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Abstract-Dibutyryl cyclic adenosine 3’:5’-monophosphate (DBcAMP) has been shown to inhibit 
glucuronidation of p-nitrophenol in a concentration-dependent manner in isolated rat hepatocytes. 
Adenosine (ADO) also decreased glucuronidation in a similar fashion. The effects of adenosine were 
examined on the variables controlling glucuronidation in intact cells. The addition of adenosine was 
without effect on either glucuronyltransferase or /l-glucnronidase. Adenosine decreased uridine diphos- 
phate glucuronic acid (UDPGA) levels by 62% and, subsequently, inhibited glucuronidation by 41% in 
isolated rat hepatocytes. Since the synthesis of UDPGA requires NAD+ for the dehydrogenation of UDP- 
glucose, alterations in the redox state could account for the decrease in intracellular UDPGA levels. The 
effects of ADO (5OO~M) on lactate and pyruvate content and redox state were examined in rat 
hepatocytes. ADO caused a 2.1-fold increase in lactate levels and a 2.65fold increase in the [lactate]/ 
[pyruvate] ratio. The NAD+MADP ratio, therefore, was decreased by 63% in the presence of ADO. 
Carbohydrate reserve also affects UDPGA levels; thus, graded concentrations of glucose (5.5,25, and 
50 mM) were added to cells incubated with ADO. At 5.5 mM glucose, ADO caused a 61% decrease in 
glucuronide formation, while at concentrations of 25 and 50 mM glucose, the inhibition was diminished by 
53 and 47% respectively. ADO appears to have decreased the synthesis of UDPGA by decreasing the 
NAD+/NADH ratio, thus inhibiting UDP-glucose dehydrogenase. Carbohydrate reserve also appears to 
be involved in the inhibition of glucuronidation mediated by ADO. 

Glucuronidation is a major pathway in the biotrans- 
formation of both foreign and endogenous com- 
pounds to less toxic, more water-soluble products [l]. 
Conjugation with glucuronic acid is dependent on the 
activity of a group of enzymes, the glucuronyltrans- 
ferases, and the availability of UDPGA$, an essen- 
tial cofactor for glucuro~dation [2]. Changes in 
ho~onal status, as well as many patholo~cal condi- 
tions, have been shown to decrease the formation of 
UDPGA and, therefore, the formation of glucuro- 
nides. Such conditions include hyperthyroidism [3], 
starvation [4,5], and experimental diabetes [6-8]. 
Since all these conditions [9,14] have in common an 
increase in tissue CAMP via stimulation of adenylate 
cyclase, CAMP may play a role in the alterations seen 
in gIucuronidation under these conditions. 
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$ Abbreviations: UDPGA, uridine diphosphate giucur- 
onic acid; CAMP, cyclic adenosine 3’:5’-monophospbate; 
DBcAMP, dibutyryl cyclic adenosine 3’:5’-monophos- 
phate; pNP, p-nitrophenol; PIA, ~6-phenylisopropyl- 
adenosine; TCA, trichloroacetic acid; and PAPS, 3’-phos- 
phoadenosine S-phosphosulfate. 

Only limited studies have examined the effects of 
CAMP on glucuronidation. Pretreatment of rats with 
dibutyryl CAMP or glucagon has been shown to 
enhance glucuronyltransferase activity in liver homo- 
genates 1151. Conversely, the addition of dibutyryl 
CAMP, ATP, ADP and AMP to isolated rat hepato- 
cytes inhibits the glucuronidation of F-ni~ophenol in 
a ~ncentration-de~ndent manner [ 16,171. Adeno- 
sine has also been shown to decrease glucuronidation 
in a similar fashion [17]. Furthermore, Londos and 
Wolff [18] have demonstrated that adenosine and 
adenosine analogs, N6-phenylisopropyladenosine 
and 5’-N-ethylcarboxamideadenosine, activate ad- 
enylate cyclase in a liver plasma-membrane prepara- 
tion. Similar rest&s have been shown with isolated 
rat hepatocytes using adenosine, PIA, and 2-chloro- 
adenosine [ 191. Bartrons et al. [ 191 also demonstrated 
that ATP and AMP produced the same effects as 
adenosine in hepatocytes because both are rapidly 
converted to adenosine by a membrane 5’-nucleo- 
tidase. These results suggest that the inhibition by 
adenine nucleotides may have been mediated by 
adenosine. 

