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ABSTRACT 

This review attempts an m-depth evaluation of progress and achievements made since the last 1 l th 
International Mass Spectrometry Conference m the application of mass spectrometric techniques to 
biochemistry and b~omedicine For this purpose, staentific contributions m flus field at major international 
meetings have been momtored, together with an extensive appraisal of literature data covering the period 
from 1988 to 1991. A bibliometric evaluation of the MEDLINE database for this period provides a total 
of almost 4000 entries for mass spectrometry. This allows a detailed study of literature and geograptucal 
sources of the most frequent applications, of disciplines where mass spectrometry is most active and of 
types of sample and instrumentation most commonly used. In this regard major efforts according to 
number of publications (over 100 literature reports) are concentrated in countries hke Canada, France, 
Germany, Italy, Japan, Sweden, UK and the USA. Also, most of the work using mass spectrometry m 
biochemistry and b~omed~clne is centred on studies on biotransformatlon, metabohsm, pharmacology, 
pharmacokinetics and toxicology, which have been carried out on samples of blood, urine, plasma and 
tmsue, by order of frequency of use. Human and animal studies appear to be evenly distributed m terms 
of the number of reports pubhshed m the hterature in which the authors make use of experimental ammals 
or describe work on human samples. Along these hnes, special attention is given to the real usefulness of 
mass spectrometry (MS) technology in routine medical practice. Thus the review concentrates on evalu- 
ating the progress made in disease dmgnosls and overall patient care As regards prevaihng techniques, 
GC-MS continues to be the mainstay of the state of the art methods for multicomponent analysis, stable 
isotope tracer studies and metabohc profiling, while HPLC-MS and tandem MS are becoming increasingly 
important in biomedical research. However, despite the relatwely large number of mass spectrometry 
reports m the biomedical sciences very few true routine applications are described, and recent technological 
innovations in instrumentation such as FAB-MS, electrospray, plasma or laser desorption have contnb- 
uted relatively much more to structural biology, especially in biopolymer studies of macromolecules rather 
than to real hfe biomedical applications on patients and clinical problems. 

I N T R O D U C T I O N  

In the space allocated to this review an attempt is made to highlight the 
most significant contributions and trends in biochemical and biomedical mass 
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TABLE 1 

Accumulative number of documents related to mass spectrometry in the MEDLINE database a 

Year 1988 1989 1990 1991 
No of documents 1342 1235 1259 102 

Documents are classified by publication year from January 1988 to March 1991, inclusive. 
The revised June 1991 database was used for the search, with no documents appearing with a 
publication date after March 1991. A last-minute search, dated 16 July 1991, produced a total 
of 1338 and 314 entries for the years 1990 and 1991 respectively. This increase is due to late 
inclusion of publications from 1990 and early 1991. 

spectrometry, as reflected in the current literature. For this purpose, the time 
span covered herein goes from 1988, the year of the last International Mass 
Spectrometry Conference in Bordeaux, to June 1991 or about the time of 
writing. The literature search is based on the MEDLINE database which 
provides almost 4000 entries in mass spectrometry (MS) within the period 
1988 to March 1991 (Table 1). Such a broad literature base facilitates the 
overall evaluation of progress in this field. However, because of  its large 
volume a comprehensive coverage is not feasible within the scope of this 
review. A fairly accurate representation of the present knowledge and status 
of biochemical and biomedical MS can be obtained from the proceedings of 
the specialized meetings that have been published within the last 3 years [1-4]. 
Recently, summarized reports of two of these meetings have appeared in the 
literature [5,6]. The pace of progress has certainly been impressive within the 
last 3 years, especially in the area of high mass measurement of biopolymers, 
until recently not readily amenable to mass spectrometric analysis. The new 
techniques now available for ionization of underivatized large, labile biologi- 
cal macromolecules, such as proteins, glycoproteins, glycoconjugates or oligo- 
saccharides have virtually revolutionized the field of mass spectrometry to the 
point where nowadays we commonly refer to macromolecular mass spec- 
trometry and the untapped research areas in structural biology that will 
benefit from these achievements. 

Thus the excitement about the new techniques of mass spectrometry could 
accelerate the rate of sequencing in the Human Genome Project where MS 
isotope detection coupled to the ability to obtain molecular ion information 
of DNA molecules could lead to a replacement of electrophoresis in the 
analysis of Sanger-type sequencing mixtures [7]. 

In their superb review of mass spectrometry, Burlingame et al. [8] discuss 
and critically assess the evolution of biological mass spectrometry which has 
been especially remarkable in the area of new ionization techniques and 
instrumentation. In this area, it is worth mentioning that the rediscovery of 
classical atmospheric pressure ionization techniques [9] has certainly sim- 
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plified the interfacing of high performance liquid chromatography (HPLC), 
supercritical fluid chromatography (SFC), ion chromatography (IC) or capil- 
lary electrophoresis (CE) with mass spectrometry [10]. Likewise, time-of-flight 
MS (TOFMS), another technique known since the 1950s has seen a resurgence 
in the last years with the development of plasma desorption (PD) and laser 
desorption (LD) ionization of large biomolecules [11]. TOFMS is especially 
suited to macromolecular work owing to its unlimited mass range and pro- 
vision of the complete mass spectrum per event. However, the most significant 
development for the near future may undoubtedly lie in the further develop- 
ment of the quadrupole ion trap [12]. The ion trap is notorious for its 
extremely high sensitivity (attomole range), its simplicity (the essential com- 
ponents would fit in one hand), relatively high mass range, resolution and 
compatibility with separation or ionization techniques. 

Nevertheless, more than the significant advances in sophisticated and/or 
simple MS instrumentation the development and recent advances in matrix- 
assisted LD and electrospray (ES) ionization can be considered the most 
exciting events in MS within the last 3 years. Although the theoretical back- 
ground supporting both ionization techniques dates from many years ago, 
both really took off in the MS field in 1988 and, especially for ES, have caught 
on very rapidly. For instance, while more than 30 papers on electrospray were 
presented at the 1990 ASMS meeting [13], this year's meeting in Nashville 
produced more than 80 papers on ES, many of them centred on real life 
applications and problem solving approaches rather than simply on develop- 
ment work. The simplicity of the technique which even lends itself to work 
with atmospheric pressure ionization (API) sources and the commercial avail- 
ability of retrofit ES sources [ 13] undoubtedly has had a significant impact in 
the rapid implantation of ES ionization in mass spectrometric studies. The ES 
and related ion spray techniques are capable of producing a high yield of 
multiply charged ions, thus facilitating the analysis of biopolymers in standard 
quadrupole systems. In this regard, applications to the study of peptides and 
proteins in the 10-150 kDa mass range are already common at present and it 
has been shown that the mass range could be extended up to the 1-5 million 
mark providing the multiplicity of spectral peaks from such large ions can be 
resolved by existing mass spectrometers. An exciting possibility is the coupling 
of ES with the ion trap mass spectrometer, as recently demonstrated [14]. 
However, LD mainly produces singly charged ions with little or no fragmen- 
tation, thus requiring a TOF mass spectrometer to cover a very high mass 
range of up to 300 kDa [6], although it has also been recently interfaced to the 
ion trap mass spectrometer [15]. Both ES and LD MS have provided a major 
impetus in structural biology, allowing for instance the characterization of 
proteins or glycoproteins with a relatively high carbohydrate content [3]. 
However, as it will be discussed in some detail below, the techniques and 
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TABLE 2 

Mass spectrometry in biological sciences. Number of reports per publication year (MEDLINE 
search) 

1988 1989 1990 1991 a 

Behavioural and mental disorders 30 22 23 4 
Biochemical phenomena, metabohsm and nutrition 350 381 480 48 
Biological phenomena, cell physiology and immunity 67 63 60 10 
Biological sciences 7 17 13 0 
Brain, brain chemistry 58 31 48 2 
Circulatory, respiratory physiology 31 28 26 2 
Chemical, pharmalogical phenomena 130 135 151 16 
Digestive, oral, skin physiology 11 6 7 0 
Environment and public health 126 118 151 10 
Genetics 129 155 290 27 
Health occupations 9 7 9 0 
Musculoskeletal, neural, eye physiology 8 12 16 1 
Physiology general 26 19 35 7 
Reproduction, urogenital physiology 28 20 25 1 
Toxicity, poisoning and intoxication 86 93 97 7 

a To March 1991 inclusive. 

instrumentation of  mass spectrometry are clearly differentiated in their real 
life applications to biochemical or biomedical mass spectrometry and to 
macromolecular  mass spectrometry, the latter setting the most  modern and 
up-to-date trends in the field but  the first being characterized by the use of  
more classical and well-established techniques. 

BIBLIOMETRIC STUDY 

As indicated above, a search of  the M E D L I N E  database compiled at the 
US National  Library of  Medicine for the years 1988, 1989, 1990 and 1991 to 
March turned out  a total of  1342, 1235, 1259 and 102 documents,  respectively, 
for "spectrum analysis, mass" as the major subject heading (Table 1). This vast 
information has been classified in various topics and categories, enabling an 
analysis of  trends in the application of  mass spectrometry within the biomedi- 
cal field. For  instance, Table 2 illustrates the cumulative number of  literature 
reports in different biosciences topics. As shown, this information indicates 
that most  o f  the reports concentrate on biochemical phenomena,  metabolism 
and nutrition followed by genetics, chemicals and pharmacologic phenomena,  
the environment and public health as well as toxicity, poisoning and intoxi- 
cation. Also of  some importance are the biological phenomena related to cell 
physiology and immunity as well as the neurosciences in general. An evalu- 
ation of  this data points to relatively significant increases for the year 1990 in 
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TABLE 3 

Medical subject headings (MEDLINE) chemicals and drugs 

687 

1988 1989 1990 1991 a 

Inorganlcs 293 237 316 30 
Orgamcs 619 584 628 48 
Heterocycllcs 300 268 268 18 
Polycychc hydrocarbons 158 154 143 13 
Environmental pollutants 92 67 58 2 
Hormones, antagonists 105 100 121 6 
Reproductive control l0 17 15 l 
Enzymes, coenzymes and mhlbltors 219 199 277 38 
Carbohydrates and hypoglycemlcs 194 183 194 22 
Liplds and antilipemic agents 287 286 260 28 
Growth substances, pigments, vitamins 56 59 63 7 
Amino acids, peptides, proteins 337 303 381 31 
Nucleosides, nucleotides 75 72 92 15 
Central nervous system depresssants 108 78 133 7 
Central nervous system agents 78 62 89 4 
Autonomic drugs 84 63 91 4 
Neuromuscular agents 6 6 9 0 
Cardiovascular agents 58 40 58 2 
Haematoioglc, gastric and renal agents 68 88 75 13 
Anti-infective agents 81 97 87 9 
Antiparasltic agents 8 11 14 0 
Antineoplastics, immunosuppressants 45 42 44 5 
Neuroregulator blockaders 29 32 30 1 
Immunologic and biologic factors 206 185 176 28 
Biomedical and dental materials 32 I 1 17 4 
Miscellaneous drugs 333 238 287 23 

a Number of MS reports m the MEDLINE database, classified by year of publication, to 
March 1991 inclusive. 

the role of mass spectrometry in biochemical phenomena, metabolism and 
nutrition, and especially in genetics where the increase in the number of papers 
published in 1990 vs. the previous 2 years reaches 87%. Under the classifi- 
cation of genetics the database includes reports on genetic markers, metabolic 
disorders, inborn errors, genetic vectors etc. The distribution of applications 
according to the type of chemical or drug measured is shown in Table 3. 
Generically, organic and heterocyclic compounds are the most commonly 
studied although, surprisingly, there seems to be a good deal of work carried 
out also on inorganic compounds. It is evident that mass spectrometry plays 
a major role in the definition of the biochemistry and physiology of a vast 
array of biological compounds and xenobiotics influencing human health. 
Overall, the most striking trends in the figures in Table 2 are the increases in 
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TABLE 4 

Medical subject headings (MEDLINE) &seases 

1988 1989 1990 1991 

Bacterial and fungal 5 16 14 2 
(3,2) a (9,7) (8,6) (1,1) 

Neoplasms 32 43 35 4 
(12,23) (26,25) (25,15) (3,3) 

Dlgestwe system 9 22 22 3 
(7,4) (17,6) (18,3) (2,2) 

Respiratory tract 7 8 13 2 
(5,2) (6,3) (10,2) (2,1) 

Nervous system 23 18 26 1 
(18,7) (13,5) (18,9) (1,1) 

Urologic and gemtal 14 14 15 3 
(11,4) (12,5) (12,4) (1,2) 

Car&ovascular 8 i 3 11 0 
(6,2) (10,3) (9,3) (0,0) 

Haemlc and lymphatic 7 3 12 l 
(4,3) (2,1) (11,2) (I ,1) 

Neonatal 5 7 6 0 
(4,1) (7,0) (6,0) (0,0) 

Skin 15 4 10 2 
(11,5) (4,0) (9,3) (2,0) 

Nutrxt~on and metabohc 31 26 30 2 
(27,6) (23,3) (25,7) (2, i) 

Endocrine 15 16 20 1 
(8,8) (13,3) (16,7) (1,0) 

Immunologic 12 4 8 3 
(9,4) (2,3) (8,2) (3,1) 

Symptoms, general pathological 32 30 48 5 
(22,12) (22,8) (34,16) (1,4) 

Injury, occupational, poisoning 9 12 10 0 
(6,4) (10,4) (6,3) (0,0) 

a The numbers m parentheses ln&cate the number of reports describing the use of human vs. 
animal samples--left- vs. right-hand side numbers respectively. The sum of the two numbers 
does not necessarily add to the total indicated above because some manuscripts describe both 
humans and animal work and those are classified in both categories. 

repor t s  deal ing with amino  acids, peptides,  enzymes,  coenzyme  inhibi tors ,  
perhaps  reflecting the appl ica t ion  o f  the new ioniza t ion  techniques  to bio- 
po lym e r  analysis and also central  ne rvous  system agents  and  depressants .  

