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Summary ( i .e . ,  more than I wk)  effects of furosemide on calcium homeosta- 
sis. This study was designed to determine the calciuretic effect of 

This study was designed to  determine the calciuretic effect of furosemide and its impact upon calcium balance during chronic 
furosemide and its impact upon calcium balance during chronic (25 days) furosemide administration to growing rats, 
(25 days) furosemide administration to  growing rats. Experiments 
were performed on 18 six-wk-old rats. Nine animals received 
furosemide, and 9 served a s  controls. The administration of furo- MATERIALS AN11 METI1OI)S 
semide in a dose of 40 mg resulted in a significant increase in 
calcium excretion in the treated group; urinary calcium excretion were performed On I X  six-wk-old S ~ r a g u e - D a w l e ~  

almost doubled that of the controls during the first 24-hr collection albino rats which weighed 188 to 202 g. Nine animals received 

(3.74 + 0.44 mg in the treated animals with O.ls furosemide. and 9 served as controls. The  rats were housed in 

mg in the controls: ,, < 0.05). ~h~ average daily urinary calcium individual metabolic cages (Hoeltge/Acme. Inc.) to permit sepa- 
excretion during each of four subsequent 6-day periods remained rate collections of urine and stool. The  animals were allowed free 

approximately three-fold higher in animals which received furose- accessto distilled water. Purina laboratory chow was provided in 

,,,ide with controls < 0.00~ for each 6-day period,. d e e d i n g  chamber to prevent significant food contamination of 

~h~ ~urosemide-induced increase in urinary calcium excretion did urine and stool collections. The chow was prepared once daily as 

not diminish with time. sodium excretion did not a paste by mixing 15 g of powdered chow with 25 g of distilled 

increase either acutely or chronically in response to furosemid;. water. Urine and stool collections were performed once daily; the 

~ ~ i l ~  urinary increased to 60% in the walls of the metabolic collection chamber were rinsed daily with 

furosemide-treated group with of the controls (,, distilled water to recover any dried urinary sediment. Before 

< O.OO1). ~h~ cumulative calcium balance in the control group rinsing. 24-hr urinary volume was measured and recorded. At the 

exceeded by 7% that of the furosemide-treated animals 126M.3 beginning of the daily collection period. I cc of 6 N hydrochloric 
20.8 mg versus 2518.6 2 20.1 mg (Y < .001)1. acid was added to the urine collection bottle to prevent precipi- 

~h~ findings indicate that distal nephron compensatory mecha- tation of calcium salts. Daily urine collections were a n a l y ~ e d  

,,isms effecting sodium conservation following furosemide do not separately. whereas stool specimens were pooled for 2- to 4-day 

result in similar conservation of calcium. calcium balance may be periods. All specimens were frozen (-20°C) belore chemical 

deleteriously affected. determinations which were performed at  the conclusion of the 
experiment. The  animals were weighed at  weekly intervals. Base- 
line and weekly serum samples were obtained from each animal Speculation by severing the tip of the tail and pipeting I cc of whole blood. 

The  long-term effects of furosemide on calcium homeostasis in After a 4-day equilibration period. metabolic balance studies 
man a re  not known. This study in rats suggests that furosemide were begun. Baseline urine and stool collections were performed 
may have deleterious effects on calcium homeostasis. Similar for 2 days before the 25-day treatment period. Each of the 9 
effects in humans, particularly growing children, may result in treated animals then received furosemide which was added to the 
decreased calcium balance and bone demineralization. food once daily in a dose of 40 mg/day for the following 25 days. 

The powdered drug was thoroughly mixed with the food. The  
animals were pair fed throughout the experiment. although alter- 

Furosemide. a potent natriuretic agent. acutely increases urinary ations in the amount of b o d  were unnecessary because the diet 
calcium excretion along with urinary sodium excretion (2. 6 ,  17). was completely consumed by each animal. The  dose offurosernide 
Studies on the mechanism of the acute ( I- to 2-hr) calciuresis have selected was based on the minimal dosage necessary to increase 
shown that furosemide inhibits solute transport in the ascending acutely the mean 24-hr urine volume by 50'; or  more compared 
limb of the loop of Henle. where calcium absorption appears to with the 24-hr baseline volunle. Neither sodium nor potasslum 
be coupled with sodium transport (2).  In contrast, in the distal dietary supplements was utilized during this study. 
tubule. sodium and calcium transport can be dissociated: thiazide At the end of the experimental phase. the animals were anes- 
diuretics. which inhibit sodium reabsorption in the distal tubule, thetized with ether and exsanguinated via the inferior vena cava. 
have little to no acute calciuretic effect (2. 3. 7. 8).  The sera were frozen and saved for chemical analyses. 

