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PrOleomics offers an unbiased approach formonj toring biological mecha
ni sms, Proleins whose quantitative expression is linked wilh a therapeu
tic effect, a loxic effect or a disease process are detecled and identified LO 
yield quanti tative markers of these mechanisms ill vivo and in vitro, 

INTRODUCTION 

Virtually all pharmaceutically-relevant biological 
mechanisms can be monitored quantitatively using 
specific protein markers in samples of serum, urine, 
or tissue. The value of effective biological markers 
is substantial, allowing carly dctcction and classifi
cation of toxicities, ranking of potential lead com
pounds, acceleration of clinical trials. and stratifi
cation of patients into the most responsive groups. 
Nevertheless, few such markers are in current use -
in fact few have so far been discovered. Pharma
ceutical proteomics addresses this need through sys
tematic discovery, characterization and validation 
of novel tissue and body fluid protein markers . 

Proof of concept studies in 
pharmaceutica l proteomics 

LS B has led the advance or pharmace uti cal 
proteomics through a wide-ranging seIies of proof
of-concept studies camed out in collaboration with 
numerous large pharma companies and academic 
laboratories. In addition to in-house projects on 
more than fifty pharmaceutical compounds, LSB 
has undertaken more than SlXty commercial projects 
to date with a total of twenty-four clients, includ
ing twelve large pharma companies . Many of these 
studies have resulted in published data, while !TIany 
others re lating to proplietary development-stage 
compounds are currently unpublished and confiden
tiaL Here we summarize selected work published 
by LSB and collaborators illustrating the breadth 
of applications and scope of results. 

PRE-CLINICAL APPLICATIONS 

LSB has found protein markers of important mecha
nisms in a variety of animal sample types used in 
pre-clinical studies. Samples examined include ro
dent liver, brain and kidney tissue (toxicology), 
muscle (atrophy), adipose tissue, and dorsal root 
ganglia (pain models), as well as in vitro systems 
such as hepatocytes, kidney sLices, Schwann cells 
and vascular endothelial cells. Published data from 
a subset of these studies provide infonnative ex
amples of proteomics results. 

Protein expression effects of drugs 

Monitoring drug effects is one of the most produc
tive applications of pharmaceutical proteomics. 
Binding of a drug to its protein targct(s) typically 
causes measurable downstream effects on the abun
dance and/or properties of numerous other proteins 
involved in both the mechanism of action and po
tentialtoxicity [Figure 1]. The cell is equipped with 
numerous regulatory mechanisms that respond to 
the drug-induced perturbation by up- or down-regu
lation of the amount of specific proteins, in many 
cases through changes designed to restore cellular 
function to a pre-treatment state. Because all pro
teins are expected to have functions, these down
stream regulatory effects can be functionally quite 
important, and in many cases they actually consti
tute the therapeutic or toxic mechanism activated 
by a drug . A cen tra l goal of pharmaceutical 
protcomics is to observe these changes, and create 
the experience base required to interpret them in 
functional tenns. 
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Efficacy and toxicity markers for 'Statin'-class 
cholesterol lowering compounds 

Agents acting to alter blood cholesterol (e.g., the statin 
HM G-CoA reductase inhibi tors, cholcstyraminc, and 
high-cholesterol diets) al ter the abundances of several 
proteins in rat li ver. Most strongly affected is a protein 
we have identified as HMG-CoA synthase [ I]. a criLical 
enzyme of the cholesterol synthesis pathway. Based 
on Lhis data, 1-IMG-CoA synLhase can be used as an 
intra-
cellular reporter of the pathway's performance [Figure 
2]. The statins. but not choleslyramine. also induce a 
perox isomal enoylhydratase-li ke protein, which we 
have identified as a sensitive marker fo r peroxisome 
proLiferation (representing an undersirable side effect). 
T he ratio between these effi cacy and tox icity markers 
is d ifferent for d ifferent marketed statin drugs. indicat
ing probable pharmacological inequi valence and pro
viding an example of marker rat ios useful in ranking 
lead compound candidates. 

