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Abstract—p-Nitrophenol (PNP), as a model compound for the study of conjugative metabolism, was
administered intravenously to rats. PNP and its conjugated metabolites, i.e. PNP-glucuronide (PNP-
Glu) and PNP-sulfate (PNP-Sul), were determined in body fluids by reversed-phase high-performance
liquid chromatography using ion-pair systems. Linear pharmacokinetics was applicable in the dose range
of 1.6 to 8 mg/kg. The metabolic clearance which was obtained from the area under the PNP blood
concentration curve (AUC,) and from the excretion ratio of the total conjugates as PNP-Glu and
PNP-Sul was so close to the hepatic blood flow that the PNP conjugation reactions seemed to be limited
by the hepatic blood flow; that is, the hepatic extraction ratio (Ey) was expected to be 1. However,
AUC,,, following portal vein administration of PNP (4 mg/kg), was not zero but was significantly
different from AUC, after the same dosing (P < 0.05). Consequently, comparison between the AUC
values from both dosing routes and the excretion ratio of PNP-Glu and PNP-Sul gave an Ej of 0.43.
Such a difference in Ey obtained by the two methods suggested a contribution by extrahepatic conjugative
metabolism. It was shown that the intrinsic hepatic clearance obtained, assuming exclusively
hepatic conjugative metabolism, was certainly overestimated. Furthermore, the results of the conjugation
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reaction in tissue homogenates suggested a contribution by extrahepatic glucuronidation.

Drug conjugative metabolism, especially glucuron-
idation and sulfation, is one of the most effective
detoxication reactions in the body. Recently there
have been studies which report that there is a good
correlation between in vivo and in vitro drug oxi-
dative metabolism rates [1-3], but there are few such
studies for conjugation reaction rates.

p-Nitrophenol (PNP) is well-known to be conju-
gated to glucuronide (PNP-Glu) and sulfate (PNP-
Sul), and it has often been used as a model com-
pound in in vitro conjugation studies using hepatic
microsomes [4-6], perfused liver [7, 8], and isolated
liver cells [9]. Accordingly, PNP is a suitable com-
pound to examine the correlation between in vivo
and in vitro conjugation reaction rates. However,
its pharmacokinetic study in the whole body has
previously only been presented without urinary
excretion data following the intraperitoneal admin-
istration of PNP [10].

The purpose of the present study is to report the
pharmacokinetic behavior of PNP based on clear-
ance concepts and to discuss the contribution of the
extrahepatic metabolism that has been reported for
phenols {11}, as a first step in the study of a corre-
lation between in vivo and in vitro conjugation rates.

MATERIALS AND METHODS

Chemicals and reagents. p-Nitrophenol (PNP),
PNP-glucuronide (PNP-Glu), the monopotassium
salt of PNP-suifate (PNP-Sul), the ammonium sait
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of uridine-5'-diphosphoglucuronic acid (UDPGA),
and the disodium salt of adenosine-5'-{riphosphate
(ATP) were obtained from the Sigma Chemical Co.,
St. Louis, MO. p-Fluorophenol and tetrabutyl-
ammonium bromide were obtained from Tokyo
Kasei, Tokyo. All other chemicals and reagents were
of analytical grade or better.

Animals and sample collection. Male Wistar rats
weighing 200-350 g (Matsumoto Animals Labora-
tory, Chiba) were cannulated under ether anesthesia
as described below depending on the administration
routes. For intravenous and intra-arterial adminis-
tration, cannulae of polyethelene tubing (PE-50) in
the left femoral vein and the left carotid artery were
used respectively. Administratoin via the hepatic
portal vein was through a PE-50 cannula with the
needle (24G) inserted and fixed with surgical glue
(Aron Alpha, Sankyo Co. Ltd., Tokyo) in the portal
vein. The rats were then fixed in a restraining cage
and, after awakening, the experiments were started.
Blood samples in all cases were taken from the
cannula in the right femoral artery at 0, 1, 2, 4, 6,
8, 10, 20, 30, 60 and 90 min following the PNP
administration. Urine and bile samples were col-
lected from a cannula of polyethylene tubing in the
urinary bladder (1 mm i.d., 2mm o0.d.) and a bile-
duct cannula (PE-10) respectively. The sampling
intervals were 0-4, 4-8 and 8-24 hr following the
PNP administration. During all experiments, water
and food were provided ad lib.

