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Comments and response to comments on Annex XV SVHC: Proposal and Justification 

Disclaimer: The European Chemicals Agency is not responsible for the content of this document. The Response to Comments table has been prepared by the competent authority of the Member State preparing the proposal for identification of a Substance of Very High Concern. The comments were received during the public consultation of the Annex XV dossier.

Substance name:
Acrylamide
CAS number: 
79-06-1
EC number: 

201-173-7
Reason of the submission of the Annex XV: CMR
General comments
	Date 
	Submitted by (name, Organisation/MSCA)
	Comment 
	Response

	20090921
	Polyelectrolyte Producers Group EEIG (on behalf of), Industry or trade association, Belgium
	Acrylamide is ONLY used as an isolated intermediate exclusively (on-site or transported)and therefore is not covered by Title VII of REACH.
See Attachment.
	We are of a different opinion. The use of acrylamide in grouting agents and in the on-site production of polyacrylamide electrophoresis gels for scientific/medical research are end uses of acrylamide, as these uses do not result in other substances which are manufactured/imported or placed on the market as such or in a preparation. 

	20091005
	MSCA, Germany
	The document fulfils the criteria for establishing an Annex XV dossier for SVHC as set out in the corresponding guidance document and the justification presented is understandable and comprehensible.

The detailed rationale for mutagenic and carcinogenic properties is highly appreciated.

The proposal of acrylamide as SVHC based on mutagenic and carcinogenic properties is justified and of high priority, because acrylamide fulfils the criteria set out in REACH Art. 57 (a) and (b) (i.e. harmonized classification with respect to carcinogenic and mutagenic properties exists).

Despite the presence of harmonized classification (which does not require further rationales in order to propose a SVHC), it is highly appreciated, that mutagenicity and carcinogenicity data from the EU RAR (EU, 2002) are presented in order to substantiate the mutagenic and carcinogenic properties of the substance.

For a better readability, however, a more summarized form would be sufficient. Further, it should be mentioned, that references cited in the excerpts from the EU RAR (EU, 2002) are given in the RAR and not in the Annex XV dossier.

Since the finalisation of the EU RAR in 2002, more studies on acrylamide toxicity, carcinogenicity, mutagenicity and epidemiology have been performed. Available literature should be checked and might be integrated in the Annex XV dossier in order to further substantiate the necessity of the SVHC proposal. Newer studies have been summarized as e.g. by Shipp et al. (2006) and Klaunig (2008).

Klaunig, J.E. (2008): Acrylamide Carcinogenicity. J. Agric. Food Chem. 56, 5984–5988.

Shipp, A., Lawrence, G., Gentry, R., McDonald, T., Bartow, H., Bounds, J., Macdonald, H., Clewell, H., Allen, B., and Van Landingham, C. (2006): Acrylamide: Review of toxicity data and dose-response analyses for cancer and noncancer effects. Crit. Rev. Toxicol. 36, 481-608.
	Thank you for your support.
In order to have all data available for the reader, we choose to copy the RAR, in which per section also short summaries were presented. With this in mind, we prefer to leave it as it is. As to the references, the following  sentence will be added to the mutagenicity and the carcinogenicity section: The references from the 2002 EU RAR [cited between brackets] are not given in the SVHC Support Document but can be found in the RAR.  
The papers referred to have already indirectly been taken into account in our report, where we refer to the UK Committee on Mutagenicity of Chemicals in Food, Consumer Products and the Environment (COM, 2009). This committee has reviewed recently published evidence on acrylamide, including Shipp et al. (2006) and an earlier paper of Klaunig (and Kamendulis) from 2005 on the mechanism of acrylamide carcinogenicity.

	20091005
	Individual, United Kingdom
	I support the nomination of this chemical to the Candidate List, and believe it is important, given its properties, for it to be as strictly controlled as possible.
	Thank you for your support.

	20091006
	Individual, United Kingdom
	The justification omits the effects of exposure to acrylamide as a by product of the cooking of starch
	This topic is beyond the scope of REACH and thus not taken into account.

	20091007
	Ecobaby Foundation, National NGO (on behalf of), The Netherlands
	Acrylamide can be dangerous for endothelium in arteries and and can enhance vascular complications in diabetes and is an example of Maillard Compound.
	Noted. On top of carcinogenicity and mutagenicity acrylamide indeed has more hazardous effects (given also its current classification). The focus in our report, however, is on carcinogenicity and mutagenicity, since these two effects already make acrylamide a SVHC. 

	20091009
	Inter-Environnement Wallonie, National NGO (on behalf of), Belgium
	We support the nomination of this chemical to the Candidate List, and believe it is important, given its properties, for it to be as strictly controlled as possible
	Thank you for your support. 

	20091012
	Norwegian Pollution Control Authority, National Authority (on behalf of), Norway
	The Norwegian CA agrees with the identification of acrylamide as a substance of very high concern according to Article 57 a) and b) since the substance is classified as 

Carc. Cat. 2 and Muta. Cat. 2 in the Directive 67/548/EEC and Carc. 1B and Muta. 1B in the Regulation (EC) No 1272/2008. We support that acrylamide should be included in the “Candidate List” of substances of very high concern for authorisation.
	Thank you for your support. 

	20091012
	HSE Dr. Hofmann GmbH, Company (on behalf of), Germany
	An evidence based review of the scientific studies with a substance is the most important improvement in medicine in the last two decades. For a realistic an adequate evalutaion of substances an evidence based proceeding has to be introduced also into toxicology. As inhalation carcinogenicity studies with TiO2 have shown that the test system is oversensitive, the oral carcinogenicity studies should be also reevaluated with respect to the interpretation of their results. Without additional evidence a guideline oral carcinogenicity study alone may give not assessable results. A further difficulty arised from the misuse of calculations. Interpretable and meaningfull calculations are only premitted in dosage ranges, where you can measure. An mere mathematical extrapolation to dosages without biological effects gives results which are not interpretable.

What is the evidence that oral carcinogenicity studies reveal a realistic risk for humans and especially for acrylamide: what is the evidence level of the carcinogenic effects and of the effects on the reproduction, what is the evidence level for the extrapolation towards humans and what is the evidence level of an overall risk for humans and/or the environment? So far these questions are not addressed in the dossier.
	The issue raised are not specific to acrylamide but rather general to the field. They bear no direct relevance to this dossier.

	20091014
	Allgemeine Unfallversicherungsanstalt, National Authority (on behalf of), Austria
	R43 "May cause sensitisation" shall be seen as relevant because sensitising substances might give rise to an equivalent level of concern.
	On top of carcinogenicity and mutagenicity acrylamide indeed has more hazardous effects (given also its current classification). The focus in our report, however, is on carcinogenicity and mutagenicity, since these two effects already make acrylamide a SVHC.

	20091014
	Health and Environment Alliance, International NGO (on behalf of), Belgium
	Heal supports the inclusion of this substance to the candidate list on the basis of the information submitted in the Annex XV dossier.  We would like to note that Acrylamide stands in first place on the European Trade Unions Confederation priority list for REACH due to all its hazardous properties.
	Noted, and thank you for your support. 

	20091014
	MSCA, Ireland
	The Irish Competent Authority agrees with the identification of acrylamide as a substance meeting the criteria set out in Article 57 of REACH.
	Thank you for your support.

	20091014
	WWF European Policy Office, International NGO (on behalf of), Belgium
	WWF supports the inclusion of this substance in the candidate list according to REACH article 57.a) and b).
	Thank you for your support. 

	20091015
	HSE Dr. Hofmann GmbH, Company (on behalf of), Germany
	An evidence based evaluation of the studies and data on a substance is the most important advance in medicine in the last two decades. Unfortunately this usefull system of evaluation of the knowledge on a substance has so far not been introduced into toxicology. What is the relevance of our reproduction toxicity or our carcinogenicity studies for man or the environment. It is not accaptable to argue with the precautionary principle instead of validating our testsystems. Inhalation toxiciy studies with TiO2 have shown that this testsystem is oversenesitive an that every substance will cause a cacinogenic answer. Only a limitation of the maximum tolerated dosages by a systemic toxicity can prevent a positive answer. Unfortunately the dossier does not address the level of evidence for a toxic action on humans or the environment. A listing of Acrylamide in Annex XV is a severe decision and should be based on adequate scientific evidence. With respect to carcinogenicity and the still used one-shot-hypthesis to deny to derive limit values further questions arise: Is this not a misuse of calculation? What is the level of evidence for this hypothesis in "norma" life?

In summary it has to be stated that the animal studies for reproduction toxicity and for carcinogenicity have not been valideted to a sifficient extend for the waiving to "normal" life. Therefore we seem to have an extreme overestimating of the biological effects especially of low concentrations or of small amounts of acrylamide, which leads to an unrealistic classification.    
	The issues raised are not specific to acrylamide but rather general to the field. They bear no direct relevance to this dossier.

	20091015
	MSCA, United Kingdom
	We agree that this substance meets the hazard criteria for identification as an SVHC. We propose that a more detailed analysis of all available risk management options should be carried out to support decisions regarding the most appropriate regulatory action.
	A more detailed analysis of risk management options in addition to the one already available on CIRCA is not opportune at this moment. 

	20091015
	Council of Europe, Directorate for the Quality of Medicines and HealthCare, European governmental organisation (on behalf of), France
	Although article 56(3) of the Regulation (EC) No 1907/2006 corr applies, some reagents and raw materials of high concern should remain available on the market for the convention on the elaboration of the European Pharmacopoeia (European Treaty Series 50) and the protocol to the elaboration of the European Pharmacopoeia, which are necessary for the implementation of the Directive 2001/82/EC on the community code relating to veterinary medicinal products and Directive 2001/83/EC on the community code relating to medicinal products for human use.
	Noted.

	20091015
	WECF, International NGO (on behalf of), The Netherlands
	We support the nomination of this chemical to the Candidate List, and believe it is important, given its properties as carcinogen, for it to be as strictly controlled as possible.
	Thank you for your support.

	20091015
	SIGMA-ALDRICH Chemie, company (on behalf of), Germany
	Acrylamide is manufactured or imported in the EU for uses as an intermediate exclusively. There are no non-intermediate uses.

Acrylamide is an important substance for the on-site preparation of polyacrylamide gels in the area of scientific and industrial research (separation of proteins by molecular size). This uses clearly also meet the definition of on-site and transported intermediates as defined under REACH.

According to Article 2(8) REACH, on-site isolated intermediates and transported isolated intermediates are exempt from Title VII REACH. This means that, because it

is always used as an on-site or transported intermediate, acrylamide cannot be subject to any identification or other procedure laid down in Title VII, including listing in the

candidate list or in Annex XIV to REACH.

The Annex XV dossier submitted by the Netherlands covers uses of acrylamide as an intermediate exclusively. As a result, the dossier cannot serve for the application of

Article 57 and the submission of the dossier on acrylamide therefore lacks legal justification.

Acrylamide should be removed from the list of dossiers submitted for identification of substances of very high concern (SVHC).
	We are of a different opinion. The use of acrylamide in grouting agents and in the on-site production of polyacrylamide electrophoresis gels for scientific/medical research are end uses of acrylamide, as these uses do not result in other substances which are manufactured/imported or placed on the market as such or in a preparation.


Specific comments on the justification
	Date 
	Submitted by (name, Organisation/MSCA)
	Comment 
	Response

	20090921
	Polyelectrolyte Producers Group EEIG (on behalf of), Industry or trade association, Belgium
	page 4, section 3.1

According to Article 2(8) REACH, on-site isolated intermediates and transported isolated intermediates are exempt from Title VII REACH. This means that, because it is always used as an on-site or transported intermediate, acrylamide cannot be subject to any identification or other procedure laid down in Title VII, including listing in the candidate list or in Annex XIV to REACH.
See Attachment.
	We are of a different opinion. The use of acrylamide in grouting agents and in the on-site production of polyacrylamide electrophoresis gels for scientific/medical research are end uses of acrylamide, as these uses do not result in other substances which are manufactured/imported or placed on the market as such or in a preparation.

	20091005
	MSCA, Germany
	Page 6, section 1.2 “Composition of the Substance”

The structural formula of Nitrilotrispropionamide is barely readable and should be enlarged.

Page 7, section 2 “Manufacture and uses”, last sentence:

It might be added that “wide spread use” of acrylamide exists, which is further described in section “Information on use, exposure, alternatives and risks”.

Page 8, section 4 “Environmental fate properties”

Reference might be given from Section “Information on use, exposure, alternatives and risks” – subsection 1.1 “Uses”, last paragraph, where it is stated that uncontrolled emissions to water or groundwater from many sources might occur.

Page 9: 

In addition to the carcinogenicity of acrylamide, the substance has a relevant neurotoxic property too. No description of this property is given in the document.

Page 25, section 5.9 “Toxicity for reproduction”

Although not relevant for this type of dossier, toxicity for reproduction (see overview in Shipp et al., 2006) might be included in order to facilitate priority setting for Annex XIV inclusion according to REACH Art 58.

Page 25, section 5.10 “Other effects”

Not relevant for this type of dossier, neurotoxic properties of acrylamide (see publications by LoPachin (e.g. LoPachin R.M. and Gavin, T. (2008): Acrylamide-induced nerve terminal damage: relevance to neurotoxic and neurodegenerative mechanisms. J. Agric. Food Chem. 56, 5994–6003) might be included in order to facilitate priority setting for Annex XIV inclusion according to REACH Art 58.
	The structure is more clearly presented now.
Noted. This information can be taken into account in the priority setting for Annex XIV. 

Since the focus in the SVHC support document is only on (2 aspects of) human health, the environmental sections are not of relevance. NB: Information on exposure can be taken into account in the priority setting for Annex XIV.
On top of carcinogenicity and mutagenicity acrylamide indeed has more hazardous effects (given also its current classification). The focus in our report, however, is on carcinogenicity and mutagenicity, since these two effects already make acrylamide a SVHC.

	20091006
	Individual, United Kingdom
	The existance of acrylamide in food was recognised following the Swedish Tunnelling study. Lots of work has been done by european health agencys to reduce the exposure by changing the processing of food but it has not been eliminated. Of particular concern is domestic food preperation where the recommended temperatures / times may be exceeded resulting in the production of larger quantaties of acrylamide.
	This topic is beyond the scope of REACH and thus not taken into account.

	20091007
	Ecobaby Foundation, The Netherlands, National NGO (on behalf of)
	Acrylamide's can be present in preparing food, f.i. sterilisation processes of formula milk for children. Then the milk looks like caramel.Or in so-called milk for caffee, a high fat cream prepared for the use in caffeedrink
	This topic is beyond the scope of REACH and thus not taken into account.

	20091015
	Council of Europe, Directorate for the Quality of Medicines and HealthCare, European governmental organisation (on behalf of), France
	Acrylamide is used in European Pharmacopoeia methods, such as, electrophoresis, capillary electrophoresis and isoelectric focusing, which are necessary for the quality control of, for example, interferons, immunoglobulin and erythropoietin. Although the European Pharmacopoeia use falls under article 56(3) and the European Pharmacopoeia is continuously seeking for alternatives to substances of very high concern, acrylamide should currently remain available on the market to enable industry and official medicines control laboratories to carry out the quality control.
	Noted. 

	20091015
	MSCA, France
	Following the results of the risk evaluation and the risk reduction strategy for acrylamide, the substance risk has been reviewed by the restrictions Working Group. The first draft working paper (draft statement for discussion) on the genotoxicity of acrylamide of the “UK Committee on mutagenicity of chemicals in food, consumer products and the environment” stated in 2008 that, based on the currently available evidence, it should be considered that there is no safe level of exposure to acrylamide, given the assumed no threshold for in vivo mutational effects. This information is important to further discuss on the level of hazard and then on the most appropriate way between the adequate control route and socio-economic route.
	Noted. This information can be taken into account in the priority setting for Annex XIV. 



	20091016
	SIGMA-ALDRICH Chemie, company (on behalf of), Germany
	While studies have concluded that acrylamide is carcinogenic in animals, studies on bacteria have shown that acrylamide is not mutagenic in bacteria. Two human studies did not show any clear increase in cause-specific mortality as a result to acrylamide exposure. Therefore we propose to continue to allow  the use of acrylamide in life science research (For laboratory use only) according to the current regulations indicated on the product and safety data sheet (SDS) information. The acrylamide is thereby used for polymerization to polyacrylamide. A restriction of this important research tool would have a serious negative impact on research in life sciences.

The inclusion in the candidate list is therefore not justified. Acrylamide should be removed from the list of dossiers submitted for identification of substances of very high concern (SVHC).
	Noted. This information can be taken into account in the priority setting for Annex XIV. 




Information on use, exposure, alternative and risks on Annex XV SVHC 
Substance name: 
Acrylamide
CAS number 

79-06-1
EC number: 

201-173-7
Reason of the submission of the Annex XV: CMR
Specific comments on use, exposure, alternatives and risks
	Date 
	Submitted by (name, Organisation/MSCA)
	Comment 
	Response

	20090921
	Polyelectrolyte Producers Group EEIG (on behalf of), Industry or trade association, Belgium
	page 3, section 2.3

The wording in the dossier suggests that the use of acrylamide for on-site production of polyacrylamide gels and as a grouting agent is not a use of acrylamide as an intermediate. However, these uses clearly also meet the definition of on-site and transported intermediates as defined under REACH.
See Attachment.
	We are of a different opinion. The use of acrylamide in grouting agents and in the on-site production of polyacrylamide electrophoresis gels for scientific/medical research are end uses of acrylamide, as these uses do not result in other substances which are manufactured/imported or placed on the market as such or in a preparation.

	20091005
	MSCA, Germany
	Page 27, section 1.1 (Uses):

In general, it is clearly comprehensible that there is a wide dispersive use of acrylamide. More information on the amounts used in laboratories and in the research area could further strengthen the characteristic of “wide dispersive use”.

2nd Para, last sentence: “The residual content of acrylamide in the polymers is kept below 0.1% w/w to avoid the necessity of classification,….”

3rd Para: “Polyacrylamide electrophoresis gels are used as a research tool for separating proteins and nucleic acids…”

Page 28, Section 1.2 “Exposure”

It might be added, that for the case of acrylamide, external exposure (be it occupational, consumer exposure or exposure of man via the environment) is of special importance, because acrylamide is rapidly and almost completely absorbed by all routes of exposure. Thus, it can be deduced, that in case of external exposure, also internal exposure occurs.

Page 29, section 1.2.3 “Humans exposed via the environment”

1st sentence: “For humans exposed indirectly via the environment, drinking water is assumed to be the only significant source of acrylamide exposure. 

The statement in brackets “(exposure via food is expected to be negligible)” should either be deleted or explained in more detail. Reason: although exposure via food to synthetically produced acrylamide might be low, acrylamide is produced during heat processing of certain starch-containing food items, thus leading to acrylamide exposure via heated food. The sentence in brackets might therefore be misleading.

Line 4 and 8 of para 1.2.3: suggested to write “very low” instead of “very, very low”

Page 30, section 2.1 “Alternative substances”

No quantitative measures are given for the risk resulting from an exposure against acrylamide. In addition to the carcinogenic property, the substance is neurotoxic. Concerning the neurotoxicity SCOEL has published a draft occupational exposure level (OEL) of 0.1 mg/m3. This OEL is protective for neurotoxic effects

An exposure-risk-relation (ERB) has been derived taking into account carcinogenicity in Germany. Based on this derivation, an exposure towards 0.07 mg/m3 is related to a risk of 4:10,000.

Line 2: suggested to use the singular “formaldehyde”
	Noted. 
OK

OK

Noted. This information can be taken into account in the priority setting for Annex XIV.

OK

Noted.

OK

Noted. This information can be taken into account in the priority setting for Annex XIV.

This is a citation.

	20091006
	Individual, United Kingdom
	THe exposure needs to include the risks from acrylamide in food. Without this it is impossible to judge if the industrial or production exposure is significant.
	This topic is beyond the scope of REACH and thus not taken into account.

	20091007
	Ecobaby Foundation, The Netherlands, National NGO (on behalf of)
	Unrecognized Dietary Risk factor for Vasculopathy in Diabetes : Proc. Natl. Acad Sci USA 2002 Nov 26 99:15596-601, author Vlassava e.a.
	Noted. On top of carcinogenicity and mutagenicity acrylamide indeed has more hazardous effects (given also its current classification). The focus in our report, however, is on carcinogenicity and mutagenicity, since these two effects already make acrylamide a SVHC.

	20091014
	International Chemical Secretariat – ChemSec, International NGO (on behalf of), Sweden
	used as flocculant, monomer, cross-linking agent, soil stabilizer, dye acceptor, solvent resistor in adhesives, fibers, paper sizing, molded plastics parts, water coagulant aids, textiles, flocculants, sewage and waste treatment, ore processing, permanent-press fabrics , vinyl polymers, construction of dam foundations, tunnels, and sewers
	Noted. This information can be taken into account in the priority setting for Annex XIV. 



	20091014
	Allgemeine Unfallversicherungsanstalt, National Authority (on behalf of), Austria
	p.30 2.2

For the use of polyacrylamide gels there is at least the possibility of using kits with concentrated solutions of acrylamide instead of the amide as a powder. This brings less exposure as mentioned within the Annex XV dossier an page 28. This has to be seen as an alternative process much less hazardous process.
	Noted. This information can be taken into account in the priority setting for Annex XIV. 

 

	20091014
	Academic institution (affiliated with), Finland
	I would like to pay attention to the fetal exposure to acrylamide and its genotoxic metabolite glycidamide. According to my recent studies and my thesis which is just published, acrylamide and its genotoxic metabolite glycidamide are transferred totally through the human placenta and similar concentrations of these substances can be found in maternal and fetal blood circulation, already in 2 hours from the exposure. 

Please see my thesis which is as an attachment. The literature review of acrylamide in my thesis can also be used for finding important studies for risk assessment, e.g. Hogervorst et al 2007 and 2008 and Olesen et al 2007, who find correlation between acrylamide and cancer in latest epidemiological studies.
See Attachment.
	Thank you for sending your thesis. On top of carcinogenicity and mutagenicity acrylamide indeed has more hazardous effects (given also its current classification). The focus in our report, however, is on carcinogenicity and mutagenicity, since these two effects already make acrylamide a SVHC.

	20091015
	Council of Europe, Directorate for the Quality of Medicines and HealthCare, European governmental organisation (on behalf of), France
	If suitable alternatives cannot be found and acrylamide becomes difficult to procure, the impact on healthcare would benefit from a more detailed assessment before Annex XIV amendment.
	Noted. 

	20091015
	SIGMA-ALDRICH Chemie, company (on behalf of), Germany
	The use of acrylamide for on-site preparation of polyacrylamide gels is an important application in scientific research. As stated in the dossier  "There have been no generally acceptable substitutes identified for polyacrylamide in gel electrophoresis. … In addition, a very large body of historical background information has been developed using polyacrylamide gels, which would become worthless if alternatives were used."

The on-site preparation using aqueous solutions of acrylamide is essential to achieve the desired performance of freshly made polyacrylamide gels. The use of pre-casted gels is possible but not suitable for all applications.

Even if scientific research and development is excluded from authorisation (Art. 56 (3)) the inclusion in the 'candidate list of substance of very high concern' will hamper the research in Europe and may lead to a shortage of the substance.

Acrylamide is only used for the mentioned applications as intermediate for polyacrylamide. There is no application as substance itself or in articles with wide dispersive exposure to workers, consumers or environment. Since it is only used as intermediate for polyacrylamide a substitution is whether possible nor needed. The inclusion in the candidate list is therefore not justified and against the principles laid down in Article 55.
	Noted. 
We are of a different opinion. The use of acrylamide in grouting agents and in the on-site production of polyacrylamide electrophoresis gels for scientific/medical research are end uses of acrylamide, as these uses do not result in other substances which are manufactured/imported or placed on the market as such or in a preparation.

	20091015
	MSCA, France
	Up to 99,54% of acrylamide was used in France in 2005 as an intermediate in the production of polyacrylamide for numerous applications. 0,38% was used in the production of acrylamide grounts which represented 49 tons in France in 2005 (390 tons in European countries on the basis of a total volumes of 100,000 tons). Industry considers the use of acrylamide in grounds as intermediate, to produce a polymer preventing water infiltration. 

Other referenced uses of acrylamide in France in 2005 were 

-
the production of N-butoxyacrylamide and N-methyloacrylamide (intermediate) 

-
the production of acrylic / acrylamide resins used in household appliances and in automotive engineering (for covering and coating of automotive parts)
	Noted. This information can be taken into account in the priority setting for Annex XIV. 




Attachments
Comments from Polyelectrolyte Producers Group EEIG:
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Comments on The Netherlands Annex XV dossier on acrylamide 


• The Netherlands has submitted an Annex XV SVHC dossier on acrylamide for the 


identification of acrylamide as carcinogenic and mutagenic according to Article 57(a) and 


(b) REACH.  


• Acrylamide is manufactured or imported in the EU for uses as an intermediate 


exclusively (either as a monomer to form a polymer or as a starting material for 


monomers). There are no non-intermediate uses. 


• All uses of acrylamide described in the Annex XV SVHC dossier (including uses as 


grouting agent) meet the definition of on-site or transported isolated intermediates under 


Article 3(15) REACH. 


• Since acrylamide is an intermediate as defined in REACH, Title VII REACH and its 


Article 57(a) and (b) cannot apply to acrylamide as described in the Annex XV dossier 


• Consequently, the Annex XV dossier cannot be used for purposes of the procedures 


laid down in Title VII, and it cannot be used for the identification of acrylamide as 


carcinogenic and mutagenic under Article 57(a) and (b) REACH. 


• Accordingly, the Annex XV dossier submitted by the Netherlands lacks legal basis, 


should not have been submitted and must be withdrawn. 
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1. INTRODUCTION 


1.1 In August 2009, the Netherlands submitted a dossier under Article 59(3) and Annex 
XV REACH1 for the substance acrylamide.2 The dossier proposes to identify 
acrylamide as a carcinogenic and mutagenic substance according to Article 57(a) and 
(b) REACH. 


1.2 The dossier was posted on the website of the European Chemicals Agency (“ECHA”) 
on 31 August 2009 and the deadline for submitting comments is 15 October 2009.  


1.3 This position paper presents the comments of the Polyelectrolyte Producers Group 
EEIG (“PPG”) on the Annex XV SVHC dossier for acrylamide drafted and submitted 
to ECHA by the Netherlands under Article 59(3) REACH (hereinafter the “dossier”).  


2. COMMENTS ON THE ANNEX XV SVHC DOSSIER 


2.1 The dossier states the following in respect to the uses of acrylamide in the European 
Union (“EU”): “[…] it is estimated that up to 99.9% of acrylamide in the EU 
(estimated at ~100.000 tonnes per annum) is used as an intermediate in the 
production of polyacrylamides for a number of applications. Other uses are as on-site 
preparation of polyacrylamide gels (~0.1% of the acrylamide produced in the EU) 
and as grouting agents.”3 


2.2 The crucial point is that all uses of acrylamide, including on-site production of 
polyacrylamide gels (more accurately referred to as electrophoresis gels used in 
scientific/medical research) and as a grouting agent, fall under the definition of 
intermediates under REACH.  


                                                 
1  Regulation (EC) No 1907/2006 of the European Parliament and of the Council of 18 December 


2006 concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals 
(REACH), establishing a European Chemicals Agency, amending Directive 1999/45/EC and 
repealing Council Regulation (EEC) No 793/93 and Commission Regulation (EC) No 1488/94 as 
well as Council Directive 76/769/EEC and Commission Directives 91/155/EEC, 93/67/EEC, 
93/105/EC and 2000/21/EC, OJ [2006] L 396/1. 


2  EC number: 201-173-7, CAS number: 79-06-1. 
3  Annex XV SVHC dossier on acrylamide (2009), p. 27. 







September 21, 2009 


3 / 4 
 
 
 


PPG is registered as EEIG, No  860986450 / Head Office: 29, Boulevard Louis Schmidt, B-1040 Brussels 


 


2.3 The wording in the dossier suggests that the use of acrylamide for on-site production 
of polyacrylamide gels and as a grouting agent is not a use of acrylamide as an 
intermediate. However, these uses clearly also meet the definition of on-site and 
transported intermediates as defined under REACH, as explained below: 


• Article 3(15) REACH defines intermediate as “a substance that is 
manufactured for and consumed in or used for chemical processing in order 
to be transformed into another substance (hereinafter referred to as 
"synthesis"): 


(a) (…); 


(b) on-site isolated intermediate: means an intermediate not meeting the criteria 
of a non-isolated intermediate and where the manufacture of the intermediate 
and the synthesis of (an)other substance(s) from that intermediate take place 
on the same site, operated by one or more legal entities; 


(c) transported isolated intermediate: means an intermediate not meeting the 
criteria of a non-isolated intermediate and transported between or supplied to 
other sites.” 


• The dossier indicates that“[w]hen the acrylamide grout polymerises or 
“gels”, it solidifies into a stiff gel that is impervious to water”4 (emphasis 
added). The reference to the polymerisation process confirms that, when used 
in grouting, acrylamide reacts to form a polymer – a polymer is defined as “a 
substance consisting of […]” (Article 3(5) REACH)). Since, when used in 
grouting applications, acrylamide is transformed into a different substance (a 
polymer), it meets the definition of a transported intermediate since it is 
“manufactured for and consumed in or used for chemical processing in order 
to be transformed into another substance [the grouting polymer]” and it is 
“transported between or supplied to other sites.” 


 


                                                 
4  Annex XV SVHC dossier on acrylamide (2009), p. 27. 
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• The same rationale applies to the use of acrylamide in polyacrylamide gels 
(electrophoresis gels used in scientific/medical research) – polyacrylamides 
are polymers, hence acrylamide is necessarily and exclusively an intermediate 
because it reacts to form another substance, i.e., a polymer (polyacrylamide). 


3. AS AN INTERMEDIATE, ACRYLAMIDE CANNOT BE COVERED BY 
TITLE VII AND THE IDENTIFICATION PROCEDURES PROVIDED 
THEREIN (INCLUDING IN ARTICLE 57) ARE NOT APPLICABLE 


3.1 According to Article 2(8) REACH, on-site isolated intermediates and transported 
isolated intermediates are exempt from Title VII REACH. This means that, because it 
is always used as an on-site or transported intermediate, acrylamide cannot be subject 
to any identification or other procedure laid down in Title VII, including listing in the 
candidate list or in Annex XIV to REACH. 


3.2 The Annex XV dossier submitted by the Netherlands covers uses of acrylamide as an 
intermediate exclusively. As a result, the dossier cannot serve for the application of 
Article 57, or any other provision in Title VII, and the submission of the dossier on 
acrylamide therefore lacks support in a legal provision. 


4. CONCLUSION 


The Annex XV SVHC dossier on acrylamide submitted by the Netherlands in August 
2009 covers, exclusively, uses of acrylamide as an on-site or transported isolated 
intermediate (as defined in Article 3(15) REACH). All such uses of the substance 
acrylamide are exempt from title VII REACH according to Article 2(8)(b) REACH.  


Consequently, the dossier cannot be used for the purposes of the procedures laid 
down in Title VII, and cannot be used for the identification of acrylamide as 
carcinogenic and mutagenic under Article 57(a) and (b) REACH.  


Accordingly, the Annex XV dossier submitted by the Netherlands lacks legal basis, 
should not have been submitted and must be withdrawn. Furthermore, acrylamide 
should be removed from the list of dossiers submitted for identification of substances 
of very high concern (SVHC). 


* * * 
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ABSTRACT 


The fetus is vulnerable to toxic effects of food and environmental carcinogens which 
may induce postnatal cancer. More data on transplacental transfer of xenobiotics is 
needed, considering also food carcinogens such as acrylamide and 
nitrosodimethylamine, to which mothers may be exposed during pregnancy. 
To clarify fetal exposure to carcinogens, human placental perfusion is potentially the 
best test system since the exposure to toxic environmental chemicals can be studied 
where human in vivo studies are out of question. By perfusion, the human placenta can 
be kept physiologically functional and the transplacental transfer of drugs or toxic 
compounds can be examined ex vivo. In addition to transfer, placental metabolism of 
food and environmental carcinogens into more toxic metabolites and the ability of 
metabolites to bind to placental DNA (forming DNA adducts) can be determined using 
human placental perfusion. DNA adducts in the placenta may correlate with 
reproductive toxic effects in pregnancy outcome and even disturb the development of 
the placenta or fetus. In placental perfusion experiments, methods for the analysis of the 
studied compounds in perfusion medium and placental tissue are of course important 
but do not necessarily exist. In this work, we investigated the transplacental transfer of 
the food carcinogens nitrosodimethylamine, acrylamide, and its metabolite glycidamide 
by using the human placental perfusion model. Moreover, specific DNA adducts in 
perfused placental tissue as well as total DNA binding of the studied compounds and 
metabolism during the perfusions were determined. For these studies, a sensitive liquid 
chromatography tandem masspectrometric method for the analysis of acrylamide and 
glycidamide in perfusion medium and placental tissue was developed. Furthermore, a 
32P-postlabelling method for the analysis of acrylamide derived glycidamide DNA 
adducts was developed. The transfer of the studied compounds was rapid from maternal 
into fetal circulation in the human placenta and similar to the reference compound 
antipyrine, which is transferred through the placenta by passive diffusion. However, 
human placentas did not metabolize the food toxicants into their genotoxic, DNA 
binding metabolites. These findings support the possibility that fetus is exposed to 
genotoxic compounds and metabolites from the maternal circulation. 


