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INTRODUCTION — A LITERATURE REVIEW

1.1 INTRODUCTION

FOLIC ACID

Chemistry and structure

Folic acid, also known as pteroylmonoglutamate or vitamin By, is a water-soluble member of
B-complex family of vitamins. It is the most oxidized, stable and synthetic analog of the large
family of folates. The generic term ‘“folate” refers to the class of compounds having a
chemical structure and nutritional activity similar to that of folic acid [1]. Folates are
chemically labile compounds [2]. The stability of reduced folates is pH-dependent, being
most stable at pH>8 and pH<2 and least stable between pH 4-6. The chemical reactivity of
some folates makes the vitamin vulnerable to losses during food processing. The losses were
reported to occur via oxidative degradation induced by oxygen, light and heat. Oxidation
results in a splitting of the molecule into biologically inactive forms [1]. Because of its
chemical stability, folic acid is the form, generally used in vitamin supplements and in

fortified food products [3].

Pteroic acid

6-methylpterin p-aminobenzoic acid

Pteroylglutamic acid (Folic acid)

Figure 1.1 Structure of folic acid.

Folic acid consists of a 2-amino-4-hydroxy-pteridine (pterin) moiety linked via a methylene

group at the C-6 position to a p-aminobenzoyl-glutamate moiety (Figure 1.1). Folic acid has
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three dissociable groups on the molecule, the a- and y-carboxyl groups of the glutamyl
moiety with dissociation constants (pK, values) of 3.46 and 4.98, respectively, and the N-1
nitrogen in the pteridine moiety with pK, 2.38 [4]. Folate is vital in humans for several
metabolic reactions involved in the formation and transfer of one-carbon units [5]. Due to its
beneficial role in preventing a range of disorders, such as megaloblastic anemia, neurological
disturbances, neural tube defects, vascular diseases and thrombosis, it has attracted
widespread attention since years [6]. In nature, the vitamin exists primarily as reduced, one-
carbon substituted forms of pteroylglutamates, differing in substituent and number of
glutamyl residues attached to the pteroyl group. Most of the naturally occurring dietary folates

have a side chain of five to seven glutamate residues connected by y-peptide linkages.

Biochemical role of folates

Intracellular metabolism of folates involves:
e Polyglutamation
Before being stored in tissue or used as a coenzyme, monoglutamate folate is
converted to the polyglutamate form by the enzyme “folylpolyglutamate synthetase
(FPGS)”. This process is known as polyglutamation (also see below).
e Reduction of dihydrofolate (DHF) to tetrahydro- species
e One carbon transfer reactions
The main biochemical function of folates is the role in one-carbon transfer or methylation
reactions. There are five major one-carbon transfer reactions occurring within the cell.
Namely; conversion of serine to glycine, catabolism of histidine and synthesis of
thymidylate, methionine and purine. These reactions take place through various electron
transfer steps facilitated by specific enzyme systems and co-enzymes such as FADH,; and

NADPH [2].

Folates are present in blood as monoglutamates, primarily as 5-methyltetrahydrofolate (5-
MTHF). However virtually all cellular folates exist as long-chain polyglutamate derivatives.
In this biochemical transformation mediated by FPGS, glutamate molecules are added one by
one to the y-carboxyl acid moiety of the pteroylglutamate molecule. This change results in the
retention of these polyglutamyl derivatives in cells, because these are not substrates for folate

transport systems. The polyglutamyl derivatives of most natural folates are better substrates
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than their monoglutamyl form for tetrahydrofolate-cofactor-requiring enzymes. These are the

active forms of folate-cofactors in cells [7].

The rate and extent of polyglutamation in cells is determined by a variety of factors. First,
monoglutamate folate must be transported into the cell that is substrate for FPGS. The
concentration of free monoglutamylfolate is critical, as polyglutamates accumulate and
feedback inhibit FPGS. Natural folates utilize this enzyme to add glutamate residues. The
higher their level in cells, the lower is the rate of polyglutamation of the monoglutamate that
is present at much lower concentrations. At some point the level of polyglutamates in cells is
high enough to suppress the entry of monoglutamates into the polyglutamate pool completely.
At that point, the tetrahydrofolate-cofactor pool is at steady-state; the rate of monoglutamyl
glutamylation is equal to the rate of hydrolysis mediated by y-glutamyl hydrolase and the very
low rates of leakage from cells. The steady-state level varies among different tissues. For
example, tumor cells use folates rapidly as they divide. Other tissues such as liver and kidney,

serve mainly as storage depots for folates [7].

Before folate can carry a one-carbon unit, it must be reduced to the tetrahydro- form. This is
carried out by a single enzyme, dihydrofolate reductase (DHFR) (Figure 1.2) that reduces
folic acid to DHF and also DHF to tetrahydrofolate (THF). Folic acid is not a natural
compound but it is much more stable than the majority of the reduced folates. Folic acid is

also reduced to dihydro- and tetrahydro- forms by DHFR in order to serve as a vitamin [8].

Intracellular compartments where folate takes part in chemical reactions include both the
cytoplasm and mitochondria. Within the cytoplasm, folate is a cofactor in amino acid
metabolism, histidine catabolism, and the regeneration of methionine from homocysteine,
deoxyuridylate conversion to thymidylate, purine synthesis and the disposal of single carbon
species. Whereas in the mitochondria, folate is involved with the formation of glycine from
dimethylglycine, and serine as well as the oxidation of glycine to carbon dioxide and

ammonia [6].

The predominant plasma folate is 5-MTHF which is found in the cells together with other
THF cofactors. These THF-cofactors carry a one-carbon group at different oxidation states at
the N5 or N10 positions, or shared by both nitrogen atoms [7]. The folates get their one-

carbon groups from either the C-3 of serine or from formate (Figure 1.2).
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Figure 1.2 The biochemical pathways of folates [9].

The one-carbon substituted forms of folates are the most important forms since they play a
key role in the provision of one-carbon moieties for a variety of biosynthetic reactions within
cells. For example, 10-formyltetrahydrofolate (10-FTHF) is required twice during the de novo
biosynthesis of the purine ring. It provides two carbon atoms for the synthesis of the purine
ring [7]. Likewise, the conversion of the uracil-type base found in DNA is brought about by
the enzyme “thymidylate synthase” which uses the folate cofactor 5,10-
methylenetetrahydrofolate (5,10-MeTHF) as its one-carbon donor. Therefore, folate in its
reduced form “THF” is essential for the DNA biosynthesis cycle (Figure 1.2) [9]. 5,10-
MeTHF, alternatively, can be channeled up to the “methylation cycle”. On the one hand, this
cycle ensures that the cell always has an adequate supply of S-adenosylmethionine, which is
an activated form of methionine acting as a methyl donor to a whole range of
methyltransferases. These enzymes add a methyl group to a wide range of substrates such as
lipids, hormones, DNA and proteins [9]. On the other hand, the methylation cycle functions to
degrade methionine in the liver. Methionine is an essential amino acid and provided
exclusively through diet. Methionine is present in the usual diet in about 60% excess over

requirement for protein synthesis and other processes. This excess methionine is degraded via
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the methylation cycle to homocysteine. At that point, homocysteine can either be catabolized
to sulfate and pyruvate, or can be remethylated back to methionine. Whether homocysteine is
degraded or conserved by its remethylation back to methionine depends on how well the cycle

is maintaining intracellular S-adenosylmethionine [9].

In this latter reaction, the methyl group of 5S-MTHF is transferred to homocysteine, which is
catalyzed by methionine synthase. The result is the regeneration of THF and the formation of
methionine. The cofactor of methionine synthase is vitamin B, (cobalamin). In the absence of
vitamin Bj,, 5-MTHF accumulates in the cell. This is an irreversible process (Figure 1.2) [6].
Thus, continuous transfer of methyl groups depends upon 5-MTHF and cobalamin. This is the
only known direct linkage of the two vitamins in man. Folate and cobalamin depend on and
utilize each other. In cobalamin deficiency, even when there are enough folates and 5S-MTHF,
there can be an intracellular deficiency of biologically active THF. This is called the “folate
trap” [10]. 5-MTHEF is increasingly “trapped” because it can neither be converted to THF nor
go back to 5,10-MeTHF. In this case, the very important methylation cycle will be reduced
which will lead to clinical implications such as:
e Cofactors of one-carbon transfer reactions are decreased and cell division rates are
limited.
e Polyglutamate synthesis ceases, limiting the pool to monoglutamates which are not
effectively retained by the cell.
e Methionine synthase activity is decreased due to insufficient cobalamin with
secondary reduction of folate metabolism and reduced de novo synthesis of purines

and pyrimidines.