Furosemide is being used on a chronic basis, primarily for its Chemical determinations were performed as follows: calcium 
natriuretic action. for the treatment of many clinical conditionh, was measured by the cresolpthalein-complexone spectrophoto- 
including severe hypertension (4). chronic renal insufficiency of metric method (Worthington Diagnostics: Gilford 300 N Spectro- 
varied etiologies ( 12. 15). and bronchopulmonary dyaplasia of the photometer) ( I ). phosphorus was measured by ferrous ammonium 
newborn ( 1 1 .  13). The acute calciuretic action of furosemide has sulfate reduction of  phosphomolybdate magnesium according to 
been of benefit in the treatment of acute hypercalcemia (14. 17): the method of Gindler and Heth (10)  using calmagite. sodium. 
however, little human or  animal inlormation exists on the chronic and potassium by flame photometry. Analyses were performed on 
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serum and urine specimens and. after ashing. on stool and food 
specimens. Ashing of stool and food was accomplished by heating 
at 800°C for 24 hr; the ash specimens were then dissolved in 1 cc 
of 0.75 normal nitric acid per 100 mg ash weight in preparation 
for analysis. 

The food was analyzed in 9 batches. and the mean electrolyle 
composition was as follows: sodium. 0.30%. potassium. 0.36%,; 
calcium. 1.23Vj; magnesium. 0.2 1%; and phosphorus. 1.03(%. 

Calcium balance was calculated for 2- to 4-day intervals corre- 
sponding to stool collections by subtracting urinary calcium plus 
stool calcium from the total calcium in the diet during that period. 

Recovery experiments were performed on urine and stool. The 
results of recovery of electrolytes added to urine (mean of 10 
determinations f S.E.) were: sodium. 98.0 f 0.3%; potassium. 99.2 
+ 0.1%; calcium, 101.4 f 1.9%); magnesium. 98.6 -t 0.6'pij; and 
phosphorus. 99.5 f 0.6%'. Recovery of calcium added to stool 
(mean of 12 determinations % S.E.) was 99.9 ? 0.8%). 

Statistical differences were assessed by the unpaired Student I 
test. 

The average daily urinary electrolyte excretion and urinary 
volume (mean + S.E) are presented in Table 1 as tbllows: a 2-day 
baseline period. a single day collection at the initiation of furose- 
mide. and 4 six-day periods while continuing 40 mg/day of 
furosemide. 

The 2-day baseline urinary calcium excretion did not differ 
between the 2 groups. The administration of furosemide resulted 
in a significant increase in calcium excretion in the treated group; 
urinary calcium excretion almost doubled that of the controls 
during the first 24-hr collection (3.74 + 0.44 mg in the treated 
animals compared with 1.90 f 0.15 mg in the controls; P < 0.05). 
The average daily urinary calcium excretion during each of the 

subsequent 6-day periods remained approximately three-fold 
higher in animals which received furosemide compared with 
controls (P  < 0.001 for each period). The furosemide induced 
increase in urinary calcium excretion did not diminish with time. 

Baseline urinary sodium excretion did not differ between the 2 
groups; sodium excretion did not significantly increase either 
acutely or chronically in response to furosemide. The failure of 
urinary sodium excretion to increase acutely had been observed 
in several preliminary trials using doses of furosemide as high as 
100 mg/day. 

Both urinary magnesium and urinary phosphorus excretion 
showed a slight but statistically significant increase in the furose- 
mide-treated group compared with the control group during each 
of the six-day periods ( P  < 0.05). The magnitude of these increases 
did not exceed 20Si. Potassium excretion did not differ between 
the 2 groups during the baseline period nor during the first day of 
furosemide: the excretion did significantly increase in the treat- 
ment group during the first and second 6-day periods ( P  < 0.05) 
but not during the final two 6-day periods. 

Daily urinary volume increased approximately 40 to 60"; in the 
treated group compared with that of the controls ( P  < 0.001). 
beginning on the first day of furosemide administration and 
persisting throughout the study. 

Results of serum electrolyte determinations are shown in Table 
2. Serum calcium and sodium concentrations did not differ be- 
tween the 2 groups. Serum magnesium was slightly higher in the 
furosemide-treated animals as compared with the controls; this 
difference reached significance on days 13 and 20 but not on day 
26. Serum phosphorus concentration was similar between groups 
except on day 20 when the level was slightly lower in the treated 
animals. Serum potassium was consistently lower in the furose- 
mide group. although the difference was only transiently signifi- 
cant. 