Signature patterns of peroxisome 
proliferators in mouse liver 

A study in mouse liver of the effects of a set of strong 
peroxisome proliferators (PP; agonists of the nuclear 
recepLor PPARa) and a non-proliferator (an analog of 
one of the PP's tes ted and having simi lar pham1aco
logical potency) demonstrated three distinct pallerns 
of gene expression change. The patterns that could be 
distinguished corresponded to I ) PPARa agonist ac
ti vity [Figure 3],2) animal age (30 days di fference in 
Hge at sacrifice between 5 and 35 day treatment groups), 
Hnd 3) action or the non-PP compou nd by a different 
mechanism [Figure 4] [2]. The resulLs provided sup
port for a unified receptor-based mechanism control
ling the main PP response, but demonstrate that indi
vidual responsive genes can show qui te different dose 
response curves. More than 100 prote ins showed sig
ni ficant changes fo llowing PP treatment, and multiple 
sensitive markers were identified. Undertaken with Eli 
Lilly. 

Efficacy marker of dithiolethione 
chemoprevention compounds in rat liver 

A series of dithio.lcthlones thai induce bve!" phase U 
enzymes was investigated in parallel wi th other cancer 
chemopreventi on agents [3] . Olti pra z. the lead 
d ithio lethione curren tl y under cl inical invest igarion 
for preventio n of anatoxin-induced liver cancer, was 
shown to affect a series of prote ins in rat li ver, the most 
prominenl being the more than 7-fold increase ill afl a
tox in 

B,aldehyde red uctase (AFAR). AFAR is an enzyme 
known Lo be involved in detoxi fi cation of aflatoxin 
and thus its emergence as a marker for this c lass of 
therapeutic effecL makes biochemical sensc. Olt ipraz 
analogs aneLhole Lrith ione (ANTI). 1,2-dithiole-3-
th ione (1.2-DT-3-T ) and 1,3-dithi o le-2- thi one 
( 1.3-DT-2-T) were examined wiLh respect to Lheir abil
ity to increase li ver AFA R levels and the patterns of 
induction were fo und to be in line with thcir re lative 
pot.encies. I ,3-DT-3-T, wh ich did not significant ly in
duce AFAR (a nd s hows low potency in the livcr 
chemoprevention applicat ion), was compared to an ex
tended set of compounds. It \\o'as found to closely re
semble the signature pattern of piroxicam at high dose, 
illustrat ing the de tec ti on in one structural c lass of a 
mechanism normHlly associated with another class. Un
dertaken with the U.S. National Cancer Institu te. 

Renal marker associated with kidney toxicity 
of immunosuppressants 

The use of cyc1osporine A (esA), a potent immunosup
pressant , is limited by a kidney tox icity whose mecha
nism was unclear. Kid neys from CsA -treated rats 
showed profound down-regulat ion of the cH icium bind
ing protein calbindin d28 14]. 111is prote in is an intra
cellular caJciull1 buffer and transport prote in, and its 
ncar absence in the kidneys of esA treated animals 
provides an explanation for the accumulation of cal
cium in the tubu les of affeCLed animals [Figure 5] . A 
subsequent SAR study showed that the down-regula
tion of calbindin WHS closely associated with immuno
suppressant activity and that its down-regulHtion also 
occurred in humans showing esA-related nephrotox
icity [5. 6]. These sLUd ies provide a protoLypical ex
ample of the discovery of a marker via proteomics and 
its usc in defining and analyzing a novel mechanism 
of toxicil Y. Undertaken with Novartis Pharrna. 

Markers of drug toxiCity and efficacy to 
support lead compound prioritization 

SDZ PGU 693 is a hypoglycemic agenL thaL induces 
hepaLoce ll ul ar hypertroph y in the rat. I n li ver 
homogenates of treated ra ts several microsomal pro
Leins including N ADPH cytochrome PASO reductase 
and cytochrome b5 were strongly increased. indica
tive of microsomal prolife ration and induction of the 
1'-450 enzyme system causing hepaLoceliular hyper
trophy [7]. Decreases were evident in a series of mito
chondrial proteins such as FJATPase-o subunit and cy-
10 501 ic liver fatty acid bind ing prote in sugges ting a 
down-regulation of the mitochondri al liver fauy acid 
metabolism. likely rcll ecLing the pharmacological ac
Li on o f the compound. T he ava ilabi li ty o f protein mark
ers o r tox icity 



Fig. 1 A schematic representation of drug action 
through two types of target : enzyme inhibition and 
receptor binding . If an enzyme is inhibited, its sub
strates accumulate and its product is depleted. Cellu
lar homeostatic mechanisms typica lly sense this de
parture from the normal state and trigger alterations 
in the levels of mRNA and proteins. Similarly, when an 
extracellular receptor is occupied, a signal transduc
tion cascade is set in motion that then affects mRNA 
and protein levels. A similar set of events follows 
channel blockade. The proteins, as functional ele
ments of the cell, are directly responsible for the phar
macologic and toxicologic effects of the drug. 

