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ABSTRAKT

Predklddana prace se zabyva vyznamem
meziprodukt biosyntetické a katabolické drahy
cholesterolu. Cilem prvnéasti prace bylo zjistit, zda
statiny  (inhibitory HMG-CoA reduktasy) maji
protinddorovy dinek a zda sedinky jednotlivych statifi
liSi. Druhacast prace je zaftena pedevsSim na vyuziti
7o-hydroxycholest-4-en-3-onu (C4), rgwého markeru
aktivity cholesterol @-monooxygenasy (CYP7Al) a
malabsorpce Zlovych kyselin.

Na experimentalnim modelu adenokarcinomu
pankreatu jsme potvrdili protinddorovéiniky statini. Ty
se vSak mezi jednotlivymi statiny v zavislosti reigh
fyzikélné-chemickych vlastnostech ztr& liSily. NaSe
data ukazuji, Ze nejpragpodobrEjSim (i kdyz ne
jedinym) mechanismem protinddorovéhé&inku statini
je snizeni prenylace signalézdch proteir, prevazre
Ras protoonkogenu.

Podd&ilo se nam zaveést spolehlivou metodu
stanoveni C4 a sjeji pomoci prokazat, ze -203A>C
polymorfismus v genu kodujicim CYP7ALl ude
ovliviovat jeji aktivitu, Ze za diurnélni variabilitou
aktivity CYP7Al pravdpodobr stoji insulin a ze
insulinova rezistence u paciént s nealkoholovou
steatosou jater dochazi k poskozeni étrpvazebé
inhibice CYP7AL, ktera iize nasledé prispét k progresi
onemockni. Kon&né¢ jsme demonstrovali tdezitost
laboratorniho stanoveni malabsorpcei@uych kyselin u
pacienti s Crohnovou chorobou.



ABSTRACT

This thesis focuses on the importance of
intermediate products of biosynthetic and catabolic
pathway of cholesterol. The aim of the first pafrttioe
thesis is mainly to investigate, whether statindV(s
CoA reductase inhibitors) possess antitumor pragsert
and to compare the differences in antitumor poaé
individual statins.

The other part of the thesis aims at the utilarati
of 7a-hydroxycholest-4-en-3-one (C4), a promising
marker of cholesterol o#monooxygenase (CYP7Al)
activity and bile acid malabsorption.

We demonstrated antitumor effect of statins on an
experimental model of pancreatic cancer. Individual
statins, however, differed significantly in theiffieacy,
depending on their physico-chemical properties. €ata
suggests, that the most likely (but not the only)
mechanism of antitumor effect of statins is deadas
prenylation of signaling proteins, especially Ras
protooncogene.

We set up a reliable method for measurement of
C4, which facilitated our research in CYP7AL regjola
We demonstrated, that promoter polymorphism -203A>C
might affect CYP7AL activity, that diurnal variaibyl of
CYPT7AL activity might be triggered by insulin, atiht
insulin resistance in patients with non-alcoholatty
liver disease impedes the feedback regulation of
CYP7Al, which may lead to disease progression.
Finally, we demonstrated the importance of labayato
investigation of bile acid malabsorption in Crohn’'s
disease patients.



OBsAH
1. INTRODUCTION

1.1. Cholesterol biosynthetic pathway

1.1.1. Cholesterol biosynthesis............... 5.
1.1.2. Inhibition of a mevalonate pathway
of cholesterol biosynthesis.................. 5
1.1.3. Ras proteins.........cccceeeeeeeeeeemmccceee. 6
1.2. Cholesterol catabolic pathway
1.2.1. Bile acid biosynthesis................... 7
1.2.2. CYP7AL regulation....................... 7
1.2.3. Enterohepatic circulation
of bile acids.......cccccovvviiiiiiiiiiiien. 8
2. HYPOTHESES AND AIMS
2.1. Cholesterol biosynthetic pathway.......... 8.
2.2. Cholesterol catabolic pathway............... 9
3. MATERIAL AND METHODS.....cuviiieeeiiiiiiieeeaeeeeenneeens 12
4. RESULTS AND DISCUSSION
4.1. Cholesterol biosynthetic pathway.......... 14
4.2. Cholesterol catabolic pathway............... 15
5. CONCLUSIONS. ....cutiiiieeeesiiinireeeaeeesnnreneeesesssnneeens 18
6. REFERENCES. ....ccctuuiiiiiiiiiiaa e eeeeeii e e e 19
7. LIST OF PUBLISHED PAPERS........cccviiiiiiiieiiiieecennnn, 23



