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Abstract

The migratio n of substances between the blood circulation and the central
nervous system (CNS) is regulated by the blood -brain barrier (BBB). Small , lipophilic
molecules such as carbon dioxide, oxygen or ethanol can pass the BBB by passive ,
transcellular diffusion , while the paracellular transport of hydrophilic substances is
restricted by intercellular tight junctions. Due to accessory transport systems, the BBB
is able to regulate specifically the permeation of substances (e.g. nutrients) (Ballabh et
al., 2004).

Non-steroidal anti -inflammatory drugs (NSAIDs) are among the most commonly
used substances world -wide, yet little is known about their ability to cross the BBB.
Since NSAIDs may exhibit CNS side effects including dizziness , headaches and
drowsiness we sought t o study the transport of several NSAIDs ( celecoxib, diclofenac,

ibuprofen , lornoxicam , meloxicam, piroxicam and tenoxicam).

Both single studies and group studies were carried out applying either a single
substance or several substances simultaneously acro ss the BBB /7 vitro model based on
the human cell line ECV304. The permeability data were normalized to the internal

standards diazepam and carboxyfluoresceint o account for cell | ayer ds

According to our studies, it was confirmed that cross ing of ibuprofen and
diclofenac through the BBB is strongly dependent on their free fraction in plasma.
Comparisons with other studies carried out with cell line Caco-2 pointed to a relation
between an unknown efflux system and the decreased influx of ibuprofen into the brain .
Carboxyfluorescein used as a paracellular marker showed some interactions with other
substances (ibuprofen , diclofenac) and thereby may not be the perfect internal standard.
Addition of t ransport er blocker probenecid did not show any effects on ibuprofen
transport , but significantly inhibited the transport of tenoxicam. Finally , the second
used blocker verapamil revealed a possible relation to celecoxib. Overall, our findings
suggested that the transport of ibuprofen , diclofenac, carboxyfluorescein , tenoxicam and

celecoxib is supported by still unknown transport systems.

Furthermore , these results link the individual permeability coefficients with the
incidence and severity of CNS side effects of the individual substances and may guide

future NSAIDs drug design.
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1 INTRODUCTION

1.1 Discovery of the blood -brain barrier

The discovery of the blood -brain barrier (BBB) is attributed to the German
scientist Paul Ehrlich (1854 -1915), who was active in fields as immunology , haematology
and chemotherapy. In 1908 , he received the Nobel Prize in Physiology and Medicine. He
made experiments, in which he used to dye structures with aniline derivatives. He
observed after injecting dyes intravenously into an animal body that he could see all
organs except the brain. At that time , he still did not know about the BBB and he just

thought that the brain was less able to accept the colour (Ribatti et al. , 2006).

EhrlichEs student E d4956) mdde furthem sexper imeritsg h 8
which he injected the dye directly into the spinal fluid. Surprisingly he found out that
only the brain was dyed and that the colour did not enter into the peripheral body parts.
These experiments pointed to an idea that there may be some kind o f barrier between

the central nervous system and the rest of the body.

I n 1900 LewandowsKk. used for tbheaai i rbatr ri ieme

describe the mysterious barrier between blood and the brain.

But the wvery first concept of the blood -brain barrier (called also
haematoencephalic barrier) was proposed by Latvian biochemist and physiologist Lina

Stern (1878-1968) in 1921. She carried out the pioneering experiments with the BBB.

Lately in the 1960s with developing of the scanning electron  micr oscope,the BBB

could be visualised.

Although since that the science was moving fast , during the next decade all
experiments were made only /n vivo or /n situ (Abbott, 2005a). Finally, in 1970s first
brain capillaries were isolated and so available for /n vitro studies to extend the

knowl edge about the BBB978)Jo:- and Karnishina



1.2 The Blood-Brain Barrier (BBB)

The central nervous system (CNS) is the most important organ of the human
body. It has the major control function , which is essential for the normal body activities
and surviving. The brain is composed from different part s including some protective
mechanisms, which are necessary to keep the homeostasis of the brain. Among these
there is the arachnoid membrane of the meninges , the blood-brain barrier (BBB) and the
choroid plexus epithelium that secretes the cerebrospinal fluid (Abbott  , 2005b). The BBB
has the shortest diffusion distance from the capillaries to neurons (10 -1 5 Qwhjich

makes the BBB the most important interface betweenthe b lood and the brain.

The BBB forms a physical restriction , regulates the transport of different
substances and also shows metabolic activities. The BBB alone creates the largest
surface area (including just the brain parts) with 12 -20 m2 by usual brain wei gh of 1.3
kg. The BBB has the major influence of the access of substances from the blood to the
CNS and vice versa. Without this barrier the migration of chemical substances , toxins
and bacteria would not be controlled and that would let many dangerous sub  stances
enter the CNS , endanger the physiological functions of the CNS and maybe also cause
damages. Although bacterial infections in the brain are very rare , if they appear they

cause serious diseases as for example bacterial meningitis, which are difficu It to treat.

In addition to the restriction of bacteria | migration across the BBB , one further
main function of the BBB is to regulate the crossing of essential nutrients as well as the
movement of ions and fluids and the efflux of many waste products. Be cause of these
restrictive mechanisms the BBB protects the brain from ionic fluctuations caused by
digestion, respiration or exercise, which can have a negative influence on the neuronal
signalling.

There should not be forgotten that the BBB also separate s transmitter pools in

the brain fr om those in the periphery so they cannot influence each other.

Nevertheless, there are some parts of the brain , which are not protected by the
BBB. Two regions - area postrema and poster ior pit uitary area 0 are missing t he

protection and the capillaries here are fenestrated as those in the rest of the body.



The main components of the barrier are the capillary endothelial cells

fenestrations , the pinocytic vesicular transport is sporadic and the tight junctio

, Which lack

more extensive. These properties differ the BBB endothelial cells from endothelial cells

in peripheral body parts. The capillary endothelial cells encircle the capillaries and are

connected to each other with tight junctions to

space. Additionally , the basal lamina , pericytes and perivascular

important for a complete functional BBB (Figure 1.1). Further

increase the tightnes s of the paracellular

, there are more other cell

types present in the perivascular space as e.g. smooth m uscles (in larger vessels) or

perivascular macrophages. All these components make a fair assumption to be essential

for the BBB to keep its integrity
2006).

cell
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Figure 1.1 Scheme of a blood capillary
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contact of two endothelial cells tight junctions (TJ) and adherens junctions (AJ) are
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for amino acids, glucose and for P-gp and further , some receptor-mediated endocytosis

systems for leptin , insulin , iron transferrin etc.
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1.2.1 Transport systems

Because of the very tightly sealed (caused by tight and adherens junctions)
paracellular space , many substances are forced to enter or leave the CNS through the
transcellular route , where many uptake and efflux transporters are  available for this
purpose. Especially hydrophilic substances are impeded to cross the BBB and enter into
the CNS.

Small lipophilic molecules as e.g. oxygen, carbon dioxide or ethanol , can diffuse
across the plasma membrane freely along their concentration gradient (Ballabh et al. ,
2004).

Other substances as nutrients (amino acids , glucose, organic anions and cations
etc.) are transported into the CNS via special transport mechanisms. Up to now more
than 20 uptake transport systems were identified. Some of these uptake transporters
enquire energy in form of ATP (e.g. Na *, K*-ATPase), some of them work as a facilitating
diffusion transfer system (e.g. GLUT -1 for glucose) and are energy -independent. Other
substances can pass the BBB only by coupling with other molecules , which is called

secondary acti ve transport (e.g. Na *-coupled) (OE Ka n e , ¥9%9). a |

The localisations of transporters also differ from type to type. Some of them are
available on both sides of the membrane (luminal and apical) , some are located just on
one side. The real purpose of the apical/luminal distribution of transporters is up to now

still unclear.

According to the observations , it is known that the transport syst ems do not only
enable the passing of substance from the blood into the brain , but some of them can also

have an efflux function.

Finally , it is necessary to mention families of transporters , which ensure only the
transport out of the CNS, e.g. the ABC-transporter family including P -glycoprotein
(ABCB1), the Multidrug Resistance Related Proteins (MRPs , ABCC1, 2, 5) and the
Breast Resistance Proteins (BCRP , ABCG2). Until now, the role of these proteins has not
been explained satisfactorily , but it is sure t hat they can restrict the entrance of toxins

and other agents into the brain.

The above introduced transport -ways enable passing of substances just up to a
defined molecular weight (< 1000 MW). Thus , there must be some other transport

possibilities for la rger molecules as proteins. Their uptake can be mediated by
11



transcytosis , of which two different types of
the receptor mediated transcytosis (RMT)

membrane receptor (e.g. transport of insulin
2005). The other type & adsorptive mediated transcytosis (AMT)
requires only binding of cationic molecules to negatively charged endothelial glycocalyx.
Anyway , this type of transport system is less active than in the periphery (Abbott

2005b). The scheme describing transport systems possibilities is shown in Figure 1.2.