Drug Mechanisms Involve Changes in Gene Regulation 
Implemented at the Protein Layer 
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Liver Cytosolic HMG·CoA Synthase is a Marker for 
Response to Cho lesterol·Altering Treatments 

Fig. 2. The figure is a montage display gener
ated by LSB's Kep lerTM software showing a 
specific region from each of 25 rat liver 2-D 
gels, with a selected group of spots highlighted 
in red. These spots are the 'answer' to a 
user-orig inated statistica l query aimed at find
ing spots (proteins) whose abundance varies 
in response to treatments affecting blood cho
lesterol. The montage has been arranged so 
that each of the 5 experimenta l groups occu 
pies one row. Within each row, the fi rst pat
tern is a copy of the rat liver master pattern 
(used to display group average results) and 
the succeeding 5 patterns are patterns of 
liver proteins from each of the 5 an imals in the 
respective treatment group. Th is example 
illustrates the reproducibility achievable by 2-
DE, as well as its power to revea l mechanism
related proteins in drug-effects studies. 
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Fig. 3. An "arrowplot" of comparative in vivo liver protein 
abundance changes caused by a series of six compounds, 
five of wh ich are known peroxisome pro liferators, and 
hence hepatocarcinogens} in rodents. The f igure ind i
cates the consistency of ;n vivo protein level effects caused 
by structurally-d iverse compounds that act through a com
mon pathway. Even small quantitative changes (increases 
or decreases of 20%) are consistently produced. The back
ground picture is the master 2-D pattern of proteins from 
B6C3Fl mouse liver. Short arrows project from selected 
protein spots showing quantitative changes in treated 
an imals versus controls: each arrow expresses the effect 
of one agent on one spot by summarizing the sta tistical 
difference between measurements on liver samples from 
treated animals (6 per group) versus measurements on a 
set of para llel control anima ls. Arrow angle indicates rela
tive magnitude and direction of change (abundance ratio 
treated/control), and arrow length indicates t-test statis
tical sfgn ificance of the difference (as shown in the legend 
at lower right). 
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Perox isome Pro liferator Effec ts in Mouse Liver 
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and efficacy allowed defin ition of a therapeutic win
dow for each drug screened in the system and thus 
supported lead compound prioriti zation. Undertaken 
wiLh Novartis Phanna. 

Liver steatosis linked to protein expression 
considered to be adipocyte-specific 

The liver toxicity of etomo~ir, an inhibitor of carnitine 
palmitoy l transferase developed as a potentia l antid ia
betic, was found to involve induction ohhe "adipocyte 
differentiation-re lated protein" (ADRP) [8]. This pro
tein appears to be associated wi th lip id droplets which 
accumulate in the hepatocytes fo llowing treatment with 
etomoxir, and demonsu·ates tha t at least one gene prod
uct previously considered specific to the adipocyte is 
induced in hepatocytes by the drug. ADRP may repre
sent an early marker for im paired lipid metabolism and 
potential lipid accumulation in live r. Unde rtaken with 
Novartis Pharrna. 

Adduct formation in hepatocyte mitochondria 
associated with hepatocarcinogenesis of 

methapyrilene 

Methapyrilene (MPY) is an histam ine H I receptor an
tagonist which was wi thdrawn as a component of OTC 
medications when found to produce li ve r tu mors in 
rats despite absence of gcnotoxicity. Liver protein 
patterns from MPY -treated rats showed widespread 
changes in protein expression, as well as extensive 
dose-depende nt covalent modificat ion of a series of 
mitochondrial proteins [9, 10]. These changes were 
absent follow ing treatment with the non-tumorigenic 
MPY analog pyrilamine [I I ] . Both rat and mouse hepa
tocytes showed modifications para ll eling those ob
served in vivo, while human hepatocytes showed no 
statistically significant effect [1 2] , consistent with hu
man epidemiological data suggesting a lack of tumors 
in man. MPY thus appears to be a rodent-specifi c li ver 
carcinogen whose mechanism may involve adduction 
of mitochondrial DNA through a reactive metabolite 
produced in the mitochondrial malri x. The s tudy il
lustrates the faci li ty with which novel protein adducts . 
and the ir effects can be analyzed via protcomics. Un
dertaken with Eli L illy. 

