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Abstract-Uridine diphosphate glucose dehydrogenase activity was normally highest 
in the liver, followed by the intestine and kidneys. The activity was significantly lower 
in the liver of fasted than of fed animals. p-Glucuronidase activity was higher in the 
liver and intestine of fasted than of fed rats. Glucuronidation was low in the kidney and 
intestine compared with the liver. Fasting resulted in a slight decrease in this process 
in the intestine only. Release of phosphate from uridine diphosphate glucuronic acid 
during incubation was normally highest in the intestine, fasting having no detectable 
effect. The presence of ethylene diamine tetra-acetic acid in the assay mixture resulted 
in a marked increase in glucuronidation and a fall in the simultaneous release of 
phosphate, both these effects being particularly high in the gut. Uridine diphosphate 
glucuronyl-transferase activity and the release of phosphate in the presence of ethylene 
diamine tetra-acetic acid were higher in the liver of fasted than of fed rats. Addition of 
saccharo-1+4-lactone, an almost specific inhibitor of ,4-glucuronidase, was followed by 
an increase of glucuronidation in the liver but not in the kidney and intestinal homo- 
genate and there was no detectable change in the release of phosphate. Activation was 
observable whether ethylene diamine tetra-acetic acid was present or not, but was less 
marked in the fasted liver: The role of uridine diphosphate glucose dehydrogenase, 
uridine diphosphate glucuronyltransferase, uridine diphosphate glucuronic acid 
pyrophosphatase and g-glucuronidase in the metabolism of glucuronic acid and in the 
glucuronide production of fed and fasted animals is discussed. 

SINCE the work of Dutton and Storey,6 glucuronic acid is known to be formed from 
glucose via uridine diphosphate glucose. * This compound is dehydrogenated to 
UDPGA by a NAD-linked enzyme.3sp 4o Glucuronic acid can then either be transferred 
to an acceptor to form glucuronides or acid aminopolysaccharides, or it can be 
metabolized either to ascorbic acid or xylulose. The latter substance is further 
metabolized in the pentose phosphate shunt, thus completing another route of glucose 
metabolism, the glucuronic acid pathway (for a review see Burns 19603. 

Fasting animals have long been known to be able to produce glucuronic acid both 
in vitro and in vivo experiments but in smaller amounts than well-fed animals.a3p 2413*@ 
No report appears to exist, however, concerning enzyme levels in the glucuronic acid 

* Abbreviations used are: UDPG = uridine diphosphate glucose; UDPGA = uridme diphosphate 
glucuronic acid; UDP = uridine diphosphate; UMP = uridine monophosphate;, NAD = nicotin- 
amide-adenine dinucleotide; EDTA = disodium salt of ethylene diamine tetra-acetrc acid; GA-l-P = 
ghtcuronic acid-l-phosphate; UDPG-DH = uridine diphosphate glucose dehydrogenase; UDP-GT 
= uridine diphosphate glucuronyltransferase. 
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pathway in tissues of fasting animals. Systematic quantitative studies in the normal 
state have only been made for the liver, 13, *** 45 although glucuronidation also occurs 
on a large scale in the kidney and intestine.lO* 16, 23$ 351 3* The present study deals with 
UDPG-DH, UDP-GT (including the effect of EDTA and saccharolactone on its 
activity), /3-glucuronidase and the release of phosphate from UDPGA in the liver, 
kidney and intestine of fed and fasted rats. EDTA has been shown to inhibit a 
pyrophosphatase splitting UDPGA in normal rat liver microsomes, hence increasing 
glucuronidation.32 A similar activation has been demonstrated by us in the particle- 
containing supernatant of the liver, kidney and intestine of the rat.25 

MATERIALS AND METHODS 

Experimental Animals 
Seven male rats of the Wistar strain with an average body weight of 280 g were 

subjected to three days fasting. Coprophagy was avoided, and water was given 
ad libitum. After the fasting period the rats were weighed and killed by decapitation. 
Seven fed controls were included in the series. 