At least five rate-controlling factors have been 
identified for glucuronidation in intact cells: sub- 
strate supply, UDPGA levels, N~+~ADH redox 
state, carbohydrate reserve, and the activity of the 
glucuronyhransferases. Thus, the present studies 
were designed to examine the effects of adenosine on 
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these variables controlling glucuronidation in order 
to elucidate the mechanism(s) responsible for the 
inhibition, 

MATERIALS AND METHODS 

Chemicals. UDPGA, 4-methylnmbelliferone~ & 
glucu~~d~e (Ghrcurase), Brij 58 (~lyoxyeth~ene 
20-cetyl ether), and 4-methylumbelliferonyl-~,~- 
glucuronide were obtained from the Sigma Chemical 
Co. (St Louis, MO). Collagenase (type II) was 
purchased from Worthington (Freehold, NJ). 4- 
Nitrophenol was obtained from the Eastman Chemi- 
cal Co. (Rochester, NY). An A-gent Clinical Chem- 
istry Reagent-Glucose UV kit was purchased from 
Abbott Diagnostic (Chicago, IL). A11 other chemi- 
cals were reagent grade and obtained from commer- 
cial sources. 

Animals. Male Sprague-Dawley rats, weighing 
200-300 g, and male Hartley guinea pigs, weighing 
300-400 g, were obtained from Hilltop Lab Animals, 
Inc. (Scottdale, PA). Animals were maintained in a 
temperature, humidity, and light-controlled room 
and allowed free access to water and Purina Rodent 
Laboratory Chow or Purina Guinea Pig Chow 
respectively. Unless otherwise stated, animals were 
fasted for 16-19 hr prior to being killed. 

Tissue preparation md incubation cmditims. 
Hepatic microsomes were prepared by differential 
centrifugation as previously described [ZO]. Hepato- 
cytes were isolated by a modification [21] of the 
procedure of Eacho and Weiner [223. Metabolism 
was examined by incubating hepatocytes (2 x lo6 
cells/ml) in round-bottom flasks at 37” in a Dubnoff 
metabolic shaking bath (I&O os~llat~on~min) under 
an atmosphere of 95% 0$5% COz. Hepatocyte via- 
bility was determined using trypan blue exclusion, 
and only preparations with a viability of greater than 
90% were used. Cells were allowed to equilibrate at 
37” for approximately 2-3 min. After a second 2- 
3 min equilibration period following the addition of 
adenosine in a small volume of Krebs-Ringer buffer, 
reactions were initiated by the addition of pNP. At 
various times, 6-ml aliquots of cell suspension were 
withdrawn and precipitated with 0.56 ml of 40% (wlv) 
TCA. Viability checks were performed at the end of 
each incubation. 

The microsomal UDP-glucuronyltransferase assay 
was performed in a final volume of 0.5 ml in 17 x 
100 mm polypropylene Falcon tubes. The reaction 
mixture contained 0.25 ml of microsomal suspension 
(1 mg protein), 0.1 ml of 0.2% Triton X-lOOin 0.1 M 
phosphate buffer (pH 7.4), 2 mM UDPCA, 5.0 mM 
MgCIz and pNP as substrate. The reaction was initi- 
ated by addition of substrate and was carried out in a 
Dubnoff metabolic shaking bath (100 oscillations/ 
min) at 37” for 15 min. After stopping the reaction 
with 1 ml of 10% (w/v) TCA, the precipitate was 
sedimented by centrifugation, and I ml of the super- 
natant fraction was used for analytical determina- 
tions. 

Ana~yr~ca~ ~te~~~~~~~. After acidification, pre- 
cipitates were sedimented by ce~tri~gation. The 
supernatant fluid obtained after ~nt~~gation was 
adjusted to pH 5.0 with 2N sodium acetate, and 
duplicate ‘l-ml samples were combined with 40 ~1 of 

&glucuronidase (200 units) or arylsulfatase (5 units). 
Additional duplicate l-ml samples were used without 
enzyme addition to determine the level of unconju- 
gated phenol. Samples without enzyme were alkalin- 
ized with 1.4 ml of 1.2 N sodium carbonate, and the 
absorbance was measured at 400 nm spectrophoto- 
metrically on a Beckman model DU-8 spectrometer. 
Samples containing enzymes were covered and incu- 
bated at 37” in a shaking water bath (40 oscillations/ 
mm). Those samples containing @glucuronidase 
were incubated for 2 hr and samples with arylsulfa- 
tase for 1 hr. At the end ofthe incubation periods, the 
samples were alkalinized and read calorimetrically as 
was done with the unconjugated phenol. Calibration 
curves were generated in the presence of each 
enzyme to account for their absorbance. The quan- 
tity of the specific conjugated metabolites was deter- 
mined by subtrac~ng the amount of free phenol 
detected in the absence of hydrolytic enzymes from 
the values obtained in samples that had undergone 
hydrolysis. 

Arylsulfatase was dissolved in 0.2 N sodium ace- 
tate, pH 5.0; @-glucuronidase was purchased as a 
solution (Glucurase) in the same buffer. 1,4- 
Saccharic lactone, at a concentration of 20 mM, was 
incorporated into the arylsulfatase solution to inhibit 
@-glucuronidase activity which contaminates #is pre- 
paration. 

Microsomal UDP-glucuronyltransferase activity 
was determined by monitoring the disappearance of 
substrate, pNP. Absorbance of pNP was measured at 
400 nm spectrophotometrically following addition of 
1.4 ml of 1.2 N NazCOs to 1 ml of the TCA super- 
natant fraction. 