1.INTRODUCTION
1.1. Cholesterol biosynthetic pathway
1.1.1. Cholesterol biosynthesis

Cholesterol, a steroid molecule present in all
mammalian cells is not only an important compouhd o
biological membranes, but also serves a subst@te f
biosynthesis of steroid hormones, vitamin D ance bil
acids (BA). The cholesterol pool consists of ingdsand
synthesized cholesterol. Although all mammalianiscel
possess the enzymatic apparatus for its biosymsthesi
most tissues serum LDL (low density lipoprotein)
cholesterol represses this synthetic pathway. Ter |
and the small intestine thus remain the main enuoge
producers of cholesterol

Cholesterol synthesis is initiated in cytoplasm,
where 2 molecules of acetyl-CoA (coenzyme A) form 3
hydroxy-3-methyl-glutaryl-CoA (HMG-CoA). In
endoplasmic reticulum HMG-CoA reductase reduces
HMG-CoA to form mevalonate, which gives rise to
active isopren unit. Subsequent association oissigren
units leads to the formation of squalen and in sEve
further steps to that of cholesterol.

1.1.2. Inhibition of a mevalonate pathway of chtdes
biosynthesis

The key regulatory enzyme of the pathway is
HMG-CoA reductase. Its main endogenous down-
regulators are cholesterol and glucagon, whereadiim



is the activator. In 1970s, novel inhibitors of HMZ®A
reductase (statins) were isoldtehd rapidly introduced

in human medicine for treatment of
hypercholesterolemia. Later on, it beacame evidéat,
they exert multiple effects on human organism, rofte
independent on lowering of serum cholesterol lévels
One of the proposed mechanisms is depletion of
intermediate products of the mevalonate pathway of
cholesterol synthesis, namely farnesyl pyrophosphat
(FPP) or geranygeranyl pyrophosphate (GGPP). Both
FPP and GGPP are involved in post-translational
modification of proteins. Farnesylation/geranylatics
crucial for membrane associated proteins (suchr@stly
hormones receptors, lamin A/B or ras and rho pnejei
since the farnesyl/geranyl residue serves as a
hydrophobic anchor, which detains the protein ie th
membrané

1.1.3. Ras proteins

Ras proteins (also called pZ)L belong to the
most important transmission centers of growth and
diferentiation signals. As a small regulatory GTé%as
interact in the active i.e. GTP bound) form with
intracellular  efectors.  Interaction (and  signal
transmission) is terminated by GTP hydrolysis. dnaer
cells, mutations in the codon 12 of ras protein aften
found. This mutation leads to a marked reduction of
GTPase activity, resulting in protracted activatiand
thus in growth signal amplificatién Mutatedras genes
belong to the most frequent oncogens in human tsimor
Statin-mediated ras inhibition thus seems to be the



mechanism of antiproliferative effects describedhbio
experiment&l and numerous clinical studies (for review
see’®). Currently, however, it is evident, that apaadnfr
ras protein inhibition, additional mechanisms play
important role.

1.2. Cholesterol catabolic pathway
1.2.1. Bile acid biosynthesis

Mammalian cells are not able to open the
cyclopentaneperhydrophenantrene ring, the backlebne
steroid molecules. The surplus of cholesterol igsth
eliminated from human body via bile either intact o
metabolized to BA. Those are formed exclusively in
hepatocytes. The key regulatory step of BA fomat®on
cholesterol hydroxylation in positiono/ carried out by
cholesterol @monooxygenase (CYP7A1l, 1.14.13.17).
In subsequent reactions, a—hydroxycholesterol is
converted into BA, conjugated with glycine or taari
and secreted into bile.