Likewise, the impact  o f  MS on the s tudy o f  the e t iopathogenes is  and  course  
o f  var ious  diseases is summar ized  in Table  4. There  is a m o re  or  less even 
d is t r ibut ion  o f  appl ica t ions  within the var ious  disease states with the excep- 
t ion o f  the work  related to neoplasms,  the nervous  system, nut r i t ion  and 
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TABLE 5 

Distribution of reports found on the MEDLINE database on account of the type of sample 
used in the study 

1988 1989 1990 1991 a 

Tissue 109/34 a 123/44 91/34 11/4 
Blood 248/185 223/167 225/183 14/10 
Plasma 150/94 144/102 158/99 8/4 
Serum 51/44 53/42 57/45 8/5 
Urine 215/154 234/158 243/181 13/9 
Cerebrospmal fluid 8/6 11/8 8/6 1/l 
Bronchoalveolar lavage 3/2 2/1 4/4 1/1 

To March 1991 incluswe. 
b The bold numbers are for all reports referring to each sample type, irrespectwe of origin 
(human, animal, in vitro etc.). Numbers shown to the right of the slash are for human samples 
only. 

metabolic diseases and general pathology where we can appreciate a relatively 
larger concentration of reports. This is not surprising except perhaps for the 
heading of neoplasms. A review of the pertinent literature references indicates 
that mass spectrometry has been instrumental in studies of antineoplastic and 
chemotherapeutic agents, their metabolism and citotoxicity, as well as in the 
characterization of antigens, inducible peptides, glycolipids, gangliosides cyc- 
lic peptides and mutagens in all kinds of carcinomas and neoplasm from brain 
tumours to colonic adenocarcinomas. All this work has been carried out in all 
kinds of biological samples, as shown in Table 5. As expected, the more 
restricted availability of human vs. animal tissue samples is clearly reflected 
in the much higher yearly ratios (all tissue samples/human tissue samples). 
However, the number of reports using the various types of samples is steady 
within the 3 year period, with blood and urine being those most frequently 
used. 

Interestingly, the total number of applications of biochemical and biomedi- 
cal MS in human and animal studies are evenly distributed as shown in Table 
6, with a significantly reduced number of reports pertaining to work in vitro. 
The number of literature reports that make specific reference to case reports, 
patients, clinicial studies or work on inborn errors of metabolism is specified 
in Section I of this table. Also, the number of entries found in the database 
for work related in one way or another to diagnosis, disease, therapy, 
metabolism, biotransformation, pharmacokinetics is also specified in Section 
II (Total entries/human). As regards to the analytical procedures employed in 
all the entries in the database (Table 1) it is interesting to note that whereas 
at present the so-called biological or macromolecular mass spectrometry relies 
heavily on the new techniques for ion desorption and evaporation from liquid 
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TABLE 6 

Number of entries for human vs. ammal and in vitro studies 

1988 1989 1990 1991 ~ 

I. Human 461 453 476 37 
Case report 24 16 30 0 
Patient 80 70 100 15 
Cllmcal 33 34 39 9 
Inborn errors 9 10 10 0 

II. Animal 489 467 493 52 

III. Total/human 
Diagnosis 84/59 b 79/46 95/41 12/9 
Disease 42/30 46/32 53/24 7/4 
Therapy 30/19 27/17 48•27 9/7 
Metabolism 527/166 518/170 556/205 66/22 
Biotransformation 70/17 84/31 69/21 8/2 
Pharmacology 143/39 145/37 172/56 20/6 
Pharmacokinetics 93•56 83•52 103/62 9/5 

IV. In vitro 72/25 58/13 55/15 6/4 

a To March 1991, inclusive. 
b Bold numbers shown to the left of the slash are for all reports refemng to each sample type, 
irrespective of ongm (human, ammal, in vitro etc.). Numbers shown to the rtght of the slash 
are for human samples only. 

matrices as well as on the use of  time of  flight, standard tandem and sophis- 
ticated four-sector instruments, most  of  the work in the biomedical field is 
based on the more classical selected ion monitoring (SIM or mass frag- 
mentography) techniques (Table 7). For  determinations of  high molecular 
weight compounds,  fast a tom bombardment  (FAB) and secondary ion mass 
spectrometry (SIMS), especially the first, dominate the field while the appli- 
cations of  L C - M S  as well P D M S  and L D M S  are still scarce despite the 
growing importance of  these techniques in structural biology [3]. It is also of  
interest to note the parallel decrease since 1989 in publications based on 
thermospray (TS) and the rest o f  the L C - M S  methods,  which contrasts with 
the continued increase in ES L C - M S  and the maintenance of  the publication 
level in PD applications. 

The total output  from various countries for biochemical and biomedical 
mass spectrometry is shown in Table 8. Considering a minimum threshold of  
ten papers published within the 3 year period, a total of  21 countries can be 
represented in the table, although a few of  them at a rather marginal level. It 
is evident that the major contributions, at least quantitatively, come from 
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TABLE 7 

Techniques and instrumentation most often used in biomedical mass spectrometry 

691 

1988 1989 1990 1991 a Total 

SIM 642 581 595 39 1857 
SIM-CI 97 74 68 2 241 
FAB 165 130 136 11 442 
SIMS 23 28 22 1 74 
MS-MS 58 61 64 4 187 
LC-MS 17 39 16 1 73 
TS 31 55 34 3 123 
LC-FAB 1 3 2 0 6 
ES 1 6 14 4 25 
PD 16 16 14 3 49 
LD 6 2 7 3 18 

To March 1991 incluswe. 

TABLE 8 

Distribution of reports in the MEDLINE database by country of origin 

1988 1989 1990 1991 a Total 

Austraha 12 
Austria 5 
Belgium 20 
Canada 39 
Switzerland 17 
Czechoslovakia 3 
Germany 48 
Denmark 6 
Spare 15 
Finland 12 
France 62 
Israel 9 
Italy 33 
Japan 134 
Netherlands 28 
Norway I l 
Poland 5 
China 6 
Sweden 42 
UK 68 
USA 343 

Total 906 

13 14 1 40 
5 6 2 18 

15 9 0 44 
47 53 4 143 
11 9 1 38 
7 5 0 15 

48 52 2 150 
14 9 1 30 
3 6 1 25 

11 15 0 38 
54 51 5 172 

4 6 1 20 
49 23 3 108 

123 145 13 415 
28 23 2 81 

6 3 1 21 
3 4 1 13 
2 2 1 11 

41 32 4 119 
45 60 1 174 

351 315 48 1057 

867 828 91 2692 

a TO March 1991 inclusive. 
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TABLE 9 

Number of reports on human studies by country of origin (January 1988-June 1991) 

1988 1989 1990 1991 Total 

Austraha 6 4 5 1 15 
Austria 3 5 4 0 12 
Belgium 12 9 4 0 25 
Canada ! 2 23 21 2 58 
Switzerland 8 6 5 0 19 
Germany 20 21 21 1 63 
Denmark 1 6 3 0 10 
Finland 6 4 5 0 15 
France 20 23 21 1 65 
Italy 15 18 10 1 44 
Japan 50 38 60 5 153 
Netherlands 11 10 15 1 37 
Norway 6 2 2 1 11 
Sweden 24 27 16 2 69 
UK 28 22 39 1 90 
USA 136 148 142 18 444 

Total 358 366 373 34 1131 

Canada, France, Germany, Italy, Japan, Sweden, the UK and the USA. 
However, owing to authors' imprecision in reporting their full affiliation with 
specific indication of country of origin, many of the documents in the data- 
base cannot be searched by country. For instance, if a publication shows 
Rome as the city of origin but Italy is not shown it will not be counted 
amongst the Italian entries. This is especially troublesome for the USA where 
most of the publications omit the country and show only the state or even in 
many cases only the city, like Bethesda. Presumably, all editors, referees 
and readers know where Bethesda is, but this certainly cannot be applied to 
places like Valhalla or Riverside. Thus the figures in Table 8 should be taken 
only as an approximation to the real numbers. The corresponding values for 
human only studies are indicated in Table 9. The number of countries is 
further reduced in this case since some of  them did not reach the threshold 
value of a minimum of ten publications. However, the major contributors 
remain the same even to the point of maintaining their respective percentages 
relative to the total sum (Tables 8 and 9) except for Japan which goes down 
1.9% and Sweden and the UK which increase by 1.6% their respective 
contribution in human studies by MS. All these contributions are distributed 
in over 300 journals, those shown in Table 10 being the most important in 
terms of  the total number of publications they carry in biomedical MS. Again, 
the threshold value is set at a minimum of ten publications in total so that the 



E. Gelpt/lnt. J. Mass Spectrom. Ion Processes 118/119 (1992) 683-721 

TABLE 10 

Mass spectrometry m human stu&es, mam pubhcatlon sources 

693 

1988 1989 1990 1991 d Total 

Anal Blochem i I 9 9 0 29 
Anal. Chem 4 5 7 3 16 
Arch Blochem Blophys 5 4 1 0 10 
Arznelm.-Forsch. 9 6 4 0 19 
Blochem. Blophys. Acta 4 l0 4 3 21 
Blochem Pharmacol 3 2 5 0 l0 
Blomed Chromatogr. l 3 6 0 l0 
Blomed Environ Mass Spectrom 33 32 24 0 89 
Chn Chem 19 16 l0 2 47 
Chn. Chlm Acta II 7 6 0 24 
Drug Metab. Dlspos 6 I I 17 0 34 
Environ J. Blochem 2 5 6 0 13 
Forensic Scl. Int 4 4 13 0 21 
J. Anal. Toxlcol 20 17 20 0 57 
J Blol Chem 16 20 18 4 58 
J. Chromatogr  61 69 39 0 169 
J Forensic Sci. 4 7 8 0 19 
J. Inherit. Metab Dis 0 3 8 0 I I 
J. Lipid Res. 5 12 14 0 31 
J Pharm Scl. 1 5 14 0 24 
Methods Enzymol 4 1 11 0 16 
Prostaglandlns 6 5 5 0 16 
Proc. Nat Acad. Scl. U S A 3 2 10 1 16 
Steroids 1 1 12 0 14 
Xenobiotlca 7 5 7 1 20 

To March 1991 reclusive. 

number of journals to be considered drops from over 300 to 25. As indicated 
in this table the journals concentrating a greater number of publications in this 
field are Analytical Biochemistry, Biological Mass Spectrometry (formerly 
Biomedical and Environmental Mass Spectrometry), Clinical Chemistry, 
Drug Metabolism and Disposition, Journal of Analytical Toxicology, Journal 
of Biological Chemistry, Journal of Chromatography and Journal of Lipid 
Research. 

A consideration of the data contained in Tables 1-6 points to the futility 
of attempting to review all recent topics of interest on biomedical applications 
of mass spectrometry. Thus a practical decision was made to narrow the 
survey to studies carried out only on human subjects and human samples, 
whether in vivo or in vitro. Emphasis has been put on highlighting the real 
world connection between applications of  state-of-the-art mass spectrometry 
and clinical medicine. As it becomes clear from the literature, the so-called 
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science of biomedical mass spectrometry has a much greater stronghold on 
biochemical and experimental research in general than in the truly patient- 
related clinical practice. In this regard and although work on experimental 
animal models as well as ex vivo and in vitro studies are of utmost importance 
in the development of reliable analytical methods for human studies, the 
restriction to MS literature describing work carried out on human samples 
and/or individuals leads to a more manageable situation. As illustrated in 
Table 6, the number of reports to be considered in this way is cut to less than 
one-half. For instance, as shown in Table 1 the MEDLINE database contains 
1259 entries for 1990 related to mass spectrometry, in general. However, of 
these, 476 pertain to human studies and 493 to animal work with only 55 
reports dedicated to in vitro studies (both human and animal). The rest of the 
1259 or 235 reports correspond to other classifications such as studies describ- 
ing the development of MS methods on authentic compounds. 

Based on this selection of the database the following is a condensed account 
of the type of work reported from 1988 to and including March 1991 
and classified according to a few major keywords, as indicated below. The 
major areas thus covered are grouped under the following headings: Exogen- 
ous Compounds: Drugs, Therapeutic Drug Monitoring, Pharmacology; 
Endogenous Compounds: Metabolism and Biochemical Phenomena; Diag- 
nosis, Disease and Biochemical and Biological Markers; Isotopic Techniques; 
Case Reports and Clinical Studies; In Vitro Studies; High Mass Analyses. 

EXOGENOUS COMPOUNDS: DRUGS, METABOLISM, THERAPEUTIC DRUG 
MONITORING AND PHARMACOLOGY 

Mass Spectrometry has maintained a major role in the qualitative and 
quantitative determination of exogenous compounds ingested by humans 
either as pharmaceuticals, doping agents or street drugs. The number of 
reports dealing with these topics is relatively abundant and cover a wide range 
of compounds. In the area of pharmaceuticals and therapeutic drug monitor- 
ing a few examples could be cited, such as the pharmacokinetic studies on 
clembuterol in human plasma and urine at the femtomole level by negative ion 
chemical ionization GC-MS. Labelled clembuterol was used for the quanti- 
fication and proper quality control and pharmacokinetic constants calculated 
from the MS data were reported. Furthermore, the authors claim a successful 
use of the technique in their laboratory over 4 years [16]. Two bronchodilators 
(Terbutaline and Orciprenaline) used in the treatment of asthma were studied 
by Leis et al. [17]. These authors also used negative ion chemical ionization 
(NICI) with isotope-labelled analogues for quantification of a highly electron 
capture sensitive derivative. On the other hand, Lindberg et al. [18] used 
positive CI to quantify bambuterol relative to a labelled analogue in plasma 
and urine. Bambuterol is a terbutaline prodrug which in the hands of these 
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investigators can be readily monitored in connection with pharmacokinetic 
and clinical studies. Quality control procedures were also properly imple- 
mented and the authors also claim successful use of the method for about 5 
years. 

Human pharmacokinetic data are also presented in a study of clebopride 
and its major N-desbenzy l  metabolite [19]. The method utilizes NICI with 
SIM and allows the detection of 0.1 ng ml-~ in human plasma. Likewise, the 
pharmacokinetics of aminoglutethimide was established by a SIM method, 
allowing the simultaneous detection of its N-acetyl metabolite as well as the 
study of single-dose kinetics [20]. Beclomethasone is used to treat patients 
with inflammatory bowel disease and its monopropionates and dipropionates 
have also been determined in human plasma and urine by LC-MS using NICI 
and a particle beam interface [21]. The thermal lability of synthetic corti- 
costeroids can thus be circumvented by proper HPLC-MS techniques. 