National Library of Medicine Classification:WQ210, WQ212, WA671, WA701, QZ202 
Medical Subject Headings: Fetus; Maternal-Fetal Exchange; Placenta; Placental 
Circulation; Pregnancy/drug effects; Fetal Development/drug effects; Environmental 
Exposure; Environmental Pollutants; Xenobiotics; Carcinogens; Mutagens; Food; 
Dimethylnitrosamine; Acrylamide; DNA Adducts; DNA Damage; Metabolism; 
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AA acrylamide 
ACN acetonitrile 
AFM1 aflatoxin metabolite M1 
Amm.Acet. ammonium acetate 
Amm.Form. ammonium formate 
AP  antipyrine 
BCRP breast cancer resistance protein 
CHES 2-(N-cyclohexylamino)-ethane sulfonic acid 
CYP cytochrome P450 
dAMP deoxyadenosine monophosphate 
EDTA ethylenediamine tetraacetic acid 
ESI electrospray ionisation 
FDA Food and Drug Administration (USA) 
FM feto-maternal 
GA glycidamide 
hCG human chorionic gonadotrophin 
hENT equilibrative nucleoside transporter 
hLAT1 L-type amino acid transporter 1 
HLB hydrophilic-lipophilic balance 
hPL human placental lactogen 
HILIC hydrophilic interaction chromatography
HPLC-UV high pressure liquid chromatography with ultraviolet detection 
IARC International Agency for Research on Cancer (Lyon, France) 
IQ 2-amino-3-methylimidazo[4,5-f]quinoline 
IS internal standard 
LC liquid chromatography 
LLE liquid-liquid extraction 
LLOQ lowest limit of quantitation 
MCT monocarboxylate transporter 
MDR multidrug resistance protein 
MeIQ 2-amino-3,4-dimethylimidazo[4,5-f]quinoline 
MeOH methanol 
MRM multiple reaction monitoring 
MRP1-3 multidrug resistance proteins 1-3 
MS mass spectrometry 
MS/MS tandem mass spectrometry   
N7-MeG N7-methylguanine 
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N1-GA-dA N1-(2-carboxy-2-hydroxethyl)-2´-deoxyadenosine
NDMA nitrosodimethylamine 
NET norepinephrine transporter 
OATP organic anion transporters 1-3 
OAT4 organic anion transporter 4 
OCTN1-2 organic cation transporters 1-2 
OCT3 organic cation transporter 3 
PAH polycyclic aromatic hydrocarbon 
PBS phosphate buffer saline 
PCBs polychlorinated biphenyls 
P-gp P-glycoprotein 
PhIP 2-amino-1-methyl-6-phenylimidazo[45-b]pyridine 
QC quality control 
RFT-1 reduced folate transporter 
RP reversed phase 
RSD relative standard deviation 
SAX strong anion exchange 
SCX strong cation exchange 
SERT serotonin transporter 
SMVT sodium/multivitamin transporter 
SPE solid phase extraction 
TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin 
TFA trifluoroacetic acid
TLC thin layer chromatography 
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1 INTRODUCTION 


Epidemiological data have shown that the environment is responsible for a large 
fraction of all cancers in humans (Soffritti, et al 2008). Everybody, including children 
and fetuses during pregnancy, is exposed to many different chemicals (Kaatsch, et al 
2006, Soffritti, et al 2008). It is clear that risk assessment should involve the assessment 
of fetal exposure and effects (Anderson, et al 2000). The fetus is exposed to compounds 
through maternal circulation (see e.g. review by Godschalk and Kleinjans 2008) and is 
extremely vulnerable to toxic effects of food and environmental carcinogens including 
postnatal cancer (Anderson, et al 2000, Wild and Kleinjans 2003, Sasco, et al 2003, 
Miller 2004). Therefore, more data on potential transplacental carcinogens and 
transplacental transfer of xenobiotics is needed, considering also food carcinogens to 
which mothers are exposed during pregnancy (Anderson, et al 2000).


In the 1960s the thalidomide disaster showed the importance of reliable and 
comprehensive reproductive toxicity studies and study methodologies (Collins 2006). 
Therefore, several new methods and models have been created and some of them also 
validated. However, the development of in vitro models or animal models which can be 
reliably extrapolated to humans is difficult. For fetal risk assessment, because the 
placenta is the major route of transfer of compounds to the fetus, it is important to learn 
more about the transplacental transfer of toxic compounds in the human placenta. 
Studies with human placenta are preferable because of the functional differences in 
anatomy and physiology of the placenta between different species (Leiser and 
Kaufmann 1994, Faber 1995, Benirschke, et al 2006). Therefore, to study fetal exposure 
to carcinogens, human placental perfusion with intact tissue structure and good viability 
is potentially the best of the existing models (Ala-Kokko, et al 2000, Vähäkangas and 
Myllynen 2006). In addition to transfer, by the placental perfusion method the 
information can be gained on DNA binding and adducts in the placenta. DNA adducts 
in placenta may correlate with reproductive toxic effects in pregnancy outcome and 
even disturb the development of the placenta or fetus (Sanyal, et al 2007, Sram, et al 
1999).


Because a well-functioning placenta is a prerequisite for fetal development, any 
disturbance in its functions by toxic compounds like environmental carcinogens may 
affect the fetus as well (Hakkola, et al 1998). Although placental perfusion as a study 
model is well-functioning and workable, there are challenges with the analysis of the 
studied compounds in perfusion medium and placental tissue. The analytical methods 
do not necessarily exist (Pienimäki, et al 1995a) and thus, concurrent method 
development such as liquid chromatography/mass spectrometry (LC/MS) or 32P-
postlabelling for the analysis of DNA adducts in this study may be required. 
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2 REVIEW OF THE LITERATURE 


2.1 Toxicokinetics in human placenta 


2.1.1 Structure and function of human placenta 


The placenta is a feto-maternal organ with two compartments, the fetal part (Chorion
frondosum), and the maternal part (Decidua basalis) (Sadler 2004). The placenta 
develops from trophoblasts, from the outer cell layer of the balstocyst while the fetus 
develops from the inner blastocyst (embryoblast or inner cell mass). The human 
placenta is 20-25 cm in diameter and 2-2.5 cm thick and it typically weighs 
approximately 500 grams (Figure 1). It is connected to the fetus by an umbilical cord of 
approximately 60 cm in length that contains two arteries and one vein. The human 
placenta is hemomonochorial with only one trophoblast layer and villous allowing the 
maternal blood to flow freely in the intervillous space (Benirschke, et al 2006). 
However, the placenta of most of the laboratory animals is hemotrichorial with three 
trophoblast layers and labyrinthine circulation, where the maternal blood space is not 
open like in humans and there are no fetal villous trees. In animal placentas, there are 
different amounts and types of cell layers separating maternal and fetal circulations 
compared to human placentas. Only great apes have a discoidal, multivillous and 
hemomonochorial placenta, like humans. Therefore, data on placental function obtained 
in experiments with other animals is difficult to extrapolate to humans. 


Figure 1. Full term human placenta. A. Fetal side and umbilical cord. B. Maternal side. 


A B
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In human placentas, the deoxygenated fetal blood passes through umbilical arteries to 
placenta (Sadler 2004). The umbilical arteries branch radially to form chorionic arteries 
and villi (Figure 2). The fetal villous trees form a so-called arteriocapillary venous 
system, bringing the fetal blood close to the maternal blood. 


CO2O2


Chorionic villusAmnion


Umbilical arteriesUmbilical vein


Fetal portion


Maternal portion


Umbilical cord Intervillus space


Fetal capillares
Meternal vena Maternal artery


CO2 O2


A


Figure 2. Structure of human placenta. A. Maternal blood flushes fetal villous trees in 
intervillous space and oxygenates blood in umbilical arteries through the materno-fetal 
barrier. B. Enlargement of a fetal villous tree and maternal septum. 


Maternal blood enters the intervillous space through the endometrial spiral arteries 
(Figure 2) (Sadler 2004). Arteries penetrate the decidual plate and then pass through the 
gaps in cytotrophoblastic wall. As the artery enters, blood flow is under high pressure 
since it enters through the small gap: this pressure forces the blood deep into 
intervillous spaces and bathes the villi. Exchange of gases occurs in this section. As the 
pressure decreases, the deoxygenated blood flows backwards to the decidua and enters 
the endometrial veins. 


The structure of human placenta varies between different gestational stages (Sadler 
2004, Benirschke, et al 2006). Towards the end of the pregnancy, placental barrier 
becomes thinner and the cell layers looser. In the first trimester the extraembryonic 
mesoderm penetrates the stem villi in the direction of the decidual plate (Figure 3A). 
Already during the fourth month of pregnancy the wall of the capillaries is in direct 
contact with the syncytiotrophoblast in many small villi (Figure 3B).


Fetal vessels


Syncytiotrophoblast


After delivery the
decidual plate
detaches at this point


Chorionic plate


Chorionicvillus


Intervillous space


Placental septum


B


Spiral artery
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Figure 3. Structure of placental villi. A. At fourth week the placental barrier is formed 
by 1. Syncytiotrophoblast 2. Cytotrophoblasts 3. Connective tissue and 4. Endothelium.  
B. By fourth month the placental barrier has thinned out to consist of 1. 
Syncytiotrophoblast 2. Connective tissue and 3. Endothelium of the fetal vessels. From 
the cytotrophoblast layer, only single cytotrophoblasts remain.  


The general function of the placenta is to feed and nourish the fetus while also disposing 
of toxic waste (Sadler 2004). In addition to the transfer of gases (oxygen, carbon 
dioxide and carbon monoxide) and nutrients (amino acids, free fatty acids, 
carbohydrates and vitamins) the placenta also has metabolic (see 2.1.3) and endocrine 
activity. It produces progesterone, which is important in maintaining the pregnancy 
(Table 1). Human placenta can also produce estrogen which stimulates uterine growth 
and development of mammary glands (Sadler 2004, Pasqualini 2005). Furthermore, 
human placenta produces somato-mammotrophin (also known as human placental 
lactogen or hPL). Of these hormones, hPL, relaxin and human chorionic gonadotrophin 
(hCG) increase the amount of glucose and lipids in the maternal blood. hCG ensures 
that progesterone and estrogen are secreted and relaxin promotes placental growth. The 
presence of hCG in urine is an indicator of pregnancy.


Table 1. Hormones produced by human placenta. 


Hormone Main function 
Progesterone maintains the pregnancy 
Estrogen stimulates uterine growth 
Somato-mammotrophin (hPL) promotes fetal growth and maternal metabolism 
Relaxin promotes placental growth 
Human chorionic gonadotrophin ensures the secretion of progesterone and estrogen 


BA
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2.1.2 Transfer mechanisms


Fetal exposure to xenobiotics is dependent mainly on the placental transfer, and to a 
smaller extent on the transfer through the amnion and amniotic cavity (Benirschke, et al 
2006, Myllynen, et al 2007). The transfer through the placenta is transcellular through 
the syncytiotrophoblast and cytotrophoblast cells. In term placenta there are no cell 
borders with the syncytiotrophoblast forming an uninterrupted layer (Benirschke, et al 
2006). The transfer mechanisms in placenta include passive diffusion, active transport 
and facilitated diffusion. Some of the compounds may also be transferred bound to 
blood proteins like albumin. 


Most drugs are transferred through the placenta by passive diffusion (Syme, et al 2004, 
Myllynen, et al 2007). However, there are only a few studies on the transfer of toxic 
compounds. Generally small (<300Da) unionized lipid soluble molecules diffuse 
passively. The pH is slightly lower in fetal circulation, which may have an effect on the 
transfer. Transfer of unionized weak bases from more basic maternal side to more acidic 
fetal side may lead to ion trapping, when re-ionized compounds accumulate in fetal 
blood (Myllynen, et al 2007). 


There are tens of different transporters in human placenta (Table 2) (Klaassen 2001, 
Vähäkangas and Myllynen 2006, Nishimura and Naito 2008). They mainly transfer 
compounds in or out of the syncytiotrophoblast. Depending on the localization and 
function, transporters may facilitate transfer in the maternal or fetal direction. Within 
the syncytiotrophoblast, transporters can be localized in the brush-border (apical) 
membrane facing the maternal intervillous blood space or in the basolateral membrane 
facing the fetal capillaries (Figure 4). There are transporters also in the capillary 
endothelium. Some of the transporters transfer nutrients, transmitters and anionic or 
cationic compounds. However, there are also so-called efflux transporters such as P-
glycoprotein (P-gp) and breast cancer resistance protein (BCRP), which pump 
compounds out from cells. P-gp and BCRP with multidrug resistance proteins 1-3 
(MRP1-3) belong to the ATP-binding cassette (ABC) family, and therefore, they are 
also known as ABCB1 (P-gp), ABCC1-3 (MRP1-3) and ABCG2 (BCRP). 
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Table 2. Examples of human placental transporters and their function (Unadkat, et al 


2004, Ganapathy, et al 2005, Behravan and Piquette-Miller 2007, Myllynen, et al 2007). 


Transporter  Full name / physiological function Transport 


P-gp  (ABCB1/B4, MDR1/3) P-glycoprotein, Multi-drug resistance protein Efflux 


BCRP  (ABCG2 or MXR/ABCP) Breast cancer resistance protein Efflux 


MRPs  (ABCC1-8) Multi-drug resistance-associated proteins Efflux 


hENT1  (SLC29A1) Equilibrative nucleoside transporter 1 Efflux 


hENT2  (SLC29A2) Equilibrative nucleoside transporter 2 Efflux/Influx


OCTN1  (SLC22A4) Organic cation transporter novel type I Efflux/Influx


OCTN2  (SLC22A5) Organic cation transporter novel type II Efflux/Influx


OCT3  (EMT, SLC22A3) Estraneuronal monoamine transporter Efflux/Influx


MCT  (SLC16A5) Monocarboxylate transporter Efflux/Influx


RFT-1  Reduced folate transporter Efflux/Influx


SERT  (SLC6A4) Serotonin transporter Influx 


NET  (SLC6A2) Norepinephrine transporter Influx 


SMVT  Sodium/multivitamin transporter Influx 


hLAT1  L-type amino acid transporter 1 Influx 


OATP1B3  Organic anion-transporting polypeptide 1B3 Influx 


OATP2B1  Organic anion-transporting polypeptide 2B1 Influx 


Figure 4. Localization of some placental transporters (Unadkat, Dahlin and Vijay 2004, 
Vähäkangas and Myllynen 2006).
BCRP = breast cancer resistance protein 
NET = norepinephrine transporter 
MRP1-3 = multidrug resistance proteins 1-3  
OATP = organic anion transporter 
OCTN = organic cation transporter  
P-gp = P-glycoprotein 
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2.1.3 Placental metabolism 


Endogenous and exogenous compounds may be metabolized in many organs into a 
more water soluble and excretable form. However, in some cases, the metabolites can 
be more lipid soluble and toxic. Compared to liver, the main organ for xenobiotic 
metabolism, the metabolic activity of human placenta is very low. Cytochrome P-450 
(CYP) enzymes and various conjugases are involved in xenobiotic metabolism. 
Although placental metabolism of drugs is not quantitatively significant, the metabolism 
of xenobiotics may be toxicologically important (Myllynen, et al 2007). Placental 
metabolism may e.g. activate chemical carcinogens. Such metabolites may also be 
transferred to the fetus.  


Although there are several CYP enzymes (e.g. CYP 1A1, 4B1, 19, 2C, 2D6, 2E1 and 
3A7) in human placenta at mRNA or protein level, only 1A1 has been shown to be 
functionally and catalytically active in full-term human placenta (Hakkola, et al 1996, 
Hakkola, et al 1996, Pasanen 1999, Collier, et al 2002, Myllynen, et al 2005, Myllynen, 
et al 2007). Together with other placental enzymes it can activate food carcinogens like 
benzo(a)pyrene to benzo(a)pyrene-7,8-diol-9,10-epoxide (Manchester, et al 1990) and 
aflatoxin B1 to AFM1 (Sawada, et al 1993). CYP1A1 is induced in placenta by maternal 
smoking. It is still not clear whether CYP2E1 is active in human placenta, but there is 
some evidence that it may be induced in placenta if the mother has consumed alcohol 
during pregnancy (Rasheed, et al 1997). The oxidation of ethanol in human placenta 
into more toxic acetaldehyde has been shown (Karl, et al 1988). In placenta, there are 
also other active enzymes such as glutathione S-transferase, epoxide hydrolase, N-
acetyltransferase, sulfotransferases and uridine 5’-diphosphate-glucuronyltransferase 
(Myllynen, et al 2007).


The activities of xenobiotic metabolizing enzymes change during pregnancy. The 
placenta expresses more CYPs at mRNA level in the first trimester of pregnancy. After 
the critical embryogenic and organogenic stages of pregnancy these enzymes are less 
necessary and some of them are inactivated. The placental activation of carcinogens by 
metabolism and/or poor ability to detoxify carcinogens may cause accumulation of toxic 
xenobiotics and their metabolites in the placenta or in the fetus (Carlberg, et al 2000, 
Obolenskaya, et al 2004). These toxic metabolites can also bind into the cellular 
macromolecules such as DNA, as in the case of benzo(a)pyrene (Vähäkangas, et al 
1989, Manchester, et al 1990). 
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2.1.4 Tissue accumulation 


Highly lipophilic drugs and environmental toxicants can accumulate in the skin and 
adipose tissue which in some cases act as storage places. Substances may also 
accumulate in placental tissue which can also act as a temporary storage place (Ala-
Kokko, et al 1995, Johnson, et al 1995, Krishna, et al 1997, Myllynen, et al 2008). Ala-
Kokko and co-workers (1998) measured accumulation of lidocaine and bubivacaine in 
placental tissue after Caesarean sections. The results were unexpected, since the 
function of placenta was considered to be semipermeable providing fast transfer of 
lipid-soluble substances. The results showed placental ability to accumulate more of the 
more lipid soluble drug, at least temporarily. Recently Myllynen and co-workers (2008) 
showed tissue accumulation of coated gold nanoparticles during ex-vivo perfusion of 
human placenta. Besides the accumulation by lipophilicity, genotoxic compounds or 
their reactive metabolites may bind into placental DNA (Pasanen 1999) and in this way 
induce biological effects.   


2.2 Fetal exposure to environmental toxicants 


2.2.1 Transfer of environmental compounds through the placenta 


As we know, the major route of fetal exposure to compounds to which the mother is 
exposed is via the placenta from the maternal blood circulation. Although fetal exposure 
to many drugs have been studied in placental perfusions (Ala-Kokko, et al 2000, 
Vähäkangas and Myllynen 2006), much less is known about transplacental transfer of 
environmental chemicals including food carcinogens.  


Heavy metals and minerals, ethanol and smoking have been studied using human 
placental perfusion and found to be transferred from maternal into fetal circulation 
(Table 3). It is known also that some environmental carcinogens such as PAHs, amines 
or amides, pesticides and PCBs as well as protective substances such as phytoestrogens 
can be transferred through the human placenta (Barr, et al 2007) (Table 3). These 
studies have been performed by using either an ex vivo human placental perfusion 
method or by measuring the levels in cord blood, amniotic fluid or meconium (Barr, et 
al 2007). From these investigations it seems that most of the studied compounds and 
metabolites can be transferred through the placenta and may cause harm to the unborn 
child.
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2.2.2 Methods to study fetal exposure 


There are only a few methods to study transfer of toxic compounds through the human 
placenta or fetal exposure. In addition to the ex vivo human placental perfusion model, 
the direct measurements of xenobiotics or their adducts in amniotic fluid, meconium or 
umbilical cord blood provide information about fetal exposure (Lozano, et al 2007). 
However, these direct measurements do not tell about placental transfer kinetics. 
Because of ethical reasons, placental transfer kinetics of toxic environmental 
compounds cannot be studied in vivo in humans. There have been attempts to build 
quantitative structure-activity relationships i.e. (Q)SAR models for calculating and 
predicting the transplacental transfer (Hewitt, et al 2007). However, the multiform 
structure of human placenta and the various cell layers, transporter proteins and 
metabolizing enzymes prevent the reliable use of these computational models for all 
kinds of compounds.


There are some in vitro models that are used for examining transport or toxicity in the 
placenta (Vähäkangas and Myllynen 2006). Microsomal preparations of human placenta 
can be used to study the effect of xenobiotics to activities of metabolizing enzymes in 
the placenta. Plasma membrane vesicles have been used to study transporter 
mechanisms in the membranes of maternal or fetal side of the placenta (Bissonette 
1982). Also, effects of toxic compounds on placental transfer can be studied by 
membrane vesicles. Placental transporters can also be studied using cloned carriers by 
which the substrate specificity, inhibitor susceptibility and regulation of carrier proteins 
can also be studied (Kudo and Boyd 2002). When this data is combined with 
immunological localization of carriers in placental tissue, the transfer of chemical 
compounds across the placenta can be hypothesized. 


In human placenta, the trophoblastic cells form part of the placental barrier and are used 
to study placental transfer and transport related mechanisms (Sastry 1999, Vähäkangas 
and Myllynen 2006). Human trophoblast cell lines can be generated from normal tissue, 
malignant tissue or embryonic carcinomas that have evidence of trophoblast 
differentiation (Genbacev, et al 1993). However, primary trophoblastic cells and most 
cell lines of trophoblast origin cannot form confluent monolayers in culture making 
polarized transport studies impossible (Cariappa, et al 2003). Immortalized trophoblast 
cell lines are created by spontaneous transformation or by transfection (Choy, et al 
2000, King, et al 2000, Sullivan 2004). However, many immortalized cells lines are 
difficult to culture or characterize (Wadsack, et al 2004). Therefore, choriocarcinoma 
cells which resemble invasive trophoblasts morphologically are used as a model to 
study trophoblast functions (King, et al 2000). The three most common 
choriocarcinoma cell lines are BeWo, JAR and JEG. BeWo cells are putatively the best 
for transport studies, since they have been reported to grow in a tight monolayer (van 
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der Ende, et al 1990). They resemble morphologically normal trophoblasts and express 
several transporters including p-glycoprotein (Utoguchi, et al 2000) and MRP1 
(Pascolo, et al 2003). However, depending on growth conditions of BeWo cells the 
expression of MRP1 is changed being even 20 times higher in polarized, Transwell 
grown BeWo cells than in non-polarized, cells grown on Petri dishes (Pascolo, et al 
2003).


The tissue explants from placental tissue can also be cultured (Merchant, et al 2004). 
However, the trophoblastic cells in tissue explants have poor viability despite suitable 
culture conditions although the cell viability is extremely good in the perfused placenta 
(Di Santo, et al 2003). Explant cultures can also be used to isolate specific cell types 
from the placenta, e.g. villous cells from first trimester to term placentas, and cells from 
choriodecidua (Leik, et al 2004). 


Human tissue and cells are the best for the evaluation of the exposure of human fetus to 
genotoxic compounds, since the placenta is an organ which differs most between 
species (Vähäkangas and Myllynen 2006). However, since primary trophoblast cells 
and most cell lines of trophoblast origin do not grow in confluent monolayers in culture 
the studies on polarized transport are impossible. Therefore, human placental perfusion 
with intact tissue structure and good viability is a better model than explant cultures for 
the studies of transplacental transfer giving extensive knowledge of putative fetal 
exposure.


2.2.3 Placental perfusion 


Transfer of xenobiotics through the human placenta has been studied for many decades. 
The first placental perfusion experiments were carried out in 1920s (Schmitt 1922). 
There are several different variations of the human placental perfusion model with a 
single cotyledon that have been used. The method with a single placental lobule is more 
successful than the use of whole placenta and it was established in 1960s (Panigel 1962, 
Schneider, et al 1972, Panigel 1985). Most of the human placental perfusion systems are 
dual circulating with separate fetal and maternal circulations. However, the method can 
be either recirculating, where the perfusate returns into the starting reservoir or an open 
system, where the perfusate flows once through the placenta. In addition to transfer, 
human placental perfusion can be used in studies of placental metabolism, DNA adduct 
formation, production and release of hormones and enzymes and transport of nutrients 
and waste products (Vähäkangas and Myllynen 2006, Slikker and Miller 1994).


Based on the literature, perfusions as long as 48 hours have been carried out (Polliotti, 
et al 1996). However, in most of the transfer studies of xenobiotics or drugs it is 
unnecessary to perform such long perfusions, since the transfer of most compounds is 
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equilibrated in a few hours (Pacifici and Nottoli 1995). Moreover, the viability of 
perfused tissue may be difficult to obtain for tens of hours. Perfusion conditions and 
criteria for successful perfusions also vary between laboratories (Table 4). For example, 
the perfusion flow rate, pressure, gas mixture and constituents of perfusion medium 
used and the protein added in the medium vary (Miller, et al 1985, Schneider and Huch 
1985 Nanovskaya, et al 2008). Human albumin is used instead of bovine serum albumin 
in perfusion medium in many laboratories (Nanovskaya, et al 2008, He, et al 2002, 
Heikkinen, et al 2002). This makes it possible to study also how protein binding can 
affect the transfer of a drug (Herman, et al 2000). Also, the  transfer of different 
reference substances, mostly antipyrine, have been used as a criteria for a successful 
perfusion and to normalize data between perfusions (Challier, et al 1983, Challier 1985, 
Wier and Miller 1985, Pienimäki, et al 1997, van der Aa, et al 1998, Ala-Kokko, et al 
2000). The reference substance will also give information about the overlap between 
maternal and fetal cotyledons. 


Table 4. Criteria for successful perfusions which may vary between laboratories.  


Criteria References
blood gas analysis (e.g. O2, CO2) (Challier, et al 1976, Cannell, et al 1988) 
glucose consumption (Cannell, et al 1988) 
hCG and hPL production (Dancis, et al 1979, Cannell, et al 1988, Hsieh, et al 


1992)
metabolism (Dancis, et al 1979, Cannell, et al 1988) 
fetal volume loss (Challier 1985, Pienimäki, et al 1995) 
transfer of reference compound
(e.g. antipyrine, inulin or L-glucose) 


(Challier, et al 1983, van der Aa, et al 1998, Ala-
Kokko, et al 2000) 


stable perfusion pressure (Challier 1985) 


2.3 Carcinogens 


2.3.1 Carcinogenesis and DNA adducts 


According to current understanding, the process of chemical carcinogenesis involves a 
series of mutations which disrupt the normal balance between proliferation and cell 
death (Klaassen 2001). Mutations are typical in genes which regulate cell growth and 
division, apoptosis (programmed cell death), and DNA repair. Therefore, mutations can 
result in uncontrolled cell division which can lead to malignant tumors with metastasis 
(Figure 5). 
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Figure 5. Current understanding of the process of chemical carcinogenesis. Chemical 
carcinogenesis is a complex multistage process that includes five steps; initiation, 
transformation, promotion, progression and metastasis. After activation, if the 
metabolizing enzymes are not sufficient to detoxify and excrete the carcinogenic 
metabolites, the initiation may occur. At the initiation step the chemical, or a reactive 
metabolite produced by drug metabolizing enzymes, interacts covalently with DNA. 
Chemicals, which can cause DNA damage through DNA adduction or other ways are 
called genotoxic compounds. The DNA damage elicits a series of biological responses 
as the cell attempts to repair the damage, including activation of DNA repair systems, 
cell cycle arrest and apoptosis. When the DNA repair fails, irreversible changes in the 
cell genotype are triggered and the cell is transformed. The formation of the malignant 
phenotype requires accumulation of mutations. At promotion and progression stages, 
uncontrolled growth of malignant cells takes place when oncogenes are activated. 
Activation of angiogenesis and matrix metalloproteinases (MMPs) are the prerequisites 
for metastasis and invasion into other tissues, and thereafter, cancer is formed. Based on 
Klaassen 2001, Loeb and Harris 2008, Belitsky and Yakubovskaya 2008 and Plant 
2008.
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Most genotoxic chemical carcinogens require metabolic activation (as reviewed by e.g. 
Miller and Miller 1975, Pelkonen and Vähäkangas 1980), for a recent review, see 
Belitsky and Yakubovskaya 2008. Toxic metabolites, for instance epoxides or 
methylcarbonium ions, may covalently bind to nucleophilic sites of DNA and if DNA 
repair fails, induce mutations such as base substitutions, frameshifts, or chromosomal 
aberrations (Dipple 1995, Klaassen C.D. 2001). Such mutations are considered as the 
initiation event in chemical carcinogenesis. Thus, DNA adducts represent an early, 
detectable and critical step of carcinogenesis. DNA adducts have been studied as 
biomarkers within the molecular epidemiology of cancer (Phillips, et al 2000, Vineis 
and Husgafvel-Pursiainen 2005, Wild 2008). For instance, the analysis of DNA adducts 
derived from food carcinogens in human tissues is already used as a biomonitoring 
system of exposure. 


The predominant binding site in DNA is the guanine base, but the position in guanine 
differs according to the nature of carcinogen (Beach and Gupta 1992, Poirier, et al 
2000). Alkylating agents, such as nitrosodimethylamine, bind mainly to the N7-position 
of guanine (Figure 6) (Beach and Gupta 1992, Dipple 1995). Some compounds may 
also bind to other DNA bases (Dipple 1995). For instance, in addition to N7-guanine, 
the epoxide metabolite glycidamide from acrylamide can also bind to N1-adenine 
(Figure 6) (Gamboa da Costa, et al 2003), and such adducts have been reported to be 
more stable than adducts in N7-guanine (Koskinen and Plna 2000, Gamboa da Costa, et 
al 2003) and to be of biological significance.  
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Figure 6. The structure of A. N1-(2-carboxy-2-hydroxyethyl)-2 -deoxyadenosine and B. 
N7-methylguanine adducts. 


Smoking (Everson, et al 1988, Gallagher, et al 1994, Daube, et al 1997) and air 
pollutants (PAH-exposure) (Reddy, et al 1990, Manchester, et al 1992, Topinka, et al 
1997, Whyatt, et al 1998, Sram, et al 1999) are associated with increased levels of DNA 
adducts in human placenta. Additionally, several studies have demonstrated specific 
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benzo(a)pyrene-derived adducts in human placental tissue (see e.g. Manchester, et al 
1988, Hansen, et al 1993, Arnould, et al 1997, Sanyal, et al 2007). Furthermore, DNA 
adducts derived from the mycotoxin aflatoxin B1 have been detected in the placenta 
(Hsieh and Hsieh 1993). In pregnant patas monkeys, nitrosodimethylamine-derived 
DNA adducts were found in the placenta after nitrosodimethylamine (NDMA) treatment 
(Chhabra, et al 1995). 


Some carcinogens are not genotoxic and act through other mechanisms (Jaenisch and 
Bird 2003, Salozhin, et al 2005, Recillas-Targa, et al 2006). There are several 
compounds such as diethylstilbestrol, arsenite, hexachlorobenzene, and nickel which 
probably induce epigenetic heritable changes without changing the DNA sequence. It is 
of concern that nutrition can induce epigenetic changes that could be transmitted to at 
least two generations endangering health (Kaati, et al 2007). Several different types of 
epigenetic modifications are capable of affecting RNA expression; DNA methylation, 
histone modifications and RNA silencing (Jaenisch R. and Bird A. 2003, Salozhin, et al 
2005, Recillas-Targa, et al 2006). 


Changes in DNA methylation are inheritable but are amenable in some cases to changes 
due to environmental effects (Reik, et al 2001). Demethylation may promote 
tumorgenesis by silencing the promoters of growth-regulatory genes. Histones can be 
modified epigenetically by acetylation, methylation, phosphorylation, sumylation or 
ubiquitination and these modifications regulate chromatin structure and gene expression 
(Shilatifard 2006). The role of RNA in epigenetic gene regulation has become apparent 
(Erwin and Lee 2008, Martin and Caplen 2006). Non-coding RNAs (ncRNA) are 
involved in the regulation of gene expression inducing the stability and translation of 
messenger RNA (mRNA). This so-called RNA silencing refers to a family of gene 
silencing effects by which the expression of one or more genes is downregulated or 
entirely suppressed. The most common RNA silencing type is RNA interference 
(RNAi), which means that endogenously expressed microRNA or exogenous small 
interfering RNA induces the degradation of complementary messenger RNA. 


2.3.2 Food carcinogens 


Several studies have shown that imbalance in nutrition may increase susceptibility to 
carcinogenic effects. Consumption of food rich in fat, calories and processed meat and 
poor in fruits and vegetables, is associated with the occurrence of e.g. colon, prostate, 
endometrium and breast cancer (Stewart and Kleihues 2003, WCRF 2007). One of the 
major concerns about food is contamination by carcinogenic compounds such as 
mycotoxins, pesticides and organochlorines or nitrites, which can be transformed into 
carcinogenic nitrosoamines (Table 5). Besides, some of the food carcinogens are formed 
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by heating or frying of food, like acrylamide, PAH-compounds and heterocyclic amines 
(Table 5). Food carcinogens can act as mutagens, promoters and full carcinogens 
(Newby and Howard 2006). It has been calculated that the diet contributes about one 
third of the cancer load (Sugimura 2002). However, chronic exposure to carcinogenic 
food contaminants and their interactions may be responsible for a higher fraction of 
carcinogenicity than is currently estimated (Irigaray, et al 2007, Abnet 2007). 


Table 5. Examples of well-known carcinogens present in the diet (Abnet 2007, IARC 
2008).


Carcinogen Group IARC
classification 


Formation/ Occurrence 


Acetaldehyde Metabolite of ethanol Group 2B ethanol metabolism 
Acrylamide Amides Group 2A heated food 
Aflatoxin B1 Aflatoxins Group 1 contamined maize and nuts 
Benzo(a)pyrene PAH Group 2A fried food 
Dioxins TCDD Group 1 Baltic fish 
Ethanol Alcohols Group 1 ethanol drinks 
Fumonisin B, Ochratoxin Mycotoxins Group 2B contamined maize and grain 
Nitrosodimethylamine Nitrosamines Group 2A cured meat 
PhIP, MeIQ, IQ Heterocyclic amines Group 2B  heated food 


Nitrates used in intensive farming are not intrinsically carcinogenic, but can be 
endogenously transformed in the stomach by the digestive bacterial microflora into 
nitrites, which can be further transformed into N-nitroso compounds (Lijinsky and 
Epstein 1970, Lijinsky 1999, Abnet 2007). Additionally, some foodstuffs, such as Asian 
salted fish contains these nitroso compounds. Nitroso compounds such as 
nitrosodimethylamine are highly mutagenic molecules. In humans, it is suspected, but 
has yet to be unambiguously demonstrated, that the consumption of nitrates increases 
the risk for gastric and nasopharyngeal cancers (Lijinsky 1999). 


Among the most important mycotoxins are aflatoxins. Aspergillus flavus fungi can form 
these hepatotoxic compounds and infect e.g. nuts, corn and grain (Abnet 2007, Richard 
2007). Hepato- and thyroidotoxic 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), in the 
literature also referred to as dioxin, is formed as a by-product in the manufacture of 
PCBs or chlorinated herbicides (Holsapple, et al 1991, Abnet 2007). It can accumulate 
in the environment, and has been found e.g. in the Baltic Sea and its fish. Furthermore, 
it is known that a high consumption of alcoholic beverages is associated with cancers 
primarily in mouth, larynx, pharynx and esophagus (Longnecker 1995, Abnet 2007). In 
addition, humans can be exposed to bisphenol A, a xenoestrogen used in plastic food 
containers, which is carcinogenic in animal studies inducing breast (Durando, et al 
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2007) and prostate cancer (Ho, et al 2006). Other carcinogenic agents which may occur 
in food are polycyclic aromatic hydrocarbons such as benzo(a)pyrene; heterocyclic 
amines such as PhIP and MeIQ; acrylamide and in addition to aflatoxins other 
mycotoxins such as fumonisin B, ochratoxin and deoxynivalenol (Abnet 2007, Miller 
2008).


2.3.3 Exposure assessment of food carcinogens 


Since toxic effects are dose-dependent, knowledge of the extent and duration of 
exposure is an essential part of the risk assessment (Greim and Snyder, 2008). Exposure 
means the amount of toxicant which reaches human body orally, dermally and via 
inhalation. Since the concentration of the compound and duration of contact to the toxic 
agent are related to exposure, the quantity of exposure is usually announced as mg or μg 
per kg body weight per day (Greim and Snyder, 2008; IPCS, 2000). Whereas 
occupational exposure and exposure to chemicals at home may occur orally, dermally 
and via inhalation, the exposure to food carcinogens is via oral route (Greim and 
Snyder, 2008). Beneficial and adverse effects related to food consumption depend on 
how much we eat different ingredients and what these ingredients contain (EFSA 2005). 
The frequency and duration of exposure depending on the concentration of the toxic 
compound in the food product and the amount of used product is not easy to determine 
(Greim and Snyder, 2008). In addition, one should bear in mind that children are 
exposed to even higher concentrations of toxicants than adults (EFSA 2006). 


