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Probenecid potentiates the hyperglycaemic effect but
reduces the diuretic effect of frusemide in mice

Per-Erik Sandstrom

Department of Histology and Cell Biology, University of Umed, S-901 87 Umed, Sweden

1 The effect of probenecid on frusemide-induced diuresis and hyperglycaemia was studied in mice.

2 Probenecid, a known inhibitor of tubular secretion of organic anions in the kidney, strongly
reduced the diuretic response to frusemide (25 or 200 mg kg~ body weight). This effect of probenecid
appeared to be dose-dependent up to 240 mg kg~ ' body weight, at least at the lower concentration of

frusemide.

3 Pretreatment with probenecid (240 mg kg~ body weight) potentiated the hyperglycaemic effect of

frusemide (25 or 200 mgkg ™' body weight).

4 The results show that probenecid has opposite effects on frusemide-induced diuresis and
hyperglycaemia in mice. It is suggested that the acute hyperglycaemic effect of frusemide is not directly

linked to diuresis.

Introduction

Frusemide is extensively used in clinical practice as a
potent diuretic drug (Atkins, 1966; Cutler & Blair,
1979; Valmin et al., 1980). However, it is well known
that it also induces hyperglycaemia (for review, see
Furman, 1981) and in some cases causes diabetes
mellitus (Mustala & Toivonen, 1965; Jones & Pickens,
1967, Walsh & O’Sullivan, 1974).

Several studies on the diabetogenic action of
frusemide in laboratory animals have been published.
The early investigations by Senft (1966) showed that
neither single-dose nor long-term administration of
frusemide (200 mg kg ™' body weight) to rats affected
serum glucose or serum insulin levels. Later studies
have indicated that single-dose administration to mice
(Foy & Furman, 1971) or rats (Wales et al., 1968;
Aynsley-Green & Alberti, 1973; Wexler, 1981) can
elicit a transient hyperglycaemia. The precise reasons
for the diabetogenic action in laboratory animals are
unclear, although several mechanisms have been
proposed. Thus it has been suggested that hyper-
glycaemia occurs secondary to renal effects; diuresis-
induced hypotension could result in the release of
catecholamines followed by glycogenolysis (Aynsley-
Green & Alberti, 1973; Foy & Furman, 1973). An
alternative suggestion is that diuresis-induced distur-

bances of serum electrolyte concentration may cause
the change in carbohydrate metabolism (Aynsley-

‘Green & Alberti, 1973).

Frusemide is actively secreted from the plasma into
the renal tubuli (Bowman, 1975), where it exerts its
major action by inhibiting the active re-absorption of
chloride in the thick ascending loop of Henle (Burg et
al., 1973). The secretion of frusemide from plasma into
the tubuli can be blocked by co-administration of
probenecid (Bowman, 1975), which is an effective
blocker of tubular secretion of organic anions.
Pretreatment with probenecid abolishes the diuretic
response to frusemide in dogs (Hook & Williamson,
1965) and in cats (Friedman & Roch-Ramel, 1977). In
humans, pretreatment with probenecid decreases
renal and non-renal clearance of frusemide (Homeida
et al., 1977; Honari et al., 1977; Chennavasin et al.,
1979) with an increase in the plasma concentration and
half-life of the drug (Homeida et al., 1977; Honari et
al., 1977).

The hypothesis that the diabetogenic effect of
frusemide might be secondary to the renal action of the
drug can be tested by investigating whether blockage
of the diuretic effect of frusemide affects the
diabetogenic action of the drug. In the present study
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we have therefore investigated whether pretreatment
with probenecid affects the diuretic and hyper-
glycaemic effect of frusemide in mice.

Methods
Animals

Adult non-inbred, female mice (lean litter-mates from
the breeding of Umea ob/ob mice) were used in all
experiments. The animals were kept alone in cages.
They were allowed free access to water and food both
before and during the experiments, except during the
actual experimental handlings (injections, sampling of
blood or weighing). All experiments were performed
between 07 h 00min and 12h 00 min.