LC-MS has been rather extensively used for the analysis of pharma- 
ceuticals and their metabolism. In this regard, mention can be made of its use 
to study the plasma clearance of anaethestic agents, such as Pancuronium and 
Vecuronium using a moving-belt HPLC-MS interface. In this case, thermal 
lability is used to dealkylate the quaternary ammonium steroids so that they 
go more readily into the gas phase. A deuterated internal standard was used 
and sufficient specificity was provided by B/E metastable transition monitor- 
ing [22]. Selected reaction monitoring (SRM) and API LC-MS-MS were also 
used in connection with the identification of the famous anabolic steroid 
stanozolol and its major metabolites in human urine [23]. Likewise, API 
LC-MS has allowed the determination of a renin inhibitor in human serum 
[24] using a heated nebulizer interface. This drug which is a modified tripep- 
tide could not be analyzed by GC-MS owing to low volatility and thermal 
instability. The same compound could not be detected below 50 ng by thermo- 
spray, whereas the sensitivity of the heated nebulizer API source allowed a 
limit of quantification of 50 pg m1-1. Thermospray (TS) however, has been 
successfully applied to the determination of pharmaceutical agents such as 
moricizine, a new antiarrythmic agent, and its labelled analogue in human 
plasma in a bioavailability study [25] or SK&F 101 468, a dopamine receptor 
agonist and its metabolites with a detection limit of 20 pg on a column [26]. 
According to the latter this is possible owing to the improved signal-to-noise 
ratio obtained using LC-MS-MS. In addition MS-MS provides structural 
information to compensate for the very scarce or total lack of fragmentation 
inherent to most of the TS mass spectra. However, as recently demonstrated, 
there are cases where TS can give sufficient structural information if minor but 
significant peaks are taken into account [27]. An example of the potential of 
continuous flow FAB is provided by Kokkonen et al. [28] in the analysis of 
erythromycin 2'-ethylsuccinate. The detection limit using the phase switching 
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system developed by these authors to enrich the analyte is only of 0.1 #g ml-  
or 40ng into the MS. The FAB MS-MS and TSPLC-MS on an EBQQ 
instrument were used for another antibiotic such as ampicillin and two of its 
metabolites [29]. 

Interestingly, there are a few reports dealing with practical applications of 
ion trap detection (ITD) systems to the determination of pharmaceuticals and 
their metabolites in human samples. For instance, beta blockers and their 
metabolites have been detected in urine, both in the full scan and MID mode 
of the ITD [30,31]. Also, an automatic reaction control CI technique in ITD 
was recently reported to quantify levels of arecoline, a cholinergic drug used 
in patients with Alzheimer's disease. Homoarecoline was used as internal 
standard and the CI reaction was carried out with acetonitrile instead of 
methane to avoid the significant hydride abstraction observed with the latter 
[32]. The Finnigan ITD 800 has been recently compared to another mass- 
selective detector (MSD) like the Hewlett Packard 5970 MSD, with similar 
results in terms of performance and sensitivity [33]. The MSD instrument has 
been used in automatic operation to quantify the metabolic profile of valproic 
acid [34]. The tetramethyl silane (TMS) derivatives were used to quantify 14 
of its metabolites by GC-MS in the SIM mode. In a similar fashion Kassahun 
et al. [35] also identified 15 metabolites of the same anticonvulsant by NICI 
GC-MS of their pentafluorobenzoyl (PFB) derivatives. The MSD used in the 
scan mode also provided the identification of 15 metabolites of trimipramine, 
a tricyclic antidepressant [36]. 

Various applications of therapeutic drug monitoring and drug metabolic 
studies have been very recently reported in the Proceedings of the 2nd Inter- 
national Symposium on Applied Mass Spectrometry in the Health Sciences 
[4]. These include studies on the urinary metabolism of fenfluramine, [37], 
D.L. Kawain [38], coumarin anticoagulants by TSP and particicle beam (PB) 
LC-MS [39] and anabolic steroids [40] and diuretics by LC-MS [41], the latter 
two of interest in doping control. The screening of diuretics by GC-MS has 
also been reported recently by Lisi et al. [42]. In this case, an MSD system in 
the SIM mode was used. A study of the long-term use of single anabolic 
steroids and their metabolism by GC-MS indicates that their extended use 
resulted in a reduced excretion of urinary androgen metabolites but no 
changes in glucocorticoids [43]. Synthetic corticosteroid metabolism is of 
importance in controlling drugs of abuse in sport [44]. Biphosphonates in 
urine were analysed by GC-MS under El, CI, NICI and CI-MS-MS con- 
ditions. These are synthetic compounds used for the treatment of hyper- 
calcemia [45]. In this case the sensitivity of NICI-MS was superior to that of 
ammonia CI-MS-MS. On the other hand NICI-MS-MS was used to quanti- 
fy indomethacin in 84 plasma and 84 synovial fluid samples of patients treated 
with the drug via topical application on the knee and found to offer a 
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sensitivity and selectivity high enough to allow the quantification of indo- 
methacin down to 0. l ng ml-~ using the deuterium-labelled analogue [46]. 

Drug metabolism is also an area where MS technique have been very 
actively pursued. For instance the metabolism of an oral dose of the anxiolytic 
agent buspirone labelled with ~4C/~5N was studied in human subjects. This 
work resulted in the unequivocal identification of seven metabolites and five 
other tentative structures presumably derived from the parent drug [47]. 
Along the same lines direct probe MS and GC-MS were used to identify 
metabolites of ethacizin, a cardiovascular active drug, and benzbromarone, 
used for the treatment of hyperuricaemia, respectively [48,49]. 

ENDOGENOUS COMPOUNDS: METABOLISM AND BIOCHEMICAL 
PHENOMENA 

In a similar fashion as with the exogenous xenobiotics, mass spectrometry 
continues to be significant in studies on compounds and their metabolic 
pathways. The scope of compounds under study covers a wide range of 
biochemically active substances, both of low and of high molecular weight 
although the latter will be considered below in a separate section. 

Prostaglandins E 2, E~, F2~, FI, and 6-keto F~ in human and monkey 
cerebrospinal fluid have been measured by NICI of their methoxime-penta- 
fluorobenzylester-trimethyl sylyl ether (MO-PFB-TMS) derivatives in the 
SIM mode. Although earlier literature reports had described concentrations 
ranging from undetectable to as high as 1 ng ml -~, the authors did not find 
levels above the detection limit of 15 pgml -~ [50]. Problems with earlier 
less-specific methodologies and especially with radioimmunoassay could be 
one explanation for the discrepancy. Immunoassay techniques were the basis 
of a method to isolate and purify a novel PGD: metabolite in human urine. 
The method allowed the recovery of 850 ng of the immunoreactive metabolite 
from 601 of human urine. GC-high resolution SIM established the identity of 
the compound as 9-deoxy-6-9, 6-12-dihydroPGD2 [51]. Recently, Weber et al. 
[52] described a method for the quantification of 6-keto PGF~,, 2,3-dinor-6- 
keto-PGFl~, TXB 2, 2,3-dinor TXB2, PGE2, PGD2 and PGF2, in human urine 
samples using also NICI-SIM and with the same type of derivatives. 
Deuterated analogues were used as internal standards. The importance of 
being able to differentiate between 6-keto-PGF~,, TXB 2 and their respective 
dinor metabolites stems from the fact that the latter reflects global systematic 
production vs. local renal production for the first. In this regard, it has been 
indicated that 11-dehydro TXB2, a major enzymatic metabolite of TXB2, 
could be a more reliable index of endogenous thromboxane biosynthesis than 
TXB 2 . Significant work along these lines has been carried out by Ishibashi and 
co-workers [53-55]. These authors have reported on the identification of 
11-dehydro TXB3 in human urine after administration of eicosapentaenoic 
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acid by high resolution SIM and more recently on a novel derivatization and 
immunoextraction method for 11-dehydro TXB2 in human urine with detec- 
tion by GC-MS-SIM of its methyl ester-ll-n-propylamide-9,12,15-tris- 
dimethylisopropylsilyl ether. This derivative was used by the same group for 
the analysis of 2,3-dinor-6-keto PGF~ [56]. Another method for 11-dehydro 
TXB 2 has been described by Lorenz et al. [57]. The metabolite was enriched 
by adsorption on phenylboronate cartridges and the corresponding Me-PFB 
ester quantified by isotope dilution NICI-MS-MS. The excretion of this 
compound was moderately elevated in heavy smokers and increased in 
patients with venous thrombosis or pulmonary embolism. Isotope dilution 
GC-MS has been used to quantify TXB2, hydroxyheptadecatrienoic acid 
(HHT) and hydroxyeicosatetraenoic acids (HETEs) in human platelets [58]. 

Lipoxygenase metabolites of arachidonic acid have also been the object of 
much attention by MS procedures. For instance, 15-hydroxyeicosatetraenoic 
acid was detected by GC-MS-SIM as the major eicosanoid in nasal secretions 
[59] and Leukotriene B4 was quantified in synovial fluid of osteoarthritic and 
rheumatoid arthritis patients by selected reaction monitoring GC NISI MS- 
MS [60] and in human serum [61], where it was shown that ex vivo formation 
can influence the assessment of circulating levels of LTB4. More recently, the 
metabolism and elimination of Leukotriene E 4 has been reported by Sala et 
al. [62]. This work was elegantly carried out by infusion of radiolabelled 
isotopes of LTE 4 into male volunteers. 

Another interesting observation made by mass spectrometry has been the 
discovery of long-chain saturated and unsaturated fatty acid carboxamides in 
plasma from drug-free women [63]. Along these lines, Harvey has reported on 
the identification of long-chain 12-26 carbon fatty acids and alcohols from 
human cerumen by use of esters which were capable of determining the 
position of unsaturation and methyl branching [64]. An ultrasensitive NICI 
GC-MS high resolution SIM method of phenylethylamine, an endogenous 
biogenic amine seemingly implicated in psychiatric illnesses, has been devel- 
oped by Durden et al. [65] for its detection and quantification in l ml of 
human plasma. 

NICI-MS has also been used for the determination of other neuroactive 
compounds such as Harman and N-z-methylimidazoleacetic acid. In the case 
of Harman, this compound was detected in lung and human cerebrospinal 
fluid [66]. As it is a fl-carboline it exerts a wide range of pharmacological 
activities and it has been reported to increase in brain following ethanol 
consumption. However, the MS data of Bosin et al. [66] suggests that Harman 
is unlikely to be formed as a result of ethanol ingestion so that its origin and 
pharmacological significance remain to be established. On the other hand, 
N-z-methylimidazoleacetic acid is a major metabolite of histamine and thus of 
interest as an indicator of total histamine release. A method recently reported 
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for its determination in urine and plasma is based on SIM of the molecular 
ion of the corresponding isopropyl ester 3,5-bistrifluoromethylbenzoyl 
derivative and allows the detection of an amount equivalent to 1 pg of parent 
histamine [67]. Treatment of four mastocytosis patients with mast cell stabiliz- 
ing drugs failed to alter the urinary excretion of these two compounds, as 
determined by the above method [68]. GC-MS in the SIM mode was used by 
Coldwell et al. [69] for the identification of vitamins D2 and D 3 and seven of 
their 25-hydroxy,24,25-dihydroxy and 25,26-dihydroxy metabolites in a single 
2 ml sample of plasma. According to the authors, this method demonstrates 
the potential of SIM as a possible reference method in this area. GC-MS has 
been also recently used by Harvey et al. [70] for the identification of urinary 
metabolites of cannabidiol in human urine. Another area where GC-MS has 
certainly continued being used with success is in steroid and bile acid analyses. 
Thus, very recently Fukushima et al. [71] have reported on the simultaneous 
determination of testosterone and androstadienone in human plasma by high 
resolution SIM using deuterium labelled standards in order to elucidate the in 
vivo conversion of testosterone into androstadienone. Likewise, a SIM stable- 
isotope dilution method has been reported for the determination of estrogens, 
androgens and progestins in follicular fuids aspirated from preovulatory 
follicles [72]. A total of five 16-androstenes with low olfactory thresholds were 
simultaneously quantified in extracts of men's axillary hair by GC-MS-SIM. 
The results indicated the existence of a pathway of metabolism in axillary 
bacteria in which 4,16-androstandien-3-one is reduced to 5~-androst- 16-3-one 
and thence to 30~- and 3fl-alcohols [73]. Five new sterols from fungi responsible 
for skin and nail infections were also identified by GC-MS-SIM [74]. Within 
the past 3 years, groups with an established background on bile acid analysis 
by mass spectrometry have continued publishing data of interest in this area. 
For instance Sj6vall and co-workers have identified new C27 acids as normal 
constituents of plasma as well as neutral C27 steroids related to these acids, 
an observation which has led to the proposal of a model for the biosynthesis 
of bile acids under normal and pathological conditions [75-77]. An important 
finding, as claimed by these authors, is that levels of one intermediate in the 
biosynthetic pathway reflect the rates of bile acid biosynthesis. GC-MS and 
FABMS methods were used by the same group to identify novel glucosamine 
conjugates N-acetylglucosaminides excreted in human urine [78]. 

Another group active in this field has published reports on the study of bile 
acids in human foetal gall-bladder bile by a combination of techniques includ- 
ing FABMS for the direct analysis of bile acid conjugates and GC-MS to 
obtain a profile of individual bile acids after hydrolysis of the conjugate 
moiety [79]. The hydrolysis-GC-MS method was also applied to study bile 
acid metabolism in amniotic fluid with major changes being observed between 
early and late gestation in the human foetus [80]. The same group has 
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identified a new C4 hydroxylated bile acid in human foetal bile, accounting 
for 5-15% of total biliary bile acids in early gestation [81]. Plasma bile acids 
have been determined by isotope dilution capillary GC-NICI-MS down to 
the 1 pg detection limit [82]. GC-MS was also used by Hiraoka et al. [83] for 
the identification for the first time of bile alcohols in serum. A comparison of 
serum bile alcohol profiles indicated that the synthesis of urinary bile alcohols 
in healthy humans is of hepatic rather than renal origin. Keto and non-keto 
bile acids in human serum were determined by GC-MS-SIM [84] whereas 
Bjorkhem and co-workers used a specific SIM technique for the determi- 
nation of unconjugated cholic acid in portal venous and systemic venous 
blood in healthy subjects, patients with ileal resection and patients with 
bacterial overgrowth of the upper small intestine, the results indicating that 
the proportion of unconjugated cholic acid in peripheral venous blood could 
be useful for the detection of bacterial contamination in the small intestine 
[85]. The same group has presented data on the products of cholesterol 
autoxidation in healthy subjects by an isotope dilution MS method [86]. 

Whereas most of the work in this area has been carried out by GC-MS or 
FABMS techniques, Setchell and Vestal described the advantages of thermo- 
spray ionization as a highly specific technique for bile acid analysis [87]. 
Combined HPLC-MS techniques have also contributed to other areas of 
endogenous compound metabolism such as in the identification of seven retinol 
metabolites, one of them for the first time [88] and quantification of endogenous 
tretinoin and isotretinoin, both of them retinoids, by HPLC-DLIMS in 
conjunction with normal phase liquid chromatography on microbore columns 
[89]. Thermospray isotope dilution HPLC-MS has been likewise used in the 
quantification of dehydroepiandrosterone sulphate in serum samples [90]. 

