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The aim of this study was to determine whether haemoglobin
adducts (Hb) of hexahydrophthalic anhydride (HHPA) and
HHPA-specific immunoglobulin G (IgG) can be used as
biomarkers of exposure to HHPA. The exposures of HHPA in
10 workers were determined from the mean urinary
hexahydrophthalic acid (HHP acid) levels (range 76± 3300
nmol HHP acid mmol ± 1 creatinine) during a period of 4 weeks.
Blood was collected at the end of the period and Hb± HHPA
adducts were analysed by gas chromatography mass
spectrometry. The Hb± HHPA adduct levels ranged from 0.45
to 24.7 pmol g ± 1 Hb. There was a close correlation between
the urinary HHP acid levels and the amount of Hb± HHPA
adducts (r = 0.87). One-day exposures to HHPA and
methylhexahydrophthalic anhydride (MHHPA) in 142 workers
were determined from analysis of urinary HHP acid (range
0± 3300 nmol HHP acid mmol± 1 creatinine) and
methylhexahydrophthalic acid (MHHP acid; range 0± 1700
nmol MHHP acid mmol ± 1 creatinine). HHPA-specific IgG were
analysed in the 142 workers with an ELISA method. The
optical density for HHPA-specific IgG varied between 0 and
1.25. There was no statistically significant correlation
between the sum of the urinary HHP acid and MHHP acid and
the HHPA-specific IgG (r = 0.12; p = 0.14). Thus, Hb± HHPA
adducts seem to be applicable as biomarkers of exposure to
HHPA while the possible role of HHPA-specific IgG as an
indicator of exposure has to be further evaluated.

Keywords: hexahydrophthalic anhydride,
methylhexahydrophthalic anhydride, haemoglobin adducts,
specific IgG, biological monitoring.

Introduction
Adducts of  haemoglobin (Hb)  were suggested m ore  tha n 3 0

years ago as biomarkers  of  exposure to  carc inogens (E hre n b e rg

et  al. 1 974 ).  M any p apers  h ave since t hen b een p ublished  on

this topic  on a var iety  of  carcino gens such as th e arom at ic

am in es,  po lyaro m at ic  hy d rocarb ons,  af la toxins,  and

co m p o un d s w ith  a  d ou b le  b o nd  u nd ergo in g epoxidation i n

vivo  (Van  Welie et al. 1992, Skipper et al. 1994). However,  the

relat ionships b etween doses and l ev els of  adducts  are  s t i ll  in

m ost  cases b ased on animal s tudies.  I n  m an, m ost  studies of

re lat i on sh ip s be tw een  ex po sures  a n d a dd u ct s  sh ow

co rrelations at  grou p l evels .  T hu s,  these s tu dies m ainly sho w

th at  ex po sure  gives r ise to  an  increased add uct  lev el  com p are d

w ith co nt ro ls or  that  h eav y exposure  gives higher add uct  levels

as co m pa red wi th lo we r exp osure .  S tudies describin g the

in div id ual ,  cu m u lati ve exp osu re  in  re l at ion  to  the  add uct

levels are  to  our know ledge m issing,  a lthough efforts  i n  t his

d i rect ion h ave been re p o rted  (Gan et al . 1988, Duus et al.

1989) .

Speci f ic immunoglobul ins G (IgG) have been fre q ue n tly

analysed in  studies of  al lergens b ut th ei r  ro le  in  th e

sensi t izat ion  p ro cess  is  u nclear. I t  has been suggested  that

spec if ic  IgG can be used as biomarkers of  exposure  to

sensi t izin g com pound s (Biag ini  et al. 1990.)  T his h ypothesis is

s u p p o rted by f indings in  workers  exposed to  org anic  acid

anhydr id es  (O AA s;  N ielsen et  al . 1988, We lin d er  et al. 1990,

1994).  However, furth er  stu dies are  ne cessary.

