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ABSTRACT 

p-Nitrophenol (pNP) and its conjugated metabohtes, generated m a perfused rat hver preparation, are 

readily separated and quantrtated m serum perfusate and bile samples using a reversed-phase hrgh-per- 

formance hqurd chromatographrc method Serum perfusate samples can be analyzed followmg protem 

precrprtatron wtth acetomtrrIe; tbhowmg protem preciprtatron with I 5 MperchIoric sod (I part to 2 parts 

serum) there was degradation of pNP sulfate to pNP when samples were stored at room temperature pNP 

can also be analyzed m blood perfusate samples followmg extraction with a number of organic solvents 

including ethyl acetate or isobutanol-methylene chloride (4 1, v/v) Rat hver perfusions at a constant input 

concentration of 40 pA4 demonstrated a high hepatrc extractron ratro of pNP (mean of 0.90) due to the 

formation of the sulfate and glucuromde comugates, no pNP glucoside was detected m perfusate or brie 

samples. 

TNTRODUCTION 

p-Nitrophenol (pNP) is widely used as a model substrate to evaluate the influ- 
ence of drug therapy, disease, m&lent deficiencies and other physiologically al- 
tered conditions on conjugative drug metabolism in animal studies both zn VEVO 

and in vitro [l&7]. The analysis of the loss of pNP provides a convenient method 
for the in vitro assay of phenol sulfotransferase and UDP-glucuronyltransferase 
activities [l-4,8]. As well, the analysis of the formation of pNP from its conjugat- 
ed metabolites is used to measure P-glucuronidase and sulfatase activities [3,8,9]. 
pNP is metabolized predominantly in rats to one sulfate (pNPS) and one glucuro- 
nide (pNPG) conjugate; pNP glucoside is a minor metabolite (generally < 2% of 
dose) whtch has been identified in rat liver perfusions [5,10,11]. This simple and 
well characterized metabolic profile makes pNP a desirable model substrate in 
drug conjugation studies. 

A number of assay procedures have been used for the analysis of pNP [5,12- 
191. pNP has been most commonly analyzed by spectrophotometric methods 
[l&5,10]; in some cases the metabolites have been quantitated following enzymat- 
ic hydrolysis to pNP [5,6,12] There are only a few published high-performance 
liquid chromatographtc (HPLC) methods that have been used to analyze both of 
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the conjugated metabolites in addition to pNP [14,15,17,19]. Two of these assays 
have not been used to analyze biological samples [14,17]; another assay used a 
reversed-phase system to analyze pNP, pNPS and pNPG in rat plasma and urine 
samples but did not include an internal standard in the assay [ 151 while the last 
system incorporated an ion-pair reagent in the mobile phase and was used for 
plasma, urine and bile samples [19]. In none of these published assays was the 
assay reproducibility or detection limits for the compounds specified, nor were 
the HPLC assays used in the analysis of blood samples. 

We have developed a reversed-phase HPLC assay to quantitate pNP, pNPG 
and pNPS in blood, perfusate serum and bile samples generated in a perfused rat 
liver preparation. Studies performed using the assay have established the sensitiv- 
ity and reproducibility of the assay as well as the conditions for the extraction of 
pNP and pNPS and the stability of pNP and its conjugates in biological fluids. 

EXPERIMENTAL 

Chemicals 
pNP and potassium phosphate monobasic were obtained from Fisher Scientific 

(Fairlawn, NJ, U.S.A), pNPS and pNPG from Sigma (St. Louis, MO, U.S.A), 
phenol from Allied Chemical Co. (Morristown, NJ, U.S.A) and salicylamide 
from Eastman (Rochester, NY, U.S.A.). pNP glucoside was a gift from Dr W. 
D. Conway, Department of Pharmaceutics, State University of New York at 
Buffalo. All solvents were HPLC grade. 

