretreated healthy
subjects, administration of leucine produced less
hypoglycemia after administration of benzothia-
diazines despite either the same or even larger in-
creases in plasma insulin than when leucine was
administered before administration of benzothia-
diazines. These effects on blood glucose do not
appear to be due to decreased sensitivity to en-
dogenous insulin. Decreases in blood glucose af-
ter administration of exogenous insulin were not
blunted in the two subjects in whom insulin tol-
erance tests were performed after administration
of benzothiadiazines. Other investigators have
also reported that benzothiadiazines do not im-
pair sensitivity to insulin (5, 10, 11). In some of
the patients with functioning islet cell tumors, hy-
perglycemia followed acute or continued adminis-
tration of benzothiadiazines, whereas plasma levels
of insulin were still greatly elevated (Tables IV
and V). It is thus apparent that important extra-
insular blood sugar raising mechanisms are acti-
vated by these compounds.

In some experiments in chlorpropamide-pre-
treated healthy subjects blood glucose rose during
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the second infusion of diazoxide on day 7 of the
experiments without any changes in plasma insu-
lin (trichlormethiazide-diazoxide-saline series, Ta-
ble IT). In patient L.M. the fasting blood glu-
cose level had risen to 127 mg per 100 ml the day
after infusion of diazoxide, whereas it had de-
creased to 86 and 68 mg per 100 ml on the next 2
days. Plasma levels of insulin were depressed to
the same extent on all 3 of these days after ad-
ministration of the drug. These findings could
also be interpreted as being due to extrapancreatic
effects. On the other hand, small decreases or in-
creases in pancreatic insulin release may not be
reflected' in peripheral plasma levels of insulin.
Small increases in pancreatic insulin release suffi-
cient to cause fasting hypoglycemia in patients
with functioning pancreatic islet cell tumors may
be reflected by elevated levels of insulin in portal
blood at a time when normal levels are found in
peripheral venous blood (21).

The mechanisms by which these benzothiadia-
zine drugs decrease the apparent secretory capacity
of normal and pathologic pancreatic beta cells and
increase blood glucose by extrapancreatic effects
are not apparent from these studies. In experi-
mental animals oral administration of large
amounts of potassium salts together with oral ad-
ministration of benzothiadiazines has decreased the
magnitude of benzothiadiazine-induced hypergly-
cemia (22, 23). It has also been shown that po-
tassium deficiency results in an exaggerated hyper-
glycemic response to diazoxide (11). In seven
patients with chlorothiazide-induced glucose in-
tolerance, supplements with 65 mEq of potassium
per day for 7 days were observed to reverse sig-
nificantly the thiazide effect (24). In the present
study levels of serum potassium were slightly
lower after administration of trichlormethiazide
than before its administration (trichlormethiazide
is a natriuretic and kaluretic benzothiadiazine;
diazoxide is not). When the experiments were
repeated in two healthy subjects, this time giving
390 mEq of potassium over a 493-hour period
concomitantly with benzothiadiazines, increases in
blood glucose and lack of appropriate increases in
plasma insulin were the same, even though se-
rum levels of potassium were higher. In both sub-
jects leucine-induced hypoglycemia was diminished
to the same extent, and in one subject there was
the same inhibition of insulin release after infu-
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sion of leucine as when benzothiadiazines were
given without potassium. These experiments sug-
gest that the effects of benzothiadiazines in these
subjects were not related to hypokalemia or due
to depletion of body potassium, but do not ex-
clude more specific effects of benzothiadiazines on
intracellular electrolyte metabolism.

