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Effect of diuretics on mouse blood sugar following
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Summary
1. Frusemide, in doses which were maximal or supramaximal in respect of its
natriuretic, diuretic and kaliuretic properties, produced a dose dependent,
transient hyperglycaemic response in the mouse.
2. Bilateral nephrectomy resulted in a complete abolition of the hypergly-
caemic response.
3. The hyperglycaemic response was accompanied by a decrease in liver
glycogen and was significantly attenuated by adrenalectomy, adrenal demedul-
lation and pretreatment with dihydroergotamine (DHE).

4. In the nephrectomized mouse frusemide treatment produced a marked
reduction in intravenous glucose tolerance and a reduction in the plasma
concentration of immunoreactive insulin following glucose administration. The
drug had no detectable effect upon insulin sensitivity.

5. Hydrochlorothiazide exerted no detectable effect on mouse blood sugar.

6. Ethacrynic acid hyperglycaemia was obtainable after intraperitoneal or
intramuscular injection, but not after intravenous injection. Intravenously
administered ethacrynic acid exerted no effect upon intravenous glucose
tolerance or insulin sensitivity in the nephrectomized mouse.

Introduction

The ability of the benzothiadiazine diuretics to impair glucose tolerance in some
individuals is well documented (Wilkins, 1959 ; Goldner, Zarowitz & Akgun, 1960 ;
Shapiro, Benedek & Small, 1961 ; Wolff, Parmley, White & Okun, 1963 ; Weller &
Borondy, 1965 ; Zamrazil, Dvorak, Oskera & Zamarazilova, 1967 ; Breckenridge,
Dollery, Welborn & Fraser, 1967). A similar effect has also been reported follow-
ing treatment with ethacrynic acid (Lebacq & Marcq, 1967 ; Andersen & Persson,
1968) or frusemide (Toivonen & Mustala, 1966 ; Jones & Pickens, 1967 ; Hutcheon
& Leonard, 1967), although reports to the contrary appear in relation to both drugs
(Dige-Petersen, 1966 ; Ozen, Sandalci & Berker, 1966 ; Feldman & Diamond, 1967 ;
Jackson & Nellen, 1966 ; Schaefer, 1964 ; Morét, 1966 ; McKenzie, Fairley & Baird,
1966). Attempts have been made to investigate these effects using single dose ad-
ministration in the experimental animal.

Ethacrynic acid (Tabachnick, Gulbenkian & Yannell, 1965 ; Foy, 1967 ; Wales,
Grant & Wolff, 1968) and frusemide (Foy, 1967 ; Wales et al., 1968) produce hyper-
glycaemia after acute intraperitoneal administration to the intact rat, and ethacrynic
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acid is hyperglycaemic in the mouse (Foy & Furman, 1967). Formanek & Kenner
(1966) showed oral glucose tolerance and insulin sensitivity to be impaired in the
rat after acute administration of frusemide. The underlying mechanisms in the
production of the acute hyperglycaemic response to ethacrynic acid and frusemide
are not yet established and this paper describes results of an investigation into their
effects on blood sugar in the mouse.

The effects of hydrochlorothiazide have also been investigated, since conflicting
reports appear in the literature concerning the ability of diuretic benzothiadiazine
derivatives to produce hyperglycaemia in the normal rat after acute administration
(Watson, van Pelt & Winter, 1964 ; Senft, Losert, Schultz, Sitt & Bartelheimer, 1966 ;
Tabachnick ez al., 1965 ; Foy, 1967 ; Guidox, 1969).

Methods

Female, white mice (Tuck No. 1 strain) weighing approximately 30 g were used
throughout, the animals being allowed food and water ad lib. until the beginning of
the experiment.

