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Nitrogen heteroaromatic ring systems may undergo metabolic reactions at the 
heteroatom (e.g. N-oxidation or N-methylation) and at ring carbons (C-oxidation)i. 
The simple heterocycle. pyridine, has often been used as a model compound for 
studying the occurrence and enzymology of each of these metabolic pathways’*. N- 
Oxidation of pyridine has previously been studied using gas-liquid chromatography 
(GLC)” and recently by high-performance liquid chromato_mphy (HPLC)9. The N- 
methylation product, N-methyipy~dinium hydroxide, has been isolated and identi- 
fied by traditional chemical methods? (m-p., CHN analysis, colour reactions) and 
quantitatively determined by paper chromatography (PC)4, by ultraviolet (UV) spec- 
troscopf and by radiochemical techniques (reverse isotope dilution)*. Data are 
available in the Iiterature” on thin-layer chromatography (TLC) of 2-pyridone, 4 
pyridone and 3_hydroxypyridine, but reports OQ their metabohc formation and quan- 
titative determination are lacking. 

In order to understand the relative importance of oxidative and methylation 
reactions in the metabolism of drugs and xenobiotics containing nitrogen hct- 
eroaromatic ring systems, we have chosen ;o carry out detailed in vivo metabolic 
studies with [‘*C]pyridine. To this end we have developed an analytical procedure 
which allows the simultaneous determination of six potential in viro metabohtcs of 
[‘“Cjpyridine by utilisin, = a combination of cation-exchange and reversed-phase 
HPLC. The details of this assay proccclurc are described in this paper- 

MATERIALS AND METHODS 

[2,6-‘“CjPyridine (250 $Zi; specific activity 27.1 mCi/mmole) was obtained 
from The Radiochemical Centre, Amersham, Great Britain and administered to vari- 
ous laboratory animal species. Urine samples were collected over a 24-h period as 
previously described’_ Pyridine, phosphoric acid, glacial acetic acid, and IiPLC- 
grade methanol and acetonitrile were purchased from Fisons, Loughborough, Great 
Britain. 3-Kydroxypyricline was from Fluka, Gfossop, Great Britain Potassium 
dihydrogen orthophosphate and disodium hydrogen orthophosphate (anhydrous) 
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were obtained from BDH, Poole. Great Britain, and a batch selected which gave 
minimal absorption at 260 nm_ Luma gel (liquid scintillation cocktail) was purchased 
from Lumac Systems, Basel. Switzerland. 

_ Pyridine N-o.xide”, 2-pyridone”, 4-pyridonerJ, N-methyl-Zpyridone” and 
N-methylpyridinium iodide r6 were all synthesised by literature methods. All chroma- 
tographic standards were prepared as IO m&f solutions in methanol, where solubility 
permitted_ Analyses were carried out on a modular unit constructed in our laboratory 
consisting of a HPLC Technolo&q pump (Model RR/015) and a Pye Unicam LC3 
variable-wavelength UV detector operating at 254 or 260 nm_ Samples were intro- 
duced via a Rheodynes loop injector. All eluent buffers used were filtered and de- 
gassed in YQCZ~O before use. A Partisil-10 SCX microparticle column (Whatman), 25 
cm x 4.6 mm I-D-. was used for cationexchange chromatography. whereas a Par- 
tisil-IO ODS microparticle column (Whatman), 25 x 0.50 cm I.D., was used for 
reversed-phase chromato_mphy. Essential chromatographic operating parameters 
are to be found in the legends to the tables and figures. 

Urine samples (20-100 _d) from animals dosed with [taC]pyridine were in- 
jected. either directly or after protein precipitation using an equal volume of acetoni- 
trile. on the HPLC columns. Radioactive effluent was monitored by collecting frac- 
tions of known volume on a LKB 7000 Ultrorac@ fraction collector. Sufficient scintil- 
lation cocktail (Luma Gel, 4 ml) was added to each fraction to form a clear, homo- 

genous gel or soIution_ A Packard Tri-Carb liquid scintillation spectrometer was used 
to measure the radioactivity in the samples. Radiochromatograms were constructed 
by plotting the radioactivity of the fractions against their retenticn times. To de-‘ 
termine the recovery of radioisotope from analytical columns. an identical volume of 
radioisotopic urine applied to the column was added directly to a scintillation vial 
containing an appropriate volume of column effluent and treated as described above. 

