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Pyrrolizidine alkaloids (PAs) are one of the most significant groups of plant toxins in the world 

and are an important cause of poisoning in livestock, resulting in significant financial and 

production losses each year (Kellerman et al. 1996).  Pyrrolizidine alkaloids may also enter the 

human food chain as contaminants of grains, via animal products such as milk, eggs and 

honey or may be consumed as constituents of herbal medicines (ANZFA 2001). 

 

Not all PAs are toxic.  Pyrrolizidine alkaloids affecting human health are the esters of 1,2-

unsaturated hydroxymethyl dehydropyrrolizidines (DHP).  Before it can be converted to DHP, 

PAs need to have certain essential features, which include an unsaturated 3-pyrrole ring, one 

or two hydroxyl groups attached to the ring, one or two ester groups and a branched acid 

moiety (Mattocks 1986).  These compounds can be metabolized in the liver to nucleophillic 

pyrroles which cause damage to hepatocytes (Winter and Segall 1989). 

 

Although the involvement of PAs in the development of hepatic veno-occlusive disease is well 

established (Bras et al. 1961), there is still uncertainty concerning the consequences of long-

term, low-dose exposure in humans.  Exposure to PAs through the use of herbal remedies 
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may also be a contributing factor to the high rates of liver cancer and cirrhosis seen in Africa 

(Steenkamp et al. 2000).  

 
Crotalaria spp. are known to contain toxic PAs and various incidences of human poisoning 

through contaminated grains have been recorded in the scientific literature (IPCS 1989).  

Legislation controlling the allowable levels of toxic seeds in grains in South Africa is generally 

much stricter than in many other grain producing countries.  The Soybean and Sunflower 

Forum recently commissioned a study (Eloff et al. 2003) to review published and unpublished 

information on toxic seed that could affect human health in South Africa and to make 

recommendations accordingly.   

 

Crotalaria sphaerocarpa is one of the problem plants discussed in the review and is apparently 

the only species which regularly contaminate grain in certain areas in South Africa.  There is 

uncertainty at present about the number of these seeds that should be allowed in grains and 

the threat that this may pose to human health.  Based on the review a provisional 

recommended level of 10 seeds of C. sphaerocarpa per 10 kg of grain was proposed as an 

approximated safe level in the report.  As emphasized by the authors (Eloff et al. 2003), this 

absolute level is based on assumptions that must still be tested. 

 

As a follow-up on the report, a sensitive LC-MS/MS method for the determination of toxic PAs 

in plants was developed in this study.  The characteristic fragments produced by 1,2-

unsaturated necine bases under specific MS/MS conditions were used to discriminate between 

the toxic and non-toxic PAs.  The concentration of these PAs were then determined using 

multi-reaction-mode experiments.  Quantitative results were calculated against a retrorsine 

calibration curve and expressed as µg retrorsine equivalents per gram plant material.   

 

Various extraction methods described in the literature were investigated.  A final liquid-liquid 

extraction method was used to extract unsaturated PAs from small amounts (about one gram) 

of milled plant samples.  Recoveries from spiked lucerne samples were 98% for retrorsine and 

105% for monocrotaline. 

 

To determine the applicability of the LC-MS/MS method the unsaturated PA content of C. 

laburnifolia and C. dura were investigated.  Crotalaria laburnifolia, which is regarded as non-

toxic, contained low concentrations (< 20 µg.g-1) of unsaturated PAs.  Crotalaria dura, on the 

other hand, is known to be toxic to livestock and the concentration of unsaturated PAs was 
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significantly higher (585 µg.g-1).  The toxic PA content of Senecio inaequidens was also 

determined after an incident of livestock poisoning.  The plant material contained very high 

concentrations of retrorsine (11.5 mg.g-1) and senecionine (0.5 mg.g-1) which were also present 

in the rumen content collected post-motally.  These results confirmed the suspected toxicity of 

S. inaequidens. 

 

The LC-MS/MS method was also used to follow variations in unsaturated PA content in C. 

sphaerocarpa plants during the growing season.  Pyrrolizidine alkaloids were present in the 

roots of the growing plants as N-oxides and also found in the mature aerial parts, where it was 

present mainly as the basic alkaloids.   

 

The method was used to determine the concentration of unsaturated PAs, in various C. 

sphaerocarpa seeds from different locations, in order to calculate the allowable level of C 

sphaerocarpa seed in maize.  Of all the seed samples analyzed, the highest unsaturated PA 

concentration found was 150 µg.g-1.  The allowable level of seed was calculated using this 

result and was found to be 656 seeds per 10 kg maize, based on the Australian and New 

Zealand Food Authority level of 0.1 µg.kg-1.day-1.  If these results are confirmed with systematic 

statistical samples of C. sphaerocarpa seed from different grain production areas, the 

allowable level could be increased substantially.  This may have an economic benefit to grain 

producers. 