Blood samples were removed under light ether anaesthesia, from the femoral
vein, not more than two blood samples (that is, one pretreatment and one post-
treatment) being removed from any one animal. In some mice adrenalectomy was
performed one week before use ; in others adrenal demedullation was performed
3 weeks before use. Adrenalectomized mice were given 0-9% sodium chloride
solution in place of drinking water. Adrenal demedullated mice were similarly
treated during the first week after surgery and thereafter given normal drinking
water. Bilateral nephrectomy was performed, 4-6 h before use, through a dorsal
skin incision, great care being taken to preserve intact the adrenals and their blood
supply. Urine was collected (from pairs of mice housed together) using modified
mouse Metabowls (Jencons, Ltd.).

Urinary sodium and potassium were determined using an Eel flame photometer.
Blood sugar was determined by the microcolorimetric copper reduction technique
of Haslewood & Strookman (1939) using 0-05 ml samples. Plasma immunoreactive
insulin was estimated by the method of Hales & Randle (1963) using iodine-125
labelled insulin and insulin antibody precipitate obtained from the Radiochemical
Centre, Amersham. Plasma was assayed using beef insulin standards. Although
the use of beef insulin standards would probably result in an underestimate of the
true immunoreactive insulin concentrations, it would appear that the method could
be validly applied to mouse plasma as the various pretreatments used (fasting,
glucose loading and alloxan administration) resulted in changes in plasma insulin
concentrations in the anticipated directions (Fig. 1).

Liver glycogen was determined on 200 mg samples using the phenol-sulphuric
acid method of Montgomery (1957) after ethanol precipitation from potassium
hydroxide liver digests.

The following drugs were used and, unless otherwise stated, were dissolved in
0:9% sodium chloride solution at the stated pH: ethacrynic acid (Merck, Sharp &
Dohme), pH 7-6 ; frusemide (Hoechst Pharmaceuticals), pH 8-5 ; hydrochlorothiazide
(Ciba), pH 10-2 ; diazoxide (Allen & Hanburys), pH 10-8 ; bovine crystalline insulin
(Calbiochem), pH 3-5 ; dihydroergotamine methane sulphonate (Sandoz) dissolved
in propylene glycol and diluted in 0:9% sodium chloride solution. Control solutions
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consisted of solvents for the above drugs having the same pH and composition.
Control experiments were performed alongside all experiments in which drugs were
used. Statistical significance was assessed using Student’s ¢ test, significance being
accepted where P<<0-05.

Results
Blood sugar

Table 1 shows the effect of various doses of frusemide and hydrochlorothiazide
on mouse blood sugar. Frusemide in doses of 50, 100 and 200 mg/kg intraperi-
toneally produced a dose-dependent hyperglycaemic response. Lower doses exerted
no effect on mouse blood sugar. The hyperglycaemic response to 200 mg/kg was
transient, being at a maximum 1 h, and undetectable 3 h after injection.

Hydrochlorothiazide, in doses between 1 and 200 mg/kg, exerted no detectable
effect upon mouse blood sugar up to 5 h after intraperitoneal injection.

30=
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FIG. 1. Plasma concentrations of immunoreactive insulin in mice subjected to various treat-
ments. The insulin values are expressed in terms of a beef insulin standard. ([J), Fasted ;
(#), glucose treated—oral; (), glucose treated—intravenous; (j||), normal—fed ad lib. ;
(), alloxan (diabetic). Each column represents the mean (+S.E.) of ten observations. (a),

Statisticsally significant difference between insulin concentrations in treated and control mice
(P<0-05).
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From Table 2 it can be seen that ethacrynic acid was capable of producing hyper-
glycaemia after intraperitoneal or intramuscular injection but not after intravenous
injection. Ethacrynic acid solutions appeared to be irritant when administered
intraperitoneally or intramuscularly. Frusemide hyperglycaemia was manifest after
administration by any of the three routes.