Dosing procedure. PNP was administered intra-
venously at three doses (1.6, 4 and 8 mg/kg) in
physiological saline solution. The intra-arterial doses
were 4 and 8 mg/kg, and the hepatic portal doses
were 1.6 and 4 mg/kg.
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Distribution of PNP in red blood cells. The dis-
tribution of PNP between the plasma and red blood
cells was calculated from the plasma and the whole
blood concentrations of PNP, using the hematocrit,
The PNP concentrations in plasma and whole blood
samples at 2, 4 and 8min following intravenous
administration (8 mg/kg) were determined. The
whole blood samples were diluted 3-fold with dis-
tilled water. The hematocrits of each blood sample
were determined simultaneously.

The uptake of PNP into red blood cells in vitro
was examined using the whole blood freshly pre-
pared. The whole blood was preincubated for 5 min
at 37°, and then the uptake reaction was started by
adding PNP to the bilood. The samples were taken
at 0.5, 1, 3 and 5 min and divided into two parts.
One part was used to determine the plasma concen-
tration and the other to determine the whole blood
concentration. The concentration of PNP in red
blood cells was calculated from the means of the
hematocrits and of the plasma and whole blood
concentrations,

Serum protein binding of PNP. The ratio of
unbound PNP to the total PNP in serum was deter-
mined after incubation for 24 hr at 4° in a dialysis
cell (Kokugo-Gum Co., Tokyo) to which was
attached Visking membrane (type 20/32) that sep-
arated the PNP in 0.05 M Tris~HCI buffer and the
serum {predialyzed against 0.05 M Tris-HCI buffer
for 24 hr at 4°).

Assay methods for PNP, PNP-Glu and PNP-Sul.
After centrifuging blood samples at 3000 rpm for
10 min, the plasma was collected. The plasma
(0.1 ml) was mixed with 10% perchloric acid (0.1 ml)
containing p-fluorophenol (3.56 mM) as the internal
standard. After centrifuging the mixture, the super-
natant fractions (10-20 ul) were injected into the
high-performance liquid chromatograph. Urine and
bile samples were diluted adequately with saline
solution. The diluent was treated similarly to the
plasma sample. In this assay, a model JASCO
Unifiow-211 (Japan Spectroscopic Co., Tokyo)
equipped with a model JASCO Uvidec-100-II ultra-
violet detector set at 300 nm and a reversed-phase
column (250 x 4.6 mm i.d.) packed with octadecyl
silane-bonded silica, particle size 10um (JASCO
S$S-10-ODS-B), with a variable loop injector
(JASCO VL-611) were used. The assay was carried
out at ambient temperature. The mobile phase is
water-methanol-acetic acid (68.5:30:1.5 by vol.)
containing 0.5g/l KNO; and 30mg/l tetrabutyl-
ammonium bromide. The flow rate was 1.5 ml/min.
The capacity factors (k') of PNP, PNP-Glu and
PNP-Sul were 5.1, 1.4 and 2.5 respectively. Linear
relationships were observed up to concentrations of
5uM for these three compounds in plasma, urine
and bile. The correlation coefficient for each group
was greater than 0.99.

Conjugation reactions in tissue homogenates.
Freshly excised livers, lungs or kidneys from male
Wistar rats weighing 235-265 g were homogenized
with 4 vol. of 0.154 M KCl in Teflon-glass homo-
genizers. When preparing small intestine homo-
genates, the scraped mucosa was homogenized with
a glass homogenizer. Each tissue homogenate,
equivalent to 0.1 g/ml in incubation medium (pH
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7.4), was incubated with 50 yM PNP, 2 mM UDPGA
or 80uM 3’-phosphoadenosine-5’-phosphosulfate
(PAPS). PAPS was generated according to the
method of Van Kempen and Jansen [12] and an
80 uM concentration of PAPS was used with
41.7mM EDTA in the incubation medium. The
incubation medium contained 131mM NaCl,
52mM KCl, 0.9mM MgSO,-7H.O, 0.12mM
CaCl;-2H,0, 3.0mM NaH,PO,, and 10.0mM
Tris—ethanolamine. The final pH was adjusted to 7.4
using HCl. Incubation was carried out for 10 min at
37° and was stopped immediately by adding 10%
perchloric acid into the incubation mixture. The
samples were analyzed as described above.