O AA s are  hig hly sen si t iz ing com po unds (Ven ab les  1989 ,

We lin d er  et al. 1994).  Specif ic IgE  and IgG have been re p o rt e d

in a  large frac tion of  workers exposed to  only a few m g OAA

m ±3 in  a i r.  Hex ahy drop hth alic  anh yd rid e (HH PA) a n d

m e th y lh ex ah y d rop hth alic  anh ydr id e (MH HPA) are  tw o

p a rt icu larly  sensi tiz ing OAAs. T he O AAs are  kno wn to rea ct

w i th  p ro teins in  v ivo (P alacían 1990)  and  it  is com mon ly

believed that  the formation  of  pro t ein  a dd uc ts  in  v ivo i s th e

pato mech anism  beh ind the sensi t iz in g p otential  of  these

co m p o un d s.  T h u s,  pro tei n addu cts o f  O AA s an d oth er

al lergen ic , low  m olecular  w ei ght  co m poun ds are  in terest ing

sin ce these m ay be direct ly  inv olved in  the sensi t izat ion

p ro cess.  H owever,  there  are  only  a  few re p o rts of  pro t e in

adducts of  a l lergenic  com pou nds (J in  et  al . 1993, Jönsson 

et  al . 1995, Sepai  et  al . 1995a , b , Day et  al . 1996, L ind et al.

1997a, b) .

I n  this paper we evalu ate  the use  of  H b±HHPA a d du c ts  a n d

H H PA-speci fic IgG as biom arkers of  exposure  to  HHPA.

MATERIALS AND METHODS

Study subjects
The subjects were workers exposed to HHPA and/or MHHPA (Figure 1) in a plant

manufacturing electrical capacitors. Most of the workers were mainly exposed to

either HHPA or MHHPA. The HHPA (Merck, Darmstadt, Germany) used was the cis-

isomer which is the industrially and toxicologically most important isomer. The

MHHPA (Ciba-Geigy, Basel, Switzerland) was cis with regard to the carboxylic

groups and a mixture of cis and trans (50:50) with regard to the methyl group. No

other organic acid anhydride was used in the plant. Some of the workers wore

protective devices. The participants gave an informed consent and the study was

approved by the Ethics Committee of Lund University.

Collection of biological samples
Urine samples were collected during the last 4 h of the work-shift. From 10

subjects urine was sampled during a period of 4 weeks on 10± 12 different

occasions. In addition, urine was collected from 142 subjects (the 10 subjects

included) on one single occasion. In 25 of these subjects urine was also collected

on one occasion 7 months before the sampling; eight of the ten subjects in which

frequent urine sampling was performed were included in these 25 subjects. In 15

of the 142 subjects urine was also collected on one occasion 1 year after the
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sampling. The urine was stored in polyethylene test tubes at ± 20 °C until the

analysis.

Serum for the determinations of specific IgG was collected from the same 142

subjects as in which urine was sampled. In 134 of these the urine and serum were

collected at the same time but in eight subjects the serum was collected up to 9

months before the urine sampling. The blood for the serum was obtained from an

antecubital vein and collected in 4 ml Vacutainer Brand SST blood sampling tubes

(Becton Dickinson, Meylan, France). After sampling, the blood was cooled to room

temperature and then centrifuged at 1500 g for 10 min. The serum was

separated and stored at ± 20 °C until the analysis.

Blood samples for the determination of Hb-adducts were collected from the 10

subjects in which frequent urine sampling was performed after the collection of

the last urine sample. The blood was drawn from an antecubital vein and collected

in 10 ml Venoject blood sampling tubes (Terumo Europe, Leuven, Belgium)

containing sodium heparin. After sampling, the blood was allowed to cool to room

temperature and then centrifuged at 1500 g for 10 min. The plasma was

separated and the red blood cells were washed three times with a 0.9% sodium

chloride solution and then transferred to polyethylene test tubes and frozen at

± 20 °C until the analysis.

Preparation and analysis of biological samples

Urinary HHP acid and MHHP acid

The levels of HHP acid and MHHP acid in urine were determined as previously

described (Jönsson and Lindh 1996). To the urine samples (500 m l) were added

0.5 m g 2H6-labelled HHP acid (Synthelec, Lund, Sweden) and 0.5 m g 2H8-labelled

MHHP acid (Synthelec), followed by acidification with 2 ml of 0.1 M HCl (Acros,

Geel, Belgium). The samples were applied to C18 Bond Elut solid phase extraction

columns (100 mg; Varian, Palo Alto, CA, USA) previously conditioned by 10 ml of

methanol (LabScan, Dublin, Ireland) and 2 ml of 0.1 M HCl. The columns were

washed with 2 ml of 0.1 M HCl, dried by suction of air, and subsequently the HHP

acid and MHHP acid were eluted with 1 ml 0.1 M ammonium hydrogen carbonate

(BDH, Poole, UK). The eluate was evaporated to dryness, 250 m l of an aqueous

0.1 M tetrabutylammonium hydrogen sulphate (TBA; Merck) solution (pH 7) and

250 m l 0.13 M pentafluorobenzyl bromide (PFBBr; Aldrich, Gillingham, UK) in

dichloromethane (LabScan) added and then placed in an ultrasonic bath for 90

min. Two ml of hexane (LabScan) were added to the samples, which were placed

in a freezer until the aqueous phase was frozen. The organic phase was

evaporated and the dry residue was dissolved in 2 ml of toluene (LabScan). Two m l