Low molecular weight endogenous peptides such as methionine enkephalin 
have also been the object of MS studies. For instance, Desiderio and co- 
workers have recently reported FABMS data on this peptide in human 
pituitary tissues. Highly specific measurements were possible by selected 
reaction monitoring of the ion current from a unique peptide fragment ion 
with the d5-peptide as internal standard [91,92]. fl-Endorphin was also charac- 
terized and quantified in human pituitaries by FAB B/E linked-field scan 
MS-MS techniques [93]. In this case, since the peptide has a molecular weight 
of 3463 u the HPLC enriched fraction was treated with trypsin to produce 
shorter peptide fragments. More recently, the same authors have described the 
use of electrospray ionization for the determination of these two peptides, also 
in human pituitaries, thus achieving improved signal-to-noise ratios [94]. 
FABMS has also played a role in the structure elucidation of pentosidine. This 
compound, found in a variety of human tissues, is composed of an 
imidazo[4,5,6]pyridinium molecule comprising a lysine and an arginine resi- 
due cross-linked by a pentose. The cross-linking of the two amino acids is 
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postulated to have occurred as a consequence of a Maillard reaction with a 
pentose, a process that could be implicated in the aging process [95]. Standard 
GC-MS techniques have also been useful for the study of urinary nucleosides. 
Fractions obtained by HPLC were characterized by GC-MS of the corre- 
sponding TMS derivatives [96,97]. 

DIAGNOSIS, DISEASE, BIOCHEMICAL AND BIOLOGICAL MARKERS 

Mass spectrometry, as indicated in Table 4, finds widespread use in the 
study of a wide array of human diseases, whether it is in the study of metabolic 
abnormalities leading or resulting from these diseases or as an aid in the 
diagnostic process. Diagnostic procedures on humans are usually tied up to 
non-invasive techniques. In this regard mass spectrometry provides a uniquely 
sensitive and highly selective means of readily assaying collectable physiologi- 
cal fluids such as blood, amniotic fluid or urine. Analytical methods based on 
mass spectrometric techniques can be tailored either to the detection or 
monitorization of one of a few related metabolites or to the large-scale 
screening for one or various families of compounds. In all cases what the 
clinician looks for are tell-tale signs of disease to help guide his diagnosis and 
therapy. These are the so-called biochemical markers of disease. 

Large-scale screening procedures have been lately exemplified by reports 
such as that of Shoemaker and Elliott [98] on the automated screening of urine 
samples for carbohydrates, organic acids and amino acids. The GC-MS 
system set up by these authors is able to quantify 103 compounds in 6min 
relative to endogenous urinary creatinine. The method relies on the removal 
of urea by the enzyme urease. This renders minor components in the sample 
accessible to the trimethylsilylation reagent used for sample derivatization. 
The diagnosis confirmed in this way on 104 urine samples provided by a 
paediatric hospital and other laboratories included various organic acid 
acidurias, ornithine transcarbamylase deficiency, lysinuric protein intoler- 
ance, glycinuria, and maple syrup urine disease. 

A similar approach to the computerized screening of breath biomarkers in 
lung cancer has been described by O'Neill et al. [99]. This report is based on 
the classification of human expired air components into 16 chemical classes, 
based on empirical formulae, and the classification of components at the 75% 
and 90% occurrence levels. A total of 386 components were detected by 
GC-MS of which only 28 were present at the greater than 90% occurrence 
level. The quantitative GC-MS analysis of 61 organic acids, aldehydes and 
ketones in urine, plasma and amniotic fluid was reported by Hoffmann et al. 
[100]. As claimed by the authors the total organic acid content of the sample 
provides a rapid screening test for metabolic abnormality. 

In terms of more specific compound searches, organic acid acidurias and 
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acidemias have attracted a lot of attention in the past since suitable biochemi- 
cal markers of these conditions can readily determined by mass spectrometric 
techniques. For instance, 4-hydroxybutyric aciduria is an inborn error in the 
metabolism of 4-aminobutyric acid (GABA) which is due to a deficient 
activity of succinic semialdehyde dehydrogenase. The development of a 
stable-isotope dilution C! GC-MS of the TMS derivative of 4-hydroxybutyric 
acid allowed rapid prenatal diagnosis with a normal foetus being detected in 
a pregnancy at risk [101]. Also, GC-MS methods have been extensively used 
for the prenatal diagnosis of 76 pregnancies at risk in a 4 year time span [102]. 
This type of inborn errors of organic acid metabolism is important in that they 
have been shown to account for a proportion of sudden infant deaths. In 
medium-chain acyl-CoA dehydrogenase (MCAD) deficiency, which is due to 
a defect in mitochondrial fatty acid oxidation the diagnosis becomes difficult 
because of the need to use cumbersome enzymatic assays. Thus, to prevent 
sudden deaths it would be convenient to be able to rely on a more convenient 
diagnostic method capable of identifying cases at an asymptotic stage. Along 
these lines Downing et al. [103] have published a GC-MS study on the urinary 
organic acid profile in the 5 days of life in 180 subjects. They diagnosed 
MCAD in a sibling of a sudden infant death case and concluded from their 
study that in neonates moderate generalized dicarboxylic aciduria is a harm- 
less anomaly reflecting some immaturity of the fatty acid fl-oxidation pathway 
and that in the neonatal period qualitative assessment of the overall pattern 
is more important than quantification of individual metabolites. Amongst the 
abnormal organic acids excreted in MCAD are the glycine conjugates of 
hexanoic, suberic and phenylpropionic which have been determined by 
ammonia CI-SIM in 54 urine samples of 21 MCAD-deficient patients [104]. 
As claimed by the authors these acylglycines, although detected earlier, lacked 
a clear diagnostic value owing to inappropriate analytical methods. 

A further diagnostic aid in the recognition of organic acidurias seems to 
rely on the quantification of carnitine and acylcarnitine profiles which have 
been extensively investigated by Millington and co-workers [105] mainly by 
FABMS-MS [106,107] and continuous flow FAB-MS [108]. These authors 
have shown a simple way to distinguish acylcarnitines from interferences in a 
biological matrix by performing the MS analysis after an oral ingestion or 
intravenous infusion of stable-isotope-labelled l-camitine. Very recently 
Millington et al. presented an account of the biomedical applications of 
continuous flow FAB-MS [109] which includes compound specific detection 
of diagnostic acylcarnitines in human urine. Carnitine is known to play a role 
in fatty acid oxidation and their mitochondrial transport. Thus there is 
interest in establishing the effect of intravenous L-carnitine on the metabolism 
of fatty acids, ketone bodies, glucose and branched chain amino acids. In this 
regard, GC-MS has been used to determine a lack of effect on the intermediary 
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metabolism which casts doubt on the role of carnitine in the treatment of 
various medical conditions [110]. 

Some other acids of diagnostic interest are, for example, methylmalonic 
(MMA), hippuric (HA) and 3-carboxy-4-methyl-5-propyl-2-furanpropionic 
(FA) acids. In the case of MMA a simple GC-MS-SIM stable isotope dilution 
method has been reported for its determination in serum [111]. The method 
is useful for the diagnosis and evaluation of cobalamin deficiency. As for HA 
and FA, both are important for the study of renal excretion function in kidney 
diseases since they accumulate in renal failures. These acids were determined 
in serum, plasma and urine by GC-MS [112]. Plasma levels of both acids in 
haemodialysed patients with chronic renal failure were elevated in comparison 
with controls or patients without renal disease. Other authors have studied by 
GC-MS the in vivo oxidation of infused (l-13C)-propionate and urinary 
metabolite excretion in children with methylmalonic acidemia, with the con- 
clusion that this is an important route of propionate disposal [113]. 

The mass spectrometric determination of abnormal fatty acid metabolism 
in hopantenate therapy during clinical episodes has been reported recently 
[114,115]. The presence of very long chain fatty acids in plasma is an import- 
ant diagnostic criterion for the diagnosis of peroxisonal disorders as in 
adrenoleucodystrophy, Zellweger and infantile Refsum's syndromes. These 
compounds have also been determined by GC-MS techniques [116,117]. 

Cholesterol metabolites can be also useful as biomarkers of disease states. 
Along these lines, increased urinary excretion of bile alcohols in cases of 
primary biliary cirrhosis [118] and liver dysfunction [119] has been demon- 
strated by GC-MS techniques. The GC-MS and GC-MS-SIM procedures 
have also provided evidence for the presence of unusual bile acids in liver 
diseases [120-122]. This has certainly been a very active field which has 
attracted a great deal of attention from various groups reporting applications 
of GC-MS techniques to the study of bile acid metabolism in cerebroten- 
dinous xanthomatosis [123], liver diseases [124], peroxisomal thiolase 
deficiency [125] and cystic fibrosis plus associated liver disease [126] before 
and after ursodeoxycholic acid administration. In this case FABMS was used 
besides GC-MS to identify more than 50 individual bile acids, mainly as their 
glycine and taurine conjugates. GC-NICI-MS and GC-MS methods were 
developed for the determination of 5/%cholestanoic acids in human urine and 
they were applied to the separation and quantification of these acids in 
patients with the cerebro-hepato-renal Zelleweger syndrome, a rare heredi- 
tary disease characterized by a lack of peroxisomes in hepatocytes [127-129]. 
Another group very active in this field is that of Sj6vall and co-workers who 
have continued to produce a fair amount of significant work in the biosyn- 
thesis of bile acid markers of disease. Thus levels of newly identified C27 bile 
acids in plasma [130] were affected by diseases of the liver (primary biliary and 
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alcoholic liver cirrhosis) [131] and the distal ileum [132]. All of this work was 
carried out by GC-MS procedures which were also used to demonstrate that 
bile alcohols inhibited 7~-dehydroxylation by intestinal bacteria. This would 
explain why deoxycholic acid is not formed in patients with cerebrotendinous 
xanthomatosis [123], a familial disease characterized by deposition of choles- 
tanol and cholesterol in brain and tendons [133]. This group also used 
FABMS and GC-MS methods for the study of a new inborn error of bile acid 
biosynthesis. A child case history and the bile acids excreted by this child 
indicated a lack of 3fl-hydroxy-6-C27 steroid dehydrogenase/isomerase. With 
these data in hand, an appropriate bile acid treatment could be introduced to 
achieve effectively the recovery of the child [134]. Using FABMS screening 
procedures to study urine extracts from other children with liver disease, 
additional defects in bile acids biosynthesis were established. For instance, a 
reduced activity of hepatic 3-oxo-6-4-steroid-5fl-reductase was determined in 
children with severe liver disease [135]. Although the causes of these metabolic 
defects are not clear at present, Setchell et al. [136] have evidence for an 
inherited deficiency of 5fl-reductase in a pair of twins with neonatal hepatitis. 
Furthermore, 3/~-hydroxy-6-5-C27 steroid dehydrogenase deficiency has now 
been detected in two additional patients [137]. Some special ketonic bile acids 
have been shown to be excreted by newborn infants [138] and these disappear 
with age [139], except in the presence of liver disease [140]. In the area of 
defective cholesterol metabolism, Shackleton and Reid have reported a quan- 
titative isotope dilution HPLC-thermospray MS method for cholesterol sul- 
phate in plasma which could be of interest in the diagnosis of recessive 
x-linked ichthyosis [141]. According to these authors, although the instru- 
mentation required is complex the assay is simple and they have diagnosed 24 
patients. 

Another isotope dilution MS method for cholestanol sulphate in plasma 
has been recently reported by Veares et al. [142]. In this case the compound 
was quantified by FABMS which requires the use of a stable isotopically 
labelled analogue to compensate for the wide and unpredictable variability of 
FAB responses. A comparison of the FAB data and GC-MS-SIM assays 
gave superimposable calibration curves confirming the absence of any system- 
atic error in the analytical protocol. A similar approach was used by Lund et 
al. [143] to determine serum levels of unesterified lanosterol. 

Other compounds such as eicosanoids [144] or qulnolinic acid [145] also 
offer potential as diagnostic aids. In the case of quinolinic acid the correlation 
established between the level of this exocitotoxic acid and clinical and neuro- 
logical status makes it a predictive measure of infection status such as clini- 
cally overt AIDS dementia complex, aseptic meningitis, opportunistic infec- 
tions and neoplasms. An impressively low limit of detection of 0.4 fmol or 
67 fg has recently been reported for a GC-MS determination of its dihexa- 
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fluoroisopropyl ester [146]. Urine glyceraldehyde excretion has been measured 
by GC-MS in children with the renal Fanconi syndrome and in normal 
individuals. Apparently, results show that marked excretion is a previously 
unrecognized feature of this syndrome [147]. Finally, phenylalanine is another 
compound of diagnostic interest for which a candidate reference isotope 
dilution MS method has been recently proposed [148]. 

ISOTOPIC TECHNIQUES 

The remarkable specificity and sensitivity of mass spectrometric techniques 
makes them the methods of choice for the detailed study of the metabolism 
and kinetics of both endogenous and exogenous compounds. This type of 
approach involves the administration of the isotopically labelled compounds 
to human volunteers and the detection and identification of labelled biotrans- 
formation end-products. The use of stable isotopes, however, presents some 
clear advantages over radioisotopes in that health risks related to radiation 
exposure are prevented, and MS can identify the site of labelling as well as the 
identity of an isolated metabolite. At the same time these are much more 
accurate and technically simpler to perform that the labour-intensive pro- 
cesses of chemical degradations needed to characterize isotopic distributions. 
Along these lines, several of the reports that have appeared within the last 3 
years are worth mentioning. 

For example, deuterated acetanilide was used as a probe to study the 
metabolism of acetanilide in man and the rat [149]. In this study the extent of 
deacetylation-reacetylation is taken as an indication that deacetylation path- 
ways could modulate the distribution of acetylator phenotypes. 