Exposure to food carcinogens can be assessed indirectly by measuring food or total 
diets, matching food consumption data with information of chemical concentration in 
the foods or, in certain cases, estimating the total amount of the chemical available 
divided by the population of concern  (Figure 7) (IPCS, 2000, Nieuwenhuijsen, 2003).  
Direct measurements by biomonitoring and PBPK modeling  deal with total exposure 
from the environment, and therefore they are not suitable stand alone methods for the 
assessment of exposure to food toxicants. 
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Exposure assessment approaches


Direct methods Indirect methods


Biological monitoring    
e.g. blood, urine, haemoglobin 
and DNA adducts


PBPK modelling


Dose models


Analysis of foods 
/ databases


Questonnaires/ 
diaries/ databases


Exposure models


Figure 7. Different approaches in human exposure assessment. Modified from 
Nieuwenhuijsen, 2003.


The method chosen for exposure assessment depends on the information and resources 
available, the population of concern, whether the acute or chronic effects are going to be 
assessed and the intended use of the results (IPCS, 2000). In order to determine 
exposure to food toxicants, three elements have to be taken into account: (1) levels of 
the chemical in food including its fate during the processes within the food production 
chain; (2) food consumption data and (3) integration of these elements to determine 
exposure (Kroes, et al 2002, Arcella, et al 2005). In all three areas the limitations of the 
approaches currently used lead to uncertainties that can either cause over- or 
underestimation of real intakes and risk. Ideally, dietary exposure to hazardous 
substances can be assessed by combining data on concentration in all food products 
with data on their consumption (Arcella, et al 2005; Saba, et al 1992). However, it is not 
cost-effective or necessary to collect detailed data for every substance, and a stepwise or 
tiered approach is commonly used to focus resources on the most important issues 
(Lawrie and Rees, 1996, Kroes, et al 2002).


In the assessment of the levels of toxicants in food, the concentration of the carcinogen 
in “ready to eat” food is easiest to assess, since the preparation of food (e.g. cooking, 
washing or peeling) may alter the level of toxic compound in the food (EFSA 2006). 
However, in “ready to eat food”, the concentration of toxic compound may also be 
altered, e.g. through the legislation (e.g. amounts of allowed pesticides) or through the 
agricultural and storage practices and processing (Arcella, et al 2005). In some cases, 
the assessment may require a breakdown of the diet into many detailed categories 
including information on the source and processing of the food (EFSA 2006). 
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There are also challenges in assessing the food consumption data, and the level of 
toxicant in the foods (Kroes, et al 2002). The mean consumption is not informative in 
relation to consumers eating high levels of one or more food categories, who are more 
likely to exposure food toxicants in high quantities (Arcella, et al 2005). The 
methodologies such as screening methods for looking the 'worst case' situations are now 
adopted for the assessment of exposure from diet. These methods pay special attention 
to non-average individuals, and in particular high level consumers who are potentially at 
risk (Arcella, et al 2005, Lawrie and Rees, 1996). This problem is not only scientific but 
also political and ethical, because these high-level consumers may exceed the risk level 
calculated based on average consumption before action is considered necessary to 
reduce exposure (Arcella, et al 2005). 


The quality of exposure assessment of food toxicants is totally dependent on the quality 
of the food consumption data used in the assessment (Arcella, et al 2005). Information 
of food consumption can be gained 1) by food supply data representing the country's 
food consumption measured as disappearance from the market, 2) by data from 
household consumption surveys, which  generally measure amounts of foods brought 
into the household and refer to the food as purchased, i.e. no information on preparation 
methods and actually consumed (ingested) amounts is included, 3) by data from dietary 
surveys from individuals which measure the amounts of food and drink actually 
consumed from one day up to a year of consumption or 4) by the collection of duplicate 
diets, where concentrations in foods are analyzed chemically and actual consumption 
recorded (Arcella, et al 2005; EFSA 2006). The data from dietary surveys among 
individuals reflect more closely the actual consumption (Arcella, et al 2005). However, 
with the exception of duplicate-diet studies, exposure assessments are not based on 
consumption and concentration data related to the same individuals. Thus, assessments 
of exposure to dietary components will usually require modelling to create a real-life 
exposure situation. Recently, in order to achieve a more realistic view of exposure to 
food toxicants, risk managers have become more interested in probabilistic modelling 
(Petersen, 2000). Probabilistic approaches are typically more resource-intensive than 
deterministic approaches, but they permit the characterization of the variability and 
uncertainty that may exist in such exposure estimates and thus facilitate more 
meaningful and realistic assessments (Arcella, et al 2005).


The extent of uncertainty is important to characterize when assessing the exposure 
(EFSA 2006). The EFSA Scientific Committee recommends a tiered approach for the 
analysis of uncertainties starting with available data and improving the exposure 
estimate when needed (EFSA 2006, Kroes, et al 2002). EFSA emphasizes the need to 
include other exposure routes in the assessment. Each uncertainty may be analyzed at 
one of three tiers: qualitative, deterministic or probabilistic. Different types of 
uncertainty that may affect exposure assessment are represented in the table 6. 
Uncertainty may also be introduced through errors by the assessors. In most cases, 
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uncertainties are related to food consumption and body weight, which are common 
inputs in all types of dietary risk assessment. For example, the duration of exposure is 
not known or included in the assessment.


Table 6. General uncertainties that may affect the exposure assessment (EFSA 2006).  


Uncertainty  Example 


Measurement uncertainty 
Analytical variation and measurements below the limit of 
detection or quantification. 


Sampling uncertainty Due to limited numbers of samples analyzed. 


Bias If sampling for chemical analysis is targeted or non-random. 


Uncertainty about the 
representativeness  of default values 


When used maximum permitted levels. 


Extrapolation of concentrations (1)  From analyzed foods to other foods for which data are lacking. 


Extrapolation of concentrations (2) Between countries, regions, years and seasons. 


Shape of distributions used  To represent variation in concentrations. 


Effects on concentrations of 
processing, storage and preparation 
procedures 


Correlations in concentrations 
experienced by individual consumers 
over time 


Consumer loyalty for particular products, home storage 
conditions, cooking methods. 


The consideration of variability and uncertainty is getting more and more important in 
exposure evaluations (Heinemeyer, 2008). The main aim in the uncertainty analysis is 
to identify the sources of uncertainty to show for decision makers the most critical 
parameters in an exposure scenario.  


For dietary exposure, an important question is whether differences are to be 
expected with time of year or region (EFSA 2008). In evaluations e.g. in the USA, the 
assumption is that exposure to food toxicants is similar across the nation. This is based 
on the knowledge that food is distributed nationally and consumption is independent of 
geographic region and season. European countries are not so uniform in their 
production, import of food or in consumption behaviour. Thus, Europe is covered by 
four so called WHO/GEMS-Food cluster diets (WHO 2006) whereas all of the USA is 
covered by a single cluster diet. Furthermore, regional differences can be solved using 
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national consumption databases from each of the four clusters. Moreover, seasonal 
differences can be included in the exposure modelling if the study covers all seasons.  
EFSA is currently developing a food consumption database to combine food 
consumption data from different Member States in a concise database (EFSA 2006). 
Consumption data of different foods have been collected at national level in most 
European countries since a large number of food analyses are carried out in Europe 
every year (EFSA 2005). The database contains three types of data: 1) national surveys 
description, 2) food categories description and 3) national food consumption data. Using 
the level of exposure at the national level will be acceptable because the international 
exposure assessment will overestimate the exposure. 


Each year better exposure models and statistical and biological monitoring techniques 
are being introduced (Nieuwenhuijsen, et al 2006). What is lacking and needed, is 
activities to understand better the effects on the levels of toxicants by processing the 
food, harmonization of food consumption survey methods throughout European 
countries and evaluation of probabilistic models (Kroes, et al 2002). Beyond this, we 
are waiting for the development of the European food composition database to be 
published and updated (EFSA 2006). 


2.3.4 Acrylamide and glycidamide 


Acrylamide has been one of the most investigated toxic compounds among food 
carcinogens during recent years. In 2002 it was found in significant concentrations in 
various food products, especially potato chips (Tareke, et al 2002). It has become 
evident that human exposure to acrylamide is mainly via food, where it is formed when 
heating food rich in carbohydrates to over 180 degrees (Wirfält, et al 2007). At UN-
level, the average daily intake to acrylamide is 1 g/kg bw/day and for high consumers 
4 μg/kg bw/day (Parzefall 2008). Similar intakes of acrylamide are found in Sweden 
and probably it is also the level in Finland (Wirfält, et al 2007). It is estimated that 
children are exposed two or three times higher levels of acrylamide than adults (WHO, 
2005). A recent review by Friedman and Levin (2008) shows that there are several 
methods for reduction of acrylamide in food and some of them are already used by food 
industry. Smokers are exposed more to acrylamide than non-smokers (Huang, et al 
2007) and the contribution from smoking is greater than that from food (Hagmar, et al 
2005).


In animals acrylamide is neurotoxic, mutagenic and carcinogenic inducing tumors in 
several sites (Table 7) (Tyl and Friedman 2003, Klaunig 2008). Acrylamide has been 
shown to disturb fetal development and reproductive functions. In animals, fetotoxic 
effects of acrylamide include neurotoxicity (Dearfield, et al 1988), reduced fetal body 
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weight, and decreased number of offspring and infertility (Sakamoto and Hashimoto 
1986, Zenick, et al 1986, Field, et al 1990, Tyl and Friedman 2003). Whilst being also 
neurotoxic in humans, epidemiologic studies on acrylamide have so far indicated only a 
weak exposure response relationship in carcinogenic effects in humans (Exon 2006, 
Klaunig 2008). In the recent cohort studies by Hogervorst and co-workers (2007 and 
2008) a small correlation between acrylamide and endometrial, ovarian and renal cell 
cancer has been found. Also, Olesen and co-workers (2008) showed a positive 
association between acrylamide-hemoglobin adducts and breast cancer after adjustment 
for smoking behavior. On the basis of animal studies and genotoxicity, acrylamide has 
been classified by IARC into group 2A: probably carcinogenic to humans (IARC 1994) 
and by US. EPA into group B2: a probable human carcinogen (www.epa.gov). 


Table 7. Carcinogenicity of acrylamide in humans and rodents. 


Carcinogenic effect / tumors Humans Rats Mice 
endometrial/  
breast/ovarian   


Yes? (Hogervorst et al. 2007, 
Olesen et al. 2008) 


Yes (Johnson 1986, Friedman 1995) 
No (Johnson 1986, Friedman 1995) 


No (Bull et al., 1984a) 
No (Bull et al., 1984a) 


pancreas Yes? (Collins 1989,  
Marsh 1999) 


No (Johnson 1986, Friedman 1995) No (Bull et al., 1984a) 


thyroid ? Yes (Johnson 1986, Friedman 1995) No (Bull et al., 1984a) 
mammary gland ? Yes(Johnson 1986, Friedman 1995) No (Bull et al., 1984a) 
testis ? Yes(Johnson 1986, Friedman 1995) No (Bull et al., 1984a) 
brain ? Yes (Johnson 1986) No (Bull et al., 1984a) 
oral cavity ? Yes (Johnson 1986) No (Bull et al., 1984a) 
uterus and other reprod. organs ? Yes (Johnson 1986) No (Bull et al., 1984a) 
lung ? No (Johnson 1986, Friedman 1995) Yes (Bull et al., 1984a, 


Bull et al., 1984b) 
skin ? No (Johnson 1986, Friedman 1995) Yes (IARC 1994) 
peripheral neuropathy ? No (Johnson 1986, Friedman 1995) Yes (Bull et al., 1984a) 
decreased survival  ? Yes (Johnson 1986, Friedman 1995) Yes (Bull et al., 1984a) 


According to Besaratinia and Pfeifer (2004) acrylamide mainly induces mainly 
mutations through its metabolite glycidamide. While glycidamide is clearly, but 
moderately, mutagenic inducing point mutations (Baum, et al 2005), the genotoxicity of 
acrylamide is different: it has been shown to be mainly clastogenic in human 
lymphoblastoid cells (Koyama, et al 2006) and in mouse lymphoma cells (Mei, et al 
2008). Glycidamide can also induce apoptosis and inhibit DNA repair (Dearfield, et al 
1988, Blasiak, et al 2004). Furthermore, glycidamide reacts with DNA forming DNA 
adducts mainly with N7-guanine and N1 and N3 of adenine. N7 and N3 adducts have 
been detected in several organs and tissues of rats and mice exposed to acrylamide or 
glycidamide orally (Segerbäck, et al 1995, Gamboa da Costa, et al 2003, Doerge, et al 
2005).


Acrylamide can also bind to haemoglobin (Tareke, et al 2000, Wilson, et al 2008,). 
Haemoglobin adducts of acrylamide have been found also in cord blood of neonates 
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(Schettgen, et al 2004). Sörgel and co-workers (2002) found various concentrations of 
acrylamide in human breast milk. They also described transplacental transfer of 
acrylamide in three human placental perfusions. However, the study by Sörgel and co-
workers did not give qualitative information of acrylamide kinetics nor information of 
acrylamide metabolism into more genotoxic glycidamide in human placenta. Therefore, 
more data are needed on the transfer of acrylamide and glycidamide as well as on other 
placental effects. 


2.3.5 NDMA 


NDMA is a highly toxic and carcinogenic compound found in smoked and nitrite-
treated Asian fish, cured meats, bacon, sausages, beer and cheese (Lijinsky 1999). N-
nitroso compounds, including NDMA, can also be formed in the stomach during 
digestion of alkylamine-containing foods. It has been estimated that half of total human 
exposure to N-nitroso compounds can be assigned to in vivo formation (reviewed in 
Tricker 1997 and Risch 2003). Total human exogenous exposure to NDMA in Europe 
and North America is estimated to be 0.2-1.0 μg/day (Scanlan 1983, Tricker, et al 
1991). However, the exposure can be much higher, e.g. 4 μg/day in heavy smokers or in 
people who eat a lot of cured meats (Tricker 1997).   


Toxicity of NDMA has been known about since at least the 1950s when NDMA was 
shown to be a liver carcinogen in rats (Magee 1958). NDMA was already detected in 
food 40 years ago (Ender, et al 1964). Both IARC (1978) and US EPA (www.epa.gov) 
have classified NDMA as probably carcinogenic to humans. It has been shown that after 
metabolic activation, NDMA can induce tumors in several organs of many animal 
species (Table 8) (Gombar, et al 1987, Streeter, et al 1990a, Streeter, et al 1990b). 
Recent epidemiological studies have shown that there is no correlation between NDMA 
and gastric cancer (Jakszyn, et al 2006). However, the epidemiological studies suggest 
that NDMA and other nitrosoamines, which are powerful transplacental 
neurocarcinogens in animals, may also induce brain tumors in children, if the mother is 
exposed to high amounts during pregnancy (Huncharek and Kupelnick 2004, Dietrich, 
et al 2005, Bunin, et al 2006). It is thus possible that fetal exposure to NDMA during 
pregnancy may cause fetal damage including transplacental carcinogenesis (Anderson, 
et al 2000, Miller 2004). 
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Table 8. Carcinogenicity of NDMA in humans and rodents. 


Carcinogenic effect/ 
tumors 


Humans Rats Mice 


liver      ? Yes (Terao et al., 1978; Arai et al.,
1979; Ito et al., 1982; Lijinsky and 
Reuber, 1984, Peto et al., 1984, 1991a,b; 
Klein et al., 1991) 


Yes (Terracini et al., 1966; 
Clapp and Toya, 1970) 


lung      ? Yes (Peto et al., 1984; Klein et al.,
1991) 


Yes (Terracini et al., 1966; 
Clapp and Toya, 1970; 
Anderson et al., 1979, 1986, 
1992b) 


kidney       ? Yes (Klein et al., 1991) Yes (Terracini et al., 1966; 
Clapp and Toya, 1970) 


skin      ? Yes (Peto et al., 1984)  
lymphatic/ 
hematopoietic 


     ? Yes (Peto et al., 1984)  


transplacental Yes? (Huncharek and 
Kupelnick 2004, Dietrich, et 
al 2005, Bunin, et al 2006) 


Yes (Alexandrov, 1968) Yes (Anderson et al., 1989) 


NDMA can be hydroxylated into a reactive methyl diazonium ion by CYP2E1 which, 
when reacting with DNA, can form N7-methylguanine (7-MeG) and Of-methylguanine 
in DNA, adducts that are not specific for NDMA (Yang, et al 1991, Mustonen and 
Hemminki 1992, Kyrtopoulos 1998). The presence of such adducts in human cord 
blood indicates transplacental transfer of some methylating agents, of which the most 
probable is exogenous NDMA (Georgiadis, et al 2000). However, because these 
adducts can originate from any methylating compound it is difficult to show specific 
exposure to NDMA in humans. The study by Chhabra and co-workers (1995) on DNA 
adducts in NDMA-treated pregnant patas monkeys and their fetuses indicated 
transplacental transfer of NDMA in primates. The amount of O6-methylguanine adducts 
found in placenta and fetal liver was 10-20 % of the amount found in maternal liver 
after treatment with two doses of NDMA. However, the bidiscoidal placenta in patas 
monkeys differs from the discoidal human placenta. Also, the blastocyst in monkeys is 
simply attached to the uterine epithelium and remains within the uterine lumen while 
the human blastocyst becomes completely surrounded by endometrium (Hearn 1986). 
Therefore, it may be difficult to extrapolate the effects in patas monkeys to the human 
situation (Benirschke, et al 2006, Carter 2007). 
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2.4 Analysis of food carcinogens 


2.4.1 Analysis of food carcinogens in biological samples


The analysis of food carcinogens depends on the origin or source of the samples which 
can be either food (including drinking water) or biological samples (Scott 1994, Venn 
2000, Ohannesian and Streeter 2002). Food as a matrix does not contain endogenous 
molecules and differs a lot from biological samples. Therefore, the methods for the 
analysis of compounds in food can not necessarily be applied as such for the analysis of 
biological samples.


There are certain commonly used techniques for the analysis of compounds in 
biological samples, such as liquid or gas chromatography (LC, GC) with various types 
of detectors (UV, fluorescence, mass spectrometry) or fluorescence and 
phosphorescence spectroscopy (Venn 2000, Ohannesian and Streeter 2002). These 
techniques usually also need a sample preparation. To avoid a multistep sample 
preparation for the analytes which may be difficult to separate from other substances in 
the sample, the analysis of radioactivity if using a radiolabelled test chemical is easy 
and feasible. Other techniques used are e.g. radioimmunoassay techniques and high 
pressure thin-layer chromatography (TLC).


LC combined with MS is the most commonly used technique because of its high 
sensitivity and specificity (Figure 8) (Scott 1994, Ohannesian and Streeter 2002). 
However, the equipment is costly and therefore, high pressure liquid chromatography 
with ultraviolet detection (HPLC-UV) is sometimes a more favored method. Both of 
these techniques can be used not only to analyze the compound itself but also its 
metabolites, which is important in the field of toxicology. However, it is relatively 
common that the matrix of a biological sample generates interfering background noise 
in the analysis, especially in HPLC-UV. A major problem with UV detection is the poor 
sensitivity for most simple chemicals like acrylamide, glycidamide and NMDA, since 
UV-detection is best for more aromatic structures with high absorption. In most cases, 
the sample needs a specific pre-treatment procedure to clean it from impurities before 
the analysis. This can be a critical step of the method.  
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A.


B.


Figure 8. Liquid chromatography / mass spectrometry. A. A schematic presentation of 
the method B. LC-MS/MS equipment in the Department of Pharmaceutical Chemistry, 
University of Kuopio. 


There are several different ways to pre-treat samples before the analysis (Scott 1994, 
Venn 2000, Ohannesian and Streeter 2002). The main purpose of sample preparation is 
to improve the sensitivity, specificity and selectivity of the analysis by excluding as 
much as possible of the interfering proteins and other material in the matrix. The 
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traditional method for purification is to precipitate proteins with organic solvent such as 
acetonitrile or methanol. Moreover, liquid-liquid extraction (LLE) with e.g. ethyl 
acetate or more modern solid phase extraction (SPE) can be used (Hennion 1999, 
Walker and Mills 2002). Solid phase extraction can be based on the so-called non-
retentive SPE where the analyte goes through a cartridge (Figure 9) while unwanted 
material stays in. It can also be based on retentive SPE, where the analyte bonds in the 
cartridge and is washed out afterwards or in double SPE with a combination of e.g. a 
hydrophilic/lipophilic stationary phase column and mixed mode sorbent column. In 
analysis of biological samples, the contents of the matrix determine the pre-treatment 
method. For example the method for the analysis of a carcinogen in animal plasma may 
not be applicable for the analysis of this same compound in human plasma or tissue, if 
the method is sensitive to the changes of the material of the matrix (Jobgen, et al 2007). 


Figure 9. Structure of a typical solid phase extraction cartridge. 


In contrast to chromatographic techniques, when a radiolabelled parental compound is 
used total radioactivity can be analyzed and there is usually no need for sample 
purification if the matrix has no quenching effect (Ohannesian and Streeter 2002). 
However, if the differentiation between metabolites and the parent compound is wanted, 
some kind of separation technique has to be applied. 
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2.4.2 Analysis of DNA adducts 


DNA adducts can be analyzed by several techniques including immunoassays (Poirier, 
et al 1993), 32P-postlabelling (Reddy and Randerath 1986, Beach and Gupta 1992), 
fluorescence spectroscopy (Vähäkangas, et al 1985, Weston, et al 1990), LC- or GC/MS 
(Shuker, et al 1993, Farmer, et al 2005), atomic absorbance spectrometry (Reed, et al 
1988) and electrochemical conductance (Floyd, et al 1986), (for a review, see 
Warshawsky and Landolph 2006). Immunoassays usually have poor specificity and the 
amount of DNA needed is high, whereas MS can require several pre-treatments of the 
sample such as derivatization, vaporization and ionization. However, MS has high 
specificity and the possibility for chemical characterization of the adducts (Farmer, et al 
2005). The major disadvantages of the fluorescence spectroscopy is the requirement of a 
fluorescent adduct. Atomic absorbance spectrometry is used for the detection of metal 
ions and with electrochemical conductance there may be problems finding proper 
chromatographic separation for selective detection. The binding of radiolabelled 
compound into DNA can be analyzed simply by measuring radioactivity of DNA. 
Nevertheless, this does not tell us about the types of adducts (Phillips, et al 2000). 


Currently, LC-MS/MS and 32P-postlabelling are the most sensitive and commonly used 
techniques for the analysis of DNA adducts (Randerath and Randerath 1994, Poirier and 
Weston 1996, Farmer and Singh 2008). The principle of 32P-postlabelling is a) the 
enzymatic digestion of DNA into deoxyribonucleoside-3'-monophosphates; b) 
enrichment of the adduct by solvent or solid phase extraction, HPLC or further 
enzymatic digestion with nuclease P1; c) 5’-labelling of the nucleotides with an 
isotopically labelled phosphate group from [ -32P]ATP and d) the resolution and 
detection of the labelled products (Phillips, et al 2000). In 32P-postlabelling, the 
detection can be performed using some type of autoradiography after TLC separation or 
online radioisotope detection after HPLC separation (Shuker 1989, Beach and Gupta 
1992, Randerath and Randerath 1994). 32P-postlabelling can be used for a wide variety 
of different chemicals and even for complex mixtures such as cigarette smoke 
(Randerath and Randerath 1994, Phillips 1997). It is also an ultrasensitive method: the 
detection limit can be as low as 1 adduct per 1010 nucleotides and only a small amount 
of DNA (5 μg or less) is needed (Phillips 1997, Phillips and Castegnaro 1999, Phillips, 
et al 2000). However, postlabelling methods are complex and conditions may vary 
widely between laboratories (Savela, et al 1989, Phillips and Castegnaro 1993). False 
negative results may be obtained because of chemical instability of the adduct, lack of 
resistance towards nuclease P1, poor phosphorylation by polynucleotide kinase or 
difficulties in the chromatographic separations. Furthermore, the contamination of DNA 
with RNA may give false positive results.  
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2.4.2.1 Analysis of acrylamide and NDMA derived DNA adducts 


Several glycidamide-adducts, N7-(2-carbamoyl-2-hydroxyethyl)guanine, N3-2-
carbamoyl-2-hydroxyethyl)adenine, N1-(2-carboxy-2-hydroxyethyl)-2 -deoxyadenosine
and N6-(2-carboxy-2-hydroxyethyl)-2'-deoxyadenosine, have been measured previously 
by LC/ES/MS/MS in in vitro samples (Gamboa da Costa, et al 2003). However, only 
N7-(2-carbamoyl-2-hydroxyethyl)guanine and N3-(2-carbamoyl-2-hydroxyethyl) 
adenine have been analyzed after in vivo exposure (Segerbäck, et al 1995, Gamboa da 
Costa, et al 2003, Doerge, et al 2005). N7-(2-carbamoyl-2-hydroxyethyl)guanine is the 
major adduct formed from glycidamide, but N1 adducts are thermally more stable and 
have therefore a greater potential of accumulation during chronic exposure (Koskinen 
and Plna 2000). N1 adducts in deoxyadenosine can easily be detected by HPLC coupled 
with a radioactive detector following 32P-postlabelling, because it can be converted to 
the corresponding N6 adduct, which increases the retention time of the adduct (Plna, et 
al 1999). This conversion is called Dimroth rearrangement which occurs during DNA 
digestion to nucleosides (Koivisto, et al 1998). In addition this adduct might be 
biologically more important than the N7-guanine adduct (Koskinen and Plna 2000).


NDMA can be hydroxylated into a reactive methyl diazonium ion by CYP2E1 forming 
N7-methylguanine (N7-MeG) and O6-methylguanine (O6-MeG) in DNA, adducts that 
are not specific for NDMA (Kyrtopoulos 1998, Yang CS, Smith T, Ishizaki H, Hong JY 
1991, Mustonen and Hemminki 1992). These adducts have been analyzed mainly by 
chromatographic methods in vivo both in animals after NDMA treatment (Chhabra, et al 
1995, Anderson, et al 1996, Chhabra, et al 2000, Souliotis, et al 2002) and in human 
blood or tissue DNA (Kyrtopoulos 1998, Saffhill, et al 1988). N7-MeG is the most 
common adduct of NDMA, being responsible for up to 70 % of the total DNA 
methylation (Souliotis, et al 2002). N7-MeG can accumulate in DNA from repeated 
exposure to methylating carcinogens, and it has been suggested as a possible marker of 
exposure to NDMA and other methylating agents (Bianchini and Wild 1994). O6-MeG 
is formed at 10 times lower levels than N7-MeG (Souliotis, et al 2002) and is often 
rapidly repaired. These adducts may play an important role in mutagenesis, 
carcinogenesis and cytotoxicity inducing tumors in experimental animals treated with 
methylating carcinogens (Souliotis, et al 1995, Souliotis, et al 2002). Furthermore, 
ethanol may have a significant role in NDMA carcinogenesis enhancing the formation 
of NDMA adducts, probably by increasing NDMA metabolism by CYP2E1 induction 
(Anderson, et al 1996, Chhabra, et al 2000, Navasumrit, et al 2001). 
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3 AIMS OF THE STUDY 


Transplacental transfer of xenobiotics can be demonstrated by using human placental 
perfusion. Also, placental perfusion can give information about the placental kinetics as 
well as metabolism and accumulation in the placenta because it retains the tissue 
structure and function. Although human placental perfusion has been used extensively 
to study transplacental transfer of drugs, the information on food and environmental 
carcinogens is minimal. It seems that most of the few studied compounds are easily 
transferred through the placenta. 


This thesis is a part of a larger research program on fetal exposure and placental 
toxicity. The general aim of the research project is to characterize fetal exposure to food 
and environmental carcinogens and to develop methods for this purpose. The specific 
objectives of this study were as follows: 


1. To set up and, if necessary, develop methodologies for analysis of 
parent compounds, metabolites and DNA binding  


2. To determine the transplacental transfer of acrylamide, glycidamide 
and NDMA in human placenta 


3. To determine the functional capacity of human placenta to metabolize 
acrylamide or NDMA, both CYP2E1 substrates 


4. To analyze the capacity of human placenta to induce DNA adduct 
formation of acrylamide, glycidamide and NDMA 
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4 MATERIALS AND METHODS 


4.1 Reagents 


All reagents were of analytical grade, and the solvents were of HPLC grade. The list of 
reagents can be found in the papers I-IV.


4.2. Overview of the models and methods 


The main model used in these studies was human placental perfusion and it was used to 
study transfer, metabolism and adduct formation in the placenta (Table 9). From 
placental perfusion, many different parameters can be measured and analyzed, such as 
concentration of the studied parent compounds or their metabolites formed in placental 
tissue. This has appeared to be difficult by chromatographic methods such as HPLC-
UV, since there are a lot of interfering proteins and impurities in perfusion medium or 
placental tissue. However, the development of the method for the analysis of acrylamide 
and its metabolite glycidamide was initially started with HPLC-UV, since there are 
many methods published for the analysis of acrylamide in the literature. Although the 
development of the HPLC-UV method did not produce a suitable method for our 
purpose, the data from the development may be useful for further method development 
for acrylamide and glycidamide. However, for our purpose, other methods, such as LC-
MS/MS or scintillation counting were used. Furthermore, perfused placental tissue can 
be utilized for the analysis of DNA binding of studied compounds or their metabolites 
or for the analysis of specific carcinogen DNA adducts. There are several methods 
which were used for such analysis, 32P-postlabelling being a specific and sensitive 
method for detecting certain DNA adducts, while scintillation counting was used for the 
analysis of DNA binding. In addition to the perfusion model, in vitro studies were 
carried out in this thesis, to study placental metabolism, DNA binding, DNA adduct 
formation and transfer mechanism. In microsomal incubations and monolayer cell 
culture in a Transwell system the analysis of the samples was based on radioactivity.
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Table 9. Models and methods used in this thesis. 


Model Analyzed endpoint Analytical method Papers* 
Human 
placental 
perfusion


concentration of the parent 
compound in perfusion 
medium or tissue 


Scintillation counting 
HPLC 
LC-MS/MS


IV
I, III 
I, III 


 concentration of metabolites 
in perfusion medium or tissue 


HPLC 
LC-MS/MS


I, III 
I, III 


 DNA adduct formation in 
tissue


32P-postlabelling + HPLC 
HPLC+Scintillation counting 


II, III 
IV


 DNA binding in tissue Scintillation counting IV
Microsomal 
incubations


DNA binding Scintillation counting IV


Monolayer
cell culture 
in Transwell 


concentration of the 
compound in Transwell 
medium 


Scintillation counting IV


*Studied compounds in papers I-III are acrylamide and glycidamide, and in IV NDMA 


4.3 Human placental perfusion (III, IV) 


4.3.1 Ethical aspects 


In Finland, the human placenta is disposable after delivery and the use of the placenta 
does not affect the delivery or the treatment of the mother and child in any way. The 
official Research Ethics Committee of the University Hospital District of Kuopio region 
approved the study protocol (11.5.2005). The placentas were obtained within 10 
minutes after the delivery and examined for macroscopic traumas and hematomas 
before starting the preparation for experiments. Only full-term placentas from healthy 
mothers, both from normal deliveries and Caesarean sections were used in the study. 
Mothers did not use any medication and according to their own statement did not smoke 
or use alcohol during pregnancy. Mothers were told about the study and received 
written information before the midwife asked them to sign the informed consent form. 
The placentas were anonymized. 


4.3.2 Equipment and setup 


In this study, maternal and fetal circulations of human placenta were perfused separately 
using a dual recirculating perfusion method described earlier (Pienimäki, et al 1995b, 
Myllynen, et al 2003) (Figure 10). 
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Figure 10. Human placental perfusion A. A schematic presentation of method used in 
this study. B. Placental perfusion equipment at the Department of Pharmacology and 
Toxicology, University of Kuopio. 


A


B
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The composition of the perfusion medium used in both circulations is described in 
papers III and IV. The details of the perfusion conditions such as perfusion time, 
reference substance, volumes and flow rates in maternal and fetal circulations, pH, 
glucose levels, oxygen and carbon dioxide levels and perfusion pressure, and how the 
conditions were followed are explained in papers III and IV.


4.3.3 Preparation of tissue and perfusion


Details of the perfusion method are described in papers III and IV. Briefly, heparinised 
Krebs-Ringer buffer solution was injected into all cord vessels in the hospital and after 
transport of the placenta into the perfusion laboratory, the peripheral lobule was 
cannulated, the perfused placental lobule was cut out and transferred into the perfusion 
chamber and into the perfusion equipment. On the maternal side cannules were pushed 
through the membrane to the maternal blood space and the perfusion medium started to 
flow in the circulation. After the recovery of placenta from hypoxia, the studied 
compounds were added into the maternal circulation, all with antipyrine (0.1 mg/ml) 
(Table 10). Samples from both circulations were taken every 30 min during the first two 
hours and once an hour thereafter. Perfusion fluid samples were centrifuged to remove 
red blood cells and stored in freezer until analyzed. For placental tissue and DNA 
adduct analysis, 3-4 pieces of the perfused tissue from each placentas were stored at -
80°C. In addition, control samples from the tissue were taken before the perfusion. 


Table 10. Compounds studied, their concentrations and perfusion time in successful 
perfusions.


Studied compound
and concentration 


Perfusion time Number of successful*       
perfusions / all perfusions 


Acrylamide 5 μg/ml 4 hours 4/7 
Acrylamide 10 μg/ml 4-6 hours 9/20 
Glycidamide 5 μg/ml 4 hours 4/6 
NDMA 1 μM 4-6 hours 6/12 
NDMA 5 μM 4-6 hours 6/10 
* Leak < 3 ml/h, feto-maternal transfer of antipyrine at 4 hours  0.33. 


4.3.4 Criteria for a successful perfusion 


The main criterion for a successful perfusion was the leak of less than 3 ml/h from the 
fetal to maternal circulation at pump rate of 3 ml/min in fetal and 9 ml/min in maternal 
side (Pienimäki, et al 1995b). The volume of the fetal perfusate was monitored 
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continuously to determine the leak from the fetal circulation as an indication of the 
integrity of the materno-fetal barrier. If the volume loss exceeded 3 ml/h, the 
experiment was terminated. Also, if the expected antipyrine transfer from maternal to 
fetal circulation was less than optimal (fetal to maternal concentration ratio below 0.33 
at 4 hours (Challier, et al 1983) the perfusion was omitted from data analysis. 
Antipyrine is used in perfusions for comparison, to find out whether the fetal and 
maternal circulations overlap properly and to normalize the interindividual variation in 
circulation (Ching, et al 1987, Ghabrial, et al 1991, Pienimäki, et al 1995b, Pienimäki, 
et al 1997, Ala-Kokko, et al 2000, Myllynen, et al 2005). Additionally, the pressure in 
fetal circulation and oxygen and glucose consumption in the tissue were followed. The 
qualitative criteria for those measures were following: the consumption of oxygen and 
glucose were measurable and the pressure in fetal circulation was not changed during 
the perfusion. 


