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Humans are exposed to polycyclic aromatic hydrocarbons
(PAHs) from various occupational, dietary, environmental and
medicinal sources. We measured 1-hydroxypyrene-
glucuronide (1-OHP-gluc) concentration in urines from male
non-smokers (n = 50), smokers of blond tobacco (n = 31),
smokers of black tobacco (n = 16), and pipe smokers (n = 3).
Immunoaffinity chromatography was used as a preparative
step and synchronous fluorescence spectroscopy as the
quantitation method. The concentration of 1-OHP-gluc in
urine from smokers (mean ±SE: 1.04 ±0.13 pmol ml± 1 urine)
was significantly higher than in urine from non-smokers (0.55

±0.05 pmol ml± 1 urine) by the Wilcoxon rank sum test (non-
smokers versus all smokers, p = 0.001; vs black-tobacco
smokers, p = 0.001; vs blond-tobacco smokers, p = 0.007).
Urinary 1-OHP-gluc concentration among subjects who had
consumed roasted, grilled or broiled meat within the past 24 h
was elevated compared with those who had not (p = 0.025).
Multiple linear regression showed significant associations of
urinary 1-OHP-gluc with number of cigarettes smoked 
(p = 0.002) and consumption of roasted, grilled or broiled
meat (p = 0.028). Systemic CYP1A2 activity estimated by
caffeine metabolism was significantly correlated with urinary
1-OHP-gluc concentration. However, this association was
probably due to cigarette smoking, since adjusting for
cigarette smoking by multiple linear regression made the
association between urinary 1-OHP-gluc and CYP1A2
phenotype non-significant. These results further support the
use of urinary 1-OHP-gluc as a biomarker of recent pyrene
exposure through inhalation or diet.

Keywords: 1-hydroxypyrene-glucuronide, smoking, meat
consumption, biomarker.

Introduction
Polycyclic arom a tic  h yd rocarbons (PAHs) are  co m m o n ly

form ed du ring the com bu st ion  of  organic  materia ls. Major

so u rces of  PAH  ex po sure  in  m uch  of  the pop ulat ion  are  di et

and cigare tte  smoke (Lij insky and Shubik  1964, Baum 1978,

Sontag 1981, F az io and Howard  1983, IARC 1983 , WHO 1984,

Bjorseth and Becher 1986, Lioy et al . 1988).  T he measure m e n t

of  PAH m etaboli tes in  ur ine is  a  poten tial  m eans of  assessing

re cen t  ex po sure  to  th ese com poun ds ( Jon geneelen  et al . 1990),

an d  u r ina ry  1 -hyd rox y py rene con centr at io n i s so m etim es u se d

as an ind ex  biom ar ker of  ex posure  to  mix ed  PAHs.  We  h av e

recen tly  show n th at  the m ajo r py rene metaboli te  excre t ed  i n

hu m an  u rine  is  1-hy d rox y py rene-glucu ronide (1-OHP-gluc)

(Str ickland et al. 1994).  T his m etaboli te of  pyren e can  

be  m easu red as free 1-OHP af ter  deconjugat ion using 

b -glucuronidase,  or  direct ly  as 1-OH P-gluc  withou t

decon jugat ion.

E levated levels of  urinary 1-OHP or 1-OHP-gluc  have been

dem onst r ated in  sm ok er s (vs non-sm okers) ,  in  pat ients

rece iving coal  ta r  treatm ent (v s p re-treatm ent) ,  in  post -sh if t

ro ad  pav er s (v s pre-sh if t  or  vs controls) , in  pos t-sh if t  coke oven

workers (vs pre-sh if t) ,  and in  subjects ingest ing charbro i l ed

meat (vs pre-ingestion) (Jongenee len et al . 1985, 1986,  1987,

1988, To los et al.  1990, Buckley and L ioy 1992, Sherson et  al .