A similar GC-MS approach was used more recently for the simultaneous 
determination of nicotine, nicotine-3',3'-d2 and the metabolites cotinine and 
cotinine-4',-4'-d2 in human plasma after the infusion of a 50"50 mixture of 
nicotine and nicotine-d2. This method is claimed to be useful for quantitative 
studies of nicotine metabolism [150]. Selected ion monitoring over a limited 
mass range has been used for the rapid measurement of whole-body and 
forearm protein turnover using a primed constant infusion of 2H 5 phenyl- 
alanine [151]. The method obviates the need for measurement of expired air 
CO2 production and ~3C enrichment by isotope ratio mass spectrometry (see 
below) as required in the more standard 1-13C leucine technique. Continuous 
infusions of sodium 2H 2- and ~3C-propionate were used to determine propi- 
onate turnover by CI-MS-SIM [152]. The same MS technique was also used 
to determine ~SN enrichment in studies on the bioavailability of dietary urea 
nitrogen in the breast-fed infant [153]. Stable isotope infusion GC-MS 
studies on steroid metabolism [154] and kinetics in pregnant women have 
shown that sulphated 3-hydroxy-5ct steroids may account for 50% of the 
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metabolism of progesterone in late pregnancy [155]. Also, in the area of 
steroid metabolism it has been acknowledged that radiotracer methods for the 
study of cortisol production rates in physiologic and pathologic states in 
humans have provided conflicting evidence. However, a recent report 
described the first method for the direct determination of 24 h plasma cortisol 
production rate during continuous administration of a stable isotope by 
thermospray LC-MS, which avoids the use of derivatization procedures 
allowing on-line detection of plasma cortisol after a simple extraction pro- 
cedure [156]. 

Mass spectrometry in the SIM mode of detection also facilitates the study 
of glucose turnover. For instance, even though hepatic glucose production 
and glucose carbon recycling are usually evaluated by the combined use of 
hydrogen and carbon-labelled glucose tracers, single-isotope methods require 
the determination of activities in different glucose carbon atoms by chemical 
degradation procedures. Also (U-~3C6)-glucose is still too expensive for routine 
analysis whereas the ~3C content in the different positions of the glucose 
carbon skeleton can be readily determined by SIM. Along these lines, a recent 
report describes the use of (1J3C6)-glucose tracer for the measurement of 
recycling by SIM. This provides a single-label, non-radioactive method for the 
determination of hepatic glucose rates [157]. Almost concurrently another 
group has described the use of uniformly labelled ~3C-glucose for the deter- 
mination of glucose turnover using a mass-selective GC-MS-SIM system 
[158]. Other authors have established also by GC-MS-SIM techniques that 
measurement of glucose turnover with (6-3H) - and (6,6-2H2)-glucose leads to 
an underestimation of the true values during insulin infusion studies and that 
this was not the case with (6J4C)-glucose during hyperinsulinemia [159]. 
However, MS measures of isotopic enrichment of (6,6-2H2) - and (2-2H) - 
glucose tracer in the intravenous glucose tolerance test (IVGTT) suggested 
that during an IVGTT there are minor differences in basal insulin-derived 
measures because of metabolic differences in the fates of the tracers and that 
these are rather small for parameters describing insulin-stimulated processes 
[160]. 

A related technique which has played a significant role in human metabolic 
studies is isotope ratio mass spectrometry (IRMS). Continuous flow IRMS 
was previously used for the measurement of ~3C and ~SN in biological tracer 
and clinical substrate metabolic studies and more recently a novel continuous 
flow IRMS method was described for the analysis of 180 enrichment in urine. 
The method was applied to studies of total body-water and water turnover in 
the clinical field [161]. IRMS has also been used recently for the measurement 
of short-term triglyceride synthesis in four healthy males by determining the 
incorporation rate of deuterium in body water into plasma triglycerides [162]. 
The authors claimed that the technique could be useful in studying the kinetics 
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of lipid disorders and dietary responsiveness of triglyceride production. 
Another recent and interesting application of IRMS lies in the measurement 
of 13C-arginine incorporation into apolipoprotein B-100 in low density and 
very low density lipoproteins in normal subjects after an infusion of 13C 
sodium bicarbonate [163]. The method is safe for use in children and applic- 
able to a wide range of plasma proteins facilitating the studies of alterations 
and kinetics of Apo B biosynthesis in disorders such as the genetic hyper- 
lipidemias. Finally, IRMS using a thermal ion source was used in a study of 
the kinetics of intestinal calcium absorption using oral 44Ca and intravenous 
42Ca isotopically enriched stable calcium tracers [164]. Other elements which 
have also been the object of MS work are iron and zinc. In this case the 
absorption of the stable isotopes 58Fe and 67Zn in human subjects fed a mixed 
meal of extruded and non-extruded wheat bran and flour was measured from 
foetal excretion samples by FAB [165]. 

As indicated above both GC-MS in the SIM mode and IRMS have been 
very useful for measuring isotopic enrichment rates, the latter being two 
orders of magnitude more precise but also more costly. In this regard thermo- 
spray LC-MS could become a useful alternative as recently demonstrated for 
the first time [166]. As claimed, the advantages would include speed of 
analysis, ease of sample preparation, sensitivity, reproducibility and a chro- 
matographic separation system that obviates the need for sample deriva- 
tization. The use of stable isotopes can also provide an alternative to biopsy 
as shown in a study where the natural 13C enrichment of leucine in plasma and 
muscle protein was measured and compared [167]. The results indicated that 
13C enrichment of leucine in plasma protein reflects that of muscle protein and 
provides an attractive alternative to additional muscle biopsy. Furthermore, 
an NICIMS method for the isotopic determination of organic 0~-keto acids in 
human plasma has been recently reported [168]. The method allowed the 
studies of isotopic enrichment in 4-methyl-2-oxopentanoic, lactic and pyruvic 
acids and leucine in volunteers and subjects with maple syrup urine disease 
who had received infusions of (laC)-alanine and (2H3)-leucine. GC-MS of the 
3,5-dinitrobenzoate derivatives of deuterium-labelled ethanol infused in vivo 
into healthy volunteers has allowed the study of the mechanism of ethanol 
elimination in humans [169]. 

CASE REPORTS AND CLINICAL STUDIES 

Although the biochemical characterization of clinical conditions through 
metabolic studies of specific disease biomarkers has already been described 
above, a further consideration is given in this section to actual reports high- 
lighting the utility of mass spectrometry in clinical situations. Furthermore, 
since lack of space precludes a detailed consideration of the role of MS in 
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studies related to toxicology and poisoning, this section will include a few case 
reports arising from human accidental intoxication or suicide attempts. For 
instance, in a case where the patient's clinical presentation and laboratory 
findings were indicative of acidosis a GC-MS analysis of serum specimens 
revealed that the acidosis was caused by ketone bodies and a high concen- 
tration metabolite of toluene, benzoic acid. This case was referred in the 
literature as an unusual case of toluene-induced metabolic acidosis [170]. 
Mass spectrometry was also involved in the diagnosis and study of a new 
case of D-glyceric acidemia/aciduria in a 9-month-old girl, the fifth of such 
reported cases. This was discovered during GC-MS screening of urinary 
organic acids [171]. A fluoxetine overdose leading to the death of a 28-year- 
old white female was confirmed by GC-MS identification of fluoxetine and 
its metabolite, norfluoxetine [172]. The GC-MS methods have played a major 
role also in other cases of human intoxications and fatalities due to drug 
overdosing by compounds such as fentanyl [173], hydroxychloroquine [174], 
cyclicine [175], methomyl [176], cantharides [177], mercaptoethanol [178], 
benzodiazepine [179]. Likewise, GC-MS has been instrumental in clarifying 
cases of chemical and pesticide poisoning, as for instance with cresol [180], 
malathion [181], diuron [182], the latter having also been identified in human 
postmortem plasma and urine by HPLC-MS with a moving-belt interface 
[183]. Also, though its toxicological significance in the sample is not clear at 
present, GC-MS was used to detect the presence of pentachlorophenol in oil 
samples associated with the Spanish toxic oil syndrome [184]. 

FABMS and GC-MS were used to identify PAF and PGD 2, respectively, 
in blister fluid from a case of bullous mastocytosis in an infant with congenital 
onset of the disease [185]. In another study, stable isotope dilution GC-MS 
was used to determine patterns of episodic diurnal secretion of cortisol in 
three normal subjects and four paediatric patients with orthostatic dysregu- 
lation [186]. As claimed by these authors, the daily cortisol profile could serve 
as a biochemical index for differentiating diagnostic types of orthostatic 
dysregulation. 

A further interesting example in this area is the quantitative electron 
capture NI-MS assay for dexamethasone in human plasma of psychiatric 
patients undergoing the dexamethasone suppression test [187]. As indicated, 
the unique and novel feature of this assay is the chemical oxidation of the 
sample, which transforms dexamethasone into a highly electrophilic species. 
This affords a significant improvement in sensitivity so that sample size can 
be reduced to 50 times less than that required for GC-MS. An interesting 
application of LSIMS has been described by Guo et al. [188] who isolated and 
identified fl-hydroxypropionic acid-uroporphyrin I in the urine of a patient 
with congenital erythropoyetic porphyria. Finally, laser microprobe mass 
spectrometry has been applied to a study of the chemical composition of 
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spheroliths in the Bowman's membrane of two patients suffering from pri- 
mary atypical bandkeratopaphy [189]. The inclusions in the corneal biopsy 
appeared to consist mainly of calcium phosphate. 

IN VITRO STUDIES 

Work in vitro is very widespread across different fields of biochemistry and 
biomedicine although, as indicated in Table 6, on the average it represents a 
relatively low percentage compared with the number of reports on human or 
animal studies. However, as also indicated in this table, in vitro work with 
human material is even more restricted. Nevertheless, a few interesting appli- 
cations of mass spectrometry in in vitro studies on human or related cell 
culture systems have appeared in the more recent literature. 

For example, cholesterol extracted from human fibroblasts and hepatoma 
cells grown in media containing 25% D20 and the bile acids from the media 
have been analysed by GC-MS [190]. Results indicated that deuterium incor- 
poration occurs randomly. The analysis of chenodeoxycholic acid shows that 
it derives from both pre-formed and newly synthesized cholesterol and that a 
ring transformation from cholesterol utilizes deuterium derived from water. 
Cultured fibroblasts have also been used in the study of a patient presenting 
a familial giant cell hepatitis and who was excreting 3fl-hydroxy-f-5-bile acid. 
The results, as indicated in the previous section on diagnosis, disease, bio- 
chemical and biological markers, suggested that the patient's liver disease was 
due to a primary defect in a dehydrogenase/isomerase enzyme involved in bile 
acid biosynthesis [191]. GC-MS was likewise used in the study of androgen 
and odorous 16-androstene metabolism by human axillary bacteria from 34 
men which were selectively cultured for aerobic coryneform bacteria [192]. 

Another area which has attracted some attention are the studies on leuko- 
triene production by human cells, such as for example the neutrophile. In this 
regard a GC-MS study explored the origin of the arachidonate used by the 
human neutrophile for leukotriene biosynthesis [193]. Arachidonate was 
assayed by SIM as the corresponding t-butyldimethylsilyl ester derivative 
whereas in another study, also in human neutrophiles, LTB4 was analysed by 
NICI-SIM of the pentafluorobenzyl ester trimethylsilyl ether derivative [194]. 
GC-MS-SIM with a mass-selective detector has been used also for the 
determination of LTB 4 as the methyl ester, bis-t-butyldimethylsilyl ether 
derivative in human plasma. The method which gave a limit of detection of 
425 pg allowed the study of a new anti-inflammatory drug on ionophore 
stimulated LTB 4 biosynthesis by human whole blood in vitro [195]. Likewise, 
human neutrophile cultures have been used for the quantification of PAF by 
FABMS-MS with deuterium-labelled internal standard [196] and more 
recently, on-line thermospray HPLC-MS has been demonstrated to facilitate 
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the identification of individual glycerophospholipid molecular species in 
preparations of human erythrocytes. Identifications are possible even when 
more than one molecular species is contained in an HPLC peak [197]. 

HIGH MASS ANALYSES 

In view of the truly dramatic developments we have witnessed in the last 3 
years regarding the ability of new ionization techniques to provide molecular 
mass assignments well into the 200 000 u range or over, a specific section 
devoted to high mass analysis (above 1000 u) seems warranted. These develop- 
ments, which mainly encompass LD and ES ionization techniques, have 
already shown their potential in contributing to the structural characteriz- 
ation of biopolymers and to macromolecular MS in general. A good account 
of their advantages and limitations can be found in ref. 3. However, with a few 
exceptions, as discussed below, the relatively few applications of high mass 
MS to clinical and biomedical studies are limited to the more established 
FAB, LSIMS and occasionally PDMS techniques, allowing studies of bio- 
polymers with a molecular weight of up to around 15 000 u or less. Neverthe- 
less, recent reported applications mostly cover the areas of metabolism of 
endogenous compounds, biomarkers, clinical and in vitro studies. 

A very active field where the more classical techniques combine with the 
latest ionization techniques to produce results not considered within the realm 
of possibilities just a decade ago lies in the characterization of abnormal 
human haemoglobins. The more recent work on haemoglobins deals with 
characterization of normal vs. a modified haemoglobin C, an 0-Arab haemo- 
globin Indianapolis by FAB mapping techniques [198,199]. The same authors 
have gone on with these techniques to identify two more haemoglobin vari- 
ants, HbM Hyde Park and Hb San Jose; the first is characterized by sub- 
stitution of the glutamic acid residue by a glycine at position 7 of the fl chain 
and in the last the histidine residue at position 92 also in the fl chain is 
substituted by a tyrosine. Although MS analysis is usually carried out on the 
peptide mixture generated by tryptic digestion of the abnormal globin, in this 
case a V-8 protease was used because the tryptic map alone was unable to 
locate the modification unequivocally [200,201]. A V-8 protease was also used 
by Prome et al. [202] for the identification of the so-called R and Grenoble 
variants by FAB mapping. The same group also applied these MS techniques 
to characterize the structure of a mutant 89Arg. • -Cys biphosphoglycerate 
mutase isolated from a patient in a previously reported case. Their results 
indicated that Arg89 is at or near the active site of the enzyme and probably 
involved in the binding of the monophosphoglycerate [203]. 