Protein modification pattern associated with 
hepatotoxiCity of acetaminophen 

Acetaminophen (APAP), a widely used analgesic drug, 
is hepato toxic in large doses, whereas its m-hydroxy 
isomer. 3' -hydroxyacetanil ide (AMAP), shows no se
rious liver toxicl ty. Comparative analysis of the ef
fects of 

APAP and AMAP on the mouse liver proteomc showed 
specific e ffects of the form er consistent with protein 
modifi cation, agai nst a background of other effects 
common to both agents [1 3]. Undertaken with the Uni
versi ty of Washington. 

Val idation of in vitro systems used in drug 
screening and d isc.overy 

Anal ysis of 60 human tumor ce lll.ines used by the NCI 
for sc reeni ng cand id ate cancer chemotherapeutics 
showed that the protei n expression patterns of Lines 
from the same tumor type are generally not consistent 
(e.g., breas t cancer li nes can be less s imilar to one an
otJler than to melanomas). However, important asso
ciations were fou nd between the expression of certai n 
proteins in the 60 lines and the lines ' relative suscepti
bi li ty to various classes of chemotherapeutic dl1lgs [ 14, 
15], suggesting that these proteins were, or were co
expressed with, potential targets. This work represent.ed 
the first time that cell lines used in a drug screening 
system had been subjec ted to comparative proteome 
analysi s. Undertaken with the U.S. National Cancer 
Institute. 

Early indications for linkage between 
methion ine metabolism and 

apoptosis pathway 

Early protein expression studies provided one of the 
first examples of what is now recognized as apoptosis 
(programmed cell death) [16]. In HL -60, a human 
monocytic leukemic line. a series o r trea tments includ
ing 5-azacytidine and me th ionine s tarva tion were 
found to produce s imilar effects on protein expression 
corre lated \\l ith nuclear mo rphol ogical a lterations 
which in cluded spccifi c proteo lyti c cleavages and 
translocation of some proteins La the nucleus. These 
effec ts led to an early li nkage between the apoptosis 
pathway and methionine mctabol ism in differentiation
susceptible cell lines. 

CLINICAL APPLICATIONS 

LSB 's principa ls have performed extensive proteomics 
studies on a variety of human samples. These include 
the first proteomics studies of human serum and plasma 
[Fib'Ure 6], identifying the major known proteins and 
characterizi ng glycosylation heterogeneity [1 7, 18, 19, 
20,2 1], as well as pioneering studies on the proteomics 
of urine [22, 23, 24] , sali va [25] , milk [26] , seminal 
plasma [27], normal PBL [28,29], platelets [30], RBC 
[31] , lens [32]. and skeletal muscle [33, 34, 35, 36]. In 
addition, LSB has done ex tensive unpublished work 
on proteomes of human li vert heart muscle and brain . 



Fig 4. Results of a multivariate statistical analysis 
of the overall effects of 6 compounds in mouse 
liver, illustrating the resolution of separate mecha
nisms based on protein expression data. The 
"Mechanism 1" axis is the peroxisome proliferator 
effect - a complex, unified pattern of quantitative 
liver protein changes caused by PP treatment that 
distinguishes the liver protein patterns of control 
mice (A) from the patterns of livers affected by 
increasingly potent PP's (C-G). "Mechanism 3" sepa
rates a negative control compound (B, a non" 
proliferator) from the controls, and demonstrates 
that it acts by a separa te mechanism (i.e., dis
placed along an orthogonal axis) . Each letter des" 
ignates a different treatment and each letter sym
bol represents the protein pattern of an individual 
mouse liver. More than 100 proteins showed sig
nificant abundance changes with these treatments 
and contributed to the mechanisms plotted here. 