TABLE 1. Effect of intraperitoneally administered frusemide or hydrochlorothiazide upon mouse blood

sugar
Dose Time after Blood sugar (mg/100 ml) Level of
Drug (mg/kg) [*] injection (h) Initial Final significance
Frusemide 0 [10] 1 132:0+40 1400+ 56 } _
10 [10] 130-0+53 1420+ 5-1
0 [10] 1264448 13454 4-8 } _
2(5) Hg} 1259453 1408+ 64
1297432  121-5+ 47 y
50 Hg} 1280151 1438% 73 } P<002
0 1253451 1381+ 32 "
100 {10{ 1203154 1608% 53 } P<0-005
0 [10 123-84+49 14424 29 '
200 [10] 1249153 21591159 } P<0:001
Frusemide 0 [10] 2 1182434 11344+ 69 } P<005
200 [10] 127-74+3-8 14094+ 99
Frusemide 0 [10] 3 123-0+4-8 103-04 3-7 } _
200 [10] 122-3456 10904 4-6
Hydrochlorothiazide 0 [10] 1 116:0+45 12994 9-1 }
1 [10] 112:04+72 1249+ 56 -
0 [10] 1232461 14414 80 } _
5 [10] 1259456 140-8+ 85
0 [10] 1252455 140-04 84 } _
50 [10] 1249468 13844 71
0 [10] 107-5+46 1262+ 87 } _
100 [10] 106-54+51 12394+ 7-7
0 [10] 1194453 1287+ 7-6 } _
200 [10] 1159458 12434+ 5-7
Hydrochlorothiazide 0 [10] 2 119:0+56 1193+ 5-7 } _
200 [10] 1145460 11624+ 53
Hydrochlorothiaxide 0 [10] 3 1299471 11394 47 } _
200 1300476 11254 49
Hydrochlorothiazide 0 [10] 4 117-8 +4-1 95-4+ 3-1 } _
200 [10] 119-54-56 960+ 3-5
Hydrochlorothiazide 0 [10] 5 122-1+46 9014 29 }
200 [10] 117-04+-39 91-5+ 31 -

[*] Indicates the number of observations.

TABLE 2. Influence of the route of administration upon the hyperglycaemic response to ethacrynic acid

or frusemide
Blood sugar (mg/100 ml)
Dose . meanzS.E. Level of
Drug (mg/kg) [*] Route Initial Final significance
Ethacrynic acid 0 [10] i.p. 1189452 1224+ 49 .
50 [10] ip. 1297162 20001150 } P<0-001
1h { 0 [10] iv. 1148143 1011+ 37} _
50 [10] iv, 1064158 1092% 61
2h { 0 [10] iv. 1210141 1220+ 4~9} _
50 [10] iv. 1172148 1153% 24
0 [10] i.m. 1181445 1040+ 3-5 !
50 [10] im. 1143£33  232:0+£20-6 } P<0-001
Frusemide 0 [10] i.p. 1240143 1331+ 33 } P<0-001
: 200 [10] ip. 1278161 2240+149
0 [10] iv. 1153460 1171+ 55 ,
200 [10] iv. 1190151 1988L141 } P<0001
0 [10] i.m. 1187162 1267+ 57 _
100 [10] im. 1095156 166811 1} P<0-005

[*] Indicates the number of observations.
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TABLE 3. Effect of intraperitoneally administered ethacrynic acid, frusemide or hydrochlorothiazide
upon mouse urine volume and the urinary excretion of sodium and potassium