 

 

 

 



vi 

ACKNOWLEDGEMENTS 

The author wishes to thank everyone involved in this project: 

Prof. Kobus Eloff, Phytomedicine Programme, Onderstepoort, for identifying the 

project and for his support and encouragement. 

Prof. Christo Botha, Faculty of Veterinary Science, Onderstepoort, for his support and 

for the Senecio inaequidens specimens. 

Riaan Bruitendag, Bothaville, for providing Crotalaria sphaerocarpa plant specimens. 

Prof. Theuns Naudé, Faculty of Veterinary Science, Onderstepoort for C. laburnifolia 

and C. dura samples. 

Dr. Leentjie van Niekerk, AMPATH, and Dr. Ken Swart, Parexel, for the use of their    

LC-MS/MS instruments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        Crotalaria sphaerocarpa 

 



 

vii 
 

 

TABLE OF CONTENTS 

CHAPTER 1: LITERATURE REVIEW ........................................................................ 1 

1.1 Pyrrolizidine alkaloids ....................................................................................... 1 
1.1.1 Introduction ................................................................................................... 1 
1.1.2 Structures...................................................................................................... 2 
1.1.3 Synthesis ...................................................................................................... 4 

1.2 Absorption and biotransformation .................................................................. 4 
1.2.1 Absorption..................................................................................................... 4 
1.2.2 Liver activation.............................................................................................. 4 
1.2.3 Experimental evidence of liver activation ..................................................... 7 

1.3 Toxicity of pyrrolizidine alkaloids .................................................................... 7 
1.3.1 Toxicity and structure.................................................................................... 7 
1.3.2 Essential features for toxicity ........................................................................ 9 
1.3.3 Reactivity of active metabolite ...................................................................... 9 
1.3.4 Comparative responses.............................................................................. 10 

1.4 Clinical signs and pathology of toxicosis in livestock ................................ 11 
1.4.1 Peracute mortality....................................................................................... 11 
1.4.2 Acute, subacute and chronic toxicity .......................................................... 11 
1.4.3 Other clinical effects ................................................................................... 13 
1.4.4 Clinical effects in humans........................................................................... 14 
1.4.5 Carcinogenicity and teratogenicity.............................................................. 16 

1.5 Crotalaria species (rattle pods) ...................................................................... 17 
1.5.1 Introduction ................................................................................................. 17 
1.5.2 Crotalaria sphaerocarpa ............................................................................. 19 

1.6 Risks.................................................................................................................. 21 
1.6.1 Introduction ................................................................................................. 21 
1.6.2 Grain contamination.................................................................................... 22 
1.6.3 Indirect sources .......................................................................................... 23 
1.6.4 Herbal or medicinal consumption ............................................................... 24 
1.6.5 Other factors to consider ............................................................................ 24 

1.7 Regulation criteria............................................................................................ 25 
1.7.1 Aim of regulation......................................................................................... 25 
1.7.2 Regulations in other countries .................................................................... 26 
1.7.3 Regulation in South Africa .......................................................................... 27 

1.8 Conclusion........................................................................................................ 28 

1.9 Aim and objectives .......................................................................................... 28 

 



 

viii 
 

1.10 Envisaged results ............................................................................................ 29 

CHAPTER 2: ANALYSIS OF PYRROLIZIDINE ALKALOIDS................................. 31 

2.1 Background ...................................................................................................... 31 

2.2 Sample preparation procedures..................................................................... 32 
2.2.1 Extraction from plant material..................................................................... 32 
2.2.2 Extraction from animal derived samples .................................................... 32 
2.2.3 Extraction from food samples ..................................................................... 33 

2.3 Analytical techniques ...................................................................................... 34 
2.3.1 General screening methods ....................................................................... 34 
2.3.2 Separation techniques................................................................................ 35 
2.3.3 Detection of pyrrolizidine alkaloids ............................................................. 38 

 

CHAPTER 3: LC-MS/MS SCREENING METHOD FOR THE DETECTION OF 
TOXIC PYRROLIZIDINE ALKALOIDS........................................................................ 42 

3.1 Introduction ...................................................................................................... 42 

3.2 Method development ....................................................................................... 42 
3.2.1 Principle ...................................................................................................... 42 
3.2.2 Materials and instrumentation .................................................................... 44 
3.2.3 Extraction evaluation .................................................................................. 49 
3.2.4 Extraction of unsaturated pyrrolizidine alkaloids from plant material ......... 51 