Calcium balance is shown in Figure I .  The balance was strongly 

Table 1 Darlv urrnarv elecrrulrte ertrelron and urrnarr vol~rme in furocemrde-rreated group /F) and conrrolc (C) 
- -- -- - - - -  - - - -- 

- - -- -- - - 
B a d  Day I [lay\ 2 7 Day\ 8 I3  Day\ 14 l Y  Day\ 20 25 

- - - 

Calc~um (mg/24 hr) 
F. I XU + O  15' 3 74 f 0 44 7 0 0 + 0 4 1  Y 27 + 0 43 9 20 f 0 43 10 37 f 079 
C I Y Y  + 0 16 I90 f 0  IS- 280+OIY' 321 f 0 2 3 '  3 64 f 022' 7 3 7 + 0 2 2 '  

Sodium (mEq/24 hr) 

Magnesium (mg/24 hr) 

Phosphorus (mg/24 hr) 

Potassium (mEq/24 hr) 

Volume (cc/24 hr) 

F 12.2 f 0.3 23.1 f 1.8 24.8 + 1.4 23.7 f 0.8 26.5 f 1.2 26.4 f 0.8 
C 14.5 f 0.6' 14.8 -+ 0.7.' 14.5 ? 0.4' 16.3 f 0.4' 18.6 ? 0.6' 

- .- -- -- -- -- p~ -- .- 
17.5 ? 0.9' 
.- - 

' Mean + S.E. 
'The baseline period represents the average of 2 collection days: Day I is the first day of furosemide treatment: Days 2 through 25 are divided into 

6-day periods: average daily excretion during each period is shown. Statistical differences hetween groups (unpaired Student 1 test); P < 0.05 
"Statistical differences between groups (unpaired r test); P < 0.001. 
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- - 
Table 2 Serum electrolvte values m furo~emrde rreared group (F)  and conrrol~ (C)  
- -- - - 

-- 
Basal Day 7 

- - - - 
Day 13 

- - - 
Ddy 20 

-- -- 

Calc~um (mg/dl) 
F 1013&011' 10 87 f 0 26 1071 + 0  14 1040+ 0 14 
C 10 38 * 0 15 10 59 + 0 I6 1057+-013 1049 + 009 

Sodlum (mEq/l~ter) 
I 1430 + 0 5  147Y+ 14 1406 + 0 9  143 1 2 24  
C 1446 + 20  146 l + I 1  142 2 + 1 I 145 l + 0 5  

Magnes~um (mg/dl) 
I- I92 k 0 0 9  2 1 4 t 0 0 3  2 I 2 k 0 0 6  2 3 0 + 0 0 6  
C 176+004 2 13 + 005 176+006 '  2 lo+-006 '  

Phosphorus (mg/dl) 
i- X 87 f 0 40 7 0 2 2 0 1 6  702+0IX 6 0 2 * 0 l l  
C 8 43 f 0 27 7 1 3 f 0 2 6  65XfOIX 7 0 0 + 0 3 1 '  

Potass~um (mEq/l~ter) 
f 6 0 + 0 5  45  + 0 6  5 l l t 0 l  4 7 + 0 1  
c 

-- 
5 3 + 0 2  5 7 + 0 1  

- - --- -- - 
54  f 0 1 '  5 4 f  02 '  

-- - - -- 

' Mean f S E 

- -- - 

Day 26 

' Statistical differences between groups (unpaired Student r test); P < 0.001. 
' Stat~stical differences between groups (unpaired Student r test); P < 0.05. 

125  ments. documentation of the persistence of this relationship on a 

120 - - Furosem~de tremed , chronic basis is not available. 

----. Control ;I Our data in rats have demonstrated that furosemide-induced 
hypercalciuria may persist for as long as 25 days despite the 
absence of increased urinary sodium excretion. Hypercalciuria did 

I 1 0  - not diminish with time and occurred without sodium supplemen- 
m (+ - .  , , .......... :---.-----4 ....... i,: tation. Urinary calcium excretion in the furosemide-treated group 

-..J was three times that of the controls. Moreover, the calcium balance 

8 o ~ ' " " " " " '  
B 1 3 5 7 9 11 13 15 17 19 21 2 3  25 

D A Y S  

Fig. I. Calcium balance In furosemide-treated and control animals. 
The average daily balance for each 2- to 4-day collection period is shown. 
B. 2-day baseline period. Bars. I S.E. 

positive in both groups of animals throughout the experiment. 
However, the balance in the furosemide group became signifi- 
cantly less positive as compared with that of the controls by the 
third and fourth treatment days and remained less positive 
throughout the experiment. The cumulative calcium balance in 
the control group exceeded by 7% that of the furosemide-treated 
animals (2696.3 f 20.8 versus 25 18.6 f 20. I: P < 0.00 1 ). 

Body weights in the furosemide treated and control groups 
increased from 200.4 f 1.5 and 202.3 * 1.8 g (not significant). 
respectively. during the baseline period to 233.8 * 2.2 and 245.1 * 3.3 ( P  < 0.05). respectively. on day 25. 