4.4 HPLC-UV and LC-MS/MS methods for the analysis of acrylamide, 
glycidamide and antipyrine (I) 


4.4.1 Preparation of standards


The details of the standard preparation for LC-MS/MS is described in paper I. Briefly, 
the stock solutions of acrylamide, glycidamide and antipyrine were first prepared by 
dissolving the compound in H2O. The solutions of acrylamide, glycidamide and 
antipyrine were daily diluted in H2O to obtain standard working solution. The 
calibration standards, identical to the perfusion samples were made by adding 
simultaneously all three analytes in perfusion medium or in supernatant of centrifuged 
control tissue homogenate to give 8 different concentrations from 0.5 to 20 μg/ml of 
acrylamide and glycidamide and 5 to 200 μg/ml of antipyrine. Internal standard (IS) 
(1.0 μg/ml of 13C-acrylamide in LC-MS/MS or 10 μg/ml methacrylamide in HPLC-UV) 
was added into each sample. Quality control (QC) samples containing acrylamide, 
glycidamide and antipyrine in three different concentrations were prepared from stock 
solutions by adding the analytes into a blank sample; perfusion medium or placental 
tissue homogenate with IS but without the analytes.  


4.4.2 Validation parameters


The validation of the LC-MS/MS method was based on the FDA guidelines for the 
validation of bioanalytical methods (FDA 2001). Details of the validation parameters 
such as selectivity, matrix effect, linearity, calibration curve, lower limit of 
quantification (LLOQ), precision, accuracy, relative standard deviation (RSD), recovery 
and stabilities are described in the paper I.
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4.4.3 Chromatography 


4.4.3.1 Development of the HPLC-UV method 


Because acrylamide analysis with HPLC has been described in the literature, the initial 
method development was done by HPLC-UV. Although several different HPLC 
columns and sample preparation techniques were tested with HPLC-UV (Table 11), no 
combination with adequate results for our purpose were found. However, the results 
from this method development were useful when moving on to the LC-MS/MS and may 
also be useful for other studies. 


The work was focused on the selection of reversed phase columns. Hydrophilic 
interaction chromatography (HILIC) was also tested to increase the retention of the 
analytes without successful separation of acrylamide and glycidamide. As acrylamide 
and glycidamide are both small (MW 71.08 and 87.08, respectively), polar and 
hydrophilic compounds, the reversed phase technique provides poor retention on the 
columns tested even with columns designed for polar compound and aqueous mobile 
phases such as alkylamide and “Aqua type” columns. 


Several sample preparation techniques were tested together with above mentioned 
analytical column techniques (Table 11). Because acrylamide and glycidamide showed 
very little retention on all tested columns samples had to be extensively purified before 
HPLC separation. For this purpose protein precipitation and two other sample 
preparation techniques were tested. With protein precipitation the recovery of the 
method was high, but the method was not selective enough to separate acrylamide and 
glycidamide from various inorganic salts eluting at the solvent front and the endogenous 
compounds present in the perfusion sample (Figure 11, I and J). Various solid phase 
extraction columns, including polymer based stationary phase, mixed-mode and ion 
chromatography, and liquid-liquid extraction with ethyl acetate were tested for cleaning 
up the extracts before HPLC separation (Table 11, Figure 11 A-F). Even though 
reasonable specificity was gained with some of the SPE columns, all the tested sample 
preparation columns were inadequate for a method with unacceptable precision and/or 
accuracy, especially for glycidamide. Although the average precision for acrylamide 
was around 15 %, the precision varied from 6 % to 24 % showing that the method was 
not reproducible. Moreover, the precision of glycidamide at QC1 (1 μg/ml) was higher 
than 180 %. Also, the recoveries of SPE methods were very low being around 40 %. 
The representative chromatograms from the different sample preparation tests are 
shown in Figure 11. 
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Figure 11. HPLC-UV chromatograms of acrylamide and glycidamide (10 μg/ml for 
both) in perfusion medium using different sample preparations. From A to H the used 
column used was C18 Supelco 250 mm x 4 mm, 5 μm and from I to J Supelco C18 25 
cm x 2.1 mm, 3 μm with precolumn.  A. Perfusion medium (=background) after 
purification on OASIS HLB SPE cartridge. B. Perfusion medium spiked with 
acrylamide and glycidamide after purification on OASIS HLB SPE cartridge. C. 
Perfusion medium after purification on Strata XC SPE cartridge D. Perfusion medium 
spiked with acrylamide and glycidamide after purification on Strata XC SPE cartridge. 
E. Perfusion medium after purification on OASIS HLB combined with SAX and SCX 
SPE cartridge. F. Perfusion medium spiked with acrylamide and glycidamide (100 
μg/ml for both) after purification on OASIS HLB combined with SAX and SCX SPE 
cartridge. G. Perfusion medium after purification on liquid-liquid extraction. H. 
Perfusion medium spiked with acrylamide and glycidamide after purification on liquid-
liquid extraction. I. Perfusion medium after protein precipitation. J. Perfusion medium 
spiked with acrylamide and glycidamide after protein precipitation.
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4.4.3.2 LC-MS/MS method 


Details of the developed LC-MS/MS method are described in paper I and results 
obtained by using it are shown in paper III. As a result from the preliminary method 
development, a more selective mass spectrometric detection was chosen. Because the 
best reproducibility by HPLC-UV was obtained with protein precipitation as described 
above, it was used as a sample preparation for LC-MS/MS. When moving on to LC-
MS/MS, the best combination of the peak shape and capacity factor (k) were achieved 
with a narrow bore C18 column optimized for acidic aqueous solutions with a mobile 
phase of water-acetonitrile-formic acid. To be able to include antipyrine in the analysis, 
it was necessary to add a steep acetonitrile (ACN) gradient at the end of the run to elute 
this relatively lipophilic compound. Antipyrine was measured by an external standard 
method using antipyrine standards similar to perfusion samples. The HPLC instrument 
was optimized with low delay volumes for gradient to allow fast response to the applied 
change in the mobile phase composition.  


Mass spectrometric detection was performed using the highly selective multiple 
reaction monitoring (MRM) mode. The formic acid amount in mobile phase, which was 
most intense for ESI ionization for acrylamide and glycidamide, was found not to be 
critical for the chromatography. The use of volatile ion-pairing additive trifluoroacetic 
acid (TFA) created substantial amount of ion suppression and therefore was not 
feasible. Using full-scan MS experiments, by monitoring transitions to the most 
intensive product ions, a specific and sensitive assay was developed.


A stable isotope-labelled analogue of acrylamide (13C-AA) was selected as IS to ensure 
uniform behavior of the acrylamide and IS in the entire analytical process including the 
sample preparation. 13C-AA was also found to be well suited for the analysis of 
glycidamide and no problems with the isotopic integrity of the label were observed.


The method described here was used for the analysis of acrylamide, glycidamide and 
antipyrine in perfusion medium and placental tissue in the study of transplacental 
transfer, tissue accumulation and placental metabolism.  


4.5 Scintillation counting for the analysis of NDMA concentrations (IV) 


Although NDMA has been studied for more than 60 years, the studies have been 
focused on carcinogenic effects or analysis of DNA adducts. Therefore, there are only a 
few studies describing analysis of NDMA in biological matrices. NDMA in biological 
samples has been analyzed only following radioactivity measurements with or without 
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prior HPLC separation after application of 14C NDMA (Streeter, et al 1990a, Streeter, et 
al 1990b, Schulze 1999). It is not possible to measure the active metabolite of NDMA, 
methyl diazonium ion, due to its high reactivity. Therefore, it is reasonable to use 
radiolabelled NDMA where the detection is simple.


In this study, analysis of 14C-NDMA in perfusion fluid and placental tissue was carried 
out by liquid scintillation counting. For perfusion medium, only centrifugation and 
addition of scintillation liquid was needed for sample preparation, while for tissue 
analysis, solubilization of tissue was carried out. Details of the NDMA analysis from 
perfusion medium and tissue are described in paper IV.


4.6 Analysis of DNA binding from perfused tissue (II, IV) 


4.6.1 32P-postlabelling for the analysis of acrylamide derived DNA adducts (II) 


Glycidamide adduct analysis by 32P-postlabelling was carried out as previously 
described for corresponding propylene oxide adducts by Plna and co-workers (Plna, et 
al 1999) with small modifications as described in detail in paper II. DNA was extracted 
from human placental tissue and mouse liver as described in Gupta (1984). Purified 
DNA was dissolved in H2O and concentration measured by UV absorption. 
Additionally, DNA was in some cases isolated using QiagenKit cartridge after 
homogenization of the tissue and treating with RNase A and T1 and proteinase K as 
described in paper II.


For 32P-postlabelling DNA was hydrolysed with prostatic acid phosphatase and nuclease
P1. After incubation cold ethanol was added and samples kept in a freezer to precipitate 
proteins. After centrifugation the supernatant was evaporated to dryness. Adducted 
dinucleotides were 32P-labelled with [32P]ATP and polynucleotide kinase. Snake venom 
phosphodiesterase was added. After incubation, 100 μM NaOH and the synthesized UV 
marker N1-GA-5'-dAMP was added to all of samples and they were heated at 80ºC for 
30 min. This treatment converted N1-GA-5'-dAMP to N6-GA-5'-dAMP. A DNA sample 
modified in vitro with glycidamide was labelled in parallel to other samples and used as
an external standard to determine the recovery of N1-GA-adenine in the postlabelling 
assay.


32P-Labelled N1-GA-5'-dAMP (converted into N6-GA-5'-dAMP) was separated from 
residual ATP, residual normal nucleotides and background products as previously 
described (Segerbäck, et al 1998) An HPLC system with an on-line radioisotope 
detector and diode array detector was used. The retention time of the UV marker (21 
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min) was 30 seconds less than the retention time of the radioactive adduct peak since 
the UV detector was placed in front of the radioisotope detector.


4.6.2 Analysis of DNA binding of NMDA (IV) 


The analysis of 7-MeG from 14C-NDMA perfusions was based on depurination of DNA 
followed by HPLC separation, collection of fractions and liquid scintillation counting.  
Details of the method are described in paper IV. Briefly, DNA from placental tissue 
perfused with 14C-NDMA and from a piece of tissue taken from the same placenta 
before perfusion was isolated by phenol-chloroform extraction modified from Gupta 
(1984). DNA concentration was measured by absorption and 100 μg DNA samples 
were depurinated by heating. After adding 7-MeG as a UV marker, the samples were 
separated on HPLC-UV with a linear gradient of ammonium formate and methanol. 
One minute fractions were collected and mixed with scintillation cocktail and 
radioactivity measured by scintillation counting. The detection limit of this assay was 
about 5 mol 7-MeG per 107 mol normal nucleotides. 


Additionally, total radioactivity binding to purified placental DNA from perfusions with 
14C-NDMA was analyzed by scintillation counting of the DNA without depurination 
and HPLC separation.  DNA quenching was investigated by mixing radioactive NDMA 
separately with H2O or with high amounts of placental DNA. DNA extracted from 
placental tissue before the perfusion was used as a negative control. Details of this 
method are also described in paper IV.


4.7 NMDA metabolism catalyzed by human placental microsomes (IV) 


The ability of human placental microsomes to metabolize NDMA into DNA binding 
metabolite was studied. If the CYP2E1 enzyme were active in human placenta, NDMA 
metabolism should be detectable as radioactivity associated with DNA after incubation 
of DNA, placental microsomes and co-factors with 14C-NDMA. Details of the 
microsomal incubations are described in paper IV. Placental microsomes were prepared 
as described earlier (Myllynen, et al 1998). Samples were collected and snap-frozen 
from eight human term placentas immediately after birth. Placental microsomes were 
prepared by homogenizing placental tissue into phosphate buffer and after 
centrifugation, the microsomal pellet formed from supernatant was homogenized into a 
buffer solution. The protein concentration was measured using bovine serum albumin as 
a standard. 
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The metabolic activation of NDMA to methyl diazonium ion and its binding into DNA 
was examined in in vitro one hour incubations with human placental microsomes.  
Incubation medium consisted of microsomal protein with salmon testes DNA dissolved 
in phosphate buffer, MgCl2, 14C-NDMA and NADPH. Negative controls were prepared 
without NADPH. Microsomes prepared from livers of acetone-treated (to induce 
CYP2E1) rats were used as positive controls. After incubation, the reactions were 
stopped by adding phenol. Purified DNA was dissolved in H2O and the radioactivity 
was measured by liquid scintillation counting.  


4.8 NDMA permeation and the effect of transporters in Transwell cell-systems (IV) 


The transfer of xenobiotics from the maternal to the fetal side in human placenta may be 
inhibited by saturable efflux transporters located in the apical surface of 
syncytiotrophoblast such as P-glycoprotein (MDR1/ABCB1) or breast cancer resistance 
protein (BCRP/ABCG2) (Mao 2008). The effect of P-glycoprotein (P-gp) and breast 
cancer resistant protein (BCRP) on the transfer of two different concentrations of 14C-
NDMA was investigated in Caco-2 cells cultured in Transwell system. The transfer of 
NDMA from apical to basal side was compared with the transfer from basal to apical 
side. Apparent permeability of a lower concentration of 14C-NDMA (2 μM) was also 
determined by using canine kidney epithelial cell line (MDCK-MDR1) which expresses 
human P-glycoprotein. Cells were cultured and prepared for experiments as earlier 
described (Korjamo, et al 2005, Korjamo, et al 2007). All of these cell experiments were 
performed to both directions (apical to basal and basal to apical) to study if there were 
differences in the transfer. The sampling was designed to capture both the initial phase 
transfer rate for calculation of the apparent permeability coefficients, and the virtual 
steady state when there is no net flux through the cell monolayer. The analysis was 
performed by scintillation counting. The method used in these cell monolayer transfer 
experiments is described in paper IV.


The reason why the ability of NDMA to bind into these most common placental 
transporters was studied was our founding that NDMA seemed to accumulate in the 
fetal side in 4-hour perfusions. Furthermore, there were no studies published on the 
substrate specificity of NDMA for any transporters. To study the substrate specificity, 
any model which expresses these transporters is suitable. Moreover, the availability of 
un-contaminated BeWo cells was poor, since several of the available lines we tested had 
a mycoplasma contamination. Also, the specificity and expression of these transporters 
may be better in Caco-2 and MDCK cells since in BeWo cells the expression of P-gp is 
changed due to the culturing conditions (Pascolo, et al 2003). The combination of Caco-
2 which expresses P-gp and BCRP, and the MDCK cells that has a transfected human 
P-gp (MDCKII-MDR1) being highly specific with no other transporters that may affect 
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the results is a good choice to study whether the target is P-gp or BCRP. Thus, instead 
of BeWo cells, we selected Caco-2 and MDCK cells which were easy to study in 
collaboration with a laboratory at the University of Kuopio where these cells are 
continuously cultured. 


4.9 Statistical analysis (III, IV) 


The programs and parameters used in statistical calculations are described in papers III
and IV. The calculation of statistical parameters was done using mainly GraphPad 
Prism and t-test. The equations for transfer percentage and FM-ratio were gained from 
previous perfusion publications from the group of Kirsi Vähäkangas. 
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5 RESULTS 


5.1 Development of LC-MS/MS method for the analysis of acrylamide, 
glycidamide and antipyrine (I, III) 


5.1.1 Selectivity and matrix effect 


According to FDA guidelines for bioanalytical method validation (FDA 2001), the 
selectivity of the method for a specific compound should be evaluated to be sure that 
there are no ions or molecules in the sample which disturb the analysis. The assessment 
of selectivity and other validation parameters was extremely important for our study, 
since the perfusion medium and placental tissue are problematic matrices and they can 
easily cause distortion to results. The selectivity was ensured by comparing the results 
from blank perfusion medium samples and pure solvents with six LLOQ samples from 
each analyte. Although there are claims that acrylamide would not attain a good 
selectivity when ion m/z 72 is measured because of its low molecular weight 
(Bagdonaite, et al 2008), we did not find any problems with selectivity (I). The same 
transition for acrylamide was selected also by others, Becalski et al., (2003), Rosen et 
al., (2002) and Ahn et al., (2002). The poor selectivity of m/z 72 might be dependent on 
the matrix and sample preparation.  


In the literature, the matrix effect seems to be studied more and more for ensuring the 
selectivity in LC-MS/MS analysis (Bonfiglio, et al 1999). The matrix effect of placental 
perfusion medium was studied by a post-column infusion experiment, by loading a 
blank sample beyond the column (I). The post-column infusion showed that the 
background did not cause a matrix effect at the retention time of the analytes confirming 
that there was no interference in ion-suppression. The selectivity of this method fulfills 
the requirements of FDA guidelines and the perfusion samples could be analyzed with 
high selectivity.


5.1.2 Linearity 


A suitable range of calibration curves for acrylamide, glycidamide and antipyrine was 
easy to select since the concentration levels to be analyzed were already known 
beforehand. The range was 0.5 – 20 μg/ml for acrylamide and glycidamide and 5–
200 μg/ml for antipyrine (I). The 8-plot calibration curve included in addition a blank 
sample and a zero sample including only perfusion medium. The calibration curves 
were highly linear with excellent correlation coefficients over the range of calibration 
curves for all analytes (I). There was no need to set an extremely low LLOQ for the 
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analytes and therefore, a good precision and accuracy for LLOQ was easy to achieve. 
However, after sample preparation and all dilution steps, the final amount of acrylamide 
and glycidamide injected into column at LOQ was 125 pg.  


5.1.3 Precision, accuracy and recovery 


The chromatographic analysis of compounds and their metabolites in perfusion medium 
and placental tissue requires the purification of the sample from proteins and other 
interfering compounds, since these matrices are highly complex. The sample 
preparation step may give problems for precision and accuracy and without suitable 
accuracy, the analysis is not reliable. During the multistep HPLC-UV method 
development, precise and unprecise sample preparation methods were distinguished. 
We found that a simple protein precipitation gave a good precision and accuracy for the 
analysis by HPLC-UV. Therefore, it was not surprising that the precision and accuracy 
of all QC samples analyzed by LC-MS/MS method were within the acceptable range. 
The recovery of the analytes in our LC-MS/MS method was important to assess, since it 
can affect the total recovery of the perfusion experiments (III). The recovery of our 
method was high, nearly 100 % (I).


5.1.4 Stability 


Because it was not possible to analyze samples on the same day as the perfusion was 
carried out, the perfusion samples, including perfusion medium and placental tissue, 
needed to be stored in a freezer. It is also practical to analyze samples from several 
perfusions together and this also is expected to give more reliable and comparable 
results. Therefore, stability tests were needed to clarify for how long the samples can be 
stored. Based on our findings, acrylamide, glycidamide and antipyrine were stabile in 
all tests with minimal degradation (Table 12). 
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Table 12. A short description of the stability tests carried out for the validation of the 
LC-MS/MS method. In all tests, the stability samples were compared to corresponding 
freshly prepared standard samples. 


Test Freeze-thaw 
stability 


Short-term 
stability 


Long-term
stability 


Stock solution 
stability 


Post-preparative 
stability 


Protocol The samples 
were
analyzed
before and 
after three 
freeze and 
thaw cycles 


The samples 
were stored 
for  4 hours at 
room 
temperature 
before the 
analysis 


The samples 
were
analyzed
after storing 
them in the 
freezer up to 
30 days 


The stock solution 
was stored in the 
freezer for 30 days 
and at room 
temperature for 6 
hours before the 
analysis 


The samples were 
kept in the 
autosampler at 
10ºC for 24 hours 
before the analysis 


Result Mean
difference
4 % 


Mean +4 % Within the 
range of
-20 - +10 % 


Mean +2 % Mean +4 % 


5.1.5 Application 


With the developed method we were able to study the transplacental transfer of 
acrylamide and glycidamide (III). During the analysis of perfusion samples the quality 
control samples (for QC-samples, see I) and standard curve analyzed in the same batch 
showed good reproducibility, accuracy and linearity. The concentrations of the analytes 
measured in maternal and fetal circulations were within the linear range of the 
calibration curve and thus the method was suitable for this application.


5.2 Development of the 32P-postlabelling method and the analysis of N1-
glycidamide -adenine adducts in perfused placental tissue (II, III) 


The efficiency of labelling the N1-GA-3'-dAMP standard was high, about 80%. The 
recovery of this adduct through the whole postlabelling procedure (using DNA reacted 
in vitro with glycidamide) was 26%, which is lower than what was obtained for 
corresponding adduct of propylene oxide (Plna, et al 1999), but still enough for a 
quantitative determination of adduct levels (II). The detection limit (1 adduct per 108


normal nucleotides) was expected to be sufficient to detect this adduct in human 
placenta exposed to 5 μg/ml of acrylamide or glycidamide. This assumption was based 
on the fact that the adduct could be detected in mammalian cells treated with 
glycidamide (II) and for acrylamide we assumed that a substantial fraction of 
acrylamide would be metabolized to glycidamide, which is the case in in vivo systems.  
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Despite the fact that in vitro raised N1-GA-dAMP was detectable by this method (after 
conversion to N6-GA-adenine), this adduct could not be detected in mouse liver DNA 
after exposure to acrylamide or in human placental DNA after exposure to acrylamide 
or glycidamide (II, III). Since the HPLC method was selective and there was no 
problem with chromatographic separation of the adduct, a number of control 
experiments were carried out. The method was re-checked and all the standards 
synthesised again using another source of glycidamide. Furthermore, our glycidamide-
reacted DNA standard was mixed with mouse liver and placental DNA from the 
experiments with glycidamide or acrylamide to see if there could be something present 
in the biological samples which interfered with some of the steps in the postlabelling 
assay. However, the results with the new standards were the same, no radioactive peak 
with the retention time of N6-GA-5'-dAMP could be detected in the in vivo samples, but 
when mixing those samples with the in vitro DNA, a nice peak was present. Our next 
test was to see if the DNA isolation procedure (phenol/chloroform extraction etc) could 
destroy N1-GA-dAMP in DNA. The in vitro modified DNA standard was passed 
through this DNA isolation protocol, but it had no effect on adduct levels. New DNA 
samples were isolated from the placenta using a commercial DNA isolation kit, but this 
protocol did not result in detectable adduct levels. The final test was addressing the 
question if the N1-GA-adenine adduct was so rapidly repaired that this could be the 
reason for the negative results. Mammalian cells were therefore treated with 
glycidamide and after treatment and washing of the cells they were allowed to recover 
and samples removed at different time points, up to 24 h. This procedure did not cause 
any significant loss of the adduct, so no explanation for the undetectable adducts could 
be gained by these control experiments.   


5.3 Transplacental transfer of antipyrine, acrylamide, glycidamide and NDMA in 
perfusion experiments (I, III, IV) 


Antipyrine was analyzed by HPLC-UV or LC-MS/MS from all successful perfusions (I,
III, IV). Antipyrine was found in the fetal side in the first samples at 30 minutes after 
the addition of the substance to the maternal circulation with a feto-maternal ratio over 
time of 0.2-0.6 (Figure 12) (III, IV). Antipyrine concentration was statistically 
significantly higher in maternal than fetal circulation up to 2 hours (p<0.05) and the 
mean feto-maternal ratio in the end of the perfusions was 0.99±0.08 with a transfer 
percentage of 32.2±4.0. In successful perfusions, antipyrine kinetics was similar 
regardless of the concentration or the compound (acrylamide 5 or 10 μg/ml, 
glycidamide 5 μg/ml or NDMA 1 or 5 μM), suggesting that all perfusions were 
comparable with each other and with extremely low variation (Figure 12). 
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Figure 12. Transfer of 100 μg/ml antipyrine through the placenta in human placental 
perfusion. Average feto-maternal ratio of antipyrine in 17 successful acrylamide or 
glycidamide perfusions (solid line, gray) and in 12 successful NDMA perfusions 
(broken line, black). The results are given as a mean +/- SD  (*, p<0.05). 


A significant amount of all the studied compounds was already found in the fetal 
circulation in the first samples taken at 30 minutes after the addition to the maternal 
circulation (Figure 13) (III, IV). Similarly to antipyrine, concentrations of acrylamide 
and glycidamide in maternal and fetal circulations equilibrated more or less by 3 hours 
(Figure 13) with the difference between the mean concentrations of studied compounds 
in maternal and fetal sides being statistically significant (p<0.05) up to 2 hours. NDMA 
equilibrated somewhat faster so that there was no difference any more at 2 hours. At the 
end of the perfusions with NDMA (1 μM) and glycidamide, the mean fetal and maternal 
concentrations and transfer percentages (Table 13) were similar. However, with higher 
concentration NDMA (5 μM), and with both concentrations of acrylamide, the fetal 
concentration seemed to be still increasing at the end of the 4 hours perfusion, and their 
transfer percentages were more than 33 % (Table 13). Therefore, additional 6 hours 
perfusions were carried out with higher concentrations of studied compounds. However, 
no indication of further fetal accumulation from 4 to 6 hours was noted. When 
comparing the feto-maternal ratios of antipyrine to those of acrylamide, glycidamide or 
NDMA, it seemed that they all were transferred to the same extent through the placenta 
(III, IV). 
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Figure 13. Transfer of acrylamide (A), glycidamide (B), NDMA (C) and antipyrine (D) 
through the placenta in human placental perfusion. Concentrations in maternal (solid 
lines, diamonds) and fetal (broken lines, squares) circulations. The results are given as a 
mean +/- SD  (*, p<0.05). Antipyrine was added into all perfusions as a reference 
compound. The results from acrylamide perfusions with 5 μg/ml (n=4) and from 
NDMA perfusion with 1 μM NDMA (n=6) are not shown in this figure, since the 
overall kinetics of these were similar to the corresponding kinetics of the same 
compound with different concentration (III, IV).


Table 13. The mean feto-maternal (FM) ratios and the mean transfer percentages of 
acrylamide, glycidamide and NDMA in human placental perfusions (III, IV).


Compound n FM ratio 
(mean ± SD) 


Transfer % 
(mean ± SD) 


Acrylamide 10 μg/ml 9 0.99±0.09 33.6±4.3 
Acrylamide 5 μg/ml 4 0.99±0.09 34.8±1.3 
Glycidamide 5 μg/ml 4 0.91±0.14 31.6±2.9 
NDMA 5 μM 6 1.07±0.04 34.6±4.5 
NDMA 1 μM 6 0.98±0.05 31.7±1.7 


n = 4n = 9


n = 6


n = 19
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5.4 DNA-binding and metabolism of acrylamide, glycidamide and NDMA (I, II, 
III, IV) 


5.4.1 Acrylamide metabolism in placental perfusions 


Glycidamide concentration was analyzed by LC-MS/MS in samples from acrylamide 
perfusions simultaneously with acrylamide (I, III). No glycidamide was detected in 
perfusion samples or in placental tissue samples of acrylamide perfusions indicating that 
the placenta did not metabolically activate acrylamide into glycidamide during the 4-
hour perfusions (III). The limit of detection of the used method is 0.1 μg/ml, which is 
100 times less than the initial concentration of acrylamide in perfusions. 


5.4.2 DNA adducts in the placenta after acrylamide or glycidamide perfusions 


Glycidamide-derived DNA adducts were analyzed in DNA from human placenta after 
perfusion with acrylamide or glycidamide. N1-GA-dA was analysed using HPLC-32P-
postlabelling (II, III), but the adduct could not be detected (III).  


5.4.3 DNA binding of NDMA in placental perfusions and in vitro incubations 


To study DNA binding of 14C-NDMA, DNA was isolated from perfused placental tissue 
(IV). No radioactivity was associated with the UV-marker N7-MeG after separating 
depurinated DNA by HPLC, followed by liquid scintillation counting of the collected 
fractions (detection limit 1 adduct/108 nucleotides). There was also no radioactivity in 
total DNA from perfused placental tissue (IV). Furthermore, no radioactivity was found 
in DNA incubated with NDMA and placental microsomes from eight human placentas 
from non-smoking, non-drinking mothers (IV). The radioactivity of the samples was 
0.79 to 1.18 fold compared to negative controls, being within the variation of controls.
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6 DISCUSSION 


6.1. General discussion 


Fetal exposure to toxic compounds through maternal circulation has been proved in 
many studies by detecting the same carcinogens in umbilical cord blood as in maternal 
blood (see e.g. review by Godschalk and Kleinjans 2008). Evidence from animals and 
humans suggests that fetus is vulnerable to toxic effects of food and environmental 
carcinogens including postnatal cancer (Anderson, et al 2000, Wild and Kleinjans 2003, 
Sasco, et al 2003, Miller 2004). The data on transplacental carcinogens and childhood 
cancers from human epidemiological studies has been weak and unreproducible 
(Anderson 2008). However, there are concerns of other potential transplacental 
carcinogens in addition to the only proven, diethylstilbestrol. Therefore more data on 
transplacental transfer of xenobiotics are needed. This considers also food carcinogens 
such as acrylamide and NMDA, to which mothers are exposed during pregnancy 
(Anderson, et al 2000).


To study fetal exposure to carcinogens by human placental perfusion, the placenta can 
be kept physiologically functional if collected and processed right after delivery. It has 
proven useful for the analysis of transplacental transfer of drugs, but it is even more 
applicable to studies of toxic environmental chemicals where human in vivo studies are 
out of the question (Ala-Kokko, et al 2000, Vähäkangas and Myllynen 2006). Human 
placental perfusion has already been used in transfer studies of metals and minerals, e.g. 
mercury, cadmium and selenium (Eisenmann and Miller 1994, Urbach, et al 1992), 
ethanol (Karl, et al 1988), nicotine (Pastrakuljic, et al 1998), phthalates (Mose, et al 
2007), heterocyclic amines (Myllynen, et al 2008) and nanoparticles (Myllynen, et al 
2008). In addition to transfer, human placental perfusion may also give information of 
toxic responses of placental tissue by the perfused compounds.  


Placental metabolism of food and environmental carcinogens to more toxic metabolites 
and the ability of metabolites to bind to placental DNA (forming DNA adducts) can be 
studied using human placental perfusion. The relationship between DNA adducts and 
the carcinogenic potency of a compound has already been proved in 1960s (Brookes 
and Lawley 1964). DNA adducts in placenta and the resulting mutations may also 
correlate with reproductive toxic effects in pregnancy outcome and even disturb the 
development of the placenta or fetus (Sram, et al 1999, Sanyal, et al 2007). Because a 
well-functioning placenta is a prerequisite for fetal development, any disturbance in its 
functions by toxic compounds like environmental carcinogens may affect the fetus as 
well (Hakkola, et al 1998).
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6.2. Chromatographical analysis of perfusion samples (I, III) 


Analysis of biological samples has appeared to be a bottleneck in human placental 
perfusion studies, and this has resulted in publications of method development for such 
purposes (Pienimäki et al 1995a Dodds et al 1997, Sörgel et al, 2001). 
Chromatographical separation of small, water-soluble toxicants from their metabolites 
and perfusion medium as a matrix is challenging and needs assistance from analytical 
chemists (Pienimäki, et al 1995a). Based on the literature, there are only a few methods 
where acrylamide and glycidamide can be measured simultaneously in biological 
samples (Barber, et al 2001, Twaddle, et al 2004, Fennell, et al 2006). According to 
published methods, acrylamide and glycidamide have been measured in human urine 
(Fennell, et al 2006), mouse serum (Twaddle, et al 2004) and rat plasma (Barber, et al 
2001).  These methods are based on either HPLC-UV (Barber, et al 2001)  or LC-
MS/MS (Twaddle, et al 2004, Fennell, et al 2006,). These techniques require sample 
purification, and all of them have different procedures for the sample preparation. 
Twaddle and co-workers (2004) have used a multistep sample preparation including 
solid phase extraction (SPE). None of the several SPE methods tested by us were 
accurate or precise enough for sample treatment in our studies (see 4.4.3.1 in methods). 
Barber and co-workers (2001) have used a rather complex multistep sample preparation 
including deproteinization of the samples with acetonitrile, evaporation to dryness and 
filtering. Such a sample treatment is laborious and has critical steps such as evaporation, 
where part of the sample can be lost. Fennel and co-workers (2006) measured 13C-
acrylamide and its metabolism into glycidamide in human urine using centrifugation 
and dilution in H2O for sample preparation. However, in their method, the running time 
was more than half an hour.  None of these methods were feasible for our purpose for 
several reasons: 1. Our perfusion medium contains proteins and other impurities which 
disturb the analysis. 2. The main problem with all published methods considering our 
needs was that in none of them were all three analytes, acrylamide, glycidamide and 
antipyrine, analyzed. 3. Also, none of them had been applied to perfusion medium and 
placental tissue as a matrix. 4. Additionally, a faster method without a laborious sample 
preparation was worth pursuing. 


Initially, acrylamide and glycidamide were planned to be analyzed by HPLC-UV. The 
method development did not provide an adequate method for our purpose. With HPLC-
UV the selectivity was the main problem, since the background was too high at the 
retention time of acrylamide and especially glycidamide. However, when moving onto 
the LC-MS/MS, the selectivity of our method conformed to requirements of FDA 
guidelines (I). The LLOQ was in line with the published LLOQ values of LC-MS/MS 
for acrylamide analysis in food (1-5 ng/ml or 2-200 pg/injection) (Zhang, et al 2005) 
and glycidamide analysis in biological matrices (0.1 μM (670 pg/injection) (Twaddle, et 
al 2004). Our LLOQ value was shown to be about 16-80 times less than the LLOQ 
values of the published HPLC-UV method, where the LLOQs were the following: 0.1 
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μg/ml for acrylamide or 2 ng/injection and 0.5 μg/ml for glycidamide or 10 ng/injection 
(Barber, et al 2001).


The LC-MS/MS method (I) showed only small deviations between the samples and in 
comparison of samples to their nominal values. Similar precisions and accuracies were 
obtained by Barber and co-workers (2001) and Twaddle and co-workers (2004). The 
recovery of acrylamide and antipyrine in our method was comparable to other published 
methods (Barber, et al 2001, Twaddle, et al 2004). In the literature, during the 
development or validation of analytical methods for acrylamide or glycidamide, only a 
few have determined the stability of acrylamide and none of glycidamide. In the study 
by Delatour and co-workers (Delatour, et al 2004), acrylamide in food was stable for 
two weeks at room temperature with a loss of 17 % and without loss of the analyte 
when stored in a refrigerator. In our study, the stock solution of acrylamide, 
glycidamide and antipyrine in water was stable for 30 days when stored at -20 °C and 
kept 6 hours at room temperature after thawing, showing that acrylamide has a good 
stability in cold temperatures such as -20 °C freezer (I).  


The developed LC-MS/MS method was successfully applied to the study of 
transplacental transfer of acrylamide, glycidamide and antipyrine (I, III). Also, the 
putative accumulation of acrylamide, glycidamide and antipyrine in placental tissue 
after perfusions was analyzed with this method (III). Compared to older published 
methods (Barber, et al 2001, Twaddle, et al 2004, Fennell, et al 2006), the advantages of 
our method included a short analysis time and a simple sample preparation. Therefore, 
in the future this method could be suitable when analyzing acrylamide and glycidamide 
in other biological samples or in the analysis of other similar compounds in perfusion 
medium. 