1992, Kang et al . 1995a, b) . A  study of  subjects with no

oc cup ation al  ex po sure  to  PAH s ind icated that  sm okin g and

diet ary  PAH  w ere  the m ajo r sou rces o f  in terind ividu al

var iab il i ty  in  1-OHP excretion  (Van Rooij et al . 1994).

In  order  to  evaluate  th e associat ion betw een  urin ary 1-OHP-

gluc and am ount of  c igaret te smoking,  we quanti ta ted  1-OHP-

gluc in  u rine sam ples from  m ale smo ker s and no n-sm ok ers

wh o did  not  have signif icant  occup ational  PAH  ex p osure .  We

also  examin ed  the effect of  diet-re lated  PAH  ex po su re  a n d

CYP 1A 2 p henoty pe on  ur inary  1-OHP-gluc concentrat ion,

since CYP 1A2 is  induced in  sm okers (Sh er son et  al.  1 992)  and

in subjects  w ho h av e recently  consum ed g ri l led m eat  (Co nney

et al. 1977) .

MATERIALS AND METHODS

Description of study population

The urine samples analysed were provided from a study of smoking-related

biomarkers in 100 healthy male blood donors, aged 45± 64 years, living in Italy

(Bartsch et al. 1990, Vineis et al. 1990). Relevant demographic variables, type 

of tobacco smoked, dietary data and CYP1A2 phenotype based on caffeine

metabolite ratio (Butler et al. 1992) were available for the study subjects. A

questionnaire completed by the study subjects provided information on type and

amount of cigarettes smoked (number per day, pack-years, total years),

consumption of meat in the 24 h prior to sample collection, and methods used to

cook the meat consumed (boiled, baked, grilled, fried, roasted, etc.).

Fifty subjects were non-smokers, 31 were blond (flue-cured) tobacco smokers,

16 were black (air-cured) tobacco smokers, and three were pipe smokers.

Seventy-four subjects did not consume any roasted, grilled, charbroiled or fried

meat in the 24 h prior to urine collection, whereas 24 subjects consumed such

meat once, and two subjects consumed such meat twice. The urine samples were

stored at ± 70 °C until analysis of coded aliquots (without subject identification).
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Assay for 1-hydroxypyrene-glucuronide
1-OHP-gluc in urine was quantitated using a recently developed assay (Strickland

et al. 1994). Urine samples (2 ml) were treated with 2N HCl (90°C) to hydrolyse

acid-labile metabolites and pre-purified on Sep-Pak C18 cartridges (Waters).

Samples were then purified on immunoaffinity chromatography columns filled with

CNBr-activated sepharose 4B (Sigma) coupled with monoclonal antibody 8E11

which recognizes several PAH adducts and metabolites (Santella et al. 1984,

Weston and Bowman 1991). This antibody was originally selected to recognize

benzo[a]pyrene± DNA adducts, but was subsequently shown to cross-react with 

1-OHP-gluc (Strickland et al. 1994); it does not recognize unconjugated 

1-hydroxypyrene (unpublished). Purified samples were reduced in volume by

evaporation and analysed by synchronous fluorescence spectroscopy (Perkin-

Elmer LS50), as previously described (Strickland et al. 1994). The coefficient of

variation of the assay was 8± 10% during the period of sample analysis; the limit of

detection was 0.04 pmol ml± 1 with assay recovery of 85± 95%. A subset of

samples was further purified by HPLC followed by SFS analysis of individual

fractions to confirm the identity of the fluorophore, as described by Strickland et

al. (1994).

Statistical analysis
All statistical analyses were performed using SAS software package version 6.07

(SAS Institute, Cary, NC). Non-detectable samples were assigned a value at the

limit of detection (0.04 pmol ml± 1 urine). Untransformed data were analysed

according to type of tobacco smoked by the Wilcoxon rank sum test. Multiple

linear regression was used to assess the relationship between urinary 1-OHP-gluc

and number of cigarettes smoked daily or dietary PAH exposure estimated from

recent consumption of roasted, grilled or broiled meat.