was injected splitless at 300 °C on a VG Trio 1000 quadrupole mass

spectrometer (MS; Fisons, Manchester, UK) connected with a Carlo-Erba 8065

gas chromatograph (GC) equipped with an A200S auto-sampler (Carlo-Erba, Milan,

Italy). The column was a DB-5 MS (J&W, Folsom, CA, USA; 30 m ́ 0.25 mm i.d.)

with a film thickness of 0.25 m m. The column temperature programming was: (1)

100 °C for 1 min, (2) 15 °C min± 1 to 320 °C. The MS was in the negative ion

chemical ionization (NICI) mode with ammonia as moderating gas. Selected ion

monitoring (SIM) of the ester of HHP acid was performed at m/z 153 while m/z

159 was chosen for the internal standard. For the ester of MHHP acid m/z 365

was chosen for SIM while m/z 373 was chosen for the internal standard. The

between-day precision for HHP acid was 3% while that for MHHP acid was 3± 8%.

Hb adducts of HHPA acid

The levels of HHPA bound to Hb were determined as follows. The frozen red cells

were thawed, lysed with an equal volume of water, frozen and thawed again. The

cell debris was removed by centrifugation at 18500 g for 30 min. The Hb samples

were dialysed (cut off 12± 14 kDa) against phosphate buffered saline three times

during 3 days. Aliquots of the dialysed Hb samples were taken for determination

of the Hb concentration using the Drabkin reagent method (Sigma, St Louis, MO,

USA). To the Hb samples (3 ml containing 50± 80 g l± 1 Hb) were added 4 ml water

and 1 ml 1.8 M HCl and and 100 m l aliquots of an internal standard solution

containing 1 ng 2H6-labelled HHP acid. The HHPA adducts were hydrolysed from

the Hb at 100 °C for 18 h. After the hydrolysis, the samples were centrifuged at

3000 g for 30 min and the supernatants were extracted two times with 6 ml ethyl

acetate (LabScan). The combined ethyl acetate phases were evaporated to

dryness in a Speed Vac centrifuge (Savant, Farmingdale, NY, USA). The dry

residues were dissolved in 6 ml 0.1 M HCl. C18 Bond Elut columns (100 mg; Varian)

were conditioned by passing 10 ml of methanol (LabScan) followed by 5 ml of 0.1

M HCl through the columns. The samples were then added to the columns, which

resulted in the trapping of HHP acid. As a washing step 2 ml of 0.1 M HCl was

added. The columns were then dried by suction of air for 1 min. Thereafter, the

HHP acid was eluted into test tubes by 1 ml 0.1 M ammonium hydrogen

carbonate. The eluates were evaporated to dryness and the residues were

derivatized by addition of 250 m l of 0.1 M TBA and 250 m l of 0.13 M PFBBr. The

samples were vortexed and placed in an ultrasonic bath for 90 min. Then, 2 ml of

hexane was added and the samples were vortexed and centrifuged for phase

separation for 1 min at 1500 g. The test tubes were placed in a freezer at ± 20 °C

until the aqueous phase was frozen. Thereafter the organic phases were poured

into another test tube and evaporated in a nitrogen gas flow. The dry residues

were dissolved in 0.5 ml of toluene and transferred to auto-sampler injection vials.

The samples were analysed by the VG-Carlo-Erba GC± MS equipment. Samples

were injected with a splitless injection technique. The injector temperature was kept

at 300 °C, the injection volume was 2 m l, and the split exit valve was kept closed for

0.5 min after the injection. The analytical column was a fused silica capillary column

(30 m ́ 0.25 mm i.d.) with a DB-5 MS stationary phase and a film thickness of 0.25

m m (J&W). The initial column temperature was 100 °C for 1 min. The temperature

was thereafter increased by 9 °C min± 1 to 190 °C, then by 4 °C min± 1 to 250 °C,

and finally by 40 °C min± 1 to 320 °C. The MS interface was at 320 °C and the ion

source at 200 °C. The column carrier gas was helium at a pressure of 70 kPa. The

MS was in the NICI mode with ammonia as moderating gas. SIM of the ester of HHP

acid was performed at m/z 153 and 351 while m/z 159 and 357 were chosen for

the internal standard. The samples were analysed in duplicate.