Drug Dose Urine Volume Urinary Na+ Urinary K+
(mg/kg) (ml/100 g mouse) (» Eq/100 g (» Eq/100 g
[*] mean—+S.E. mouse mouse
1h 5h at5h) at5h)
Ethacrynic acid 0 [10] 0-0 04402 198437 70418
1[6 2:440-5 3-84+0-3 639450 9419
5[6 31404 544-0-5 834454 165426
10 [5 53402 7-840-1 1259433 317427
20 [5 4-54-0-3 7-540-4 1217485 273419
50 [6 2:640-3 68105 974472 211417
(3:6+0-3) (74404 (1087455 (231+13)
Frusemide 0 [10] 0-0 024+0-8 162472 84438
2:5([5 1:740-2 1-840-2 2904-34 110+18
5[5 3-040-2 3:0+02 446-+22 150412
10 [5 32405 35404 5304161 137420
255 4-1+1-5 4-74-0-4 626+ 67 186425
50 [6 4:3+4+0-2 6940-4 10104-82 193421
100 [6 49402 84406 1250449 312420
200 [6 4-3+4+0-2 7-6+0-8 1097457 239414
43+04) (7:6+0-2) (1128 4-58) (260+-16)
Hydrochlorothiazide 0 [10] 00 0-8+0-3 193+63 77423
1[5 05402 21105 533191 150£22
2[5 12404 29404 729480 214+13
10 [5 12402 30405 709+82 167423
20 [5 1:04+0-2 30405 654427 191415
50 [5 1-6+0-2 3:04-0-5 712465 190416
200 [5 0940-2 36405 803495 2304-22

[*] Indicates the number of pairs of mice in a treatment group.
(\l'alues in parentheses indicate values obtained after intravenous administration of the same dose of
rug.
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FIG. 2. Effect of bilateral nephrectomy (4-6 h before use) upon the hyperglycaemic response

evoked by ethacrynic acid (2 h after 50 mg/kg ip.) or frusemide (1 h after 200 mg/kg ip.).

(C)), Sham-operated ; (%), nephrectomized. Each column represents the mean (+S.E.) of ten

observations. (I), Initial (pretreatment) blood sugar values ; (F), final (post-treatment) blood

sugar values. (a), Statistically significant difference between the effect of the two procedures

g<8g§;, (b), statistically significant difference between pre- and post-treatment values
<<0-05).
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Natriuresis, diuresis and kaliuresis

Table 3 shows the effects of various doses of ethacrynic acid, frusemide and
hydrochlorothiazide upon the volume of mouse urine and the urinary excretion of
sodium and potassium. Maximal natriuretic, diuretic and kaliuretic responses were
evoked by 10 mg/kg ethacrynic acid, 50 mg/kg frusemide and 2 mg/kg hydro-
chlorothiazide.

The maximal responses elicited by ethacrynic acid and frusemide were quantita-
tively very similar and with both drugs at least 609 of the total diuretic response
was achieved within 1 h of injection. The maximal diuresis evoked by these latter
two agents was at least twice that evoked by hydrochlorothiazide. Sodium excre-
tion under the influence of hydrochlorothiazide, although less than that under the
influence of ethacrynic acid or frusemide, was not proportionately less in relation to
the lower urine volume. Potassium excretion differed little between the three drugs.

Bilateral nephrectomy

Bilateral nephrectomy (performed 4-6 h before use) significantly reduced the
hyperglycaemic response elicited by ethacrynic acid and completely abolished the
hyperglycaemic response to frusemide, the responses being fully manifest in sham-
operated animals (Fig. 2).
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FIG. 3. Influence of adrenalectomy, adrenal demedullation or pretreatment with dihydro-
ergotamine (10 mg/kg s.c. 60 min before diuretic injection) on the hyperglycaemic response
evoked by frusemide (1 h after 200 mg/kg ip.). A: ([J), Sham-operated; (l|/), Ad-x. B:
@), Sham-operated ; (). demed. C: (J), Control; (%), DHE. Each column represents
the mean (+S.E.) of ten observations. (I), Initial (prefrusemide) blood sugar value ; (F), final
(postfrusemide) blood sugar value. (a), Statistically significant difference between the effects of
different treatments (that is between DHE and control, or operated and sham-operated)
(P<<0-05) ; (b), statistically significant difference bstween pre- and postfrusemide blood sugar

values (P<<0-05).
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Adrenalectomy, adrenal demedullation or pretreatment with
dihydroergotamine (DHE)

Figure 3 shows that the hyperglycaemic response to frusemide was significantly
attenuated by adrenalectomy or by adrenal demedullation, and very markedly and
significantly attenuated by pretreatment with DHE.

