 3.  Chemistry and Analysis of Phytoestrogens

Chemical structures and nomenclature

Introduction

3.1 Some naturally occurring compounds present in plants have been found to possess oestrogenic properties, these chemicals have been termed ‘phytoestrogens’.  The majority of phytoestrogens belong to a large group of substituted phenolic compounds known as flavonoids.  Flavonoids are present in many plants and it has been estimated that they can constitute up to 7% of the dry weight of some plants  QUOTE "(Kahnau J, 1976)" 
(Kuhnau, 1976)
.  Three classes of flavanoid, the coumestans, prenylated flavonoids and isoflavones, are phytoestrogens that possess the most potent oestrogenic activity.  A class of non-flavonoid phytoestrogens, the lignans has also been identified.  The relationship between these types of phytoestrogen and the names of the compounds most commonly found in food from these four groups are summarised in Figure 3.1.

3.2 The Working Group has defined a phytoestrogen as: any plant substance or metabolite that induces biological responses in vertebrates and can mimic or modulate the actions of endogenous oestrogens usually by binding to oestrogen receptors.

3.3 Phytoestrogens possess oestrogenic properties due to their structural similarities to the hormone oestradiol.  The structural similarities between members of the four main groups of phytoestrogen identified above and oestradiol are shown in Figure 3.2.

3.4 Much of the work on phytoestrogens has focused on examining the concentration and biological activity of the isoflavones, coumestans, prenylated flavonoids and lignans.  Although other phytoestrogens have been identified there are limited data on their biological properties and their concentrations in plants and foods.  The Working Group did not consider other sources of dietary oestrogens such as phytosterols or mycoestrogens.

Figure 3.1  The relationship between the various groups of phytoestrogens (given in bold) and members of each group.  

The compounds in brackets are not inherently present in plants but are oestrogenic products resulting from metabolism of members of that class of phytoestrogen.  This cannot be considered as an exclusive list as other phytoestrogens may be identified as constituents of food in the future.  
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Figure 3.2  The structural similarities of phytoestrogens to oestradiol.  

The similarity of the structure of the human hormone, oestradiol and examples from the four classes of phytoestrogen from Figure 3.1.  All the structures possess the phenolic (A) and hydroxyl (B) moieties outlined in boxes on the oestradiol structure and the distances between the two groups in each compound are similar.
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Isoflavones

3.5 The major isoflavones present in plant-based foods are:

· genistein

· daidzein

· glycitein

· biochanin A

· formononetin

3.6 Their chemical structures are shown in Figure 3.3. Biochanin A and formononetin are derivatives of genistein and daidzein that have an additional methyl (-CH3) group.  Isoflavones are often present as glucoside conjugates (glucones) in plants and foods.  In addition, the glucose group is often esterified with an acetyl- or malonyl group to form acetyl- or malonylglucosides (Barnes et al, 1994). The terminology used to describe isoflavones is summarised in Table 3.1. 

Table 3.1  Isoflavones most commonly found in foodstuffs.

Aglucones (unconjugated to glucose)
Daidzein


Genistein


Glycitein


Formononetin


Biochanin A



Glucosides (or glucones, conjugated to glucose)
Daidzin


Genistin


Glycitin


Ononin


Sissotrin



Acetylglucosides (acetylglucones)
Acetyldaidzin


Acetylgenistin


Acetylglycitin



Malonylglucosides (malonylglucones)
Malonyldaidzin


Malonylgenistin


Malonylglycitin
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Figure 3.3  Chemical structures and names of the isoflavones, as aglucones, glucones, acetylglucones and malonylglucones, most commonly found in food.
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Physical & chemical properties of isoflavones 

Water solubility

3.7 Isoflavones are low molecular weight hydrophobic compounds.  Conjugation to glucose, glucuronide or sulfate groups increases water solubility.  Acetylation or malonylation of glucose conjugates and methylation of the isoflavone moiety will alter water solubility.

Chemical stability

3.8 Under acidic conditions, the glucones can be deconjugated to give aglucones. Whilst under acidic or basic conditions the acetyl- and malonyl groups can also be removed.  In addition, malonyl groups can decarboxylate (lose CO2) thus yielding acetyl groups.  In the body, enzymes in the gut and liver can carry out these reactions during metabolism (see Chapter 5).