Homocysteine is a sulfur-containing amino acid formed during the metabolism of methionine
(Figure 1.2). Homocysteine is metabolized by one of two routes: remethylation and
transsulfuration. In the remethylation cycle, homocysteine is metabolized by a reaction
catalyzed by a vitamin Bj,-dependent enzyme. Under conditions in which excess methionine
is present or cysteine synthesis is required, homocysteine enters the transsulfuration pathway.
This pathway involves a reaction catalyzed by a vitamin B6-dependent enzyme. The produced
cystathionine is subsequently hydrolyzed to cysteine that may be metabolized to glutathione

or further to sulfate and then excreted in the urine [11].
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A lack of reduced folates (Figure 1.3) is firstly seen in rapidly dividing and proliferating cells
in hematopoesis in bone marrow [10]. Another clinical consequence of the inhibition of
methylation cycle and impairment of cellular functions is the demyelination of nerves,

resulting in neurological damage [9,10].
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Figure 1.3 Chemical structures of naturally-occurring reduced folates.

Importance of folate in human nutrition

Folates are important micronutrients in human nutrition. Although humans may synthesize the
pteridine ring, they are unable to link it with other compounds and therefore humans depend
on dietary intake and synthesis of biologically active form of folate [10]. In higher animals
including man, the capacity to synthesize folate from its precursor pterin and p-
aminobenzoylglutamate is lost [12]. As explained above, folates act as co-enzymes in several
carbon transfer reactions that lead to the biosynthesis of purine nucleotides and
deoxythymidylic acid essential for DNA and RNA synthesis. In general, rapidly growing and
dividing cells require an adequate folate supply. Since it participates in several vital

biochemical functions, it is important to have sufficient folate intake to prevent folate

deficiency and its consequences [13].
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Disturbances related to folate status

Folate deficiency is developed due to malnutrition, low intake of folate-containing foods,
severe alcoholism as well as interaction with other drugs. Diseases affecting either intestinal
pH or the jejunal mucosa e.g., celiac disease also lead to folate deficiency caused by
malnutrition. Moreover, in the presence of an increased requirement like in the case of
pregnancy, folate deficiency can also develop [1]. In general, due to its important roles in
human cells, inadequate folate intake firstly leads to a decrease in serum folate concentration.
Then, a decrease in erythrocyte folate concentration, a rise in homocysteine concentration and
megaloblastic changes in the bone marrow and other tissues of rapidly dividing cells are

observed.

Growth rate
Cultured mammalian cells possess a decreased growth rate and increased size when deprived
of folate as bacteria do. Young children deficient in folate grow slowly like folate-deficient

animals such as rats, chicks, hogs and fish [12].

Hyperhomocysteinemia and vascular disease

Elevations in plasma homocysteine are generally caused either by genetic defects in the
enzymes involved in homocysteine metabolism or by nutritional deficiencies in vitamin
cofactors (folate, vitamin Bj; and vitamin Bg) (see Figure 1.2 and “Biochemical role of
folates™ for details) [11]. Elevated plasma total homocysteine levels have been associated with
an increased risk of cardiovascular disease. Hyperhomocysteinemia is an independent risk
factor for atherosclerosis, coronary health disease and venous thromboembolism. As reviewed
by Welch and Loscalzo [11], in a study, 42% of patients with cerebrovascular disease, 28% of
patients with peripheral vascular disease and 30% of patients with coronary artery disease had
hyperhomocysteinemia. Although high homocysteine levels were associated with vascular

disease, the underlying reason for this relationship has not been elucidated.

Birth defects

The neural tube is the embryonic structure that develops into the brain and spinal cord. This
structure starts out as a tiny ribbon of tissue and folds inward to form a closed tube by the 28"
day after conception. Neural tube defects (NTDs) are malformations of the developing brain
and spine, most commonly spina bifida and anencephaly. Spina bifida (open spine) is a defect

of the spine that can cause paralysis and hydrocephalus. Children with the severe form of

10
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spina bifida have some degree of leg paralysis and impaired bladder and bowel control.
Anencephaly is a fatal condition in which a baby is born with a severely under-developed
brain and skull [14]. Periconceptional intake of 0.4 mg folic acid daily was reported to reduce

the risk of NTDs [15].

Cancer

A relationship between folate status and several types of cancers including colorectal, breast,
cervical, pancreatic, brain and lung cancers has been observed. Among these types of cancers,
epidemiologic evidence for such a relationship is more convincing for colorectal cancer [16].
There are epidemiologic studies suggesting folate deficiency increases and folate
supplementation decreases the risk of colorectal cancer [17]. However there are contradicting

findings suggesting that a low folate status protects against colorectal cancer [18].

Down syndrome

Down syndrome is a genetic disease resulting from the presence and expression of three
copies of the genes located on chromosome 21 [19]. The origin of the extra chromosome is
maternal in 95% of the cases and is due to the failure of normal chromosomal segregation
during meiosis. In a study, it was shown that the risk of having a child with Down syndrome
is strongly associated with the MTHFR 677C—T mutation [20]. Moreover, maternal
homocysteine levels were found to be higher in mothers of Down syndrome infants, once

more attributing a preventive role to folic acid supplementation [21].

Dementia and Alzheimer's disease

Elevated plasma homocysteine level is a strong, independent risk factor for the development
of dementia and Alzheimer's disease [22]. Higher folate intake was suggested to decrease the
risk of Alzheimer's disease independent of other risk factors and levels of vitamins B¢ and B,

[23].

Impact of methylenetetrahydrofolate reductase enzyme (MTHER)

MTHEFR plays a central role in folate metabolism (Figure 1.2) by irreversibly converting
5,10-MeTHF to 5-MTHF, the primary circulating form of folate. 5-MTHF provides one-
carbon group for the remethylation of homocysteine to methionine [24]. The MTHFR gene is
highly polymorphic in the general population. A common polymorphism in the MTHFR gene

is 677C—>T substitution that causes a substitution of valine for alanine in the functional

11
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enzyme [25]. This resulting enzyme is the thermolabile variant and was found to have lower
specific activity and higher sensitivity to heat [26]. It is one of the most important genetic
factors affecting the folate status of the body. Individuals with the TT genotype have lower
plasma total folate levels and higher plasma homocysteine levels [27]. Plasma total folate
levels were found significantly lower in the homozygous variants (MTHFR 677TT) compared
with homozygous wild-type (MTHFR 677CC) and heterozygote (MTHFR 677CT)
individuals. Moreover, the concentration of plasma 5-MTHF was lowest in the 677TT group

however; the difference was not statistically significant [28].

The occurrence of MTHFR polymorphism differs among different races. In German
Caucasian population the incidence of MTHFR polymorphism was found as CC, 41.8%; CT,
44.9%; TT, 13.3%, whereas in northern Chinese population it was reported as CC, 17.7%;
CT, 38.3% and TT, 44.0% [29].

Although there are conflicting reports in the literature, it was suggested that the MTHFR
677C—T polymorphism negatively affects the folate and homocysteine response in women
consuming low folate diets [30]. However, in a pharmacokinetic study, no significant
differences in pharmacokinetic parameters were found between patients with the TT genotype
and patients with CC genotype [31]. In another study, the heterozygous genotype (CT) was
shown to be responsible for at least as many NTDs in the population as the homozygous
genotype (TT). According to the report of the same group, the combined CT and TT
genotypes account for about 26% of NTDs in Ireland. Folate or folic acid was estimated to be
involved in about 50% to 70% of these defects [32]. CC genotype was also correlated with a
significantly reduced risk for the development of esophageal squamous cell carcinoma as
compared to the combination of CT and TT genotypes [29]. It was suggested that high intakes
of folate or folic acid would be able to overcome the negative effects of the polymorphism
[26]. Taking into account all those, the negative influence of MTHFR 677C—>T

polymorphism on folate status and its clinical consequences are reasonably considerable.

Significance of folate fortification and supplementation

The important role of folates in DNA synthesis and cell replication was well elucidated. The
consequences of folate deficiency result in damage, in particular in tissues with a high
turnover of cells. For instance, the cells originating from bone marrow such as red blood cells

and the cells of intestine are the ones that are most vulnerable to folate deficiency.

