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Abstract--Furosemide (F) conjugation with glucuronic acid is the main pathway of F metabolism ill 
humans and experimental animals. In order to study rat liver microsomal UDP-glucuronyltransferase 
(UDP-GT) activity towards F we developed an in vitro assay in which the conjugation product, 
furosemide 1-0-acyl glucuronide (FG) was separated and quantitatively determined by reverse phase 
high pressure liquid chromatography. The optimal conditions of the reaction were established and the 
apparent K,, for F and UDP-glucuronic acid (UDPGA) were 0.22 and 1.76 raM, respectively. Substrate 
inhibition of UDP-GT toward F occurred at F concentrations higher than 1.5 raM. Developmental 
changes in F glucuronidation were compared to the ontogeny of UDP GT activity toward two other 
acceptors, 1-naphthol and esterone that are known to have different patterns of maturation. F glu- 
curonidation was 26% of adult activity at 18 days of gestation, reached 48% at birth and gradually 
increased to 250% of adult activity at 22 days of age. Glucuronidation of 1-naphthol and estrone attained 
87% and 44% of adult activity at 22 days of gestation, 37% and 66% in six-day-old rats and 100c/c and 
427% of adult activity in 22-day-old rats, respectively. The effect of 3-methylcholanthrene (3-MC). 
phenobarbital (PB) and pregnenolone-16ol-carbonitrile (PCN) on F UDP-GT was studied and compared 
to their effect on 1-naphthol and estrone glucuronidation. PB. 3-MC and PCN increased F-UDP-GT 
activity to 208%, 282% and 342% of vehicle-treated animals, respectively, while F pretreatment did 
not affect the conjugation of F. In comparison, 1-naphthol glucuronidation was preferentially induced 
by 3-MC (4.4-fold of control) while estrone glucuronidation was induced by PB and PCN (4.9- and 2.5- 
fold of control, respectively). These studies suggest that several forms of UDP-GT activities, which 
differ in their ontogeny and inducibility patterns, are involved in the glucuronidation of F in t)itro. 

F§ is a potent  diuretic agent which is widely used in 
all age groups for the t rea tment  of congestive heart  
failure, hypertension and edema of various causes. F 
is actively secreted by the renal organic acid secretory 
mechanism in the proximal tubule. Variable amounts  
of the drug metabol ize  into a glucuronic acid con- 
jugate which has been detected in the urine of 
infants, adults and laboratory animals [1-6]. It has 
been suggested that changes in the glucuronidation 
of F that occur during the neonatal  period [2, 7], 
prolonged use of the drug [8] or  compromised renal 
function [9] might affect the disposition of the drug. 
Saturat ion of the biotransformat ion of F has been 
offered as a cause for the dose dependent  phar- 
macokinet ics  of F in the rat [10]. 

The functional he terogenei ty  of uridine-diphos- 
pho-glucuronyl- transferase,  is well established and 
is reflected by substrate specific activities of purified 
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proteins and the species'  specific regulatory prop- 
erties [11]. Thus, perinatal deve lopment  and indu- 
cibility by xenobiotics or endogenous inducers has 
been used to characterize different enzyme forms 
of U D P - G T  [12]. The t ime of appearance and the 
developmenta l  pattern of G T  activity during the 
perinatal period were used to characterize enzyme 
activities into three different "clusters ' - - the late fetal 
cluster, the early neonatal  cluster and the weaning 
cluster [13, 14]. In addition, at least three groups of 
GT  activities can be distinguished according to their 
response following pre t rea tment  with different indu- 
cers. Group  1 activities are mainly inducible by 3- 
methylcholanthrene type inducers and include sub- 
strates such as 1-naphthol,  4-nitrophenol and other  
planar phenols.  These substrates are identical to 
substrates of the late fetal cluster. Group 2 activities 
are induced mainly by PB and include acceptors 
which are not planar phenols such as estrone, mor- 
phine and chloramphenicol .  The  activity toward 
these substrates appears early in the neonatal  period, 
attaining adult levels some t ime after birth (the early 
neonatal  cluster). Recent ly it has been suggested 
that PCN induces a third group of U D P - G T  which 
include substrates like digi toxigenin-monodigitoxo- 
side and bilirubin [15]. The enzymatic activities 
toward digi toxigenin-monodigi toxoside develop 
postnatally and reach only 10% of adult activity at 
the age of 20 days [16]. 