Blood (2) (3) (4) (

Apical

membrane |

Basal
membrane

Brain (6) (5)
Figure 1.2 Transport sys

Different transport systems: (1) Paracellular pathway for smal
Passive diffusion; (3) Cation channels; (4) lon symports; (5) lon antiports; (6) Facilitated
diffusion (GLUT -1); (7) Active transport (P -gp); (8) Active antiport transport; (9)
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1.2.2 Tight | unctions

Tight junctions (TJ s) are the main components sealing the paracellular space |,
which restrict free migration of substances to or from the CNS. TJ s are composed of
different proteins , which form a complex in the membrane. Namely , belong to these
proteins claudin , occludin, junction al adhesion molecules and also many other accessory
proteins as e.g. zonula occludens (ZO -1, ZO-2, Z0O-3), cingulin etc. The proof of the very
high and effective tightness by the TJ s is shown by the transendothelial electric al
resistance (TEER) , which reaches in the brain values over 1000 Ohm.cm 2in comparison
to the peripheral parts , where the TEER values are only between 2 and 20 Ohm.cm 2

(Abbott et al. , 2006).

Claudins form a huge protein family with at least 24 members , which have been
identified until now. Claudins are phosphoproteins , build the major part of the TJ s and
possess four transmembrane domains. The COOH -terminal domain is bound to ZO -1,
Z0-2 and ZO-3 in the cytoplasm. It was found out , that claudin -1 and -5 together with

occludin are present in the TJ s of the BBB and so participate on building its tightness.

Occludin is also a phosphoprotein and is larger than the claudins. It has four
transmembrane domains between its COOH -terminal on one end and NH »-terminal on
the other end in the cytoplasm. The paracell ul ar space i s
extracellul ar l oops toget her, thgitetminal ddmainsd ara

associated to the ZO proteins in the cytoplasm.

Both claudins and occludi n build the most important components of the TJ s and
are essential for forming of the BBB. According to this statement , it was proved that
disturbance of physiological functions of the BBB was connected with the loss of occludin

1 (Liebner et al., 2000b).

The junctional adhesion molecules (JAM s) are the next important type of
membrane proteins of the TJ s. These JAMs belong to an immunoglobulin superfamily
and by now three subtypes were discovered. The single transmembrane domain formed
by JAMs, has two immunoglobulin -like loops, which are made by two disulfide bonds.
JAMs are involved in monocyte transmigration proces ses through the BBB and are

necessary for cell-to-cell adhesion (Ballabh e t al., 2004).

Proteins from membrane -associated guanylate kinase -like proteins (MAGUKS)
are part of the cytoplasmatic accessory proteins. Zonula occludens proteins (ZO -1, ZO-2,

13
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Z0-3) and cingulin belong to this group. One of the three PDZ  domains (PZD1) of the
Z0Os allows them to connect directly to the COOH -terminal of ¢ laudins. Occludin as well
as JAMs make s also some connections with ZO -proteins but with other domains than
claudins. Then actin, the primary cytoskeleton protein, connects with ZO -proteins as

well and plays a very important role in this complex.

Cadherins, belonging to adherens junctions , are another type of protein , which is
concerned in the restriction of the paracellular space. They form adhesive contacts
between cells. Cadherins are in touch with actin via catenins , which are intermediary

proteins.

Restriction of the paracellular space with all proteins taking part in it is

illustrated in Figure 1.3.

Claudinsg Occludin

Aplcal plasma membrane

Cingubin
Actin
Key @D zo1 z03 7HE Vinculin
zZoz2 ) AFS €D a-actinin Catanins
| S
TRENDS in Newurosciencos

Figure 1.3 Scheme of the paracellular space

The picture shows the p aracellular space between two endothelial cells of the brain capillary  , which is
restricted by tight junctions (TJ s), junctional adhesion molecules (JAMs) and adherens junctions (AJ).
The picture describes in detail the components of the TJ s & claudins and occludins with their
transcellular loops and further connections to zonula occludens (ZO -1, ZO-2, ZO-3), cingulin and
actin. It is shown that JAM proteins , building two immunoglobulin -like loops in the paracellular
space, are also connected to ZO-proteins . The last part of the restriction of the paracellular space is
ensured by AJ, compound of cadherins joint via catenins to actin fibres.  Source (Huber et al. , 2001)
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1.2.3 Astrocytes

Astrocytes (belonging to glia cells) have a close connection to the en dothelial cells
by their astrocytic end -feet. Their close position to the endothelial cells is important.
Astrocytes secrete several chemical substances , especially growth factors , which can
modulate the expression of transporters (P-gp, GLUT1 etc.) and up -regulate the
tightness of the BBB. For improving growth conditions , cells were co-cultured with
astrocytes or at least astrocytic factors were added to growth media (Neuhaus et al.
2008D).

1.2.4 Other cell types influencing the BBB properties

The BBB m ust be seen as a complex of many proteins and different cell -types,
which cooperate together and all of them play an irreplaceable role in the BBB unit.
That is why the whole complex is sometimes <cal
other components can influence the properties of the BBB in addition to the endothelial
cells and astrocytes. For example , the basal lamina , pericytes, perivascular

macrophages, neurons and smooth muscle cells can modulate the BBB.

The basal lamina is an extracellular matrix ~ layer and surrounds endothelial cells.
Its role is especially anchoring the cell -cell interaction and transmitting their signals.

Due to its tightness , it provides also barrier function and mechanical support.

In some places pericytes are incorporated in to the basal lamina. These pericytes
fix the structural stability of the microvessels. This view is supported by many studies :
which have shown that endothelial cells cultivated without pericytes were inclinated to
apoptosis more often (Ramsauer et al. , 2002). Their role in angiogenesis was also
investigated (Balabanov and Dore -Duffy, 1998; Hirschi and D"Amore , 1997). Pericytes
express on their surface many receptors for chemical mediators , which can influence the
permeability and flexibility of the blood v essels (e.g. vasopressin, angiotensin Il
endothelin -1 etc.) (Ballabh et al. , 2004). Unfortunately , the pericytes are still the least

studied component of the BBB.

Neurons end on or close to the blood vessels and from this position they can

influence the vessels by releasing transmitters (Abbott , 2005b).

15



Smooth muscles are occupying pericytes within an expanded collagenous
extracellular matrix. They can be found especially in larger vessels , thus, they play a

minor role at the BBB in the capillaries.

1.2.5 Relation between the BBB and diseases

As described above, the BBB is a functional unit , where every single damage of
any substance can cause changes. For example, if the tight junctions of the BBB open
the permeation of substances would increase and p athogens can permeate in direction to
the brain. This can occur in many different diseases as e.g. during inflammation , brain

oedema, hypoxia -ischemia, stroke, trauma , pain etc. (Abbott et al. , 2006).

It was shown that some types of tumour & adenocarcinoma, glioblastoma o
contribute to the down -regulation of expression of some proteins and so indirectly to

contribute to the breakdown of the BBB (Liebner etal. , 2000a).

It was also reported that expansion of the inflammatory mechanism plays a role
during Al zhei mer 6,Padks @aoa §spiledsy, amaldpke aclerosis and HIV -
associated dementia. Due to inflammation and production of several toxins, the

breakdown of the BBB can occur in these diseases (Ballabh et al. , 2004).

Different diseases affect different parts of the BBB , but at the end the result is
always the same: pathological conditions. In spite of , many studies were made , still not
all connections between diseases and breakdown -mechanisms of the BBB are known yet.
Further investigations an d observations should open new perspectives for the

understanding and lead to improvements of the treatment.

16



1.2.6 Potential brain targeting

The BBB represents a huge challenge for scientists designing drugs , which can be

delivered into the brain a nd though to overcome the BBB.

During the pathological affection BBB functions are down -regulated or already
down-broken and this allows many drugs to pass into the CNS easily. But what if the
restriction by the BBB is not influenced? This creates an interest to find the right

delivery vehicle for drugs.

Up to now e.g. use amino acid carriers for transporting diff  erent kinds of drugs as
e.g. L-dopa or gabapentin, are used very successfully. These carriers fill the request of

solubility and accepting of la rge hydrophobic molecules at once.

There are three main requests on the delivery strategy to bypass efflux systems:
1) to reduce the affinity for efflux transporters 2) blocking P -gp function or 3) cover drugs
so they cannot be detected by P-gp efflux system (Abbott , 2005b). Although not all of
these methods are perfect, they influence the process of brain targeting and are
contributing to make further steps in the development. Other methods to overcome the
BBB are the opening of the BBB by induction of  hyperosmolarity with mannitol , usage of
Trojan horses (antibody technology) or receptor (targeting transferrin , insulin , ApoE

receptors) and adsorption mediated transcytosis.