12
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Furthermore, the inverse relationship of high homocysteine levels and low folate levels is
linked to higher cardiovascular risk. In addition, in the prevention of NTDs, daily sufficient
folate intake plays an important function. Since the NTD occurs at an early stage of fetal
development, prevention would be the most effective at the earliest phase of pregnancy.
Because over half of all pregnancies are unplanned and because these defects occur in the
developing fetus before most women know they are pregnant, it is important that all women
of child-bearing age consume the needed 400 pg of folic acid daily. Daily recommended
dietary allowances (RDA) for folate changes depending on age (see Table 1.1). The RDAs
for folate are expressed by a term called the “Dietary Folate Equivalent (DFE)”. DFE was
developed to help account for the differences in absorption of naturally occurring folate and
the bioavailable synthetic folic acid [33]. DFEs can be expressed as:

1 ng DFE = 1.0 pg food folate = 0.6 pg folic acid added to foods = 0.5 pg folic acid taken
without food

1 ng folic acid as a fortificant (folic acid added to food) = 1.7 ug DFE

1 pg folic acid as a supplement, fasting (folic acid taken as vitamin dosage forms) = 2.0 ug

DFE

To reduce the risk of NTDs in the U.S., Food and Drug Administration (FDA) mandated that
all enriched cereal grain products, breads, flours, corn meals, pastas, rice and other grain
products be fortified with folic acid as of January 1998 [14,34]. In addition, in 1998, the Food
and Nutrition Board of the Institute of Medicine made a specific recommendation that to
reduce the risk of neural tube defects, all women capable of becoming pregnant should take
400 pg of folic acid daily from fortified foods, supplements or both in addition to consuming
food folate from diet [35]. In other countries, such as several in Europe, folate fortification is
currently not permitted. In Germany, fortified flour and cereals are currently not offered
however since September 2002 folic acid enriched table salt is readily available in the markets

[36].

13
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Table 1.1 Recommended dietary allowances (RDAs) for folate.

Age RDA (ug DFE)*  RDA (ug DFE)®
Infants

0-5 months 65 60
6-11 months 80 80
Children

1-3 years 150 200
4-8 years 200 300
Males

9-13 years 300 400
14-18 years 400 400
19-30 years 400 400
31-50 years 400 400
51-70 years 400 400
> 70 years 400 400
Females

9-13 years 300 400
14-18 years 400 400
19-30 years 400 400
31-50 years 400 400
51-70 years 400 400
> 70 years 400 400
Pregnancy (all ages) 600 600
Lactation (all ages) 500 600

AUS Dietary reference intakes [35]

® German Dietary reference intakes [37]

14
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MEMBRANE TRANSPORT OF FOLATES

Folates are highly lipophilic bivalent anions that can only minimally traverse biological
membranes by simple diffusion such that their internalization through mammalian cell plasma
membranes must occur by means of a mediated process [38]. There are early studies reporting
the passive diffusion process of folic acid, however, it has been shown that folic acid transport
is mainly carrier-mediated [39,40]. The carrier-mediated transport of folic acid was
demonstrated to be pH-dependent, sodium-ion-dependent and metabolic inhibitor-sensitive.
Sodium ions indirectly influence the passive brush-border membrane transport by altering the
membrane potential difference [41]. One of the initial studies by Vincent et al. showed the
pH-dependency of folic acid transport [42]. Folate uptake declined rapidly between pH 5.8
and 7.5. In the same study, they suggested a dual uptake process for folates with a high rate of
uptake at folate concentrations below 20 nmol/mL and linear uptake characteristics at higher
concentrations. This study was also the first, proposing Caco-2 cell line as a model for folic
acid uptake studies. The naturally occurring folate, the 5S-MTHF transport was demonstrated
to be composed of two systems. One is an active carrier-mediated system, which is significant
at low concentrations, and the other one, a diffusion system that is significant at high
concentrations. The K, of the active system was 0.3 umol/L and accumulated against a
concentration gradient. It was inhibited by metabolic inhibitors, by oxidized and reduced
folate analogs, was temperature, sodium ion and glucose-dependent and required a substrate
concentration of less than 10 mol/L. The diffusion process showed linear increase in the
mucosal-to-serosal transport of 5-MTHF at the mucosal concentrations above 10° mol/L.
This process was energy-independent, pH-independent and temperature independent [43].
Similarly, Selhub and Rosenberg showed the transport characteristics of folic acid and
methotrexate (MTX) using isolated brush border membrane vesicles from rat intestine,
according to which the transport features of both were pH-dependent with a maximum uptake
at a medium pH near 5.0. The uptake at pH 5.5 exhibited both saturable and nonsaturable
components for folic acid and MTX. For MTX, K, for the saturable component was 1.5
umol/L. K, for that of folic acid was 0.42 pmol/L. Folic acid competitively inhibited MTX
uptake with a K; of 0.6 umol/L [44]. Likewise, MTX accumulated in the intracellular fluid to
a concentration 3.5-fold higher than that of the medium at pH 5.5, but at pH 6.5 and 7.5, the
concentration was the same as that of the medium in a study performed using organ-cultured
endoscopic biopsy specimens of intestinal mucosa from normal subjects [45]. The transport

mechanisms of folates from the enterocytes were also investigated. The transport of folic acid
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was saturable as a function of concentration with an apparent K;, of 0.6 pmol/L. It was
inhibited in a competitive manner by structural analogues such as 5-MTHF and MTX with K;
values of 2 and 1.4 pmol/L, respectively. The transport was electroneutral, sodium-ion
independent and sensitive to the anion exchange inhibitor, indicating the existence of a
carrier-mediated transport system for folic acid in rat intestinal basolateral membrane [46].

These results clearly show the active transport characteristics of folates in mammalian cells.

The transport of folates in mammalian cells is composed of a variety of processes (Figure
1.4). The best characterized transporter is the reduced folate carrier (RFC) which is a member
of the SLC19 family of facilitative carriers [47]. Other facilitative organic anion carriers
(SLC21) that are largely expressed in epithelial tissues, transport folates as well. Besides
those bi-directional transporter, the membrane-localized folate receptors a and 3 (FRa, FRp)
transport folates unidirectionally. The members of multidrug resistance-associated proteins
(MRPs) [48-51] and breast cancer resistance protein (BCRP) [52] mediate the export of
folates from the cells. Lastly, transport routes that work at low pH were suggested for folates
[53]. Very recently, proton—coupled folate transporter (PCFT) a human proton-coupled, high-
affinity folate transporter that has properties of folate transport and absorption in intestine and

in various cell types was identified [54].

Reduced folate carrier (RFC, SLC19A1)
SLC superfamily of transporters is composed of 46 families (SLC1-SLC46). A total number

of 360 transporting proteins belong to this family (http: /www .bioparadigms. org /slc /menu

.asp). The SLC19 family (the folate/thiamine transporter family) of solute carriers consists of
three members: SLC19A1 (RFC, RFT, FOLT), SLC19A2 (ThTrl) and SLC19A3 (ThTr2).
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Figure 1.4 Currently known transport routes for folates. RFC and OATs are bidirectional
transporters (modified from Matherly and Goldman [53]). MRPs and BCRP export folates
from the cell. FRa and FRg internalize folates unidirectionally. PCFT is a very recently
discovered proton-coupled folate transporter that has properties of folate transport and
absorption in the intestine [54].

The transporter proteins of the SLCI19 gene family of solute carriers show a structural
similarity, however, substrates belonging to these transporter proteins have different structure
and ionic charge [55]. SLC19A1 transports folates and not thiamin. Conversely, SLC19A2
and SLC19A3 transport thiamin but not folates [53]. SLC19A1 is expressed at highest levels
in absorptive cells. It is located in a polarized manner either in the apical or basal membrane
depending on the cell type [56]. For example, RFC is localized to the brush-border membrane
of small and large intestinal epithelial cells with the most intense signal in the jejunum.

However, in the kidney, carrier is expressed in the basolateral membrane [56].

RFC lacks an ATP binding domain and is rather a facilitative carrier. Therefore, free energy
from the hydrolysis of ATP is not utilized directly for translocation. RFC and other
facilitative carriers achieve uphill transport by the interaction with other molecules that are
themselves actively transported by an energy-requiring process [53]. RFC mainly mediates
the bidirectional fluxes of MTX and reduced folates via an uphill transport through co-
transport with intracellular anions. One proposed mechanism is that the efflux of organic
phosphates downbhill out of cells mediated by RFC is linked to the uphill transport of folates
into cells by this carrier [53].
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RFC has a higher affinity to reduced folates than the oxidized folic acid. For example, the K,
for 5-MTHF influx is ~ 2 pumol/L and the K,, for folic acid influx is ~ 200 pmol/L [53,57].
RFC is expressed on the brush border membrane of intestinal cells. It has a neutral pH
optimum [58]. However, this is in contrast to what is observed in intestinal folate absorption
and transport into intestinal cells and cells of other tissue origin at low pH. Therefore, another

transporter system that transport folates at low pH environment was suggested.

Folate receptor (FRS)

Two human membrane FRs, FRo and FRf, also mediate the transport of folates. FRs have a
very high affinity for folic acid (~ 1 nmol/L), however, affinities for reduced folates are lower
than that for folic acid [7]. FRa is moderately expressed in some normal tissues whereas it is
overexpressed in a variety of solid epithelial tumors especially in ovarian carcinomas. FRf3
has lower affinity for folates compared to FRa and is expressed in low to moderate amounts
in normal tissues and in some neoplasms of non-epithelial origin [59]. Furthermore, FRa is
highly expressed in tumor cell lines including ovarian, kidney (MA104), colon (Caco-2) and
epidermoid (KB) origin [7].