1.2.2. CYP7AL regulation

The rate of BA synthesis is tightly regulated. The
key regulatory enzyme in the pathway is CYP7AL. The
main feedback inhibitors are BA, downregulating
CYP7AL activity via several mechanismafter binding
to FXR (farnesoid X receptor) they activate SHP aém
heterodimer  partner), which inhibits CYP7Al
transcription’®. Pregnane X receptor (PXR) and fibroblast
growth factor (FGF19) are additional known medigtof



BA-triggered feedback inhibition of CYP7A1'2 The
expression of humanCYP7Al unlike the murine
homolog, is probably not regulated by serum chetest
due to the absence of a specific regulatory donmathe
CYP7Alpromotet®. Activity of CYP7AL can be further
modified by insulin (short-term activator, long+ter
inhibitor) or glucagon (inhibitof§*>

1.2.3. Enterohepatic circulation of bile acids

Conjugated primary BA are secreted into small
intestine, where contribute importantly to the ajpson
of ingested fat and hydrophobic substances. Thé vas
majority of conjugated BA is efficiently reclaimdualy
ileal sodium/bile acid cotransporter in the distalim'®.
Resorbed BA are transported to the liver via poréah,
and resecreted into bile. Under normal circumstsnce
daily losses of BA do not exceed 500 mg. When the
losses are much higher — typically after terminalirn
dysfunction due to resection, irradiation, inflanioa,
or other pathological conditions, bile acid malapsion
(BAM) occurs. High concentration of unresorbed BA i
the colon can lead to diarrhdéand formation of oxalate
kidney stone' or pigment gallstonés

2.HYPOTHESES AND AIMS
2.1. Cholesterol biosynthetic pathway
Despite of intensive clinical investigation, théero

of statins in the therapy of tumor diseases stithains
unclear. Several large meta-analyses of epidemlog



studies failed to prove anticancer effect of statin
therapy®?* However, the results of these meta-analyses
should be interpreted with caution, since several
important facts have been neglected. Among them,
interpretation of pooled data not considering yetof
tumor or statin used, involvement of studies foduse
primarily on cardiovascular but not anticancer outes,
and short follow-up belong to the most serious sorss.
The aim of our study (see the articl@ifferences
in antitumor effects of various statins on human
pancreatic cancel was therefore to compare anticancer
effect of various statins on both in vitro and iivos
models of pancreatic cancer.

2.2. Cholesterol catabolic pathway

Complications related to BAM can be, to certain
extent, eliminated or alleviateéd by administration of
BA sequestrants). Determination of the BAM seveisty
a prerequisite for adequate therapy. Its availgbi,
however, limited. Current markers of BAM, such as
determination of fecal output of BA serum levels of
7a-hydroxycholesterdf, lathosterdl’, breath tests with
isotope-labeled cholylglycii® or cholyltauriné® or
retention test witH°Se homotaurocholic adiare either
extremely laborious, expensive, unreliable or ewen
approved for human u¥e Since CYP7A1 mediated
hydroxylation of cholesterol (key regulatory stefptloe
BA synthesis) is negatively regulated by BA,
determination of CYP7AL activity might serve notlyon
as a marker of BA synthesis but, importantly, asaaker
of BAM. It has been demonstrated, serum levelsoef 7



hydroxycholest-4-en-3-one (C4) correlate with thate rof
CYP7AL activity*>*and severity of BAM"* Currently
available methods for C4 determination are notabugt
for routine use, due to problematic solid phaseagkibn
(SPE) at 64°&=° or the need of equipment unavailable
in routine clinical laboratori€

The aim of our next study (see the article
“Improved HPLC analysis of serum -
hydroxycholest-4-en-3-one, a marker of bile acid
malabsorption”) was therefore to set up and validate
reliable method, which can be introduced to thaiddil
laboratories.

Patients with Crohn’s disease suffer very often
from BAM, however, its laboratory determinationsisl
inadequate. The appropriate therapy is mostly edfer
only to patients after a resection of distal ileunhere
BAM is expected. In our next study (see the arti@de
acid malabsorption in inflammatory bowel disease:
Assessment by serum markefy we investigated,
whether the BAM occurs also in surgically untreated
patients. Additionally, we tested the possible rofe
FGF19 as a serum marker of BAM.