Results
P y rene-speci f ic f luorescence associated with 1-O HP -gluc was

detectable in  97 of  100 study subjects.  As in  prev iou s s tu dies,

sam ples assayed by SFS  gave co mparable  quantita t ive res ul t s

w h e n fu rther  purif ied by HPL C (not shown).  The urinary  

1-OH P-gluc concentrat ion am ong non-sm oker s, a l l  sm okers,

blond-tobacco sm okers,  and black -tobacco sm okers was (m ean

‰SE) 0.55 ‰0.05 , 1.04 ‰0.13, 1.00  ‰0.15,  and  1.12 ‰0.23

p m o l  m l±1 u rin e,  respect ively (Table 1 , Figure 1) . The

concentrat ion  amon g sm ok er s w as s ignif icantly  h igher than

am ong n on-smo kers by the Wilcoxon rank sum test :  a l l

smo kers versus n on-sm okers, p = 0.001; blond-tobacco

smok er s vs non- sm okers, p = 0.069;  black-tobacco  smokers vs

no n-sm oker s,  p = 0.0009 . A  signif icant dose±re sp o n se

relat io nship  w as ob serv ed  betw een  num ber of  c ig are t te s

sm oked  daily  (range:  0±90) and log urinary 1-OHP-gluc

concen trat ion (r = 0.32, p = 0.0013 by l inear  regress ion) 

(Figure 2) .  Subjects who re p o rted p ossib le  passiv e sm oke

e x p o su re  or  p oss ible  occupational  PAH  exp osu re  did  n o t  sho w

in c reased  ur in ary  1-OH P-gluc concen tration (data not  shown).

S u bjects  wh o had  c on su m ed  roas ted,  gri l led, or  bro iled  m e at

in  the 24  h pr io r  to  u rine collect ion  had high er  urinary  1-OHP-

gluc concen trations (1.02 ‰0.20  pm ol  m l±1,  n =26) than su bjects

not  con sum ing m eat  cooked b y those method s (0.70 ‰0 .06

p m o l m l±1, n = 71) (p = 0.04 by t- test).  No signif icant  differe n c e

w as ob se rv ed betw een sub jects  w ho consum ed  m eat  cook ed b y

other  m etho ds and sub jects who  consum ed no m eat  (category  

1 vs ca tegory 0 in  F igure 3).  CYP1A2 phenotype  rat ios ([1,7-

dim ethy lxanth ine+1,7-dim ethylu ric  aci d]/caff ein e)  had been

p rev iou sly  determ ined  (Vine is  et al. 199 0) on the urine

sam p les used  in  th is  s tu dy.  Wh en analysed as a  co ntinuo us

variable , phenotype rat io  w as  correlate d with ur in ary 1-OHP-
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n Mean SE Median Range p-valuea

Non-smokers 50 0.55 0.05 0.46 0.04± 1.81 Reference

All smokersb 47 1.04 0.13 0.90 0.04± 4.26 0.001

Blond tobacco 31 1.00 0.15 0.87 0.04± 3.41 0.007

Black tobacco 16 1.12 0.23 0.96 0.34± 4.26 0.001

Table 1. Concentration of 1-hydroxypyrene-glucuronide in urine (pmol ml ± 1) by

smoking status.

a Wilcoxon rank-sum test versus non-smokers.
b Three pipe smokers excluded.

Figure 1. Frequency distribution of urinary 1-OHP-gluc concentration from non-

smokers (n = 50), blond-tobacco smokers (n = 31), and black-tobacco smokers 

(n = 16). Three pipe smokers were excluded from analysis.
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gluc (r = 0.23,  p = 0.023,  n = 97); however, the corre lat ion

becam e non- signif icant af ter  ad justm ent for  num ber  of

cigare t tes  sm oked  and  co nsum ptio n o f  roas ted, gri l led or

b ro iled m eat by m ult iple  l inear  regressio n (n ot  sh own) .  T he

best  f i t  mult iple l inear  regressio n m odel  (Table 2)  ind icated

that  number of  c igaret tes smo ked  (p = 0.002 ) and consum p tion

of roasted, gri lled  or  bro iled  m eat  (p = 0.028) were signif icant

an d po si t i ve predictors of  urinary 1-OHP-gluc.