Drug treatment

Frusemide was dissolved in distilled water (final pH
9.0) and injected intraperitoneally at a final dose of 25
or 200 mg kg~ body weight (about 0.1 ml per animal
depending on body weight). Probenecid was dissolved
in distilled water (final pH 9.0) and injected in-
traperitoneally at final doses of 60 to 240 mgkg™'
body weight (about 0.3 ml per animal depending on
body weight). Saline adjusted to equal pH was used as
control solution for the injected drugs.

Blood samples

As anaesthetics are known to affect serum glucose and
serum insulin levels (Yoshimura et al., 1971), blood
samples were drawn from a tail incision in unanaesth-
etized animals. About 20 ul of blood was drawn on
each occasion.

Measurements of serum glucose

Blood samples were allowed to clot for 30 min at room
temperature and then centrifuged for 3min at
10,000 g. Serum was withdrawn and diluted 161-322
times in 1 mmoll~! EDTA before determining the
glucose concentration. The one-step assay used is built
on two enzymatic reactions running in parallel. In the
first reaction, glucose is phosphorylated by glucokin-
ase with a proportional consumption of ATP and in
the other reaction the remaining ATP is measured with
the luciferin/luciferase system for ATP determination.
In the second reaction, the emitted light is propor-
tional to the ATP concentration. In the assay situa-
tion, 5 pul samples of diluted serum or sugar standard
were mixed with 125 pl of a reagent containing ATP,
glucokinase, luciferin and luciferase and incubated for
15 min at room temperature. The emitted light, being
proportional to the glucose concentration, was

measured in a liquid scintillation spectrometer (Pack-
ard Tri-Carb 3310). The method is described in detail
elsewhere (Idahl et al., 1986).

Detection of glucose in urine

The presence of glucose in urine was checked with
Clinistix from Ames Division, Miles Laboratories
Limited, Stoke Poges, England.

Measurements of body weight

Acute changes in whole body weight was used as an
indicator of diuresis. Such measurements agree well
with direct measurements of diuresis in metabolic
cages (Foy & Furman, 1971). Thus, the urinary
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Figure 1 The effect of different doses of probenecid on
the frusemide-induced reduction of body weight. Animals
were injected with saline or probenecid (60, 120 or
240 mgkg ™' body weight) 30 min before an injection of
frusemide (25 mgkg™' body weight). The animals were
weighed before and 60 min after the frusemide injection
and the loss of body weight was calculated. Each point
represents the mean, and vertical lines show s.e.means,
for 3~14 animals. **P <0.01, ***P <0.001 for effect of
probenecid.
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volume during the 60 min period following the injec-
tion of frusemide (200mgkg™' body weight) was
estimated to be 4.3+ 0.5ml 100g™' mouse (mean-
+ s.d. for 6 experiments) in metabolic cages (Foy &
Furman, 1971). The present corresponding value from
the reduction of body weight was 5.0+ 1.16 ml
100 g~ ' mouse (mean * s.d. for 15 experiments). The
animals were weighed on a digital balance (Type 3716)
from Sartorius-Werke, Géttingen, West Germany.

Chemicals

Probenecid was a gift from Astra Likemedel AB,
Sodertilje, Sweden and frusemide was a gift from
Svenska Hoecht AB, Stockholm, Sweden. Chrys-
talline, electrophoretically pure, bovine serum
albumin, twice crystallized luciferase (EC 1.13.12.7),
synthetic D-(—)-luciferin, and ATP were obtained
from Boehringer/Mannheim, Mannheim, West Ger-
many. Glucokinase (EC 2.7.1.2) was from Sigma
Chemical Co., St. Louis, Missouri, U.S.A. Anhydrous
D-glucose and EDTA were from BDH Chemicals Ltd,
Poole, England. Inorganic chemicals were commer-
cially available and of analytical grade. Twice distilled
water was used throughout.