The detection limit for Hb± HHPA was about 0.3 pmol g± 1 Hb and the between-

day precision was 13% at 10 pmol g± 1 Hb using the fragment at m/z 153. The

B. A. G. Jönsson et al.240

Figure 1. Chemical structures of the studied dicarboxylic acid anhydrides: HHPA,

deuterium-labelled HHPA (internal standard) and the two MHHPA isomers.
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detection limit for Hb± MHHPA using the described method and m/z 365 was 5

pmol g± 1 Hb.

Specific antibody determination

The levels of IgG specific to HHPA and MHHPA were determined as previously

described by Welinder et al. (1994) by a non-competitive enzyme linked

immunosorbent assay (ELISA) using human serum albumin (HSA) conjugates of

the anhydrides. The principal steps were: (i) microtitreplates were coated with

HSA conjugates of HHPA and MHHPA, respectively, (ii) serum was added, (iii)

rabbit antihuman IgG conjugated with alkaline phosphatase was added after

incubation, (iv) substrate solution was added after  incubation, (v) the results

(absorbance values; OD) were read after incubation. All samples were analysed in

triplicate. The coefficient of variation (CV) for the method was 7%.

Statistics
For comparison between groups of determinations the paired t-test was used.

Correlations between pairs of values were determined by linear regression.

Statistically significant refers to P < 0.05.

Results
T he u rina ry  HHP ac id levels in  the samples fro m the 142

subjects collected  dur ing one single  occasion ranged from  0  to

3 30 0 nm o l m m ol±1 c reatinin e with  a  m ean o f  1 60 n mo l m m ol±1

c reatinin e.  T h e ur inary  M HHP  ac id in  the sam ples  fro m  th e

142 subjects ranged from  0 to  1700 nm ol m mo l±1 c rea ti n in e

w ith a  mean of  130 nm ol m m ol±1 c reatinine. I f  the ur inary

H HP acid and MHH P acid levels in  25 of  the sam ples were

c o m p a red w ith samp les co llec ted from  the sam e subjects  7

m o nths ear l ier  there  was no signif icant  difference.  Wh en HH P

acid  an d M HH P  acid ur inary  levels from  15  subjects w ere

c o m p a red w ith samp les co llec ted from  the sam e subjects  1

year later  there was also no signif ican t  differen c e.

In the 10 subjects  in  which  frequ en t  u r ine  sam p lin g wa s

p e rform ed , t he ex po sure  levels of  HHPA as determ in ed  b y

analysis of  HHP ac id in  urine samples r anged from 28 to  7900

n m ol HH P  ac id m m ol±1 c reatin in e (Table 1) . T he m ean  HHP

acid levels for  each individual  ranged from  76 to  3 300 nm ol

H H P acid m m ol±1 c reatinine. T he levels of  MHH P acid ranged

from  0 to  1 10 nm ol MH HP ac id m m ol±1 c rea tin ine w ith m e an s

of  each ind ividu al  between  0 an d 56  nm ol MHH P acid m m ol±1

c reatinine.  I n  each subject  there  was a  variat ion in  th e

e x p o su re leve ls of  HHPA during the 4-w eek period. T he CV s

rang ed  betw een  27 an d 99 %  (Table 1) . In  Figure 2 the HHP

acid levels from subjects with CVs at  27,  29, 61, and 99% are

sh ow n. F or MH HPA, the CVs ranged betw een 3 0 and 54%

(th ree of  the subjects were  excluded because  al l  or  al l  b ut  one

sam p le w e re below  th e detect ion l im it ) .

T h e Hb±HH PA add uct  levels ranged from  0.45 to  24.7 pmol

g±1 Hb.  The levels of  Hb±MHHPA a dd u cts  w ere  belo w the

detec t ion l im it . Th e correlat ion using th e data  on  the u rinary

HHP  acid levels a t  the las t  sampling occasion w as  r = 0.68. T he

results  from  o ne unex posed  subj ect  w as included  at  zero

e x p o su re.  T he correlat io n w as im p rov ed  w h en  a dd in g  d at a

from  the oth er  determ ination  of  ur inary  HHP  ac id levels.