Discussion
T he concentration  of  PAH  metaboli tes in  urine is a p oten tia l

indica tor  of  recen t  ex po sure  or  in ternal dose of  PAHs. T he

m ajor metaboli te of  pyrene fo und in  hum an u rine,  1-OH P-gluc

(Str ickland et al . 1994, Singh et al . 1995), is incre ase d  i n

subjects  expo sed to  m ixtures of  PAHs co ntaining  py rene.  We

found higher leve ls  of  1-OHP-gluc in  ur ine from  sm okers of

blond or  black  tobacco than  fro m no n-sm okers (Table 1) . There

w as  no signif ican t  differen ce i n  t he ur inary  concentration of  

1-OH P-gluc  between smokers of  blond versus black tobacco.

P revio us re p o rts  ind ica te  that  th e ary la m in e a dd uct ,  

4-aminobiphenyl±haem oglobin , is e levated in  the black-tobacco

sm oker s relative to  the blond-tobacco smokers (Bart sch  et al.

1990). A lthough black  tobacco  contains higher  levels of

a romatic amines than  blond tobacco (IARC 1986) ,  re lat ive

levels of  PAHs in  blon d and black  tobacco have n ot  been

re p o rt e d .

T he num ber of  c igare t tes sm oked daily  b y stu dy subjects

w as correlat ed w ith  u rin ary  1-OHP-gluc concentrat ion. Non-

sm ok ers had  detect able  u rin ary-1-OHP-gluc , suggesting tha t

o the r  so urces of  PAH  ex p osure  w ere  p resent (e.g.  diet,

occupation,  passive sm oke, e tc .) . U rinary 1-OHP -gluc  was

found to  be elevated in  th ose  subjects  that  had ing es ted

ro asted,  bro iled  or  gri l led  meat in  the previous 24 h.  Pre v io u s

re p o rts  of  cont ro l led feeding stud ies h av e sh own  a st ro n g

asso ciat ion  be tween  ur inary  1-OHP-gluc and rec e n t

con su m ptio n of  cha rbro iled  meat (Buckley and Lioy 1992,

Kang et al . 1995b). This is the fi rst re p o rt  o f  such an

associat ion in  an observatio nal  stu dy  w ith no m anipu lat io n o f

diet . Th e associat ion was observed in  sp ite  of  the cru d e

assessmen t of  d ietary  PAH intake.  F or exam ple,  there  are  PA H s
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Figure 2. Scatter plot of number of cigarettes smoked daily vs log concentration of

1-OHP-gluc in urine. Regression line is: y = e0.018x ± 0.77 (r = 0.32, p = 0.0013, n = 97).

Figure 3. Box and whisker plot of urinary 1-OHP-gluc (pmol ml± 1) by cooked meat

consumption in previous 24 h. Category 0: consumed no meat (n = 12; 4

smokers, 8 non-smokers); category 1: consumed only meat cooked by methods

other than roasting, grilling or broiling (n = 59; 28 smokers, 31 non-smokers);

category 2: consumed roasted, grilled or broiled meat (n = 26; 15 smokers, 11

non-smokers). m = median; M = mean.

Variable DF b Estimate b  SE p-valuea

Intercept 1 0.38 0.14 0.007

Smokingb 1 0.01 0.004 0.002

Meat consumptionc 1 0.23 0.10 0.028

Table 2. Multiple regression analysis of 1-OHP-gluc in urine (n = 97).