Results
Effect of probenecid on frusemide-induced diuresis

To investigate whether probenecid affects frusemide-
induced diuresis, animals were injected with saline or
probenecid (60, 120 or 240 mgkg~' body weight)
30 min before the injection of frusemide (25 mgkg™!
body weight). The animals were weighed before and
60 min after the frusemide injection and the loss of

body weight, which was used as an estimate of diuresis,
was determined. As shown in Figure 1, doses of up to
at least 240 mg probenecid kg ™' body weight reduced
the frusemide-induced diuresis in a dose-dependent
manner.

To investigate further the effect of probenecid on
frusemide-induced diuresis, 240 mg probenecid kg™
body weight was injected 30 min before the injection of
25 or 200 mg frusemide kg™' body weight and the
weight loss was determined 30, 60, 120 and 180 min
after the frusemide injection. The data presented in
Table 1 show that the diuresis induced by either 25 or
200 mg frusemide kg~ ! body weight was significantly
reduced by the probenecid pretreatment at all times.
After correction for the slight diuresis (data not
shown) in the relevant control groups injected with
probenecid or saline but not frusemide, the reduction
of frusemide-induced diuresis after 60 min amounted
to 86—91% for either frusemide dose.

Effect of probenecid on frusemide-induced
hyperglycaemia

The effect of probenecid on frusemide-induced hyper-
glycaemia was studied by injecting probenecid
(240 mg kg~ ! body weight) 30 min before the injection
of frusemide (25 or 200mgkg~' body weight).
Previous studies have shown that the lower dose does
not clearly affect the blood sugar, whereas the higher
dose of frusemide causes transient hyperglycaemia
(Foy & Furman, 1971). Animals injected with saline
30min after the probenecid injection were used as
controls. As shown in Figures 2 and 3, the injection of
either of the frusemide doses after probenecid
pretreatment resulted in hyperglycaemia compared to
saline injected controls. In the animals injected with
the low frusemide concentration (25mgkg™' body

Table 1 Effect of frusemide (F) on loss of body weight after pretreatment with saline (S) or probenecid (Pb)

Time Loss of body weight (%)

(min) S + F (200) Pb + F (200) S+ F (25) Pb + F (25)
30 1.65 +0.22 0.48 + 0.07* 1.56 + 0.25 0.66 + 0.15°
60 4.99 + 0.31 1.32+0.17° 4.55+0.28 1.13+0.21°

120 8.40 + 0.31 3.33+049° 7.01 £0.27 2.86 + 0.24*

180 9.17 £ 0.36 4.96 + 0.55* 8.09+0.29 3.44 £ 0.25°

Probenecid (240 mgkg™' body weight) or saline was injected at —30 min and frusemide (25 or 200 mgkg~' body
weight) was injected at time 0 following the protocol described in Figure 2. The animals were weighed and calculation of
the relative loss of body weight was performed as indicated in the table. The initial (time 0) body weights for the
different groups were as follows: S + F (200): 24.33 + 0.28 (» = 15), Pb + F (200): 25.27 £ 0.30 (n = 15), S + F (25):
23.49 + 0.28 (n = 14), Pb + F (25): 24.17 % 0.35 (n = 13). The small differences between the mean values of the initial
body weights of the groups are probably due to random variation and do not significantly change the calculated effects
of the drugs. Results shown are means * s.e.means for 13—15 animals (same animals as are described in Figures 2 and
3). Differences between groups pretreated with saline or probenecid were evaluated by Student’s ¢ tests on unpaired

observations. P <0.001, ®P < 0.01.
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Figure 2 Effect of a low frusemide dose (25mgkg™!
body weight) on serum glucose after pretreatment with
probenecid (240mgkg™~' body weight). Serum glucose
was measured at intervals indicated in the figure. The
following experimental groups were used: animals injec-
ted with saline at — 30 min and frusemide at O min (A),
animals injected with probenecid at — 30 min and saline
at Omin (O) and animals injected with probenecid at
—30min and frusemide at 0 min (@). Each point re-
presents the mean, and vertical lines show s.e.means, for
13-15 animals. *P <<0.05, **P <0.01 for difference
from respective controls (O).