Clinical diagnosis of variant haemoglobins has been recently achieved by 
ESMS [204,205]. As indicated in these reports, ESMS allowed analysis of 
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mixtures of intact globins, giving molecular weights and information on the 
relative amounts of globins present. The minimum molecular weight differ- 
ence to measure accurately different species present in a mixture of 15-16 kDa 
proteins is at present 14u. Experimental values for the molecular masses of 
globins can be approached to within 0.5 Da of values calculated from the 
amino acid composition. Thus ESMS can be highly recommended in the 
initial steps of abnormal haemoglobin detection and identification and should 
become in the opinion of these authors a valuable preliminary diagnostic 
procedure for the detection and partial molecular identification of variant 
haemoglobins. ESMS has also been very recently used for the characterization 
of opioid peptides in human pituitary extracts [206]. The motivation for 
exploring the use of ES in this case lies in the difficulty in ionizing many of 
the endogenous neuropeptides and in the interferences at the picomole level 
because of the chemical noise derived from the FAB matrix. Both methionine 
enkephalin (ME) and fl-endorphin (BE) were quantified by ES, with detection 
limits of the order of 1 pmol for ME and 5 fmol for BE, which was 17 times 
more sensitive than FABMS. A further clear advantage of ES over FAB is 
that because the molecular weight of BE (3463 u) is beyond the mass range of 
many spectrometers it becomes more accessible to monitor multiply charged 
ions as produced by ES. However, ES spectra are for the most part devoid of 
sequential information unless MS-MS of sequence-specific ions can be per- 
formed, as proposed by Huang and Henion [207]. These authors contend that 
on-line electrospray HPLC-MS detection is a convenient and preferred 
approach to conventional HPLC and FAB tryptic mapping. 

In this fashion it becomes possible to determine the molecular mass to 
within 1 u for each tryptic fragment separated on line by microbore HPLC. 
With this data on hand, sequence or structural information based on the 
formation of CAD product ions in a tandem assay becomes a matter of proper 
experimental parameter set-up. 

Opioid and tachykinin peptides were determined in human CSF by a 
combination of techniques, including FABMS B/E linked-field scan of 
(M + H) ÷ ions which provided the fragment ions necessary to corroborate 
amino acid sequences [208]. High sensitivity tandem mass spectrometry has 
been applied to the characterization of structural xenobiotic modifications in 
human haemoglobin [209]. In this case haemoglobin was modified in vitro 
with styrene 7,8-oxide, a xenobiotic known to be both mutagenic and car- 
cinogenic in rodents, and digested with trypsin. High performance MS-MS of 
modified tryptic peptides allowed unambiguous assignment of the specific 
residues modified. A later report from the same group describes the detection 
of styrene-oxide DNA adducts in workers exposed to styrene [210]. 

Alveolar neumocytes secrete a complex phospholipid protein mixture 
which acts as a primary surfactant. One of these proteins with a molecular 
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weight of 4000 u reduces alveolar surface tension, and owing to its extreme 
hydrophobicity protein-analytical methods have proved difficult for its study. 
However, combined selective/Edman degradation reactions, 252Cf PDMS and 
FABMS have been successfully used to elucidate the complete primary struc- 
ture [211]. PDMS has also been shown to be of use in the direct identification 
of epitope peptides. In this regard limited enzymatic proteolysis combined 
with PDMS has been applied to the molecular epitope analysis of the comp- 
lement component C3a, a potent mediator of inflammation [212]. 

The determination of complex carbohydrates which are responsible for the 
modulation of biological responses in living systems mediated by processes of 
biopolymer glycosylation (lipids and proteins) has benefited greatly from the 
recent introduction of new soft ionization procedures, such as LDMS [213]. 
However, most studies on human material to date have been carried out by 
FABMS, as described in some detail by Burlingame and co-workers [214] in 
the characterization of a series of high mannose oligosaccharides isolated 
from human IgM purified from a patient with Waldenstrom's macroglobu- 
linemia. For instance, the structures of human skim milk or amniotic mucins 
could be established by FAB and ElMS combined with methylation analysis, 
N M R  and endo-~-galactosidase digestion [215,217]. Interest in the structural 
and functional aspects of carbohydrates carried by mucins has been sparked 
by their possible use in the diagnosis of a variety of human tumours. 
Interesting work on human glycoproteins has been described by Lawson and 
co-workers [218-220] who have used a combination of techniques, including 
GC-MS and LSIMS to identify several disaccharides to hexasaccharides plus 
a novel oligosaccharide backbone structure with a galactose residue mono- 
substituted at C6. Another group has also resorted to LSIMS, MS-MS and 
Edman sequence analysis to characterize O-glycosylation sites in recombinant 
human platelet derived growth factor /~ chain, confirming the complete 
sequence [221]. A comprehensive FABMS approach to the isolation and 
structural analysis of oligosaccharides derived from glycoproteins has been 
recently described [222]. Along these lines, the recent work of Reinhold and 
co-workers [223-227] and Fournet and co-workers [228] is worth mentioning 
as these authors have shown the advantages of supercritical fluid chro- 
matography-mass spectrometry in the study of carbohydrate structures. 

High molecular weight glycolipids are also amenable to soft ionization 
techniques and very recently Curtis et al. [229] have described the use of 
four-sector El-tandem MS for the analysis of two blood group Le b and B 
hexaglycosylceramide isomers from human small intestine and pancreas as 
well as for the identification of a hexaglycosyl-ceramide in a glycolipid mix- 
ture isolated from a liver from a blood group A 1Le(a-b + ) human individual 
transplanted into a blood group O recipient. Although this application illus- 
trates the utility of direct four-sector MS without on-line chromatography it 
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seems that sensitivity is somewhat disappointing even though, as indicated by 
the authors, this could be solved by the use of electro-optical multichannel 
array detection systems. 

Finally, a novel sulphated glycosphingolipid has been recently isolated 
from the human kidney and characterized in part by SIMS [230], whereas 
FABMS has been instrumental in providing the structural characterization of 
the glycoinositol phospholipid membrane anchor of human erythrocyte 
acetylcholinesterase [231]. 

ACKNOWLEDGEMENTS 

Thanks are due to the following persons for their individual contributions 
to the successful completion of this paper. Montse Martinez and Carmen 
Sarmiento (bibliography search and manipulation), Emili Martinez (graphics 
display and computer assistance), Oriol Bulbena (graphics display), Montse 
Tayadella, Isabel Ramis and Joan Rosell6 (typing). 

Also I should like to express my gratitude to all colleagues who contributed 
material, in some cases with helpful written comments on the role of their 
work in biomedical mass spectrometry (T.A. Baillie, A.P. Bruins, A.L. 
Burlingame, U. Caruso, R.J. Cotter, D. Desiderio, P.J. Derrick, W.H. Elliot, 
K.F. Faull, D.J. Harvey, M. Ishibashi, K.A. Karlsson, T. Kusaka, H.M. 
Liebach, H.L. Makin, A.I. Mallet, S.P. Markey, G. Marino, R.C. Murphy, 
K. Nakamura, J. Peter-Katalinic, M. Przybylski, V.N. Reinhold, W.J. 
Richter, K.L. Rinehart, P. Roepstorf, M. Ryska, J. Sjovall, F. Tegtmeier and 
C. Weber). 

This work was undertaken with the support of FIS grant 89/0386, Spain. 

REFERENCES 

1 Proc. Int. Symp on Apphed Mass Spectrometry, in Health Scl Biomed. Environ. Mass 
Spectrom., 16 (1988) 1-482. 

2 A.M. Thlenpont and A.P. De Leenheer (Eds.), Proc. 7th Int. Symp. Mass Spectrometry, 
m Life Sci. Blomed. Environ. Mass Spectrom., 18 (1989) 513-644. 

3 A.L. Burlingame and J.A. McCloskey (Eds.), Biological Mass Spectrometry, Elsevier, 
Amsterdam, 1990, pp. 1-700. 

4 E. Gelpi, A.I. Mallet and W.J. Richter (Eds.), Proc. 2nd Int. Symp. Apphed Mass 
Spectrometry, Health Sciences, J. Chromatogr. Blomed. Appl., 562 (1991) 1-769. 

5 J.V. Bocxlaer, Trends Anal. Chem., 9 (1990) 314. 
6 M. Doig and D. Harvey, Trends Anal. Chem., 9 (1990) 248. 
7 A R. Newman, Anal. Chem., 63 (1991) 25A. 
8 A.L. Burlingame, D.S. Milhngton, D L. Norwood and D.H. Russell, Anal. Chem., 62 

(1990) 268R 
9 A.P. Bruins, Mass Spectrom. Rev., 10 (1991) 53. 

10 E.C. Huang, T Wachs, J.J. Conboy and J.D. Henion, Anal. Chem., 62 (1990) 713A. 
11 D. Price, Trends Anal. Chem., 9 (1990) 21. 



714 E. Gelpt/Int. J. Mass Spectrom. Ion Processes 118/119 (1992) 683-721 

12 R.G. Cooks, G.L. Glish, S.A. McLuckey and R.E. Kaiser, Chem. Eng. News, March 25 
(1991) 26. 

13 L Voress, Anal. Chem., 62 (1990) 919A. 
14 G.J. Van Berkel, S.A. McLuckey and G.L. Glish, Anal. Chem., 63 (1991) 1098. 
15 D.E. Goerlnger, G.L. Giish and S.A. McLuckey, Anal. Chem., 63 (1991) 1186. 
16 J. Glrault, P. Gobm and J.B. Fourtillan, Biomed. Environ. Mass Spectrom., 19 (1990) 80 
17 H.J. Lels, H. Gleispach, V. Nitsche and E. Malle, Biomed. Environ. Mass Spectrom., 19 

(1990) 382. 
18 C Lindberg, S J6nsson, J. Paulson and A Tunek, Biomed. Environ. Mass Spectrom., 19 

(1990) 218. 
19 P.R. Robinson, M D. Jones, J. Maddock and L.W. Rees, J. Chromatogr., 564 (1991) 147. 
20 C R. S~rtori, E. De Fabianl, D. Caruso, B. Malavasl, G. Galli and M. Galh-K~enle, Int. 

J. Chn Pharmacol. Ther. Toxicol., 26 (1988) 380. 
21 J. Girault, B. Istin, J.M. Malgouyat, A.M. Brlsson and J B. Fourtillan, J. Chromatogr, 

564 (1991) 43. 
22 T.R. Baker, P. Vouros, D. Rindgen and J.A.J. Martyn, Blomed. Environ. Mass Spectrom., 

19 (1990) 69. 
23 W.M. Miick and J.D. Henion, Biomed. Environ. Mass Spectrom., 19 (1990) 37. 
24 H. Fouda, M. Nocerinl, R. Schneider and C. Gedutls, J Am. Chem. Soc. Mass Spectrom, 

2 (1991) 164. 
25 H.J. Piemaszek, Jr., H.S.L Shen and D.M. Garner, J. Chromatogr., 493 (1989) 79. 
26 I.G. Beattie and T.J.A. Blake, J. Chromatogr., 474 (1989) 123. 
27 J. Abi~n and E. Gelpi, J. Chromatogr. Blomed. Appl., 562 (1991) 153 
28 P S. Kokkonen, W.M.A. Niessen, U.R. Tjaden and J. Van Der Greef, J. Chromatogr., 565 

(1991) 265. 
29 S. Suwanrumpha and R:B. Freas, Blomed. Environ. Mass Spectrom., 18 (1989) 983. 
30 M S. Leloux and R.A.A. Maes, Blomed. Environ. Mass Spectrom., 19 (1990) 137. 
31 M.S Leloux and R A.A Maes, Biol. Mass Spectrom., 20 (1991) 382 
32 H.U. Shetty, E.M Daly, N.H. Greig, S.I. Rapoport and T.T. Soncrant, J Am. Soc. Mass 

Spectrom, 2 (1991) 168. 
33 A. Vermoesen, J Vercammen, C. Sanders, D. Courtheyn and H.F. de Brabander, J. 

Chromatogr., 564 (1991) 385. 
34 A.W. Rettenmeler, W.N. Howald, R.H. Levy, D.J. Wltek, W.P. Gordon, D.J. Porubek 

and T A. Badhe, Biomed. Environ. Mass Spectrom., 18 (1989) 192. 
35 K Kassahun, R. Burton and F S. Abbott, Blomed. Environ. Mass Spectrom., 18 (1989) 

918. 
36 H. Maurer, Arznelm.-Forsch., 39 (1989) 101. 
37 R. Brownsdl, D. Wallace, A Taylor and B Campbell, J. Chromatogr. Biomed. Appl., 562 

(1991) 267. 
38 C Kbppel and J. Tenczer, J. Chromatogr. Biomed. Appl., 562 (1991) 207. 
39 J.X. De Vries and K A. Kymber, J Chromatogr. Biomed Appl., 562 (1991) 31. 
40 R. Mass6, H. BI, C. Ayotte, P. Du, H. G6hnas and R. Dugal, J. Chromatogr. Biomed. 

Appl, 562 (1991) 323 
41 R Ventura, D Fraisse, M. Becchi, O. Paisse and J Segura, J. Chromatogr. Blomed. Appl., 

562 (1991) 723. 
42 A.M. Lisl, G.J. Trout and R. Kazlauskas, J. Chromatogr Blomed. Appl., 563 (1991) 257 
43 L.M. Harrison, D. Martin, R.W. Godm and P.V. Fennessey, J. Chromatogr. Biomed. 

Appl., 489 (1989) 121. 



E. Gelpi/Int. J Mass Spectrom. Ion Processes 118/119 (1992) 683-721 715 

44 G.M. Rodchenkov, V.P. Uralets and V.A. Semenov, J. Chromatogr. Biomed. Appl., 426 
(1988) 399. 

45 S. Aurlola, R. Kostiamen, M. Ylinen, J. Mfnkkfnen and P. Ylitalo, J. Pharm. Biomed. 
Anal., 7 (1989) 1623. 

46 M. Dawson, M.D. Smith and C.M. McGee, Biomed. Environ. Mass Spectrom., 19 (1990) 
453. 

47 H.K. Jajoo, R.F. Mayol, J.A. Labudde and I.A. Blair, Drug. Metab. Dispos., 17 (1989) 
634. 

48 V.L. Beioborodov, A P. Rodionov, N.A. Tyukavkina, A.V. Klimov, N.V. Kaverina, 
Y.A. Kolesnik, A.N. Gritsenko and V.P. Lesina, Xenobiotica, 19 (1989) 755. 

49 J.X. De Vrles, I Walter-Sack, A. Ittensohn and E. Weber, XenobioUca, 19 (1989) 1461. 
50 J.A. Yergey, J.W. Karanian, N. Salem, M.P. Heyes, B. Ravltz and M. Linnoila, Prosta- 

glandms, 37 (1989) 505. 
51 Y. Hirata, H. Hayashi, S. Ito, Y. Klkawa, M. Ishibash~, M. Sudo, H. Miyazaki, 

M. Fukushima, S. Narumiya and O. Hayaishi, J. Biol. Chem., 263 (1988) 16619. 
52 C. Weber, M. H611er, J. Beetens, F. de Clerck and F. Tegtmeier, J. Chromatogr. Biomed. 