Multivariate Analysis of Drug Mechanisms 
Patterns of Change in > 100 Proteins Can Be Evaluated 

to Reveal Mechanistic Similarities and Differences 
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Histolog ica l Effects of CsA Treatmen t in Rat Kidney 
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Figure 6. Diagram of the human plasma proteome, 
illustrating detection and identification of essen
t ially all of the major, known human plasma pro
teins. LSB's founders published the first papers 
examining plasma via proteomics and contributed a 
majority of these identifications. In plasma and 
serum, most proteins are extensively glycosylated. 
The heterogeneity of this process leads to the de
tection of "trains" of spots fOf each glycoprotein, 
within which individual spots represent forms bear
ing different numbers of Sialic acid groups. Impor
tant members of the classes of lipoproteins, coagu
lation proteins, transport proteins, immunoglobu
lins, and antiproteases are all represented and can 
be quantitated . By means of additional fraction
ation procedures, large numbers of additional low
abundance proteins can be detected. 
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Fig. 5. calb indin d28, discovered via proteomics 
to be a marker for cyclosporine's effect in rodent 
kidney, is confirmed by immunohistochemistry 
using an antibody to the protein. Protein abun
dance (staining intensity) is profoundly reduced 
in kidney sections from CsA-treated animals, and 
the protein is shown to be localized to the tubu
lar epithelium. Calcium-containing inclusions are 
also observed within the tubules of treated kid
neys, consistent with a failure to transport Ca 
across the tubules caused by lack of the calbindin 
d28 transport protein. 
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Monitoring drug efficacy as ability to 
normal ize a novel panel of acute-phase 

response markers 

A series of studies on the acute phase response in hu
man plasma demonstrated that numerous quantitative 
changes could be observed in plasma proteins in addi
tion t.o the classical acute phase reactants. Analysis of a 
drug crossover trial comparing piroxicam and tenidap 
indicated that terudap was more effective in normali z
ing the levels of the acute-phase responsive plasma 
proteins than piroxicam [37]. This study fU'st demon
strated the lise of mu ltiple protein di sease stale mark
ers to assess the ability of competing drugs to restore 
protein levels to normal values. Undenaken with Pfizer. 

Disease markers of mental ill ness 

Proteome analyses were carried out on frontal lobe ti s
sue obtained postmortem from 89 ind ividuals suffer
ing from mental iUness (schizophrenia, unipolar and 
bipolar depression) and [rom healthy controls. A panel 
of 19 proteins was found in which coordinated abun
dance differences cou ld di stinguish between normal 
and depression samples [Figure 7]. 

Using a more sophisticated mu ltivariate analysis to 
correct for variables unrelaled to disease, a number of 
individual proteins were identified that differed in level 
between mentally ill and unaffected brains [38]. Un
dertaken with the Stanley Laboratory, Johns Hopkins 
Uni vers ity. 

Protein markers to classify ce ll types of origin 

In coUaboration wi t.h investigators at the Mayo Clinic, 
LSB plincipals undertook an extensive study of hu
man leukemias [39], demonstrat ing that these tumors 
preserve major aspects of the gene expression patterns 
of their eeU types of origin (e.g. , T- and B-Iympho
cytes, monocytes and granulocytes), fac ilitating their 
detailed classification based on rTiultiple quantitative 
protein markers. 

Also in collaboration with the Mayo Clinic, LSB has 
compared bile duet epithelial cells (EDE, a minor liver 
cell type) with the dominant (- 95%) li ver hepatocytes. 
BDE cells produce numerous markers distinct from the 
hepatocyte, and among these are some unexpected pro
teins such as annexin V and the selenium binding pro
te in [40] which suggest interesting functional proper
ties attributable to these cell s. 