RESULTS

Femoral vein administration of PNP. The PNP
concentration ratio of red blood cells to plasma was
constant at 0.85 among the samples at 2, 4 and 8
min after administration. The same concentration
ratio was obtained within 0.5 min from experiments
of in vitro uptake into red blood cells using whole
blood. These results illustrated the rapid equilibrium
of PNP between plasma and red blood cells. There-
fore, when necessary, the PNP blood concentration
was given by y = 0.937x with a corelation coefficient
of 0.984, where y and x stand for blood and plasma
concentrations respectively.

Figure 1 shows the plasma concentrations of PNP,
PNP-Glu and PNP-Sul foliowing the PNP femoral
vein administrations of 1.6, 4 and 8 mg/kg. The elim-
ination of PNP from plasma was so fast that the
plasma appearance of PNP-Glu and PNP-Sul could
be observed even at 1 min after dosing, in all cases.
The saturation of sulfate formation of salicylamide
{13], and of acetaminophen {14,15], has been
reported to cause a dose dependency of the drug
elimination rate. Although, in the dose range shown
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Fig. 1. Semi-logarithmic plots of plasma concentrations of
p-nitrophenol (O), its glucuronide (@) and sulfate (A)
versus time following intravenous (femoral) administration
of p-nitrophenol to rats. Doses in (I), (I) and (IIT) were
1.6, 4 and 8 mg/kg respectively. The values are means
+ S.E. of three (I), four (II) and six (I} rats. The curves
of p-nitrophenol were obtained by the best fit of the data
to the two-compartment model by the computer program
PHART [16], using the HITACHI 3700/3800 digitial com-
puter in the University of Tokyo Computer Center.
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Table 1. Cumulative percentages of dose excreted in urine and bile as p-nitrophenol, and as
its glucuronide and sulfate, in the 24 hr following femoral vein administration of p-nitrophenol

to rats*
Intravenous dose p-Nitrophenol Glucuronide Sulfate Glucuronide
(mg/kg) in urine in urine in urine in bile
1.6 1.8%3.1 4+0.8 61.6 4.4 62+37
4 22+0.6 0+38 40.0 = 3.7 11.1+ 4.0
8 74+58 0+8.8 30.7+8.6 7.9+39

* Each value is the mean + S.D. of four (8 mg/kg) and three (1.6 and 4 mg/kg) rats.

in Fig. 1, the plasma elimination of PNP did not
precisely indicate such a dose dependency, a high
dose of PNP decreased the excretion ratio of PNP-
Sul in urine (Table 1). But no significant dose
dependencies were found of the total excretion ratios
of PNP-Glu and PNP-Sul or of the total body clear-
ances (Tables 1 and 2). And, as stated later, the
index of hepatic extraction, i.e. the ratio of the area
under the blood concentration curve after portal vein
administration to that after intravenous administra-
tion, was also dose independent. These results show
that the total metabolic elimination of PNP from
blood and the total excretion of the conjugates in
urine can be treated by linear pharmacokinetics.
Accordingly, neglecting the small effects of sulfation
dose dependency, the blood concentration data were
analyzed by clearance concepts from linear phar-
macokinetic theory. Only the results that could be
derived from the total clearance values and from the
total excretion ratios of the conjugates are discussed
below.