UDPGA levels were determined enz~at~cally as 
previously described by Bock and White [23] as 
modified for hepatocytes by Ullrich and Bock [24f. 
Aliquots (2 ml) of cell suspension containing approx- 
imately 2 x 106cells/ml were removed and boiled for 
2 min. After heating, the suspensions were cooled on 
ice and centrifuged for 15 min at 10,OOOg. UDPGA 
was determined in the supernatant fluid by means 
of the 4-methylumbelliferone-glucuronyftransferase 
assay f25]. 

Lactate was determined by the method of No11 [26] 
with modifications as described by Lowry and Pas- 
sonneau 1271. The concentration of pyruvate was 
measured by the procedure of Kubowitz and Ott [ZS] 
as modified by Lowry and Passonneau [27]. The 
NAD’iNADH ratio from lactate dehydrogenase was 
calculated as [pyruvate]/[lactate] X l/K, where K = 
equilibrium constant of the enzyme [29]. 

Free glucose levels in hepatocytes were deter- 
mined by amodi~~tion of the procedure of Slein [30] 
using an A-gent Clinical Chemistry Reagent-Glucose 
UV kit, a commercially available glucose kit (Abbott 
Laboratories). Glycogen content of hepatocytes was 
determlned by the method of Keppler and Decker 
[31]. ATP, ADP, and AMP levels were determined 
by the method of Lowry and Passonneau [27]. 

Stabistical analyses. Statistical analyses were per- 
formed utilizing Student’s r-test. 

RJBIJLTS 

After 30 min of incubation with 1OOyM pNP, pro- 
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Fig. 1. Effects of adenosine on microsomal glucuronyltrans- 
ferase activity. Microsomes were prepared as described in 
Materials and Methods. The amounts of pNP-~u~ro~de 
formed were determined at the indicated time intervals. 
Key: 100 ,nM pNP (0); 100 PM pNP plus 500 PM adenosine 
(0); 2OOpM pNP (+); and 2OOpM pNP plus 500pM 
adenosine (m). Each point represents the mean + SEM for 

six animals. 

duction of glucuronide conjugate was 23.83 sfr 2.29 
nmol/106 cells, while sulfate conjugate formation was 
10.81 + 1.92 nmoY106 cells in isolated hepatocytes 
from male fasted rats. The remainder of the 100 PM 
dose was accounted for by unmetabolized free pNP. 
Adenosine inhibited glucuronidation in a concentra- 
tion-dependent manner (Table 1). Addition of adeno- 
sine (5OOpM) to the incubation inhibited glucur- 
onidation by 48% (Table 1) without affecting sulfa- 
tion (data not shown). Since adenosine has been 
shown to increase CAMP levels in hepatocytes [19], 
the effects of cyclic nucleotides on glucuronidation 
were also examined (Table 1). Cyclic AMP did not 

Table 1. Effects of adenine nucteotides on gIucuronidation 
of pNP in hepatocytes 

Treatment 

Glucuronide 
Concentration fo~ation 

(PM) (% of control) 

Adenosine 500 
250 
100 
50 

CAMP 
5 

1000 
500 

DBcAMP 

S-BrcAMP 

500 
200 
100 
50 

500 

52 f 6* 
60 f 4” 
75 f 5 
88+ 9 

104Ikll 
86 f 9 
94 k 9 
13 ?I 2* 
45 f 5* 
68 f 6* 
76 f 8 
29 + 3* 

Hepatocytes (30 ml) were incubated with nucleotides and 
100 PM pNP for 30 min at 37” under an atmosphere of 95% 
0*/5% COz. Glucuronidated metabolites were assayed as 
described in Materials and Methods. Control incubations 
were run for each experiment. The mean control value was 
23.83 k 2.29 nmoU106 cells. Values represent mean percent 
of control zk SEM obtained from hepatocytes of three to six 
fasted animals. 

* Significantly different from control value, P < 0.05. 

CONT ADO SL SL 84 

500 ptd 4mM ADO 

Fig. 2. Effects of 1,4-saccharic lactone on the inhibition of 
glucuronidation mediated by adenosine. Levels of pNP- 
~ucuronide were determined in hepatocytes at 30min. 
Each bar represents the mean t SEM for at least four 
animals. Key: (*) significantly different from control values, 

P < 0.05. 

alter glucuronidation significantly. However, both 
the dibutyryl and the 8-bromo derivatives of CAMP 
decreased glucuronide formation in hepatocytes. 