a p-value for b = 0.
b Number of cigarettes smoked daily.
c Meat consumption in previous 24 h ± ±  category 0: consumed no meat;

category 1: consumed only meat cooked by methods other than roasting,

grilling or broiling; category 2: consumed roasted, grilled or broiled meat

once; category 3: consumed roasted, grilled or broiled meat twice.
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in  foo ds other  than  cook ed m eats  wh ich cou ld n ot  b e assessed

fro m  th e qu est ion na ire .  Fu rt h erm o re ,  th ere is sub stanti al

variat ion in  PAH levels w ithin th e m eat  ca tegories  used to

assess ex po sure . A  number of  variables  inf luence PAH  levels

in  coo ked m eats  includin g sou rce an d intensi ty  of  heat ,

dis tance from  meat ,  length  of  cooking t ime, surface

t em p e ra tu re  of  m ea t , thickness of  meat ,  e tc.  These variables

p reclude even a  ru d im e n ta ry  est imate  of  ac tual  PAH content  of

the m eats consum ed. T hus,  con si derab le  no n-d ifferen ti al

e x p o su re  m isc lassi f icat ion prob ably occurred ,  w hich  w o u ld  b e

exp ec ted  to  re du ce t he st rength of  the overal l associat ion

o bserv e d .

An oth er poten tial  so urce of  error  in  the accuracy  of  the 

1-O HP-gluc concentrations determ in ed  is the po ssibi l i ty  o f

m etaboli te  instabil i ty  and degradation.  Alth ough w e have

fo und th e metaboli te  to  be s tab le in  hum an u rine s tored  at

±7 0°C for  up to  2  years  (unp ublished) , th e urine sam ples used

in  the  cu rren t  st ud y  w ere  co llected  in  19 88 and  assayed in

1994. T herefore,  it  is possible  that  the concentr at ions of  

1-OHP-gluc determ ine d m ay un de restimate the  concentrat ion at

the t im e of  urine collec t ion. H owever, assum ing th at  possible

degradation o ccur s at  com parable  rates in  al l  sam ples,  the

relat ive concentrat ions of  1-OHP-gluc am ong sam ples  would

no t be ex pected to  change appreciably. T hus,  our overal l

con clusion s sh ould  no t  be affected by m etabolite  degradat ion,

sho uld i t  occ ur.

Al tho ug h w e d id no t  m easure free 1 -hyd rox y py ren e in  t he

u rine sam ples,  p revio us re p o rts (Jongenee len et al . 1987 ,

S tr i ckland  et al . 1994, Singh et  al. 1995 ) indicate  that  only

0±15%  o f 1-hydro x yp y rene excre ted  in  urin e is  un conju gated.

We have also  chosen not  to  ad just  our 1-OH P-gluc values  by

u r in a ry  creat inin e con centr at ion  as this  had l i t t le  effect  o n the

results of  our analyses  or  our conclusion s.  T his is  co nsistent

w i th  p revious s tudies of  urin ary 1-OHP-gluc after

occupat ional (Kang et al . 1995a) or  dietary (Kang et  al.  1995b)

e x p o su re to  PAHs, in  wh ich  adjustm ent f or  cre at in ine  ha d

lit tle or no effect  on associa t ions between 1-OHP-gluc and PA H

e x p o su re .

The ratio  of  (1 ,7-dimethyxanthine +  1,7-dimethyluric  acid)

to caff eine was  used as  an  index of  systemic CY P1A2 act ivity.

W hen analysed as  a  contin uous variab le,  th is r a t io  was

c orrela ted w ith  u rin ary  1-OHP -gluc concent rat ion.  However,

thi s associat io n w as probably due to  cigaret te  sm oking,  s ince

ad jus ting  for  cigaret te sm oking by m ult iple linear  regre ss io n

m ade the asso ciat ion  b etween  u rin ary 1-OH-gluc and

phenotype rat io  non-signif icant . In  the f inal  regression  m od el ,

num ber  of  c igare t tes  sm oke d an d recent  co nsum p tio n of

roasted , gri lled , or  bro iled  m eat  were  signif ican t  posit ive

p red ic tors  of  urinary  1-OHP-gluc concentrat ion.