Tissue Preparation 
The liver, kidneys and a 10 cm long piece of the small intestine, measured from its 

junction with the stomach, were rapidly removed after decapitation, cooled on ice, 
weighed and homogenized for 1 min with 2 volumes 0.15 M KC1 in the Potter- 
Elvehjem apparatus. A sample of this homogenate was used for dry weight determina- 
tion. The rest was centrifuged for 10 min at 2000 x g at 0 “C. The supernatant obtained 
was used for the following procedures. 

UDPG dehydrogenase assay. An acetone powder was prepared from the supematant 
by precipitating with a ten-fold amount of acetone. The powder was extracted with 
water and centrifuged. The clear supernatant was incubated with NAD and UDPG 
according to Strominger et al.*l in a final volume of 1 ml UDPG was obtained 
from the Sigma Chemical Co., and NAD from the C. F. Boehringer & Soehne 
GmbH. Mannheim. 

UDP glucuronyltransferase assay. p-Nitrophenol was used as substrate according 
to a modification of earlier methods .l*y 32 The usual assay mixture was 0.5 mM for 
p-nitrophenol (in 0.5 M triethanolamine buffer pH 7*5), O-5 mM for UDPGA (Sigma 
Chemical Co. NH, . 90% purity) and contained 0.05 ml of the supernatant (equiva- 
lent to 16.7 mg wet tissue) in a final volume of 0.1 ml EDTA and saccharo-1+4- 
lactone were added where indicated, final respective concentrations being 20 mM 
and 1.24 mM. The blanks contained no UDPGA. The tubes, set up in duplicate, 
were incubated with shaking in a water bath at 37 “C! for 30 min. The reaction was 
stopped by addition of 0.9 ml 0.18 M trichloracetic acid (TCA). The mixture was 
centrifuged and 0.5 ml of the supernatant was added to 0.5 ml of 0.8 M KOH. The 
absorbancy was measured in cells of 1 ml at 400 rnp in a Beckman model B spectro- 
photometer. 

An aliquot of the TCA-supernatant was used for the measurement of the inorganic 
phosphate released from UDPGA during incubation. The modified method of Fiske 
and Subbarowsp 27 was used for this purpose, the final volume being reduced to 1 ml. 
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Protein. Both from the 2000-g supernatant and from the water extract of the acetone 
powder, protein was measured by Folin’s procedure Iswith human serum albumin 
(Cohn Fraction V) as standard. 

/I-Glucuroniduse assay. The liver supernatant was diluted 1:40 and that of the kidney 
and intestine 1:20 with 0.15 M KC1 for measurement of &$ucuronidase, which was 
performed according to Fishman.’ The phenolphthalein mono-/3 glucuronic acid was 
obtained from the Sigma Chemical Co. 

RESULTS 

The organs of the fasted animals were smaller than those of the fed ones (Table 1). 
This reduction was relatively higher for the liver and intestine than for the total body 
weight. Since no change was detectable in the dry weights or protein contents of the 
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liver, kidney or intestine as a consequence of fasting ,a11 the values below are expressed 
per wet weight of tissue. 

UDPG Dehydroge~e 
The liver contained the highest activity of this enzyme. In the organs of the fasted 

animals the levels tended to be lower than in the controls, although the difference was 
only significant in the liver (Table 2). The fall in the level of this enzyme together with 
reduced total weights of the tissue, presumably results in a marked reduction of total 
UDPGA production in the intact animal. 

In the system used, glucuronidation was normally far higher in the liver than in 
the intestine and even more so than in the kidney (Fig. 1). The conjugation was not 
affected by three days’ fasting in the liver and kidney, whereas in the intestine this 
treatment appeared to decrease glucuronidation (P < O*OS). 