In an attempt to elucidate the mechanism(s~ 
responsible for the inhibition of glucuronidation by 
adenosine, studies were performed to examine the 
effects of adenosine on parameters controlling glu- 
curonidation. Net production of pNP-glucuronide 
could be diminished by either inhibition of glucur- 
onyltransferase activity or increased Pglucuronidase 
activity. The inhibitory action of adenosine on pNP 
glucuronidation in hepatocytes was not caused by 
inhibition of glucuronyltransferase (Fig.1). It was 
found that microsomal glucuronyltransferase activity 
in the presence of 500 ,uM adenosine was not signi- 
ficantly different from control values at two substrate 
concentrations and three time periods. Nor was the 
ability of adenosine to decrease pNP glucuronide 
formation in intact cells by increasing breakdown of 
the glucuronide by p-glucuronidase (Fig. 2) respon- 
sible for the inhibition. When 1,4-saccharic lactone, 
an inhibitor of /I-glucuronidase, was added to the 
incubations, it was unable to prevent the effects of 
adenosine on glucuronidation. 

One of the major factors regulating glucuronida- 
tion in hepatocytes appears to be carbohydrate 
reserve; therefore. the effect of nutritional state on 
the inhibition of glucuronidation by adenosine was 
investigated (Fig. 3). The effects of adenosine and 
DBcAMP, alone and in combination, were examined 
in fed and fasted rats. The effects of all three 
treatments were attenuated in the fed animals as 
compared to the fasted rats. In fasted rats, adeno- 
sine, DBcAMP, and the two in combination caused a 
34, 24, and 56% inhibition of glucuronidation, 
respectively, while in fed animals the inhibition was 
nonsignificant and averaged 12, 6, and 20% respec- 
tively. 

Since glucuronic acid is derived from glycogen and 
glucose, the effects of adenosine on UDPGA levels 
and glucuronide formation were examined (Fig. 4). 
Adenosine (5~~M) decreased UDPGA levels by 
62% and glucuronide formation by 41%. Similarly, 
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Fig. 3. Effects of feeding and fasting on the effects of 
adenosine,DBcAMP, and the twoincombinationonglucur- 
onidation. Animals were fasted for 16-19 hr prior to being 
killed. Each bar represents the mean f SEM of at least four 
animals. Key: (*) significantly different from corresponding 

fed rats at P < 0.05. 

the effects of DBcAMP on UDPGA levels and 
glucuronide formation were also studied. At all three 
concentrations of DBcAMP, UDPGA levels were 
diminished (Fig. 4). At 30 min, UDPGA levels were 
decreased by 82,61, and 39% at 500,100, and 50 PM 
DBcAMP, respectively, as compared to controls. In 
keeping with the decreases in UDPGA levels, glucur- 
onide formation was also decreased (Fig. 4). At 
30 min, glucuronide formation was inhibited by 88, 
43, and 13% at 500, 100, and 50pM DBcAMP 
respectively. 

Further studies were performed to examine the 
effects of glucose concentration on the inhibition of 
glucuronidation in response to adenosine (Fig. 5). 
Cells were prepared in incubation buffer that 
contained physiological glucose concentrations 
(5.5 mM). At the beginning of the incubation period, 
graded concentrations of glucose were added. Alone, 
the additions of glucose were without effect on 
glucuronidation; however, in the presence of adeno- 
sine, the lower the concentration of glucose the 
greater the inhibition of glucuronidation by adeno- 
sine. At 5.5 mM glucose, adenosine caused a 61% 
decrease in glucuronide formation. At higher con- 
centrations of glucose, 25 and 50 mM, the inhibition 
was diminished as 53 and 47% decreases were 
observed respectively. At the highest concentration 

I I h 1 
Fig. 4. Effects of adenosine and DBcAMP on UDPGA 
content and glucuronide formation. Cells were incubated 
with adenosine (500 PM) or DBcAMP for 30 mm. Each bar 
represents the mean + SEM of at least six animals. Key: (*) 

significantly different from control values, P < 0.05. 

i-l 
5.5 mhl 25 nlM 50 InM 5.5 mM 25 mM 50 mM 

0 GLUCOSE ALONE Ea GLUCOSE & ADENOSINE 

Fig. 5. Effect of additional glucose on the inhibition of 
glucuronidation by adenosine. Glucose was added to the 
hepatocyte preparations just prior to the beginning of the 
incubation period. Cells were incubated with 100 PM pNP 
for 30 min. Each bar represents the mean + SEM for at 
least four animals. Key: (*) significantly different from 
control values, P < 0.05; (Y) significantly different from 

5.5 mM glucose, P < 0.05. 

of glucose (50 mM) added to the incubation, the level 
of inhibition of glucuronidation was significantly 
different from the inhibition at 5.5 mM glucose. 

The ability of adenosine to alter the cellular con- 
tent of glucose and glycogen was also examined 
(Table 2). Glycogen content was decreased signi- 
ficantly by 41% in cells incubated for 30min with 
adenosine as compared to control cells. Glucose 
content tended to be decreased (10%). DBcAMP, at 
the two highest concentrations, caused significant 
decreases in glycogen content. At 500 and 100 ,uM, 
DBcAMP glycogen content was decreased by 49 and 
38% respectively. Glucose content was also 
decreased significantly in cells incubated with 500 or 
100pM DBcAMP, 21 and 16% respectively. At 
50 PM DBcAMP neither glycogen nor glucose con- 
tent was altered significantly. 