Coumestans

3.9 Compared with isoflavones, coumestans have been less well studied.  They are structurally similar to isoflavones and possess similar physical and chemical properties  QUOTE "(Humfrey CDN , 1998)" 
(Humfrey, 1998)

 QUOTE "{Kitaoka M, Kadokawa H, et al. 1998 #2930}" 
.  The structure of coumestrol, the coumestan most commonly found in foods, is shown in Figure 3.4. 
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Figure 3.4  The chemical structure of coumestrol, which has been identified in some foods.

Prenylated flavonoids

3.10 A number of prenylated flavonoids with oestrogenic properties have also been identified  QUOTE "(Kitaoka M et al., 1998;Milligan SR et al., 1999;Miyamoto M et al., 1998)" 
(Kitaoka et al, 1998; Milligan et al, 1999; Miyamoto et al, 1998)

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00ë\00\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt+Miyamoto M, Matsushita Y, et al. 1998 #2920\00+\00 

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00š\00\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt)Milligan SR, Kalita JC, et al. 1999 #2110\00)\00 
:

· 8-prenylnaringenin

· 6-prenylnaringenin

· xanthohumol

· isoxanthohumol

3.11 The structures of these compounds are shown in Figure 3.5.  These compounds are also structurally similar to the isoflavones but substituted with a prenyl group (B) and the phenol ring (A) is orientated in a different direction.  The presence of the prenyl group makes these compounds less water soluble than the isoflavones.

Figure 3.5  The chemical structures and names of the prenylated flavonoids that have been found in food: 8-prenylnaringenin, 6-prenylnaringenin, xanthohumol and isoxanthohumol.  

The phenolic ring (A) of these compounds is set in a different orientation to that found in isoflavones and in addition they possess a prenyl group (B)
[image: image6.wmf]O

O

H

O

O

O

H

O

O

H

O

H

O

H

O

O

C

H

3

O

O

O

O

H

O

O

H

O

H

O

H

O

O

C

H

3

O

O

H

O

O

O

H

O

O

H

O

H

O

H

O

O

O

H

O

O

O

H

O

O

O

H

O

O

H

O

H

O

H

O

O

O

H

O

Acetylgenistin

Malonylgenistin

Acetyldaidzin

Malonyldaidzin

Acetylglycitin

Malonylglycitin

O

O

O

O

H

O

O

H

O

H

O

H

O

O

C

H

3

O

C

H

3

O

O

H

O

O

O

H

O

O

H

O

H

O

H

O

O

O

H

O

O

C

H

3


Lignans

3.12 Members of the lignan group of phytoestrogens are defined chemically as possessing the 2,3-substituted di-1,4-benzylbutane structure.  The principal lignans identified in food are  QUOTE "(Setchell KDR and Adlercreutz H, 1998)" 
(Setchell & Adlercreutz, 1988)
:

· lariciresinol

· isolariciresinol
· matairesinol

· secoisolariciresinol

3.13 The structures are shown in Figure 3.6.  The form in which the lignans occur in foods is unknown but it has been suggested they are present as long-chain polymers  QUOTE "(Liggins J et al., 2000)" 
(Liggins et al, 2000)
.  For this reason, isolation of these compounds from plants and foods requires chemical treatment after which they are in the form of aglucones or glucosides  QUOTE "(Liggins J et al., 2000)" 
(Liggins et al, 2000)

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00f\01\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt1Adlercreutz H, van der Wildt J, et al. 1995 #6360\001\00 

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00\1B\00\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt"Tou JCL, Chen JM, et al. 1998 #340\00"\00 
.  Lignans are thought not to be oestrogenic themselves, but are converted to the oestrogenic compounds enterolactone and enterodiol by the gut microflora  QUOTE "(Setchell KDR and Adlercreutz H, 1998)" 
(Setchell & Adlercreutz, 1988)
.

Figure 3.6  Structures and names of the lignans identified in food: lariciresinol, isolariciresinol, secoisolariciresinol and matairesinol and the metabolites enterodiol and enterolactone.
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Analysis of Phytoestrogens

Introduction

3.14 The isolation and analysis of phytoestrogens and their metabolites is particularly difficult given the similarity of structures and chemical properties, as well as the range of matrices in which they are found. Initially, phytoestrogens were analysed using imprecise and insensitive techniques such as thin-layer and paper chromatography.  However, the development of increasingly sensitive technologies has advanced phytoestrogen analysis considerably.  These developments have been important as quantification of phytoestrogens in foodstuffs as well as in pharmacological and toxicological studies are dependent on accurate and precise analytical methodology.  As a result, the information available on phytoestrogen concentrations in foodstuffs and biological matrices has increased significantly in recent years.