17



1.3 Non-steroidal anti -inflammatory drugs (NSAIDS)

The increase of non-steroidal anti -inflammatory drugs ( NSAIDs) usage is
enormous in these days world -wide, especially because of their general anti -
inflammatory , antipyretic and analgetic effects. The fact that most of them b elong to the
a o wtherc o u n t(@TC)odrugs, which someone can get without prescription , supports
the use even more. So there is no wonder that the request to study their passage across
the blood-brain barrier (BBB) is increased , especially with regard to possible effects of

long-term therapy use.

1.3.1 Common characteristics

NSAIDs are generally acids ( diclofenac, ibuprofen ) or at least they ha ve an acidic
vinylogous group ( meloxicam, lornoxicam , piroxicam , tenoxicam). Their molecular weight
is between 206 and 390 g/mol. Table 1.1 summarises the chemica | structures , molecular

weights and plasma half life times  of the NSAIDs used in the experiments.

NSAIDs inhibit the enzyme cyclooxygenase (COX) , which was already discovered
in 1970s by Vane (Vane, 1971). COX is an important enzyme in the whole process of the
formation of prostanoids (prostacyclins , prostaglandins , thromboxanes). These
prostanoids influence many physiological processes in the human body and thereto

under the pathologic circumstances they cause progress of fever , pain and inflammation.

The pathway starts with arachidonic acid , which is released from the
phospholipids of the cell membrane by means of the enzyme phospholipase A 2. The
conversion of arachidonic acid is catalysed by COX enzymes. The first product of the
conversion is prostagland in G2, which is further converted to other prostaglandins or to
prostacyclins or to thromboxane A:. There is also another possibility of the conversion of
arachidonic acid. It can also be transformed into leukotrien es. They play an important
role in asthma bronchiale and allergic reactions. For more details see the scheme of the

metabolic pathway (Figure 1.4).
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Substance Structure MW [g/mol] Half life [hours]
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Celecoxib /ﬁprjl’@/ 381.37 11
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(sodium salt) ol O et 318.13 1 0o
Y
0
Ibuprofen Y\@\])\OH 206.28 1 8
I
. e i Vi
Lornoxicam |G, la’”“ H 371.82 3 9
0.0
Meloxicam &2 gwp, y 351.40
(sodium salt) P M. .5 378.38 15 - 20
OH \rﬁff
OH O ™
. - x N HN
Piroxicam oM H 331.35 50 - 80
o0
= 0 OH
hrxll M = =
Tenoxicam H fN“Sl 4 337.38 60 - 70
i

Tablel.1 Overview of NSAIDs used in the studies .
Source ( L i n cFargh@lietal ., 2007; Olkkola et al. , 1994; Guentert et al. , 1987)
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Figure 1.4 Conversion of arachidonic acid
The picture shows the pathway of conversion of arachidonic acid into leukotrien  es, prostaglandins and
thromboxane s with enzymes, which enable converting of the substances. Source (Steinhilber et al. , 2005)

Prostacyclins and thromboxane s play a major role in the aggregation process of
platelets. Prostacyclins are released from the endothelial cells and inhibit the
aggregation. In contrast to this , thromboxane s are released from platelets and support
their aggregation. Under n ormal circumstances this process is in balance of both

substances.

In the human body it is differentiated between two major isoforms of the enzyme
cyclooxygenase (Hla and Neilson , 1992). COX-1 is the more constitutive variant , which
could be found in all human cells. It is important for the regulation of physiological and
homeostatic functions. On the other hand , COX-2 is an induced isoform , which can be
synthesized after influence of inflammatory substances (TNF -alpha, IL-1, IL-2 etc.).
COX -2 produces prostanoids, which propagate further the local inflammation , pain and
fever. The differentiation between both COX functions is not that easy. It was found out
that also COX -2 could have some physiological functions , especially in the CNS, kidneys
and digesti ve tract. On the other hand , also COX-1 plays some roles in the process of
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inflammatory , fever and pain (Garavito et al. , 2002). In the last years, a third isoform of
the enzyme - COX-3 - was identified. This vari ant is located especially in the heart, CNS
and maybe, also in other tissues , but the exact effects after inhibiting this  enzyme have

not been examined yet.

In relation to these two major isoforms of COX (COX -1 and -2), the NSAIDs show
also different COX -isoform dependent specifi cities. The first group of investigated
NSAIDs is a group with no absolute specificity to one of the two COX enzymes.
Ibuprofen, piroxicam , lornoxicam and tenoxicam belong to this group and prefer more
COX-1 to COX-2. Meloxicam and diclofenac have COX-2 preferences, but als o inhibit
COX-1. On the other hand , there are substances just with COX -2 specifity , where coxibs

belong to (celecoxib).

As it was mentioned before , NSAIDs are used for the reduction of fever , pain and
to stop inflammatory process. The controlling of pain is provided by a peripheral
mechanism and partly by influencing the feel ing of pain in the CNS , but they cannot
affect the visceral pain (Burian et al. , 2005). Their positive attribute is th  at they can be
used by chronic pain without developing addiction o n them. Decreasing of fever is very
fast and effective , but they do not influence the normal body temperature. In addition :
NSAIDs act also anti -inflammatory. They can stop the acute phase of inflammation , but
not the chronic stadium. For this feature NSAI Ds are very often used in the treatment of
rheumatic arthritis . However, the effects of various NSAIDs differ , not every substance
can be used for the tr eatment in the first line. Finally , these substances are used because
of their antiaggregation effects. For this , acetylsalicylic acid is very often applied in very
low dosages (75 0 150 mg). This effect is reached due to the inhibition of COX -1.

According to this fact , some NSAIDs are missing this specific activity (e.g. coxibs).
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1.3.2 Side effects

By using NSAIDs we should always have their adverse effects on  mind. With
regard to their low specificity to COX enzymes, it can be said that almost all substances
have the same side effects 0 more or less. Because of the inhibition of COX -1, which is
involved in protection process of the stomach mucosa , side effects as e.g. ulcerates,
erosion in digestive tract , nausea, gastritis , bleeding, diarrhoea or constipation can
occur. The blocking of thromboxane s synthesis in t hrombocytes leads to decrease of
aggregation process and so to the increase of bleeding. NSAIDs can influence also the
renal function , which is normally controlled by prostaglandins and prostacyclins. Using
NSAIDs can lead from down -regulation of the renal function until  their total
insuffi ciency. This pathological process can be completed with hyperkalaemia , retention
of natrium , water and can cause additionally oedemas. The inhibition of the conversion
of arachidonic acid by COX may increase elevated production of leukotrien es, which can
induce bronchoconstriction or asthma bronchiale , especially by predispos ed persons. It
was believed that coxibs with their selective inhibition of COX -2 would not have so many
side effects, which are caused especially by COX -1 inhibition. But the reality wa s quite
disappointed . There is a huge danger of thromboembolism and cardiovascular (heart
attack) and cerebrovascular (stroke) complications. Nevertheless , there is one positive
property of COX -2 blockers. They do not influence synthesis of thromboxane s by COX-1
and so do not cause increased bleeding danger. This knowledge is used by patients

undergoing surgery while they cannot stop using NSAIDs.

Alongside these peripheral side effects , also some effects on the CNS were
described as e.g. dizziness, headaches and drowsiness, depressions, hearing and visual
impairment ,t i nni t us e tFarghalietal. n20a¥)V NSAIDs have to cross the BBB
in order to cause these adverse side effects in the CNS. Thus , the investigation of the
NSAID permeability of the B BB is of high importance. These side effects may also
restrict their use by different polymorbid patients. On the contrary , the intake of
ibuprofen was reported to decrease the number ,of
the NSAID s maybe have to permeate the BBB (Dokmeci, 2004; Parepally et al. , 2006).
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1.3.3 Pharmacokinetics and use of NSAIDs

All of these NSAIDs can be used orally , parenterally , rectal or also , some of them
can be used locally. By per os dosage, which is most common , the substances are very
good absorbed from the digestive tract. The protein plasma binding is very high :
generally about 98-99 % and can cause intera ctions with other drugs (e.g. war farine, oral
antidiabetic s, sulphonamides etc.). The distribution into other tissues and b ody fluids is
very good. Also the transport into the CNS for several substances is remarkable. The
passage through placenta can cause negative effects on the foetus. The degradation
follows in liver and the active substances are metabolised into inactive s  ubstances by
using isoenzymes CYP3A4 or CYP2D6. Just a very small percentage of the active
substance (5-10 %) can be eliminated without any changes by stool or urine. The half
lives for the oxicams are about 20 -70 hours, so they can be dosed once or twice a day
(Olkkola et al. , 1994; Guentert et al. , 1987). The half lives for ibuprofen and diclofenac
are about 1-2 hours, so their use is mainly three or four times a day. More details about

half lives are shown in the Table 1.1 before.