Transport of folates mediated by FRs is slow, with cycling rates about 1/100 that of RFC [7].
As reported previously, FRs are low capacity transporters due to their endocytosis-mediated
transport that requires recycling of the receptor back to the cell surface, which takes minutes
to hours of time [60]. In addition, the RFC system was reported to internalize the folates much

more efficiently than FR even in the cells in which FR expression is raised [61].

Folate uptake by membrane-bound FRs involves an endocytotic process whereby folates bind
to FRs on the plasma membrane. After the formation of the vesicles, migration to the cytosol
takes place. Following this, the vesicles acidify, resulting in the dissociation of the folate-FR
complex and, finally, the folate ligand enters into the cytosol [53]. A particular role attributed
to FRs is the targeting drug delivery of particles. The process that mediates targeting of the
folate-linked nanoparticle to the receptor and subsequent internalization is identical to that for
the free folate [62]. As reviewed by Reddy et al., folates, after binding to their receptors, are
taken up by the cells via the receptor-mediated endocytotic pathway [63](see Chapter 4).
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Proton-coupled folate transporter (PCET, SLC46A1)

Due to the discrepancy between the functionality of RFC and folate transport physiology and
characteristic of small intestine, existence and contribution of another transporter system
responsible for the transport of folates at low pH conditions had been suggested [64]. The
major transporter for folates and antifolates for instance in leukemia cells, is RFC. However,
this was in contrary for the transport in the intestine because, although the optimum pH of
RFC is 7.4, intestinal cells have a low-pH optimum for folate transport. Considering the
absorption of folates in duodenum and upper jejunum where the pH is relatively acidic, the
existence of an additional mechanism other than RFC for folate transport in intestinal cells
has been hypothesized. Very recently, a proton-coupled, high affinity folate transporter
(PCFT) was identified which meets the requirements of intestinal folate transport and solves
the discrepancy described above [54]. This protein was previously reported as heme carrier
protein (HCP1, SLC46A1) [65]. Therefore it is also called as PCFT/HCP1. Transport of
folates by this transporter was shown to be highly pH-dependent. Transport was higher at low
pH and it decreased as pH was increased. K, for folic acid uptake was 1.3 pmol/L and 56.2
umol/L at pH 5.5 and 7.5, respectively that suggests a major role to PCFT in intestinal folate
absorption [54].

PCFT was detected in kidney, liver, placenta, small intestine and spleen and to a lower extent
in colon and testis. The expression in brain, lung, stomach, heart and muscle was very low.
The expression level of the mRNA was highest in duodenum and was expressed in jejunum to
a lesser extent. The expression in ileum, cecum, colon and rectum was low. Apart from
human tissues, it was detected in Caco-2 cell line and PCFT was proposed as the major low-

pH folate transporter in this cell line [54].

Other transporters that mediate folate transport

Besides RFC, FRs and PCFT, other transporters also contribute to the folate transport in a
variety of tissues. Multidrug resistance-associated proteins (MRPs), breast cancer resistance
protein (BCRP) and organic anion facilitative carriers (OATPs, SLC21) mediate the transport
of folates, as well [7,53]. Among the nine recently known members of MRPs (MRP1-9) that
belong to the ATP-binding cassette (ABC) superfamily, MRP1-4 were shown to export
folates and antifolates from the cell [49]. In intestinal cells, MPR2 possess a considerable
importance since it is localized on the apical membrane of small intestine [66-68] and may

contribute to the efflux of folates back to the intestinal lumen.
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Breast cancer resistance protein (BCRP, ABCG2) is another member of ABC transporters
known to export folates and antifolates form the cell interior [52]. BCRP is expressed in the
human jejunum at levels considerably higher than those of other ABC transporters [69]. Like
MRP2, BCRP is also localized apically in the small intestine, where it contributes to the
overall absorption of drugs by exporting them out into the intestinal lumen [70]. Therefore,
secretory transport of folates in the small intestine is feasible via the apically expressed MRP2

and BCRP.

Intestinal absorption and metabolism of folates

Humans are unable to synthesize folates and therefore should obtain it from nutritional
sources and supplements via intestinal absorption. The intestine is exposed to two sources of
folates, namely, dietary source and bacterial source. In the large intestine, the microflora of
many bacterial species synthesizes the vitamin and therefore forms a large pool of folate
[71,72]. However, the major source of folates is the one obtained through the diet and hence,
folate absorption in the small intestine has attracted considerable attention. Folates are
absorbed mainly in the duodenum and upper jejunum [57]. After oral administration of folic

acid, maximum plasma concentration (Cyax) is observed between 1-2 hours (tmax) [31,73,74].

The natural folates, found both in animal and plant cells, are conjugated to a polyglutamyl
chain of different numbers of glutamic acid residues depending on the type of cells [9]. The
polyglutamate forms of folate have to be converted to the monoglutamate form prior to its
absorption in the small intestine. Hydrolysis of polyglutamates to monoglutamate forms is
mediated by the enzyme “folate hydrolase” (folate conjugase, folylpoly-y-glutamate
carboxypeptidase, pteroylpolyglutamate hydrolase, pteroylpolyglutamate conjugase) which is
found as either a brush border or an intracellular form [75,76]. The brush border form is
mainly expressed in the proximal part of the small intestine whereas the intracellular form is
uniformly expressed along the entire small intestine [71]. Folate hydrolase was shown to be
inhibited by several varieties of foods such as orange juice and tomato juice and thus could
reduce the bioavailability of polyglutamyl folates [77]. The monoglutamate forms are then
reduced and methylated via one-carbon substitution to 5-MTHF in the enterocytes (see

Figure 1.5).

Folic acid is the synthetic, oxidized and stable form of folate and is uniquely used in

supplementation and food fortification. Prior to its absorption, folic acid is as well reduced
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and methylated to 5S-MTHF in the intestinal cells. Under normal conditions 5-MTHF is the
only folate that enters the blood circulation [74]. However, with the high oral doses, folic acid
bypasses the normal folate absorption process, therefore folic acid as well as 5-MTHF appears

in the serum [78] (Figure 1.5).
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Figure 1.5 Schematic representation of intestinal absorption of folates.

The limited metabolic capacity of the intestinal cells to reduce folic acid may be the reason
for this observation. Even after the oral doses of 0.2 mg folic acid, unmetabolized folic acid in

serum was detected [79].

The main absorption mechanism across the intestinal membrane is carrier-mediated transport
(Figure 1.6). Nevertheless, at high intraluminal concentration of folate (>10 umol/l), non-
saturable diffusion-mediated transport system plays a role in folate absorption [26]. RFC was
reported as the major transport route for folates and antifolates in intestinal cells [47].
However recently, it was recognized that the major route in these cells is PCFT [54,57]. The

expression of FRs is negligible in normal human intestinal cells and therefore the contribution
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of FRs to intestinal folate absorption can be excluded. Apart from the influx routes, some
secretory transport of folates by export pumps (BCRP, MRP2) should be taken into
consideration. The exit process of folates out of the enterocytes has not been elucidated yet

(for the details of the carrier-mediated transport of folates, see “Membrane transport of

folates”).
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Figure 1.6 Main transporter proteins mediating the intestinal absorption of folates. RFC and

PCFT are the main influx transporters whereas BCRP and MRP2 are the efflux transporters.

The exit process of folates out of the enterocytes has not been entirely elucidated yet.

Processes involved in absorption, transport and intracellular metabolism of folates are
complex. In animals, liver controls the supply of folate through first-pass metabolism, biliary
secretion and enterohepatic recirculation. The liver is the major cite of one-carbon metabolism
and has a higher folate concentration than other tissues. Retention of folates in liver and in
other tissues is aided by conversion to poly-y-glutamyl derivatives and binding to the proteins
which are mainly the enzymes involved in folate metabolism. Because folate is secreted in
bile and reabsorbed, enterohepatic circulation is an important aspect of folate physiology [80].
10% of daily folate intake is believed to enter enterohepatic circulation, which is mainly 5-
MTHF because it is a poor substrate for FPGS. Therefore, newly absorbed 5-MTHF or 5-
MTHF formed from folic acid is more extensively exported through biliary excretion than the

other folates entering the liver.
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Inhibition of folate transport by DHFR inhibitors

MTX, a synthetic analogue of folic acid, is a potent, competitive and reversible inhibitor of
DHFR (Figure 1.7) [81]. It is a bicarboxylic weak acid with pK,s in the range of 4.8 to 5.5
and is ionized and lipid insoluble at physiological pH [82]. MTX is widely used at high doses
in the treatment of malignancies and at low doses in rheumatoid arthritis [82,83]. Competitive
inhibition of folic acid and 5-MTHF uptake by MTX was demonstrated previously [40,84]. In
organ-cultured endoscopic biopsy specimens of intestinal mucosa from healthy subjects,
MTX inhibited folic acid uptake with an inhibition constant (K;) of 6.91 yumol/L at pH 5.5
whereas it reached to 17.8 umol/L at pH 7.5 [40]. Likewise, folic acid absorption from the
lumen of the rat intestine in situ was inhibited by MTX with a K; of 0.19 pmol/L.
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Figure 1.7 Chemical structure of MTX.