3.3 Results .............................................................................................................. 52 
3.3.1 Extraction optimization................................................................................ 52 
3.3.2 Calibration curve and validation ................................................................. 52 
3.3.3 Moisture content ......................................................................................... 53 
3.3.4 Experimental results ................................................................................... 54 
3.3.5 Unsaturated pyrrolizidine alkaloids in C. sphaerocarpa ............................. 58 

3.4 Discussion ........................................................................................................ 62 
3.4.1 Method and instrumentation ....................................................................... 62 
3.4.2 Quantification.............................................................................................. 63 
3.4.3 Possible toxic PAs in C. sphaerocarpa ...................................................... 63 

CHAPTER 4: STABILITY OF PYRROLIZIDINE ALKALOIDS DURING FOOD 
PREPARATION............................................................................................................ 66 

4.1 Introduction ...................................................................................................... 66 

4.2 Experimental procedure.................................................................................. 66 
4.2.1 Results ........................................................................................................ 67 
4.2.2 Discussion................................................................................................... 67 

 



 

ix 
 

CHAPTER 5: OTHER ANALYTICAL METHODS .................................................... 68 

5.1 Background ...................................................................................................... 68 

5.2 Ehrlich’s screening methods.......................................................................... 68 
5.2.1 Introduction ................................................................................................. 68 
5.2.2 Materials and method ................................................................................. 68 
5.2.3 Results ........................................................................................................ 69 
5.2.4 Discussion................................................................................................... 69 

5.3 GC-MS methods ............................................................................................... 70 
5.3.1 Introduction ................................................................................................. 70 
5.3.2 Gas Chromatography with EI ..................................................................... 70 
5.3.3 Gas Chromatography with CI ..................................................................... 76 
5.3.4 Discussion of GC results ............................................................................ 79 

CHAPTER 6: ANALYSIS OF OTHER  PLANTS CONTAINING PYRROLIZIDINE 
ALKALOIDS ...................................................................................... 80 

6.1 Introduction ...................................................................................................... 80 

6.2 Senecio inaequidens ....................................................................................... 80 
6.2.1 Background................................................................................................. 80 
6.2.2 Results ........................................................................................................ 81 
6.2.3 Discussion................................................................................................... 85 

6.3 Crotalaria species. ........................................................................................... 86 
6.3.1 Background................................................................................................. 86 
6.3.2 Results ........................................................................................................ 87 
6.3.3 Discussion................................................................................................... 90 

6.4 Conclusion........................................................................................................ 91 

CHAPTER 7: GENERAL DISCUSSION AND RECOMMENDATIONS................... 92 

7.1 Analytical method ............................................................................................ 92 

7.2 Further recommendations .............................................................................. 93 

7.3 Allowable number of C. sphaerocarpa seeds in grain................................. 95 

7.4 Final conclusion............................................................................................... 95 
 
 
 
 

 



 

x 
 

LIST OF FIGURES 

 
Figure 1-1: Typical structures of the different types of necine bases of PAs ........................2 

Figure 1-2: Unsaturated PAs bearing typical necic acid moieties .........................................3 

Figure 1-3: Metabolic pathway of 1,2-unsaturated PAs to toxic and non-toxic bases 

(adapted from Fu et al. 2002a) .........................................................................5 

Figure 1-4: Essential structures for hepatotoxicity (Prakash et al. 1999) ..............................9 

Figure 1-5: Ascites in a rat (right) due to PA intoxication, compared to a control rat 

(left) (Cheeke 1989) ....................................................................................... 12 

Figure 1-6: Ascites associated with veno-occlusive disease in the West Indies in 

infants 5 and 7 years old (Huxtable 1989)..................................................... 15 

Figure 1-7: Crotalaria sphaerocarpa growing between maize in the Bothaville 

district ............................................................................................................. 19 

Figure 1-8: Large numbers of seeds are produced by C. sphaerocarpa ........................... 20 

Figure 1-9: Seed dimensions of C. sphaerocarpa .............................................................. 20 

Figure 2-1: Reactions of Ehrlich’s reagent with basic PA and N-oxide structures ............. 34 

Figure 3-1: Generic structures of a retronecine type toxic PA with the characteristic 

product ions formed with CID in the collision cell .......................................... 43 

Figure 3-2: LC-MS/MS product ion spectrum of a 1,2-unsaturated necine base 

showing the characteristic m/z  120 and 138 fragments.  Precursor 

ion scans of these fragments will reveal the [M+H]+ mass of the 

retronecine type PA (Ge Lin 1998) ................................................................ 43 