W h en th e m ea n u rina ry leve ls of  HHP ac id  from  all  co llected

sam ples d uring 4 week s were  u sed,  the correlat ion  b etw een

th e u rina ry  level  and the H HP ±Hb add uct  levels  w as  excellen t

at  r = 0.87  (Figure 3) . However, in  al l but  one case (r = 0.5; p =

0.11) there  w e re signif ican t  correlat io ns between  the ur inary

levels a t  each collect ion o ccasion and the HH P±H b addu ct

levels (r = 0.50±0.92).

T he op tica l  densi ty (O D) for HHPA-speci f ic  IgG in the whole

group varied  between 0 and 1.25.  The OD for  MHHPA-speci f ic

IgG in the whole group v ar ied betw een  0 and 1.24.  T here  wa s a

close  correlation between  the levels for  H HPA-specif ic IgG and

M H H PA-speci f ic IgG (r = 0.98). There was no stat is tical ly

signif icant  correlat ion  betw een  the sum  o f u rinary  H HP  acid

and MHHP acid levels  and the OD of  HHPA-speci fic IgG (r =

0.12;  p = 0.14;  Figure 4) .  A sim ilar  pat tern w as obtained if  the

sum  o f the m ean  u rin ary  HHP acid  and MHHP  ac id levels  of

the 10 subjec ts  in  which fre qu ent  u rin e sa m pling  w as

p e rform e d w as correlated to  the OD of spec ific IgG (F igure 5) .

T h e re w as a  stat is tical ly  signif ican t  negative correlat io n

betw een , on the one hand,  th e rat io  between  the am ou nts of

Hb ±H HPA adducts  and the levels  of  urinary  HH P acid (addu ct

levels  no rm alize d wi th regard to  the exp osure)  and  the OD of

H H PA-specific IgG, on the other (r = ±0.63 ; p = 0.049;  Figure 6) .

Hb adducts and specific IgG of HHPA 241

Urinary HHP acid Variationa in Urinary HHP acid Urinary MHHP acid Variationa in

Mean (range) urinary HHP acid 7 months earlier Mean (range) urinary MHHP acid

Subject (nmol mmol± 1) (%) (nmol mmol± 1) (nmol mmol± 1) (%) Work task

1 1400 (720± 2900) 48 760 33 (17± 74) 51 Mechanic

2 76 (28± 220) 76 60 56 (29± 110) 50 Founder

3 1200 (290± 1900) 42 1200 0 (0b± 0) NAc Founder

4 2100 (600± 7900) 99 Ð 31 (15± 56) 47 Founder

5 330 (120± 750) 65 Ð 3 (0± 37) NA Founder

6 270 (190± 400) 27 290 34 (17± 58) 41 Founder

7 820 (300± 1300) 37 510 25 (10± 56) 54 Mechanic

8 3300 (570± 7500) 61 3100 43 (24± 110) 54 Mechanic

9 770 (350± 2000) 64 430 33 (20± 51) 30 Founder

10 1000 (550± 1500) 29 730 3 (0± 28) NA Founder

Table 1. Urinary HHP acid and MHHP acid levels and work task in 10 subjects in which urine was sampled 10 times over a period of 4 weeks.

a Determined as coefficient of variation between urine samples collected on different occasions.
b Below the detection limit at 20 ng MHHP acid ml± 1 urine.
c Not applicable.
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Discussion
T he  pre se nt  results  sh ow  th at  t here  was a  close correla t io n

b etw een th e cu m ulativ e e xp osures to  HHPA dur ing 4 w eeks

and the levels  of  Hb±HH PA add ucts.  I t  h as also been show n

th at  th ere  was no  correlat ion between  the sum  o f ex posure  to

H H PA an d MH H PA and the levels of  HHPA-specif ic IgG.

Biological  monitoring may be  a  valuable alternative t o

laborious air  sam plin g for  the est imation of  cumulative

e x p o su res over long t im e perio ds or  est imation of  exposures to

m any subjects .  Moreo ver,  i f  the workers are  u sin g pro tect ive

devices, as in  the studied plant , b iological  m onitoring is of ten

superior  to  ai r  m onitor ing.  T he close  correlat ion between  air

levels of  HHPA and  the ur in ary  HH P acid has been confirm e d

in several  re p o rts (Jönsson et al . 1991,  1993, Jönsson and

S kerfving 1993).  Thus,  H HP ac id in  urine seems to  be a  good

biom ar ker  for  exposure  to  HH PA. Recently,  a  similar

c orrelat ion h as  been es tablished for  MHHPA (Lindh et  al.