MTX is a well-known substrate of RFC. It is transported via RFC with a K,,, value of ~ 5
umol/L. Influx of MTX via RFC is highly temperature dependent and has a pH optimum of ~
7.5 [53]. In addition to RFC, K, of MTX for the newly discovered PCFT was found as 7.3
umol/L [54]. This result demonstrates that MTX 1is also a good substrate for PCFT. As RFC
and PCFT are found in the apical membrane of intestinal cells and MTX and folic acid are
competitive inhibitors of each other, MTX can be used as inhibitor of folate transport to study
drug absorption in intestinal cells. Another example of DHFR inhibitors that also inhibit folic
acid transport is sulfasalazine. Sulfasalazine is a commonly used anti-inflammatory drug in
the treatment of inflammatory bowel disease as well as in the treatment of rheumatoid
arthritis. Sulfasalazine was first shown to inhibit DHFR enzyme [85]. Later on, in 2004,
sulfasalazine was demonstrated to inhibit RFC. It inhibited RFC-mediated MTX and

leucovorin uptake with ICsy values of 36 umol/L and 74 umol/L, respectively [86].
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It was reported that the folate binding sites of the enzyme and the folate intestinal transport
system possess common structural properties that are independent of the oxidation state,
methyl group substitution or the presence of extra glutamic acid residue on the folate
molecules [85]. Nevertheless, this hypothesis may be possibly applicable to the compounds
that are not highly lipophilic. Since DHFR inhibitors such as pyrimethamine or trimetraxate,
are highly lipohilic (due to the lack of polar glutamate side chain) and therefore can rapidly
enter cells by an energy-independent process [81], they are not substrates for the common
active transport systems and the substrate overlapping of the transporter system (e.g. RFC)

and DHFR enzyme is not valid for such compounds.

FLAVONOIDS

Polyphenols are the compounds that are one of the most widely distributed groups of
substances in the plant kingdom [87]. Flavonoids and phenolic acids are the two main classes
of polyphenols. Flavonoids are the most abundant polyphenols, which are exposed via daily
nutrition. Flavonoids have attracted a great interest recently, due to their discovered health
beneficial properties. A number of research has been conducted regarding their antioxidant,
antiestrogenic, antiproliferative activities and the observed relationship between flavonoid
intake and cardiovascular diseases and cancer [87,88]. Several subclasses of flavonoids have
been described based upon variations in their structures including flavones, flavonols,
flavanones, flavanols (catechins), anthocyanidines and isoflavones. Most extensively found
in the leaves, seeds, bark and flower of plants, over 4,000 flavonoids have been identified so

far.

Structure, classification and occurrence of flavonoids

Flavonoids are polycyclic structures containing two aromatic rings (A and B) linked by a
heterocyclic ring (C) (Figure 1.8) and are classified most commonly into six subclasses based
on the connection position of the B and C rings as well as the degree of saturation of the C
ring as flavones, flavonols, flavanones, flavanols (catechins), anthocyanidines and isoflavones

[89]. In Figure 1.9, six main subclasses are shown.
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Figure 1.8 Basic structure and numbering system of flavonoids. Flavonoids contain two

aromatic rings (A and B) that are linked through an oxygenated heterocyclic ring (C).
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Flavones Flavonols Flavanones

ol ¢
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Figure 1.9 Basic chemical structures of the main flavonoid subclasses.

Important sources of flavonoids are fruits, vegetables and plant-derived beverages such as
wine and tea. Since the biosynthesis of the flavonoids is stimulated by light, they accumulate
in the outer tissues, skin and leaves. Notable differences can be observed in the amount of
flavonoids even on different sides of the same fruit depending on the exposure to sunlight
[90]. In nature, most flavonoids exist as glycosides. Agylcones (lacking the sugar moiety) are

found less frequently. In general, in fermented products such as tea and wine free flavonoid
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aglycones are identified. The position, nature and amount of glycosylation depend on the
plant species [91]. Flavonoid glycosides are mostly unmodified by various cooking methods
[92]. The associated sugar moiety is very often glucose or rhamnose, but other sugars may
also be involved (e.g. galactose, arabinose, xylose, glucuronic acid) [90]. Deglycosylation is
most likely the first step during the absorption of flavonoids. The glycosides undergo
hydrolysis by glycosidases present in the cells of the intestinal mucosa or secreted by the
colonic microflora [93]. The site of deglycosylation and transport across the intestinal
enterocytes depends on the nature of the flavonoid aglycone moiety, and nature and position
of the sugar moiety. Experimental data suggest that in the luminal hydrolysis of the

glycosides, lactase phlorizin hydrolase plays a major role in flavonoid absorption [94].

Flavonols

Flavonols are the ubiquitous flavonoids in food. Fruits, vegetables and beverages such as tea
and red wine are rich sources of flavonols [95]. The very common examples of flavonols are
quercetin, kaempferol and myricetin. Flavonols are usually found in plants bound to sugars.
Quercetin levels in vegetables are generally below 10 mg/kg, except for onions (280-490
mg/kg), kale (110 mg/kg), broccoli (30 mg/kg) and beans (45-60 mg/kg) as reviewed by
Hollman and Arts [96]. In addition to onions, apples are also predominant sources of
flavonols [95]. In a study, the flavonol content of edible berries growing and commonly
consumed in Finland were analyzed and reported that quercetin was found in all types of
berries [97]. Hertog et al. analyzed quercetin, kaempferol and myricetin in different types of
tea infusions. The contents were in the ranges of 10-25 mg/L, 6.3-17 mg/L and 1.7-12 mg/L

for quercetin, kaempferol and myricetin, respectively [98].

Flavones
Flavones are less common than flavonols in fruit and vegetables [90]. The main flavones in
food are luteolin and apigenin. Flavones were identified in sweet red pepper (luteolin) and

celery (apigenin) [99].

Flavanones
Flavanones are found in tomatoes and certain aromatic plants such as mint, but they are
present in high concentrations only in citrus fruit [90]. The most widely consumed flavanone

is hesperidin from oranges. Rouseff et al. showed hesperidin content of different citrus fruits
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that varied between 122 and 254 mg/L of juice [100]. The other typical flavanones are

naringin, narirutin and eriocitrin [101].

Anthocyanidins

Anthocyanins (anthocyanidin glycosides) are pigments of red fruits such as cherries, plums,
strawberries, raspberries, grapes, red currants and black currants [102]. The most common
anthocyanidins in edible parts of plants are cyanidin, pelargonidin, peonidin, delphinidin,

petunidin and malvidin [103].

Isoflavons

Isoflavones have a limited distribution in nature. For example, the soybean, belonging to the
family of legumes, is essentially the only nutritionally relevant naturally occurring source of
these compounds. The primary isoflavones in soybeans are the glucosides genistin and

daidzin and their respective aglycones genistein and daidzein [104].

Flavanols (catechins)

Catechins are the major components of tea. They form about 30% of the dry weight of green
tea and 9% of the dry weight of black tea [105]. They usually occur as aglycones or as
gallated forms. In green tea, catechins, namely, catechin, epicatechin (EC), epigallocatechin
(EGC), epicatechin gallate (ECG) and epigallocatechin gallate (EGCG) represent 80-90% and
flavonols, namely, kaempferol, quercetin and myricetin glycosides represent <10% of total
flavonoids [106,107] (Figure 1.10). Other sources of catechins can be listed as grape seeds
[108], chocolate, apples and pears [105]. The average daily catechin intake was calculated to
be ~ 50 mg/day, however, this value may show variations depending on age, gender and

population [89,105].