The m ean  concentr at ion of  1-OHP-gluc in  non- sm okers

(0.55 ‰0 .05 pm ol m l±1) from  th e curren t  s tu dy  w as h igh er th an

th at  re p o rte d  p reviously (17, 19)  by our labora tory  in  non -

smo king sub jects  w ithout  dietary (0.23 ‰0.11  pm ol  m l±1)  or

occupational  (0 .26 ‰0.06  pm ol  m l±1)  exp osu re.  T his m ay be

d u e i n  p art  to  the lim ited inform ation available  in  the curre n t

stud y o n o ther  po tential  so urces of  PAH  ex po sure . S ubjects

w ith po ten tial  for  expo sure  to  low levels of PAH fro m  th eir

occ upation did  no t  ex hibi t  in creased  ur in ary  1-OHP-gluc

concen trat io n.  H ow ever, few of the s tudy subjects had jobs

expected  to  have m oderate  to  hig h PAH  ex po su re .

F u rt h erm o re , the inform at ion  o n occu pat ion  w as n ot

su ff ic iently  deta i led  to  est imate recen t  (p revious 24 h)

e x p o su re.  P re viou sly, the associat ion of  1-OHP -gluc with

occ up atio nal  PAH ex po sure  h as been ex am ined by com par ing

expo sed  w ith u nexpo sed  w ork ers  on  the sam e w ork si te  o r

co m par in g pre-sh if t  and post -shif t levels  in  the sam e w orkers

(Jongeneelen  et  al.  1985 , 1986, 1988,  1990 , Tolos et al. 1990 ,

S h er son  et al. 1992,  Kang et al . 1995a).  T hese  s tudies have

co nsisten tl y  sh ow n  increased  1-OHP-gluc in  the urine fro m

wo rk ers  w ith PAH  e xp osu re an d in  po st -shif t  ver sus pre-shif t

m e as u rem en ts .  T h e cu rren t  s tud y w as designed  pr im ari ly  to

examin e sm oking eff ec ts  and,  therefore,  was  not ideal  for

assessing  occup ational  PAH  e xp osu res.  T hus, our power  to

detect  p otential  o ccupation al  contr ibutio ns to  u rinary  1-OHP-

gluc w as re d u ce d .

S ubjects  wh o re p o rted  po ss ible  passiv e smo ke ex posure  i n

th e  c urren t  st ud y did  no t  sh ow  incre ased  u r in ary 1-OHP-gluc

concentrat ion.  T his m ay  be due to  poor or  inaccurate  se lf-

re p o rt ing of  passive sm oke exposure ,  or  could be due to  poor

co rrela t ion of  urinary  1-OHP -gluc concentrat ion w ith

inhalation of  low levels of  pyren e in  t his  p op ula t io n.  A n

altern ati ve m easu re  of  pass ive sm oking,  urine cotinine,  w as

also ex amined.  We h ad  p reviously re p o rted tha t  u rin ary

cotinine plus nicotine is h ighly co rrelated with  1-OHP-gluc in

this  s tud y po pulat io n (Vin eis  et al.  1996);  however,

coti nine /nico tine level s were  very  low in  self-re p o rte d no n-

sm ok er s a nd  w ere  not  associa ted with  1-OHP-gluc in  non-

sm ok ers.

O veral l,  the f indings re p o rt ed  he re furt h er  su p p ort  the use  of

u r in ary  1-OHP-gluc as a useful  biomarker of  rec en t  exp osu re  to

PAH from  m u lt i pl e  so urces.  We show  th at  tw o non -

oc cup ation al  so urces of  PAHs,  act ive sm oking and diet ,  can

contr ibute signif ican tly  to  the urinary  concentrat ion of  this

bio m arker.  Given  the high degree of  var iability of  PA H

concent rat ion in  food s p rocessed by sim ilar  m ethod s,

q ue st io n na ire-based app roaches to  assess ing dietary  PA H

intak e are  som ew hat  l im it ed.  T his  s tu dy and  previou s re p o rt s

ind icate  th at  u rin ary  1-OHP-gluc is useful for  assessing dietary

e x p o su re to  PAHs as a  supp lem ent to  q uest ion naire  data .
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