RELATIONSHIP OF PROTEOMICS AND 
GENOMICS IN THE SEARCH FOR USEFUL 

MARKERS 

In marker studies using the primary cl inical specimens 
(serum, plasma and urine), the most informati ve mark
ers wi ll be proteins because there is essentially no in
formati ve RNA present. Nevertheless in preclinical 
animal studies and in studies of human surgical or in 
vitro systems, where both protein and mRNA can prac
tically be obtained, one must inquire into the relation
shi p between protein and mRNA changes to determine 
where tl,e best markers of biological effects may be 
fo und. In coltaboration with Incyte Pharmaceuticals, 
LSB has compared [4 1] human li ver protein abun
dances wi th the abundances of the correspondin g 
tnRNA's [Figure 8]. The result in this case, confirmed 
in other studies, is a correlation coefficient of less than 
O.S (closer to no corre lation than to a perfect correla
tion of 1.0): the relationship between mRNA and pro
tein is thu s not directly predictable in the general case. 
Since proteins embody biochemical functions, while 
their mRNA's do not, there is a strong case that prot.e in 
markers should be prefen-ed as more reliable and func
tionally relevant. 

PROTEOMICS TECHNOLOGY AND EXPERIENCE 

As evidenced by the wealth of pharmaceutically-rel
evant data obtained to date, LSB's proteomics tech
nology platform has provcn to bc a mature and stable 
research tool. As such it allows users to focu s immedi
ately on solving major problems in drug discovery and 
development, rather than beginning the long and time
consuming learning curve requil"ed to master complex 
analytical systems and informatics packages. 
As with any sophis ticated tool, experience in its use is 
critical. LSB has accumulated by far the broadest and 
deepest reservoir of results and expertise in pharma
ceutica l prOleomics and uses advanced proprietary 
bioinfonnatics systems to accumulate these resources 
and apply them to current projects [Figure 9]. These 
systems comprise database archi tectures and analysis 
tools that allow statistically robust markers to be found 
in well -structured studies, and their specificity veri
fied in comparisons across current and past studies of 
multiple species and organs. 

FURTHER INFORMATION 

References, abstracts and publications concern ing 
many of the above-mentioned studies are available on 
LSB's website. accessible at http://www. lsbc.com. To 
di sc uss bu sine ss opportun iti es p lease co nt act 
Constance Seniff (connie@ lsbc.com). 



Agure 7. Multivariate statistical analysis (via principal 
components) allows scoring of samples based upon com
plex quantitative changes in a panel of selected proteins. 
This approach can provide disease discrimination under 
circumstances where no single marker protein or gene can 
distinguish disease or treatment from control groups. The 
figure shows such an example in which a panel of 19 se
lected protein spots was used to distinguish samples of 
human post-mortem brain from 1) normal individuals «('s), 
or 2) individuals diagnosed with depression without psy
chosis (D's). The proteins involved are un likely to be known 
neurotransmitter receptors, and may instead represent a 
new class of intracellular disease-mechanism indicators and 
targets. 

Protein (20) vs mRNA (RTI) Abundance in Human Liver 
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Figure 9. Diagram illustrating the relationships between 
LSB's MAp™ and MEO™ proteomics databases. The Mo
lecular Anatomy and PathologyTM (MApTM) database de
scribes the baseline protein composition of all relevant 
normal tissues and separable cell types and the changes in 
protein composition associated with disease. The Molecu
lar Effects of Drugs™ (MEDTM) database is focused on 
changes in protein composition associated with therapeu
tic drugs and other treatments (rodent in vivo and human 
in vitro). In order to "mine" the extensive information 
(millions of protein measurements) contained in the data
bases, LSB has developed a unique relational database 
architecture, advanced statist ical analysis methodologies 
and a network-based access vehicle. These bio-informatics 
facilities allow an investigator to visualize the relationship 
of one complex biological effect to any others previously 
examined, and to inspect the response of selected pro
teins in all studies in the database. 
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Fig 8. A log/log plot comparing the abundance of 
mRNA (vertical axis, determined via transcript im
aging by Incyte Pharmaceuticals) and protein (de~ 
term ined by quantitative 2-D gel based proteomics 
by LSB) for a series of gene products in human 
liver. For those gene products measured in both 
systems, a correlation coeffiCient of 0.48 was ob
tained [41]. In this study, it emerged that almost 
all of the most abundant 50 messages in liver code 
for secreted proteins, while none of the most abun
dant 50 proteins in liver tissue were secretory. 
Thus in a tissue with a major secretory function, 
the spectrum of genes examined by protein and 
mRNA technologies can be quite different. 

Organization of Proteomic s Data In Pharma 
Development: MAP'~ and MED'~ Databases 
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