Despite of intensive research of the CYP7Al
regulation, we are still far from understandingsthi
complex process. During the investigation of geneti
determinants of CYP7Al activity, two common
polymorphisms (-203A>C and -469C>T) draw much
attention. No agreement on their importance has bee
reached, due to conflicting results. Based on previ
studies we hypothesized, that the CYP7A1l activity
difference determined by these polymorphisms wdad
scanty (if any). Therefore, in our next study (dbe
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article “CYP7A1 promoter polymorphism -203A>C
affects bile salt synthesis rate in patients afteileal
resection“) we examined a cohort of patients with BAM
(in these patients, markedly upregulated CYP7Al
activity was expected).

The CYP7AL1 activity shows significant diurnal
variability, reaching its maximum soon after nSbrAt
this time, we would expect rather its decreaseseauy
postprandial return of BA via portal vein. The awnour
next study (see the articleRégulation of diurnal
variation of cholesterol 7-hydroxylase (CYP7Al)
activity in healthy subjects’) was to monitor the diurnal
variation of CYP7AL activity in healthy volunteeasd
to identify possible responsible factors. To hesghthe
effect, the study has also been performed afteamihg
(by administration of chenodeoxycholic acid) or
repressing (by administration of cholestyramineg th
enterohepatic circulation of BA.

In 2003 FGF19 was described as a novel regulator
of BA synthesi¥. Since then, its role in the regulation of
liver lipid metabolisni®*° and in sensitizing tissues to
insulin  has been demonstratéd Increased lipid
accumulation in hepatocytes underlies the non-altoh
fatty liver disease (NAFLD) which can evolve intom
alcoholic steatohepatitis (NASH). It has been sstggk
that the NAFLD to NASH progression could be trigepkr
solely by lipid deposits in hepatocytes in the aloseof
other stimulf?. In our work (see the articlelhe hepatic
response to FGF19 is impaired in patients with non-
alcoholic fatty liver disease and insulin resistancef*
we aimed at the role of FGF19 in regulation of rhet&
processes in patients with NAFLD.

11



3.MATERIAL AND METHODS

C4 measurement

One mL of serum and 30 ng of internal standang+ (7
hydroxycholest-4-en-3-one)  were extracted by
chloroform:methanol, purified on silica SPE precoiu
and separated by high performance liquid
chromatography (column: SGX C18, 4x250 mm,
particles 4um; mobile phase: acetonitrile:water
(95:5,vol/vol), 1mL/min, 20°C; detection/reference
wavelength: 241/360 nm).

FGF19 measurement

FGF19 was measured by a commercially available kit
(FGF19 Quantikine ELISA kit, R&D Systems) according
to the manufacturer instructions.

Genotyping of CYP7A1 -203 A>C

Genomic DNA was isolated from peripheral blood whit
cells by a standard salting-out method. The -203A>C
polymorphism was genotyped by POBsd restriction
fragment length polymorphism. Primers were as fadlo
forward ATTAGCTATGCCCATCTTAAACAGG and
reverse TAACTGGCCTTGAACTAAGTCCAC (5'-39).

Cell cultures

Pancreatic cancer cell lines (CAPAN-2, MiaPaCa-@& an
BxPc-3) were cultivated in appropriate media in a
humidified atmosphere (5% CO2, 37°C). Methanol
solutions of statins were added in the final cotregion
range of 0-40 uM.

12



Animal studies

Athymic nu/nu mice (strain CD-1) were subcutanepusl
xenotransplanted with human pancreatic adenocanano
cell line CAPAN-2 (10 cells). After 7-10 days of
xenotransplantation, mice received either statins o
placebo via gastric tube. The primary endpoint was
survival time. Additionally, tumor sizes were measl
every 3 days with a caliper.