RESULTS AND DISCUSSION 

Initial investigations 

TABLE I 

were carried out on a Partisil-10 SCX cation-exchange 

THE INFLUENCE OF ELUENT pH ON THE RETENTION OF POTENTIAL PYRIDINE IMETAB- 
OLITES BY PARTISIL-IO SCX CATION-EXCHANGE CHROMATOGRAPHY 

Column. Partid- SCX 25 cm x 4.6 mm I.D.; eluent, methanol-O.3 M ammonium acetate buffer (30:74 
\:.v): the ammonkm sccate solution was adjusted to the pH shown before dilution with methanol; flow- 
rate, I.5 miimin at 1800 p.s.i.g.; detmtion, 254 nm. 

Compound Rerenlion time (min)f 

pH 3.7 pH 3.9 pH 4.9 pH 6.0 pH 7-O 

N-hfettyipyridini- ion 10.3 !2.6 11.9 17.5 21.0 
Pyrkiine 3.6 A5 4-S 3.0 23 
F’yridine N-oxide 1.5 LO 23 L1 19 
t-Hydro.xypyridine 1.3 1.3 1.3 1.2 1.1 
-l-E?cidone I.3 1.3 1.2 1.1 1.1 
LPyridone 0-s 0.8 1.1 0.9 0-s 

* Corrected retention time (fa - I,); to = 1.8 min. 
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TABLE II 

THE INFLUENCE OF ELUENT IONIC STRENGTH ON THE RETENTION OF POTENTIAL 
PYRIDINE h~ETABOLI-fES BY PARTISIL-10 SCX CATION-EXCHANGE CHROMATOGRA- 
PHY 

Column_ Part%%10 SCX 25 cm x 4.6 mm I.D.; eluent. methanol-ammonium acetate, pH 3.7 (30:70_ v/v); 
flow-rate, 1.5 ml/min at 1800 p.s.i.g.; detection, 254 nm. 

CO??lpOUIZd Retention the (min)* 

0.1 :\f o-3 M 0.5 w 0.8 Af 1.0 M 

N-hfethylpyidinium ion 20-4 10.3 7.9 6.4 5.9 
Pyridine 7.5 3.6 2.8 1.1 1.7 
Pyridine N-aside 2.1 1.5 1.4 1.2 I.2 
3-Hydroxypyridine 1.1 1.0 0.9 0.9 0.s 
1Pyridone 1.0 0.9 0.9 0.8 023 
2-Pyridone 0.7 0.6 0.6 0.7 0.7 

* Corrected retention time (fn - to); to = 1.8 min. 

column using a mixture of methanol and ammonium acetate buffer as the &rent (see 
Table I). Variation of hydrogen ion concentration has a marked effect on the reten- 
tion times of the more basic solutes over the pH range 3.7-7.0, whereas the neutral 
pyridone derivatives. as expected, elute early and are relatively unaffected by change 
in pH_ Optimum pH for separation of pyridine, pyridine N-oxide and N-methylpyri- 
dinium ion is in the range 3.749. As would be expected of an ion-exchange process. 
a decrease in the ionic strength of the buffer leads to longer retention times of all the 
three basic solutes (see Table II). The effect of varying the methanol content of the 
eluent (Table IIIj is a complex phenomenon, leading to a considerable change in the 
retention time of N-methylpyridinium ion accompanied by extensive peak broaden- 
ing, while not affecting to any great degree the retention behaviour of pyridine, 
pyridine N-oxide or the neutral pyridones. These results in part, may reflect the 

TABLE III 

THE INFLUENCE OF METHANOL COWI’ENT OF THE ELUENT ON THE RETENTION OF 

POTENTL4L PYRIDINE METABOLITES BY PARTISIL-IO SCX CATION-EXCHANGE CHRO- 
MATOGRAPHY 

ColUmn, Par&I-IO SCX 25 cm x 4.6 mm I.D.; eluent, various proportions of methanol with 0.3 di 
ammonium acebte, pH 3.7; flow-rate: 1.5 ml/min at 1800 p.s.i.g.; detection: 254 nm. 

Compound Retention the (min j * 

2iy/; 3% 40% 

N-Meihylpyridinium ion 9.0 9.0 9.4 

gz . . N-oxide 3.4 1.6 3.2 1.6 3.1 1.6 
3-Hydroxypyridine 0.8 1.0 1.1 
6Fyridone 09 0.9 1.0 
2-Pyridone 0.5 0.6 0.7~ 

* Corrected retention time (rx - rO); t0 =~ 1.8 min. 