Assay procedure 
The assay was developed using a Model 710B WISP autoinjector, a Model 

6000A pump, a Model 440 ultraviolet absorbance detector (all from Waters As- 
soc., Milford, MA, U.S.A ) and a Hewlett-Packard Model 3392A integrator 
(Avondale, PA, U.S.A.). The mobile phase consisted of 6% methanol and 1% 
acetic acid in 0.05 A4 monobasic potassium phosphate solution The pH was 
adjusted to 4.16 with potassium hydroxide Samples were injected onto a What- 
man guard column and Partisil-5-ODS 3 (5 pm particle size) analytical column 
(Whatman, Clifton, NJ, U.S.A), and pNP and its conjugates were detected at a 
wavelength of 280 nm. The flow-rate of the mobile phase was 1 ml/mm and the 
inlet pressure of the system was approximately X0 bar. Additionally, we have used 
a PBondapak C 1s column (Waters Assoc.) and a gradient system composed of 
0.05 M KH2P04 and 1% acetic acid with 1625% of methanol to separate pNP 
and its conjugates. 

Sample preparation 
Perfusate serum samples were analyzed following protein precipitation using 

acetonitrile. A 50-~1 aliquot of serum, 50 ~1 of distilled, deionized water (DDW) 
and 200 ~1 of acetonitrile (containing 500 FM phenol as the internal standard) 
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were vortex-mixed and centrifuged (15 000 g for 4 min). The supernatant (25 ~1) 
was used as the injection sample. Standards were prepared from blank perfusate 
serum (50 pl), known amounts of pNP, pNPS and pNPG in DDW (50 ~1) and 
acetonitrile (200 ~1). 

Bile samples were prepared for injection by combining 10 ,ul of bile and 120 ~1 
of a 20% solution of methanol in water that contained phenol as the internal 
standard. Calibration curves were prepared by substitutmg standards in DDW 
for the bile. The injection volume was 10 ~1. 

Blood perfusate samples, which consisted of 20% washed bovine red blood 
cells, 300 mg% glucose and 1% bovine serum albumin in Krebs Henseleit bicar- 
bonate buffer, were analyzed for pNP after extraction with ethyl acetate or other 
organic solvent systems A l-ml volume of 0.1 A4 phosphate buffer (pH 4.2) was 
added to 2 ml of blood perfusate. This was followed by the addition of 0.1 ml of 
salicylamide (3.34 mA4), the internal standard, and 0.1 ml of DDW or standard 
solution and 5 ml of organic solvent. The samples were vortex-mixed for 1 min 
and centrifuged at 160 g for 10 min. A 4-ml aliquot of organic layer was removed 
and evaporated to dryness under nitrogen gas at room temperature. The samples 
were reconstituted with 0.2 ml of a solution containing 40% methanol in water 
and analyzed by HPLC. 

Stability testing 
Perfusate serum samples were refrigerated, frozen or repeatedly frozen and 

thawed (up to four times) and then assayed to determine the stability of pNP and 
its conjugates under each of these conditions. To determine the intra-day var- 
iability, a 100~~1 aliquot of perfusate serum, 100 ~1 of DDW and 400 ~1 of aceto- 
nitrile containing 500 @f phenol was prepared and injected four times. To deter- 
mine the inter-day variability, new mobile phase and injection samples were 
prepared on three separate days. In each case, the peak-area ratios of all com- 
pounds were examined at low (20 @4) and high (200 PM) concentrations. 

The stability of the prepared injection samples was examined at room temper- 
ature in the autoinjector sample tray over a time period up to 12 h, as well as after 
refrigeration for up to 18 h. Injection samples were prepared by combining 100 ~1 
of blank perfusate serum, 100 ~1 of DDW containing known concentrations of all 
three standards and 400 ~1 of acetonitrile containing 500 PM phenol. The super- 
natant obtained after centrifugation was then divided into six separate injection 
samples and injections were made over a 12-h period starting immediately after 
centrifugation. Other samples were refrigerated at time zero and analyzed about 
18 h later. Additional studies examined the use of 1.5 A4 perchloric acid instead of 
acetonitrile for protein precipitation. In these studies, samples were prepared 
using 300 ~1 of blank perfusate serum, 120 ~1 of known concentrations of stan- 
dards in DDW and 150 ~1 of 1.5 M perchloric acid containing phenol as the 
internal standard. The stability of pNP and its conjugates after storage at room 
or refrigerated temperatures was examined with these samples in a similar fashion 
as that of the acetonitrile-containing solutions. 