1997).  Both  H HP acid and MHHP  ac id have a  short  hal f- t ime in

the body  and th e levels  in  u rine re flect  therefore  o nly  th e

e x p o su re  d urin g 1 day. Percutaneous ab sorption seem s to  be of

m in or  im po rtance  (Jönsson et  al . 1993) .

Ten  su bjects  were  chosen for  the co llect ion of  urine during 4

w eeks.  T he hig hest  exp osed subjects  were  am o ng th e m ost

heavily  HH PA-exp osed workers  in  the plant .  T h e exposure  to

M H H PA w as m uch  lo we r. T he expo su re  pattern  wa s q ui te

d ifferent  for  the 10 subjec ts. Som e of the sub jects seem ed to

have a  rather  stable  exposure  over  the different  day s w hile  for

the oth ers  th e ex posure  var ied  great ly.  How ever,  there  se em ed

not to  be any major change in  the exposure  l evels  e i ther  w hen

analysin g ur ine sam ples collec ted 7 m onths befo re  th e

sam pling or  w hen using  urine collec ted 1 year  af ter  the

sam pling.  T hu s,  the H HP  acid  and M HHP  acid levels in  urin e

can be assum ed to  be r ath er  re p resentat ive for  the ex posure  at

least  for  the 7 months pr ior  to  the co llect ion of  the sam ples .

T he ch em ical  n atu re of  th e Hb add ucts h as  not  been

inv est ig ated in  this  s tud y.  How ever, i t  has previo usly  bee n

re p o rted that  acid  anh yd rid es m ainly react  with  th e lysine

re sid ue s i n  p ro teins (Palac i’ n et  al . 1990) . Moreo ver,  ly sin e

add uct s between  co llag en and  an oth er  anh yd rid e,

m ethy lte tr ah yd rop hth alic  anh yd ride,  hav e b een fo un d in

guinea  pigs (Jönsson et al. 1995) . We ha ve th erefore  a ss u m e d

that  lysin e was the main binding am ino ac id for  HHPA. N - e -

h e x a h y d rop hth alo yl-L- lysine has been sh own to be eff ic ien tly

h y d ro lysed to  free HHP  acid by  0.1  M HCl at  100 °C for  18 h

(un p u bl is he d resu lts) .  T hus,  to  avoid addit ion of  noice  to  the

analytical  m at r ix  w e chose  to  use rather  m ild hydro lysis

con di t io ns in  o ur  p ro c e d u re .

I t seems reasonable to  assum e that  th e HH P acid  analysed

after  the hy drolysis of  the Hb reflec t HHPA boun d to  H b since

the lo w mo lecular  weigh t  chem icals  had been re m o ved  by

dialysis  and H b is  by f ar  the m ost ab undant pro tein i n  the

e ry th rocytes.  H owever, this rem ain s to  be establish ed .  A lso ,

B. A. G. Jönsson et al.242

Figure 2. Urinary levels of HHP acid during a period of 4 weeks in four workers exposed to HHPA. The coefficients of variation between the HHP acid levels in the different

urine samples was for the worker indicated by squares 27%, the worker indicated by crosses 29%, the worker indicated by circles 99%, and for the worker indicated by

triangles 61%. The worker indicated by triangles was a mechanic and the others were founders.
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the li fe- time of  the ery th ro cytes is  abo ut 12 0 days in  m an  and

H b add uct s hav e t herefore  a  po ten tia l  to  m onitor  ex posure

during th is t im e.  The hal f- l ives of  the Hb±HHPA ad du ct s  h av e

not been evaluated,  but  the fact  that  the correla t io n b etw een

the  e xp o sure  and  the add uct  l evels  w as incre a se d  w h e n

e x p o su re  data  for  longer t im e per iods were  a dd ed  in di cat es

that  the  ad du cts  are  rather  stable.