weight) (Figure 2) after probenecid pretreatment an
apparent maximum serum glucose level was achieved
after 60 min followed by a significant decline. Animals
injected with the high frusemide concentration
(200 mg kg~ ! body weight) (Figure 3), after probenecid
pretreatment showed a potentiated hyperglycaemia
over the whole experimental period. In this group 9
out of 15 animals showed glucosuria 180 min after the
frusemide injection. No glucose could be detected in
the urine of any of the control mice at that time. As
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Figure 3 Effect of a high frusemide dose (200 mgkg™"'
body weight) on serum glucose after pretreatment with
probenecid (240mgkg™' body weight). Serum glucose
was measured as indicated in the figure. The following
experimental groups were used: animals injected with
saline at —30min and frusemide at 0 min (A), animals
injected with probenecid at — 30 min and saline at 0 min
(O) and animals injected with probenecid at —30min
and frusemide at O min (@). Each point represents the
mean, and vertical lines show s.e.means, for 15 animals.
**p <0.01, ***P <0.001 for difference from respective
controls (O).

shown in Figures 2 and 3, treatment with probenecid
alone for 30 min slightly increased the serum glucose
level.

The specific effects of frusemide on serum glucose
were estimated by subtracting the serum glucose
values of control animals run in parallel and not
treated with frusemide from those of frusemide-
treated animals (Table 2). In the group pretreated with
probenecid and subsequently injected with frusemide
this was done by subtracting the serum glucose values

Table 2 Specific effect of frusemide (F) on serum glucose after pretreatment with saline (S) or probenecid (Pb)

Time Serum glucose (mmol1~")

(min) S + F (200) Pb + F (200) S+ F (25) Pb+ F (25)
30 249040 1.56 £ 0.64 1.09 £ 0.18 1.91 £ 0.55
60 2.14+047 424 +0.67° 1.49 £ 0.21 3.05+0.73

120 1.68 + 0.55 9.30 + 1.30* 0.81 £0.20 3.37+0.71°

180 1.09 £ 0.55 13.44 £ 2.37° —-0.01%0.19 2.09 + 0.53°

Data are calculated from the results presented in Figures 2 and 3. The specific effect of frusemide on serum glucose after
the different pretreatments was calculated as described in the Results section. Results shown are means * s.e.means for
5 separate experiments with 2—3 animals in each. Differences between groups pretreated with saline or probenecid were
calculated by Student’s ¢ test on paired observations. *P < 0.01, P <0.05.
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of the group injected with saline after pretreatment
with probenecid. In the group pretreated with saline
and subsequently injected with frusemide this was
done by subtracting the serum glucose values of the
same animals at time zero. The calculated values
(Table 2) show that frusemide at least at the higher
dose, caused a pronounced and transient hyper-
glycaemia and that pretreatment with probenecid
indeed enhanced the hyperglycaemia in the presence of
either the low or the high frusemide concentration.

Discussion

Different types of diuretics, such as thiazides and loop-
diuretics, despite different cellular mechanisms of
action in the kidney (Small & Cafruny, 1967) have
been shown to cause hyperglycaemia (Conn, 1965;
Mustala & Toivonen, 1965; Jones & Pickens, 1967;
Walsh & O’Sullivan, 1974; Helderman et al., 1983). It
has therefore been tempting to speculate that the
diabetogenic action of diuretics in general is secondary
to the diuresis.

The present results are in accord with previous work
on small rodents (Wales et al., 1968; Foy & Furman,
1971; 1973; Aynsley-Green & Alberti, 1973; Wexler,
1981) in showing that frusemide induces acute hyper-
glycaemia in mice. It has been proposed that this
hyperglycaemia is a secondary effect of the diuresis
produced by alterations in the electrolyte balance
(Aynsley-Green & Alberti, 1973) or reflex-mediated
catecholamine release (Foy & Furman, 1973; Aynsley-
Green & Alberti, 1973). As direct experimental
evidence in support of this general idea, Foy &
Furman (1973) showed that removal of the kidneys in
mice prevented the hyperglycaemia. However, some
results refute this hypothesis. Thus, certain diuretics
(ethacrynic acid), although inducing a strong diuresis,
do not induce hyperglycaemia (Foy & Furman 1971).
Indeed, if excessive diuresis induced hyperglycaemia,
it would be expected that inhibition of frusemide-
induced diuresis by pretreatment with probenecid
would abolish, or at least reduce, the frusemide-in-
duced hyperglycaemia.