UDP-glucose dehydrogenase is an NAD+- 
requiring enzyme responsible for UDPGA synthesis; 
therefore, changes in the redox state of NAD+ could 
alter glucuronidation by modifying intracellular 
UDPGA levels. Lactate and pyruvate levels were 
determined in the presence and absence of adenosine 
(Table 3). Incubation with adenosine caused a 2.1- 
fold increase in lactate levels and a 2.65-fold increase 

Table 2. Effects of adenine nucleotides on glucose and 
glycogen content of isolated hepatocytes 

Treatment 

Control 
Adenosine, 500 yM 
DBcAMP, 500 PM 
DBcAMP, 100 PM 
DBcAMP, 50 PM 

Glucose 
(pmopg) 

3.60 + 0.29 
3.34 + 0.26 
3.04 + 0.17* 
2.87 + O.ll* 
3.19 * 0.21 

Glycogen 
(pmoug) 

1.34 * 0.09 
0.79 _+ 0.15* 
0.68 Z!I 0.05* 
0.83 f 0.10* 
1.26? 0.12 

Hepatocytes (30 ml) were incubated with adenine nucleo- 
tides and 100 PM pNP for 30 min at 37” under an atmos- 
phere of 95% Oj5% CO1. Glucose and glycogen content 
were determined as described in Materials and Methods. 
The values are expressed as micromoles per gram 
of liver wet weight. Glycogen is expressed as glucose 
equivalents. Values are means + SEM of three to four 
hepatocyte preparations. 

* Significantly different from control, P < 0.05. 
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Table 3. Effects of adenine nucleotides on the redox state in isolated hepatocytes 

Treatment 
Pyruvate 
(Irmohg) 

Lactate 
(pmopg) 

PWk94 
ratio 

NAD+iNADH 
ratio 

Control 0.38 -+ 0.04 2.79 2 0.57 7.44 1222 

Adenosine, 500 FM 0.30 r 0.05 5.88 rf: 0.59* 19.53* DBcAMP, 500 ,aM 0.36 + 0.09 2.94 + 0.83 8.19 1% 
DBcAMF, 100 FM 0.28 t 0.05% 1.77 + 0.45* 7.49 1218 
D&AMP, 50 PM 0.18 -+_ 0.09” 1.29 It 0.44+ 7.19 1264 

Hepatocytes (30 ml) were incubated with nucleotides and 100 PM pNP for 30 min at 37” 
under an atmosphere of 95% 02/5% CO*. Lactate and pyruvate levels were determined as 
described in Materials and Methods. The NAD*/NADH ratio from lactate dehydrogenase 
was calculated as [pyruvate]/[lactate] x l/K, where K = equilibrium constant of the enzyme = 
1.1 x l@“ at 37” and pH 7.0 [27]. Values are expressed in micromoles per gram of liver wet 
weight. Values are means & SEM of four experiments. 

*Signifkantfy different from control, P < 0.05. 

in the ]factate]/fpyruvate] ratio. The NAD+mADH 
ratio was, therefore, decreased by 63% in the pre- 
sence of adenosine. DBcAMP also caused changes in 
the lactate and pyruvate levels. Lactate levels were 
decreased by 36 and 54% by 100 and 50 PM DBcAMP 
respectively. Similarly, pyruvate content was 
decreased 26 and 53% by 100 and 50 PM DBcAMP; 
therefore, the ~lactate]~~p~vate] and NAD*/ 
NADH ratios remained unch~ged. 

The effects of adenosine on adenine nucleotide 
content (Table 4) and the ATPlADP ratio were also 
investigated. At both 15 and 30-min incubations, 
adenosine caused significant increases in ATP, ADP, 
and AMP content and a total increase in nucleotide 
content of 42 and 79% at 15 and 30 min respectively. 
DBcAMP also caused significant increases in the 
adenine nucleotide content but only at the 30-min 
~n~bat~on (Table 4) Total adenine nucleotide con- 
tent was increased by 50 and 38% by 500 and 100 FM 
DBcAMP respectively. However, only adenosine 
caused a significant increase in the ATP/ADP ratio. 
Adenosine increased the ATP/ADP ratio from 

2.56 t 0.01 in control cells to 3.19 rt 0.31 (P < 0.05). 
ATWGDP ratios for cells incubated with DBcAMP 
were not significantly different from control cells; the 
ratios ranged from 2.44 If: 0.20 to 2.82 f 0.16 (data 
not shown). 