Addition of EDTA (Table 3) to the incubation mixture caused increased glucuroni- 
dation in every case. This activation was normally 2.5fold in the intestine and kidney 
and 14-fold in the liver. The UDPGA concentration used gave an almost complete 
saturation of UDP-GT particularly in the liver and kidney. The effect of EDTA was 
higher (l-9-fold activation) in the livers of fasted than of fed animals resulting in 
higher final glucuronidation in the former (P < 0.05) as demonstrated in Fig. 1. The 
low rate of intestinal conjugation in the fasted rats increased in the presence of EDTA 
up to the level of the fed animals. 

Addition of saccharolactone, an almost specific inhibitor of /?-glucuronidase, to the 
incubation mixture was shown to increase the glucuronidation in the preliminary 
experiments.a6 Additional results are presented in Table 3. This substance caused an 
activation in the liver (l+fold) but not in the other tissues of the fed animals. In the 
liver of the fasted rats the saccharolactone effect, although present, was significantly 
lower than in the non-fasted animals. In the fasted rats a small increase up to the 
control level was also detectable in the intestine. In the presence of EDTA sacchars- 
lactone did not change the rate of glucuronidation from that seen with EDTA alone 
in the kidney and intestine, whereas in the liver a significant increase was recorded. 
The additional effect of saccharolactone was again higher in the liver of the fed than 
of the fasted animals, the combined increment being only a little higher in the latter. 

Release of Inorganic Phosphate 
This was determined for the purpose of measuring the activity of UDPGA pyro- 

phosphatase. The release of phosphate from UDPGA is dependent not solely on this 
activity but also on enzymes splitting GA-l-P, UMP and UDP, the presence of 
which has been demonstrated in the rat organism. *p Q, 51p 32, 3g Our results are given in 
Fig. 1 and in Table 4. The release of phosphate was highest in the intestine, averaging, 
in the system used, 72 per cent of the phosphate added to the incubation medium as 
UDPGA. In the kidney and particularly in the liver the values are below 50 per cent 
of the theoretical maximum, indicating that the level of phospha~ses is lower in these 
organs than in the intestine. The release of inorganic phosphate was not affected by 
fasting. 
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Addition of EDTA markedly diminished the phosphate released from UDPGA in 
all tissues, especially in the intestine. The changes caused by EDTA were the same in 
both groups. In the livers of the fasted rats the release of phosphate in the presence of 
EDTA was somewhat higher than in the fed animals (P < 0.05). Saccharolactone in 
the assay mixture resulted in no detectable change in the phosphate values. The in- 
creased rate of glucuronidation caused by this substance in the liver is thus mainly 
due to inhibition of the breakdown of the glucuronide formed during incubation. 

TABLE 5. /3-GLUCURONIDASE ACTIVITY IN LIVER, KIDNEY AND INTESTINE OF FED AND 

FASTEDANIMALS.FISHMANUNITS/~OOMGOFWETWEIGHT + STANDARDERROR.~NDER- 

LINING INDICATES THE SIGNIFICANCE OFDIFFERENCE BETWEEN TWO GROUPS (P < 0.05). 

Group Liver 

Fed 890 & 22.7 

Fasted 1102 l 55.5 

Kidney 

251 h 17.8 

293 + 22.0 

Intestine 

260 k 18.2 

417 + 32.0 -. 

/3-Glucuronidase 
The activity of this enzyme was markedly higher in’the liver and intestine of fasted 

than of fed animals (Table 5). Addition of EDTA to some assay mixtures caused a 
notable inhibition of /3-glucuronidase activity not only at pH 5.0 in acetate buffer 
but also at pH 7.5 in triethanolamine buffer, at which the glucuronidation experiments 
were performed. At the latter pH value the activity was about one-tenth of the optimal 
one. Endogenous /3-glucuronidase thus seems to some extent to be able to destroy 
the glucuronide formed during incubation. This breakdown is obviously partly 
prevented by EDTA. 