Probenecid strongly reduced the diuretic response
to both the lower (25 mgkg~' body weight) and the
higher (200mgkg™~' body weight) dose of frusemide.
The reduction appeared to be dose-dependent, at least

References

ATKINS, L.L. (1966). Furosemide in the treatment of geriatric
patients. Geriatrics, 21, 143-49.

AYNSLEY-GREEN, A. & ALBERTI, K.G. (1973). Diuretics and
carbohydrate metabolism: The effects of furosemide and
amiloride on blood glucose, plasma insulin and cations in
the rat. Diabetologia, 9, 34—42.

at the lower concentration of frusemide. This is in
principle in agreement with the findings in dogs (Hook
& Williamson, 1965) and in cats (Friedman & Roch-
Ramel, 1977), and suggests that probenecid acts in
mice by mechanisms similar to those described in other
species. At least part of the frusemide-induced diuresis
that could not be blocked by probenecid might be due
to osmotic diuresis secondary to the hyperglycaemia.
This is supported by the observation that the majority
of the animals pretreated with probenecid and sub-
sequently injected with a high dose of frusemide
(200 mg kg~ ! body weight) showed glycosuria 180 min
after the frusemide injection.

The strong reduction of frusemide-induced diuresis
by probenecid did not abolish the hyperglycaemic
effect. After calculation of the specific effect of
frusemide (elevation above baseline), it became
apparent that probenecid pretreatment even poten-
tiated the frusemide-induced hyperglycaemia. The
results also show that frusemide at 25 mgkg™' body
weight, a dose which induces only a very slight, if any
hyperglycaemia by itself (Foy & ‘Furman, 1971)
(Figure 2), was markedly hyperglycaemic in animals
where the diuresis had been reduced by probenecid
pretreatment. It is likely that this potentiation was due
to increased retention of frusemide in plasma. No
marked difference between the diuretic response to
low (25mgkg~' body weight) or high (200 mgkg~'
body weight) frusemide doses could be observed in any
of our experiments, although the difference in hyper-
glycaemia was profound.

Taken together, the present results indicate that the
plasma concentration rather than the diuretic effect of
frusemide determines the degree of hyperglycaemia
and that this action is mediated by an effect on
extrarenal organs.

Since probenecid decreases the clearance and in-
creases the half-life of frusemide in man (Homeida et
al., 1977; Honari et al., 1977; Chennavasin et al., 1979)
and as the two drugs are quite often given together in
clinical practice, the extent to which probenecid affects
the diabetogenic action of frusemide in human
patients remains to be examined.

This work was supported in part by the Swedish Medical
Research Council (12x-4576), the Swedish Diabetes
Association, and Novo Industries AB.

BOWMAN, R.H. (1975). Renal secretion of *S furosemide and
its depression by albumin binding. Am. J. Physiol., 229,
93-98.

BURG, M., STONER, L., CARDINAL, J. & GREEN, N. (1973).
Furosemide effect on isolated perfused tubules. Am. J.
Physiol., 225, 119-124.



312 P-E. SANDSTROM

CHENNAVASIN, P., SEIWALL, R., BRATER, C.D. & LIANG,
W.M.M. (1979). Pharmacodynamic analysis of the
furosemide-probenecid interaction in man. Kidney Int.,
16, 187-95.

CONN, J.W. (1965). Hypertension, the potassium ion and
impaired carbohydrate tolerance. New Eng. J. Med., 273,
1135-43.

CUTLER, R.E. & BLAIR, A.D. (1979). Clinical pharmacokin-
etics of frusemide. Clinical Pharmacokinetics, 4, 279—-96.