Metabolic clearance and hepatic extraction ratio.
Metabolic clearance (CLy) for PNP glucuronidation
plus sulfation is given by equation 1:

_ fmwDose

CLu AUC, )

where f.;v is the ratio of the cumulative excretion
of PNP-Glu plus PNP-Sul to the intravenous (fem-
oral) dose of PNP, and AUC, is the area under the
PNP blood concentration curve calculated from the
plasma concentration versus time curve following
PNP femoral vein administration. CLy, calculated
from equation 1, was 17-21 ml-min™!- (250 g rat)~!
(Table 2) and corresponded to the hepatic blood
flow, i.e. 10-20ml-min™'-(250 g rat)™* [2,17-19].
This result suggests that PNP glucuronidation plus

sulfation was limited by the hepatic blood flow, and
that the hepatic extraction ratio for glucuronidation
plus sulfation (En) was 1.

PNP injection into the hepatic portal vein. AUC,,
values following PNP administration of 1.6 and
4mg/kg were 77.7+84 (N=3) and 168 = 24
(N = 4) uM-min- (250 g rat) ' respectively. A com-
parison between the PNP plasma concentrations fol-
lowing PNP femoral vein and portal vein adminis-
trations of 4 mg/kg is shown in Fig. 2 as an example.
The differences between AUC,, and AUC,, at 1.6
and 4 mg/kg were significant (P < 0.05). The ratios
of AUC,, to AUC, at 1.6 and 4 mgkg were
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Fig. 2. Comparison of p-nitrophenol plasma concentration

versus time following p-nitrophenol administration (4 mg/

kg) into the femoral vein (@) and the hepatic portal vein

(O) in rats. Each plot represents the mean + S.E. of four
rats.

Table 2. Area under the blood concentration curve (AUC,), total clearance (CLa) and
metabolic clearance (CLy) following femoral vein administration of p-nitrophenol to rats*

Intravenous dose AUCt CLiotat CL8
(mg/kg) (uM-min-250g™) (ml-min™!-250 g~1) (ml-min~!-250 g™
1.6 149 + 73 19.3+9.5 19.3+95

4 312 £ 63 229=+4.6 21.0+4.2

8 674 £ 179 21357 17.0+45

* The values are means (* 8.D.) of six (8 mg/kg), four (4 mg/kg), and three (1.6 mg/kg) rats.
T AUC is the total AUC calculated by the trapezoidal rule for the 10 min after dosing and

C: = 10 mi/P after 10 min.
§ CL.oa Was calculated by Dose/AUC;,.
§ CLy was calculated by equation 1.
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Table 3. Rates of p-nitrophenol glucuronidation in rat tissue homogenates™*

Rate of glucuronidation

Tissue (nmoles-min~!-g"!) (nmoles - min~!- tissue ")
Liver 23.7+4.2 308 + 18
Kidney 433+x1.4 79.8 2.7
Lung 31.8+4.9 40.8=5.5
Small intestine 27225 21.0+6.3

* Each value is the mean = S.D. of three rats. The concentration of p-nitrophenol
added to the reaction medium was 50 uM. Other experimental conditions are

described in Materials and Methods.

0.52 £ 0.26 and 0.54 = 0.13, respectively, showing
no dose dependency in this dose range. The hepatic
extraction ratio for total metabolism (Eicwa) i the
sum of the Ey only for glucuronidation plus sulfation
and of the hepatic extraction ratio for the unknown
metabolism [7, 8], indicating that Ey can be
expressed by equations 2 and 3:

EH = fm * Etotal
= fur (1 = AUCHAUC)

@
)

where f,, is the ratio of the cumulative excretion of
PNP-Glu and PNP-Sul to the total metabolites, i.e.
0.94 in the intravenous dose of 4 mg/kg (Table 1).
Using f.. and the respective AUC values following
the PNP femoral and portal vein administrations of
4mg/kg, Ey was 0.43 = 0.11 and thus inconsistent
with the value expected to be 1 from CLy described
in the previous section.

PNP hepatic intrinsic clearance. The relation
between the hepatic intrinsic clearance (CLins) and
E4 is expressed as equation 4:

CLmt,h 'fB
Fyg+ CLun f5

H= 4)
where Fy is the hepatic blood flow, 10-20 ml-min™!

(250 g rat)™! as described before {2,17-19], and f5
is the ratio of unbound PNP to the total PNP in
serum. PNP had a high and constant binding ratio
in the blood concentration range discussed and its
fs value was 0.09. Therefore, putting 0.43, 10-20
ml-min~! (250 g rat)~! and 0.09 into the Ey, Fy and
fs in equation 4, respectively, CLun Was calcu-
lated to be 84-168 ml-min~!-liver™!-(250 g rat)™".