DISCUSSION 

The enzymatic reactions responsible for the results in the present study are pre- 
sented in Diagram 1. 

e+Pi + U 
GA-l-P + U’MP 

f 
a /b 

UDPG---+ UDPGA GA + Pi + NP 

a = uridine diphosphate 
b = uridine diphosphate 
C = uridine diphosphate 
d = /I-glucuronidase 
e = phosphatases 

+ NP’ ‘NPGA /it UDP 
‘-+2Pi + U 

e 
glucose dehydrogenase 
glucuronic acid pyrophosphatase 
glucuronyltransferase 

NP = p-nitrophenol; NPGA = p-nitrophenol glucuronide; GA-l-P = glucuronic 
acid -l-phosphate ; GA = glucuronic acid ; UMP = uridine monophosphate ; 
U = uridine; Pi = inorganic phosphate. 

Diagram 1. Modified from those presented by Pogell and Leloir32 and Hollman and 
Touster.13 

\C d7 
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Glucuronide production seems to be accelerated not only by the presence but 
also by the formation of glycogen, which since the discovery of Leloir and Gardineao 
is believed to occur mainly via UDPG. The administration of glucose and fructose to 
either non-fasted humans or rabbits results in enhanced glucuronide produc- 
tion.lp la* a8l 42* 43 Addition of glucose to the incubation medium of tissue slices of 
both normal and fasted animals is also followed by increased glucuronidation.23* s7 
During fasting glucose is synthesized from fats and proteins by the liver at an acceler- 
ated rate. The conversion to glycogen is probably bypassed. The lack of UDPG is 
apparent, and in turn may result in the decrease of UDPG-DH activity demonstrated 
in the present study. A decrease of a number of other liver enzymes occurs during 
fasting, presumably owing to disturbed protein synthesis.13* 36 

Saturation of UDP-GT with substrate is difficult to achieve, especially in the 
intestine, owing to rapid destruction of UDPGA by pyrophosphatase.sal 37 EDTA 
inhibits this latter enzyme, at least in rat liver microsomes, with resultant better 
saturation of UDP-GT and hence enhanced glucuronidation.sa Our EDTA experi- 
ments (decrease of phosphate release from UDPGA with simultaneous increase of 
conjugation) suggest that a similar inhibition occurs also in the kidney and intestine. 
Glucuronidation in the presence of EDTA (EDTA + saccharolactone for the liver) 
in our system probably reflects maximal UDP-GT activity. EDTA has, however, an 
inhibitory effect on this enzyme3a and also, as shown in the present study, on /3- 
glucuronidase, the greater effect of EDTA on glucuronidation in the liver of fasted 
than of fed animals which actually suggests an increase of UDP-GT activity. Whether 
the enhancement of UDP-GT activity in fasting is detectable with other glucuronate 
acceptors remains unsolved. The heterogeneity of this enzyme and the different rate 
of glucuronidation of bilirubin, phenolphthalein and o-aminophenol suggest, that the 
case is not necessarily so.3p I53 Is 

The release of inorganic phosphate from UDPGA and the change in this process 
caused by EDTA was unaffected by fasting, suggesting that the pyrophosphatase level 
is unaltered in this state. That some phosphate was liberated in the presence of EDTA 
may imply incomplete inhibition of pyrophosphatase and/or hydrolysis of the UDP 
formed during glucuronidation (see Fig. 2). The amount of inorganic phosphate 
detected in EDTA experiments was equivalent in the intestine, higher in the kidney 
and lower in the liver than the respective amounts in the UDP expected to be formed 
by UDP-CT. Increase of the latter enzyme in fasting results in enhanced UDP 
production. It appears that hydrolysis of this nucleotide may explain the high phos- 
phate release found to occur in the presence of EDTA in the liver of fasted animals. 