6.3 32P-Postlabelling method for DNA adduct analysis (II, III) 


Because of the genotoxicity of glycidamide we wanted to analyze whether any 
glycidamide DNA adducts were formed in human placenta during perfusions with 
acrylamide or glycidamide. Although several sensitive methods have been developed 
for the measurement of DNA adducts of glycidamide (Gamboa da Costa, et al 2003, 
Doerge, et al 2005, Segerbäck, et al 1995), no human studies have so far been carried 
out. In this study, a 32P-postlabelling method for the analysis of acrylamide derived 
glycidamide DNA adducts was developed and applied to the perfusion experiments (II,
III). 


N1-adenine adducts are relatively stable DNA adducts, which should be easy to detect 
by HPLC with radioactive detector after 32P-postlabelling (Koskinen and Plna 2000, 
Plna, et al 1999). This adduct can be converted to N6 position by alkaline treatment, 







68


which causes a substantial shift in the retention time, to longer times, which is very 
advantageous when trying to separate a specific adduct from all kinds of radioactive 
background peaks. So far, N7-guanine and N3-adenine adducts are the only DNA 
adducts of glycidamide detected in vivo after treatment with acrylamide (Gamboa da 
Costa, et al 2003, Doerge, et al 2005, Segerbäck, et al 1995). However, a sensitive 
method for the detection of N1-adenine adducts of propylene oxide by 32P-postlabelling 
combined with HPLC has been developed (Plna, et al 1999). Since glycidamide and 
propylene oxide have similar structures we thought this method would be very suitable 
also for the analysis of N1-adenine adducts of glycidamide. In addition the relative 
amount of N1-adenine adduct formed in vitro (relative to that of the corresponding N7-
guanine adduct) was 18% for glycidamide ((Gamboa da Costa, et al 2003) and II)
whereas it was only 3-4% for propylene oxide (Plna, et al 1999), making an even more 
favorable case for glycidamide. Liver DNA from mice exposed to acrylamide was used 
as a potential positive control, because high levels of haemoglobin adducts from these 
mice had been found earlier (II). Also, based on published data (Gamboa da Costa, et al 
2003, Segerbäck, et al 1995) the DNA adduct levels in these samples would be expected 
to be high (about 500 per 108 normal nucleotides). Despite the fact that in vitro raised 
N1-GA-adenine was detectable by this method (after conversion to N6-GA-adenine), 
this adduct could not be detected in mouse liver DNA after exposure to acrylamide or in 
human placental DNA after exposure to acrylamide or glycidamide (II, III). In many 
cases it could be difficult to detect low levels of some adducts, because of interfering 
background radioactive peaks. However, in this case the radiogram was very "clean" in 
the range of retention time of N6-GA-5'-dAMP so even very low peaks should have 
been detected.


Numerous control experiments carried out did not give any explanation for the 
undetectable in vivo adducts. Repair of the adduct could not be detected in cell 
experiments, which is in line with the work with propylene oxide, where the mouse data 
indicated very slow or no repair of the N1-adenine adduct in mouse liver or in DNA 
treated with extracts from mammalian cells (Plna, et al 1999). The reason why N1-GA-
adenine could not be detected after perfusion with acrylamide could simply be, as the 
metabolite study indicated, that the metabolism of the placenta is very poor. However, 
that would not be the case for glycidamide (which is directly reactive) and the perfusion 
data indicate that the compound was transferred through the placenta and was relatively 
stable. The reason for the negative results is therefore unknown, but one cannot exclude 
fast repair since the cells used in the test could not be directly compared to the placenta 
and the estimation of expected adduct levels could also be wrong. Another, not tested, 
reason for the negative result could be that the estimation that N1-GA-adenine would be 
18% of N7-GA-guanine was an overestimation. N1-adenine adducts are preferentially 
formed in single stranded DNA so if the DNA used was to a major extent single 
stranded the expected levels in the placental study would overestimated. However, in 
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order to explain the negative results that overestimation must be considerably more than 
a factor of 10, which is probably unlikely. 


6.4 Fetal exposure to acrylamide, glycidamide and NDMA (III, IV) 


The transfer of acrylamide, glycidamide and NDMA in our human placental perfusion 
experiments suggests fetal exposure to these carcinogenic compounds if the mother is 
exposed (III, IV). However, the level of exposure is quite low and the effects to the 
fetus are not known. In all of the accepted perfusions the transfer rate of reference 
compound antipyrine was similar to earlier results from our group (Pienimäki, et al 
1997, Myllynen, et al 2003) and other laboratories using similar perfusion system 
(Ching, et al 1987, Ghabrial, et al 1991). 


Comparison of the kinetics of the studied compounds with that of antipyrine gives an 
indication whether the transfer is passive or mediated through active transport. The 
transfer rate may be slower if the compound is actively pumped out of the 
syncytiotrophoblast through the maternal brush border by ABC transporters, which have 
been shown to reside in this location (Ganapathy and Prasad 2005, Vähäkangas and 
Myllynen 2009). Transfer experiments for NDMA in Caco-2 and MDCK-MDR1 cells 
were carried out to discover if the transfer of NDMA is mediated by efflux transporters. 
The transfer from maternal to fetal side may be inhibited by saturable efflux transporters 
such as P-glycoprotein or breast cancer resistance protein (BCRP/ABCG2) located in 
the apical surface of syncytiotrophoblast (Gedeon, et al 2008, Evseenko, et al 2006, 
Mathias, et al 2005) (IV). In Caco-2 and MDCK cells the localization of the efflux 
transporters is also apical and these cells were one choice to study whether the target is 
P-gp or BCRP, while uncontaminated BeWo cells were out of our reach. Since the 
transfer from apical to basal direction did not differ from the transfer from basal to 
apical direction in our study, there was no indication of NDMA being a substrate for the 
transporters expressed (P-glycoprotein and BCRP).   


Acrylamide, glycidamide and NDMA are smaller and more water-soluble molecules 
than antipyrine and they could be transferred through the human placenta also 
paracellulary or through the pores in the placenta. However, in human placenta, the 
syncytiotrophoblast layer is without cell borders (Benirschke, et al 2006). Therefore, if 
the transfer is as fast as the transfer of acrylamide and NDMA was, and comparable to 
the transfer of antipyrine, it is most probably mainly through the cells by passive 
diffusion (Brandes, et al 1983, Challier 1985, Rurak, et al 1991, Schenker, et al 1992, 
Mölsä, et al 2005). The results from Transwell experiments support this theory for 
NDMA.  


Compared to the acrylamide perfusion study by Sörgel and co-workers (Sörgel, et al 
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2002), we carried out longer perfusions (0.5 hours vs. four hours) and consequently 
were able to show that the maternal and fetal concentrations equilibrated within 2-3 
hours. Sörgel and co-workers (Sörgel, et al 2002) discovered that 20 % of acrylamide 
crossed the human placenta within half an hour, which agrees well with our results. 
Haemoglobin adducts of acrylamide have been found in umbilical cord blood of 
newborn babies from the mothers, suggesting also in vivo fetal exposure to acrylamide 
(Schettgen, et al 2004). O6-Methylguanine adducts (not necessarily specific for NDMA) 
have been found in umbilical cord blood of neonates (Georgiadis, et al 2000). The level 
of adducts in maternal blood compared to the level in umbilical cord blood was about 
two times higher for acrylamide (which could be explained by the lower reactivity of 
acrylamide towards fetal haemoglobin) and 1.2 times higher for NDMA. Our perfusion 
results show that there are equal levels of acrylamide or NDMA in maternal and fetal 
circulation indicating that fetuses can be exposed to these compounds as much as their 
mothers. All in all, the previous work on acrylamide (Sörgel, et al 2002) and NDMA 
(Georgiadis, et al 2000) together with our results indicates that human placenta does not 
protect the fetus from transplacental exposure to NDMA, acrylamide or its genotoxic 
metabolite, glycidamide.  


However, there are some limitations in human placental perfusion model. The method is 
extremely challenging, since on average 50% of the perfusions are unsuccessful due to 
e.g. the microscopic ruptures in the tissue. The viability of the tissue gets worse when 
the placenta matures; after 38 week of pregnancy, the placenta gets fragile and calcified. 
The viability of placental lobule may also be critical during the perfusion, since the 
tissue must recover from oxidative stress. Moreover, the set up of the method is 
challenging since the equipment is mostly custom made. The most important weakness 
of the method is the fact that placentas are obtained from term deliveries and therefore 
does not reflect function earlier in pregnancy when the effects from exposure to a toxic 
agent are putatively more critical, and a different range of transporters and metabolizing 
enzymes can be active.  


6.5 DNA binding of carcinogens in human placenta (II, III, IV) 


It is known that human tissue can metabolize acrylamide into the more genotoxic 
glycidamide, since glycidamide metabolites have been found in human urine (Bjellaas, 
et al 2005, Boettcher, et al 2005, Fennell, et al 2005, Boettcher, et al 2006, Fennell, et al 
2006, Fuhr, et al 2006). However, based on the oral kinetic studies in humans and 
rodents, the metabolic capacity to activate acrylamide is smaller in humans than in rats 
or in mice, where as much as 30-50 % of acrylamide is metabolized into glycidamide 
and glycidamide derived metabolites, mainly in liver (Sumner, et al 1992, Sumner, et al 
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2003, Boettcher, et al 2005, Kopp and Dekant 2009). Before our study, it was unknown 
whether human placenta can metabolize acrylamide. In our study, acrylamide was not 
metabolized into glycidamide in human placental perfusions. This agrees with the fact 
that CYP2E1 activity necessary for acrylamide activation is very low or nonexistent in 
human placentas (Glover, et al 1998, McRobie, et al 1998, Collier, et al 2002). 


No specific glycidamide adducts in acrylamide or glycidamide perfusions (II, III) nor 
N7-MeG adducts in NDMA perfusions were found (IV). Furthermore, in NDMA 
perfusions there was neither DNA binding in in vitro placental microsomal incubations 
nor radioactivity in total DNA from perfused placental tissue (IV). The perfusion 
studies and microsomal incubations confirmed that neither acrylamide nor NDMA were 
metabolized into the reactive glycidamide or methyl diazonium ion in human placentas 
from non-smoking, non-drinking mothers (III, IV). Therefore, it was not unexpected 
that no DNA adducts could be detected in the placenta perfused with acrylamide or 
NDMA. It is more difficult to explain why there were no adducts after glycidamide 
exposure, either. Due to the dose of glycidamide used in perfusions (5 μg/ml, 1 
mg/perfusion) the calculated adduct level could have been 2/107 and we should have 
seen some indication of the adducts.  


Although haemoglobin adducts of acrylamide have been found in umbilical cord of 
neonates (Schettgen, et al 2004) it seems that there are no major concerns of acrylamide 
metabolism or glycidamide DNA adducts in human term placenta. Thus, the exposure 
to these compounds at the end of the pregnancy is probably not affected the 
development of the placenta. Additionally, because no adducts were found after 
perfusions with NDMA and no metabolism or binding to DNA was seen in human 
placental microsomes, it seems that the O6-meG adduct found in placenta and fetuses of 
monkeys (Chhabra, et al 1995) and in human cord blood (Georgiadis, et al 2000) are 
probably not formed in the placenta or not derived from NDMA. One possibility is that 
the adducts found in vivo are formed in the mother after liver metabolism of NDMA 
into an active metabolite which is then transferred from maternal circulation to the fetal 
side through the placenta. This hypothesis has not been tested yet, but since the reactive 
intermediates formed from NDMA are extremely short-lived, most of them probably 
react close to the site of formation if not stabilized by some kind of transporter. One 
way for transfer of these metabolites can be binding to plasma proteins, like the 
behavior of e.g. aflatoxin (Yatim and Sachan 2001).  


Both acrylamide and NDMA are metabolically activated into genotoxic metabolites by 
CYP2E1 (Yang CS, Smith T, Ishizaki H, Hong JY 1991, Ghanayem, et al 2005). Thus, 
the results of our metabolism and binding studies are probably dependent on the 
CYP2E1 activity in the placenta. There are several studies on CYP2E1 activity in 
human placenta from healthy mothers. Hakkola and co-workers (Hakkola, et al 1996) 
found CYP2E1 mRNA with several other CYP mRNAs in first trimester human 
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placentas. Likewise, Vieira and co-workers (Vieira, et al 1998) found RNA of CYP2E1 
in variable levels in full-term human placentas. However, no CYP2E1 enzyme activity 
has been found in full term human placenta from healthy mothers (Glover, et al 1998, 
McRobie, et al 1998, Collier, et al 2002). According to the latest studies it seems that in 
normal placentas, CYP2E1 is not active (Czekaj, et al 2005). Whether the enzyme is 
induced in the placenta by maternal use of ethanol during pregnancy remains to be 
studied in more detail. Some indication of such an induction has been presented in the 
literature (Chhabra, et al 1995, Rasheed, et al 1997).


The study by Rasheed and co-workers (1997) suggests that CYP2E1 is probably active 
only in the placentas of mothers consuming large amounts of alcohol. Therefore, 
metabolism of acrylamide and NDMA probably does not occur in most of the placentas 
from non-drinking mothers, like in our study were only placentas from non-smoking, 
non-alcoholic, healthy mothers were used (III, IV). The results may not be similar if the 
placentas had been collected from mothers who had drunk alcohol during pregnancy. 
For future studies, it would be important to study CYP2E1 activity and putative 
acrylamide and NDMA activation in ethanol induced placentas. Ethanol might have an 
effect on the transfer of NDMA and DNA adduct formation because both NDMA and 
ethanol are metabolized by CYP2E1, and in the study by Chhabra and co-workers 
(1996), ethanol affected adduct formation of NDMA. Due to the sensitivity of the issue, 
ethical aspects in such a study would require special attention and planning.


All in all, it seems that acrylamide metabolism into glycidamide or NDMA metabolism 
into reactive diazonium ion and therefore the adduct formation in human placenta from 
women not consuming alcohol, is not significant (III, IV), at least towards the end of 
pregnancy. However, it has to be taken into account that the analytical method used was 
not validated for the very small concentrations of glycidamide which thus may have 
escaped detection (I, III). Although metabolism was not seen in the full-term placentas 
from non-alcoholic mothers, it does not rule out the possibility that placentas could 
metabolize these compounds in early pregnancy or if the mother has used alcohol 
during her pregnancy. Furthermore, in vivo maternal metabolism of acrylamide and 
NDMA into their genotoxic forms in the liver is possible. These metabolites may be 
transferred into the fetus and may harm the unborn child.  
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7 SUMMARY AND CONCLUSIONS 


1. A sensitive method for simultaneous analysis of acrylamide, 
glycidamide and antipyrine in perfusion medium and placental tissue 
was developed by LC-MS/MS and successfully used for placental 
perfusion studies. The ability to measure concentrations in maternal 
and fetal circulations and in placental tissue gave the possibility to 
analyze placental transfer kinetics, tissue accumulation as well as 
placental metabolism of acrylamide into glycidamide during the 
perfusions  (I, III)


2. A 32P-postlabelling method was developed which theoretically can be 
used for the detection of N1-adenine DNA adducts derived from 
acrylamide in placental tissue from perfusion studies (II). In vitro
induced DNA adducts were measured by this method. However, no 
adducts could be detected in human placental tissue perfused with 
acrylamide or glycidamide. 


3. Acrylamide, its metabolite glycidamide, NDMA and the reference 
compound antipyrine were easily transferred to fetal circulation 
through the perfused human placenta indicating fetal exposure (III, 
IV). The transfer of these compounds through the human placenta is 
probably by passive diffusion. No indication of the effect of efflux 
transporter proteins P-gp or BCRP on the transfer of NDMA was 
found in Transwell cell experiments.


4. In acrylamide perfusions no glycidamide metabolite was found in 
perfusion medium or placental tissue (III). DNA binding or specific 
DNA adducts of acrylamide, glycidamide or NDMA were not formed 
in human placenta (II, III, IV). These findings are in line with the 
data in the literature indicating that CYP2E1 is not active in full term 
human placentas from healthy mothers. 


In this study we have shown that maternal in vivo exposure to these mutagenic and 
highly toxic compounds acrylamide, glycidamide and NDMA most probably leads to 
fetal exposure as well. Consequently, every-day maternal exposure to these carcinogens 
may endanger fetal health. Metabolism or DNA adduct formation of these genotoxic 
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carcinogens could not be detected in human placenta. Our study supports the literature 
where the activity the CYP2E1, the genotoxifying enzyme for acrylamide and NDMA, 
has not been found in normal, full-term human placenta.  
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a b s t r a c t


A rapid and sensitive method using liquid chromatography–tandem mass spectrometry (LC–MS/MS) was


developed for the simultaneous determination of acrylamide (AA) and its genotoxic metabolite glyci-


damide (GA) with a test marker antipyrine (AP) in placental tissue and perfusion medium used in human


placental perfusion studies. An internal standard (13C-acrylamide) was added to the samples which were


then deproteinized with acetonitrile. Chromatographic separation was performed on a reversed phase


column with a gradient elution of acetonitrile and 0.01% formic acid at a flow rate of 0.3 mL/min. Detec-


tion and quantification of the analytes were carried out with a triple quadrupole mass spectrometer using


positive electrospray ionization (ESI) and multiple reaction monitoring (MRM). The method was validated


and linear over a concentration range of 0.5–20 �g/mL for acrylamide and glycidamide and 5–200 �g/mL


for antipyrine. The lower limit of quantification for acrylamide and glycidamide was 0.5 �g/mL and for


antipyrine 5 �g/mL. The method was selective, and good accuracy, precision, recovery, and stability were


obtained for concentrations within the standard curve. The method was successfully used to analyze the


placental perfusion medium and tissue samples in a toxicokinetic study for transplacental transfer of acry-


lamide and glycidamide. This is the first time that acrylamide, glycidamide and antipyrine are measured


simultaneously.


© 2008 Elsevier B.V. All rights reserved.


1. Introduction


The neurotoxic, carcinogenic and mutagenic acrylamide (AA) is


formed by Maillard reaction in heated food containing asparagine


and reducing sugars [1,2]. AA is metabolized into a more mutagenic


and genotoxic epoxide metabolite, glycidamide (GA) via CYP2E1


and forms haemoglobin and DNA adducts in vivo [3]. GA is the most


reactive and biologically most important metabolite of AA [4]. GA


has been found in human urine after the exposure to AA in food


[4]. Because there are concerns of AA and especially GA as possible


transplacental carcinogens, data of AA and GA transfer in human


Abbreviations: AA, acrylamide; GA, glycidamide; AP, antipyrine; LC–MS/MS, liq-


uid chromatography with tandem mass spectrometric detection; HPLC-UV, high


performance liquid chromatography with ultraviolet detection; FD, fluorescence


detector; FID, flame ionization detector; ECD, electron capture detector; IS, inter-


nal standard; QC, quality control; R.S.D., relative standard deviation; LLOQ, lower


limit of quantification; SPE, solid phase extraction; LLE, liquid–liquid extraction.
∗ Corresponding author. Fax: +358 17 2410.


E-mail address: kirsi.annola@uku.fi (K. Annola).


placenta is needed. For such studies human placental perfusion is


potentially the best method because placenta is an organ which


differs the most between species. In perfusion human placenta can


be kept physiologically functional if the perfusion is initiated right


after delivery. Placental perfusion has been mainly used to study


placental transfer of drugs but it is also applicable in studies of


toxic environmental chemicals [5]. In placental perfusion studies


methods for the analysis of the studied compounds in perfusion


medium and placental tissue are the prerequisite for experiments.


AA in drinking water [6] and in various food products [7–10]


has been analyzed by many techniques. For the analysis of AA,


several different sample preparation procedures have been used,


such as liquid–liquid extraction (LLE) and solid phase extraction


(SPE) based either on non-retentive SPE, or double SPE with a com-


bination of a hydrophilic/lipophilic stationary phase column and


mixed mode sorbent column [9,11,12]. AA and GA are highly water


soluble compounds and they have minute retention on reversed


phase columns, which makes the development of a specific and


selective HPLC-UV method challenging. Therefore, in addition to


reversed phase a large number of chromatographic techniques have


been used including normal phase, ion exchange, gel permeation


1570-0232/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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chromatography or various combinations of the above techniques


[13,14]. Ultraviolet (UV), fluorescence (FD) and mass spectrometric


detection (MS or MS/MS) have been used with liquid chromatog-


raphy [11,15]. AA has also been analyzed by gas chromatography


as brominated or silylated derivatives with flame ionization (FID),


electron capture (ECD) and mass spectrometric detection (MS and


MS/MS) [11]. These methods usually require tedious multi-step


sample treatment and heating, which can lead to polymerization


of AA. Above mentioned instrumental techniques has been also


exploited, for analyzing AA and GA from biological samples, such


as human urine [4], mouse serum [16] and rat plasma [17].


Antipyrine (AP) is a commonly used marker for transfer by pas-


sive diffusion. Antipyrine has in addition to many human placental


perfusion studies also been used in other experimental models


for toxicokinetic studies [18,19]. In placental perfusion, AP is used


to determine the overlap between maternal and fetal circulation


and to normalize variation between perfusions [20]. AP has been


analyzed in perfusion medium by HPLC-UV [21] or by scintillation


counting using 14C labelled AP [22]. It would be more effective to


measure AP simultaneously with the studied compounds. However,


AP is more lipid soluble than AA and GA making the combined anal-


ysis challenging. Consequently, no methods exist for simultaneous


analysis of AA, GA and AP in human tissue and perfusion medium.


If applicable to human plasma, such a method could also improve


the risk assessment of AA [23].


None of the above mentioned published methods [4,16,17] were


developed to analyze simultaneously AA, GA and AP from perfusion


medium and placental tissue. This is the first study describing the


development and validation of a simple and fast LC–MS/MS method


with a single step sample preparation for the simultaneous analysis


of AA, GA and AP in placental perfusion medium and perfused pla-


cental tissue from human placental perfusion studies. This method


was validated in terms of selectivity, linearity, precision, accuracy


and stability, and proved to be appropriate for its purpose.


2. Experimental


2.1. Chemicals and reagents


AA (purity 99.9%) and AP (purity >98%) were purchased from


Sigma (St. Louis, MO, USA), GA from Toronto Research Chemicals


(Toronto, Canada) and 13C-acrylamide, 1,2,3-13C3 (isotope purity


99%), 1 mg/mL in methanol from Cambridge Isotope Laborato-


ries (Andover, MA, USA). Acetonitrile was obtained from J.T. Baker


(Deventer, Holland) and formic acid from Merck (Darmstad, Ger-


many). Perfusion medium consisted of RPMI 1640 cell culture


medium (Cambrex, Verviers, Belgium) with dextran (2 g/l, Sigma),


human albumin (2 g/l, The Finnish Red Cross, Finland), heparin


(25 IU/mL, Leo Pharma, Malmö, Sweden), sodium puryvate (1 mM,


Cambrex, Fluka), non-essential amino acid solution (10 mL/l, Cam-


brex, Fluka), penicillin–streptomycin (25 U/mL Cambrex, Fluka) and


l-glutamine (8 nM, Cambrex, Fluka). De-ionized H2O was produced


using a Milli-Q water purification system from Millipore (Milford,


MA, USA). All reagents were of analytical grade, and the solvents


were of HPLC grade.


2.2. Equipment and chromatographic conditions


The HPLC system comprised of an Agilent 1200 Series Rapid


Resolution LC System (Agilent Technologies, Waldbronn, Germany)


with a Zorbax SB-Aq column (100 mm × 2.1 mm, 3.5 �m) (Agilent


Technologies, Palo Alto, CA, USA). The mass analysis was carried


out with an Agilent 6410 Triple Quadrupole mass spectrometer


equipped with an electrospray ionization source (Agilent Tech-


nologies, Palo Alto, CA, USA). Data acquisition and quantification


was conducted using Agilent MassHunter Workstation software


B.01.00.


Chromatographic separations were performed using a gradi-


ent elution with 0.01% formic acid (A) and acetonitrile (B) as


follows: 0–1.0 min, 5% B; 1.0–1.3 min, 5% B → 40% B; 1.3–4.0 min,


40% B; 4.0–4.1 min, 40% B → 5% B; 4.1–7.0 min, 5% B. Flow rate


was 0.3 mL/min, column temperature was maintained at 25 ◦C and


autosampler tray temperature was set at 10 ◦C. Injection volume


was 10 �l. The following ionization conditions were used: elec-


trospray ionisation (ESI) positive ion mode, drying gas (nitrogen)


temperature 300 ◦C, drying gas flow rate 10 l/min, nebulizer pres-


sure 50 psi and capillary voltage 4000 V. Detection was performed


using multiple reaction monitoring (MRM) with the following tran-


sitions: m/z 72 → 55 for AA, m/z 75 → 58 for 13C-AA, m/z 88 → 44 for


GA and 189 → 56 for AP. Fragmentor voltage and collision energy for


AA, IS and GA were 60 and 10 V, respectively. For AP the fragmentor


voltage and collision energy were 60 and 30 V, respectively. Dwell


time was 100 ms and mass resolution (peak width) for MS1 and


MS2 quadrupoles were 1.2 FWHM. Divert valve was programmed


to allow eluent flow into the mass spectrometer from 0.9 to 5.0 min


of each run. Internal standard method was used for the analysis of


AA and GA. External standard method was used for the AP.


2.3. Preparation of standards


The stock solutions of AA, GA and AP were prepared by dis-


solving the compounds in H2O to give a final concentrations of


10 mg/mL and 1 mg/mL for 13C-AA which was used as an IS for


AA and GA. The stock solutions were stored at −20 ◦C. The solu-


tions of AA, GA and AP were daily diluted in H2O to obtain standard


working solution at a concentration of 100 �g/mL for AA and GA


and 1000 �g/mL for AP. The calibration standards were prepared


by adding the analytes in perfusion medium or in supernatant of


centrifuged control tissue homogenate to give concentrations of


0.5, 1.0, 2.0, 4.0, 8.0, 12, 15 and 20 �g/mL of AA and GA and 5,


10, 20, 40, 80, 120, 150 and 200 �g/mL of AP. Internal standard


(1.0 �g/mL of 13C-AA) was added into each sample. Quality con-


trol (QC) samples containing AA (1.0, 4.0, 15 �g/mL), GA (1.0, 4.0,


15 �g/mL) and AP (10, 40, 150 �g/mL) were prepared from stock


solutions by adding the analytes into blank perfusion medium or


placental tissue homogenate.


2.4. Sample preparation


During the 4 h perfusions perfusion medium samples from


maternal and fetal circulation were collected every half an hour


for the first 2 h and once per hour thereafter. To remove the red


blood cells, samples were centrifuged at 12,000 × g for 15 min and


the supernatant was stored in −20 ◦C. For measuring AA, GA and


AP in perfused tissue, a 0.5 g piece of tissue was homogenized with


1 mL of H2O and centrifuged at 12,000 × g for 15 min before the


sample preparation and analysis. Before LC–MS/MS analysis the


proteins in all samples were precipitated with acetonitrile. Acetoni-


trile (300 �L) was added to 100 �L of perfusion medium samples


or the supernatant of 0.5 g of tissue homogenate sample. After vor-


texing and centrifugation at 12,000 × g for 15 min, 100 �l of clear


supernatant was diluted with 900 �l of H2O and injected into the


instrument.


2.5. Validation


Validation of our method was based on the FDA guidelines for


bioanalytical methods [24]. The selectivity was assessed by analyz-


ing reference standards with and without background. The matrix


effect was studied by a post-column infusion experiment [25]. The
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linearity of the assay for each of the analytes, in both buffer and tis-


sue homogenate were assessed by analyzing the calibration curves


from eight concentrations of dilution series in duplicate covering


the range of 0.5–20 for AA or GA and 5–200 �g/mL for AP, respec-


tively. The calibration curve included samples of perfusion matrix


without analytes including IS (a blank sample) and excluding IS (a


zero sample). The lower limit of quantification (LLOQ) was deter-


mined by calculating precision and accuracy for five LLOQ samples


that were independent of the calibration curve. The intra-day preci-


sion of the assay was assessed by calculating the relative standard


deviation (R.S.D.) for the analysis of QC samples in six replicates,


and inter-day precision was determined by the analysis of QC sam-


ples on 3 days. Accuracy was assessed by calculating the deviation


of the measured value from the nominal value, which compared the


calculated and known concentrations. Recovery of the analytes was


expressed as a percentage area of the QC sample relative to that of


the corresponding standard sample in six replicates. The stability


of the analytes was investigated in three replicates of QC1 and QC3


before sample preparation, both in perfusion medium (−20 ◦C) and


in tissue homogenate (−80 ◦C) and by comparing the concentra-


tions to those of freshly prepared standards. The freeze and thaw


stability was determined after three freeze–thaw cycles. The short-


term temperature stability was investigated by keeping the samples


for 4 h at room temperature before sample preparation. The long-


term stability was evaluated by analyzing the samples stored up to


30 days in freezer. The stock solution stability was investigated by


comparing freshly prepared standards to standards prepared from


a stock which had been frozen for 30 days and kept at room tem-


perature for 6 h after thawing. The post-preparative stability was


assessed by keeping the samples in autosampler at 10 ◦C for 24 h.


2.6. Application—human placental perfusion study


The method described in this paper is primarily meant to be used


for analysis of samples from ex vivo perfused fresh human placen-


tas, to study transplacental transfer and tissue accumulation of AA,


GA and AP. To get a human placenta after birth, approval from the


official Research Ethics Committee of the University Hospital Dis-


trict of Kuopio region was gained (11th of May 2005). Details of the


human placental perfusion method are described by Myllynen et


al. [21]. In pilot experiments, one perfusion with AA (4 �g/mL) and


one with GA (5 �g/mL) were carried out. The amount of analytes in


perfusions was about 1 mg which is comparable to the estimated


average daily intake of AA for a 70 kg adult, 0.35 mg/day [26].


3. Results and discussion


3.1. Development of the method


During the method development several different reversed


phase (RP) and hydrophilic interaction chromatography (HILIC)


columns were tested with HPLC-UV instrumentation. As AA and


GA are both small (MW 71.08 and 87.08, respectively), polar and


hydrophilic compounds, the reversed phase technique with HPLC-


UV provided poor retention to the columns tested even with


columns designed for polar compounds and aqueous mobile phases


such as alkylamide and “Aqua type” columns. Because all tested


columns provided only minute retention, attention was focused to


sample preparation to separate AA and GA from various inorganic


salts eluting at the solvent front and the endogenous compounds


present in perfusion samples. For this purpose, together with pro-


tein precipitation various solid phase extraction columns, including


polymer-based stationary phase (OASIS HLB, Waters, MA, USA),


mixed-mode (Strata XC, Phenomenex Inc., USA) and ion chromatog-


raphy (SAX and SCX, Varian Inc., USA), and liquid–liquid extraction


with ethyl acetate were tested to provide a cleaner extract for the


injection. Although with protein precipitation the recovery was


high, the method was not selective enough to separate AA and


GA from the background. Furthermore, although SPE columns have


shown to be accurate and precise for AA analysis in food [27,28],


in our study all of the tested columns were inadequate to pro-


vide a method with acceptable precision. With the tried method


it varied from 6 to 24%, especially the precision of GA at QC1 which


was even more than 180%. Moreover, the recovery of SPE columns


was only around 40%. Because the highest precision from replicate


measurements was obtained with protein precipitation during the


preliminary method development, it was selected as the sample


preparation method with LC–MS/MS.


As a conclusion from the preliminary method development, the


more selective mass spectrometric detection was chosen for instru-


mental technique. Although AA and GA were poorly retained in the


reversed phase HPLC column, we found a triple quadrupole mass


spectrometer with highly selective MRM together with the reversed


phase technique adequate for separating the analytes from the dis-


turbance caused by matrix and inorganic salts. With LC–MS/MS,


the best combination of peak shape and capacity factor (k) were


achieved with a narrow bore C18 column optimized for acidic


aqueous solutions (Zorbax SB-Aq, Agilent) with a mobile phase


of water–acetonitrile–formic acid (95:5:0.01, v/v/v). It should be


noted that the AA peak showed some tailing with all columns and


mobile phase compositions tested. To be able to include antipyrine


(AP) in the analysis, it was necessary to add a steep ACN gradient at


the end of the run to elute this relatively lipophilic compound. The


HPLC instrument was optimized for low gradient volumes to allow


fast response to the applied change in the mobile phase composi-


tion.


Mass spectrometric detection was performed using a highly


selective MRM mode. The amount of formic acid in mobile phase


was not critical for the chromatography and 0.01% was found to


produce the most intense ESI ionization for AA and GA. The use of


a volatile ion-pairing additive TFA was not feasible as it created a


substantial amount of ion suppression. Using full-scan MS exper-


iments, the molecular ions for AA, IS (13C-AA), GA and AP were


found to be m/z 72, m/z 75, m/z 88 and m/z 189, respectively. By


monitoring transitions to the most intensive product ions (Fig. 1),


a specific and sensitive assay was developed. Following transitions


were used: m/z 72 → 55 for AA, m/z 75 → 58 for 13C-AA, m/z 88 → 44


for GA and 189 → 56 for AP. Similar transition for AA was selected as


in other published methods based on the abundance of production


ion [29–31]. A stable isotope-labelled analogue of AA was selected


as an internal standard to ensure uniform behaviour of the AA and


IS in the entire analytical instrumentation as well as during the


sample preparation. Despite being an isotope analogue of AA, this


IS was also found to be well suited for the analysis of GA. No prob-


lems with the isotopic integrity of the label were observed. AP was


analyzed by using an external standard method.


3.2. Selectivity and matrix effect


To determine the selectivity of the LC–MS/MS method, six refer-


ence samples of AA, GA, AP or IS added in non-perfused perfusion


medium and prepared with the sample preparation method were


analyzed (Fig. 2). The selectivity was ensured with the LLOQ sam-


ples from each analyte. The solvents or perfusion medium did


not give any interfering peaks or background in any of the sam-


ples.


Furthermore, a post-column infusion experiment was per-


formed to evaluate the matrix effect after the injection of the


placental perfusion samples. The infusion setup consisted of a
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Fig. 1. Product ion mass spectra with proposed fragmentation of acrylamide (A), glycidamide (B) and antipyrine (C).
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Fig. 2. MS chromatograms of (A) standard sample of acrylamide (AA) 4 �g/mL (retention time 1.25 min, MRM m/z 72 → 55), (B) glycidamide (GA) 4 �g/mL (retention time


1.1 min, MRM m/z 88 → 44), (C) antipyrine (AP) 40 �g/mL (retention time 3.97 min, MRM m/z 189 → 56), and (D) internal standard (IS) (13C-acrylamide) 1 �g/mL (retention


time 1.25 min, MRM m/z 75 → 58) added into placental perfusion medium. (E–H) A sample from maternal circulation in human placental perfusion after 4 h exposure to


4 �g/mL of acrylamide and 100 �g/mL of antipyrine or 5 �g/mL of glycidamide. (I–L) A sample from perfused placental tissue after 4 h exposure to 5 �g/mL acrylamide and


antipyrine (I, K, L) or 5 �g/mL of glycidamide (J).