m 

11.4 

3.3 1.6 
1.2 
1.1 
0-s 



Fig. I. Radioehromato_esam of 3-h hzmster wine, after intraperitoneal administration of [‘~C]pyridine, 
using utioa-tx~ge HPLC. CoIumn. partisiI-10 SC.X (25 cm x 4.6 mm I.D.); eItzent_ methanoM3-3 M 
ammosxium acetatc buffer (3ci:iO. v;‘vi; flow-rate. I.5 ml/‘min at I800 p&.g; detection. 2% am; fkxtions 
cokcted eve 23 sx for determination of “C (see test for details). Peaks: A = N-methyIpyridiniutn ion; 
E = tpvridone; C = 2-pyridoze; D = 3_hydroxyp_yridiie; E = pjtidine _N-aide; F = pyridine. R, = 
Rettntio; time 

relative solubilities of N-methyipyridinium ion. pyridine and pyridine N-oxide in 
water and methan31. Because of the many variables investigated, choosing optimum 
conditions was almost impossible_ For practical purposes, a methanotammonium 
acetate buffer (0.3 A., pH 3-7) (30170, v/v) was utilised for the analysis of radioactive 
urine samples (see Fig_ I)_ Under these conditions, the N-methytpyridinium ion, 
p>ridine (protonated at pH 3.7), and pyiidine N-oxide are well separated over a short 
elution period. However, 3-hydrosypy-ridine and the neutral pyridone derivatives co- 
elute early. ahost in the void voIume. 

Reversed-phase chromatozraphy was investigated as a method for analysis of 
the C-oxidation metabolites of f3C]pyridine which co-eiute early by cation-exchange 
chromatography. Table IV shows results obtained using a Paz-Gil-10 ODS column 
and a 0.067 M phosphate buffer (pH 7-4) as eluent with acetonitrile concentrations 
vaqing from 0 to 10 y/, (v/v). As expected, the very water-soluble N-methylpyri- 
diuium ion eiutes in the void volume in this system, whereas pyridine, because-of its 
Iipophiiic character_ has a high aEnity and a long retention time. Baseline separation 
of 3_hydroxypyridine, 2- and 4-pyridones and pyridine N-oxide was achieved using 
this method of analysis with no organic modifier. Incorporation of even small 
amounts of acetonitrile or methanol produce a marked improvement in the chroma- 
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TABLE IV 

THE INFLUENCE OF ACETONXTWLE CONTENT OF THE ELUENT ON THE RETENTION OF 
POTENTIAL PYRIDINE METABOLITES BY PARTISIL-10 ODS REVERSED-PHASE CHROMA- 
TOGRAPHY 

Column. Partisil-10 ODS 25 x OS an f-D_; eluen?_ various proportions of acetonitrile with 0.067 M 
phosphate buffer. pH 7.4; flow-rate -2 ml/min at 1700 p_s_i_g; detection, 260 run. 

compourid Re1enIiotl rime (m&l)* 

o-a”/, zoo/, 2x4 x0”/, 10-q< 

Fp-idine 36.8 31.6 26.5 16.2 11.5 
Pyridine N-oxide 10.1 6.7 6.2 5.7 4.7 
3-HydrosyPyridine 6.0 5.6 5.5 5.3 4.3 
2-Pyrldone 5.0 4.3 4.2 4.1 3.5 
4-Pyridone 3.4 3-3 3-I 3-l 2-9 
N-Methyl-2-p_yridone 10.6 10.8 10.7 7.9 5.9 
N-Methylpyridinium ion 0.0 0.0 0.0 0.0 0.0 

l Corrected retention time (I, - r,): f, = 0.5 min. 

tography of pyridine (i.e. retention time and peak shape), but lead to unstatisfactory 
separation of the C- and N-oxidation metabolites. Varying the ionic strength of the 
buffer appears to have little effect on the retention of any of the solutes examined 
(Table V). whereas varying the pH of the eluent. as expected. had a marked effect on 
the retention for pyridine, but little effect on that of the other solutes (Table 
Vi)_ The eluent composition chosen for the reversed-phase analysis of the urinary 
metabolites of [‘“Clpyridine was 0.067 M phosphate buffer, pH 7.4 without any 
organic modifier at a fast flow-rate of 4.2 ml/min at 2750 p.s.i_g_ to achieve a relatively 
short analysis time (see Fig. 2). This analytical system, in combination with the 
Partisil-10 SCX chromatographic system described above, allows the analysis of six 
potential metabolites of [‘Qpyridine. 

TABLE V 

THE INFLUENCE OF ELUENT IONIC STRENGTH ON THE RETENTION OF POTENTAL PYR- 
IDINE METABOLITES BY PARTISIL-10 ODS REVERSED-PHASE CHROMATOGRAPHY 

Column. Par&ii-IO ODS 25 x OS cm I.D.; eluent, Acetonitrile-phosphate buEer, pH 7.4 (2.5:97.5 v/v); 
llow-rate. 2 mljmin at 1700 p.s.i.g.; detection, 260 nm. 