FOY, J.M. & FURMAN, B.L. (1971). Effects of diuretics on
mouse blood sugar following single dose administration.
Br. J. Pharmac., 41, 287-97.

FOY, J.M. & FURMAN, B.L. (1973). Effect of single dose
administration of diuretics on the blood sugar of alloxan-
diabetic mice or mice made hyperglycaemic by acute
administration of diazoxide. Br. J. Pharmac., 47, 124-32.

FURMAN, B.L. (1981). Impairment of glucose tolerance
produced by diuretics and other drugs. Pharmac. Ther.,
12, 613-49.

FRIEDMAN, P.A. & ROCH-RAMEL, F. (1977). Hemodynamic
and natriuretic effects of bumetanide and furosemide in
the cat. J. Pharmac. exp. Ther., 203, 82-91.

HELDERMAN, J.H., ELAHI, D., ANDERSEN, D K., RAIZES,
G.S., TOBIN, 1.D., SHOCKEN, D. & ANDRES, R. (1983).
Prevention of the glucose intolerance of thiazide diuretics
by maintainance of body potassium. Diabetes, 32,
106-111.

HOMEIDA, M., ROBERTS, C. & BRANCH, R.A. (1977).
Influence of probenecid and spironolactone on
furosemide kinetics and dynamics in man. Clin. Pharmac.
Ther., 22, 402-409.

HONARYI, J., BLAIR, A.D. & CUTLER, R.E. (1977). Effects of
probenecid on furosemide kinetics and natriuresis in
man. Clin. Pharmac. Ther., 22, 397-401.

HOOK, J.B. & WILLIAMSON, H.E. (1965). Influence of
probenecid and alteration in acid-base balance of the

saluretic activity of furosemide. J. Pharmac. exp. Ther.,
149, 404-408.

IDAHL, L-A, SANDSTROM, P-E. & SEHLIN, J. (1986).
Measurements of serum glucose using the luciferin/
luciferase system and a liquid scintillation spectrometer.
Anal. Biochem., 155, 177-181.

JONES, 1.G. & PICKENS, P.T. (1967). Diabetes mellitus
following oral diuretics. Practitioner, 199, 209-10.

MUSTALA, O. & TOIVONEN, S. (1965). Comparison of the
diabetogenic effects of chlorothiazide and furosemide.
Ann. Med. Fenn., 54, 75-80.

SENFT, G. (1966). Ursachen der storungen im kohlenhydrat-
stoffwechsel unter dem einfluss salfonamidierter
diuretica. Naunyn Schmiedebergs Arch. exp. Path. Phar-
mak., 225, 369-82.

SMALL, A. & CAFRUNY, EJ. (1967). Furosemide and
hydrochlorothiazide do not have a common mode of
action. J. Pharmac. exp. Ther., 156, 616—621.

VALMIN, K., HANSEN, T. & RONSTED, P. (1980). Treatment
of benign essential hypertension with frusemide in dif-
ferent doses. Pharmatherapeutica, 2, 296-304.

WALES, J.K., GRANT, A. & WOLFF, F.W. (1968). Studies on
the hyperglycemic effects of non-thiazide diuretics. J.
Pharmac. exp. Ther., 159, 229235,

WALSH, C.H. & O’'SULLIVAN, D.J. (1974). A study of the
effect of furosemide on carbohydrate metabolism in
diabetic subjects. J. Irish med. Ass., 67, 187-90.

WEXLER, B.C. (1981). Furosemide-induced hyperuricemia,
hyperglycemia, hypertension and arterial lesions in non-
arteriosclerotic and arteriosclerotic rats. Atherosclerosis,
39, 253-66.

YOSHIMURA, N., KODAMA, K. & YOSHITAKE, J. (1971).
Carbohydrate metabolism and insulin release during
ether and halothane anaesthesia. Br. J. Anaesth., 43,
1022-1026.

(Received January 31, 1986.
Revised May 12, 1986.
Accepted May 14, 1986.)