Fig. 3. Effect of injecting blank human placental perfusion sample or tissue homogenate sample on column with post-column infusion. Panels A–F are MRM chromatograms


for analytes with a protein precipitation for blank perfusion sample (A–C) or tissue sample (D–F) injected on column. Constant flow of standard solution of analytes in 10%


ACN was delivered via the T-piece to the mobile phase. Analyte signals were monitored after the injection of a blank sample from placental perfusion experiment.
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Table 1
The linear range, calibration curve parameters with standard errors, regression coefficients and LLOQ’s of acrylamide, glycidamide and antipyrine (n = 3).


Compound Linear range (�g/mL) Regression parameters R2 LLOQ (�g/mL)


Slope ± S.T.D. error Intercept ± S.T.D. error


Acrylamide 0.5–20 0.6183 ± 0.0044 −0.0192 ± 0.0046 0.999 0.5


Glycidamide 0.5–20 0.0354 ± 0.0009 −0.0024 ± 0.0010 0.991 0.5


Antipyrine 5.0–200 0.0056 ± 0.0001 −7.2498 ± 0.7895 0.999 5.0


syringe pump and a post-column T-piece as reported elsewhere


[25]. The results indicated the absence of significant ion suppres-


sion at the retention time of the analytes (Fig. 3).


3.3. Linearity


The eight-point calibration plots obtained by 1/x weighted lin-


ear regression with the equation y = bx + c were highly linear over


the range of 0.5–20 �g/mL of AA or GA and 5–200 �g/mL of AP


with the correlation coefficients of 0.999, 0.991 and 0.999, respec-


tively. The calibration curve parameters with standard errors and


regression coefficients are summarized in Table 1. Deviation of cal-


ibration standards from their nominal concentrations were less


than 15% in all studied calibration levels. The LLOQ of AA and GA


with acceptable accuracy and precision (<15% R.S.D.) was 0.5 �g/mL


representing 125 pg injected on the column and LLOQ of AP was


5 �g/mL. We found our LLOQ to be in line with the published LLOQ


values determined by LC–MS/MS for AA analysis in food (1–5 ng/mL


or 2–200 pg/injection) [11] or GA analysis in biological matrices


(0.1 �M; 670 pg/injection) [16] and to be about 16–80 times more


sensitive than LLOQ values found by HPLC-UV methods (0.1 �g/mL


for AA or 2 ng/injection and 0.5 �g/mL for GA or 10 ng/injection)


[17]. Since the method was developed and optimized for the known


concentration range, there was no need for optimization of sensitiv-


ity. Expressed as signal to noise value, peak intensities at LLOQ were


70, 20 and 1000 for AA, GA and AP, respectively, made in perfusion


medium and/or tissue homogenate.


3.4. Precision, accuracy and recovery


The precision and accuracy of all QC samples shown in Table 2


were within the acceptable range [24]. Similar precisions and accu-


racies were obtained by Barber et al. [17] and Twaddle et al. [16].


The method was accurate and precise between runs and within


individual runs at each level for all the analytes. The recovery of AA


and AP were 100% and GA more than 90% showing that the recovery


of the analytes was consistent, precise and reproducible which is


comparable to the other published methods [16,17].


3.5. Stability


There was no significant degradation of AA, GA or AP after three


freeze–thaw cycles (at least 24 h interval between each cycle) in


comparison with freshly prepared samples (mean difference 4%).


The short-term temperature stability also showed no significant


degradation of any of the three analytes in perfusion medium or


tissue homogenate after 4 h storage at room temperature (mean


difference +4%). The AA, GA and AP concentrations in 14 and


30 days of long-term stability samples were within the range


of −20 to +10%. The stock solution of AA, GA and AP in water


was stable for 30 days when stored at −20 ◦C and kept at room


temperature for 6 h after thawing. Post-preparation samples were


found to be stable during 24-h storage at 10 ◦C in the autosam-


pler.


3.6. Application


The bioanalytical method described was developed for the study


of transplacental transfer of AA and GA with AP in full-term human


placentas. Also, the putative accumulation of AA, GA and AP in pla-


cental tissue after perfusions is of interest and will be analyzed with


this method. When analyzing the unknown samples from two pilot


perfusions by LC–MS/MS the quality control samples and standard


curve analyzed showed good reproducibility, accuracy and linear-


ity. In the pilot perfusions, AA, GA and AP were found not only in


maternal but also in fetal samples as well as in placental tissue


(Figs. 2 and 4). The concentrations of AP in the pilot experiment


were confirmed with a validated HPLC-UV method developed for


the analysis of AP in perfusion medium. The concentrations of AA,


GA and AP measured in maternal and fetal circulations were above


the LLOQ of the method and all the measured concentrations were


within the range of the method. Thus, the method was applicable


Table 2
Intra-day and inter-day precisiona and accuracyb for acrylamide, glycidamide and antipyrine in perfusion medium.


Analytes Nominal concentration (�g/mL) Intra-day precision and accuracy Inter-day precision


Mean (n = 5) (�g/mL) R.S.D. (%) Mean accuracy (%) Mean (n = 3 days) (�g/mL) R.S.D. (%)


Acrylamide 0.5 0.5 1.1 98 0.52c 3.3


1 1.0 2.2 102 1.0 4.8


4 3.9 1.2 97 4.4 15


15 15 0.5 98 15 7.5


Glycidamide 0.5 0.6 3.5 114 0.56c 4.9


1 1.0 3.4 103 1.0 6.8


4 3.7 3.3 93 4.2 12


15 14 1.9 95 14 8.5


Antipyrine 10 9.5 18 95 9.5 14


40 38 2.6 95 41 11


150 141 1.6 94 144 8.5


a Precision ≤ 15% R.S.D., for LLOQ ≤ 20% R.S.D.
b Deviation from calculated content ≤ 15% (LLOQ ≤ 20%).
c n = 2 days.
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Fig. 4. Transfer of acrylamide (A) and antipyrine (B) through the human placenta during the 4 h placental perfusion in one pilot study. The concentrations in maternal


(triangles) and fetal (squares) circulations in one perfusion with 4 �g/mL of acrylamide (A) and 100 �g/mL of antipyrine (B).


for the measurement of AA, GA and AP concentrations obtained


from placental perfusion.


4. Conclusions


AA and GA were initially analyzed by HPLC-UV, because the


sensitivity of the UV was reported to be adequate for our purpose


according to a study with rat plasma [17]. However, sufficient speci-


ficity was gained only by LC–MS/MS due to the high background


signal of perfusion medium in UV detection. Additionally, in our


LC–MS/MS method there are no sample preparation steps which


may induce loss of analytes during sample preparation [17]. The


developed LC–MS/MS method was also fast, increasing the sample


throughput, the sample preparation was straightforward and the


method was suitable for measuring AA, GA and AP simultaneously


both in perfusion medium and in placental tissue. The sensitivity


of the method was 0.1 �g/mL for AA and GA and thus it can well


be used to detect concentrations in maternal and fetal circulations


after perfusing placentas with 5 or 10 �g/mL of AA or GA. Addition-


ally, the one-step protein precipitation as the sample preparation


for LC–MS/MS gave a sufficient recovery. The method was accurate,


and precise in intra-day and inter-day tests fulfilling the following


acceptance criteria from FDA guidelines: the R.S.D. was not more


than 15% except for LLOQ, for which it did not exceed ≤20%. Also,


the accuracy determined as the deviation from nominal value was


not more than 15% except for LLOQ, for which it did not exceed 20%.


The long-term stability of analytes in perfusion medium stored in


−20 ◦C for 30 days was good, enabling to run samples from several


perfusions at the same time. Also, the post-preparative stability


was good enabling the use of an autosampler for over-night analy-


sis. According to our knowledge, this is the first study where AA, GA


and AP can be analyzed simultaneously by LC–MS/MS and which is


applicable to analysis of perfusion medium and tissue from human


placental perfusion.
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ABSTRACT 


Acrylamide (AA) is produced in many types of food products cooked or processed at 
high temperature. AA is metabolized to the epoxide glycidamide (GA), which can 
bind to deoxyguanosine and deoxyadenosine in DNA. So far, only GA-derived N7-
guanine adducts have been analyzed in vivo. Because of previous excellent experience 
from analysis of adducts to N1-adenine, the aim of our study was to test the N1-
adenine adduct of GA as a potential biomarker of AA exposure. A 32P-postlabelling 
method was developed and tested a) on DNA modified in vitro with GA, b) on 
mammalian cells treated with GA and c) on liver DNA from mice given AA. The N1-
adenine adduct of GA was easily detected in DNA reacted with GA and in DNA from 
cells exposed to GA, but not in DNA from mice treated with AA. The reason for this 
is currently not clearly understood, but some of the possible contributing factors are 
discussed. The application of the method in other experimental conditions should be 
further pursued in order to solve this matter. 


Key words: DNA adducts, acrylamide, glycidamide, 32P-postlabelling 
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1. INTRODUCTION 


 Acrylamide (AA) is one of the most 
investigated potential human carcinogens. The 
main reason for this boost in research was the 
finding in 2002 that certain food items such as 
potato chips contain substantial amounts of AA 
[1]. This observation was confirmed in other 
laboratories and AA has since then been found 
in many different types of food products [2-5]. 
AA is formed in Maillard reaction when heating 
food rich in carbohydrates (particularly glucose 
and fructose) in the presence of amino acids, 
especially asparagine [6,7]. It has been 
estimated that the intake of AA from food is 0.4 
μg per kg body weight per day [3,4,8]. 
Although the carcinogenic risk from AA may 
be low [9] the fact that most human beings are 
exposed has caused concern. AA is also present 
in tobacco smoke and the exposure from 
smoking is usually substantially higher than 
from the diet [10-12]. In the past there have also 
been significant occupational exposures in the 
production or use of various AA-based 
polymers [13-19].  
 AA is mutagenic and carcinogenic in 
experimental systems and at high doses it is 
also neurotoxic in animals and humans (see e.g. 
review [20]. It also interferes with reproduction 
and development in animals [21]. AA is 
metabolised to glycidamide (GA), an epoxide 
which is believed to be the principle source of 
the mutagenic effects of AA [22-26]. Both AA 
and GA form adducts in DNA, but GA is 
several orders of magnitude more reactive 
towards DNA than AA [27]. Four different 
DNA adducts of GA have been identified, N7-
(2-carbamoyl-2-hydroxyethyl)- guanine (N7-
GA-guanine), N3-(2-carbamoyl-2-
hydroxyethyl)adenine (N3-GA-adenine), N1-
(2-carbamoyl-2-hydroxyethyl)deoxyadenosine 
(N1-GA-dA) and N6-(2-carboxy-2-
hydroxyethyl)deoxyadenosine (N6-GA-dA), the 
latter being a rearrangement product of the N1-
GA-dA adduct [28]. The relative proportions of 
the three initially formed adducts in vitro (N7-
GA-guanine, N1-GA-dA and N3-GA-adenine) 
are 100:22:1.4 [28]. N7-GA-guanine and N3-
GA-adenine have been detected in animals 
exposed to AA [23,24,26-35]. 


 AA is classified by IARC into group 
2A (probably carcinogenic to humans) due to 
its genotoxicity and carcinogenicity in animals 
[36]. Several epidemiological studies have been 
carried out, and in most of these no increased 
cancer incidence has been observed [37-53]. 
However, some studies have shown an 
association of AA intake with renal, and 
postmenopausal endometrial and ovarian 
cancers [43,54]. Two problems with these 
studies are that the published expected human 
cancer risks due to dietary exposure to AA have 
been low [55-58] and that the cohorts used were 
set up before AA had been discovered in food 
products and the questionnaires used had 
therefore not been designed to measure AA 
exposure. Even when such exposure 
assessments are available it has to be taken into 
account that the levels of AA vary a lot in the 
same food items [8], depending upon the food 
preparation conditions used at home or by 
manufacturers [2-4], and even between batches 
of the same brand [59]. Therefore, the few 
studies carried out without the use of 
biomarkers generally show poor correlation 
with questionnaire data [60-62]. However, a 
recent study where exposure was assessed using 
hemoglobin adducts of AA and GA, showed a 
significantly increased cancer risk [60]. 
 It is clear that good and sensitive 
biomonitoring methods will be elemental in 
clarifying the putative cancer risk by AA and GA. 
DNA adducts of GA are potential biomarkers for 
monitoring such exposures, but they have so far 
not been analysed in humans and their usefulness 
is therefore unknown. We have previously been 
able to detect low levels of the N1-dA adduct of 
propylene oxide by a 32P-postlabelling assay 
[63,64]. In these studies we utilized the possibility 
to rearrange this adduct to the corresponding N6-
dA adduct. Adducts to N6-dA are much less polar 
than N1-dA adducts, which enabled us to 
substantially increase the HPLC retention time 
away from radioactive peaks of residual normal 
nucleotides and other peaks of unknown origin. In 
this way we were able to increase the sensitivity 
for analysis of the N1-dA adduct of propylene 
oxide to 1 mol per 1010 mol normal nucleotides 
[64]. Therefore, the aim of this study was to 
develop a method for detecting N1-GA-dA, rather 
than the chemically more unstable N7-GA-
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guanine. In addition, GA forms higher relative 
amounts of N1-dA adducts than e.g. propylene 
oxide (about 20% compared to 3-4% of the N7-
guanine adduct) [63], which was expected to 
further increase the possibility to detect this 
adduct. A postlabelling assay with high sensitivity 
for analysis of N1-GA-dA was developed and 
applied to DNA from mammalian cells treated 
with GA and from mice exposed to AA. 


2. MATERIALS AND METHODS 


2.1 Materials 


 AA (purity 99.9%) was obtained from 
Sigma/Aldrich (St Louis, MO). Glycidamide 
(GA; CAS Nr. 5694-00-8) was synthesized 
from acrylonitrile according to the method B of 
Payne and Williams [65] and was found to be at 
least 95% pure, or purchased from Toronto 
Research Chemicals (Toronto, Canada). [ -32P] 
ATP (specific activity 3000 Ci/mmol) and T4 
polynucleotide kinase were purchased from 
Amersham (Little Chalfont, United Kingdom). 
All DNA bases, deoxyribonucleosides, 
deoxyribonucleotides, RNase A, RNase T1, 
micrococcal nuclease, snake venom 
phosphodiesterase and prostatic acid 
phosphatase were obtained from 
Sigma/Aldrich. Human DNA was isolated from 
buffy coats as described previously [66]. N1-
Methyladenine was from Fluka (Buehs, 
Switzerland) and N7-GA-guanine had been 
prepared previously [27]. Proteinase K, spleen 
phosphodiesterase and nuclease P1 were 
purchased from Boehringer Mannheim 
(Mannheim, Germany). HPLC grade methanol 
was obtained from JT Baker (Deventer, 
Netherlands). All other chemicals were of 
analytical grade and purchased from Sigma or 
Merck Chemical Co. (Darmstadt, Germany). 
 Chinese hamster ovary parental cell 
line (AA8) was obtained from L. Thompson, 
LLNL Livermore, CA, USA. The cell line was 
cultured in minimum essential medium, 
containing Dulbeccos salt (DMEM) 
(Invitrogen, Carlsbad, CA, USA), with addition 
of 9% fetal calf serum and penicillin–
streptomycin (90 U/ml). Incubations were 


carried out at 37ºC and under humidified air 
containing 5% CO2.


2.2 Preparation of standards


 The adduct standards (N1-GA-dA and 
N1-GA-3'- or N1-GA-5'-GA-dAMP) were 
prepared by incubating dA or 3'- or 5'-dAMP 
with a 5-10 times molar excess of GA in 20 
mM Tris–HCl buffer, pH 7.4, at room 
temperature for 48–72 h. The two diastereomers 
of N1-GA-dA or dAMP were purified by 
separation on HPLC. A Luna C18(2) 4.6×250 
mm column was used and the flow rate was 0.7 
ml per min. The linear gradient started with 
100% of 50 mM ammonium formate, pH 4.6, 
and increased up to 10% methanol in 30 min. 
The flow was monitored at 260 nm and UV 
peaks with a spectrum expected for N1-adenine 
adducts were collected. Collected fractions 
were freeze-dried and after characterization 
stored at -20ºC. 
 The initially formed products in all 
three reactions with a UV spectrum expected 
for N1-adenine alkylation were separated by 
HPLC and collected fractions characterized by 
UV spectroscopy. UV spectra of these products 
were also analysed after Dimroth rearrangement 
to the corresponding N6-dA or -dAMP product 
(100 mM NaOH, 80ºC, 30 min). Before as well 
as after conversion to N6-GA-dAMP, N1-GA-
3'-dAMP was also dephosphorylated with 
nuclease P1 over night at 37ºC (5 μg of 
nuclease P1, in 1.5 mM ZnCl2, 1 μl of 20 mM 
ammonium acetate, pH 5.0) and UV spectra of 
obtained products compared with those of N1-
GA-dA and N6-GA-dA, respectively. In 
addition the N1-dA product was, before and 
after Dimroth rearrangement, depurinated to the 
adenine product (100 mM HCl, 70ºC, 30 min) 
and characterized by UV spectroscopy.  


N1-GA-dA was also analysed by 
liquid chromatography/electron spray ionization 
tandem quadrupole mass spectrometry in the 
multiple reaction monitoring (MRM) mode. 
The instrument used was a Micro LC triple-
quadrupole mass spectrometer (Waters, 
Milford, MA, USA) equipped with an 
electrospray interface. The source block 
temperature was set at 20°C and the desolvation 
temperature was 325°C. Nitrogen was used as 
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the desolvation gas (700 L/h) and a cone gas 
(33 L/h), while argon was used as the collision 
gas at a collision cell pressure of 6.1  10 3


mbar. The MRM transitions monitored were the 
protonated molecular ions and the fragment 
peaks obtained by cleavage of the deoxyribosyl 
moiety (m/z 116) from the parent ions. The 
dwell time was 0.2 s and the interchannel delay 
was 0.05 s. The LC separations were performed 
on an Agilent 1100 system consisting of a 
binary pump, a vacuum degasser, an 
autosampler and a thermostated column oven 
(Agilent, Santa Clara, CA, USA). 
 The concentration of N7-GA-guanine 
and N1-GA-adenine was determined by UV 
spectroscopy using for N7-GA-guanine an  of 
7400 M-1cm-1 at 285 nm and pH 7.4 
(determined after weighing the dry product) and 
for N1-GA-adenine literature data for N1-
methyladenine as a substitute (11900 M-1cm-1 at 
259 nm and pH 7), since enough material was 
not available for determination of . These 
standard solutions were used for analysis of the 
levels of N1-GA-adenine and N7-GA-guanine 
in the GA-treated DNA (see below).  
 Human buffy coat DNA (0.44 mg in 
440 μl of 50 mM Tris-HCl, pH 7.4) was treated 
with 0.3 M GA for 16 h at 37ºC. DNA was 
precipitated with ethanol, washed several times 
with 70% ethanol, allowed to air dry in a hood 
and dissolved in 440 μl of water. N7-GA-
guanine was released from two samples of 47 
μg of this DNA by heating at 100ºC for 30 min. 
Residual DNA was precipitated and 
depurinated under acidic conditions (100 mM 
HCl, 70ºC, 30 min), which would release all N-
alkylated purines from the DNA. The 
supernatants from both the neutral and acid 
depurinations were centrifuged and evaporated 
to dryness. The obtained residues were 
dissolved in 50 μl of water and separated by 
HPLC. The column used was a 5μ reversed 
phase Luna C18(2) column, 4.6×250 mm, from 
Phenomenex (Torrance, CA). The flow rate was 
0.7 ml per min and the eluate was monitored at 
260 and 285 nm. The sample was separated 
using a linear gradient of 50 mM ammonium 
formate, pH 4.6, and methanol, starting with 
98% buffer and ending with 40% methanol 
after 30 min. The UV peaks of N7-GA-guanine 
and N1-GA-adenine were integrated and 
quantified from the standard curve obtained by 


injecting a series of different known amounts of 
N7-GA-guanine and N1-methyladenine, 
respectively. A 900 fold dilution of this GA-
treated DNA was used as a standard in the 
postlabelling assay (see below). 


2.3 Treatment of mammalian cells with GA and 
mice with AA


 AA8 cells from Chinese hamster ovary 
were treated with 4 mM GA for 1 h in Hank's 
balanced salt solution containing Ca2+ and Mg2+


and 10 mM HEPES. Cells were washed with 
the salt solution without Ca2+ and Mg2+ and 
allowed to recover in DMEM for 0, 1, 2, 4 or 24 
h. Concerning the in vivo study seven weeks old 
male CBA mice were used. AA was dissolved 
in phosphate buffered saline just before 
treatment. Four animals received a single oral 
dose of AA (2 animals received 60 mg and 2 
received 40 mg per kg body weight) and two 
mice received just saline. Forty-three hours 
after dosing treated and untreated animals were 
sacrificed and livers removed and stored at -
80ºC. 


2.4 Isolation of DNA


DNA was isolated from GA-treated cells and 
livers of AA-exposed and non-exposed mice as 
described before [66]. Briefly, about 1 mg of 
tissue was suspended in 10 ml of 
homogenisation buffer (1 mM MgCl2, 20 mM 
Tris-HCl, pH 8.0) and homogenised in a motor-
driven glass pestle homogeniser. After 
centrifugation the pellet was re-suspended in 
5 ml of the same buffer and 50 μl of 10% Triton 
X-100 added. After 5 min on ice the sample 
was centrifuged again and the obtained pellet 
re-suspended in 1 ml of a buffer (1 mM MgCl2,
20 mM Tris-HCl, 0.5% Triton X-100, pH 8.0), 
and centrifugation repeated. The pellet was re-
suspended in 0.86 ml of 20 mM Tris-HCl, pH 
8.0, and 60 μl RNase A (10 mg/ml 20 mM Tris-
HCl, pH 8.0) and 20 μl of RNase T1 (700 U/ml 
20 mM Tris-HCl, pH 8.0) were added before 
incubation at 37°C for 1 hour. Sixty μl of 
proteinase K (10 mg/ml 20 mM Tris-HCl pH 
8.0) was added and the sample incubated at 
37°C for 3 h (with mixing every 30 min). The 
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sample was extracted once with 1 volume of 
ultra pure phenol (saturated with 20 mM Tris-
HCl, pH 8.0) and twice with 1 volume of 
chloroform:isoamylalcohol (24:1). A tenth of a 
volume of 4 M sodium acetate and 1.5 volumes 
of cold 95% ethanol were added and DNA 
precipitated by storing overnight at -20°C. The 
DNA was collected by spinning at 16000×g for 
15 min in a refrigerated centrifuge. The pellet 
was washed twice with cold 70% ethanol, 
centrifuged and dried at room temperature for 1 
h. Finally, the DNA samples were dissolved in 
250 μl of H2O, diluted 60 times in 20 mM Tris-
HCl, pH 7.4, and the concentrations (0.2–
0.8 μg/μl) were determined from the absorption 
at 260 nm. The same protocol was used for the 
cells, but the volumes were reduced 10 fold. 
DNA from the mouse livers was also isolated 
using a commercial kit from Qiagen (Hilden, 
Germany), but including a step with RNase A 
and T1 treatment.  


2.5 32P-postlabelling and HPLC analysis 


Fifty fmol aliquots of N1-GA-3'-dAMP were 
32P-labelled by incubation with 0.2 μl of 
labelling buffer (200 mM CHES, 100 mM 
MgCl2, 100 mM dithiothreitol, 10 mM 
spermidine, pH 9.6), 7 μCi of 32P-ATP and 6 U 
of polynucleotide kinase, in a total volume of 
2.0 μl, for 40 min at 37ºC. The labelled bis-
phosphate was converted to N1-GA-5'-dAMP 
by dephosphorylation with nuclease P1 over 
night at 37ºC (5 μg nuclease P1 (in 1.0 μl of 1.5 
mM ZnCl2), 1.0 μl 1 M ammonium formate (pH 
4.6)). Finally, the sample was heated in 100 
mM NaOH at 80ºC for 30 min. The labelled 
adduct was, after neutralization with HCl, 
analysed with a Beckman/Coulter HPLC 
system (Fullerton, CA) equipped with a dual 
126 pump, a 168 diode array UV detector and a 
171 radioisotope detector (modified as 
described [63]). The column was a 5 μm 
reversed phase Luna C18(2), 2×250 mm 
(Phenomenex), and the flow rate of 0.2 ml/min 
was maintained by using a split flow device. A 
linear gradient starting with 0.5 M ammonium 
formate and 20 mM phosphoric acid, pH 3.5, 
and ending with 15% methanol in 50 min was 
used. The wave length of the UV detector was 
set at 260 nm. For all 32P-HPLC analyses of 


N1-GA-dAMP standard or DNA samples, 1-2 
nmol of each of the two diastereomers of the 
UV marker N1-GA-5'-dAMP was added before 
the Dimroth rearrangement with NaOH. 
 Postlabelling of GA-treated DNA and 
in vivo samples were carried out as previously 
described by Randerath and co-workers [67] 
with some modifications [63]. Here, in this 
study, DNA samples of 5 μg were dissolved in 
6 μl of water and 4 μl of a cocktail containing 
200 mU of prostatic acid phosphatase (in 1.4 μl 
of water), 2 μg of nuclease P1 (in 1.0 μl of 1.5 
mM ZnCl2) and 1.6 μl of 20 mM sodium 
acetate (pH 5.6) was added. After incubation 
(45 min at 37°C) cold ethanol (100 μl) was 
added to the sample and proteins were 
precipitated at -20°C for 20 min. Samples were 
thereafter centrifuged for 10 min at 16000×g in 
a refrigerated centrifuge and the supernatant 
was transferred to a new tube and evaporated to 
dryness. Adducted dinucleotides were 32P-
labelled with 16 μCi of [32P]ATP and 6 U of T4 
polynucleotide kinase in a total volume of 2 μl 
of the labelling buffer described above. 
Following 40 min incubation at 37°C, labelled 
dinucleotides were cut by incubation with 10 
mU of snake venom phosphodiesterase (in 1.0 
μl of water) during 30 min at 37°C. After this 
final enzymatic digestion, the synthesized UV 
marker N1-GA-5'-dAMP was added to all 
samples and N1-GA-5'-dAMP converted to N6-
GA-5'-dAMP by heating in 100 mM NaOH (30 
min at 80°C). The labelled samples were 
thereafter separated on HPLC as described 
above. Five μg aliquots of the above mentioned 
DNA sample modified in vitro with GA were 
labelled in parallel with DNA samples from cell 
or animal experiments and used as an external 
standard to correct for losses of N1-GA-dAMP 
in the postlabelling assay.  


3. RESULTS 


3.1 Synthesis of standards and their 
characterization 


 When separating the reaction products 
between GA and dA on HPLC, two of the peaks 
formed eluted close together (at 9 and 10 min, 
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respectively) and they were of the same size. 
Their UV spectra were identical and very 
similar to that obtained for the two 
diastereomeric adducts of propylene oxide to 
dA ( max 259 at pH 7) [63]. After depurination 
of either peak the UV spectrum was typical for 
that of 1-alkyladenines, e.g. 1-methyladenine or 
N1-(2-hydroxypropyl)adenine [63]. When 
treating the two presumed diastereomeric N1-
GA-dA products with NaOH, a single new peak 
with a much longer retention time (22 min) was 
obtained and this peak had a UV spectrum 
basically identical to that of N6-(2-
hydroxypropyl)adenine [63]. The adduct N1-
GA-dA was identified in the DNA hydrolysate 
by positive ion electrospray MS/MS spectra and 
by chromatographic coelution with the pure 
adduct. The ion peaks monitored were the 
protonated molecular ion at m/z = 340 and the 
fragment peak obtained by cleavage of the 
deoxyribosyl moiety (m/z = 116) from the 
parent ion. 
 Also, when treating 3'- or 5'-dAMP 
with GA and running the samples on HPLC two 
UV peaks of the same size and with identical 
UV spectra were obtained in each reaction. 
Collection of the peaks followed by UV 
spectroscopy showed that their spectra were 
characteristic to that of N1-dAMP alkylation 
products. After dephosphorylation of any of 
those products with nuclease P1 and separation 
by HPLC, two new peaks with the same 
retention times as the corresponding products 
from GA and dA were observed. Treating the 
collected products with base and separating 
them again on HPLC lead to a single UV peak 
with a much longer retention time which 
showed a UV spectrum typical for N6-alkyl-
dAMP. 
 The levels of N7-GA-guanine and N1-
GA-adenine in the in vitro modified DNA were 
determined after depurination followed by UV-
HPLC analysis and found to be 0.0106 and 
0.00180 mol per mol normal nucleotide, 
respectively. This DNA was diluted 900 times 
with untreated human buffy coat DNA and used 
as an external standard in the postlabelling 
experiments. Thus, the presumed level of N1-
GA-adenine in this DNA was 2.0 mol per 106


mol normal nucleotides. 


3.2 32P-Postlabelling of N1-GA-3'-dAMP 
standard and GA-treated DNA 


 Fifty fmol of each of the two 
diastereomers of N1-GA-3'-dAMP were 
labelled separately and together. After labelling, 
removal of the phosphate on the 3’-end of the 
adduct and addition of UV-marker and 
conversion to N6-GA-5'-dAMP, the samples 
were analysed by HPLC with on-line UV and 
radioisotope detection. A single radioactivity 
peak, with a retention time of 26 min, was 
obtained. This was 0.65 min longer than that of 
the UV marker N6-GA-5'-dAMP, which was 
expected because of the delay from the UV 
detector to the radioisotope detector. If not 
carrying out the conversion to the N6 adduct the 
retention time of the two N1-GA-5'-dAMP 
diastereomers were about 9 and 10 min, 
respectively, which was very close to various 
background peaks and thus not a useful 
procedure for analysis of biological samples 
with low adduct levels. The labelling efficiency 
of the 3' standard was about 70% and the 
recovery in the conversion of the UV-marker 
N1-GA-5’-dAMP to the N6 adduct was 90-
100%. 
 When the in vitro GA-modified DNA 
was analysed in the postlabelling assay (and 
including the treatment with base after 
labelling) a peak with the expected retention 
time of N6-GA-5'-dGMP was detected (Fig. 
1A). The average recovery of the adduct was 
26% (based on results from the depurination 
experiments, see above). This peak was 
observed neither without the treatment with 
NaOH nor if using depurinating conditions after 
labelling (data not shown) or in control DNA 
(Fig. 1B). N1-GA-dAMP (without conversion 
to N6) could not be detected in the GA-modified 
DNA because of the co-elution with many 
interfering radioactive background peaks at the 
early retention time of this adduct. The 
detection limit for N6-GA-5'-dAMP in the in 
vitro GA-modified DNA was 1 mol adduct per 
108 mol normal nucleotides. 
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Fig. 1. 32P-HPLC separation of A. GA-treated 
DNA, B. Control DNA. The UV marker N1-
GA-5'-dAMP (indicated with an arrow) was 
added after labelling followed by treatment with 
NaOH (pH 13.0). The other four larger UV 
peaks are dC, dG, T and dA (in that order of 
elution) and the major radioactive peaks at 5-10 
min represent mainly inorganic phosphate and 
residual 32P-ATP. 


3.3 32P-Postlabelling of liver DNA from mice 
treated with AA and mammalian cells treated 
with GA 


 DNA samples (5 μg) from the liver of 
AA-treated and control mice were analysed by 
postlabelling. N6-GA-5'-dAMP could not be 
detected in any of the samples (data not shown). 
However, N6-GA-5'-dAMP was easily detected 
when postlabelling DNA from AA8 cells 
treated with 4 mM GA for 1 hour (data not 
shown). If allowing these cells to recover after 
washing away remaining GA the adduct levels 
did not change over time, up to the last time 
point of 24 h (Table 1). 


Table 1


N1-GA-dA levels in cells at different times of 
recovery after treatment with GA 


Time of recovery Adduct level  
per 107 normal nucleotidesa


0 3.91 
1 2.52 
2 3.83 
4 3.48 


24 3.48 
a1-2 analyses per sample (relative SD for 
analysis typically <30%) 


4. DISCUSSION 


 N1-dA adducts are relatively stable 
reaction products in DNA formed from simple 
alkylating agents, in amounts of 1-10% or less 
of that of N7-alkylguanines [68,69]. A 32P-
HPLC method had previously been developed 
for the analysis of N1-(2-hydroxpropyl)-dA (a 
DNA adduct of propylene oxide) with a 
sensitivity of 1 mol adduct per 1010 mol normal 
nucleotides, if using 40 μg of DNA per analysis 
[64]. This method was applied to workers 
occupationally exposed to propylene oxide. It 
was shown that N1-(2-hydroxypropyl)-dA 
could be detected in all workers (besides one 
who had also a very low level of a hemoglobin 
adduct from propylene oxide) and not in any of 
the control subjects [64]. In the protocol used in 
that study, N1-(2-hydroxypropyl)-5'-dAMP was 
after postlabelling converted to the much less 
polar N6-(2-hydroxypropyl)-5'-dAMP, which 
was the product analysed. So far, N7-GA-
guanine and N3-GA-adenine are the only DNA 
adducts detected in vivo after exposure to AA or 
GA [28]. Both adducts are prone to spontaneous 
depurination with the consequence that N3-
adenine adducts cannot be analysed with 
postlabelling, while N7-guanine adducts give a 
low recovery [70]. Furthermore, here in this 
study we found that the amount of N1-GA-dA 
was 17% of that of N7-GA-guanine, which is 
very similar to the 22% reported earlier [28], 
and considerable higher than the 3-4% we 
found for propylene oxide [63]. From all these 
observations we concluded that N1-GA-dA 
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would be a suitable biomarker for the analysis 
of in vivo samples after exposure to AA. 
 The structure of the synthesized N1-
GA-dA was confirmed by UV spectroscopy and 
mass spectrometry. During the treatment with 
base, to convert the N1-dA adduct to the N6-dA 
adduct, the amide of the GA moiety was 
hydrolysed, as shown before [28]. Therefore, 
when analysing N6-GA-5'-dAMP in GA-treated 
DNA the retention time was, because of the 
carboxyl group, much shorter than earlier found 
for the corresponding adduct from propylene 
oxide [63]. As a consequence the background 
radioactivity was higher, which made the 
method less sensitive and the sensitivity was 
further reduced by a 50% lower adduct 
recovery than that of the corresponding adduct 
from propylene oxide. The sensitivity of the 
assay was therefore about 1 mol per 108 mol 
normal nucleotides, compared to 1 mol per 109


mol normal nucleotides for the N1-dA adduct 
from propylene oxide (when using 5 μg of 
DNA) [63], but this sensitivity should in 
principle have been high enough for at least 
animal samples.  
 N1-GA-dA was easy to detect in DNA 
treated in vitro with GA or in cells exposed to 
GA. However, it was not detected in liver DNA 
of mice exposed to AA, i.e. the level was <1 
mol adduct per 108 mol normal nucleotides. 
Possible reasons for not being able to detect 
N1-GA-dA in the liver DNA of mice exposed 
to AA, such as methodological problems or loss 
of adduct due to fast DNA repair, were 
investigated.  