Figure 3-3: Generic structures of an otonecine type toxic PA with characteristic 

product ions formed with CID in the collision cell .......................................... 43 

Figure 3-4: LC-MS/MS product ion spectrum of a 1,2-unsaturated otonecine base 

with characteristic fragments m/z  150 and 168. Precursor ion scans 

of these fragments will reveal the [M+H]+ mass of the otonecine type 

PA (Ge Lin 1998) ........................................................................................... 43 

Figure 3-5:  C. sphaerocarpa (Sample B) plant growing in a garden in Centurion ............ 44 

Figure 3-6: ESI+ mass spectra of monocrotaline and retrorsine showing the [M+H]+ 

ions obtained with the infusion experiments.................................................. 46 

Figure 3-7: MS/MS spectra of monocrotaline and retrorsine with collision induced 

fragmentation in the collision cell (collision gas = 29) showing the 

fragments characteristic of unsaturated PAs................................................. 47 

 



 

xi 
 

Figure 3-8: The LC-MS/MS total ion chromatogram (TIC) of a mixture of 

monocrotaline and retrorsine solution and the reconstructed 

chromatograms of the [M+H]+ precursor ions 326 (monocrotaline) and 

352 (retrorsine) which gave rise to the m/z 120 fragments........................... 48 

Figure 3-9: Calibration curves of retrorsine and monocrotaline spiked lucerne 

extracts........................................................................................................... 53 

Figure 3-10: Example of a chromatogram obtained with the precursor scan (C. 

sphaerocarpa seed extract of sample A) indicating the [M+H]+ mass 

of each precursor ........................................................................................... 54 

Figure 3-11: Reconstructed precursor ion [M+H]+ masses of the fragment m/z 120  

obtained in Fig 3-10 at their corresponding retention times.......................... 55 

Figure 3-12: MS/MS spectra of the possible toxic PAs found in sample E.  

(Precursor ion mass listed in each trace as “Daughters of  ...”).................... 56 

Figure 3-13: MRM chromatogram of the different transitions measured in sample E ....... 58 

Figure 5-1: Reconstructed EI-MS chromatogram of the extracted ion m/z 120, of a 

reference standard containing monocrotaline and retrorsine in lucerne 

extract............................................................................................................. 71 

Figure 5-2: EI-MS spectrum of monocrotaline .................................................................... 71 

Figure 5-3: EI-MS spectrum of retrorsine............................................................................ 72 

Figure 5-4: Reconstructed chromatogram for the extracted ion m/z 120 of a 

reduced extract of sample E .......................................................................... 73 

Figure 5-5: EI-MS spectrum of the peak [M] + 335 at 16.9 minutes, identified as 

integerrimine................................................................................................... 73 

Figure 5-6: EI-MS spectrum of peak [M] + 351 at 17.56 minutes........................................ 74 

Figure 5-7: EI-MS spectrum of peak [M] + 355 at 17.72 minutes........................................ 74 

Figure 5-8: Reconstructed chromatogram for the extracted ion m/z 120 of a 

reduced sample A in EI mode........................................................................ 75 

Figure 5-9: EI spectrum of peak [M] + 355 at 17.71 minutes............................................... 75 

Figure 5-10: EI spectrum of peak [M] + 355 at 17.71 minutes............................................. 76 

Figure 5-11: MS spectrum of monocrotaline obtained with PCI ......................................... 77 

Figure 5-12: CI-MS spectrum of retrorsine.......................................................................... 77 

Figure 5-13: Reconstructed chromatogram for the extracted ion m/z 120 of a 

reduced extract of sample E in PCI mode..................................................... 78 

Figure 5-14: Reconstructed chromatogram for the extracted ion m/z 120 of a 

reduced extract of a seed sample (A) in PCI mode ...................................... 79 

 



 

xii 
 

Figure 6-1: Senecio inaequidens......................................................................................... 81 

Figure 6-2: Total ion chromatogram [parent ions of m/z 120] of extracted Senecio 

inaequidens plant material. Inserted windows are the spectra of the 

two toxic PAs found ([M+H]+ 352 at 11 min and ([M+H]+ 336 at 13 

min)................................................................................................................. 82 

Figure 6-3: Total ion chromatogram [parent ions of m/z 120] of extracted rumen 

content. The spectra of the toxic PAs ([M+H]+ 352 at 11 min and 

[M+H]+ 336 at 13 min) are identical to the plant extracts............................... 83 

Figure 6-4:  Reconstructed chromatogram of the extracted ion m/z 120 of a 

reduced S. inaequidens plant extract ............................................................ 84 