Appl., 562 (1991) 599. 
53 K. Watanabe, K. Yamashlta, M. Ishibashi, Y. Hayashi, S. Yamamoto and H. Miyazaki, 

J. Chromatogr. Biomed. Appl, 468 (1989) 383. 
54 M. Ishlbashi, Y. Ohyama, M. Mizugak~ and N. Hanma, Biomed Environ. Mass Spec- 

trom., 19 (1990) 387. 
55 M. Ishlbashl, K. Watanabe, Y. Ohyama, M. Mizugaki, Y. Hayashl and W. Takasaki, J. 

Chromatogr. Biomed. Appl., 562 (1991) 613. 
56 M. Ishibashi, K Watanabe, Y. Ohyama, M. Mizugak~ and N. Harima, Chem. Pharm. 

Bull., 37 (1989) 539. 
57 R. Lorenz, P. Helmer, W. Uedelhoven, B. Zlmmer and P.C. Weber, Prostaglandins, 38 

(1989) 157. 
58 E. Malle, H. Glelspach, G M. Kostner and H.J. Lels, J. Chromatogr. Biomed. Appl., 488 

(1989) 283. 
59 I. Ramls, J. Rosell6, O. Bulbena, C. Picado and E Gelpi, J. Chromatogr. Biomed. Appl., 

496 (1989) 416. 
60 M. Dawson, C.M McGee, P.M. Brooks, J.H. Vine and T.R. Watson, Biomed. Environ. 

Mass Spectrom., 17 (1988) 205. 
61 H. Hughes, J.R. Mitchell and S.J. Gaskell, Anal. Biochem., 179 (1989) 304. 
62 A. Sala, N. Voelkel, J. Maclouf and R.C. Murphy, J. Biol. Chem., 265 (1990) 21771. 
63 E.S. Arafat, J W Trimble, R.N. Andersen, C.H. Dass and D.M. Desldeno, Life Scl., 45 

(1989) 1679. 
64 D.J Harvey, Blomed. Environ. Mass Spectrom., 18 (1989) 719. 
65 D.A. Durden, B A. Davis and A.A. Boulton, Biol. Mass Spectrom, 20 (1991) 375. 
66 T.R. Bosin, S. Borg and K.F. Faull, Alcohol, 5 (1989) 505. 
67 S. Murray, G. O'Malley, I.K. Taylor, A.I. Mallet and G.W. Taylor, J. Chromatogr., 491 

(1989) 15. 
68 A I. Mallet, P. Norris, N.B. Rendell, E. Wong and M.W Greaves, Br. J. Chn. Pharmacol., 

27 (1989) 88 
69 R D. Coldwell, D.J.H Trafford, M.J. Varley, H.L.J. Makin and D.N. Kirk, Biomed 

Environ. Mass Spectrom., 16 (1988) 81. 
70 D J Harvey, E. Samara and R. Mechoulam, J. Chromatogr Biomed. Appl., 562 (1991) 

299 



716 E. Gelpt/Int. J. Mass Spectrom. Ion Processes 118/119 (1992) 683-721 

71 S. Fukushima, A. Akane, K. Matsubara, H. Shiono, H. Morishita and F. Nakada, J. 
Chromatogr. Biomed. Appl., 565 (1991) 35. 

72 L. Dehennln, Steroids, 55 (1990) 181. 
73 A Nlxon, A.I. Mallet and D.B. Gower, J Steroid Blochem., 29 (1988) 505. 
74 S.A Howell, M.K Moore, A.I. Mallet and W.C. Noble, J. Gen. Microbiol., 136 (1990) 

241. 
75 M. Axelson, B. M6rk and J. Sj6vall, J. Lipid Res., 29 (1988) 629. 
76 M. Axelson, A. Aly and J. Sj6vall, FEBS. Lett., 239 (1988) 324. 
77 M Axelson and J. Sj6vall, J. Steroid Biochem., 36 (1990) 631. 
78 H.U. Marschall, B. Egestad, H. Matern, S. Matern and J. Sj6vall, J. Biol. Chem., 264 

(1989) 12989. 
79 K.D.R. Setchell, R. Dumaswala, C. Colombo and M. Ronchl, J. Biol. Chem., 263 0988) 

16637. 
80 M. Nakagawa and K.D. Setchell, J. Lipid Res., 31 (1990) 1089. 
8l R. Dumaswala, K.D.R. Setchell, L. Zimmer-Nechemlas, T. Iida, J. Goto and T. Nambara, 

J. Lipid Res., 30 (1989) 847. 
82 F. Stellaard, S.A. Langelaar, R.M Kok and C. Jakobs, J. Lipid Res., 30 (1989) 1647. 
83 T. Hiraoka, K. Kihira, D. Kosaka, T. Kohda, T. Hoshita and C. Kajiyama, Steroids, 51 

(1988) 543. 
84 T Eguchl, H. Miyazaki and F. Nakayama, J. Chromatogr., 525 (1990) 25. 
85 K. Einarsson, E. Reihner, S. Ewerth and I. Bjorkhem, Scand. J. Clin. Lab. Invest., 49 

0989) 83. 
86 O. Breuer and I. Bjorkhem, Steroids, 55 (1990) 185. 
87 K.D.R. Setchell and C.H. Vestal, J. Lipid Res., 30 (1989) 1459. 
88 C Eckhoff, W. Wittfoht, H. Nau and W. Slikker, Jr., Blomed. Environ. Mass Speetrom., 

19 (1990) 428. 
89 W.A. Garland, C.A. Huselton, F. Kolinsky and D.J. Liberato, Trends Anal. Chem., 10 

(1991) 177. 
90 C.H. Shackleton, C. Kletke, S. Wudy and J H. Pratt, Steroids, 55 (1990) 472 
91 J.J. Kusmierz, R. Sumrada and D.M. Desiderio, Anal. Chem., 62 (1990) 2395. 
92 J.L. Lovelace, J.J. Kusmierz and D.M. Desiderio, J. Chromatogr. Blomed Appl, 562 

(199l) 573. 
93 C. Dass, G.H. Fridland, P.W. Tinsley, J.T. Killmar and D.M. Desiderio, Int. J. Peptide 

Protein Res., 34 (1989) 81. 
94 C. Das, J.J. Kusmlerz, D. Desiderio, S.A. Jarbis and B.N. Green, J. Am. Soc. Mass 

Spectrom., 2 (1991) 149. 
95 D.R. Sell and V M. Monnier, J. Biol. Chem., 264 (1989) 21597. 
96 M.L. Reimer, K.H. Schram, K. Nakano and T. Yasaka, Anal. Biochem., 181 0989) 302. 
97 K. Nakano, T. Yasaka, K.H. Schram, M.L. Reimer, T.D. McClure, T. Nakao and 

H. Yamamoto, J. Chromatogr., 515 (1990) 537. 
98 J.D. Shoemaker and W.H. Elhott, J. Chromatogr. Biomed. Appl., 562 (1991) 125. 
99 H.J. O'Neill, S M. Gordon, M.H. O'Neill, R.D. Gibbons and J.P. Szldon, Clin. Chem., 

34 0988) 1613 
100 G. Hoffmann, S. Aramakl, E. Blum-Hoffmann, W.L. Nyhan and L. Sweetman, Clin. 

Chem., 35 (1989) 587. 
101 K.M. Gibson, S. Aramaki, L. Sweetman, W.L. Nyhan, D.C. DeVivo, A.K. Hodson and 

C. Jakobs, Biomed. Environ. Mass Spectrom., 19 (1990) 89. 
102 C. Jakobs, J. Inher. Metab. Dis., 12 (1989) 267. 



E. Gelpt/lnt. J. Mass Spectrom. Ion Processes 118/119 (1992) 683-721 717 

103 M. Downing, P. Rose, M.J. Bennett, N.J. Manning and R.J. Pollitt, J Inher. Metab. Dis., 
12 (1989) 321. 

104 P. Rmaldo, J.J. O'Shea, R D. Welch and K. Tanaka, Biomed. Environ. Mass Spectrom., 
18 (1989) 471. 

105 C.R. Roe, D.S. Milhngton, S.G. Kahler, N. Kodo and D.L. Norwood, Fatty Acid 
Oxidation: Chmcal Biochemical and Molecular Aspects, Alan R. Llss, New York, 1990, 
pp. 383-402. 

106 N. Kodo, D.S. Mdhngton, D.L. Norwood and C.R Roe, Clin. Chlm Acta, 186 (1989) 
383. 

107 D.S. Mdhngton, D.L. Norwood, N. Kodo, C.R. Roe and F. Inoue, Anal. Biochem., 180 
(1989) 331 

108 D.L Norwood, N. Kodo and D.S. Milhngton, Rapid Commun. Mass Spectrom., 2 (1988) 
269. 

109 D.S. Mdlington, D.L. Norwood, N. Kodo, R. Moore, M.D Green and J. Berman, J. 
Chromatogr. Biomed. Appl, 562 (1991) 47. 

110 B.A. Bowyer, C.R. Fleming, M.W. Haymond and J.M. Miles, Am. J. Chn. Nutr, 49 
(1989) 618. 

111 K. Rasmussen, Chn. Chem., 35 (1989) 260. 
112 H.M. Lleblch, J.I. Bubeck, A. Pickert, G. Wahl and A Scheiter, J. Chromatogr., 500 

(1990) 615. 
113 G.N. Thompson, J.H. Walter, J.L. Bresson, G.C Ford, J P. Bonnefont, R.A. Chalmers, 

J.M. Saudubray, J.V Leonard and D. Halhday, J. Pediatr., 115 (1989) 735. 
114 M. Matsumoto, T. Kuhara, Y. Inoue, T. Shmka, I. Matsumoto and M. Kajlta, Biomed. 

Environ. Mass Spectrom., 19 (1990) 171. 
115 M. Matsumoto, T. Kuhara, Y. Inoue, T. Shmka and I. Matsumoto, J. Chromatogr 

Blomed. Appl., 562 (1991) 139 
116 N.A. Hall, G.W. Lynes and N.M. Hjelm, Chn. Chem., 34 (1988) 1041. 
117 U. Caruso, B. Flower, M Erceg and C. Romano, J. Chromatogr. Biomed. Appl., 562 

(1991) 147. 
118 S. Weydert-Huljghebaert, G. Karlaganis, E.L. Renner and R Preisig, J. Lipid Res., 30 

(1989) 1673. 
119 T. Hlroaka, D. Kosaka, G. Kajlyama, T. Kohda, T. Funakura, T. Yamauchi, K. Klhlra 

and T. Hoshlta, Scand. J. Gastroenterol., 23 (1988) 821. 
120 J. Shoda, R. Mahara, T. Osuga, M Tohma, S Ohnishl, H. Miyazaki, N. Tanaka and 

Y Matsuzakl, J. Lipid Res., 29 (1988) 847. 
121 J. Shoda, T. Osuga, K. Matsuura, R. Mahara, M. Tohma, N. Tanaka, Y. Matsuzakl and 

H. Mlyazakl, J. Lipid Res., 30 (1989) 1233. 
122 A Crosignam, P.M Battezzati, K.D. Setchell, M. Camisasca, E. Bertohni, A. Roda, 

M Zuin and M. Podda, Hepatol., 13 (1991) 339. 
123 S Skrede, M.S. Buchmann and I. Bjorkhem, J. Lipid Res., 29 (1988) 157. 
124 J. Shoda, N. Tanaka, T. Osuga, K. Matsuura and H. Mlyazakl, J. Lipid Res., 31 (1990) 

249. 
125 P.T. Clayton, E. Patel, A.M. Lawson, R.A. Carruthers and J. Collins, J. Clin. Invest, 85 

(1990) 1267. 
126 M. Nakagawa, C Colombo and K.D. Setchell, Hepatol., 12 (1990) 322. 
127 J. Goto, H. Mmra and T. Nambara, J. Chromatogr. Blomed. Appl., 4393 (1989) 245. 
128 M Une, K Tsujimura, K Kihira and T. Hoshita, J. Lipid Res., 30 (1989) 541. 
129 M. Une, N. Klsaka, M. Yoshli and T. Hoshlta, J. Blochem. (Tokyo), 106 (1989) 501. 
130 M Axelson, B M6rk and J Sj6vall, J. Lipid Res., 29 (1988) 629. 



718 E. Gelpt/Int. J. Mass Spectrom. Ion Processes 118/119 (1992) 683-721 

131 M. Axelson, B, M6rk, A. Aly, O. Wis6n and J. Sj6vall, J. Lipid Res., 30 (1989) 1877. 
132 M. Axelson, B. M6rk, A. Aly, G. Walldius and J. Sj6vall, J. Lipid Res., 30 (1989) 1883. 
133 A. Lindqvist, T. Midtvedt, S. Skredes and J. Sj6vall, Micro. Ecol. Health Dis., 3 (1990) 

25. 
134 H. Ichimiya, H. Nazer, T. Gunesekaran, P. Clayton and J. Sj6vall, Arch. Dis. Child., 65 

(1990) 1121. 
135 P.T. Clayton, E. Patel, A.M. Lawson, R.A. Carruthers, M.S. Tanner, B. Standvick, 

B. Egestad and J. Sj6vall, Lancet, June 4 (1988) 1283. 
136 K D. Setchell, F.J. Suchy, M.B. Welsh, L. Zlmmer-Nechemias, J. Heubl and W.F. 

Bahstreri, J. Clin. Invest., 82 (1988) 2148. 
137 P.T. Clayton, unpubhshed work. 

J. Sj6vall, personal communication, 1991. 
138 E. Anders6n, G. Karlaganls and J. Sj6vail, Eur. J. Clin. Invest., 18 (1988) 166. 
139 E. Wahl6n, B. Egestad, B. Strandvick and J. Sj6vall, J. Lipid Res., 30 (1989) 1847. 
140 P.T. Clayton, E. Patel, A.M. Lawson, R.A. Carruthers, M.S. Tanner, B. Standvick, 

B. Egestad and J. Sj6vall, Lancet, June 4 (1988) 1283. 
141 C.H.L. Shackleton and S. Reid, Chn. Chem., 35 (1989) 1906. 
142 M.P. Veares, R.P. Eveshed, M.C. Prescott and L.J. Goad, Biomed. Environ. Mass 

Spectrom., 19 (1990) 583. 
143 E. Lund, J. Olund and I. Bjorkhem, Scand. J. Clin. Lab. Invest., 50 (1990) 723. 
144 S. Fischer, Adv Lipid Res., 23 (1989) 199. 
145 M.P. Heyes, B.J. Brew, A. Martin, R.W. Price, A.M. Salazar, J.J. Sldtis, J.A Yergey, 

M.M. Mouradlan, A.E. Sadler, J. Kellp, D. Rubmow and S.P. Markey, Ann. Neurol., 29 
(1991) 202. 