Probably the most used NSAID is ibuprofen, which is known for several years ,
belongs to OTC drugs and shows fewer side effects. It is used for reduction of fever , acute
pain, dysmenorrhoea, pain of muscles, post-surgical and chronic pain and inflammation.
Sometimes is ibuprofen combined with other drugs , e.g. with pseudoephedrine to

overcome flu-like symptoms.

Further, NSAIDs are used also for treatment of osteoarthritis and rheumatoid

arthritis , long-term inflammatory diseases generally and gout.
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2 AIM

It was observed by patients using ibuprofen by long-term treatment of
rheumatoid arthritis that they suffer | ess
persons with the same age without any need to use ibuprofen (or any other NSAIDs) for
longer time (Dokmeci , 2004). That pointed to the fact that ibuprofen is passing the BBB

and is reducing the beta -amyloid plaques in the brain (which are connected with the

genesi s of Al zhei mer 6s di sease) . Thi s findi

conditions under which and how is  ibup rofen passing the BBB in more detail.

Considering some studies about ibuprofen the question arose if other NSAIDs
could have the same potential. This was supported by the increasing use of NSAIDs
during long -term treatment of diseases. Up to no w, no systematical compact study
including more than three substances to prove permeation abilities of NSAIDs across the

BBB and to compare them in single and group studies was made.

Thereby, the aim of this diploma thesis was to investigate and compare the
abilitie s of NSAIDs to overcome the BBB. These studies involved seven different NSAIDs
(celecoxib, diclofenac, ibuprofen, lornoxicam , meloxicam, piroxicam and tenoxicam),
which were tested in single studies each as well as in group studies (except lornoxicam )
under different conditions. For example , the amount of applied organic solvent , the
dependence on serum protein content and on the presence of astrocytic factors , varied
substance group compositions and the influence of transporter inhibitors should be

explored.
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3 MATERIAL AND METHODS

3.1 Material

3.1.1 Cell line ECV304

The ECV304 cell line was reported as a spontaneously transformed human
umbilical vein cell line , which was obtained from the European Collection of Cell
Cultures. If the cells are co -cultured with rat C6 glioma cells or astrocyte conditioned
medium (ACM) is used as a growth medium , they exhibit increased TEER values (Hurst ,
Fritz , 1996). It was found out that while co -culturing with astrocytes , the glucose
transporter GLUT -1 and gamma glutamyl transpeptidase were up -regulated (Kuchler -
Bopp et al., 1999). While co-culturing with C6 cells , P-glycoprotein (P -gp) and tranferrin
receptor were also expressed. Typical morphology of the ECV304 is shown in the F igure

3.1. Information about used growth me dia is mentioned in further parts  (3.1.2).

Figure 3.1 Confluent ECV304 under the light microscope.
For this cell line their cobble stone morphology is typical.
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3.1.2 Media

For all experiments three types of media were used. Another special medium was
used for freezing of cells.

3.1.2.1 PBMEC minus (= without) Fibronectin  medium

This medium was used for general treatment of the cells as cultivating , media
changing, spitting and seeding them. In the Table 3.1 exact volumes of different

components of the medium are listed. The medium was always prepared under sterile

conditions and was stored at4 A C. B e f,d was prai-wamed to reach the 37 A C.
PBMEC minus Fib medium For 500 ml
HamEs F12 103.75 ml
IMDM 103.75 ml
200 mM L -glutamine 17.50 ml
10 mg/ml Holo -transferrin 250. 00
1000 U/ml Heparin 250. 00
NCS 19.00 ml
10 000U/ml  Penicillin ; 10 mg/ml Streptomycin 5.00 ml
250 Og/ml Amphotericin B 500.00
ACM (collected supernatant of C6 medium, sterile) 250.00 ml

Table 3.1 PBMEC minu s Fibronectin medium

3.1.2.2 C6 medium

C6 medium was used for carrying out the transport experiment except one
experiment , where PBMEC minus Fib -medium was used and another one , where C6
medium was prepared without serum. In the Table 3.2 below , exact volumes of all
compounds are listed. The handling with the medium was always under sterile

conditions.

26



C6 medium For 1000 ml
HamEs F12 439.00 ml
IMDM 439.00 ml
200 mM L -glutamine 35.00 ml

10 mg/ml humane Holo  -transferrin 500. 00
1000 U/ml Hepar in 500.00
NCS 75.00 ml

10 000U/ml Penicillin; 10 mg/ml Streptomycin 10.00 ml
250 Og/ml Amphotericin B 1.00 ml

Table 3.2 C6 medium

3.1.2.3 C6 medium without serum

This medium was prepared and used only during one transport experiment to
investiga te the ability of different substances to bind to the plasma proteins and to see
the effect on their ability to cross the BBB when the free fraction of the substances was
higher. The only difference to the usual C6 medium is that no NCS was added. Exact
in the Table 3.3.

volume compositions of all solutions are

C6 medium without serum For 260 ml
HamEs F12 124.00 ml
IMDM 124.00 ml
200 mM L -glutamine 9.10 ml

10 mg/ml humane Holo  -transferrin 130. 00
1000 U/ml Heparin 130.00
10 000U/ml Penicilli n; 10 mg/ml Streptomycin 2.60 mi
250 Og/ml Amphotericin B 260.00

Table 3.3 C6 medium without serum

3.1.2.4 Cryo medium

This medium was used only for freezing the cells to store them at

N2. For this purpose, sterile DMSO was mixed with sterile NCS to get a final

concentration of 7 % (v/iv) DMSO.
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3.1.3 Trypsin/EDTA solution

This solution was used for detaching the cells from their growth surface area

during splitting. It was stored sterile. Composition of the solution is describe d in the

Table 3.4

Trypsin/EDTA solution For 200 ml
10x Trypsin/EDTA solution 20.00 ml
10x HBSS 20.00 ml
sterile PBS 154.00 ml
1 M Hepes 2.00 ml

7.5 % (v/v) bicarbonate 2.00 ml

10 000 U/ml Penicillin. 2.00 ml

10 mg/ml Streptomycin

Table 3.4 Tryp sin/EDTA solution

3.1.4 Coating

Sterilin disposable pipettes;
10ml, 25 ml

Berlworld Scientific [dt , Stone,
Staffordshire , STO5A, UK

Falcon Tissue Culture Plate , 6 well ,

flat bottom with low evaporation lid , Sterile

Becton Dickinson Austria GesmbH ,
Am Concorde Park E1/7 , A-2320
Schwechat

Falcon Cell Culture Insert , 6 well format ,

1T m por estiile e

Becton Dickinson Austria GesmbH ,
Am Concorde Park E1/7 , A-2320
Schwechat

150703 Collagen bovine 3 mg/m |

MP Biomedicals , Inc.
29525 Fountain Pk wy, Solon, Ohio, 44139

Table 3.5 Materi al used for coating

Solution:

Collagen solution 0 .14 mg/ml 7.6 ml PBS

Spritzenfilter

3 6 2 Qollagen bovine
Syringe (100 ml )
Cannule for injection

2 blue tubes (50 ml )

sterile 0.2 2 1

Table 3.6 Composition of ¢ ollagen solution
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3.1.5 Cell media

IMDM , Ha mE s , E(%) Blutamine ,
NBS, Trypsin/EDTA ,

Penicillin /Streptomycin

HEPES buffer , PBS buffer , all ste rile

Gibco BRL Life Technologies ,
now invitrogen L .T.,

Hirschstettengasse 44/1 , A-1220 Vienna

51550 Heparin Sodium salt

Fluka BioChemica

from porcine intestinal mucosa , 250 mg

SIGMA -ALDRICH Handles GmbH |
TO0665 holo -Transferrin human Hebbelplatz 7 , A-1100 Vienna

Merck GmbH , Zimbagasse , A-1147
DMSO p .a. Vienna

SIGMA -ALDRICH Handles GmbH ,
A2942 Amphotericin B solution , 50 m | Hebbelplatz 7 , A-1100 Vienna

Table 3.7 Cell media

3.1.6 RP-HPLC

DGV -20A5/Prominence Degaser Shimadzu
SIL & 20AC/Prominence Auto Sampler Shimadzu
CTO 0 20AC/Prominence Column Oven Shimadzu
SPD 8 20A/Prominen ce UV detector Shimadzu
RID & 10A/Shimadzu Refractive Index Shimadzu
Detector