Figure 6-5: GC-MS spectrum of retrorsine in S. inaequidens............................................. 84 

Figure 6-6: GC-MS spectrum of senecionine in S. inaequidens ........................................ 85 

Figure 6-7: Crotalaria laburnifolia from KwaZulu-Natal. Photographs by Lyndy 

McGaw ........................................................................................................... 86 

Figure 6-8: Crotalaria dura from KwaZulu-Natal. Photographs by Lyndy McGaw............. 86 

Figure 6-9:  Precursor scan of a reduced C. laburnifolia plant extract ............................... 87 

Figure 6-10:  Precursor scan of a reduced C. dura plant extract........................................ 87 

Figure 6-11: Reconstructed chromatogram for the extracted ion m/z 120 of a 

reduced extract of C. laburnifolia ................................................................... 88 

Figure 6-12:  GC-MS spectrum of peak at 17.31 minutes .................................................. 88 

Figure 6-13: Reconstructed chromatogram for the extracted ion m/z 120 of a 

reduced extract of C. dura ............................................................................. 89 

Figure 6-14: CG-MS spectrum of peak [M]+ 281 at 14.4 minutes ...................................... 89 

Figure 6-15: GC-MS spectrum of peak [M]+ 323 at 16.1 minutes ...................................... 90 

 

 

 



 

xiii 
 

LIST OF TABLES 

 
Table 1-1: Acute toxicity data for unsaturated pyrrolizidine alkaloids (adapted from 

Mattocks 1986)..................................................................................................8 

Table 3-1: Operating conditions for MS detector used during the MS, MS/MS and 

MRM experiments.......................................................................................... 49 

Table 3-2: Average recoveries obtained with the different extraction methods 

investigated .................................................................................................... 52 

Table 3-3:  MS method for the MRM transitions used for quantification ............................ 57 

Table 3-4: Quantitative results of the possible toxic PAs present in C. 

sphaerocarpa seeds.  Results are presented as the total PA fraction 

(N-oxide + basic) found in the reduced samples and as the basic PA 

fraction.  (Sample A-E indicate the different plants)...................................... 59 

Table 3-5: Quantitative results of the possible toxic PAs present in C. 

sphaerocarpa roots and leaves.  Results are presented as the total 

PA fraction (N-oxide + basic) found in the reduced samples and as 

the basic PA fraction.  (Sample A-E indicate the different plants) ................ 60 

Table 3-6: Quantitative results of the possible toxic PAs present in C. 

sphaerocarpa stems and plant material.  Results are presented as 

the total PA fraction (N-oxide + basic) found in the reduced samples 

and as the basic PA fraction. ......................................................................... 61 

Table 4-1: Stability of retrorsine in different matrices after cooking.................................... 67 

Table 5-1: Results of the screening test with Ehrlich’s reagent. (- no colour, + slight      

colour, ++ moderate colour, +++ intense colour ) ......................................... 69 

Table 6-1: Concentration (µg.g-1) of unsaturated PAs in Senecio inaequidens ................. 83 

Table 6-2:  Unsaturated PA concentrations in C. laburnifolia and C. dura......................... 87 

 

 



 

xiv 
 

 LIST OF ABBREVIATIONS 
 

ADI Acceptable daily intake 

amu atomic mass unit 

C. Crotalaria 

CI Chemical ionization 

CID Collision induced dissociation 

DHP Dehydropyrrolizidine alkaloid 

EI Electron impact 

ESI Electrospray ionization 

FMO Flavin-containing monooxygenase 

GC Gas chromatography 

GSH Glutathione 

HPLC High performance liquid chromatography 

LLE Liquid-liquid extraction 

LLOD  Lowest limit of detection 

[M]+ Molecular ion (equal to the molecular mass of the compound) 

[M+H]+ Pseudo-molecular ion (molecular mass + 1) 

MRM Multi reaction mode 

MS Mass spectrometer 

m/z Mass to charge ratio of the fragment 

NMR Nuclear magnetic resonance 

NOAEL  No-observed-adverse-effect-level 

PA Pyrrolizidine alkaloid 

PCI Positive chemical ionization 

RI Retention indices 

SCX Strong cation exchange 

SPE Solid phase extraction 

Spp. Species 

TIC Total ion chromatogram 

TLC Thin layer chromatography 

UV Ultra violet 

  

  

 

 


	FRONT
	Title page
	Declaration
	Abstract
	Acknowledgements
	Table of contents
	List of figures
	List of tables
	List of abbreviations

	Chapter 1
	Chapter 2
	Chapter 3
	Chapters 4-5
	Chapter 6
	Chapter 7
	Bibliography