The levels of  Hb adduc ts were in a similar  range  as Hb

adduc ts described for  other  compounds (S epai et al . 199 5a,  Lind

et al. 1997a) . I t seems clear that the exposure was the single

m ost  im portant facto r  for the levels  of  Hb±HHPA adducts (r2 =

0.75).  From  our results, it  seem s possible  that the correlat ion

would be even  bette r i f more  data were  included in  the

assessm ent of  the exposure ; we only  moni tored the exposure

dur ing about 10% of the li fe- tim e of the erythrocy tes. However,

some other factors, such  as the specif ic IgG, may  have some

sm al l im pact  (see discussion be low). The urinary  HHP acid level

for  the lowest exposed worker  in which Hb±HHPA adducts  w ere

analysed correspon ded  to  an  HHPA air level  of  less than 10 m g

m ±3. Thus,  i t seem s possible to  use the Hb±HHPA adducts for

moni toring of  very low exposures of HHPA.

T h ere  w as  a  close  associat ion  betw een  the HHPA-specif ic

IgG and  the MHHPA-speci fic IgG, which is in agre em en t  w ith

ear l ier  f indings  (Welin der  and N ie lsen  1991) . Th is  indicates a

m ajor cross-react ivi ty  betw een the two antibod ies.  I t  is

t h e refore  irrel evant  to  d eal  w ith each ch emical  ind ivid ually.

We have chosen to  co rrelate  the sum  o f the ur inary  HH P acid

and MHHP acid with  the specif ic  IgG to  HHPA. A correl at i on

betw een th e sum  of  th e ur inary  levels  and the mean of  H HPA-

an d  MH H PA-specif ic  IgG gave alm ost  ent irely  the same re sult s .

We found no sig nif icant  correlation  between  the af ter-sh if t

values  of  HH P acid and MHH P acid  levels and the HH PA-

specific IgG in  the 142  subjects (Figure 4) . T his m ay  be

expected , as  the urin e levels  re p rese nt  ex p osu res du rin g o nly

one work sh if t , w hile  the spec if ic IgG  have an es tim ated

bio logical half - t ime of  about 0 .4  year  (unpublished  resu lts) .

H ow e ve r,  th e sam e pattern  was observed when IgG w as

co rrelated  to  the data  from 10 sub jec ts over 4  w eeks  (F igure 5).

Also,  expo sure  assessm ents from  1 day spot  sam ples gav e a

good correlat ion  with  Hb ±HH PA ad ducts .  T h ese  re su l ts  w o u ld

ind icate that  the  speci f ic IgG is a poor biom arker of  exposure

to HH PA or MHH PA. How ev er,  a  false non-correlat io n mu st  be

co n sid ered if ,  for  exam ple, the subjects  with low exposures b ut

with  high speci f ic  IgG levels previously have h ad a  h igher

e x p o su re . How ev er,  there seem ed not  to  be any  major changes

in  t he ex po sure  levels  in  th e plant  d uring  the last  7  m onth s

before sam pling. A lso,  sever al  of  the  workers were  also

employed  only a  year  or  less before  th e s tu dy  w as perform e d

and these  m ay no t  have developed IgG  antibodies at  th e tim e

th e sam ples we re co llected.  On the other  hand , th e co rre lat ion

w as no t  im pro ved by  using th e pro du ct  b etw een  the ur in ary

HH P acid an d MH HP  acid  levels  and the em plo ym ent t im e

(n ot  show n).  T h us,  t he expo sure  est im atio ns m ay n ot  ex plain

the lack  of correlat i on.

T he pattern s sho w n in F igu res 4  and 5 ind ica te  differe n t

kinds of  IgG respo nse to  ex po su re ;  o ne po pulat io n re sp o n d in g

Hb adducts and specific IgG of HHPA 243

Figure 3. Correlation between the mean urinary HHP acid levels during 4 weeks and the amount of Hb± HHPA adducts from 10 workers exposed to HHPA. One unexposed

subject was included at zero exposure.
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244 B. A. G. Jönsson et al.

Figure 4. Correlation between the sum of HHP acid and MHHP acid in 1-day urine samples and the optical density of HHPA-specific IgG in 142 workers exposed to HHPA

and MHHPA.

Figure 5. Plot of the optical density of HHPA-specific IgG versus the mean of the sum of the urinary HHP acid and MHHP acid levels during 4 weeks in 10 workers exposed

to HHPA and MHHPA.
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conjugate .  However, the num ber  of  observatio ns are  f ew  an d

furthe r  s tu dies are  n e ed ed .