3.15 Prior to analysis by physico-chemical methods, compounds must first be identified as phytoestrogens i.e. as having potential oestrogenic activity.  Assays to measure the oestrogenic activity of plant and food extracts have been developed and are discussed in Chapter 8.  Physico-chemical methods can then separate and quantify these oestrogenic constituents present in the extract. The principal physico-chemical methods for separation and quantification of phytoestrogen are described below. 

Isolation of phytoestrogens

3.16 Phytoestrogens and their metabolites are generally present in parts per billion to parts per million concentrations in plants, solid and liquid foodstuffs as well as in biological matrices such as plasma, serum, urine and faeces.  The concentrations of phytoestrogens present in plants and foods are described in Chapter 4 and concentrations in biological matrices are described in Chapter 5.  

3.17 Phytoestrogens must be isolated from the major constituents of these matrices before quantification.  The type of matrix, phytoestrogen and the analytical method determine which isolation or extraction procedures are required.  Extraction of phytoestrogens is usually not 100% efficient.  To correct for losses, internal standards that have similar properties to the analytes are added to the sample in known quantities prior to extraction.  The ratio of the internal standard to the analyte is measured during analysis to make this correction.  A general scheme of the steps involved in preparing a sample for analysis is shown in Figure 3.7.

Figure 3.7  An outline of the principal steps involved in the extraction and analysis of phytoestrogens.
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Analytical methods

3.18 The most widely used techniques for measurement of phytoestrogens are:

· reversed phase high performance liquid chromatography with ultraviolet detection (HPLC-UV)

· gas chromatography with mass spectrometric detection (GC-MS)

· liquid chromatography with mass spectrometric detection (LC-MS)

3.19 The most appropriate analytical method is dependent on the type of biological matrix and compound to be analysed.  The analytical methods used in phytoestrogen analysis require reference standards, which are pure, samples of the analyte and are used to calibrate the analytical method to ensure it performs in the way that is anticipated  QUOTE "(Thompson M and Wood R, 1993)" 
(Thompson & Wood, 1993)
.  As methods have developed, the limits of detection and quantification have decreased so that phytoestrogens can now be measured in foodstuffs and biological samples down to concentrations of parts per billion. 

High performance liquid chromatography with ultraviolet detection (HPLC-UV)

3.20 HPLC-UV is a relatively rapid way of measuring phytoestrogens compared to mass spectrometric (MS) based methods (Setchell & Welsh 1987; Wang et al, 1990; Franke et al, 1994; Saloniemi et al, 1995; Obermeyer et al, 1995; Franke & Custer, 1996; Coward et al, 1998; Murphy et al, 1999; Zhang et al, 1999; Nakamura et al, 2000; Thomas et al, 2001).  Following isolation of phytoestrogens from the matrix, they are directly separated and quantified. This method allows simultaneous purification and measurement of complex mixtures. UV detection is generally less sensitive than MS detection and the reported detection limits can be variable. The analytes are quantified by comparison with calibration curves derived from reference standards.  However, substances present in the sample, but not in the reference standard, which may co-elute with the analyte during chromatography, may lead to falsely high measurements of the analyte.  Reference standards are not available for many phytoestrogens, such as the acetyl- and malonyl isoflavone glucosides.  Therefore, measurements of these compounds are based on calibration curves of isoflavone glucosides and aglucones.  Research indicates that this approach could introduce errors in measurements  QUOTE "(Coward L et al., 1993)" 
(Coward et al, 1993)
.  However, when reference materials of the acetyl- and malonylglucosides are available such assumptions can be tested and results re-calculated.

Gas chromatography with mass spectrometric detection (GC-MS)

3.21 GC-MS is sufficiently sensitive to measure concentrations of phytoestrogens of less than parts per million (Adlercreutz et al, 1991a and b; 1993; 1995; 1999; Morton et al, 1994; 1997; Joannou et al, 1995; Mazur et al, 1996; Liggins et al, 1998; 2000; Tekel et al, 1999; Nesbitt et al, 1999; Lampe et al, 1999; Heinonen et al, 1999; Foster et al, 2002) QUOTE "" 
. Measurement is usually done with the use of internal standards (preferably isotopically labelled analogues of the analytes), but unlike HPLC-UV, the standard and the analyte are measured under exactly the same conditions. Samples must be treated to remove conjugating groups prior to analysis by GC-MS and as a result phytoestrogens cannot be measured as they appear in the matrix.  As such, the analytical results obtained using this method are expressed as quantity of ‘total phytoestrogen’. Chemical and enzymatic methods have been developed to remove these groups  QUOTE "(Liggins J et al., 1998;Mazur W et al., 1996)" 
(Liggins et al, 1998; Mazur et al, 1996)