146 R.L. Boni, M.P. Heyes, J.A. Yerguey and S.P Markey, Proc. 38th ASMS Conf. Mass 
Spectrometry and Allied Topics, Tucson, AZ, 1990. 

147 A.J. Jonas, S.N. Lin, S B. Conley, J.A Schneider, J.C. Williams and R.C. Caprloh, 
Kidney Int., 35 (1989) 99. 

148 G.W. Lynes and M. H lelm, J. Chromatogr Biomed. Appl., 562 (1991) 213. 
149 J.D. Baty, R.M. Lmdsay, W.R. Fox and R.G. Willis, Blomed. Environ. Mass Spectrom., 

16 (1988) 183. 
150 P. Jacob, L. Yu, M. Wilson and N.L. Benowltz, Biol. Mass Spectrom., 20 (1991) 247. 
151 G N. Thompson, P.J. Pacy, H. Merritt, G.C. Ford, M.A. Read, K.N. Cheng and 

D. Halliday, Am. J. Physiol., 256 (1989) E631. 
152 J.H. Walter, G.N. Thompson, J.V. Leonard, C.S. Heatherlngton and K. Bartlett, Chn. 

Chim. Acta, 182 (1989) 141. 
153 S.J. Fomon, D M. Bier, D E. Matthews, R.R. Rogers, B.B. Edwards, E.E. Zieglr and 

S.E. Nelson, Clin. Lab. Observations, 113 (1988) 515. 
154 C.H Shackleton, Steroids, 55 (1990) 139. 
155 R.A. Anderson, T.A. Bailhe, M. Axelson, T. Cronholm, K. Sj6vall and J. Sj6vall, Steroids, 

55 (1990) 443. 
156 N.V. Esteban and A.L. Yerguey, Steroids, 55 (1990) 152 
157 J.A. Tayek, E.A. Bergner and W.P. Lee, Biol. Mass Spectrom., 20 (1991) 186. 
158 A. Plckert, D. Overkamp, W. Renn, H. Lieblch and M Eggstein, Biol. Mass Spectrom., 

20 (1991) 203. 
159 M.M. McMahon, W.F. Schwenk, M.W. Haymond and R.A. Rlzza, Diabetes, 38 (1989) 

97 
160 A. Avogaro, J.D. Bristow, D M. Bier, C Cobelli and G. Toffolo, Diabetes, 38 (1989) 1048. 



E. Gelpi/Int. J. Mass Spectrom. Ion Processes 118/119 (1992) 683-721 719 

161 D.C. McMillan, T. Preston, D.P. Taggart, Biomed. Environ. Mass Spectrom., 18 (1989) 
543. 

162 C.A. Leitch and P.J. Jones, Biol. Mass Spectrom., 20 (1991) 392. 
163 M J. Bennett, D.R. Cryer, M. Yudkoff, P.M. Coates, J.A. Cortner and J.B. Marsh, 

Biomed. Mass Spectrom., 19 (1990) 459. 
164 R.I. Price, G.N. Kent, K.J. Rosman, D.H. Guttendge, J. Reeve, B.G.A. Stuckey, M. 

Smith, G. Guelfi, C.J. Hlckling and S.L. Blakeman, Biomed. Environ Mass Spectrom., 
19 (1990) 353. 

165 S.J. Farweather-Tait, D E. Portwood, L L. Symss, J. Eagles and M.J. Minski, Am. Chn. 
Nutr, 49 (1989) 151. 

166 S. Reid, C. Shackleton, K. Wu, S. Kaempfer and M.K. Hellerstem, Biomed. Environ. 
Mass Spectrom., 19 (1990) 535. 

167 S.D. Heys, M.A. McNurlan, K.G.M. Park, E. Mdne and P.J. Garlick, Blomed. Environ. 
Mass Spectrom., 19 (1990) 176 

168 D.L. Hachey, B.W. Patterson, P.J. Reeds and L.J. Elsas, Anal. Chem., 63 (1991) 919. 
169 T Cronholm, A.W. Jones and S. Skagerberg, Alcohol Chn. Exp. Res., 12 (1988) 683. 
170 C.M. Jone and A.H B. Wu, Chn. Chem., 34 (1988) 2596. 
171 M. Fontaine, N. Porchet, C. Largilliere, S. Marrakchi, M. Lhermltte, J.P. Aubert and 

P. Degand, Chn. Chem., 35 (1989) 2148. 
172 T.P. Rohrig and R.W. Prouty, J. Anal. Toxicol., 14 (1990) 63. 
173 B. Levme, J.C. Goodm and Y.H. Caplan, Forensic Scl. Int., 45 (1990) 247. 
174 A.V. Kemmenoe, J. Anal. Toxlcol., 14 (1990) 186. 
175 R.C. Backer, P. McFeeley and N. Wohlenberg, J. Anal. Toxicol., 13 (1989) 308. 
176 T. Miyazaki, M. Yashiki, T. Kojlma, F. Chlkasue, A. Ochiai and Y Hidani, Forensic Sci. 

Int., 42 (1989) 263. 
177 H.K. Hundt, J.M. Steyn and L. Wagner, Hum. Exp. Toxlcol., 9 (1990) 35. 
178 A. Eriksson, L. Mohlin, L Nilsson and B. Sorbo, J. Anal. Toxicol., 13 (1989) 60. 
179 F. Martens, C. Koppel, K Ibe, A. Wageman and J. Tenczer, J. Toxlcol. Clin. Toxicol., 

28 (1990) 341. 
180 M. Yashiki, T. Kojlma, T. Mlyazaki, F. Chlkasue and M. Ohtani, Forensic Sci Int., 47 

(1990) 21. 
181 A. Monje Argdes, D. Llson, R. Lauwerys, P. Mahleu, J.M. Brucher, and P. Van den 

Bergh, Acta Neurol. Belg., 90 (1990) 190. 
182 M. van Boven, L. Laruelle and P. Daenens, J. Anal. Toxlcol., 14 (1990) 231. 
183 E.R. Vehelj, J. van der Greef, G.F La Vos, W. van der Pol and W.M. Niessen, J. Anal. 

Toxicol., 13 (1989) 8. 
184 R. Guitart, J. Abi~in and E Gelpi, Bull. Environ. Contam. Toxicol., 45 (1990) 181. 
185 J.L. Macpherson, A. Kemp, M. Rogers, A.I Mallet, R.F. Tola, B. Spur, J.W. Earl, 

C.N. Chesterman and S.A. Krdlis, Chn. Exp Immunoi., 77 (1989) 391. 
186 H. Shibasakl, T. Furuta, Y. Kasuya, T. Okabe, T. Katoh, T. Kogo and T. Hirayama, 

Biomed. Environ. Mass Spectrom., 19 (1990) 225. 
187 K. Kayganich, J.T. Watson, C. Kdts and J. Ritchie, Blomed. Environ. Mass Spectrom, 

19 (1990) 341. 
188 R. Guo, W. Chai, J.M. Rldeout, A.M. Lawson and C.K. Llm, Biomed Chromatogr., 4 

(1990) 141. 
189 D.F. Vandeputte, R.E. van Gneken, B.J.J. Foets and L Mlsotten, Blomed. Environ. Mass 

Spectrom, 18 (1989) 753. 
190 N B. Javitt and J.l. Javltt, Biomed. Environ. Mass Spectrom., 18 (1989) 624. 



720 E. Gelpi/Int. J. Mass Spectrorn Ion Processes 118/119 (1992) 683-721 

191 M.S. Buchman, E.A. Kvittingen, H. Nazer, T. Gunasekaran, P.T Clayton, J Sj6vall and 
I. B16rkhem, J. Chn. Invest., 86 (1990) 2034. 

192 A.I. Mallet, K.T. Holland, P.J. Rennie, W.J. Watkins and D.B. Gower, J. Chromatogr. 
BIomed. Appl., 562 (1991) 647. 

193 F.H. Chilton, Biochem. J., 258 (1989) 327. 
194 W.R. Mathews, G.L. Buny, M.A. Wynalda, D.M. Gmdo, W P. Schneider and F.A 

Fltzpatnck, Anal. Chem., 60 (1988) 349 
195 M.J. Doyle, T.H. Eichhold, B.A. Hynd and S.M. Welsman, J. Pharm. Biomed. Anal., 8 

(1990) 137. 
196 P.E. Haroldsen and S.J. Gaskell, Biomed. Environ. Mass Spectrom., 18 (1989) 439. 
197 F.A. Kuypers, P. Biitikofer and C.H.L. Shackleton, J. Chromatogr. Biomed. Appl., 562 

(1991) 191 
198 P. Puccl, P. Ferrantl, G. Marino and A. Malorm, Biomed. Environ. Mass Spectrom., 18 

(1989) 20. 
199 R. De Biasi, D. Spiteri, M. Caldora, R. Iodlce, P Puccl, A. Malorni, P. Ferrantl and 

G. Marino, Hemoglobin, 12 (1988) 323. 
200 P. Pucci, P. Ferrantl, A. Maioml and G. Marmo, Blomed. Environ. Mass Spectrom., 19 

(1990) 568 
201 F. Fngeri, G. Pandolfi, A. Camera, B. Rotoli, P. Ferrantl, A. Malorni and P Puco, Chn 

Chem. Enzym. Commun., 3 (1990) 289. 
202 D. Prome, J.C. Prome, F. Pratbernou, Y. Blouqmt, F. Galacteros, C. Lacombe, J. Rosa 

and J.D. Robinson, Biomed. Environ. Mass Spectrom., 16 (1988) 41. 
203 R. Rosa, Y. Blouqmt, M.C. Calvin, D. Prome, J C. Prome and J. Rosa, J. Biol. Chem, 

264 (1989) 7837. 
204 C.H L. Shackleton, A.M. Fahck, B.N. Green and H.E. Wltkowska, J. Chromatogr. 

Blomed. Appl., 562 (1991) 175. 
205 R.W.A. Ohver and B.N. Green, Trends Anal Chem., 10 (1991) 85 
206 C Dass, J.J. Kusmlerz, D.M. Deslderio, S.A. Jarvls and B.N. Green, J. Am. Soc. Mass 

Spectrom., 2 (1991) 149. 
207 E C. Huang and J.D. Hereon, J. Am. Soc. Mass Spectrom., 1 (1990) 158 
208 D. Lm, C. Dass, G. Wood and D.M. Desiderio, J. Chromatogr., 500 (1990) 395 
209 S. Kaur, D. Hollander, R. Hass and A.L. Burlingame, J Biol. Chem., 264 (1989) 16981. 
210 W.J. Bodell, K Pongracz, S. Kaur, A.L. Burlingame, S.F. Liu and S.M. Rappaport, Prog 

Chn. Biol. Res., 340C (1990) 271. 
211 A. Sch~ifer, P.F. Nielsen, T. Voss, E. Hannappel, C. Maler, J Maaben, E. Surn, K. Klemn, 

K.P Schhfer and M. Przybylskl, in E. Gzralt and D Andreu (Eds), Peptldes 1990, 
ESCOM, Leiden, 1991. 

212 D Suckan, J. Kohl, G Karwath, K. Schneider, M. Casaretto, D. Bltter-Suermann and 
M. Przybylskl, Proc. Natl. Acad. Scl U.S.A., 87 (1990) 9848. 

213 H. Egge, J. Peter-Katahnic, M. Karas and B. Stahl, Pure Appl. Chem., 63 (1991) 491 
214 J.W. Webb, K. Jiang, B.L Gillec-Castro, A.L. Tarentino, T.H Plummer, J.C. Byrd, 

S.J. Fisher and A.L. Burhngame, Anal Chem., 169 (1988) 337 
215 F.G Hamsch, G. Uhlenbruck, J. Peter-Katahnlc and H. Egge, Carbohydr. Res., 178 

(1988) 29. 
216 F.G Hamsch, G. Uhlenbruck, J Peter-Katalinlc, H. Egge, J. Dabrowsk~ and U Dabrow- 

ski, J. Biol Chem., 264 (1989) 872. 
217 F.G Hamsch, J. Peter-Katahnic, H. Egge, U. Dabrowskl and G. Uhlenbruck, Glycocon- 

jugate J., 7 (1990) 525. 



E. Gelpi/Int. J. Mass Spectrom. Ion Processes 118/119 (1992) 683-721 721 

218 E.F. Hounsell, A.M. Lawson, J Feeney, G.C. Cashmore, D.P. Kane, M. Stoll and 
T. Felzi, Blochem. J., 256 (1988) 397. 

219 E.F. Hounsell, A.M. Lawson, M.S. Stoll, D P. Kane, G.C. Cashmore, R.A. Carruthers, 
J. Feeney and T. Feizi, Eur. J. Biochem, 186 (1989) 597. 

220 M S. Stoll, E.F. Hounsell, A.M. Lawson, W.G. Chai and F.Z. Ten, Eur. J. Blochem., 189 
(1990) 499. 

221 C.A. Settmeri, K.F. Medzihradszky, F.R. Maslarz, A.L. Burhngame, C. Chu and 
C. George-Nascimento, Biomed. Environ. Mass Spectrom., 19 (1990) 665. 

222 A.S. Angel and B. Niisson, Biomed. Environ. Mass Spectrom., 19 (1990) 721. 
223 J. Kuei, G.R. Her and V.N. Reinhold, Anal. Blochem., 172 (1988) 228. 
224 D.M. Sheeley and V.N. Reinhold, J. Chromatogr., 474 (1989) 83 
225 J P. Caeser, Jr., D.M Sheeley and V.N. Reinhold, Anal. Biochem., 191 (1990) 247. 
226 M.V. Merritt, D.M. Sheeley and V.N Reinhold, Anal. Blochem, 193 (1991) 24. 
227 D.M Sheeley and V.N. Reinhold, Anal. Biochem., 193 (1991) 240. 
228 Y. Leroy, J Lemoine, G. Rlcart, J.C. Mlchalskl, J. Montreud and B. Fournet, Anal. 

Biochem., 184 (1990) 235. 
229 J.M. Curtis, P.J. Derrick, J. Holgersson, B.E. Samuelsson and M.E. Breimer, J. Am. Soc 

Mass Spectrom,, m press. 
230 K. Nagai, D.D. Roberts, T. Toida, H. Matsumoto, Y. Kushl, S. Handa and I. lshlzuka, 

J. Biol. Chem., 264 (1989) 16229. 
231 W.L. Roberts, S. Santikarn, V.N. Reinhold and T.L. Rosenberry, J Biol. Chem., 263 

(1988) 18776. 