To examine methodological problems 
we started with the preparation of new 
standards using GA from a different source. All 
steps in the postlabelling procedure were tested 
with these new standards. In addition we 
isolated DNA using a commercial kit (instead 
of the first used phenol/chloroform extraction 
protocol), since the carbamoyl group of the N1-
adenine adduct might be sensitive to hydrolysis 
or other modifications and contamination of e.g. 
phenol which in principle could cause problems 
in the postlabelling assay. However, none of 
these efforts were successful. Furthermore, we 
mixed 4.5 μg of DNA from livers of mice 
treated with AA with 0.5 μg of GA-treated 
DNA and the level of N6-GA-dA detected was 
the same as when analysing 0.5 μg of the in 


vitro DNA, i.e. liver DNA from mice treated 
with AA did not inhibit postlabelling of N1-
GA-dA. 
 We based the expected levels of N1-
GA-dA on the levels of N7-GA-dG detected by 
other researchers when exposing mice to AA. In 
our experiment male CBA mice were given a 
single oral AA dose of 40 or 60 mg per kg body 
weight and sacrificed 43 h later. Gamboa da 
Costa and co-workers [28] treated male C57Bl 
mice with a single i.p. dose of AA of 50 mg per 
kg body weight. The animals were sacrificed 6 
hours after dosing and about 1800 mol N7-GA-
guanine per 108 mol normal nucleotides was 
detected in liver DNA. Accepting that the 
experiments can be directly compared and 
assuming N1-GA-dA to be 20% of N7-GA-
guanine we would expect a level of N1-GA-dA 
of about 400 mol per 108 mol normal 
nucleotides for 60 mg per kg body weight, 
which is 400 times higher than the detection 
limit of our method (1 mol adduct per 108 mol 
normal nucleotides). The major weaknesses in 
the comparison are the differences in routes of 
exposure, the expected 20% yield compared to 
that of N7-GA-guanine and the different times 
of sacrifice. Other, most likely minor effects, 
may originate from the differences in the used 
mouse strains, CBA versus C57Bl, and the 
methods used, postlabelling versus liquid 
chromatograph combined with tandem mass 
spectrometry.  
 Regarding different routes of exposure 
Twaddle and co-workers [29] treated orally 
mice with 0.1 mg of AA per kg body weight or 
i.p. with 1 mg of AA per kg. After oral dosing 
with the 10 times lower dose the level of N7-
GA-guanine was 13 times lower, i.e. there was 
no obvious effect of the route of exposure, at 
least at this lower dose. The GA adduct to the 
N-terminal valine in hemoglobin was also 
analysed in the present study and the level was 
31 nmol per g of globin (Paulsson and 
Törnqvist, personal communication). In another 
study, also using male CBA mice, the same 
researchers found 21 nmol per g after i.p. 
dosing with 50 mg per kg body weight [71], i.e. 
no major effect of the route of exposure. The 
micronucleus assay was also used in the current 
study and showed a clear increased frequency 
of micronuclei (data not shown) and the level 
was the same as that after i.p. administration 
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[71]. Therefore, the fact that we used oral 
dosing in the current study and based the 
expected level of DNA adducts on literature 
data after i.p. dosing can most likely not explain 
the negative results. Furthermore, the detected 
level of hemoglobin adducts also showed that 
the metabolism of AA to GA was efficient in 
the current experiment. 
 From pure reaction kinetics it is 
expected that the initially formed relative 
amounts of different adducts to DNA are the 
same in vivo as in vitro. However, N1-dA 
adducts are formed at 10-20 times higher yields 
in single stranded compared to double stranded 
DNA [70,72]. The expected relative amount of 
N1-GA-dA in vivo could therefore have been 
overestimated if the DNA used for the in vitro
experiment was to a greater extent single 
stranded. However, since two research groups 
found N1-GA-dA to be about 20% of N7-GA-
guanine both of laboratories must have used a 
DNA which had a substantial and similar 
degree of single strands. This is of course 
possible, but not likely.  


In our study we sacrificed the animals 
43 h after treatment, whereas in the other 
studies mentioned above a much shorter time 
was used. The reason for choosing this time 
point was that we also analysed micronuclei 
and 43 h after dosing is the optimal time for 
detection of micronucleated erythrocytes in the 
peripheral blood system. This longer time 
between treatment and sacrifice could allow for 
DNA repair processes to reduce adduct levels. 
A specific repair protein, AlkB, which removes 
methylation of N1 in dA, has been identified in 
bacteria and it has its mammalian analogues 
[73] and there are some data indicating effects 
also for larger adducts [74]. However, when 
allowing the GA-treated cells to recover levels 
of N1-GA-dA did not decrease (Table 1), which 
was in agreement with the observation we made 
earlier for the N1-dA adduct of propylene 
oxide, both in an experiment with cell extract 
and liver DNA of mice [63]. Thus, there are no 
evidences for a rapid repair of larger N1-
adenine adducts. However, the existence of 
such a pathway, with some specificity for GA 
adducts, can not be excluded. 
 In conclusion, the method described 
here for measuring the AA-derived N1-GA-dA 
had a high sensitivity, but for some unknown 


reason the adduct could not be detected in AA-
treated animals. The application of the method 
in other experimental conditions should be 
further pursued in order to solve this 
discrepancy. 
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a b s t r a c t


Most drugs can penetrate the placenta but there are only a few studies on placental transfer of environmen-


tal toxic compounds. In this study, we used dual recirculating human placental perfusion to determine the


transfer rate through the placenta of a neurotoxic and carcinogenic compound found in food, acrylamide


and its genotoxic metabolite glycidamide. Putative acrylamide metabolism into glycidamide during the


4-h perfusions and acrylamide-derived DNA adducts in placental DNA after perfusions were also analyzed.


Placentas were collected immediately after delivery and kept physiologically functional as confirmed by


antipyrine kinetics, glucose consumption and leak from fetal to maternal circulation. Acrylamide (5 or


10 �g/ml) or glycidamide (5 �g/ml), both with antipyrine (100 �g/ml), was added to maternal circulation.


Acrylamide and glycidamide were analyzed in the perfusion medium by liquid chromatography/mass


spectrometry. Acrylamide and glycidamide crossed the placenta from maternal to fetal circulation with


similar kinetics to antipyrine, suggesting fetal exposure if the mother is exposed. The concentrations in


maternal and fetal circulations equilibrated within 2 h for both studied compounds and with both concen-


trations. Acrylamide metabolism into glycidamide was not detected during the 4-h perfusions. Moreover,


DNA adducts were undetectable in the placentas after perfusions. However, fetuses may be exposed to


glycidamide after maternal metabolism. Although not found in placental tissue after 4 h of perfusion, it is


possible that glycidamide adducts are formed in fetal DNA.


© 2008 Elsevier Ireland Ltd. All rights reserved.


1. Introduction


Acrylamide (AA) has been one of the most investigated toxic


compounds among food carcinogens during recent years. In 2002


it was found in high concentrations in various food products, espe-


cially in potato chips (Tareke et al., 2002). It has become evident that


human exposure to AA is mainly via food, where it is formed when


heating food rich in carbohydrates over 180 ◦C (Wirfält et al., 2007).


However, the exposure via tobacco smoke is even higher. The typi-


cal average daily intake to AA may vary from 0.3 to 2 �g/kg bw/day.


However, the intake can reach even 5 �g/kg bw/day (Parzefall,


Abbreviations: AA, acrylamide; GA, glycidamide; LC/MS, liquid chromatogra-


phy/mass spectrometry.
∗ Corresponding author at: Department of Pharmacology and Toxicology, Univer-


sity of Kuopio, P.O. Box 1627, FIN-70211 Kuopio, Finland. Tel.: +358 40 745 5254.


E-mail address: kirsi.vahakangas@uku.fi (K. Vähäkangas).


2008). In animals AA is neurotoxic, mutagenic and carcinogenic,


and disturbs fetal development and reproductive functions (Tyl


and Friedman, 2003). Fetotoxic effects of AA include neurotoxic-


ity (Dearfield et al., 1988) and other effects such as reduced fetal


body weight, decreased number of offspring and infertility (Field


et al., 1990; Sakamoto and Hashimoto, 1986; Tyl and Friedman,


2003; Zenick et al., 1986). While also neurotoxic in humans, epi-


demiologic studies on AA have so far not indicated any carcinogenic


effects (Exon, 2006). However, on the basis of animal studies and


genotoxicity, AA is classified by IARC (1994) into group 2A: prob-


ably carcinogenic to humans. According to Besaratinia and Pfeifer


(2004) AA induces mainly mutations through metabolism to glyci-


damide (GA). While GA is clearly, but moderately mutagenic (Baum


et al., 2005), the genotoxicity of AA is different: it has been shown to


be mainly clastogenic in human cells (Koyama et al., 2006). GA can


also induce apoptosis and inhibit DNA repair (Blasiak et al., 2004;


Dearfield et al., 1988). GA reacts with DNA forming DNA adducts


mainly with N7-guanine and N1 and N3 of adenine. Lesions have


0378-4274/$ – see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
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been detected in rodents exposed to AA or GA (Segerbäck et al.,


1995; Gamboa da Costa et al., 2003; Doerge et al., 2005).


During the last decades there has been increasing interest in


developmental toxicology with growing awareness that a com-


prehensive risk assessment should also involve the assessment of


fetal exposure and effects (Anderson et al., 2000). For fetal risk


assessment it is important to learn more about the transplacen-


tal transfer of toxic compounds in human placenta. Studies with


human placenta are crucial because of the functional differences in


anatomy and physiology of the placenta between different species


(Faber, 1995; Leiser and Kaufmann, 1994). Evidence from animals


and humans shows that the in utero exposure can induce toxic


effects including cancer later in life (Anderson et al., 2000; Miller,


2004). While only one proven transplacental chemical carcinogen


is known in humans, diethylstilbestrol, many more are suspected


(Anderson et al., 2000). An ex vivo human placental perfusion has


appeared useful for the analysis of transplacental transfer of drugs


(Ala-Kokko et al., 2000; Vähäkangas and Myllynen, 2006). It has


also been used in studies of metals and minerals, e.g. mercury, cad-


mium and selenium (Eisenmann and Miller, 1994; Urbach et al.,


1992), ethanol (Karl et al., 1988), nicotine (Pastrakuljic et al., 1998)


and phthalates (Mose et al., 2007). Furthermore, placental perfu-


sion may give information of toxic responses in placental tissue


induced by the perfused compounds. Because a well-functioning


placenta is a prerequisite for fetal development, any disturbance in


its functions by toxic compounds like environmental carcinogens


may affect the fetus as well.


We have studied transplacental transfer of AA and its active


metabolite, GA in human placental perfusion. There is only one


study published on the transfer of AA through human placenta with


three short-term placental perfusions (Sörgel et al., 2002). Because


the placenta is capable of xenobiotic metabolism (Vähäkangas and


Myllynen, 2006), and GA can bind to DNA (Segerbäck et al., 1995;


Xie et al., 2006), we also analyzed AA metabolism and AA and GA


DNA adducts in the perfused placenta.


2. Methods


2.1. Reagents


AA (99.9%) and antipyrine were purchased from Sigma (St Louis, Mo, USA), GA


from Toronto Research Chemicals (Toronto, Canada) and 13C-AA (1,2,3-13C3, 99%,


1 mg/ml in methanol) from Cambridge Isotope Laboratories (Andover, MA, USA). All


reagents were of analytical grade, and the solvents were of HPLC grade.


2.2. Human placentas


In Finland, human placenta is disposable after delivery and the use of the pla-


centa does not affect the delivery or the treatment of the mother and child in any


way. The official Research Ethics Committee of the University Hospital District of


Kuopio region approved the study protocol (11.5.2005). Only full-term placentas


from healthy non-smoking mothers were used in the study. Mothers were not under


medical treatment and they stated that they did not use alcohol during pregnancy.


Mothers were informed about the study by the midwife and invited to participate.


Those who agreed signed an informed consent with written information. The pla-


centas were anonymized. Altogether 32 placentas were obtained after a normal


delivery or caesarean section.


2.3. Human placental perfusion


2.3.1. Perfusion equipment, method and samples


Maternal and fetal circulations were perfused separately using a dual recirculat-


ing perfusion method described earlier (Pienimäki et al., 1995; Myllynen et al., 2003)


(Fig. 1). The placentas were obtained within 10 min after the delivery and exam-


ined for macroscopic traumas and hematomas. Fifteen millilitres of heparinised


(25 IU/ml, Leo-Pharma) Krebs–Ringer buffer solution was injected into all cord ves-


sels to prevent blood coagulation in the placenta. A peripheral lobule was cannulated


to establish the fetal circulation (approximately 1 ml/min). If venous outflow corre-


sponded to inflow, the perfused placental lobule was cut out and transferred into


a custom-made chamber and the chamber with the lobule maternal side upwards


was placed into the perfusion equipment. In the maternal side cannules were pushed


Fig. 1. Principle of the dual, recirculating placental perfusion, where the placental


structure and the barrier between fetal and maternal circulations remain intact,


mimicking thus the physiological in vivo conditions.


through the membrane to the maternal blood space. The first 50 ml of maternal per-


fusate was discarded to remove red blood cells before connecting the recirculating


maternal flow.


Perfusion medium used was RPMI 1640 cell culture medium (Cambrex, Verviers,


Belgium) with dextran (2 g/l, Sigma), albumin (2 g/l, SPR, Finland), heparin (25 IU/ml,


Leo Pharma, Malmö, Sweden), sodium pyruvate (1 mM, Cambrex), non-essential


amino acid-solution (10 ml/l, Cambrex), Penicillin–Streptomycin (25 U/ml, Cam-


brex) and l-glutamine (2 mM, Cambrex) in both circulations. The final volume


in maternal circulation was 200 ml and in fetal compartment 120 ml. Perfusion


medium was gassed with nitrogen/oxygen (95%/5%) in the fetal side and oxy-


gen/carbon dioxide (95%/5%) in the maternal side. The flow rate of the perfusate


was 3 ml/min in the fetal and 9 ml/min in the maternal side. Thirty to 45 min was


given for the placenta to recover from hypoxia and control samples were drawn from


circulation at the end of the recovery period. Thereafter, AA (5 or 10 �g/ml) or GA


(5 �g/ml) was added into the maternal circulation, both with antipyrine (0.1 mg/ml).


Antipyrine, that crosses placenta via passive diffusion (Brandes et al., 1983; Challier,


1985; Rurak et al., 1991; Schenker et al., 1992), was used as a reference substance in


all perfusions. The physicochemical properties of AA, GA and antipyrine are shown in


Table 1. After addition of the study compounds, perfusions were carried out mainly


for 4 h and one perfusion for 6 h. Samples (1.6 ml) from both circulations were taken


every 30 min during the first 2 h and once an hour thereafter. Perfusion fluid sam-


ples were centrifuged at 12,000 × g for 15 min to remove red blood cells and stored


in freezer (−20 ◦C) until analyzed. For DNA adduct analysis, pieces of the perfused


tissue were snap-frozen in liquid nitrogen and stored in −80 ◦C. Control samples


from the tissue were taken before the perfusion. Altogether nine successful AA per-


fusions were carried out with 10 �g/ml and four with 5 �g/ml. With GA 5 �g/ml,


four successful perfusions were performed.


2.3.2. Criteria for a successful perfusion


The main criterion for a successful perfusion was the absence of leak from the


fetal to maternal circulation (Pienimäki et al., 1995; Table 2). The volume of the fetal


perfusate was monitored continuously to determine the absence of leak from the


fetal circulation as an indication of the integrity of the materno-fetal barrier. If the


volume loss exceeded 3 ml/h, the experiment was terminated. Accordingly, if the


expected antipyrine transfer from maternal to fetal circulation was less than opti-


mal (fetal to maternal concentration ratio below 0.33 at 4 h (Challier et al., 1983)


the perfusion was omitted from data analysis. Antipyrine is used in perfusions for


comparison, to see whether the fetal and maternal circulations overlap properly and


to normalize the putative interindividual variation in circulation (Ala-Kokko et al.,


2000; Ching et al., 1987; Ghabrial et al., 1991; Myllynen et al., 2003; Pienimäki et al.,


1995, 1997). Oxygen, carbon dioxide and pH were monitored once an hour using a


blood gas analyser (Stat Profile pHOx Basic). pH was adjusted with 1 M HCl if outside


the accepted range (7.4 ± 0.1). The glucose consumption of placental tissue was ana-
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Table 1
Physicochemical properties of acrylamide, glycidamide and antipyrine (www.inchem.org)


Substance Mol. formula Mol. weight pKa Log K (o/w) Solubility in water


Antipyrine C11H12N2O 188.22 1.45 0.33 1000 g/l


Acrylamide C3H5NO 71.08 NR −0.67 2155 g/l


Glycidamide C3H5NO2 87.08 NR NA Ready soluble


NA = not available; NR = not relevant.


lyzed by measuring the glucose concentration before and after the perfusion from


perfusion fluids using a glucose analyser (Precision X-tra). Altogether, 13 AA and 4


GA perfusions fulfilled the criteria for a successful perfusion while 15 perfusions


were omitted from further analysis (Table 2).


2.4. Determination of AA, GA and antipyrine by LC/MS


Concentrations of AA, GA and antipyrine in the perfusion samples were con-


currently analysed by LC/MS. Details of the method will be published separately. In


brief, after thawing the samples, an internal standard (13C-AA) was added and pro-


teins were precipitated using three times the sample volume of acetonitrile. After


shaking, the mixture was centrifuged for 15 min at 12,000 × g and 1/4 of the super-


natant was diluted 1:9 in water before injecting into the instrument. Samples were


analysed using reversed-phase chromatography with highly selective MS/MS detec-


tion mode (Agilent Technologies 1200 HPLC coupled with 6410 triple quad mass


spectrometer).


The same LC/MS method was used for measuring AA and GA accumulation


in the tissue. A tissue sample (0.5 g) was homogenized in 1 ml of water and an


internal standard (13C-AA) was added. Samples were centrifuged 3000 × g for 5 min


and proteins in supernatant were precipitated by acetonitrile. After centrifugation


1/40 of the sample was diluted 1:9 in water before measurement. The sensitivity


of this method was 0.1 �g/ml and the method was validated in terms of linearity,


selectivity, precision, accuracy and stability, and proved to be appropriate for its


purpose.


2.5. Analysis of antipyrine by HPLC


For comparison, antipyrine concentrations in perfusion medium were analyzed


also by a validated HPLC method modified from Myllynen et al. (2003). Briefly,


methanol (100 �l) was added to a 100-�l sample. Samples were centrifuged for


15 min at 12,000 × g. Supernatant and 200 �l acetonitrile were combined, and the


samples were centrifuged again for 15 min at 12,000 × g. A 10-�l aliquot of the super-


natant was injected into HPLC (Shimadzu 10A VP) equipped with reversed-phase


column (Supelco C-14; 250 mm × 2.5 mm; 5 �m). Isocratic elution with 20 mM


KH2PO4 (70%) and methanol (30%) at a flow rate of 1 ml/min was used and UV detec-


tor was set at 265 nm. The results obtained with the HPLC and LC/MS methods were


comparable to each other (data not shown).


2.6. DNA-adduct measurements


DNA-adduct analysis for the GA N1-adenine adduct by 32P-postlabelling-HPLC


was carried out at Karolinska Institute, Huddinge, Sweden. Details of the method


will be published separately. Briefly, DNA was isolated from placental tissue with


phenol–chloroform extraction and ethanol precipitation as described by Gupta


(1984). After enzymatic digestion with nuclease P1 and prostatic acid phosphatase,


5 �g of DNA was labelled with �32P-ATP and polynucleotide kinase. After final diges-


tion with snake venom phosphodiesterase and conversion of the N1 adduct into the


corresponding N6-adenine adduct by NaOH (Plna et al., 1999), adducts were analysed


by HPLC equipped with an online radioisotope detector. N1-GA-5′-dAMP (synthe-


sized by us) was used as a UV marker. Recovery of the adduct (through the whole


postlabelling procedure using DNA with a known level of N1-GA-dAMP) was 26%


and the detection limit in the order of 1/108 nucleotides.


2.7. Safety of laboratory personnel


Because human placental tissue and blood were handled in this study, each


worker was vaccinated against the hepatitis B. Carcinogens were handled in such a


way that skin or inhalation contaminations were minimized. Persons working with


radioactivity (32P) were sheltered by a whole body chaperon against the radiant, and


materials were handled in a hood behind a 10 mm Plexiglas shield. The amount of


radioactivity and the duration of exposure were minimized.


2.8. Calculations


Microsoft® Exel 2002 was used for calculating the statistical parameters.


The results were given as a mean ± S.D. and the p-value was calculated using a


paired, two-tailed distribution in t-test and p < 0.05 was regarded as statistically


significant. The feto-maternal ratio (fetal concentration divided by maternal con-


centration) was calculated from the concentrations in fetal and maternal side at


each time point. The transfer percentage was calculated using the following equa-


tion: 100 × Fc × Fv/[(Fc × Fv) + (Mc × Mv)], where Fc is fetal concentration, Fv is fetal


volume, Mc is maternal concentration and Mv is maternal volume.


3. Results


3.1. Recovery of AA, GA and antipyrine from human placental


perfusion system


The mean total recovery, being the sum of perfusates and per-


fused tissue excluding nuclear fraction, was 79% in AA perfusions


and 64% in GA perfusions (Table 3). In control perfusions with-


out placenta AA did not bind to the equipment while about 20%


of GA (5 �g/ml) disappeared from the circulation within 4 h. The


mean AA recovery from the perfusion medium was 75 ± 13% and


GA recovery 61 ± 21% (the volume of samples taken during perfu-


sion excluded). In placental tissue after perfusion only residues of


AA and GA were detected (AA 4 ± 2%, GA 3 ± 1%) suggesting that


the studied compounds did not accumulate in placental tissue. The


same percentage of antipyrine was found in placental tissue after


perfusion (4 ± 1.7%).


3.2. Transplacental transfer


Antipyrine was analyzed by HPLC-UV and LC/MS from all suc-


cessful perfusions. Antipyrine was found in the fetal side in the first


samples at 30 min after the addition of antipyrine to the maternal


circulation with a feto-maternal ratio of 0.2–0.6 (Fig. 2, Table 4).


The maternal concentration was statistically significantly higher in


maternal than fetal circulation up to 2 h (p < 0.05) and the mean


Table 2
Perfusion conditions and fulfilled criteria from all perfusions


Perfusion Duration (h) Leaka (ml/h) ± S.D. pH O2 (fetal) (kPa) ± S.D. O2 (mat.) (kPa) ± S.D. CO2 (kPa) ± S.D. Glucose consumption


mmol/l/perf


Criteria for a successful


perfusion


4 <3 7.4 ± 0.1 Measurable


consumption


Successful AA (n = 13) 4 2.0 ± 0.7 7.44 ± 0.11 19.7 ± 9.5 23.1 ± 9.3 3.0 ± 1.1 2.7/4 h


Unsuccessful AA (n = 13) 3.0 ± 1.1 18.3 ± 20 7.49 ± 0.14 20.35 ± 11.8 26.1 ± 12.0 3.0 ± 1.1 1.5/4 h


Successful GA (n = 4) 4 2.0 ± 0.7 7.46 ± 0.16 19.97 ± 1.8 22.0 ± 4.9 3.3 ± 1.4 1.7/4 h


Unsuccessful GA (n = 2) 1.8 About 20 7.45; NA 20.1; NA 24.1; NA 2.5; NA NA


AA, acrylamide; GA, glycidamide; NA, not analyzed.
a Leak from fetal to maternal side.
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Table 3
Recovery of acrylamide (AA) and glycidamide (GA) in successful perfusions


Perfusion number Concentration (�g/ml) Recovery from the perfusates (%) Recovery from the tissue (%) Total recovery (%)a


AA3 10 80 2 82


AA4 5 81 3 84


AA9 10 69 3 72


AA12 5 49 2 51


AA13 10 58 4 62


AA15 10 63 4 67


AA18 10 72 6 78


AA19 10 77 3 80


AA20 10 87 6 93


AA21 10 96 2 98


AA22 10 87 6 93


AA23 5 79 9 88


AA25 5 78 0 78


Mean 75 4 79


S.D. 13 2 13


GA1 5 35 3 38


GA4 5 55 2 57


GA5 5 70 4 74


GA6 5 84 3 87


Mean 61 3 64


SD 21 1 21


a Total = calculated as a sum of total amount in perfusates plus in perfused tissue.


feto-maternal ratio in the end of the perfusions was 1.05 ± 0.09. In


successful perfusions, antipyrine kinetics was similar regardless of


the concentration of AA (5 or 10 �g/ml) or GA (5 �g/ml) suggesting


that all perfusions were comparable with each other (Fig. 2).


In the perfusions with 10 �g/ml of AA (n = 9), a significant


amount of AA in fetal circulation was already found in the first


samples taken at 30 min after the addition of AA to the maternal


circulation (Fig. 2, Table 4). Similarly to antipyrine, AA concentra-


tions in maternal and fetal circulations equilibrated after 2 h (Fig. 2)


with the difference between the mean concentrations of AA in


maternal and fetal sides being statistically significantly different


(p < 0.05) up to 2 h. One 6 h perfusion with 10 �g/ml of AA was car-


Fig. 2. Transfer of acrylamide and antipyrine through the placenta in human placental perfusion. The results are given as a mean ± S.D. (*p < 0.05). (A) Antipyrine concentrations


in maternal (solid lines) and fetal (broken lines) circulations in 17 successful perfusions with 100 �g/ml of antipyrine, (B) average feto-maternal ratio of antipyrine in the same


perfusions as in (A), (C) acrylamide concentrations in maternal (solid lines) and fetal (broken lines) circulations in nine successful perfusions with 10 �g/ml of acrylamide


and (D) average feto-maternal ratio of acrylamide in the same perfusions as in (C).
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Table 4
Maternal and fetal concentrations at 30 min and 4 h of perfusions and transfer index in the end of the perfusions


n Maternal and fetal concentrations, �g/ml ± S.D. (range)


Maternal 0.5 h Fetal 0.5 h Maternal 4 h Fetal 4 h Transfer indexa (%)


Acrylamide, 10 �g/ml 9 6.5 ± 0.86 (5.6–8.0) 1.8 ± 0.51 (1.3–2.8) 4.3 ± 1.1 (2.8–6.1) 4.6 ± 0.68 (3.8–5.6) 33.6 ± 4.3


Acrylamide, 5 �g/ml 4 3.1 ± 1.0 (1.9–3.8) 0.9 ± 0.12 (0.8–1.1) 2.1 ± 0.58 (1.4–2.4) 2.2 ± 0.40 (1.8–2.5) 34.8 ± 1.3


Glycidamide, 5 �g/ml 4 2.3 ± 0.33 (1.9–2.6) 0.4 ± 0.15 (0.2–0.6) 1.6 ± 0.27 (1.3–1.8) 1.4 ± 0.18 (1.1–1.5) 31.6 ± 2.9


Antipyrine, 100 �g/ml 17 83.7 ± 14 (56–106) 21.8 ± 7.6 (11–38) 59.9 ± 11 (45–77) 57.6 ± 10.0 (47–84) 33.4 ± 4.9


a Transfer index = 100 × Fc × Fv/[(Fc × Fv) + (Mc × Mv)]. Fc = fetal concentration; Fv = fetal volume; Mc = maternal concentration; Mv = maternal volume.


ried out because the fetal concentration at 4 h with 10 �g/ml of AA


was higher than the maternal concentration (Fig. 2C). However, no


indication of fetal accumulation was noted (data not shown).


The transfer rate in perfusions with a lower concentration of AA


(5 �g/ml, n = 4) (Table 4) was similar to perfusions with the higher


concentration (10 �g/ml). As in the perfusions with the higher con-


centration, AA was already found in fetal circulation after 30 min


in the perfusions with 5 �g/ml and after 2 h concentrations were


equilibrated.


Similarly to AA, some amount of GA was already found in sam-


ples taken at 30 min after the addition of 5 �g/ml GA to perfusion


medium (Table 4). Concentrations in maternal and fetal sides were


similarly equilibrated after 2 h. AA and GA were transferred at the


same rate through the placenta. When comparing the feto-maternal


ratios of antipyrine to those of AA or GA, it seemed that they all were


transferred at about the same rate through the placenta.


3.3. AA metabolism and DNA adducts in perfused human placenta


GA concentration was analyzed in samples from AA perfu-


sions simultaneously with AA using LC/MS. No GA formation was


detected in perfusion samples or in placental tissue samples of AA


perfusions. The limit of detection of the used method was 0.1 �g/ml.


N1-GA-adenine was analysed in DNA from AA or GA perfusions


using HPLC-32P-postlabelling. This adduct was not detectable in


the perfused placental tissue, while it was easily detectable in DNA


treated in vitro with GA.


4. Discussion


We have shown in this study that human fetus can be exposed to


AA and its metabolite GA through the placenta. In human placental


perfusion both AA and GA, when added to the maternal circula-


tion, were transferred from the maternal to the fetal side as fast


as antipyrine. Because antipyrine is known to pass through human


placenta mainly by passive diffusion (Brandes et al., 1983; Challier,


1985; Mölsä et al., 2005; Rurak et al., 1991; Schenker et al., 1992)


comparison of the kinetics of the studied substances with that of


antipyrine gives indication whether the transfer is passive or medi-


ated through active transport. The transfer rate may be slower if


the compound is actively pumped out of the syncytiotrophoblasts


through the maternal brush border by ABC transporters which have


been shown to reside in this location (Ganapathy and Prasad, 2005).


The fact that AA and GA behave similarly to antipyrine in perfu-


sions does not, however, necessarily mean that they are transferred


through the placenta by the same mechanism. There are physico-


chemical differences in the properties of AA and antipyrine. AA and


GA are smaller and more water-soluble molecules and they could


be transferred through the human placenta also paracellularly or


through the pores in the placenta. However, in placental barrier


there are tight gap junctions between the cells, and the major route


of the transfer is through the cells (Challier et al., 2005). There were


no major differences in the transfer rates of two different concentra-


tions of AA indicating that the transfer of AA was not concentration


dependent. Because the kinetics in the 10 �g/ml AA perfusions


moved towards increasing concentration in fetal side from 3 to 4 h,


a longer perfusion (6 h) was performed. However, there was no fur-


ther increase in fetal concentration compared to maternal. Thus no


accumulation of AA into the fetal side was indicated.


The amount of AA used in perfusions (1–2 mg/perfusion) was


slightly higher than the estimated daily intake of a 70 kg human


(0.35 mg/day) (Parzefall, 2008). Compared to the study of Sörgel


et al. (2002), we carried out longer perfusions (0.5 h vs. 4 h) and


consequently were able to show that the maternal and fetal concen-


trations equilibrated within 2–3 h. Sörgel et al. (2002) discovered


that 20% of AA crossed the human placenta within half an hour,


which agrees well with our results (Fig. 2). Haemoglobin adducts


of AA have been found in umbilical cord blood of newborn babies


from the mothers who ate potato chips during pregnancy, suggest-


ing also in vivo fetal exposure to AA (Schettgen et al., 2004). Both


the work by Sörgel et al. (2002) and Schettgen et al., 2004 on AA


and our results on AA and GA in this study thus indicate that human


placenta does not protect the fetus from transplacental exposure of


AA or its more genotoxic metabolite, GA.


In this study, the placenta did not metabolically activate AA into


GA during the 4-h perfusions. In mice, as much as 30–50% of AA


is metabolized into GA and GA-derived metabolites (Sumner et al.,


1992, 2003). GA metabolites have been found in human urine as


well (Bjellaas et al., 2005; Boettcher et al., 2005, 2006; Fennell et


al., 2005, 2006; Fuhr et al., 2006). Human placenta is known to


have active enzymes for xenobiotic metabolism. Some of the CYP


enzymes (CYP2E1 and 1A1) may be catalytically active (Myllynen


et al., 2005), activating carcinogens like ethanol (Karl et al., 1988),


aflatoxin (Sawada et al., 1993) and benzo(a)pyrene (Myllynen et


al., 2007a) which may be then transferred to the fetus. Several CYP


enzymes (e.g. CYP 1A1, 4B1, 19, 2C, 2D6, 2E1 and 3A7) have been


found in human placental tissue both at mRNA and protein level


(Collier et al., 2002; Hakkola et al., 1996a,b; Myllynen et al., 2005,


2007b). AA is metabolically activated to GA by CYP2E1 (Ghanayem


et al., 2005). Hakkola et al. (1996a) found CYP2E1 mRNA with


several other CYP mRNAs in first trimester human placentas and


smoking affected the levels of CYP’s in full term placentas (Hakkola


et al., 1996b). Likewise, Vieira et al., 1998 found RNA of CYP 2E1


in variable levels in full-term human placentas. However, in some


other studies no CYP2E1 enzyme activity has been found in full term


human placenta (Collier et al., 2002; Glover et al., 1998; McRobie et


al., 1998). The study by Rasheed et al. (1997) suggests that CYP2E1


is probably active only in the placentas of mothers consuming a


fair amount of alcohol. Therefore, metabolism of AA probably does


not occur in most of the placentas from non-drinking mothers. In


this study, the perfused placentas were not able to metabolize AA


into GA within the studied 4 h in accordance with the fact that the


placentas were collected from mothers who did not drink alcohol


during pregnancy. However, it has to be taken into account that


the used analytical method was not validated for the very small


concentrations of GA which thus may have escaped detection. Fur-


thermore, if the transfer of AA is intercellular, which is not the most


probable route, only small amounts of AA may be transferred into
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the cells for the metabolism. All in all, it seems that AA metabolism


into GA in human placenta from women not consuming alcohol is


not significant. However, in vivo maternal metabolism of AA to GA


would have to be taken on account.


Because of the genotoxicity of GA we analyzed whether any


GA-derived DNA adducts were formed in human placenta during


perfusion with AA or GA. Although several sensitive methods have


been developed to measure DNA adducts of GA (Gamboa da Costa et


al., 2003), no human studies have so far been carried out. Using 32P-


postlabelling we could not detect the N1-adenine adduct from GA


in perfused placental tissue from either AA or GA perfusions. This


might be due to the relatively low concentration used in perfusions


or more likely in the case of AA, the low metabolic activity of the pla-


centa. However, in the perfusions with GA it was unexpected that


N1-GA-adenine could not be detected, since this adduct could eas-


ily be detected with high recovery in DNA treated in vitro with GA.


This adduct was chemically stable in DNA, but one not fully inves-


tigated reason could be elimination due to repair. No loss could be


detected in cell studies at 37 ◦C during 24 h post-incubation after


treatment with GA (data not shown).