Inflammatory bowel disease patients

According to the type of affection, patients wereided

into following groups: ulcerative disease patients,
Crohn’s disease patients (CD) after moderate or
extensive ileal resection, CD with ileal inflamatior CD
with colonic involvement. Blood was drawn in the
morning after overnight fast, serum aliquots weozesl

at -80°C until analyses.

NAFLD patients

According to the insulin resistance, patients wwded
into two groups. After an oral fat challenge, Sebl@od
samples were drawn (up to 7 hours after the chgdlen

Control subjectgfor analysis of CYP7A1 diurnal variation)
Healthy volunteers homozygous for -203 A>C variant
were put on a standardized diet for 2 days. Onldane
blood sample was drawn in the morning. On day 2,
eleven blood samples were drawn in 90-min intervals
Two similar 2-day investigations were repeated rafte
administration of either chenodeoxycholic acid
(Chenofalk, 1-1.5 g/day) or cholestyramine (Questi®

13



g/day). The interval between investigations waeast 3
weeks.

4.RESULTS AND DISCUSSION
4.1. Cholesterol biosynthetic pathway

In the study Differences in antitumor effects of
various statins on human pancreatic cancérwe have
demonstrated markedly different antitumor effect of
individual statins. The best resultsimvitro experiments
have been achieved with cerivastatin, simvastatid a
lovastatin, far exceeding wery veak effects of petatin
and rosuvastatin.

The most potent antitumor substances in ithe
vitro experiments were fluvastatin, cerivastatin, and
surprisingly rosuvastatin, which was nearly inefifieein
vitro.

It is likely, the substantial difference in
rosuvastatin efficiency can be explained by slow
elinination of rosuvastatin — the half-life of rasstatin
in human body is ten times higher when comparel wit
other statins.

The discrepant antitumor potential of individual
statins is, at least partially, caused by theirfedént
physico-chemical properties, affecting their
pharmacokinetics. For example pravastatin, which
showed a very weak effect, belongs to the most
hydrophilic statins, due to the hydroxyl group imet
position 3. Such molecules are not capable of passi
transport across cell membranes and require specifi

14



transporter to enter the ¢€ll Cancer cells lacking the
transporter are not hit by pravastatin therapy.

BxPc-3 cell line (not carrying activation mutation
in K-Ras protooncogene) responded to the statiraplye
significantly less, than those with mutated K-Ras
(CAPAN-2, MiaPaCa-2). Additionally, mevalonate,
farnesyl pyrophosphate or geranylgeranyl pyrophatph
counteracts the antiproliferative effect of statii®oth
observations are in accord with the hypothesist tha
depletion of intermediate products of mevalonate
pathway of cholesterol synthesis (with subsequent
depletion of prenylated proteins — mainly K-Ras) is
responsible for antiproliferative effects of statin

4.2. Cholesterol catabolic pathway

In this part of our work we aimed primarilly akth
study of cholesterol catabolic pathway: its funetio
regulation, interaction with other metabolic pramsand
at monitoring of its activity. We set up and vateth a
method of quantitative determination of C4 in bgital
fluids and tissues (see the articlemproved HPLC
analysis of serum @-hydroxycholest-4-en-3-one, a
marker of bile acid malabsorption®). By modification
of the original SPE, we scaled up the linearitygeamore
than 5 times, improved the accuracy and reproditgibi
lowered the costs and above all simplified theaetion
process. Introducing of this method to clinical
laboratories should improve the diagnostics of BAM
mainly in patients with chronic diarrhea and sulosedly
lead to more adequate therapy.
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In our next study we investigated the BAM in CD
patients (see the articleBile acid malabsorption in
inflammatory bowel disease: Assessment by serum
markers®). As expected, BAM was quite common in CD
patients and correlated well with the involvemerit o
terminal ileum. Surprisingly, we observed quite hhig
proportion of BAM in the patients without affectiaf
distal ileum. On the other hand, approximately tmed
of patients after resection of distal ileum hadnmalr C4
levels. Our results indicate that the BAM can net b
reliably diagnosed based only on disease locatimand
should be measured in CD patients. When the |atnyrat
test is not available, therapeutic attempt with BA
sequestrant should be offered to symptomatic patien

It is likely, that in the near future, laborat@ieot
equipped with HPLC instrument (not capable of C4
determination) will use FGF19 as an alternative kear
of BAM, as we demonstrated the close correlation
between FGF19 and C4.