This value represents the total ability of one rat liver
to conjugate PNP as PNP-Glu and PNP-Sul.

Intra-arterial administration of PNP. PNP doses
of 4 and 8 mg/kg were intra-arterially administrated
to investigate the contribution of lung to the PNP
conjugative metabolism that has been reported for
phenol [11]. The AUC, values obtained were
278+73 (N=4) and 650=x261 (N=4)
uM-min-(250 g rat)”! values respectively. Since
these values were not significantly different from
those after intravenous dosing, a pulmonary contri-
bution was not detected.

PNP conjugation reactions in tissue homogenates.
The rates of PNP-Glu synthesis in tissue homogen-
ates with UDPGA are listed in Table 3. The glu-
curonidation rate per gram of liver was not as high
as in kidney and lung, but the order of the rate per
whole tissue was liver > kidney > lung > small intes-
tine, indicating that the glucuronidation ability in all
other tissues combined was not negligibly small, i.e.
it was approximately 46% of that in the liver.

PNP-Sul synthesis in the tissue homogenates con-
taining PAPS is shown in Table 4. Unlike glucuron-
idation, there was a uniquely high sulfation activity
in liver, and the slight activity per tissue found in
kidney was only about 3% of that in liver.

DISCUSSION

Although CLy of PNP conjugative metabolism
obtained after administration through the femoral
vein was so close to the hepatic blood flow that Ey
could be considered to be 1, a comparison between
AUC, and AUC,, gave Ey 0.43. The most probable
factor causing the difference in Ey was probably
extrahepatic conjugative metabolism.

Assuming hepatic conjugative metabolism exclu-
sively, CLy in equation 1 can be replaced by the

Table 4. Rates of p-nitrophenol sulfation in rat tissue homogenates*

Rate of sulfation

Tissue (nmoles-min~!-g™!) (nmoles - min ! tissue ')
Liver 27.1 324 = 66
Kidney 53% 10.0 2.2

Lung NDT ND

Small intestine ND ND

* Each value is the mean = S.D. of three rats. The concentration of p-nitrophenol
added to the reaction medium was 50 uM. Other experimental conditions are

described in Materials and Methods.

+ ND means that the sulfation was negligibly small or not detected.
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hepatic clearance, CLy, as shown in equation 5:

fmw-Dose = CLy* AUC, 5)
Since CLy is the product of Fy and Ey, equation 6
can be derived from equations 4 and 5:

fm,,v ‘Dose = (1 - EH) . CL.m,h 'fB ‘A UCW (6)

Thus, substituting 0.92, 7.19 umoles/250g rat
(4mg/kg), 0.43, 0.09* and 312uM-min-(250g
rat)™! for faw, Dose, Eu, f5* and AUC,,
respectively, CLyy is 414 ml-min~*-liver '+ (250 g
rat™!). On the other hand, equation 4, in which no
exclusively hepatic metabolism was assumed, gave
a CLyn of 84-168ml-min™-(250 g rat)™!, using
En, Fy and fg* values which were free from the
assumption of an exclusively hepatic metabolism.
These differences clearly indicate the extrahepatic
contribution to PNP conjugative metabolism. An Ey
of 0.43 suggests that the contribution of the extra-
hepatic metabolism reached approximately 50% of
the total metabolic clearance.

The order of glucuronidation activity per
tissue in tissue homogenates was
liver > kidney > lung > small intestine (Table 3)
whereas sulfation activity was detected almost exclu-
sively in liver (Table 4), indicating that PNP glu-
curonidation occurred in tissues other than liver but
that PNP sulfation proceeded almost exclusively in
liver. The finding that pulmonary extraction, already
reported for phenol [11], was not detectable by com-
paring AUC,, and AUC,, suggests that there was no
pulmonary metabolism of PNP. But, since less than
0.1 of the pulmonary extraction ratio was considered
as barely significant, due to the very rapid PNP
elmination that produced a large AUC variance
(Table 2), a PNP clearance about equal to or less
than, the hepatic clearance of PNP cannot be ruled
out for lungs, considering that pulmonary blood flow
was three to four times as large as the hepatic flow
[20]. The facts that a difference between AUC,, and
AUC,, was not detected and that small intestine had
the lowest glucuronidation activity suggest that small
intestine scarcely contributed to extrahepatic glu-
curonidation of PNP.