DISCUSSION 

Several possible explanations for the inhibition of 
p-nitrophenyl ghtcuronide formation by adenosine in 
isolated hepatocytes have been evaluated. Among 
these are effects on enzyme activity, changes in 
nutritional state, alterations in cofactor supply, and 
disruption of the redox or energy state. Microsomal 
glucuronyltransferase activity is not altered by 
adenosine, nor is it changed by DBcAMP 1321. Thus, 
the inhibition of glucuronidation by adenosine can- 
not be attributed to decreases in giucurouyI~~s” 
ferase activity. This conclusion is further supported 
by the reported weak stimulation of glucuronyltrans- 
ferase by adenine nucleotides [33,34]. 

The possibility that the decrease in glucuronide 

Table 4. Effects of adenosine and dibutyryf cAMP on adenine nucleotide content in hepatocytes 

Treatment 

rncobation 
time 
(min) 

ATP 
@mot&) 

ADP 
(pmoug) 

AMP 
(iumeug) 

Totai 
change 

(%) 

Control 

Adenosine, 500 pM 

DBcAMP, 500 FM 

D&AMP, 100 PM 

DBcAMP, 50 pM 0 
15 
30 

1.17 + 0.11 0.43 + 0.09 0.14 4.0.02 
1.22 f 0.13 0.44 + 0.17 0.15 4 0.03 
1.23 f 0.13 0.48 + 0.10 0.15 rt: 0.02 
1.22 + 0.09 0.51 * 0.09 0.11 f 0.04 
1.70 z!z 0.20” 0.55 f 0.07* 0.32 + 0.04* 
2.27 t 0.13* O-71 + 0.17’ 0.35 F 0.02* 
Loo+-0.09 0.41 f 0.12 0.12 + 0.04 
I.40 + 0.13 0.46 + 0.09 0.20 k 0.03 
1.83 +- 0.14* 0.65 i 0.06’ 0.31 zk o-05* 
0.92 + 0.16 0.36 k 0.10 0.09 -t 0.05 
1.44 + 0.20 0.62 + 0.24 0.15 It 0.09 
1.69 + 0.W 0.66 + 0.13 0.21 ct 0.08 
1.26 k 0.09 0.45 f 0.11 0.15 It 0.04 
1.44 f 0.11 0.50 + 0.12 0.12 + 0.03 
1.49 + 0.13 0.61 f 0.14 0.20 rt 0.06 

5 
42* 
79’ 

-12 
14 
50’ 

-26 
22 
3s* 
9 

14 
23 

Hepatocytes (3Bml) were incubated with adenine nucieotides and laO#zM pNP at 37” under an 
atmosphere of 95% Oa/5% CO,. Nucleotide content was determined as described in Materials and 
Methods. Values are expressed ia micromofes per gram of liver wet weight. Values are means f SEM of 
four experiments. 

* Significantly different from control, P < 0.05. 
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formation was due to enhanced breakdown or decon- 
jugation was also examined. Bclinsky d af. 1353 have 
demonstrated that epinephrine via ncadrenergic 
effects increases intracellular calcium which activates 
microsomal p-glucuronidase, causing a decrease in 
the net amount of glucuronide produced in the 
perfused rat liver. Recent studies have suggested that 
adenosine can increase calcium influx in the CNS 
through a receptor-mediated phenomenon [X-38]. 
Therefore, if adenosine were increasing intracellular 
calcium levels in the liver, the inhibition of glucuroni- 
dation caused by adenosine would be due to 
enhanced deconjugation via activation of the /3- 
glucuronidase, not decreased formation of the 
glucuronide metabolite. This, however, does not 
appear to be the case. Incubation of cells with 1,4- 
saccharic lactone (4 mM), an inhibitor of @- 
glucuronidase 135,391 did not alter the effects of 
adenosine on glu~ron~dation (Fig. 2). 

Since ghrcuronic acid and, therefore, UDPGA are 
derived from glycogen and glucose, nutritional state 
and cofactor supply are related. When the effects of 
adenosine and DBcAMP, alone and in combination, 
were examined in fed and fasted rats, the inhibition 
of glucuronidation was attenuated in the fed animals. 
This greater inhibition in fasted rats suggests that 
carbohydrate reserve and thus cofactor supply were 
involved in the effects of adenosine and DBcAMP on 
glucuronidation. Since the rate of glucuronidation 
has been shown to be dependent on UDPGA levels 
in hepatocytes [40], subsequent studies have estab- 
lished that the inhibition of glucuronidation by 
adenosine is due to alterations in the cellular content 
of UDPGA. Adenosine, as well as D&AMP, 
markedly decreased UDPGA content in isolated 
cells after a 30-min incubation. As with other com- 
pounds that deplete UDPGA Ievels in hepatacytes 
g40,41], gIu~ronid~ formation was subsequently 
diminished. 