The present study was undertaken to characterize 
the U D P - G T  activity toward F in rat liver. We estab- 
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lished the optimal assay conditions and examined 
the ontogeny and inducibility of hepatic UDP-GT 
activity toward F and compared these features with 
the glucuronidation of 1-napththol and estrone which 
are known substrates for specific UDP-GT activities. 

M A T E R I A L S  A N D  M E T H O D S  

Trizma base, maleic acid, U D P G A  sodium salt, 
sucrose, D-saccharic acid-l, 4-1actone, 3[(3-Cho- 
lamidopropyl) - dimet hylammonio] - 1 - propanesulfo- 
nate (CHAPS), 1-naphthol, estrone, sodium cho- 
late, Triton X-100, glutathione, /3-glucuronidase 
type B3 and bovine serum albumin were purchased 
from Sigma Chemical  Co. ,  St. Louis, MO:  E D T A  
was purchased from Aldrich Chemical Co. ,  Mil- 
waukee.  WI:  Pregnenolone-16a=carbonitr i le  was a 
gift from the Up john  Co. ,  Kalamazoo,  MI: 3-Methyl- 
cholanthrene was obtained from Eastman Chemi- 
cals, Rochester ,  NY:  Phenobarbi tal  was purchased 
from A m e n d  Drug & Chemical  Co..  Irvington, NJ: 
Desmethy lnaproxene  was a gift from Syntex Co..  
Palo Al to ,  CA:  Furosemide.  USP was generously 
supplied by Hoechs t -Rousse l  Pharmaceuticals  Inc.. 
Sommervi l le ,  NJ:  [2, 4. 6, 7-~H]estrone (88 .5Ci /  
mmol)  and [1-14C]l-naphthol (4.3 mCi /mmol )  were 
obtained from New England Nuclear,  Boston, MA:  
3a70 Scintillation fluid was from Research Products 
International Corp. ,  Mount  Prospect,  IL. All other  
reagents and solvents were reagent  or HPLC grade, 
Furosemide glucuronide (FG) was bios)nthesized 
and purified as previously described [17]. Calibration 
of FG concentrat ion in the stock solution was done 
by complete  enzymatic  hydrolysis of the conjugate 
(3000 units of fi-glucuronidase, 0.1 M Tris-maleate 
buffer pH 5.0 at 37 ° for 4 hr). The concentration 
of F that was released was determined by H P L C  
according to Rapaka et al. [18] using desmethyl- 
naproxene as an internal standard. FG solution 
(12.74 #M) was kept at pH 3 4 (3.5 M acetic acid) in 
light protected vials, at - 2 0  ° and was stable during 
the experimental  period. It was later diluted and 
processed bv the same method as the microsomal  
incubation samples and was subjected to t IPLC 
analysis (vide infra). 

Animals. Pregnant Sprague-Dawle  5 rats were 
obtained from Sasco (Omaha ,  NE).  T h e \  ~ c r c  kept 
at a 12-hr l ight-dark cycle at 24-26: and constant 
humidity and were allowed food (laboratory Rodent  
Chow, Ralston-Purirla. St. Louis, MO) and water  ad 
libitum for at least 5 days before sacrifice. 

Gestatiomil age was determined according to the 
first day in which vaginal smears showed the presence 
of sperm cells, and was counted asdav. I). Pregnant 
rats (N = 28) were individually kept in plastic cages 
that were lined with processed corncob bedding. 
Delivery time was determined to within 12 hr and 
the birth date was considered as postnatal day 0. The 
mean length of gestation determined for the animals 
delivered within the study was 21-+ 1.5 days 
(mean -+ SD). 