CMB 9 20A/Prominence Comunications Bus Shimadzu

Module

820975 -906 Norrowbore HPLC Column

INULA Instrumentelle Analytik ,

5 Om pore size
LichroCART 4 -4 precolumns

2.1 x 50 mm packed with Zorbax SB -C85 1T |L° wenbur g gAaXi24aVied
821125 -915 HPLC Column 2 .1 x 12.5 mm INULA Instrumentelle Analytik ,
packed with Zorbax SB -C85 T m L°wenbur gglak8aVieR
Lichrospher column 100 RP  -18, 250 x 4 mm

Merck KGaA (Darmstadt, Germany

Table 3.8 RP-HPLC components
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3.1.7 Substances

a kind gift of Dr . Maierhofer (AGES

Celecoxib PharmMed , Vienna , Austria)
a kind gift of Dr . Maierhofer (AGES
Diclofenac PharmMed , Vienna , Austria)
Ibuprofen 11892 , Sigma-Aldrich , Vienna , Austria
a kind qgift of Dr . Maierhofer (AGES
Lornoxicam PharmMed , Vienna , Austria)
Meloxicam M3935 , Sigma-Aldrich , Vienna , Austria
Piroxicam P5654 , Sigma-Aldrich , Vienna , Austria
Tenoxicam T0909, Sigma-Aldrich , Vienna , Austria
a kind gift of Dr . Maierhofer (AGES
Diazepam PharmMed , Vienna , Austria)

5(6)-Carboxyfluorescein

21877 , Fluka , Buchs , Switzerland

a kind gift of Dr. Maierhofer (AGES

Probenecid PharmMed, Vienna, Austria)
a kind gift of Dr. Maierhofer (AGES
Verapamil PharmMed, Vienna, A ustria)

Table 3.9 List of substances used for experiments

3.1.8 Others

8404 , HPLC-analyzed , Malinchrodt Baker
Methanol B.V., Deventer , Holland

8257 , Malinchrodt Baker B .V., Deventer ,
Acetonitril Holland
Sterilin disposable pipettes: Barloworld Scienti fic Limited
10 ml and 25 ml Staffordshire , UK

Eppendorf Research pipettes

Eppendorf AG , Hamburg , Germany

Cell Star sterile PP -test tubes , 15 ml

Greiner Bio -One GmbH , Germany

Cell Star sterile PP -test tubes , 50 ml

Greiner Bio -One GmbH , Germany

Vortex centrifuge

Scientf ic Industries Inc ., Bohemia ,
NY, USA

Table 3.10 Other chemicals and equipment used during studies.
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3.2 Methods

3.2.1 Treatment of the cell culture's flask

3.2.1.1 Coating of T25 flask

2 ml of 1 % sterile gelatine solution were added in a new sterile T25 flask to cover
the whole surface area equally . The flask was incubated at least for 20 minutes at room
temperature . After the gelatine solution was removed , the flask was ready for cell

seeding. The coating was done in the laminar flo w cabinet to ensure the sterility

3.2.1.2 Cell subcultivation

If the cell layer was confluent in the T25 flask , the cells were ready for
subcultivation (splitting) . All solutions used for the splitting  were at first pre -warmed at
37AC i n a war eritonrgachahe aeeded temperature and thereby to prevent
the cells from a temperature shock . The old growth medium was removed from the flask
and the surface was washed with 2 ml sterile PBS twice . After that , 2 ml of
Trypsin/EDTA solution were added and the flask was incubated for 3 & 5 minutes while
morphology was observed microscopically . When the cells were spherical , solution was
removed. The flask was knocked onto the table to detach the cells from the growth
surface. 5 ml of new growth medium were added, the surface was washed at 9 points to
detach all cells and the cell suspension was homogenised by pulling up and pushing
down the medium at least for 20 times . Required volume of the cell suspension was
transferred into a new , gelatine coated T25 flask, usually in a ratio 1:10 or 1:20 . The
volume in the new flask was completed with growth medium to reach the total volume of
5 ml. The flask was shaken gently to disperse the cells in the whole area . The labelled
flask was placed into the incubator forcu |l t i vat i 0,5 % fir/53&COAaDd 96 %
humidity .
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3.2.1.3 Change of the growth medium

For the first time the medium was changed the day after cell splitting . Since that ,
the medium was changed every second day until the cell layer was confluent  again and it
was needed to split the cells . Before every medium change , the medium was pre -warmed
by 37 AC in a withelamigar air ddwi ncabinet the old medium was
removed from the flask and 5 ml of fresh growth medium were added . The flask was

replaced into the incubator .

3.2.1.4 Cell freezing

The cells could be frozen in a T25 flask directly , but only for a short period (max
4 months) . In this case , the growth medium was removed and the flask was filled with 2
ml of cold cryo-medium.The f | ask was given into a fridge (4

placedintoa -80 AC freezer

If the cells should be stored for more than 4 months, the process must be
different . At first , the growth medium was removed from the T25 flask with confluent
cell layer . The surface was washed twice with 2 ml of sterile PBS and after that 2 ml of
Trypsin/EDTA solution were added . The flask was incubated for a couple of minutes (3 -
5) while morphology was observed under the microscope . When the cells were spherical ,
solution was removed . The flask was knocked onto the table to detach the cells from the
growth surface . Af t er 6 ml of c¢cryo me,dhe celis wéretresdsfiendedve r e a d
and homogenised. The suspension was filled as 1 .5 ml portions in each cryovial . At first ,
the cryovials were stored i n,than rdplacedigie -8(04 ALC) f

freezer, where they stayed overnight and finally given into a liquid nitrogen filled dewar

3.2.1.5 Cell thawing

The flask was taken out fromthe -80 ACz efrr eeend i ncubated at 37
medium was removable . The medium was removed and 5 ml of fresh pre -warmed growth

medi um (37 AC.)Nexivday tiee cellsinere splitted

If the cells were stored for longer time , they were in cryovials placed in liquid

nitrogen . From there the cryovials were transferred into an  incubator ( 3 7 . W@ the
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cell suspension was removable , the whole content was removed in a new with  gelatine
coated T25 flask filled with 5 ml of pre -warmed growth medium . Next day the med ium

had to be changed.

3.2.2 Transwell model

The transwell model consisting of a 6 -well plate with six according inserts was
used for cell cultivation for experiments . The inserts were placed into the chambers of
the 6-well plate and represented the don or chamber of the substances . The plate with six

chambers represented the acceptor compartment of the substances (Figure 3 .2).

The inserts had on the bottom a semi -permeable me mbr ane with 1 Om

and with a total growth area of 4 .2 cmz2.

\ T Insert
Plate WWell

M emhrate

Figure 3.2 Transwell model
Left is the transwell model with  six chambers. Right is the image of an insert and a view from the side
Source (Beckton and Dickinson , 2009)

3.2.2.1 Coating of inserts for the transwell model

At first , the inserts were placed into the plate . Both the 6 -well plate and the
inserts in the original unbroken wrapping were placed into the laminar air flow and
opened there. Every insert was touched via tweezers, which was sterilized in a flame

before. After replacing two or three inserts , the tweezers were sterilized again .

When all inserts were already in the 6 -well plate , the coating could follow . The
insert s were coat ed .img/ml cdldgén, Which wa$ disBolved in sterile
PBS. Every portion of collagen was added to each insert with a pipette using a new

sterile tip . Finally , the plate was shaken gently to cover the whole surface of the inserts
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Then,t he pl ate was i ncub at.&fler dn@hour the supematantd of

collagen were removed and the plate was ready for cell seeding .

3.2.2.2 Cell seeding

The required amount of cells for the experiments was 80 000 cells/cm2. The exact
amount of cells, which had to be given into the inserts , had to be determined via cell
counting. 20 Ol of sian | per caauntirgy pckamber were added into a Thoma
chamber slide and the total number per chamber was established . The average of both

per chamber was multiplied by 104 to obtain the amount in cells/ml

The confluent cells from a T25 flask were used for th e seeding. The medium was
removed from the flask , the surface was washed twice with 2 ml of PBS and then 2 ml of
Trypsin/EDTA solution were added . When the cells were spherical , the solution was
removed. The flask was knocked onto the table to detach the ¢ ells from their growth
area. 5 ml of fresh growth medium were added and the cell suspension was homogenised
and transferred into atesttube .From this suspension 20 Ol

chamber for counting the cells under the microscope

Every w ell of the 6 -well plate was filled with 3 ml of pre -warmed growth medium
and inserts were filled only with 1 ml . Only in three inserts the precalculated amounts of
cell suspension was added (usually less than 1 ml). The other three inserts were used as
a blind control . There were treated in the same way as the inserts with cells all the time
When the required cell amount was added into the three inserts for cell cultivating , all
inserts were filled with growth medium to the total volume of 2 ml . The plate was
shaken gently and placed in an incubator . The cells grew there for 14 days until they

were tight enough for an experiment

Every plate was always labelled with the name of the cell line , passage and
generation of the cells , date and short cut of my na me (ECV304, Pxx, Gyy, date, IN). It

was also important to differ somehow the inserts with cells from that without cells . The

37 AcC

wer e

conditions for growing i 5% € anddsechunbdayt.or wer e 37
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3.2.2.3 Medium change in the transwell model

Usually , the medium was changed immediately the next day after the cell seeding
and since that every second or third day . As mentioned before , the blind inserts and the
inserts with cells were treated in the same way , what includes the medium changing as

well.