From these results it can be concluded that PNP
glucuronidation proceeded in kidney and lung as
well as in liver but that PNP sulfation proceeded

* fp Value at 37° was 0.17. Using this value, the CLyn
values calculated using equations 4 and 6 were 44-89 and
219 ml-min~!-liver~!- (250 g rat™!) respectively. Thus, the
difference in the ratio of unbound PNP to the total PNP
did not affect the above conclusion.
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almost exclusively in liver. And although PNP is
widely used as a model compound to study the con-
jugation reaction in vitro, such as in hepatic micro-
somes or cells, it can be concluded that, when PNP
is used to study the correlation between in vivo and
in vitro glucuronidation rates, its extrahepatic
glucuronidation as pointed out in this paper has to
be considered in calculations.

Acknowledgements—This work was supported by a
Grant-in-Aid for Scientific Research provided by the Min-
istry of Education, Science and Culture of Japan. The
authors wish to thank Miss Miyoko Murata for her technical
assistance.

REFERENCES

1. R. L. Dedrick, D. D. Forrester and D. H. W. Ho,
Biochem. Pharmac, 21, 1 (1972).

2. R. L. Dedrick and D. D. Forrester, Biochem. Pharmac.
22, 1133 (1973).

3. J. H. Lin, M. Hayashi, S. Awazu and M. Hanano, J.
Pharmacokinetics Biopharm. 6, 327 (1978).

4. D. A. Vessey, J. Goldenberg and D. Zakim, Biochim.
biophys. Acta 309, 58 (1973).

S. C. Berry, A. Stellon and T. Hallinan, Biochim. bio-
phys. Acta 403, 335 (1975).

6. K. W. Bock, W. Frohling, R. Remmer and B. Rexer,
Biochim. biophys. Acta 327, 46 (1973).

7. K. Minck, R. R. Schupp, H. P. A. Illing, G. F. Kahl
and K. J. Netter, Naunyn-Schmiedeberg’s Archs Phar-
mac. 279, 347 (1973).

8. N. Hamada and T. Gessner, Drug Metab. Dispos. 3,
407 (1975).

9. P. Moldéus, H. Vadi and M. Berggren, Acta pharmac.
tox. 39, 17 (1976).

10. T. Gessner, Biochem. Pharmac. 23, 1809 (1974).

11. M. K. Cassidy and J. B. Houston, Biochem. Pharmac.
29, 471 (1980).

12. G. M. J. Van Kempen and G. S. I. M. Jansen, Analyt.
Biochem. 46, 438 (1972).

13. G. Levy and T. Matsuzawa, J. Pharmac. exp. Ther.
156, 285 (1967).

14. R. E. Galinsky, J. T. Slattery and G. Levy, J. pharm.
Sci. 68, 803 (1979).

15. P. Moldéus, B. Andersson and V. Gergely, Drug
Metab. Dispos. 7, 416 (1979).

16. S. Awazu, M. Hanano, H. H. Moon, T. Fuwa, T. Iga
and H. Nogami, in Absorption, Metabolism, and
Excretion of Drugs (in Japanese) (Ed. K. Kakemi),
p. 301. Hirokawa Publishing Co., Tokyo (1971).

17. E. E. Ohnhaus and J. Th. Locker, Eur. J. Pharmac.
31, 161 (1975).

18. A. S. Nies, G. R. Wilkinson, B. D. Rush, J. T. Strother
and D. G. McDevitt, Biochem. Pharmac. 25, 1991
(1976).

19. L. I. Harrison and M. Gibaldi, J. pharm. Sci. 68, 1138
(1977).

20. Y. Sasaki and H. N. Wagner, J. appl. Physiol. 30, 879
(1968).