Fasting results in elevation of p-glucuronidase activity in the liver3s and in the lym- 
phatic tissue.2sv 3o The present study revealed that this also occurs in the intestine. 
The significance of &glucuronidase in the metabolism of glucuronic acid is not known. 
Its role in the transference of glucuronic acid in duo appears to be negligible.5 The 
glucuronidation and /Lglucuronidase activities correlate poorly with each other, 
although a fairly close parallelism exists between them in the stomach after irradia- 
tion.ll Feeding of saccharolactone, an inhibitor of /&glucuronidase, brings about no 
change in the normal urinary ascorbate leveP3 but has a protecting action against 
gastric ulcer induced by administration of cincophen.ll Saccharolactone in the 
incubation medium of mouse liver slices or suspension is without effect on o-amino- 
phenol glucuronidation16s 17* lg, 2r. I n our earlier25 and present studies, saccharolactone 
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invariably caused increased glucuronidation even in the presence of EDTA in the liver. 
Unaltered release of phosphate from UDPGA suggests that this activation is due to 
inhibition of /3-glucuronidase. That the saccharolactone effect was less marked in 
the liver of fasted rats may result from its high ,B-glucuronidase activity, this not being 
inhibited equally with the controls by the same amount of inhibitor. 

The metabolism of glucuronic acid has been inferred to proceed from UDPGA on 
a larger scale via UDP-GT than via the UDPGA pyrophosphatase pathway.13~32~47~48 
A labile glucuronide32 would then be a precursor of free glucuronic acid, /Sglucuroni- 
dase playing a minor role in its splitting. l3 There is some evidence, however, that 
,Sglucuronidase is of greater significance in this route .151 32 The present paper provides 
further evidence of the importance of fi-glucuronidase in the UPD-GT pathway, 
at least in the liver, where the activity of the GA-l-P phosphatase, necessary for the 
pyrophosphatase pathway, is low.4 The latter may be the more important route in the 
kidney and intestine. This is indicated by the high pyrophosphatase activity (high 
release of phosphate), relatively low UDP-GT activity even in the presence of EDTA, 
low t%glucuronidase activity and absence of saccharolactone effect. 

Increase of UDP-GT (as indicated by EDTA and EDTA saccharolactone experi- 
ments) and /3-glucuronidase without change in UDPGA pyrophosphatase (unchanged 
release of phosphate) would imply at least a relative enhancement of glucuronic 
acid metabolism via the UDP-CT route in the liver during fasting. Lack of UDPGA 
with greatly reduced liver weight may explain the decrease of glucuronate and ascor- 
batezs* 33 excretion into the urine of intact fasted animals. 

Acknowledgement-Saccharo-1+4-lactone was kindly given by Professor K. Hartiala, University 
of Turku, Finland. This investigation has been aided by a grant from the Foundation for Medical 
Researchin Finland (&omen Lsketieteen S%itio). 

REFERENCES 

1. K. BECK and E. RICHTER, Klin. Wschr. 40, 75 (1962). 
2. J. J. BURNS, in Merabolic Pathways (edited by D. M. GREENBERG), vol. l., p. 341. Academic Press, 

New York (1960). 
3. Z. CHOJECKI and F. KERN, Gastroenterology 40, 521 (1961). 
4. A. H. CONNEY and J. J. BURNS, Biochim. Biophys. Acfa 54, 369 (1961). 
5. G. J. DUTTON, Biochem. Pharmacol. 6, 65 (1961). 
6. G. J. DU~TON and I. D. E. STOREY, Biochem. J. 57,275 (1954). 
7. W. H. FISHMAN, in Methods in Enzymology (edited by S. P. COLOWICK and N. 0. KAPLAN), 

vol. III, p. 55. Academic Press, New York (1957). 
8. C. H. FISKE and Y. SUBBAROW, J. BioZ. Chem. 66, 375 (1925). 
9. V. GINSBURG, A. WEISSBACH and E. S. MAXWELL, Biochim. Biophys. Acta 28, 649 (1958). 