It has been suggested that adrenergic influences
may constitute a significant component of benzo-
thiadiazine hyperglycemia (9, 11, 25) and that po-
tassium changes merely alter the sensitivity of
sympathetic nerve elements or receptors (11). In-
creased release of catecholamines or increased cate-
cholamine activity might explain part of the ex-
trapancreatic hyperglycemic effect of this series
of compounds. In addition, it has been reported
that epinephrine may decrease release of insulin
from the pancreatic islet cells, both in witro (26)
as well as in vivo (27). Thus, decreases in plasma
insulin produced by benzothiadiazines may be due
in part to increased release or activity of catechola-
mines. Since in the present studies depressed in-
sulin levels persisted for at least 3 days after dis-
continuation of administration of benzothiadia-
zines to some of the patients with functioning islet
cell tumors, other mechanisms may be involved.
Also, diazoxide has been shown to have a direct
effect upon insulin release from pancreatic slices
in vitro (20). We have initiated studies to in-
vestigate the relation between possible changes in
plasma and urinary levels of catecholamines and
changes in levels of plasma insulin and blood glu-
cose during administration of diazoxide to patients
wtih functioning islet cell tumors. It seems sig-
nificant, in view of the possible involvement of
catecholamine activity in diazoxide hyperglycemia,
that in organic hyperinsulinism the effects of ben-
zothiadiazines are similar to those produced by ad-
ministration of epinephrine, and that 1 mg of epi-
nephrine HCl given twice daily was capable of
preventing any hypoglycemic episodes for con-
secutive days on a standard regimen in which two
to four convulsive attacks (blood glucose 14 to 34
mg per 100 ml) had occurred daily during the pre-
ceding 11-day period (28). :

Diazoxide has been used therapeutically to con-
trol severe hypoglycemic states. Drash and Wolff
(29) first reported its use in a leucine-sensitive
child with idiopathic hypoglycemia. In two pa-
tients with metastatic islet cell carcinoma, Bleicher,
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Chowdhury, and Goldner (12) and Ernesti,
Mitchell, Raben, and Gilboa (13) were able to
prevent frequent severe hypoglycemic attacks by
the combined oral administration of diazoxide and
other benzothiadiazines. In our patient R.B., oral
administration of diazoxide and trichlormethiazide
permitted discontinuation of multiple nighttime
feedings and uninterrupted sleep during a period
of 3 weeks while the patient was awaiting surgery.
These studies suggest that administration of these
agents to patients with inoperable islet cell tumors
is of value, in part by virtue of their depressing
effects upon both fasting and postprandial hyperin-
sulinemia.

Summary

The effects of trichlormethiazide and diazoxide
on plasma levels of immunoassayable insulin and
blood levels of glucose have been evaluated in five
chlorpropamide-pretreated healthy subjects before
and after administration of leucine and in six pa-
tients with functioning islet cell tumors.

In the healthy subjects, the benzothiadiazine
drugs produced elevations in blood glucose that
were either associated with decreases or were not
associated with increases in plasma insulin. Leu-
cine-induced hypoglycemia and hyperinsulinemia
were attenuated. The benzothiadiazine drugs did
not decrease the hypoglycemic effect of exogenous
insulin.

In the patients with insulin-producing pancreatic
islet cell tumors, the benzothiadiazine drugs de-
creased hypoglycemia and hyperinsulinemia in the
fasting state as well as postprandially. Glucose-
induced insulin release was greatly diminished.

These studies indicate that decreased insulin
secretion as well as failure of appropriate in-
creases in insulin secretion is involved in mecha-
nisms by which trichlormethiazide and diazoxide
induce hyperglycemia. They also suggest that
these benzothiadiazines increase blood glucose by
mechanisms that do not involve alterations in
plasma insulin.

Addendum

Since completion of this manuscript, two studies have
been presented in abstract form (30, 31) from which the
authors also concluded that the hyperglycemic action of
diazoxide is related, at least in part, to a decrease in in-
sulin release. In a patient with unresectable islet cell
carcinoma (31), oral administration of diazoxide had
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been used successfully for 11 months in preventing almost
daily episodes of hypoglycemic convulsions or coma that
had occurred before diazoxide administration.

-We have administered trichlormethiazide and diazoxide
to an additional five patients with insulin-secreting pan-

creatic islet cell adenomas.

Acute or more prolonged

administration of these compounds produced decreases
in plasma insulin and increases in blood glucose similar
to those described for our first six patients.
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