Several studies have demonstrated that adenosine 
inhibits gluconeogenesis from lactate in isolated rat 
hepatocytes [19,42,43]. Gluconeogenesis from 
pyruvate and glutamine is also inhibited by the 
addition of adenosine [42]. Similarly, adenosine 
inhibits gluconeogenesis from lactate in guinea pig 
and chicken hepatocytes [44]. Alterations in glucose 
levels could account for the decrease in UDPGA 
levels seen with adenosine; however, this does not 
appear to be the sole mechanism responsible for the 
decreases in UDPGA content. Addition of graded 
concentrations of glucose to hepatocyte suspensions 
prior to incubation with adenosine did not reverse 
completely the effects of adenosine on glucuranida- 
tion. Measurement of the content of glucose in the 
cells also showed that adenosine only slightly (9%) 
decreased glucose fevels in the cells (Table 2). 
DBcAMP, at concentrations of 500 and L@O@M- 
produced small but statistically significant decreases 
in glucose levels. This finding was unexpected in that 
cAMP has been shown to stimulate gluconeogenesis 
[IO]. 

Both adenosine and the two higher concentrations 
of DBcAMP decreased glycogen content. This would 
be expected in that increases in cAMP stimulate 
~ycogenolysis in the liver [IO]. Marchand et al. [45] 
found that adenosine inhibits gIycogenolysis by 50% 

in isolated rat hepatocytes. This observation is sur- 
prising in that CAMP levels were increased by 50% in 
their study which would suggest enhanced not 
decreased glycogenolysis. However, this discrepancy 
between studies may reflect differences in initial 
glycogen levels. The hepatocytes used in the present 
study were prepared from fasted rats, whereas in the 
study by Marchand ei ai. I45] the hepatocytes were 
from fed rats. Glycogen levels are decreased 
markedly in fasted animals as compared to fed rats 
[45,47]. Cefls from fasted rats have also been shown 
to have a higher sensitivity to glucose for activation of 
glycogen synthetase a and inactivation of phosphory- 
lase a (the enzyme that inhibits glycagen synthesis) 
than cells from fed rats [48]. In the livers of food- 
deprived rats, there is also a higher initial content of 
synthetase [48,49]. Hue et al. [48] suggests that, in 
the livers from fasted rats, synthesis of glycogen 
could operate at least at a Iow rate, s~mult~eousIy 
with degradation. Therefore, the apparent differen- 
tial effects of adenosine on glycogenolysis in fed and 
fasted rats could be caused by alterations in glycogen 
synthesis which is occurring at 5.5 mM glucose con- 
centrations in fasted animals but not in fed rats [48]. 

Another possible explanation for the differences in 
glycogen levels may be related to the sex of the 
animals utilized. Marchand et al. [45] used female 
rats, whereas male rats were used in the present 
study. Studer and Borle [SO] have demonstrated 
differences between male and female rats in the 
regulation of hepatic glycogenolysis. The age [Sl] 
and the species [52,53] of the animal may also play a 
role in the control of glycogenolysis. 

Isolated perfused rat liver [54] and in vivo [55] 
studies have also shown differences in hepatic glyco- 
gen content in response to adenosine. In the isolated 
perfused liver the rate of glucose formation from 
lactate was not influenced by a concomitant synthesis 
or breakdown of glycogen. An insig~i~ca~t increase 
(4%) in glycogen content has been observed with no 
overall change in gluconeogenesis with adenosine 
preperfusion 1541. In contrast, adenosine pretreat- 
ment in rats brings about a 2-fold increase in liver 
glycogen content in vivo [55]. These studies exam- 
ined the effects of adenosine alone on glycogen 
content, whereas in the present study both adenosine 
and pNP were included in the incubation. Therefore, 
it is possible that the presence of pNP altered the 
effect of adenosine on glycogen content due to the 
relationship between carbohydrate reserve and glu- 
curonidation. 

If the decreases in glycogen content are due to 
stimulation of glycogenolysis by CAMP, then free 
glucose levels in the cells would be expected to 
increase; however, they do not. Marchand et af. f45] 
also found giucose ~nsumption to be decreased 
when hepatocytes were incubated with adenosine. 
The decreases in free glucose content after 30-min 
incubations with adenosine or DBcAMP suggest that 
glucose is being shunted to another pathway- 
possibly the glucuronic acid pathway---due to the 
decreases in UDPGA seen with these compounds as 
well as utilization of available UDPGA ta conjugate 
the pNP present during these incubations. 

Determinations of the lactate and pyruvate levels 
in cells incubated with DBcAMP further supports 



rapid utilization of free glucose in the cells. Lund et al. [42] and Marchand et al. [45]. Only 
DBcAMP, at concentrations of 100 and 50pM, adenosine caused a significant increase in the [ATP]/ 
decreased cellular levels of both lactate and pyru- [ADP] ratio; however, the increase was only slightly 
vate, suggesting that gluconeogenesis is occurring higher than the normal values of 2 to 3. Furthermore, 
due to increases in CAMP. The magnitude of the Thurman and Kauffman [59] have suggested that 
changes in both levels was similar, and thus the cellular energetics do not normally limit glucuronida- 
[lactate]/[py~vate] ratio as well as the NAD+l tion. Lund et al. [42] also found the [ATP]/[ADP] 
NADH ratio was not changed signi~cantly from the ratio increased, but no clear relationship could be 
control value. These findings are supported by an established between the altered ratio and the inhibi- 
earlier study [56] in which DBcAMP (50 PM) signi- tion of gluconeogenesis. Similarly, Marchand et al. 