C4 not only serves as a marker of BAM, but
primarily as a marker of CYP7A1 activity. In ourxte
study (see the article “CYP7A1 promoter
polymorphism -203A>C affects bile salt synthesis ta
in patients after ileal resection’) we did not observe
any significant effect ob€YP7A1203A>C polymorphism
on CYP7A1 activity under normal conditions. In patis
with markedly upragulated CYP7A1l activity (with
BAM), however, the effect of weaker -203A allelesva
evident. We suppose, that the functional reserve of
CYP7AL is high enough to override the effect of the
polymorphism. In case of BAM, where the CYP7Al
activity probably reaches its maximum, the effeft o

16



weaker promoter associated with -203A allele become
apparent.

In the study Regulation of diurnal variation of
cholesterol #@-hydroxylase (CYP7Al) activity in
healthy subject§ we observed marked diurnal
variability of CYP7A1 activity, with maxima soontaf
midday. Based on correlations of areas under theecu
(AUC), we speculate, diurnal variability of CYP7A1
activity is driven by insulin. Some subject exhdoit
morning (fasting) maxima of CYP7Al — the underlying
mechanism is not clear.

Recent studies demonstrated the role of FGF19 in
the regulation of lipid metabolism in hepatocytéd
Therefore we aimed at the role of FGF19 signaliimg
NAFLD patients (see the articlfehe hepatic response
to FGF19 is impaired in patients with non-alcoholic
fatty liver disease and insulin resistance. Patients
with  NAFLD had elevated basal levels of
triacylglyceroles (TAG) and BA, but not FGF19.
Analysis of AUGxc revealed, that elevated TAG levels
are caused by its slow hepatic uptake. Similar raeisimn
is likely to underlie elevated BA levels. After aral fat
challenge, serum BA and FGF19 reached its maxima
after 1 and 2-3 hours, respectively. Next 2 hoatsr| we
expected FGF19 mediated downregulation of CYP7AL.
Surprisingly, this was observed only in insulin Séue
NAFLD patients, but not in insulin resistant ones.
Patients with NAFLD thus have either defective or
delayed response to FGF19. We can only speculae, t
defect is localized at the level of FGF19 receptor
(FGFR4).
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5. CONCLUSIONS

Today, intermediate products of biochemical
pathways in organism are not considered only gssia
the way to the final product, but rather as sulzstanthat
undertake multiple functions (sometimes essential).

In our work, we investigated the role of
biosynthetic and catabolic cholesterol pathway. tMids
the statins, inhibitors of mevalonate pathway of
cholesterol synthesis, exhibited significant ambitu
effects both in thein vitro and in vivo model of
pancreatic cancer. However, we observed marked
differences in antitumor effects of individual &tat This
emphasizes the necessity of precise design ofcalini
studies and meta-analyses, that aim at assessing
antitumor potential of statins.

In the catabolic pathway of cholesterol, C4
represents a reliable marker of CYP7AL activity émel
severity of BAM. Owing to our improved analytical
method, C4 measurement can now be easily perfoimned
most clinical laboratories. This method facilitatedr
research both in BAM and in CYP7AL regulation. We
found out, the severity of BAM can not be reliably
estimated from the clinical findings and should be
measured. We
demonstrated, the -203A allele in t8&P7Alpromotor
is associated with lower activity of CYP7A1. Dueth®
substantial functional reserve, the effect of thlkele
manifests only in markedly upregulated CYP7Al
activity. Additionally, we demonstrated the role of
insulin in CP7A1 regulation. Surprisingly, we obssat
for the first time the fasting maxima of CYP7AL.é€lh

18



underlying mechanism is, however, still unclear.

In the last study, we observed defective FGF19
signalization in insulin resistant patients with NAD.
We suppose, this defect can deregulate the lipid
metabolism in hepatocytes and accelerate the diseas
progression.
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