Liver glycogen

In the intact animal frusemide treatment resulted in a significant reduction in
liver glycogen 1 h after injection (P<<0-05), the values obtained being as follows:

Liver glycogen in controls (mean +S.E.) 37-5 +3-1 mg/g wet weight ; [n=10].

Liver glycogen in frusemide (mean+sS.E.) 21-0+3-5 mg/g wet weight treated
mice (200 mg/kg intraperitoneally) ; [n=10].

Intravenous glucose tolerance and insulin sensitivity

In order to eliminate the complications in interpretation which would arise in the
intact animal from diuretic-induced alterations in extracellular fluid volume and
possible alterations in the renal excretion of glucose, the effects of ethacrynic acid
and frusemide upon intravenous glucose tolerance and insulin sensitivity were
assessed in the nephrectomized mouse. Treatment with ethacrynic acid (50 mg/kg
intravenously) had no effect upon glucose tolerance or insulin sensitivity (Fig. 4).
Frusemide treatment produced a marked reduction in intravenous glucose tolerance
without affecting the hyperglycaemic action of exogenous insulin (Fig. 4).
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FIG. 4. Effect of ethacrynic acid (50 mg/kg i.v.) or frusemide (200 mg/kg i.v.) upon intra-
venous glucose tolerance and insulin sensitivity. Ninety minutes after diuretic administration,
glucose (1 g/kg iv.) or insulin (0-1 u/kg i.v.) was injected, blood samples being removed at
the time intervals shown after glucose injection and at 30 min after insulin injection ((J),
Control ; (), diuretic treated. column represents the mean (+S.E.) of ten observations.
(@), initial (prediuretic) blood sugar values; (F), final (postinsulin) blood sugar values. (a),
Statistically significant difference between diuretic and control treatment (P<<0-05) ; (b), statis-
tically significant difference between pre- and post-treatment values (P<<0-05).
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Plasma concentrations of immunoreactive insulin

In these experiments frusemide was compared with diazoxide, since this agent
is known to block insulin secretion in other species (Loubatiéres, Mariani & Alric,
1968). Frusemide and diazoxide were examined in the nephrectomized and intact
mouse, respectively. It is evident (Fig. 5) that neither diazoxide nor frusemide had
any real effect upon ‘normal fed’ insulin concentrations. However, diazoxide-
treated mice are markedly hyperglycaemic 90 min after injection and thus a relative
suppression of insulin release is inferred. Both drugs caused a significant reduc-
tion, compared with the controls, of plasma immunoreactive insulin concentrations
following glucose administration.

Discussion
From the results it can be seen that frusemide treatment in the mouse was capable

of producing an acute hyperglycaemic response as previously demonstrated in the
rat (Foy, 1967 ; Wales et al., 1968).

120 4 1

Plasma insulin (micro units/ml)

Diazoxide Frusemide Diazoxide Frusemide

FIG. 5. Effect of diazoxide (50 mg/kg i.p. in normal mice) or frusemide (200 mg/kv iv. in
nephrectomized mice) upon plasma concentrations of immunoreactive insulin. In experiment
A%Iood was removed 90 min after injection of drug (>-%') or control solution (||/|). In experi-
ment B blood was removed 2 min after the injection of glucose (1 g/kg i.v.), the glucose being
injected 90 min after administration of drug or control solution. Each column represents the
mean (+S.E.) of ten observations in experiment A or six observations in experiment B. (a),
Statistically significant difference between drug and control treatments (P<<0-05).
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Hydrochlorothiazide treatment failed to exert any detectable effect upon mouse
blood sugar, this being in agreement with the findings, in the normal rat, of Watson
et al. (1964), Senft et al. (1966) and Guidox (1969) although, using the rat, other
workers (Tabachnick et al., 1965 ; Foy, 1967) have shown hydrochlorothiazide to
produce an acute hyperglycaemic response.