Pretreatmem. Male rats. 200 2S0g. \ \c rc  pre- 
treated i.p. for 4 days with the following daily doses: 
3-MC, 21) mg/kg  in corn oil: PB 75 mg/kg  in saline: 
PCN, 75 mg/kg  suspended in 2(; Twecn 811 in saline, 
F 5 mg/kg  in 0.05 N NaOf t :  and saline and corn oil 

as controls, All compounds  were administered in a 
total volume of 5 ml/kg.  

Preparation (~1 liver tnicr~some~. After  pre- 
t reatment  each rat was decapitated and the liver was 
excised, blotted,  weighed and homogenized (25(2 
w/v) in ice-cold 0.25 M sucrose containing 1.15'f 
KC1 with a Po t t e r -E lveh iem glass mortar  and Teflon 
pestle. All further manipulat ions were done at 4 -  
The postmitochondrial  (9000g for 20min)  super- 
natant was centrifuged tit 105,(100~ for 6(Imin. 
Microsomal pellets from 1 g of liver were suspended 
in 3 ml (/.25 M sucrose and were kept at 7(i c until 
used. In the study of U D P - G T  actixi t \  during the 
perinatal period, livers from whole litters x~cre 
pooled and processed as one sample with the lol- 
lowing modifications. Livers were homogenized in 
ice cold 0.05 M Tris-t tC1 ptf  7.4 containing 1.15';  
KC1; the microsomal pellets were further washed 
in 10mM E D T A  p H 7 . 4  in 1.15cb KCI and were 
reisolated by ultracentrifugation as previousl} de- 
scribed. This method was previously found to _yield 
minimally contaminated nficrosotnal pellets from 
fetal rat liver [19 l. U D P - G T  activity was also deter- 
mined in microsomes that were similarly prepared 
from live adult male rats. No significant difference 
in U D P - G T  activity toward aglxconcs studied was 
found betx~een adult liver microsomes prepared i.~ 
either way. 

The efiect of detergents was studied by adding 
sodium cholate, Triton X-11)i) or C t t A P S  to fresh 
microsonral suspensions from adult male rats. After  
shaking for 21)min tit 4 ,  the enzxmc suspensions 
were added to tire assay inixturc. 

DeterminaHon ot UDt'-(iT. Reaction mixturcs 
(0.5 ml) contained I1, l M Tr is -malea tc  buffer. 
pH 7.4, 10 mM MgCI> 1,5 mM furosemide dissolved 
in 0.(15N N a O H  (20!d). microsomes and 4raM 
U D P G A .  D-saccharic acid-l,4-1actone (1.2raM) 
was added to inhibit anx fi-glucuronidase activity. 
Reaction was started after 5 rain of preincubation at 
37 ° by the addition of U D P G A  and x~as terminated 
after 10 rain with 0.5 ml of ice-cold 3.5 M acetic acid. 
Control  incubation received watcr  instead ot 
U D P G A .  The incubation and sample preparation 
were done under strict protection from light, in 
screw-top glass tubes. 1/nrcacted turosemide was 
extracted tx~icc with 7ml  of ethyl e ther :n-hcxane 
(65:35). After  centrifugation of the aqueous phase 
at 3000 rpm for I()rain in 0.5 tnl polypropylcnc tubes, 
l(I-20HI wcrc subiected to t i P [ , (  as described 
below. 

Determinat ion of L!DP-GT actixitv toward 1- 
naphthol and cstrone were assayed ractiometricallv 
at {}.5In.~l alld ().ISI]]NI acccptor concentration.  
respectixel.\, according to pre\iousl> described 
methods [21).211. Protein concentrat ion was 
measured according to I,ox~rx [221 using tlovine 
serum albumin as standard. 