The 6-well plate was taken out of the incubator and the cells were checked under
the microscope. Then the plate was placed into the laminar air flow . The growth medium
waspre-war med by 37 AC at | east for 30 .Theinsertses bef c
were emptied directly into to waste bottle by using a  tweezers sterilised in the flame
before. Empty inserts were placed into another empty sterile plate just to stay there
until the medium was changed also in the chambers . After emptying of two or three
inserts the tweezers was sterilized again . When all inserts were empty , the medium from
the wells was aspirated by using a pipett e boy and removed into the waste bottle . Next,
each well was filled with 3 ml fresh medium again . Then, the inserts were replace d from
the empty plate back into the original plate with fresh medium in the chambers . This
replacement was made again by using the sterilised tweezers. If the inserts were back in
the original 6-well plate , they were filled with 2 ml of fresh medium as we Il. The medium
was added were carefully , not directly on the cells , but along the insert wall . Finally , the

plate was placed back into the incubator , if the TEER measurement did not follow

3.2.2.4 Measurement of the Transendothelial/Epithelial

Electrical Resistance (TEER)

TEER is a significant characteristic of the integrity of the cell layer . The hig her
the TEER was the tighter the cell monolayer was and the more the permeation was
restricted even for ions . The values of TEER were observed starting at da y 7 every
second day and they were rising up until the day of the experiment (day 14) . The final

TEER value could influence the process of the experiment itself
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Figure 3.3 The scheme of the apparatus for the TEER measurement .

TEER was measured via a M illipore Millicell Electrical Resistance System (ERS
Millipore Vienna) . The apparatus consists of two electrodes, where one of them is longer
than the other one. Usually , the electrodes were stored in a test tube with 70 % (v/v)
ethanol and before every m easurement they were replaced into a test tube with the same
growth medium used for cell cultivating for at least 30 minutes . Before every
measurement the medium in the 6 -well plate was changed and the plate was incubated
by room temperature for 1 hour (be cause the electrical resistance is temperature
dependent). While the measurement , the electrodes were placed into the insert (shorter
part) and the well (longer part) . After the resistance was measured in the three blank
chambers, the electrodes were put i nto ethanol for app . 10 seconds and then immediately
into the growth medium again . Then, the measurement followed by the inserts with cells
(Figure 3.3). The values from the blank inserts were used for calculation of the real
resistance of the cell monolay er. The resistance values were multiplied by surface area to

get the TEER values in Ohm*cm 2(see the formula below) .

TEER [ N*@BER c 0 average TEER biank) * surface area (4 .2 cm?)
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3.2.3 Transport studies

3.2.3.1 General procedures by the transport experiments

On the day 14 experiments were carried out . Before the experiment was started
the medium in the 6 -well plate was changed, the plate was incubated by room
temperature for 1 hour and then , TEER was measured . The last TEER measurement

was important to confirm the usability of the cells for the experiment

Although the cells were cultivated in PBMEC minus Fib medium , usually for the

experiments C6 medium was used if not mentioned otherwise

Six clean non -sterile 6 -well plates were filled with 3 ml of C6 medium and were
put into incubat or.AfteBtfe TBER)Wwasfdetarmined e thehinsaits were
emptied directly into the waste bottle by using  tweezers and the plate was taken out of
the laminar flow box . The following steps of the experiment were not made under sterile
conditions anymore . The six plates with pre -warmed medium were taken out of the
incu bator. Every empty insert was placed into one of these 6 plates so that every insert
was in one plate . All plates were labelled to recognise which inserts were in which
plates. Next, the inserts were filled with 2 ml of experimental solution , which was
prepared before by using also C6 medium (if not mentioned otherwise) as vehicle of the
substances. Thi s sol ution was al so .prheefilirg aftthe dhsedst
followed always in the same order , started by filling the blank inserts (1 till 3) and
thereafter filling the inserts with cells . When the first blank insert was filled , the time
started to be measured . An interval of 30 seconds was always kept between filling each

insert . It was very important to follow up the exact time , every time var iance was noted.

When all inserts were filled with experimental solution , the plates were carefully

placed back into the incubator , where they stayed until the experiment was finished

The inserts were transferred via tweezers in the next well every 40 m inutes,
overall 6 times and the whole experiment took 4 hours . The order of replacing was
always in the same direction and it was symbolized on the lid of the plate to avoid

mistakes .

Shortly before the end of the experiment , all plates were taken out of the
incubator . In the exact time order , the inserts were taken out of the plates and were put

into an empty plate . Immediately the supernatants from the inserts were aspirated and
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transferred into eppendorf vials . With collecting the last supernatant from  the insert the
experiment was finished and the time was not observed any more . Also from all
chambers from all six plates samples of the medium with migrated substances were
collected into eppendorf vials . All vials were labelled corresponding to the trans ferring
order of the inserts (42 samples). Finally , a sample of pure C6 medium and of
experimental stock solution was collected as well . Before any other use , samples were
stored in a. fridge (4 AC)

3.2.3.2 Internal standards

To normalize the permeabilit y data of NSAIDs internal standards  diazepam and

carboxyfluorescein ( CF) were used to minimise the infl

Diazepam is a very lipophilic substance , which can pass transcellularly the BBB
via passive diffusion . Diazepam was dissolved in methanol . The sterile filtered stock

solution was 10 mM . This solution was added into the experimental solutions every time

Carboxyfluorescein was reported as a fluorescent marker for the paracellular
transport route . It was dissolvedinwate rto get a concentbuanotisterie o f
filtered . This solution was added also to test solutions except one group study to
investigate the influence of the CF on the transport abilities of the substances . The

chemical structure and molecular wei ght is shown in the Table 3 .11.

Substance Structure MW [g/mol]| Half life [hours]
HO ] 0 l OH
Carboxyfluorescein Y 0 376.32 -
0O N
T="%
HO
)
N N—"

Diazepam \ | 284.74 30 - 80

Cl

Table 3.11 CF and diazepam used as internal standards
Source ( L i n cFargh@lietal ., 2007)
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3.2.3.3 Stock solutions with test substances

Tested substances were dissolved either in water (Aqua purificata) or in DMSO ,
which differed from their physical -chemical characteristics . Diclofenac was dissolved in
water and the final concentration of the stock solution was 3 mM . lbuprofen and
meloxicam were also dissolved in water and the final concentration of each solution was
10 mM. Tenoxicam and piroxicam were dissolved in DMSO and the concentration of each
solution was 10 mM . There was prepared another solution of tenoxicam and piroxicam ,
where the substances were mixed together in DMSO and the final concentration was 100
mM . This solution was used for the group studies . Two solutions of celecoxib dissolved in
DMSO were prepared . One with a concentration of 10 mM , which was used for single
study, and another one with concentration of 100 mM us ed for group studies . All water

solutions were sterile filtered .

These stock solutions were used for preparing the test solutions as necessary . The
test solutions contained al ways 1aditodaV D% t he
DMSO (except one group st udy with 0 .1 % DMSO to check the influence of DMSO) . As
internal standards diazepam ( 1 0 0 O Mhrboryfludrescein ( 5 OM) wer e al so
the solutions (except one group study without CF) . The vehicle of the substances in the
test solution was usually C6 medium (if not mentioned othe rwise). The solutions were

prepared under sterile conditions

3.2.3.4 Specific blockers used for transport group studies

During two group studies specific transporter blockers were used

In one study probenecid was added. Probenecid is used for the trea tment of gout .
In cell biology probenecid is a useful blocker for the transport of organic anions by OATs
or MRP transporter systems . Probenecid as an organic acid may compete with other
organic acids and if it binds to an appropriate transporter it makes it unavailable for

other substances.

In another study verapamil was used. Itis an L-type calcium channel blocker . By
inhibiting the voltage dependent Ca 2* channel, it leads to smooth muscles relaxation and
though it causes negative inotropic and chronotr opic effects on the heart . On the other

hand, verapamil can inhibit also efflux mechanism of P -glycoprotein. Verapamil is
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usually used for the treatment of angina pectoris , hypertension and cardiac arrhythmia .
It can also be used as a vasodilatator general ly and by regular use it protects from chest
pain. It was also reported that verapamil could be used as an alternativ e medicine
instead of v alproic acid or | ithium for treatment of mania and hypomania in pregnant

patients ( Giannini et al ., 1984; Giannini e t al ., 2000).