288 M E MORRIS, S B HANSEL 

Perfused her studies 

The HPLC assay was used to analyze bile and perfusate samples obtained 
using a single-pass in situ perfused rat liver preparation, as described by Pang [20]. 
The liver donors consisted of three adult Sprague-Dawley male rats (Harlan 
Sprague-Dawley, Indianapolis, IN, U.S.A) The perfusion medium consisted of 
20% (v/v) bovine red blood cells, 1% bovine albumin and 300 mg% glucose in 
Krebs-Henseleit bicarbonate buffer, which was infused into the portal vein at a 
constant rate of 10 ml/min. pNP was infused at input concentrations (C,,) of 40 
PM and bile and perfusate samples were obtained under steady state conditions 
Serum perfusate and not blood perfusate was analyzed in these experiments since 
preliminary studies demonstrated negligible uptake into red blood cells in our 
perfusion medium (hematocrit = 0.085). 
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Rg I HPLC of (A) blank perfusate serum, (B) blank bile, (C) perfusate serum and (D) bile obtamed under 

steady state conditions followmg the admmlstratlon of p-nitrophenol. 1000 and 400 nmol/mm, respec- 

twely, to a perfused rat hver preparation. Peaks I = pNPG; 2 = phenol, the Internal standard, 3 = pNPS, 

4 = pNP. The full scale slgnal voltage for the y-axls 1s 16 mV 
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Fig 2 HPLC of (A) blank blood perfusate and (B) blood perfusate wtth addedp-mtrophenol, p-mtrophe- 

no1 sulfate and p-mtrophenol giucuromde (200 ~44 concentrattons of each) followmg extraction with ethyl 

acetate. Peaks as descrrbed for Ftg. 1 with peak 5 representing sahcylamrde, the internal standard used for 

the blood perfusate extracttons The full scale srgnal voltage for the y-axts IS 16 mV. 

RESULTS AND DISCUSSION 

The HPLC assay provided baseline separation of pNP and its conjugates in 
perfusate serum, bile and blood samples (Figs. 1 and 2). Chromatograms of blank 
serum, bile and blood samples demonstrated the absence of any interfering peaks. 
pNP glucoside eluted between the glucuronide and sulfate conjugates with the 
two mobile phases that we used and therefore would not mterfere with the quanti- 
tation of the other conjugates. Linearity was achieved in all calibration curves in 
bile and perfusate serum m the concentration range of pNP, pNPG and pNPS of 
5-250 PM (r = 0.999 for all linear regression calculations). Since pNPG was 
eliminated in high concentrations in the bile, standard curves for pNPG in bile 
were extended up to concentrations of 25 mM; these calibration curves also 
exhibited linearity. 

The detection limits for pNP, pNPG and pNPS in terms of both the amount 
injected and the correspondmg perfusate serum concentration for a 25-4 in- 
jection volume are given in Table 1. The detection limit was taken as the injection 
amount that produced a signal-to-noise ratio of 3. The reproducibility of the 
assay is given m Table II. At a 20 pA4 concentration of pNP and its conjugates, 
the mtra-day variability was < 6.0% while the inter-day variability was I 8.2%; 
the variability was lower at higher concentrations of pNP, pNPS or pNPG. 

No changes in the concentrations of pNP or its conjugates in perfusate serum 
samples were seen after freezing or following repeated freezing and thawing (up 
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TABLE I 

ASSAY SENSITIVITY FORp-NITROPHENOL AND ITS GLUCURONIDE AND SULFATE CON- 

JUGATES 

Compound Amount Sample concentration of 

detected (nmol) perfusate serum GM) 

PNP 0 02 4.8 

pNPS 0 033 8.0 

pNPG 0.017 40 

to four times) over a six-month period (data not shown). Following protein pre- 
cipitation with 1.5 M perchloric acid, there was loss of pNPS over time when 
samples were left at room temperature; this was accompanied by an increase in 
pNP concentrations over time (Fig. 3). No alterations in the peak-area ratios of 
pNP or its conjugates to the internal standard, phenol, were seen over the 12-h 
period at room temperature when acetonitrile was used for protein precipitation. 
In both investigations, the peak area of phenol was constant when analyzed over 
the 12-h time period or after refrigeration. As well, the chromatograms of the 
samples refrigerated for 18 h produced similar peak-area ratios of pNP and its 
conjugates as was seen with the zero time samples. All compounds present in bile 
samples were stable at room temperature over the 12-h study period. 