Dvtersnimttio#z ot/=(7. FG ~as separated by rex crsc 
phase tIPL(7 on ( >  uBondapak column (Waters 
Associates. Milford. MA) and quanti tated with a 
l]uorescence de tec to r (mode l  FSC)70 Schoeffcl lnstru- 
nlents. \Vest,rood. N J) sot :it 233 nm and 389 nnl 
excitation and emission cut-off Illter. respectivel 3. 
The mobile phase of acetonitrilc 0 ,08  M phosphoric 
acid (3():7(i) \\a', de l i \c red  '<it 2 ml 'min  through a 



UDP-glucuronyltransferase activity towards furosemide 3779 

60 

FG 

, . ,  5O 

¢/3 
Z 
LU 40  
t,- 
_z 
w 

Z 
LU 30  

W 
n- 
O 

._1 
u_ 20  
W 

w 

(rain) 
Fig. 1. HPLC separation of F and FG in microsomal incu- 
bation mixture, details of chromatographic conditions are 

given in the text. 

U6K injector and M45 solvent delivery system 
(Waters Associates, Milford, MA). Retention time 
of FG and F were 5.2 and 12 rain, respectively (Fig. 
1). The production of FG was linear in respect to 
protein concentration and incubation time, up to 
5mg/ml microsomal protein and for more than 
20 rain, respectively (data are not shown). Standard 
curves for FG determination were prepared by 
measuring FG peak height at a concentration range 
of 0.32-7.6 uM which were fitted to a straight line by 
the method of least-square linear regression analysis 
(r ~> 0.99). The coefficient of variation for the assay 
was 5.5% (N = 8). 

Statistical analyses were performed using an analy- 
sis of variance followed by Duncan's new multiple 
range test. 

R E S U L T S  

Determination of Km 
Kinetic parameters of the F-UDP-GT activity were 

derived by bisubstrate kinetic analysis of the initial 
rates of enzyme activity as a function of varying 
concentrations of furosemide at several fixed con- 
centrations of the UDPGA (Fig. 2) as described by 
Dixon [23]. Km (mean-+ SE of three enzyme 
preparations) was 0.223 -+ 0.019mM and 1.76-+ 
0.55 mM for furosemide and UDPGA, respectively. 
Substrate inhibition curves were observed for furo- 
semide as the variable substrate when present in 
concentrations higher than about 1.5 mM (Fig. 2). 
However, the linearity of the enzyme activity during 
the incubation period was not affected. In addition, 
the same pattern of inhibition was maintained when 
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Fig. 2. Double reciprocal plot of initial rates of F-UDP-GT 
as function of the concentration of F. Different con- 
centrations of UDPGA were held constant at either 
0.25 mM (O), 0.375 mM (O), 0.75mM (A), lmM (A), 
2 mM (D), and 4 mM (is). Initial velocity (V) is expressed 
as pmoles FG formed per mg protein per rain. CHAPS 
activated rat liver microsomal protein was used at about 
0.6mg per incubation. A secondary plot (inset) of the 
intercepts on the 1IV axis vs reciprocal values of the con- 
centrations of UDPGA was used to calculate the apparent 
Km. Each point represents the mean of three experiments. 

reduced glutathione (10 mM) was included in the 
incubation (data not shown). 

Under the assay conditions chosen for subsequent 
studies (1.5mM and 4raM UDPGA),  the nor- 
malized initial rate of the reaction as a percentage 
of Vma x [21] was 87% and 69.4% for F and UDPGA,  
respectively. 

Effect of detergents and Mg 2+ on F-UDP-GT 
Enzymatic activity toward F in fresh microsomal 

preparations rose by the treatment with increasing 
sodium cholate, Triton X-100 or CHAPS con- 
centration (Fig. 3a). The optimal detergent con- 
centration for the activation procedure was deter- 
mined and maximal increase of 2.12-, 2.51- and 6.04- 
fold of native activity was found for sodium cho- 
late (0.125%), Triton X-100 (0.5%) and CHAPS 
(0.25%), respectively. At higher concentrations of 
detergent, there was a gradual decrease in UDP- 
GT activity. While the activation caused by sodium 
cholate or Triton X-100 was abolished at higher 
concentrations of detergent, the activity in CHAPS 
activated preparations was still significantly higher 
than control non-activated microsomes, even at 
detergent concentrations that were four times greater 
than the optimum. 