10. K. J. HARTIALA, Ann. Med. Exp. Fenn. 33, 239 (1955). 
11. K. HARTIALA, Biochem. Pharmacol. 6, 82 (1961). 
12. W. HEYDE and H. WIELAND, &ztZ. Forsch. 14, 412 (1960). 
13. S. HOLLMANN and 0. TOUSTER, Biochim. Biophys. Actu 62, 338 (1962). 
14. K. J. ISSELBACHER, in Recent Progr. Hormone Res. (edited by G. PINCUS), vol. 12, p. 134. Academic 

Press, New York (1956). 
15. K. J. ISSELBACHER, Biochem. Biophys. Rex Comm. 5, 243 (1961). 
16. M. C. KARUNAIRATNAM, L. M. H. KERR and G. A. LEVVV, Biochem. J. 45,496 (1949). 
17. M. C. KARUNAIRATNAM and G. A. LEVW, Biochem. J. 44, 599 (1949). 
18. H. G. K~JNKEL and A. TISELIUS, J. gen. Physiol. 35, 89 (195 1). 
19. G. H. LATHE and M. WALKER, Biochem. J. 70,705 (1958). 
20. L. F. LELOIR and C. E. GARDINI, J. Amer. Chem. Sot. 79,634O (1957). 
21. G. A. LEWY, Biochem. J. 52,464 (1952). 



Enzyme levels of glucuronic acid metabolism in normal and fasted rats 575 

22. G. A. LEVVY and C. A. MARSH, in Advanc. Carbohyd. Chem. (edited by M. L. WOLFROM and 

R. S. TIPSON), vol. 14, p. 381. Academic Press, New York (1959). 
23. W. L. LIPSCHITZ and E. BIJEDING, J. Biol. Chem. 129, 333 (1939). 

24. P. MAYER, 2. klin. Med. 47, 68 (1902). 
25, T. A. MIETTINEN and E. LESKINEN, Ann. Med. Exp. Fenn. 40,427 (1962). 

26. R. R. MUSULIN, R. H. TULLY, H. E. L~NGENECKER and C. G. KING, J. Biol. Chem. 129,437 (1939). 
27. E. MILLER, Hoppe-Seyl. Z. 237, 35 (1935). 

28. D. MUTING, Klin. W&r. 35, 964 (1957). 
29. C. PELLEGRINO and G. VILLANI, Biochem. J. 62,235 (1956). 

30. C. PELLEGRINO and G. VILLANI, Biochem. J. 65, 599 (1957). 

31. G. W. E. PLAUT J. Biol. Chem. 217, 235 (1955). 
32. B. M. P~GELL and L. F. LELOIR, J. Biol. Chem. 236,293 (1961). 

33. E. ROBERTS and C. J. SPIEGL, J. Biol. Chem. 171, 9 (1947). 
34. F. SCHMID, C.R. Sot. Biol., Paris 123, 223 (1936). 

35. Y. SHIRAI and T. OHKUBO, J. Biochem. (Tokyo) 41,337 (1954). 
36. G. SOBER~N and E. SANCHEZ, J. Biol. Chem. 236, 1602 (1961). 

37. I. H. STEVENSON and G. J. DUTTON, Biochem. J. 82, 330 (1962). 
38. I. D. E. STOREY, Biochem. J. 47, 212 (1950). 

39. I. D. E. STOREY and G. J. DUTTON, Biochem. J. 59,279 (1955). 
40. J. L. STROMINGER, H. M. KALCKAR, J. AXELROD and E. S. MAXWELL, J. Amer. them. Sot. 76, 

6411 (1954). 
41. J. L. STROMINGER, E. S. MAXWELL, J. A~ELROD and H. M. KALCKAR, J. Biol. Chem. 22479 (1957). 
42. H. S~DHOF, Hoppe-Seyl. 2.290, 72 (1952). 

43. H. SBDHOF, Hoppe-Seyl. Z. 296, 267 (1954). 
44. A. E. TAKEMORI, J. Pharmacol. exp. Ther. 130, 370 (1960). 
45. A. E. TAKEMORI and G. A. GLOWACKI, Biochem. Pharmacol. 11, 867 (1962). 

46. H. THIERFELDER, Hoppe-Seyl. 2. 10, 163 (1886). 
47. 0. TOUSTER and D R. 0. SHAW, Physiol. Rev. 42, 181 (1962). 
48. J. L. YORK, A. P. GROLLMAN and C. BUBLITZ, Biochim. Biophys. Acta 47, 298 (1961). 