Probenecid as well as verapamil was dissolved in DMSO to reach a final

concentration of 100 mM of the stock solutions .

The Table 3.12 shows chemical structures , molecular weights and plasma half

lives of probenecid and verapamil .

Substance Structure MW [g/mol] Half life [hours]
]
. OH
Probenecid qu/L 285.36 3.5 8 1
WN"‘S\_\D

LI

. M, |
Verapamil /O&N N 491.06 2 & 7.
\O \/@[O/

Table 3.12 Data of probenecid and verapamil
Chemical structure , molecular weight and plasma half lives of verapamil and probenecid used in the studies
as specific blockers of transport mechanisms .

3.2.3.5 Fluorescence measurement

To obtain the permeabilit y of CF, the fluorescence of the samples were measured

by a microplate reader (BMG , excitation: 485 nm , emission: 520-535 nm).

Three times 100 ni of each sample were pipetted into the fluorescence plate at
room temperature and were measured. Also the stock solution of mixed substances and

the pure medium used for the experiment were analysed

The fluorescence data were used for determination of the clearance . The
calculation and determination of PS and PE values for CF was the same as for single
substances and diazepam determined by RP-HPLC , which will be mentioned in section

3.2.3.7.1.
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3.2.3.6 Reversed-phase high performance liquid
chromatography (RP -HPLC)

The parts of the RP -HPLC apparatus (pump , autosampler, detector, column

thermostat , columns) are lis ted in section 3 .1.6.

Acetonitril (ACN) or methanol (MeOH) mixed with potassium phosphate buffer
pH = 2.5 (except single study wit h celecoxib, where the pH was 3 .5) were used as
eluents. The eluents were degassed by ultrasonic treatment for at least 20 mi  nutes
before use. The used ratio of ACN :buffer or MeOH :buffer was tested before each
measurement. A mixture 50:50 of a cetonitril and water was used for washing the
injection needle . Every sample was measured three times and the average of the

obtained peak areas was used for the calculation of the permeability coefficients

Before HPLC analysis , the samples had to be purified . 500 m of each sample were
transferred into a new eppendorf vial . 500 m of acetonitril or methanol were added
(dependent on which solvent was used as eluent) and vortexed . Sampl es stayed at
at least for 30 -60 minutes to support the process of precipitation . After that , the samples
were centrifuged at 12 000 rpm for 10 minutes and supernatants were collected into
HPLC -vials. Then, samples were ready for analysis and until that  time, they were stored
at 4. TaAI€ 3.13 summarises the conditions of the HPLC -methods for each single

transport experiment .
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RP-HPLC methods

Buffer Buffer ACN | MeOH [ Time t Flow rate Type of
No Datum pH [%0] [%0] [%0] [min] [ A{ [ml/min] study
1 |[13/11/ 2008 2.5 40 60 - 10 25 1 single
2 |20/ 11/ 2008 2.5 40 60 - 10 25 1 single
3 |27/11/ 2008 2.5 53 47 - 13 25 1 single
4 | 4/ 12/ 2008 2.5 53 47 - 13 25 1 single
5 |11/12/ 2008 2.5 42 58 - 10 25 1 single
6 |18/ 12/2008 2.5 46 54 - 10 25 1 single
7 3/2/ 2009 2.5 56 44 - 15 25 1 group
8 10/2/ 2009 2.5 56 44 - 15 25 1 group
9 17/2/ 2009 2.5 40 - 60 18 25 1.3 group
10 | 24/2/ 2009 3.5 35 - 65 15 25 1 single
11 3/3/ 2009 2.5 40 - 60 15 25 1.5 group
12 | 10/3/ 2009 2.5 40 - 60 16 25 1.3 group
13 | 17/3/ 2009 2.5 40 - 60 16 25 1.3 group
14 | 24/ 3/ 2009 2.5 40 - 60 18 25 1.3 group
15 | 31/3/ 2009 2.5 40 - 60 18 25 1.3 group
16 | 21/4/ 2009 2.5 40 - 60 18 25 1.3 group

Table 3.13 represents the conditions of RP -HPLC measurement by every study .

Ultraviolet ( UV) detection of the RP-HPLC was set up to three wavelengths 0
220, 254 and 370 nm. Diazepam, ibuprofen and diclofenac were detected at 220 nm
during single and group studies . Celecoxib was detected at 254 nm during single study
(Zarghi et al ., 2006) and during the group studies at 220 nm . Tenoxicam, meloxicam and
piroxicam were detected at 370 nm during both types of study . Exact composition of
eluents and further conditions of the analysis are shown in the Table 3  .13. Injection
volume was changing in relation to the used column . While using the column of length
250 x 4 mm (Lichrospher) , the injection volume was 50 ni; except analysing samples from
single study with celecoxib, where the injection volume was 100 n (to allow better
detection of celecoxib peaks). When the used colu mn was only 150 x 4 mm long (Zorbax) ,
the injection vol ume .Vha tmedfdhe analgsesevatiedtirom 1@ Ol
20 minutes. Normally , the Lichrospher column was used for the single substance
studies, whereas the Zorbax column was applied for group substance studies . The pre-
column of the Zorbax column was changed after an increase of app . 10-20 bar of the

pressure in order to ensure long lifetimes of the column.
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general permeation abilities to cross the used BBB

generations of the cell line are also mentioned in the Table 3

3.2.3.7 Single studies 9 conditions, calculations

At first , single studies for each substance were carried out to investigate their

/n vitro model.

Each solution consisted of 100 nM substance of the according NSAID , 100 nM
diazepam, 5 nM CF, 1 % DMSO in C6 medium (Table 3 .14). Used passages and

.14. Generation means how

many passages the cells had been cultivated in minus Fib Medium

No

Datum

ECV passage

Generation

Study

Composition of the solution

13/ 11/ 2008

152

11

single

100 OiMofenac
100
1 % DMSO

in C6 medium

Disvrepam, 5

OM CH

20/ 11/ 2008

153

12

single

100 (bprofen
100
1% DMSO

in C6 medium

Disrepam, 5

OM CH

27/ 11/ 2008

154

13

single

100 BiMxicam
100
0.98 % DMSO

in C6 medium

Disvrepam, 5

OM CH

4/ 12/ 2008

155

14

single

100 Davoxicam
100
1 % DMSO

in C6 medium

Disvrepam, 5

OM CH

11/ 12/ 2008

156

15

single

100 ®aloxicam
100
1 % DMSO

in C6 medium

Dikrepam, 5

18/ 12/ 2008

157

16

single

100 Odvhoxicam
100
1% DMSO

in C6 medium

Dikrepam, 5

24/ 2/ 2009

164

23

single

100 Odlecoxib
100
1% DMSO

in C6 medium

Oikvepam , 5

Table 3.14 Overview of experimental conditions

The table describes every single study including the passage and generation of the used cell line and fu
components of the experimental solutions

. During the preparation of the test solution with
mistake occurred and the final amount of DMSO was only 0 .98 %.
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3.2.3.7.1 Calculation of the permeability coefficient ( PE)

During the experiment , the inserts as donors of the substances were transferred
at certain time intervals into following wells with medium only , which represented the
acceptor chamber. The calculation of the permeability coefficients is based on the clearance

principle. At first,the clearance had to be calculated.

Inphar macokinetics clearance [ ¢l /amount] s

of biological fluids (plasma or blood) totally cleared from a substance during a certain time.

I n the following described calcul ati on,
clearance. Although this is maybentradictoryto the classical definition of the clearance, it
is routinely used like this in the BBfeld and in our group's practic€or the purpose to

calculate the clearance, the following equation was used (1) (Neu haus et al., 2006).

Q) Clearancea*VAICd = (C
Ca... concentration in acceptor chamber
Va...total volume in acceptor chamber

Cpo...concentration in donor insert

By using integrated peak areas, the calculation was a little different . The peak
area for a certain time point ( Peakareat) - 40 to 240 minutes - was multiplied by the total
volume in the wel/l (3 ml = &ed 0fahe ubstancain the di vi de «
stock solution (3000/Peakarea st) (2).

2) Clearance[i | ] kareB:¢ €3000/Peakareasr.)

By replacing th e inserts in time, the concentration in the donor insert was sinking
equally to the number of transferring steps. To take this into account , by any further
time point was from the Peakarea st subtracted the summation of the p eak areas from
the time po ints before and multiplied by 1 .5, which is the ratio between the two different
volumes in the well a nd in the insert (3000/2000 = 1 .5) (3).