The failure of intravenously administered ethacrynic acid to produce hyper-
glycaemia in the intact mouse, or to affect glucose tolerance or insulin sensitivity
in the nephrectomized mouse, together with the observed irritancy of ethacrynic
acid solutions when administered intraperitoneally or intramuscularly, would
suggest that, in the mouse, ethacrynic acid exerts no real effect on carbohydrate
metabolism following acute treatment. The hyperglycaemia resulting from intra-
peritoneal or intramuscular injection seems to be associated with the irritant effect
of the drug solutions, such an irritant effect possibly provoking the release of
adrenal medullary catecholamines. A role for the adrenal medulla in the produc-

tion of hyperglycaemia by ethacrynic acid has been suggested previously (Foy, 1967 ;
Foy & Furman, 1967).

The abolition of frusemide hyperglycaemia by nephrectomy provided strong evi-
dence that this response was in some way associated with the marked natriuretic,
diuretic and kaliuretic properties of the drug. This would agree with the findings
of Senft et al. (1966) who, using nephrectomized alloxan-diabetic rats, could not
obtain the hyperglycaemic response that could be demonstrated in © intact * alloxan-
diabetic animals. However, several points suggest that the renal responses, although
obviously important, are not the sole factors involved. First, it is evident that
some dose-effect relationship is present concerning the hyperglycaemic response, but
all doses producing hyperglycaemia exert approximately the same (maximal) natri-
uretic, diuretic and kaliuretic effect. The observation is in agreement with the find-
ings concerning ethacrynic acid hyperglycaemia in the mouse (Foy & Furman, 1967)
and ethacrynic acid and frusemide hyperglycaemia in the rat (Wales ez al., 1968).
Second, intravenously administered ethacrynic acid, whilst producing very similar
renal responses to those produced by intravenously administered frusemide, failed
to produce a hyperglycaemic response, further suggesting that the renal effects were
not solely responsible for frusemide hyperglycaemia. Third, in the nephrectomized
mouse, frusemide treatment produced a marked reduction in glucose tolerance. The
reduction in glucose tolerance was associated with a significant reduction in the
plasma concentrations of immunoreactive insulin following glucose loading. Such
an effect has been demonstrated previously in relation to diazoxide hyperglycaemia
in other species (Loubatiéres et al., 1968) and diazoxide also appears to exert this
effect in the mouse. The discrepancy between the results presented in this paper
and those of Senft et al. (1966), who could not show any effect of frusemide on
glucose-stimulated insulin secretion, cannot readily be explained.

The hyperglycaemic response to frusemide in the intact mouse appears to involve,
at least in part, some adrenergic mechanism in view of the fairly rapid onset and
transient nature of the response, the associated reduction in liver glycogen, the
attenuation of the response by adrenalectomy and adrenal demedullation and the
marked attenuation of the response by dihydroergotamine, an agent known to block
adrenaline hyperglycaemia in the rat (Kennedy & Ellis, 1969) and in the mouse
(Furman, 1970). From the foregoing it can be suggested that, in the intact mouse,
the rapid reduction in extracellular fluid space accompanying frusemide diuresis
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provokes the release of catecholamines. It is possible that the resultant glyco-
genolysis becomes manifest as hyperglycaemia in the case of frusemide but not
ethacrynic acid, due to the apparent ability of the former drug to suppress the rate
of disappearance of a glucose load. In view of the failure of frusemide to diminish
the sensitivity of the mice to exogenous insulin, it is attractive to suggest that the
impairment of intravenous glucose tolerance is due to the demonstrated suppression
of glucose-stimulated insulin secretion. Further work is in progress to determine
whether or not the suppression of glucose-stimulated insulin secretion by frusemide
is due to a direct action of the drug on the B cells of the islets of Langerhans or to
a non-specific alteration in pancreatic haemodynamics.

We thank the Science Research Council for financial assistance and Professor W. C. Bowman
for his helpful criticism of the manuscript.
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