27



CHAPTER 1

OH OH

OH OH

HO O™ on HO O™
“'lo 0,"'
OH OH OH OH
O o)
OH OH
OH OH
(-)-Epigallocatechin-3-gallate (EGCG) (-)-Epicatechin-3-gallate (ECG)

OH OH

OH OH

HO 0] “\\\ HO O “‘\\
OH
o, K
“oH “oH
OH OH
(-)-Epigallocatechin (EGC) (-)-Epicatechin (EC)
OH
HO Ol o
* OH
0"
“OH
OH

(-)-Catechin

Figure 1.10 Structures of catechins as major polyphenols in green tea.
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TEA (CAMELLIA SINENSIS)

General aspects

Tea is the second most popular and consumed beverage in the world after water. It is
generally consumed as green, black or oolong tea, which are mainly the same plant (Camellia
Sinensis, Theaceae) but are manufactured by different processes. For the production of green
tea, freshly harvested leaves are rapidly steamed or pan-fried to inactivate enzymes.
Therefore, fermentation is prevented. However, for the production of black tea, the fresh
leaves are allowed to wither until they lose ~45% of their water content. The withered leaves
are then rolled and crushed to initiate the fermentation of the polyphenols. During this process
the catechin content of tea plant is converted to theaflavins and thearubigins. The production
of oolong tea is slightly different than that of black tea. The leaves are fired shortly after they
are rolled to terminate oxidation and dry the leaves. Thus, oolong tea is thought to be about

half as fermented as black tea [109].

Polyphenolic compounds in green tea account for 30% of the dry weight of green tea leaves.
Catechins form the majority of polyphenols in green tea. The main catechins found in green
tea are EGCG, ECG, EGC and EC (Figure 1.10). Green tea contains ~ 67 mg of total
catechins/g of dry matter, whereas in black tea it is 15.4 mg total catechin/g of dry matter
[110]. One cup (240 mL) of brewed green tea may contain up to 200 mg of EGCG which
translates into a molar concentration of 1.8 mmol/L [109]. Different daily dietary catechin
intakes were reported with respect to different populations. For example, in Holland average

intake is 72 mg/day, in Scotland, 59 mg/day and in Germany, 11 mg/day [89].

Health benefits of green tea

Green tea has been catching the attention of both scientists and public due to its increasingly
announced health-beneficial properties. Generally the major role is attributed to EGCG, which
is the main constituent of green tea. Green tea consumption has been linked to prevention
against cancer. Inhibition of carcinogenesis by tea was shown on different types of cancer
such as skin [111], lung [112], esophagus [113], stomach [114], liver [115], duodenum, small
intestine, colon [116], pancreas [117], bladder [118], prostate [119] and mammary gland
[120]. The consumption of green tea was shown to prevent against coronary heart diseases
[121]. Green tea was also demonstrated to have anti-inflammatory effect [122]. Furthermore,

it was reported to help in losing weight [123].
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The health benefits were related mostly to the antioxidant properties of polyphenols.
Polyphenols with catechol groups (aromatic rings with two hydroxyl groups in the ortho
position) were found to have greater antioxidant activity than those with simple phenol
groups. However, it should be emphasized that polyphenols are extensively metabolized in
the body where they are methylated, dehydroxylated or conjugated by O-glucuronidation and
formation of sulphate esters and the antioxidant effects are altered [88]. Therefore, health
benefits of tea should not be limited to only its antioxidant activity; other mechanisms such as

inhibition of certain enzymes [124] have to be considered.

Transport of catechins through intestinal membranes

There are published studies about the interaction of catechins with certain transporters. ECG
and EGCG inhibited the glucose uptake via sodium-dependent glucose transporter (SGLTT1).
However, these catechins with galloyl residue act as antagonist-like molecules and they
themselves are not transported via this transporter but only inhibit the transport of glucose
[125]. Although only the gallated catechins were active in inhibiting the glucose transport,
gallic acid alone was less active in this process compared to ECG suggesting that not only the
galloyl residue but also the catechin structure plays role in this inhibition [125]. ECG was
found to be a substrate for a monocarboxylate transporter (MCT), presumably for MCT1
which is found in Caco-2 cells [126]. In the same study, in the presence of MK-571 — an
MRP1/MRP2 inhibitor — the accumulation of ECG in Caco-2 cells increased and in addition,
ECG efflux via MRP2 was demonstrated. Moreover, in MRP1 expressing CHO cells, in the
presence of MK-571, ECG dramatically increased. It has shown also that they are substrates
of MRP1 and MRP2 [126]. In BCRP-overexpressing cells, a BCRP substrate mitoxantrone
accumulation was shown to be increased by EGCG suggesting a role to BCRP in EGCG
efflux [127]. These results propose interactions of catechins with certain transporters,
however, the intestinal transport characteristics of green tea catechins have not been

elucidated completely and need to be clarified.

GENERAL ASPECTS OF INTESTINAL ABSORPTION AND INTERACTIONS

Intestine, as being the largest interface between human and his external environment,
possesses an important barrier function by allowing the movement of nutrients from the
intestinal lumen into the blood circulation as well as preventing the penetration of xenobiotics

[128]. The intestinal barrier is primarily formed by the intestinal epithelium [129]. The two
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main routes for the transepithelial permeation of the substrate are the paracellular route and
the transcellular route. The space between adjacent cells forms the paracellular route. Tight
junctions that are localized between the adjacent cells attain the critical barrier. Transcellular
transport can be defined as the permeation through lipoidal membranes. Active carrier-
mediated transport plays the critical role in transcellular transport. The bioavailability of a
drug is determined by its physicochemical properties as well as the import and export proteins
and metabolizing enzymes involved during the absorption process [130,131]. Intestinal
epithelial cells (enterocytes) are equipped with a broad range of transporter proteins and
metabolizing enzymes [130]. The primary function of the intestinal transporters is to absorb
molecules that are ingested orally. However, in addition to the absorptive transporters, several
efflux transporters are located on the intestinal epithelium, which secrete the molecules back
to the lumen [130]. Transporters can be classified as passive (facilitated) and active
transporters. Facilitated transporters allow transport of solutes across membranes down their
electrochemical gradients, whereas active transporters use energy-coupling mechanisms. ABC
transporters are the primary-active transporters that include multidrug resistance (MDR) and
MREP transporters [132] which mainly mediate the efflux of compounds from the cell interior.
SLC superfamily is composed of facilitated transporters, ion-coupled transporters and
exchangers [133]. Examples of certain transporters involved in drug absorption are shown in

Table 1.2.

Beside its role as being the absorptive organ, small intestine has also the ability to metabolize
drugs by pathways involving phase 1 and phase 2 reactions. The cytochrome P450
isoenzymes (CYP) are the principle enzymes involved in the biotransformation of the
compounds [134]. CYP3A4 is the dominant CYP enzyme in the human small intestine
contributing to phase 1 metabolism and its regulation is linked to P-gylcoprotein (Pgp) [135].
Conjugation with glucuronic acid, glutathione and sulfate via UDP-glucuronosyltransferase
[136], glutathione S-transferase [137] and sulfotransferase, respectively, [138] represent the

major phase 2 pathways identified in small intestine.
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Table 1.2 Examples of some transporters involved in absorption process.

Examples of transporter families  Gene  family Examples of typical substrates

nomenclature

ABC transporter
MDR family (MDRI etc.) ABCB Hydrophobic compounds,
anticancer agents
MRP family (MRP2 etc.) ABCC Anionic conjugates, anticancer
agents, MTX
Peptide transporter
PEPT family (PEPT1, PEPT2) SLCI15 di/tripeptides, B-lactam antibiotics
Monocarboxylic acid transporter
MCT family (MCT]1 etc) SLCI16 Lactic acid, salicylic acid
Folate/thiamine transporter
RFC SLC19A1 Reduced folates, antifolates
Organic anion transporter
OATP family (OATP1A2 etc)  SLC21 Bile salts, organic anions
Organic ion transporter
OCT family (hOCTT1 etc) SLC22 Organic cations,
tetracthylammonium

Interaction is usually defined as the change in the efficacy of a drug in the presence of
another drug, food, drink or some environmental chemical agent. Interactions are mainly
mediated by the effects on the drug metabolizing enzymes or on the drug transporting
proteins. Several chemicals are metabolized by phase 1 and phase 2 reactions and also serve
as substrates for certain membrane transporters. Since 1994, various genes which are
encoding transporter protein involved in drug uptake into and efflux from the tissues have
been isolated. Transporters play important roles in the absorption, distribution and elimination
of the drugs, therefore interactions based on transporters will consequently alter the efficacy
of the drug. The pharmacokinetic characteristics of drugs that are substrates for the
transporters are expected to be influenced by the co-administered drug and the nutrient that
work as inhibitors or inducers of the transporter function [139]. In this part, the interactions,
particularly the ones that are mediated by transporters on the intestinal membrane, are going

to be briefly detailed.
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In general, intestinal absorption of drugs is highly affected by co-existing compounds in the
lumen. Inhibition of enzyme activity and disturbance of intestinal transport systems may be
involved in the modulating effects of the co-existing compounds during the intestinal
absorption. Only a small portion of drug interactions are mediated via transporter compared
with those mediated via drug metabolizing enzymes. However, the possibility of serious
clinical outcome should be always taken into consideration [139]. The most common
interactions were reported via Pgp. Pgp shows extremely broad substrate specificity with a
tendency towards lipophilic, cationic compounds [132]. Due to its broad specificity, drug
interactions occur when Pgp substrates and inhibitor/inducers are co-administered. Pgp limits
the uptake of drugs from the gastrointestinal lumen into the enterocytes. Induction of Pgp,
leads to decreased bioavailability of the drug, whereas, inhibition of it causes increased
bioavailability. One of the most important drug-drug interactions is the one between digoxin
and quinidine. Both two are substrates for Pgp and in the case of co-administration in wild-
type mice; the plasma digoxin concentration was found to increase due to the inhibition of
Pgp mediated elimination of the drug [140]. In another study, intravenously applied talinolol's
secretion into intestine was reduced by verapamil [141]. Since many drugs including oral 3-
lactam antibiotics, anticancer agent bestatin and the angiotensin-converting enzyme inhibitors
enalapril and temocapril are absorbed by the peptide transporters (PEPTs), it is anticipated
that clinically relevant drug interaction between these drugs and cephalosporin may occur at

the level of intestinal absorption [142].