P i en  et  al . (1988) have described  speci fic IgG to a  con jugate

between tr imell i t ic anh ydride (T MA ) and Hb . H owever,

eviden ce  for  the i n  v ivo an tigenici ty of  the Hb±T MA conjugate

rem ain s to  be established since it  is possible  that  th e aff in ity

betw een the H b-T MA and the IgG  could have been a  cross-

reactiv i ty  w ith other  T MA -conjugates such as the

T MA±albu min con ju gate.  We h ave foun d sim ilar  resu lts  u sing

H H PA-conjugates  of  f ibrinogen and HSA  (unpublished

resu lts) .  I f  the Hb±HHPA conjugate  was found to  be an tigenic

th e re  w ou ld b e reason to  invest igate if  these  adducts could b e

used as biomarkers of  r isk of  al lergy.  Ho wever,  until  f urt h e r

studies on the sensi tiz ing po tential  of  the H b±HH PA co njug ate

ha ve been  p erform ed , th e add uct  lev els  sh ou ld preferab ly be

co n sid ered as a  biomarker of  exposure . In  fac t, the resu lt s  w i th

a negat ive correlat ion  betw een  the H b±HH PA ad du ct- ex po sure

rat io  and the IgG rather  suggest  an opposi te  re l at i on sh ip

betw een Hb ±H HPA ad duc ts and  sen si t izat i on.

In conclusion,  Hb ±HH PA addu cts seem to b e applicable  as

biomarkers  for  exposure to  HHPA. Th e possible  role of  HHPA-

spec if ic  IgG  as an  indicator  of  exposure has  to  be furt h er

ev alu ated .
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w ith  IgG even  at  low exposures,  and  ano ther  one with a  low

respon se  or  non -respon ding .  T his  shou ld b e further  ev aluated .

T h e re appears to  be a  confl ic t  between  th e pre sent  f i ndin gs

an d earl ier  f i nding s in  wo rker s ex posed to  phth al ic  anhyd ride,

M T H PA, H HPA, and  MH HPA (N ie lsen et al. 1988, Wel in der  e t

a l. 1990 , 1994).  In  these studies, exposure ±re sp o n se

relationships of  IgG form at io n w ere  ob served  ( trend test) .

H o w ev er,  the corre lat io ns w ere found on a  group level .  A plo t

o f  th e individ ual  results  m ay reveal  a  m ore  co m plex pattern .

T h us, the po ss ible  ro le  of  IgG as an  indica tor  of  exposure  has to

be further  s tu died .  Using a  sim ilar  analogy,  mo re  s tud ies on

the  re l at io nsh ip s be tw een in divid ua l  e xp osure s an d p ro t ein

ad duct  levels  have to  be perform e d .

S in ce anh yd r ide s m u st  reac t  w ith  en do gen ou s pro teins to

b eco me an tig enic , we w an ted  to  s tudy the im pact  of  th e

H b±HH PA adducts on the IgG levels.  However,  due to  th e

s trong correlat i on betw een  ex posu re  and  Hb ±H HPA ad du ct s ,

w e h ave to  no rmalize the H b±H HPA ad du cts  wi th  regard  to  t he

e x p o su re  ( i.e.  by  dividing  the Hb±HHPA addu ct  l evels  w ith  th e

u r in a ry  HHP acid levels)  to  be able  to  study th is.  The

signif icant negat ive correlat ion  b etw een th e ad du ct±ur inary

H HP ac id  ratio  and the OD of H HPA-specif ic IgG was

u nexpected;  i f  there  was a co rrelat io n we w ou ld r ather  ex pect

a  p osi t ive one.  How ever,  there migh t be several  explanations

for  the obtained  result,  e .g ., since many of  the speci fic IgG are

d i rected  against  the hap ten  as well  as  new  antigenic

d e t erm in ant s th ese  m ig ht  prev ent  H H PA or a  masked  HHPA-

derivat ive fro m  reaching  th e Hb . A noth er explan ation wo uld

be if  the HHPA in  th e subjec ts with a low  rat io  preferenti al ly

react ed wi th ano ther  pro te in , form ing  a  m ore  an tigenic

Figure 6. The optical density of HHPA-specific IgG versus the ratio between the amount of Hb± HHPA adducts and mean urinary HHP acid and MHHP acid levels in 10

workers during 4 weeks of exposure to HHPA and MHHPA.
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