In this study we have shown that AA and GA can be transferred


from maternal to fetal circulation in human perfused placenta. Fetal


exposure to these genotoxic and neurotoxic compounds through


the placenta from an exposed mother may thus endanger fetal


health. However, the effects on fetus need to be studied separately,


because perfusion experiments only tell about placental effects


and kinetics. In future it would be interesting to study placen-


tal metabolism and DNA adduct formation in perfused placentas


from mothers drinking alcohol during pregnancy, because the main


enzyme catalyzing AA metabolism to GA, CYP2E1 has been reported


to be induced in such placentas (Rasheed et al., 1997). Due to the


sensitivity of the issue ethical aspects in such a study would require


special attention and planning.
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a b s t r a c t


Nitrosodimethylamine (NDMA) is a carcinogenic compound present in tobacco smoke and food such as
cured meat, smoked fish and beer. The O6-methylguanine formed in human cord blood in mothers highly
exposed to such products implicates NDMA exposure of the fetus. Dual recirculating human placental
perfusion was used to get direct evidence of the transplacental transfer of NDMA and DNA adduct
formation in perfused human placenta. Eleven placentas from normal full-term pregnancies were
collected immediately after delivery and an isolated lobule was perfused with 1 or 5 mM of 14C-NDMA
with a reference substance, antipyrine (0.1 mg/ml) added to the maternal circulation. Perfusate samples
were collected from both maternal and fetal circulations every half an hour for the first two hours and
once per hour from thereon. NDMA was analyzed by scintillation counting and antipyrine by high
performance liquid chromatography. The transfer of NDMA was comparable to that of antipyrine and
probably occurred through passive diffusion, with the concentrations in maternal and fetal sides
equilibrating in 2–3 h. No indication of any effect by efflux transporters on NDMA kinetics was noticed in
the experiments utilizing Caco-2 or MDCK- MDCKII-MDR1 cell culture monolayer in a transwell system,
either. Furthermore, no NDMA-DNA-adducts were found after the perfusions and no DNA-binding of
NDMA was seen in in vitro incubations with human placental microsomes from 8 additional placentas.
Thus, our study demonstrates that the human fetus can be exposed to NDMA from the maternal
circulation. According to this study and the literature, NDMA is not metabolized in full-term human
placenta from healthy non-smoking, non-drinking mothers. It remains to be studied whether NDMA
concentrations high enough to evoke fetal toxicity can be obtained from dietary sources.


� 2008 Published by Elsevier Ltd.


1. Introduction


Nitrosodimethylamine (NDMA) is a highly toxic and carcino-
genic compound found in smoked and nitrite-treated Asian fish,
cured meats, bacon, sausages, beer and cheese [1]. N-nitroso
compounds, including NDMA, can also be formed in the stomach
during digestion of alkylamine containing foods. It has been esti-
mated that a substantial amount, or even the majority of human
exposure to N-nitroso compounds can be attributable to in vivo
formation (reviewed in [2,3]). Total human dietary intake of volatile
nitrosamines, of which NDMA represents more than 90%, has been
estimated to be 0.2–1.0 mg/day [2,4,5]. However, the exposure is as
much as two times higher in heavy smokers or in people who eat


large quantities of cured meats or drink beer. The elimination of
NDMA has been studied only in animals. After i.v. injection, the
mean elimination half-life is 73 min in beagles [6] and about 10 min
in rats [7,8]. It has been estimated that the elimination of half-life in
humans is less than one hour, especially at low doses [8,9]. The
physicochemical properties of NDMA resemble those of antipyrine;
NDMA is miscible in water and the log octanol–water partition
coefficient (log Kow) for NDMA is �0.57 [10]. Furthermore, as far as
we are aware, there is no evidence of NDMA binding to serum
proteins.


The ability of NDMA to evoke liver toxicity has been known for
over 60 years [11] and in food NDMA was first detected in sodium
nitrite preserved herring already over 40 years ago [12]. IARC [13]
has classified NDMA as probably carcinogenic to humans (cate-
gory 2a). It has been shown that after metabolic activation of
NDMA [for a review, see [14]], tumors can be induced in several
organs of all studied animal species [13] including transplacental
tumors [15,16]. Recent epidemiological studies indicate that
NDMA and other nitrosamines may induce brain tumors in
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children if the mother has consumed large quantities of cured
meats during pregnancy [17–19]. Preston-Martin and co-workers
[17] calculated an OR of about 2 for childhood brain tumors when
the mother ingested more than 1.3 mg nitrate daily from cured
meat. It is thus a real possibility that fetal exposure during
pregnancy may evoke fetotoxicity including transplacental carci-
nogenesis [for reviews, see [20,21]]


NDMA can be activated into a reactive methyl diazonium ion by
CYP2E1 [22] forming N7-methylguanine and O6-methylguanine in
DNA, adducts that are not specific for NDMA [23,24]. Georgiadis
and co-workers [25] observed a strong correlation between O6-
methylguanine adducts in cord blood with those in maternal blood
indicating transplacental transfer of methylating agents, with
NDMA being the most probable agent. However, since these
adducts can originate from any methylating compound [23,25],
little is known of the actual transplacental transfer of NDMA in
humans. The study by Chhabra and co-workers [26] where
O6-methylguanine was found in fetal and placental DNA after
administering NDMA to pregnant patas monkeys points to trans-
placental transfer of NDMA in primates.


During the last decades, it has become clear that there is
a need for studies on developmental toxicology and fetal exposure
(for a review see [20,21]). The possibility to conduct in vivo human
studies is limited by ethical restrictions, insufficient knowledge
and appropriate methods for exposure. Furthermore, there are
functional differences in the anatomy and physiology of the
placenta between different species [27–29]. Ex vivo perfusion of
human placental cotyledon retains placental structure and func-
tions for hours [30] and has proven to be useful for the analysis of
transplacental transfer of drugs and other chemicals [31–34]. In
addition to pharmacokinetic or toxicokinetic data, one can collect
information of toxicity to placental tissue by the perfused
compounds. At present, apart from metals (e.g. mercury and
cadmium [35,36]) only a few studies on the transfer of environ-
mental carcinogens in human placental perfusion have been
carried out: transfer of acrylamide [37,38], PhIP [39] and phtha-
lates [40].


Since there is no direct proof of the actual transfer of NDMA
through human placenta and only a single study of NDMA
metabolism in only two placentas [41], we have used human
placental perfusion to clarify these issues. In addition, it was also
evaluated whether NDMA could be activated to DNA-binding
metabolites and whether NDMA derived DNA-adducts during
perfusion could be formed in placental tissue. Furthermore, as far as
we are aware, nothing is known of the role of transporter proteins
in NDMA toxicokinetics. Therefore, we compared transfer of NDMA
to antipyrine which is a passively diffusible drug [42,43]. To
complement the perfusion data, we studied whether NDMA
transport was affected by transporters in a transwell model with
polarized cell-culture expressing either P-gp or both BCRP and P-gp
in the apical surface of the cells. P-gp and BCRP are the major
xenobiotic transporters in human placenta [44–46]. This is the first
paper where placental transfer kinetics of NDMA and NDMA
derived DNA adduct formation as well as NDMA metabolism has
been studied in perfused human placenta.


2. Materials and methods


2.1. Chemicals


14C1-NDMA (specific activity 54 mCi/mmol, purity> 98%) was purchased from
Moravek Biochemicals, Brea, CA, USA. Cold liquid NDMA (purity> 99%), N7-meth-
ylguanine and antipyrine were obtained from Sigma–Aldrich (St Louis, MO, USA).
Perfusion medium consisted of RPMI 1640 cell culture medium (Cambrex, Verviers,
Belgium) with dextran (2 g/l, Sigma–Aldrich), albumin SPR (2 g/l, The Finnish Red
Cross and Sanquin, Finland), heparin (25 IU/ml, Leo Pharma, Malmö, Sweden),
sodium pyruvate (1 mM, Cambrex), Non-essential amino acid–solution (10 ml/l,
Cambrex), Penicillin–Streptomycin (25 U/ml, Cambrex) and L-Glutamine (8 nM,
Cambrex). All reagentswere of analytical grade, and the solventswere of HPLC grade.


2.2. Human placentas and ethics


In Finland, human placenta is disposable after delivery. The use of the placenta
for this study did not affect the delivery or the treatment of the mother and child in
any way. The official Research Ethics Committee of the University Hospital District of
Kuopio region approved the study protocol (11.5.2005). Only placentas from healthy,
non-smoking (according to their own information), Caucasian mothers after
uncomplicated full-term pregnancies from the Kuopio University Hospital were
used. Mothers received oral and written information before the midwife asked them
to sign the informed consent form. The placentas were anonymized so that there is
no way of tracking down the persons. Altogether 21 placentas were obtained after
a normal delivery or a caesarean section.


2.3. Human placental perfusion and analysis of NDMA


A dual recirculating perfusion model with separate maternal and fetal circula-
tions, based on the original method developed by Schneider and co-workers [31]
with minor modifications was used [37,47–49]. The placentas were obtained within
10 min after the delivery. Krebs–Ringer–phosphate-bicarbonate buffer with heparin
(25 IU/ml) was injected in the hospital into the fetal umbilical cord. The solutions
were injected extremely slowly via a small needle, to prevent pressure formation.
Also, if there was any damage, this became visible as an increased leakage (over
3 ml/h) during the perfusion, and these perfusions were not included in the final
data. A similar buffer solution was used after cannulation of fetal vein and artery to
flush the placenta. In the perfusions, a cell culturemedium based perfusion fluid was
used (see Chemicals). The flow rate during the perfusions was 3 ml/min on the fetal
side and 9 ml/min on the maternal side. The maternal perfusate was gassed with
95% O2/5% CO2 and fetal perfusate with 95% N2/5% O2. Physiological body temper-
ature (37 �C) was maintained during the perfusion.


Criteria for a successful perfusion (leak< 3 ml/h; antipyrine kinetics; glucose
consumption; stabile pressure during perfusion in fetal circulation) were fulfilled in
12/21 placentas and these were used to study transplacental transfer of NDMA and
putative DNA adduct formation in the perfused placental tissue (Table 1). Regardless
of the careful checking of the placentas for lacerations before accepting them for
perfusions, 8/21 of the placentas failed after adding NDMA and 1/21 before the
perfusion with NDMA. NDMA and 0.1 mg/ml of antipyrine were added into the
maternal perfusate simultaneously. Altogether, six placentas were perfused with
1 mMof 14C-NDMA and six with 5 mMof 14C-NDMA (final specific activities were 12.5
and 2.5 mCi/mmol, respectively). The perfusion time was 4 h in 11 perfusions and
6 h in one perfusion with 5 mM NDMA. During the perfusions, samples (1 ml) from
both the maternal and fetal reservoirs were taken every 30 min for the first 2 h and
once per hour from thereon. For the 14C-NDMA analysis, 900 ml of scintillation
cocktail (Hi-Safe 3, PerkinElmer, Waltham, MA, USA) was added to 100 ml of the
sample and radioactivity was measured by 1450 MicroBeta Trilux liquid scintillation
and luminescence counter (Wallac, PerkinElmer). The rest of the perfusion sample
(900 ml) was centrifuged at 12 000 g for 15 min and the supernatants stored in the
freezer (�20 �C) for antipyrine analysis. Tissue pieces from placental tissue before
and after perfusions were snap-frozen in liquid nitrogen and stored at �80 �C. To
determine NDMA recovery, the total amount of radioactivity was calculated after
perfusion including maternal and fetal perfusion medium and the perfused tissue. A
total of 0.5 ml of solubilizer (Soluene�, PerkinElmer) was added to a homogenized
0.1 g piece of perfused lobule and incubated at 60 �C for 6 h before adding 1.8 ml of


Table 1
Perfusion conditions for nitrosodimethylamine (NDMA) perfusions.


NDMA perfusion [C] (mM) Perf. time (h) Leak (ml/h) pH �SD pO2 (fetal)
(kPa) �SD


pO2 (maternal)
(kPa) �SD


pCO2 (kPa) �SD Gluc. cons.
(mmol/l) �SD


Successfula 1 mM (n¼ 6) 1 4 1–3 7.47� 0.03 19.8� 0.3 19.9� 0.3 2.8� 0.1 1.5� 1.4
Successful 5 mM (n¼ 6) 5 4, one 6 1–3 7.49� 0.04 20.0� 0.2 20.0� 0.2 2.8� 0.1 2.2� 1.8
Unsuccessful (n¼ 9) mean 3 4–30 7.52� 0.08 20.1� 0.4 20.4� 0.4 2.7� 0.3 2.4� 2.8


a Leak from fetal to maternal side <3 ml/h, pressure in fetal circulation stable throughout the perfusion, glucose consumption measurable and antipyrine concentration in
equilibration between maternal and fetal circulations within 2 h.
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scintillation liquid (Hi-Safe 3, PerkinElmer) to 200 ml of the sample. The amount of
14C-NDMA was measured by scintillation counting.


2.4. Analysis of antipyrine by HPLC


Antipyrine concentrations in perfusion medium were analyzed by an HPLC–UV
method modified from Myllynen and co-workers [49]. Briefly, methanol (100 ml)
was added to a 100 ml sample. Samples were centrifuged for 15 min at 12 000 g.
The supernatant (150 ml) and acetonitrile (150 ml) were combined, and the samples
were centrifuged again for 15 min at 12000 g. A 10 ml aliquot of the supernatant
was injected into the HPLC–UV system (Shimadzu 20A VP) with a reversed-phase
column (Supelco C-14 2.5� 250 mm; 5 mm). Isocratic elution with 20 mM KH2PO4


(70%) and acetonitrile (30%) at a flow rate of 1 ml/min was used and the UV
detector was set at 255 nm. The column temperature was 40 �C. Calibration
samples (5, 10, 20, 40, 80, 120 and 150 mg/ml of antipyrine in perfusion medium)
and quality control samples (triplicates of 10, 40 and 150 of antipyrine in perfusion
medium) were run on each day of analysis together with the perfusion samples.
The method was linear and reproducible over the used concentration range of
5–150 mg/ml.


2.5. DNA-binding in perfused placental tissue


DNA from placental tissue perfused with 14C-NDMA and from a piece of tissue
taken from the same placenta before perfusion was isolated by the phenol–chlo-
roform extraction modified from Gupta [50]. DNA concentration was measured by
absorption at 260 nm and 1 mg samples were depurinated by heating at 100 �C for
30 min. Two nmol of 7-MeG were added as a UV-marker and samples were sepa-
rated on a Luna C18(2) reversed-phase column (5� 250 mm) (Phenomenex, Tor-
rance, CA, USA). The flow rate was 0.7 ml/min and UV monitored at 248 nm. The
HPLC system consisted of a model 116 gradient pump and a model 168 UV detector,
all from Beckman Coulter (Fullerton, CA, USA). The linear gradient used started with
98% 50 mM ammonium formate and 2% methanol with the methanol level raised to
35% during 50 min. One min fractions were collected and mixed with 3 ml of scin-
tillation cocktail (Ready Safe, Beckman Coulter) and radioactivity measured in an LC
6000 scintillation counter (Beckman Coulter). The fractions were counted for 40 min
each, which gave a background of 30� 2 dpm. It was expected that 5–10 dpm
(if eluting in one fraction) would be detectable. The detection limit was thus esti-
mated to be about 1/108 normal nucleotides.


Additionally, the radioactivity of purified placental DNA was analyzed by scin-
tillation counting by adding scintillation cocktail directly into 200–4000 mg of DNA.
DNA quenching was investigated by mixing radioactive NDMA separately with H2O
or up to 4000 mg of placental DNA. DNA extracted from placental tissue before the
perfusion was used as a negative control.


2.6. In vitro incubations for DNA-binding of NDMA


Placental microsomes were prepared as described earlier [51]. Samples were
collected and snap-frozen from eight human term placentas immediately after birth.
Placental microsomes were prepared by homogenizing placental tissue (5–7 g) into
four volumes of buffer (0.1 M Tris-HCl, 1 mMK2–EDTA, pH 7.4). The homogenatewas
centrifuged (4 �C, 10 000 g, 30 min) and the supernatant was collected and centri-
fuged (4 �C, 100 000 g, 1 h). The microsomal pellet was homogenized into about
1000 ml of buffer solution and the suspension was stored at �80 �C. The protein
concentration was measured by EL�800 UV (Bio-Tek Instruments, Winooski, VT,
USA) and bovine serum albumin (Sigma–Aldrich) was used as a standard.


The metabolic activation of NDMA to methyl diazonium ion and its binding to
DNA catalyzed by human placental microsomes was examined in in vitro incuba-
tions. The incubation medium (final volume 500 ml) consisted of 1 mg/ml of
microsomal protein as a final concentration (added in 10 ml) with 500 mg of salmon
testes DNA (Sigma–Aldrich) dissolved in 315 ml of 100 mM phosphate buffer pH 6.8,
25 ml of 100 mM MgCl2, 10 mM of 14C-NDMA (in 100 ml of phosphate buffer, specific
activity 54 mCi/mmol) and 50 ml of 10 mMNADPH. The incubations were carried out
for 1 h at 37 �C. The negative controls were prepared without NADPH. Microsomes
(100 mg/ml of protein as a final concentration) prepared from the liver of acetone
treated rats to induce CYP2E1 were used as positive controls. The concentration of
acetone induced microsomes was 10 times lower in the positive controls due to the
high CYP2E1 activity.


After incubation, the reactions were stopped by the addition of 1 volume of
phenol, which also served to purify the samples from proteins. After centrifugation
at 4 �C for 12 000 g for 5 min, the supernatant was transferred to another tube and
extracted twice with 1 reaction volume of chloroform:isoamyl alcohol (24:1). After
centrifugation, 1 volume of cold 95% ethanol was added to the supernatant and
stored overnight to precipitate the DNA. The DNAwas collected by centrifugation at
12 000 g for 15 min at 4 �C and the pellet was washed once with cold 70% ethanol.
The washed and dried DNA pellet was then dissolved in 100 ml of H2O and the
radioactivity was measured by liquid scintillation counting after the addition of
900 ml of scintillation fluid (Hi-Safe 3).


2.7. Transfer of NDMA through Caco-2 cell and MDCKII-MDR1 monolayers


Human colon carcinoma Caco-2 cells expressing various active transporters,
such as P-gp (MDR1/ABCB1) and BCRP (ABCG2) [52,53] (from ATCC HTB-37, Man-
assas, VA, USA), in passage number 47, and canine kidney epithelial cells expressing
transfected human P-gp (MDCKII-MDR1) [54] (from The Netherlands Cancer Insti-
tute, Amsterdam, The Netherlands), in passage number 30, were cultured and
prepared for experiments as earlier described [53–55].


The Caco-2 cell monolayer transfer experiments were conducted as earlier
described [55] with minor changes. Before the experiments the Caco-2 cell mono-
layers were washed twice with the transport buffer (Hanks’ balanced salt solution
buffered with 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid, pH 7.4).
Thereafter, the monolayers were allowed to equilibrate in transport buffer for about
20 min at 37 �C. After the equilibration period, transport buffer was added to the
receiver chamber, the plate was placed on an orbital shaker (Titramax 1000, Hei-
dolph, Germany) at 420 rpm and the experiment was started by adding the donor
solution (1 mM or 5 mM of 14C-NDMA in the transport buffer) into the donor
chamber. The initial volumes added to apical and basal chamber were 600 ml and
1600 ml, respectively. 50 ml samples were withdrawn from both chambers at 10, 30,
60, 90, 120 and 180 min. No replacements were made and, therefore, there were no
abrupt changes in concentrations. Transepithelial electrical resistance (TEER) was
measured to ensure the integrity of cell monolayers before and after experiments
and only data from monolayers with TEER higher than 300 Ucm2 were accepted.
Additionally the possible effect of NDMA on Caco-2 monolayer integrity was
controlled with a separate 14C-mannitol transfer experiment with and without
NDMA present in the donor solution. NDMA up to 50 mM did not compromise the
integrity of the monolayers since mannitol permeability remained virtually unaf-
fected (data not shown).


The MDCKII-MDR1 cell monolayer transfer experiments were conducted as
earlier described [53,54] with minor changes. The initial 14C-NDMA concentration in
donor solution was 2 mM, the stirring rate was 420 rpm and the experiments were
conducted for up to 60 min.


The flux of NDMA through MDCKII-MDR1 and Caco-2 cell monolayers was
relatively rapid. Therefore, permeability coefficients were estimated using the
following equation that takes into account the changes in the concentrations [56]:


CR;b ¼ M
VR þ VD
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M
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�
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VR�VD
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where CR,a and CR,b are receiver concentrations at the beginning and at the end of
time interval a/ b,M is the total amount of the compound at the beginning of time
interval, VD and VR are the donor and receiver volumes, A is the area of the filter, Papp
is the apparent permeability coefficient andDt is the length of the time interval. Data
from 0 to 90 min were used in least squares fitting that was undertaken with
Microsoft� Excel software.


The experiments were conducted in both directions (apical to basal and basal to
apical) to examine the possible polarization of the transfer. The sampling schedule in
the Caco-2 experiments was designed to capture both the initial phase transfer rate
(to calculate the apparent permeability coefficients) and the virtual steady state
when there would be no net flux through the cell monolayer.


2.8. Safety of laboratory personnel


Since human placental tissue and blood were handled in this study, each worker
was vaccinated against Hepatitis B. Carcinogen handling was carried out to mini-
mize skin or inhalation contamination. Individuals working with radioactivity were
protected by double gloves, goggles and a laboratory coat and they worked in
a laminar hood behind a 10 mm Plexiglas shield. The amount of radioactivity and the
duration of the work were minimized.


2.9. Statistical analysis


Microsoft� Excel 2002 and GraphPad Prism 4.03 2005 were used for calculating
the statistical parameters. The results are shown as mean� SD and the p-value was
calculated using a paired, two-tailed distribution in t-test and p< 0.05 was regarded
as statistically significant. The feto-maternal ratio (fetal concentration divided by
maternal concentration) was calculated from the concentrations in fetal and
maternal side at each time point. The transfer percentage was calculated using the
following equation: 100� Fc� Fv/[(Fc� Fv)þ (Mc�Mv)], where Fc is fetal concen-
tration, Fv is Fetal volume, Mc is Maternal concentration andMv is Maternal volume.
Differences between multiple groups were compared with non-parametrical Krus-
kal–Wallis rankorder test and differenceswere considered significantwhen p< 0.05.


3. Results


3.1. Recovery of NDMA from human placental perfusion system


The mean total recovery of NDMA in perfusions (sum of NDMA
in perfused tissue plus NDMA in maternal and fetal perfusates) was
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90% (Table 2). In control perfusions without a placenta 3–13% of
NDMA (1 mM) disappeared from the circulation within 4 h. The
mean NDMA recovery from the perfusion medium was 76�10%
(the volume of samples during perfusion was taken into account).
Various amounts of radioactivity (3–31%) were detected in
placental tissue after perfusion pointing to considerable inter-
individual variation in the accumulation of NDMA in placental
tissue. No statistically significant difference was observed in the
percent accumulation in placental tissue between the perfusions
with different doses of NDMA (Table 2).


3.2. Transplacental transfer


In all perfusions, both the reference compound antipyrine and
NDMA were detected in all samples taken after the addition of all
compounds to the maternal circulation (Fig. 1A). The maternal
concentration antipyrinewas statistically significantly higher in the
maternal circulation for up to 2 h (p< 0.05). At the end of the
perfusions, the mean feto-maternal ratio of antipyrine was
0.93� 0.07 and the transfer percentage 31.0� 2.6. In successful
perfusions, antipyrine kinetics was similar regardless of the
concentration of NDMA (1 mM or 5 mM) suggesting that all perfu-
sions were comparable with each other.


Radioactively labelled (14C) NDMA crossed the placenta as easily
as antipyrine (Fig.1A). The feto-maternal ratiowas even statistically
significantly higher with 5 mM of 14C-NDMA than that of antipyrine
at 3–4 h. A small amount of radioactivity from 14C-NDMA in the
fetal circulation was found already in the first samples taken at
30 min after the addition of NDMA to the maternal circulation
(Fig. 1B and C). At 30 min in the perfusions with 1 mM of NDMA, the
mean fetal concentration was about one quarter of the maternal
concentration (Table 3). With the lower concentration the differ-
ence between the mean concentrations of NDMA in maternal and
fetal sides were statistically significantly different (p< 0.05) up to
2 h (Fig. 1B). At the end of these perfusions, the mean fetal and
maternal concentrations were similar (Table 3), the mean feto-
maternal ratio was 0.98� 0.05 and the mean transfer percentage
31.7�1.7%.


In the perfusions with the higher concentration (5 mM), the
equilibration between maternal and fetal NDMA concentrationwas
achieved quicker than with the lower concentration of NDMA
(1 mM) (Fig. 1A and C). As in the perfusions with the lower concen-
tration, NDMAwas already found in the fetal circulation 30 min after
the start of the perfusions (Table 3). The difference between the
mean concentrations of NDMA in maternal and fetal sides was
statistically significantly different (p< 0.05) up to this time point. At
the end of the perfusions, the mean feto-maternal concentration
ratiowas 1.07� 0.04, and themean transfer percentage 34.6� 4.5%.


Table 2
Recovery of nitrosodimethylamine (NDMA) in human placental perfusions.


Perfusion
number


Concentration
of NDMA (mM)


Perf.
time (h)


Recovery,
perfusates (%)


Recovery,
tissue


Total
recovery (%)a


(ng/g) (%)


1 1 4 58 3 5 63
2 1 4 83 10 13 96
3 1 4 85 2 3 88
4 1 4 71 19 31 102
5 1 4 83 3 6 89
6 1 4 53 5 7 60


Mean 72 7 11 83
SD 14 7 10b 17b


7 5 4 83 39 13 96
8 5 4 76 58 28 104
9 5 4 81 58 13 94
10 5 4 72 55 10 86
11 5 4 81 50 22 103
12 5 6 81 23 24 105


Mean 79 47 18 98
SD 4 14 7b 7b


Total mean 76 14 90
SD 10 10 15


a Calculated based on concentrations in perfusates and in tissue at the end of
perfusion.


b No statistically significant difference between the two doses.


Fig. 1. Transfer of nitrosodimethylamine (NDMA) and antipyrine through the placenta
in placental perfusion. A. Mean feto-maternal ratio of NDMA 1 mM (solid line, open
squares; n¼ 6), NDMA 5 mM (broken line, black diamonds; n¼ 6) and antipyrine
(broken line, open circles) in 12 successful perfusions. B. NDMA concentrations in
maternal (solid lines) and fetal (broken lines) circulations in 6 successful perfusions
with 1 mM of NDMA. C. NDMA concentrations in maternal (solid lines) and fetal
(broken lines) circulations in 6 successful perfusions with 5 mM of NDMA. The results
are given as a mean� standard deviation (*p< 0.05).
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The initial objective was to study 4 h perfusions using two
concentrations. However, when comparing the feto-maternal ratios
of antipyrine to those of NDMA, the ratio was higher in the perfu-
sions with the 5 mM concentration compared to antipyrine or 1 mM
concentration of NDMA (p< 0.05) during the third and fourth hour
of perfusion (Fig.1A). Therewas no difference in the radioactivity or
in the recovery of NDMA between the 1 and 5 mM perfusions.
Therefore, the difference in transfer between doses could not be
explained by technical issues. However, one additional 6-h perfu-
sion gave no indication of further accumulation of NDMA in the
fetal circulation. Also, at the end of perfusions there were no
statistically significant differences between the mean maternal and
fetal concentrations (Table 3).


3.3. DNA-adducts in perfused human placenta


To study whether the radioactivity in tissue was due to DNA-
binding, DNAwas isolated from perfused placental tissue. However,
there was no radioactivity associated with the UV-marker N7-
methylguanine when separating the depurinated DNA by HPLC,
followed by liquid scintillation counting of collected fractions
(detection limit 1 adduct/108 nucleotides). There was also no
radioactivity in DNA from perfused placental tissue when the total
binding was analyzed by scintillation counting, indicating that no
other adducts were responsible for tissue radioactivity, either.


3.4. NDMA binding into DNA in in vitro incubations


To further study potential NDMA activation into the reactive
methyl diazonium ion in placentas from uninduced mothers
placental microsomes from eight human placentas from non-
smoking, non-drinking mothers were prepared. In incubation with
rat liver microsomes, used as a positive control, NDMA was bound
in the DNA after its metabolic activation by CYP2E1, and the
radioactivity of the samples was 4.6 times higher than the negative
control. However, no increased radioactivity was found in DNA
incubated with placental microsomes. The radioactivity of the
samples was 0.79–1.18 fold compared to negative controls, this
being within the variation present in the controls. The fact that no
increased radioactivity could be detected was confirmation that no
NDMA at these concentrations had been activated into the reactive
methyl diazonium ion in placentas from uninduced mothers.


3.5. Transfer of NDMA through Caco-2 cell monolayers


To study whether saturable transporters could be behind the
small differences noted in fm-ratios between the doses, transwell
system with tight cell monolayers was utilized. In the Caco-2
experiments, the concentration of NDMA equilibrated at 90 min
and the concentrations remained virtually constant thereafter
(Fig. 2). The time to reach equilibriumwas unaffected by the NDMA
concentration or by the direction of the experiment. Furthermore,
the apparent permeability of NDMA through the Caco-2 monolayer
was high and virtually the same in both directions with both of the
used concentrations (Fig. 3). With 1 mM of NDMA, the apparent
permeability (cm/s� 10�6) was 226� 21 from apical to basal side,
while it was 248� 11 from basal to apical side. The corresponding
permeability values for 5 mM of NDMA were 232�18 and 244� 3,
respectively. The apparent permeability of a lower concentration of
NDMA (2 mM) was also determined using the human P-glycopro-
tein expressing canine kidney epithelial cell line (MDCK-MDR1).
The permeability was similar in both directions, being 297�13
from apical to basal side and 289� 9 from basal to apical side.


4. Discussion


In this study, we have shown that in humans, NDMA is trans-
ported from thematernal to fetal circulation at a rate comparable to
antipyrine. Similar results were observed in three perfusions in the
laboratory of our collaborator in the NewGeneris project (Prof.


Table 3
The mean maternal and fetal nitrosodimethylamine (NDMA) concentrations� SD at
30 min and in the end (at 4 h) of perfusions with initial calculated concentration of
1 mM (n¼ 6) or 5 mM (n¼ 5) of NDMA.


NDMA 1 mM (range) NDMA 5 mM (range)


Maternal concentration
at 30 min


0.77� 0.07 mM (0.64–0.83) 3.54� 0.43 mM (2.95–4.01)


Fetal concentration
at 30 min


0.19� 0.04 mM (0.14–0.26) 1.07� 0.26 mM (0.78–1.42)


Maternal concentration
at 4 h


0.52� 0.05 mM (0.43–0.56) 2.41� 0.41 mM (1.91–2.89)


Fetal concentration
at 4 h


0.51� 0.04 mM (0.46–0.54) 2.58� 0.31 mM (2.05–2.82)


No statistically significant differences between maternal and fetal concentrations at
four hours with either of the concentrations.


Fig. 2. Transfer of nitrosodimethylamine (NDMA) through Caco-2 cell monolayers in
apical to basal direction. NDMA concentrations in apical (solid lines) and basal (broken
lines) chambers with 1 mM (closed symbols) and 5 mM NDMA (open symbols).
Experiments were conducted as triplicate. Results are given as a mean� standard
deviation.


Fig. 3. The apparent permeabilities (Papp) of nitrosodimethylamine (NDMA) through
Caco-2 monolayer from apical to basal (AB) and basal to apical (BA) directions. The
experiments were conducted as triplicate. The results are given as a mean� standard
deviation.
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Lisbeth E. Knudsen, University of Copenhagen, oral communica-
tion). The doses of NDMA which were used in our study, 15 mg
(1 mM in perfusion) or 75 mg (5 mM), were clearly higher than the
average daily exposure (1 mg) from the food [5]. However, the daily
exposure may be more than 1 mg if estimated on basis of the total
exposure from all sources including in vivo formation. The total
daily exposure to all N-nitrosamines from food is probably as high
as 80–120 mg/day [3]. To our knowledge, there is no information in
the literature about the actual circulating levels of NDMA in
maternal blood during pregnancy.


Towards the end of the 4 h perfusions the mean feto-maternal
concentration ratio in the perfusions with 5 mMNDMAwas slightly
higher than in the perfusions with 1 mM NDMA. However, the
difference was minor and no indication of further accumulation
was seen in a longer perfusion carried out. The transfer from the
maternal to the fetal side may be inhibited by saturable efflux
transporters located in the apical surface of syncytiotrophoblast
such as P-glycoprotein (MDR1/ABCB1) or breast cancer resistance
protein (BCRP/ABCG2) [for a review see [57]]. Therefore, we carried
out transfer experiments with human colon carcinoma Caco-2 cells
and canine kidney MDCK-MDR1 cells expressing these trans-
porters. Since the transfer from apical to basal direction did not
differ from the transfer from basal to apical direction, this can be
seen as evidence that NDMA is not a substrate for these trans-
porters. Since NDMA is a very small and hydrophilic compound
similarly to antipyrine, it could be transferred through the pores in
membranes, but in human placenta, there are tight junctions in the
syncytiotrophoblast layer and in term placenta may lack cell
borders altogether forming one continuous layer [29,58]. All in all,
these results with the rapid transfer of NDMA being comparable to
that of antipyrine, are consistent with the transport of NDMA across
the cells being most likely by passive diffusion.


NDMA is metabolized by CYP2E1 to the reactive methyl diazo-
nium ion which may bind to DNA [22,23]. We found no DNA-
binding in perfused placental tissue after the 4 h perfusions.
Furthermore, no NDMA binding in 1 h incubations with placental
microsomes was found, while the induced rat liver microsomes
activated NDMA to DNA-bindingmetabolites. These results support
the notion that NDMA is not activated into the reactive methyl
diazonium ion in human placentas from non-smoking, non-
drinking mothers. In the literature, there are several studies on
CYP2E1 activity in human placenta from healthy mothers.
According to the latest studies, it seems that CYP2E1 is not active in
normal human placentas [59–62]. However, whether the enzyme is
induced in the placenta by maternal use of ethanol during preg-
nancy leading to NDMA activation remains to be studied in more
detail. Some indication for such an induction has been reported in
human and patas monkeys [26,63].


In this study, no adducts were found after perfusionwith NDMA
and nometabolism to DNA-bindingmetabolites was seen in human
placental microsomes. Thus, it seems that the O6-methylguanine
adducts found in the placenta and fetuses of monkeys [26] and in
human cord blood [25] are not formed in the placenta. One
explanation for finding O6-methylguanine adducts in fetuses of
monkeys and in human cord blood may be that the adducts are
formed as a consequence of fetal metabolism. The other possibility
is that these adducts are formed after metabolism of NDMA in the
mother’s liver to an active metabolite which is then transferred
from maternal circulation to the fetus through the placenta. This
hypothesis has not yet been tested, but since the carbonium ion
formed from NDMA is extremely short-lived it seems likely that it
would react close to its site of formation if not stabilized by protein
binding in plasma. Because the O6-methylguanine adducts are not
specific for NDMA [23] another possibility is that the in vivo found
adducts are not from NDMA.


In conclusion, fast transfer of NDMA in human placental
perfusion indicates that maternal exposure to the mutagenic and
highly toxic NDMA probably leads to fetal exposure and may thus
endanger fetal health. In our study, no NDMA-DNA-adducts were
detected in perfused placenta or in DNA incubated in vitro with
NDMA and human placental microsomes. Thus based on these
findings and the existing data in the literature of the lack of CYP2E1
activity in human placenta, it is likely that full-term human
placenta does not participate in the activation of NDMA.
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