Addition of Mg 2+ (4-20 mM) increased the enzy- 
matic activity three-fold in CHAPS activated micro- 
somal preparations (Fig. 3b). Therefore, all further 
experiments were carried in the presence of 10 mM 
MgCI2 after activation of the microsomal protein in 
the presence of 6 mM CHAPS. 



37811 A. RACHMEL and G. A. HAZELTON 

'°° I 
c 300 
"$ 

E 
"~ 200 

{3_ 100 

400 

(a) 

c 

S 300 
S. 

2 0 0  

-~ 1 0 0  
o_ 

' ' ' ~ . . . .  °i; ~ ~ ' ' 'o 
0 0.25 0. 0 0.75 1.00 12 15 2 

D E T E R G E N T  CONC. (%) M g C I  2 ( m M )  

Fig. 3. (a) Effect of detergents  on U D P - G T  activity toward F, Fresh microsomal preparations were 
incubated for 20min  at 4 ° with different concentrat ion of CHAPS (<)) (N = 4), sodium cholate (D) 
(N 3) or Triton X-100 (©) (N = 3). 0.6-0.7 mg protein was added to the reaction mixture as described 
under  methods  and preincubated for 5 min at 37 ° before the reaction was started. * Significantly higher 
than native microsomes at P < 0.01. (b) Effect of MgCI: on U D P - G T  activity toward F. Optimally 
activated (CHAPS,  6 mM) fresh microsomes were used: other details are in the text (N - 5" * P < 0./)l ). 

The inducibilio' of  UDP-GT activity 

P r e t r e a t m e n t  o f  y o u n g  adu l t  ra t s  wi th  3 - M C ,  P B  
or  P C N  c h a n g e d  U D P - G T  ac t iv i ty  t o w a r d  F,  e s t r o n e  
a n d  1 - n a p h t h o l  in d e t e r g e n t  a c t i v a t e d  ra t  l iver  m i c r o -  
s o m e s  (Fig.  4).  W h i l e  5 d a v s  t r e a t m e n t  wi th  F d id  
n o t  a f fec t  F - U D P - G T  activi ' tv. P C N .  3 - M C  a n d  PB 
p r e t r e a t m e n t  i n c r e a s e d  F - U D P - a c t i v i t y  to 342(:~f, 
2 9 1 %  a n d  208% of  c o n t r o l  a n i m a l s ,  r e s p e c t i v e l y .  
U D P - G T  ac t iv i tv  t o w a r d  e s t r o n e  i n c r e a s e d  f ive- fo ld  
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Fig. 5. Development  of U D P - G T  activit.x toward furo- 
semide,  1-naphthol and estronc in fetal and neonatal rat 
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Ontogeny  

Rat liver microsomal UDP-GT activity toward 
furosemide, estrone and 1-naphthol in the pre- and 
postnatal period is illustrated in Fig. 5. Enzymatic 
activity toward estrone and 1-naphthol are shown for 
comparative purposes. Low activities of furosemide 
glucuronidation were detected at day 18 of pregnancy 
and gradually increased to 48% of adult levels at 
birth. Continuous increase in enzyme activity was 
observed with a 2.5-fold adult level at the age of 22 
days. A similar pattern of development of enzyme 
activity toward estrone was found, though at a much 
slower rate, while 1-naphthol glucuronidation 
reached adult levels at birth, and then decreased for 
about two weeks to rise again to adult levels of 
activity around the weaning period. 