Numerous organic solvent systems were investigated for their ability to extract 
pNP from blood perfusate. pNP was well extracted (> 90%) in most solvent 
systems including that of ethyl acetate and of isobutanol-methylene chloride (4: 1, 
v/v) (Table III). The extraction efficiency of pNP was unchanged in the presence 

TABLE II 

INTRA-DAY AND INTER-DAY VARIABILITY FOR THE DETERMINATION OFpNITROPHE- 

NOL AND ITS GLUCURONIDE AND SULFATE CONJUGATES IN PERFUSATE SERUM 

The internal standard area did not vary by more than f2.17% 

Compound Concentration Vanablhty (%) 

(KW 
Intra-day (n = 4) Inter-day (n = 4) 

PNP 20 5.85 8 19 

200 1 51 2 19 

pNPS 20 4.20 6.65 

200 0.84 2 57 

pNPG 20 2.78 3 59 

200 0.66 1 14 
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Fig. 3 HPLC peak-area ratro of compound to internal standard for p-mtrophenol (W), p-mtrophenol 

sulfate (A) and p-mtrophenol glucuromde (e) present m perfusate serum samples which were stored at 

room temperature followmg protein precipitation usmg 1.5 M perchlortc acid (upper panel) or acetomtrrle 

(lower panel) The open symbols represent samples stored m the refrigerator for 18 h and then analyzed by 

HPLC The standard deviation bars for all data points are contained wrthm the symbol 

of its conjugated metabohtes The best solvent system for the extraction of pNPS 
was that of isobutanol-methylene chloride (4: 1, v/v) in which the efficiency of 
extraction was approximately 50% (Table III). The percentage of pNPS extract- 
ed into ethyl acetate was low and appeared to be concentration-dependent. 
pNPG was poorly extracted in all solvent systems exammed; its efficiency of 
extraction in the isobutanol-methylene chloride solvent system was < 2%. 

The perfused rat liver studies demonstrated that pNP was highly metabolized 
by the liver at an input concentration (CiJ of 40 pA4 (Fig. 4). The formation of 
the glucuromde and sulfate conjugates accounted for the total metabolism of 
pNP; at a Ci, of 40 or 200 @f, no peak with the same retention time as the 
glucoside conjugate was detected in perfusate or bile samples. At a C,, of 40 PM, 
7.2% of the dose was eliminated by biliary excretion. pNP, pNPS and pNPG 
were all present in bile samples but the glucuronide conjugate comprised 85% of 
the total drug and metabolite content of bile samples. 

To summarize, a reversed-phase HPLC assay for the measurement of pNP and 
its conjugates has been developed to quantitate these compounds in samples of 
perfusate blood, serum and bile generated in a perfused rat liver system. The 



292 M E MORRIS, S. B. HANSEL 

1001 

5 
80. 

E 60- 

f5 
a 40- 

20 

0 i 

1. 

pNPG pNPS 

Rg 4 Percentage extrachon of pNP and percentage of the mput concentration of pNP metabohzed to 

pNPS and pNPG under steady state conditions m perfused rat liver preparations The C,, of pNP was 40 

+!4 The results are expressed as mean f S.D for three rat liver preparations 

assay demonstrates good sensitivity and reproduclbllity for the analysis of pNP 
and its conjugated metabolites. 
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TABLE III 

MEAN EXTRACTION EFFICIENCIES OF p-NITROPHENOL AND ITS CONJUGATES FROM 

BLOOD PERFUSATE 

n = 2 or 3 N D = not detected The extractlon efficiency of the Internal standard, sahcylamlde, was 90 0 

f 42% (mean f SD) 

Solvent system 

Isobutanol-methylene 

chloride (4 1, v/v) 

Ethyl acetate 

Concentration Extraction efficiency (%) 

0 

PNP pNPS pNPG 

20 97.9 45 0 N D. 

100 91.5 51 5 2.0 

250 95 8 47.8 1.0 

20 89 1 II.4 ND 

50 96.1 6.7 N D. 

100 96 0 5.3 ND 

200 99 3 4.4 ND 

300 97 0 39 N.D 
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