Compound Retettdon tinie (mitt)* 

0.034 M 0.067 M 0.134 M 0.20 M 

Pytidine 24-4 26.5 26.0 25.7 
Pyridine N-oxide 6.0 6.2 7.6 7.1 
3-Hydrosypyridine 5.5 5.5 5.8 5.3 
2-firidone 4.1 4.2 4.6 
el’yridone 3.1 3.1 3.3 ::: 
N-Metixyl-2-pyridone 10.5 10.7 12-2 11.5 
N-Methylpyridinium ion 0.0 0.0 0.0 o-0 

* Corrected retention time (fg - to); r, = 0.5 min. 
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TABLE Vi 

THE INFLUENCE OF ELUENT pH ON THE RETENTION OF POTENTIAL PYRiDINE METAB- 
OLITES BY PARTISIL-IO ODS REVERSED-PHASE CHRO,MATOGRAPHY 

Colmnn, Part&ii-10 ODS 25 cm x 5.0 mm I.D.: eluent, acetonitrile-0.067 111 phosphate buffer (2.5:97.5, 
t/v): the phosphate buffer was adjusted to the pH shown before dilution with acetonitrile; flow-rate, 2 
ntl;min at 1700 pr.i.g_: detection. 260 urn. 
- 
Cbnrporrnrl Rerenrion time (min) * 

pH 6.0 pH 6.8 pH 7.0 pH 7.4 pH 8.0 
- - 

Pyridine 33.0 32.5 31-5 26.5 27.0 

Pi-ridine N-o.xide 7.5 S.2 7.9 6.’ 7.7 

3-Hydroxyp? ridine 5.7 6.3 6.’ 5.5 5.9 

2-Pyridone 4.7 4.9 4.5 4.2 1.7 

-l-Pyridone 32 3-4 ‘3 
I;:1 

3.1 33 

K-Slethyl-Zp>*cione 115 13.5 10.7 123 

S-Methylp~tidinium ion 0.0 0.0 0.0 0.0 0.0 
- 

* Corrected retention time (fR - rO); to = 0.5 min. 

I I I 
25 20 10 Rt(min) ’ 

0 

Fis 2. Radiochromatogram of24-h hamster urine, after inuaperitoncal2dministr2tion of [t4c]p+dine, 
using reversed-phase HPLC. Column, Part&I-IO ODS (25 cm x 5.0 mm I.D.); eluent, 0.067 M phosphate 
buff- flow-rate. 4.2 mi/min at 2750 ps_i.g_.; dstections, 260 nm; fractions coti@ every 12 54: for 
determination of “C (see test for details). Peaks: A = N-methylpyridinium ion; B = 4_pyridone, C = 2- 
pyridone; D = 3-hydroxypyridine; E = pyridine N-oxide; F = pyridine. 
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The very low dose of [“Clpyridine utilised in this study (7 mg/kg body weight. 
CQ. 10 FCi), and the consequent low activity of the urine samples collected, neces- 
sitated both the injection of the intact urine samples (X-100 ,~l, ca. 1000-2000 cpm) on 
to the column, and the monitoring of column eflluent for “C by liquid scintillation 
counting for detecting and quantitating the small amount of metabolites present. The 
radiochromato_mms obtained from analysis of a 24-h urine sample from a female 
Golden Syrian hamster dosed with [14C]pyridine are illustrated in Fig. I and 3, and 
are typical of results obtained from analyses of urine samples from several other 
animal species. With each system, the amount of radioactivity applied to the column 
was almost totally recovered in the effluent. The cation-exchange column allows the 
estimation of the percentage urinary radioactivity present as N-methylpyridinium ion 
(ca. 25 %) and as pyridine (ca. 0 “/$ Analysis of an identical sample by reversed-phase 
chromatography shows that CQ. 25% of the applied radioactivity elutes in the void 
volume (N-methylpyridinium ion), ca. 60% of ‘*C co-clutes with the pyridine N- 
oxide peak and ca. 6 Y0 with the Cpyridone peak. whereas 2-pyridone and 3-hydro- 
xypyridine appear to be only minor urinary metabolites. The results from both analy- 
ses complement each other well and allow the quantitative determination of the five in 
riro metabolites of pyridine present in hamster urine. 

The above analytical procedure is being used for the analysis of urine samples 
obtained from several other animal species dosed with [“C]pyridine, and these results 
will be the subject of future communications_ 
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