DISCUSSION 

Conjugation of F with glucuronic acid has been 
suggested to be the main metabolic pathway for 
F biotransformation [1,5, 6]. Alternative metabolic 
routes such as formation of 4-chloro-5-sulfamoy- 
lanthranilic acid (CSA), which is a breakdown prod- 
uct of F, was found to be an artifact of the analytic 
process [1], while P-450-mediated formation of 
metabolites that covalently bind to macromolecules 
occurred only in mice treated with very high doses 
of the drug [24]. We have recently identified and 
characterized the glucuronic acid conjugate of F [17], 
and thus were able to study the glucuronidation of 
F by rat livers microsomal UDP-GT. We eliminated 
the formation of putative metabolite of F, CSA, by 
conducting the experiment under minimal exposure 
to light and with no use of hydrochloric acid, factors 
which were previously found to cause degradation 
of F [1,25]. In addition, the short incubation period 
prevented the isomerization of the acyl type glu- 
curonide that was formed to several isomers. This 
has been shown to occur at neutral pH at half-life of 
5.3 hr [17]. Moreover, the reaction was terminated 
by prompt acidification with acetic acid, as it has been 
previously shown that the F-1-0-acyl glucuronide is 
much more stable at pH values lower than 6 [17]. 
The sensitivity of the assay enabled us to detect FG 
at a minimal concentration of 0.25 uM and enzymatic 
activities as low as 5 pmol/min/mg protein. 

CHAPS, a non-denaturating zwitter-ion detergent 
with superior solubilizing properties [26] increased 
UDP-GT activity toward F more than Triton X- 
100 or sodium cholate. The relative broad range of 
detergent concentration at which maximal enzymatic 
activity was maintained (4-8 mM) was mainly useful 
in the study of the microsomal activity in the perinatal 
period where microsomal yield and protein con- 
centration varies. 

Substrate inhibition of UDP-GT is uncommon. 
Previous studies have shown that certain substrates 
of UDP-GT such as bile acids [27] or 7-hydroxy 
chlorpromazine [28] carry detergent activity, which 
at increasing concentrations decrease their own glu- 
curonidation by UDP-GT activity of liver micro- 
somes. The effect was even more prominent when 
detergent-treated microsomes were used [28]. More- 
over. substrate inhibition of UDP-GT by the bile 

acid chenodeoxycholic acid was maintained even 
when a purified enzyme preparation of UDP-GT was 
used [29]. A dose-dependent inhibitory effect of F on 
microsomal UDP-GT activity toward several other 
substrates has been previously described but enzyme 
kinetic analysis did not disclose anv common inhibi- 
tory pattern [8]. 

The relevance of the inhibitory effect of F on 
UDP-GT activity in v ivo  is not clear. Mitchell et al. 
[24] who studied the hepatotoxicity of F in mice 
found that it was apparent only at liver F con- 
centrations higher than 1.8raM (600l~g/g liver). 
They have suggested that P-450-mediated formation 
of reactive metabolite of F occurs at these con- 
centrations. Since an alternative detoxification pro- 
cess was not examined, it remains speculative 
whether, at these liver concentrations, F might have 
caused inhibition of the conjugation with glucuronic 
acid and thus contributed to the extent of hepatic 
necrosis. 

There is a well-established functional hetero- 
geneity of UDP-GT activity in crude enzyme prep- 
arations and several classifications of the enzymatic 
activity have been suggested on the basis of their 
inducibility by three prototype xenobiotic inducers-- 
3-MC, PB and PCN [ l l ] - - a nd  on the basis of the 
ontogeny of the enzyme activity [16]. We have found 
that 3-MC and PCN pretreatment maximally 
increased F glucuronidation while PB had only mini- 
mal effect. We have also found that F glu- 
curonidation was detected as early as day 18 of 
gestation and gradually increased and reached adult 
levels on day 6. This pattern was markedly different 
from the ontogeny of 1-naphthol glucuronidation, 
which like F, was markedly induced by 3-MC. 

It seems, therefore, that different enzyme forms 
of UDP-GT which are independently regulated are 
involved in F glucuronidation. Additional studies are 
needed in order to clarify the role of FG formation 
in the non-renal elimination of the drug. 
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