DISCUSSION 

The acute calciuretic effect of furosemide has been effectively 
utilized in the treatment of hypercalcemia in children and adults 
( 14. 17). To  sustain furosemide-induced hypercalciuria throughout 
treatment and to avoid dehydration. therapy is usually accompa- 
nied by high maintenance fluids and supplemental sodium chlo- 
ride. In the absence of supplemental sodium, urinary sodium 
excretion eventually returns to pretreatment levels despite contin- 
ued furosemide therapy, although total body sodium has been 
reduced (16). The fate of urinary calcium excretion under these 
conditions is unclear. Whereas furosemide-induced urinary cal- 
cium excretion closely parallels sodium excretion in acute experi- 

in animals receiving furosemide was significantly less positive 
than that of the controls. suggesting that furosemide-induced 
hypercalciuria did not result in compensatory increases in intes- 
tinal calcium absorption. Serum phosphorus concentration was 
similar between groups on 3 of 4 determinations, suggesting that 
hypercalciuria was not mediated by hypophosphatemia. 

The marked dissociation of urinary sodium from urinary cal- 
cium excretion observed in this study contrasts with the usual 
parallel excretion of these ions. Furosemide has been shown to 
exert a s~milar etf'ect on both sodium and calcium reabsorption in 
the asending limb of the loop of Henle (2. 7). Moreover. other 
agents (2.6-8) affecting sodium reabsorption in the loop of Henle, 
as well as in the proximal tubule, also induce parallel changes in 
calcium reabsorption at these sites. These observations have led to 
the conclusion that the reabsorption of sodium and calcium in 
these nephron segments is linked (2). In contrast. inhibition of 
sodium reabsorption in the distal tubule, most notably with thia- 
zides. may not produce parallel inhibition of calcium reabsorption 
(2. 3. 7. 8). Handling of these ions in the distal nephron thus 
appears to be via separate mechanisms. . . 

In this study, sodhm excretion failed to rise significantly either 
acutely or chronically, despite significant elevations in calcium 
excretion and in urinary volume. These findings may be related 
to the administration of furosemide with food which may not have 
been consumed at a constant rate during the 24-hr urine collection. 
Thus a period of time during which compensatory renal sodium 
reabsorption occurred may explain the lack of net increase in 
urinary sodium excretion. Alternatively. furosemide-induced in- 
hibition of sodium reabsorption in the ascending limb of the loop 
of Henle may have been offset by increased reabsorption in more 
distal nephron segments unaffected by the drug. This latter inter- 
pretation is supported by the work of Antoniou er al. (2) which 
demonstrated that the increase in urinary calcium excretion above 
that of sodium excretion after acute administration of furosemide 
was eliminated by thiazide blockade of sodium reabsorption in 
the distal tubule. Our findings emphasize that distal compensatory 
mechanisms effecting sodium conservation after furosemide do 
not result in similar conservation of calcium on either an acute or 
a chronic basis. 

The mean body weight of the furosemide-treated animals was 



significantly less than that of the controls at the end of the 
experimental period. The reasons for the decreased weight could 
not be ascertained in this study. Dietary intake was identical in 
the two groups. Both urinary sodium excretion and serum sodium 
concentrations were similar in treated and control animals. Dif- 
ferences in extracellular fluid volume thus seem unlikely to ac- 
count for the weight discrepancy. It is possible that the less positive 
calcium balance in the treated group in some way is related to the 
impaired growth. 

Studies of the effects of furosemide on calcium homeostasis in 
man will be necessary to assess the relevance of our findings in 
rats to the use of furosemide clinically. Evidence exists that 
furosemide-induced hypercalciuria may- persist during chronic 
administration in man. Hufnaale et al. ( I 1 )  r e ~ o r t e d  four neonates 
who developed renal calcificzions after furbsemide administra- 
tion for at least 27 days. Coe et al. (5) found increased urinary 
calcium excretion and elevated serum parathyroid hormone levels 
in normal adult subjects given furosemide with sodium supple- 
mentation for 9 days. In contrast, Toft and Roin ( 18) administered 
furosemide to adipose volunteers who developed acute hypercal- 
ciuria. but by the fourth day of continuous furosemide treatment. 
urinary calcium excretion had become normal. Similarly. hyper- 
calciuria after furosemide did not persist beyond the first day of 
treatment in a group of hypoparathyroid patients, although ces- 
sation of hypercalciuria coincided with the occurrence of hypo- 
calcemia in these subjects (9). 

In conclusion, our findings in rats demonstrate that hypercal- 
ciuria may persist during chronic furosemide treatment and that 
calcium balance may be deleteriously affected. Available studies 
d o  not sufficiently clarify the long-term effects of furosemide on 
calcium homeostasis in man. In patients with marginal calcium 
reserves and increased needs, such as sick neonates, or in those 
receiving high doses of furosemide for long periods of time, 
evaluation of the effects of chronic furosemide on calcium home- 
ostasis is warranted. 
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