3 Clearance [ 1 | kareaP*d300/Peakareast. - x P ekareat1* 1.5
(

To get the final clearance value , all clearances by different time points were

summed up. Table 3.15 shows an example for the clearance calculation of piroxicam .
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Calculation of clearance for piroxicam

Time [min] 0 40 80 120 160 200 240 240
Cell -Well CA

MW Peakarea 58985 .67 58021 .67 60055.00 62501 .33 49715.0 61941.7 1114802 .7
Clearance 108.34 112 .67 123.59 137.09 117 .07 154 .93 3022 .51
Clearance Sum 0 108.34 221.02 344 .60 481 .69 598.76  753.69 3776 .21
Time [min] 0 40 80 120 160 200 240 240
Cell -Well CB

MW Peakarea 49386 .67 57442 .67 68036 .00 64402 .00 51738.0 55482.0 1161880 .3
Clearance 90.71 110.52 138.56 140.92 121.79 139.07 3130 .07
Clearance Sum 0 90.71 201.23 339.79 480.71 602 .50 741 .57 3871 .64
Time [min] 0 40 80 120 160 200 240 240
Cell -Well CC

MW Peakarea 48279 .33 61689 .67 64314 .33 59753.33 50279 .0 50640.7 1166178 .0
Clearance 88.68 118.56 131.40 130.67 117.63 125 .88 3093 .60
Clearance Sum 0 88.68 207 .24 338.64 469 .31 586 .94 712 .82 3806 .42
Time [min] 0 40 80 120 160 200 240 240
Cell -Well BA

MW Peakarea 199626 .3 154827 .6 112474 .0 96310 .3 96797 .6 63611 .0 792307 .67
Clearance 366 .66 348 .22 306 .29 309.70 368.30 296 .66 4338 .57
Clearance Sum 0 366 .66 714 .88 1021 .17 1330.87 1699.17 1995.82 6334 .40
Time [min] 0 40.0333 80 120 160 200 240 240
Cell -Well BB

MW Peakarea 192617 .3 195330 .0 116829 .6 109364 .0 70208 .6 74434 .3 767993 .33
Clearance 353.79 435 .87 333.35 374 .46 295.77 368.00 4653 .07
Clearance Sum 0 353.79 789 .66 1123 .01 1497 .48 1793.25 2161.25 6814 .32
Time [min] 0 40 80 120 160 200 240 240
Cell -Well BC

MW Peakarea 184785 .6 149031 .3 120677 .6 112724 .0 98721 .0 65481.0 827443 .33
Clearance 339.40 329.68 319.65 355.38 378.48 309 .64 4629 .50
Clearance Sum 0 339.40 669 .08 988.73 1344 .11 1722 .59 2032 .23 6661 .73

Table 3.15 Example of calculation of clearance

The table shows clearance for every well (CA to CC are three
without cells - blanks) in every certain time point

inserts with cell monolayer , BA to BC are three insert
. The peak areas were determined from chromatograms after

analysing the samples by RP -HPLC; it is the average from three values . Clearance is determin ed for any certain time

point . The final clearance is expressed by the sum , which shows an increasing trend .
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As shown in the graph (Figure 3 .4 - for piroxicam single study) there were six
different lines re presenting the increasing cleara nce in relation to the time . They
represent the three blank inserts (BA , BB, BC) and three inserts with cell monolayer
(CA, CB, CC). According to this data , the slope was calculated after linear regression
analysis by using Microsoft Excel program . Based on the obtained slopes, the PS values

were determined .

y=8.148¢+ 1725 100 M Piroxicam, 27/11/2008, ECV304
' y = 8.874x + 43.96 y=28557x - 15.31
5500 R2= 0.997 R*=0.999
——CA
CB
2000 s +cc
= 4500 —-BC
2 y = 3.285x - 50.48 BA
9 —Linearni(CA)
© 500 —Linearni(CB)
——Linearni(CC)
0 T . —Linearni(BC)
0 100 200 300 | —Linearni(BA)
y=3.212x-31.69 time [min]y = 3.136x - 38.44 | —Lineami(BB)
R2=0.998 R2= 0.999

Figure 3 .4 Data of piroxicam shown in a graph
Example of a graph showing the dependence of clearance on the time interval 40  -240 minutes .

The PS value represented the relation between the permeation and  the surf ace (PS =
permeability * surface). Of course there were two different PS values . PS-blind values were
calculated for blanks and PS ai were calculated for cell inserts . PSa represented the
permeability restricted by both cell monolayer and membrane of the insert. To get the
permeability of the cell monolayer only , these two reciprocal values were subtracted (1/PS cen
= 1/PSar - 1/PSpiank). 1/PScen was converted into PS cen (1/ 1/PScen). These values could be
finally converted into the corresponding perm eability coefficients PE [ O m/ mTher, the
PScen was divided by the surface ar ea of the insert (4 .2 cm?) and divided by 1000 to get the

dimension in [cm/min] . By multiplying this value with 10 000 PE in [ Om/ mi.n] was
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PE _PE PE
PS-blindvalue PS-all 1/PS -cell PS-cell  [cm/min] [ Om/ mi [cm/s]
Cell 1 8.1488 3.2122 0.18860 5.30235 0.00126 12.62464 | 0.00002104
Cell 2 8.8743 3.285 0.19173 5.21569 0.00124 12.41832 | 0.00002069
Cell 3 8.5572 3.1361 0.20201 4.95033 0.00118 11.78650| 0.00001964
Cell average 8.526766667 3.2111 0.19414 5.15087 0.00123 12.26397 | 0.00002044
St. deviation 0.363706205 0.074456
8.526766667 3.2122 0.19404 5.15370 0.00123 12.27071 | 0.00002045
8.526766667 3.285 0.18714 5.34370 0.00127 12.72310 | 0.00002120
8.526766667 3.1361 0.20159 4.96057 0.00118 11.81089 | 0.00001968
8.526766667 3.2111 0.19414 5.15087 0.00123 12.26397 | 0.00002044
St. dev. N 0.1915658 0.372412
St. deviation 0.456109
Average
3.2122 0.31131 3.21220 0.00076 7.64810 | 0.00001275
3.285 0.30441 3.28500 0.00078 7.82143 | 0.00001304
3.1361 0.31887 3.13610 0.00075 7.46690 | 0.0000124 5
- 3.2111 0.31153150 3.20995 0.00076 7.64273 | 0.00001274
St. dev. N 0.144746
St. deviation 0.177276
Average

Table 3.16 Example of calculation of PE values by piroxicam single study

The table represents the calculation of the PE according to the graph (Fig .3.4) for time interval 40 -240 minutes . PS-blanks
and PS-all were obtained from ca Iculation of the slope in the graph . 1/PScen is a reciprocal difference of PS a1 and PSpianks -
PScen devided by surface area and 1000 represents PE in [cm/min], which is further multiplied by 10000 to get the
di mension.[ Om/ min]

The Table 3.16 shows three parts . In the first one , all single PS vank values were used
for the calculation of PE . An average was made from the three final PE values (marked with
yellow colour on top). In the second (middle) part, an average of PSpianks Was used to minimise
the variability of permeability by blank inserts . The average of PE was marked with red
colour (first one) . In the last part , permeability for inserts containing cell monolayer and
insertds membr ane .Meace, the average walue d PEewas lower ( second red

marked line) , which corresponded well with presence of a larger barrier

Effect of correction:
EFFECT of Correction [%]
12.27071 7.64810 @ 160.4414
12.72310 7.82143 = 162.6697
11.81089 7.46690 | 158.1765

Average
2.2466 41 St. deviation
Table 3.17 Effect of correction for time interval 40 -240 minutes.
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Effect of correction was derived to demonstrate the influence of the collagen -coated
membrane (PSuiank). It was the ratio between PE cen and PE ai expressed in percent. The lower
the percentage was the higher the cell monol ayer 6

the | ess influence was cauisdafdTabley3.1¥)he i nsertds memb

Determination of clearance was also calculated for the time interval 0  -40 minute s. The
concentration during first permeation was the highest and by transferring further it was
decreased because of the loss of molecules according to amount of passing through the
barrier . The higher the concentration was the higher amount of substances  has passed the
barrier . This fact corresponded to increased slopes and just a lower increase of PE values
Anyway , the determination of permeability coefficients by two different time intervals offered
the possibility to observe the time influence on the t ransport studies . For example, clearance
data are demonstrated from the time interval 0 -40 minutes in form of a graph here (Figure
3.5) followed by Table 3 .18 and 3.19 with the calculation of PE values and determination of

the effect of correction .

Figure 3.5 Data of piroxicam shown in a graph
Example of a graph showing the dependence of clearance in the time interval 0 -40 minutes .
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