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00\09\00\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt&Liggins J, Bluck LJ, et al. 1998 #3930\00&\00 
.  Enzymatic methods are preferable for isoflavones as they can be unstable under acidic conditions  QUOTE "(Liggins J et al., 1998)" 
(Liggins et al, 1998)
.  However, lignan glucosides are resistant to enzymatic hydrolysis and require strong acid to remove the sugars  QUOTE "(Mazur W et al., 1996)" 
(Mazur et al, 1996)
. 

Liquid chromatography with mass spectrometric detection (LC-MS)

3.22 LC-MS is also sufficiently sensitive to measure concentrations of phytoestrogens of less than parts per million (Setchell & Welsh, 1987; Barnes et al, 1994; Coward et al, 1996; Cimino et al, 1999; Doerge et al, 2000a and b; Rong et al, 2000; Chang et al, 2000). However, in contrast to GC-MS, removal of conjugating groups is not required prior to analysis. Therefore, different forms of phytoestrogens can be measured and expressed directly rather than as a value of ‘total phytoestrogen’.  However, measurement is dependent on the availability of internal standards for each analyte and many of these materials are unavailable at present. Laboratories using LC-MS have to use the available aglucone standards and hydrolyse samples prior to analysis.  As such, the advantage of non-destructive sample preparation that LC-MS offers over GC-MS has not yet been realised.  More recently, methods using LC coupled to mass spectrometers in tandem (MS/MS) have been developed for the analysis of phytoestrogens (Valentin-Blasini et al, 2000; Coldham et al, 2002; Fang et al, 2002).

Importance of reference and internal standards

3.23 The analytical methods described above are dependent on reference and isotopically labelled internal standards.  In the past, analysis of many phytoestrogens has been hindered by the lack of analytical standards (Song et al, 1998).

3.24 Reference standards have been isolated from natural sources  QUOTE "(Farmakalidis E and Murphy PA, 1985)" 
(Farmakalidis & Murphy, 1985)
 or chemically synthesised (Adlercreutz et al, 1986;  QUOTE "(Murphy PA et al., 1997;Song T et al., 1998)" 
Wahala et al, 1995; Wahala & Rasku, 1997; Whalley et al, 1998)

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00\01\03\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt#Song T, Bania K, et al. 1998 #14630\00#\00 
.  Synthetic routes to reference compounds are advantageous as pure, fully characterised compounds can be supplied in large quantities and used to incorporate isotopic labels, including heavier versions of hydrogen (deuterium [2H]) or carbon (carbon-13 [13C]). 

3.25 Genistein, daidzein, equol and some of the lignans have been synthesised incorporating deuterium labels (Adlercreutz et al, 1986;  QUOTE "(Adlercreutz H et al., 1991;Axelson M et al., 1982;Mazur W et al., 1996;Morton MS et al., 1997)" 
Adlercreutz et al, 1991a; 

 QUOTE "(Murphy PA et al., 1997;Song T et al., 1998)"  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00,(Murphy PA et al., 1997;Song T et al., 1998)\00,\00â\01\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt%Murphy PA, Song T, et al. 1997 #11940\00%\00 
Wahala et al, 1995; QUOTE "(Adlercreutz H et al., 1991;Axelson M et al., 1982;Mazur W et al., 1996;Morton MS et al., 1997)" 
 Mazur et al, 1996
; Wahala & Rasku, 1997
).  2H labels are introduced by exchanging hydrogens present in the compound with 2H but these are unstable and can re-exchange with hydrogen during analysis leading to inaccuracies  QUOTE "(Adlercreutz H et al., 1993)" 
(Adlercreutz et al, 1993
;  QUOTE "(Murphy PA et al., 1997;Song T et al., 1998)" 
Wahala et al, 1995; QUOTE "(Adlercreutz H et al., 1991;Axelson M et al., 1982;Mazur W et al., 1996;Morton MS et al., 1997)" 
 

Wahala & Rasku, 1997). The Food Standards Agency’s research programme has funded projects to develop methods to synthesise phytoestrogens incorporating stable 13C-labels.  These labels have been introduced into genistein, daidzein and formononetin both as single  QUOTE "(Whalley JL et al., 1998)" 
(Whalley et al, 1998)
 and triple labels and supplied to the laboratories undertaking analysis in the Food Standards Agency research programme (FSA project report T05001). The research programme also investigated the preparation of labelled standards by growing phytoestrogen-rich plants in an atmosphere enriched with 13CO2  QUOTE "(Food Standards Agency Project, 2001)" 
(FSA project report T05009)
.  However, the synthetic approach has proved more successful.