In human nutrition, drug interactions can also be due to the ingestion of food, either natural or
as processed food. There is a common but also erroneous belief in community that natural
products are safe and beneficial. There is little public understanding or appreciation of the fact
that these “all natural” extracts are in fact a combination of potentially biologically active
compounds that exist in these marketed products in unknown quantities [143]. Regardless of
being natural, they are composed of chemical structures that are substrates of several
metabolizing enzymes and membrane transporters in human similar like drugs. They have the
same fate like drugs as being absorbed, distributed, metabolized and eliminated. As a result,
nutrients may also cause interactions with drugs by increasing or decreasing their
bioavailability as well as the efficacies resulting in undesired effects. Flavonoids are a large
class of naturally occurring compounds widely present in the green plant world. They are an
integral part of human diet and are particularly abundant in vegetables, fruits and plant

derived beverages such as wine and tea [93]. There are a variety of examples in the literature
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related to food effect on drug absorption, such as influence of grapefruit juice [144-147],
orange juice [146,148,149], green tea extract [150] and others [151-154]. One of the most
widespread interactions is caused by grapefruit juice. The effect of grapefruit juice and seville
orange juice on the pharmacokinetics of dextromethorphan was shown. According to this
study, bioavailability of dextromethorphan increased significantly with grapefruit and seville
orange juice. This effect was found to be long-lasting, which returned to half the baseline
value after three days of washout. This result was proposed as an effect of irreversible
inhibition of gut CYP3A/Pgp [146]. In another study, absorption of talinolol, which is a
substrate of Pgp, increased by grapefruit juice due to the inhibition of the transporter by
grapefruit juice [144]. Very recently, the bioavailability of fexofenadine was found to be
diminished by grapefruit juice at a commonly consumed volume suggesting a possible role to
organic anion transporting polypeptides (OATP1A2) [155]. Flavonoids have been reported to
interact with Pgp, however the mechanism of this interaction remained to be unclear
(reviewed in [93]). Inhibition of Pgp by green tea polyphenols was reported [156]. In contrast,
in another study, elevation of Pgp activity by catechins was shown [157]. However, either
induction or inhibition may lead to alteration in the bioavailabilities of drugs that are extruded
by this transporter. Besides Pgp, MRP1 and MRP2 were also demonstrated to be inhibited by
a variety of flavonoids [158]. In summary, the increased intake of flavonoids might influence

the kinetics of pharmaceuticals taken simultaneously yielding an alteration in bioavailabilities.
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1.2 OBJECTIVES

Folic acid is an essential B group vitamin that plays a vital role in various biochemical
pathways in mammalian cells. The linkage between a low folate status and several
disturbances such as megaloblastic anemia, hyperhomocysteinemia, cardiovascular diseases,
some types of cancers and neurological diseases has been established. As folate cannot be
synthesized in the mammalian cells, it has to be obtained exogenously. For sustaining a
desired blood folate concentration, a sufficient folate intake and its bioavailability possess a
crucial role. Beside natural food folates, folic acid-fortified products and supplements are
ingested to achieve the required level. Like all other nutrients and pharmaceuticals, folic acid
bioavailability may decrease in the case of interactions at the level of intestinal absorption.
For instance concomitant administration of MTX and folic acid is known to interfere at the
site of cellular uptake. Recently, the DHFR enzyme inhibitory effects of some green tea
catechins, similar to that of MTX, were reported, which arose the question whether they

inhibit folate absorption through intestinal membranes.

Accordingly, the main goals of this thesis can be listed as:

e Establishment of an in vitro cell culture model to study folic acid uptake (Chapter 2)

e Invitro functional characterization of folic acid uptake (Chapter 2)

e Expression of some of the transport routes for folates in the cell culture model with
regard to mRNA (Chapter 2)

e Conducting in vitro cell culture experiments to testing various compounds for their
inhibitory behaviors including green tea and its catechins (Chapter 2)

e Performance of a clinical study on healthy human volunteers to investigate the in vivo

relevance of the in vitro interaction between folic acid and green tea (Chapter 3)

Alongside its importance in human nutrition, folic acid has been employed as a targeting unit
in polymeric drug delivery. Due to its small molecular size and high binding affinity for cell
surface FRs, folate conjugates have the ability to deliver a variety of molecular complexes to
pathologic cells without causing harm to normal tissues. Therefore, in Chapter 4, targeting of
folic acid conjugated nanoparticles to Caco-2 cells was investigated. DNA block copolymer
micelles equipped with folic acid moieties were targeted to FR expressing Caco-2 cells and

their uptake behaviors were optimized.
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IN VITRO CELL CULTURE MODEL

2.1 IN VITRO CELL CULTURE MODEL FOR STUDYING FOLIC
ACID INTERACTIONS'

2.1.1 INTRODUCTION

The introduction of cell culture models to pharmaceutical sciences has been providing diverse
advantages. These include, briefly:
= Rapid evaluation of the permeability and metabolism of a drug [1]
» Studying mechanisms of drug absorption under controlled conditions [2]
* To explore the mechanistics of drug uptake and transport functions at the molecular
level [3]
» Rapid evaluation of methods to improve drug absorption by drug targeting, enhancing
drug transport and minimizing drug metabolism [2]
* Studying drug absorption on human cells rather than using animal tissues [2]
» Use of different in vitro cell culture systems for evaluating multiple products and
multiple components provide mechanistic information about any potential interaction
[4]

» Reduction of time-consuming and expensive animal studies [2]

Various cell types of epithelial origin have been used for transport studies such as epithelia of
the gastrointestinal tract, nasal mucosa, skin and blood-brain barrier [2]. The intestinal
epithelium is a selective barrier, limiting the access of toxins and other xenobiotics taken with
the diet as well as orally administered drugs and providing an optimal surface area for nutrient
absorption. Among the variety of intestinal cell culture models, the human colon carcinoma
cell line (Caco-2) that exhibits many characteristics of normal intestinal epithelium, is the
most and extensively used model [5]. The Caco-2 cell line, despite its colonic origin, forms
confluent monolayers of well-differentiated, polarized enterocyte-like cells that are more
representative of the small intestine. Caco-2 cells, displaying a number of properties of
differentiated intestinal epithelial cells such as well-developed microvilli, tight junction and
dome formation, brush border enzymes and drug metabolizing enzymes, provide a useful tool

for intestinal transport investigations [5-7]. In addition to passive transport, the expression of

! Parts of this chapter were published: Planta Medica, 2007;73:27-32.
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the carrier proteins (transporters) in Caco-2 cells allows to study carrier-mediated transport as
well [8]. Moreover, the use of Caco-2 monolayers to investigate particle uptake into human

intestinal epithelium has been suggested previously [9].

The mechanism of intestinal folate uptake has been investigated intensely over the last
decades. The underlying reason is its great importance in human nutrition for the essential
biochemical reactions (see Chapter 1). Transport of folate in mammalian cells is a
cooperation of diverse routes. The intestinal folate absorption occurs via an acidic pH-
dependent specialized mechanism that involves carrier-mediated transport (see Chapter 1)

[10].

Until today, numerous experimental models for the understanding of transport pathways and
contribution of transporter systems for folates in different tissues, modulation of folate
transport by drugs and evaluation of folate metabolism in vivo, have been used [11-17]. For
instance, for studying the role of RFC in intestinal folate uptake, Balamurugan and Said [10]
used intestinal epithelial cells (IECs) which were previously demonstrated as a suitable in
vitro model system to study cellular and molecular aspects of intestinal folate uptake [18].
Jansen et al., investigated the interaction of MTX and sulfasalazine at transporter level using
T cell origin (CEM) cells [19]. In another study, the effect of leucovorin calcium on the
intestinal absorption of MTX was investigated in rat intestine using an in situ rat gut
technique [20]. Similarly, Zimmerman et al. showed the competitive inhibition of folic acid
absorption by triamterene in rat jejunum [21]. Beside those, the well characterized Caco-2

cells have been widely used in folate uptake and transport studies [12,22-24].