ficantly decreased both lactate and pyruvate levels in 14.51 was unable to correlate the increase in [ATP]/ 
isolated rat hepatocytes without altering the NAD+/ [ADP] with the decrease in the NAD+/NADH ratio. 
NADH ratio. At the highest concentration of No satisfactory answer can yet be offered to explain 
DBcAMP, the [lactate]/[pyruvate] ratio was only the inhibition of energy-requiring processes in the 
slightly increased and the NAD+/NADH ratio liver when ATP is in excess. Thus, the increases in 
slightly decreased. The absence of change in the adenine nucieotide content do not appear to be 
levels of lactate and pyruvate at the highest concen- responsible for the actions of adenosine on glucuroni- 
tration of D&AMP cannot be explained at this dation, 
point. Adenosine caused a much greater increase in Although no in vivo Phase II studies have been 
the [lactate]/[pyruvate] ratio and thus a greater mag- performed, Ross etal. [60] have examined the effects 
nitude of change in the NAD+/NADH ratio. Similar of adenosine on Phase I metabolism. Adenosine 
decreases in NAD+iNADH ratios in response to pretreatment was found to decrease aminopyrine 
adenosine have been demonstrated in isolated hepa- demethylation in both male and female rats. Simi- 
tocytes [42,45]; however, the changes in the present larly, equimolar DBcAMP pretreatment brought 
study (62%) were of a greater magnitude than seen by about even greater inhibition in the metabolism of 
Lund et al. (38%) 1421. These differences in magni- aminopy~ne, while also decreasing aniline biotrans- 
tude may be explained by the addition of lactate formation. In addition, reductions were seen when 
(10 mM) and pyruvate (1 mM) to the hepatocytes DBcAMP was added directly to liver slices and 
suspension used by Lund et al. 1421. perfused livers [61-63]. Thurman and Kaufman [59] 

Alterations in the redox state of the cells explains have suggested that mixed-function oxidation and 
the decrease in UDPGA levels seen with adenosine. glucuronidation are in some manner coordinately 
UDP-glucose dehydrogenase is an NAD+-requiring regulated; therefore, it would be of interest to 
enzyme; therefore, the decrease in NAD+ leads to examine the effects of adenosine in vivo to determine 
decreased activity of UDP-glucose dehydrogenase if the pattern of in vitro and in vivo inhibition of Phase 
and reduced synthesis of UDPGA. Other sub- I metabolism by DBcAMP also occurs with Phase II 
stances, such as ethanol, lactate, and sorbitol, that metabolism. 
decrease the NAD+/NADH ratio have also been In summary, adenosine apparently decreased the 
shown to decrease UDPGA synthesis and, there- synthesis of UDPGA in the hepatocytes by decreas- 
fore glucuronide formation [57]. Thus, the major ing the NAD+iNADH ratio, thus inhibiting UDP- 
mechanism responsible for the effects of adenosine glucose dehydrogenase . Moreover, carbohydrate 
on glucuronidation appears to be a disruption of the reserve appeared to be involved because additions of 
redox state. graded concentrations of glucose lessened the inhibi- 

While DBcAMP decreased the cellular content of tion of glucuronidation mediated by adenosine. 
UDPGA and thus inhibited glucuronidation, it did DBcAMP also decreased UDPGA levels in isolated 
not decrease the NAD~~ADH ratio as seen with hepatocytes without altering the NAD+~ADH 
adenosine. This discrepancy could suggest a different ratio. This finding may suggest a different mechanism 
mechanism of action. However, since adenosine has of action for DBcAMP. Since adenosine has been 
been shown to increase CAMP levels [19] in isolated shown to increase CAMP levels through its interac- 
hepatocytes, it is also possible that CAMP may tion with extracellular receptors in hepatocytes, stud- 
directly inhibit UDP-glucose dehydrogenase. ies are ongoing to explore the possibility that the 
Although no inhibition of UDP-glucose dehydro- inhibition of glucuronidation caused by adenosine 
genase by adenine nucleotides has been reported, was receptor-mediated. 
adenine nucleotides have been shown to inhibit the 
sulfotransferase enzyme [58]. The nons~ci~c inhibi- Ac~owfedge~e~~-me authors would like to thank 
tion of sulfotransferase activity appeared to involve Michael Gentry, James Peggins and Michael Whittaker for 
competition with PAPS, the cofactor required for their technical assistance. 

sulfation. Thus, it is possible that an increase in 
CAMP could disrupt reactions that are dependent on 
structurally similar analogs, such as the synthesis of REFERENCES 

UDPGA which requires NAD+ for the dehydro- 
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