3.26 The lack of labelled standards of phytoestrogen metabolites has limited quantification of these compounds in biological samples.  Thus, little is known about the concentrations of conjugated and unconjugated phytoestrogens in plasma, urine and faeces.  As such, much of the analysis of phytoestrogens in these matrices is preceded by deconjugation and concentrations are expressed as ‘total phytoestrogen’.  However, labelled standards of the glucones, lignans, prenyl flavonoids, coumestrol and phytoestrogen metabolic products are under development.

Immunoassays

3.27 Immunoassays using polyclonal antibodies raised against genistein, daidzein and enterolactone have been developed.  Quantification is achieved using competitive assays incorporating fluorescent- or radio-labelled phytoestrogens  QUOTE "(Adlercreutz H et al., 1998;Lapcik O et al., 1998;Uehara M et al., 2000;Wang GJ et al., 2000)" 
(Adlercreutz et al, 1998; Lapcik et al, 1997; 1998; Uehara et al, 2000; Wang et al, 2000)

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00©\01\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt)Adlercreutz H, Wang GJ, et al. 1998 #7030\00)\00 

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00Õ\01\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt&Uehara M, Lapcik O, et al. 2000 #11410\00&\00 

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00Û\01\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt%Wang GJ, Lapcik O, et al. 2000 #10200\00%\00 
.  These assays are equally as sensitive as, but less time consuming and expensive than, GC- or LC-MS based methods and allow rapid analysis of large numbers of samples  QUOTE "(Uehara M et al., 2000)" 
(Uehara et al, 2000)
.  However, the antibodies are not completely specific and cross-react with other phytoestrogens  QUOTE "(Adlercreutz H et al., 1998;Wang GJ et al., 2000)" 
(Adlercreutz et al, 1998; Wang et al, 2000)

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00Û\01\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt%Wang GJ, Lapcik O, et al. 2000 #10200\00%\00 
. They may also cross-react with other similar compounds, such as steroids, in biological samples.

Quality assurance (QA)

3.28 As phytoestrogen analysis is a difficult and developing area it was considered important to assess the various analytical methods employed in the Food Standards Agency’s phytoestrogen research programme.  The programme initiated a pilot QA scheme and the results from the participating laboratories were found to be in satisfactory agreement.  The Food Standards Agency is currently supporting a further QA scheme.

Key points

(
The four principal groups of phytoestrogens found in food are:

· isoflavones

· coumestans

· prenylated flavonoids

· lignans

(
Phytoestrogens possess oestrogenic properties due to their structural similarities to the hormone, oestradiol.

(
Measuring the concentrations of phytoestrogens in food and biological samples is difficult.  Methods of phytoestrogen analysis have improved as interest in these compounds has grown.  

(
It will not be possible to accurately quantify many of the different forms of phytoestrogens as they occur in food and biological samples until methods to synthesise internal and reference standards of these compounds have been developed.
(
The Food Standards Agency’s research programme has developed and improved analytical methods.  This has included the synthesis of reference and internal standards and QA schemes for phytoestrogen analysis.
(
Early studies have used inappropriate standards and may have reported inaccurate analytical results.  Consequently, it may be considered that studies conducted more recently have produced results of greater reliability.
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� Phytosterols were not considered by the Working Group as data on their estrogenic properties are equivocal (Makela et al, 1995; Mellanen et al, 1996; Baker et al, 1999).  In addition, mycoestrogens were not considered as the health implications of these compounds have been evaluated at both international and European levels by the Joint Expert Committee on Food Additives and the Scientific Committee on Food, respectively.


� Isoflavanones, isolated from the roots and bark of some plants and trees (Shirataki et al, 1999; Bojase et al, 2001), are compounds of similar structure to isoflavones and therefore, may have similar oestrogenic properties.  However, they have not been identified in food and their oestrogenic properties have not been established.
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