The establishment of a good experimental model, that meets both the functional and
molecular requirements for drug transport and which mimics the in vivo conditions, is crucial.
Accordingly, our initial step in performing in vitro cell culture experiments was the selection
of an appropriate cell line for our further research on intestinal folic acid interactions. For this
purpose, preliminary folic acid transport experiments were conducted on T84 cells (human
carcinoma cell line derived from a lung metastasis of a colon carcinoma) and uptake
experiments on Caco-2 cells. Folic acid uptake characteristics of Caco-2 cells were first
shown in 1985 [25] and Caco-2 cells were used continuously. However, in the literature so
far, there have been no reported functional folic acid uptake and/or transport studies on T84

cells. Therefore, simultaneous experiments with T84 and Caco-2 cells were performed in
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order to select an appropriate cell line for the experiments to study the interaction of folic acid

with drugs and nutrients at the level of absorption.

2.1.2 EQUIPMENTS AND MATERIALS

Equipments

Incubator

Laminar Flow Hood

Centrifuge

Microscope

Hemocytometer

Volt-Ohm meter

pH meter
Cell culture flasks

Transwell® cell culture inserts

24-well plates

96-well plates

Shaker

Incubator

CO,-Incubator MCO 17 Al, Sanyo, distribution by MS
Laborgeraete, Wiesloch, Germany

Hera safe, Heracus HSP12, Hanau, Germany
Eppendorf Centrifuge 5804R, Eppendorf-Netheler-Hinz
GmbH, Hamburg, Germany

Wilowert A Ph, Helmut Hund GmbH, Wetzlar,
Germany

Thoma chamber, distribution by VWR, Darmstadt,
Germany

Millicell ERS, Millipore, Bedford, USA

pH 538 Multical, WTW GmbH, Weilheim, Germany
Cell culture flasks with filter cap, surface area 25 and
75 cmz, Greiner Bio-One GmbH, Frickenhausen,
Germany

12 mm Transwell, polycarbonate membrane, sterile, 0.4
um pore size, 1.13 cm?, Costar GmbH, Bodenheim,
Germany

Nunclon™ Multidishes, Nunc, Life Technologies
GmbH, Karlsruhe, Germany

Greiner Bio-One GmbH, Frickenhausen, Germany
Biihler shaker KMA vario, Johanna Otto GmbH,

Hechingen, Germany

Incubator BE 500, Memmert, Schwabach, Germany
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Materials

T84 cells were provided from American Type Culture Collection (ATCC), Rockville, MD,
USA. Caco-2 cells were purchased from Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ), Braunschweig, Germany. All cell culture media and supplements were
from Biochrom KG, Berlin, Germany. MTX (Lantarel® FS) was from Wyeth Pharma GmbH,
Miinster, Germany. 2-[4-(2-Hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid (HEPES) and
2-Morpholinoethane sulfonic acid monohydrate (MES) were purchased from Merck,
Darmstadt, Germany. Non-labeled folic acid, leucovorin, trimethoprim, sulfasalazine and
mannitol were purchased from Sigma-Aldrich Chemie GmbH, Steinheim, Germany.
Triamterene was provided from Synopharm, Barsbiittel, Germany. Olsalazine was kindly
provided by UCB Manufacturing, NY, USA. [*H]folic acid (specific activity 20.0 Ci/mmol)
was obtained from Moravek Biochemicals, Inc., California, USA and ['*C]mannitol (specific
activity 56.0 mCi/mmol) was obtained from PerkinElmer Life Sciences, Inc., Boston, USA.

Bio-Rad Protein Assay Kit was from Bio-Rad Laboratories GmbH, Miinchen, Germany.

2.1.3 METHODS

Experiments with T84 cells
Culture of T84 cells

T84 cells were cultured at 37°C in an atmosphere of 5% CO, and 90% relative humidity in 75
cm’ cell culture flasks containing Dulbecco's MEM / HAM's F-12 supplemented with 10%
fetal bovine serum, 100 U/mL penicillin and 100 pg/mL streptomycin. The cells were
routinely split (once a week) and the medium was replaced three times a week. While
splitting, after washing the monolayer two times with PBS, cells were trypsinized with
trypsin/EDTA solution (0.25%/0.02%) and seeded in 75 cm? cell culture flasks at a density of
2x10° cells per flask.

Preparation of transwell plates for transport experiments

T84 cells (Passage 14) were seeded on polycarbonate membrane filters with a pore size of 0.4
um at a density of 100,000 cells per cm”. Medium was replaced three times a week and
integrity of cells was monitored on the same days by measuring the transepithelial electrical
resistance (TEER) using a Millicell™ ERS and “chopstick” electrodes. The integrity of cell

monolayers was checked by measuring the flux of the paracellular marker D-mannitol. The
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T84 cell monolayers were used after 19 days of cultivation. Details about the transepithelial

transport studies are explained under related title.

Assessment of the integrity of the monolayers

The integrity of the monolayers were assessed by the measurement of the TEER values of
each filter before the transport experiment and the measurement of the mannitol flux during
the transport experiments. Mannitol is used as the marker of paracellular transport. The
addition of 0.1 mmol/L non-labeled and 1 pCi/mL labeled (["*C]) mannitol within the
incubation mixture to the donor compartment resulted in the mannitol flux through the
acceptor compartment. The cell monolayers with the effective permeability coefficients for

! were excluded from the study.

mannitol above 1.00 x 10 cm's”
Preparation of buffer solutions for cell experiments

The buffer systems at pH 6.5 were prepared freshly on the day of experiments according to
the procedure as follows:

10 mmol/L MES was dissolved in Hank’s Balanced Salt Solution (HBSS). With the aid of a
small stir bar, the solution was allowed to mix on a magnetic stir plate, gently. While stirring,

the pH of the solution was adjusted to 7.4 by adding 1 mol/L HCI or 1 mol/L NaOH solutions.

Transepithelial transport studies

Prior to the experiment, the medium was removed, the cells were washed once and pre-
incubated with transport buffer (HBSS with 10 mmol/L MES), pH 6.5 at 37 °C for 15 min
with subsequent registration of the TEER. The donor solution containing 0.5, 2 and 5 pmol/L
of folic acid labeled with 1 pCi/mL, 4 uCi/mL and 10 uCi/mL [*H]folic acid, respectively.
0.1 mmol/L D-mannitol labeled with 1pCi/mL ['*C]mannitol was added either to the apical
compartment for absorptive (a—b) transport or to the basolateral compartment for secretory
(b—a) transport. The opposite compartments served as the acceptor compartments and
contained the same medium but without any substrates (folic acid, mannitol). The volume of
the apical compartment was 0.6 mL and the volume of the basolateral compartment was 1.5
mL. The experiment was conducted on a shaker at 150 rpm in an atmosphere of 90% relative
humidity at 37 °C for 120 min. At time points 0 and 120 min, samples (10 pL) were
withdrawn from donor compartments whereas at time points 0, 30, 60, 90 and 120 min
samples (350 uL) were withdrawn from the acceptor compartment and replaced with the same

amount of blank buffer at pH 6.5. The samples withdrawn were mixed with 4 mL scintillation
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cocktail, and counted by liquid scintillation. Effective permeabilities (Pes) of folic acid were

calculated as described under the title “Data analysis”.

Experiments with Caco-2 cells

Culture of Caco-2 cells

Caco-2 cells were cultured at 37°C in an atmosphere of 5% CO; and 90% relative humidity in
75 cm® cell culture flasks containing Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum, 1% non-essential amino acids, 100 U/mL
penicillin and 100 pg/mL streptomycin. The cells were split once a week and the medium was
replaced three times a week. While splitting, after washing the monolayer two times with
PBS, cells were trypsinized with trypsin/EDTA solution (0.25%/0.02%) and seeded in 75 cm®
cell culture flasks at a density of 200,000 cells per flask.

Preparation of 24-well plates for uptake experiments

Caco-2 cells were routinely split and seeded into 24-well plates with a density of 100,000
cells/well. The medium was changed three times a week. The development of the monolayers
was examined under the microscope until the 16" day. Uptake studies from the apical side
were performed on day 16 according to the procedure described previously with small

modifications [22]. The details of each experiment are given under the related titles.

Preparation of 96-well plates for toxicology assays

Caco-2 cells were routinely split and seeded into 96-well plates with a density of 2500
cells/well. The medium was changed three times a week. The development of the monolayers
was examined under the microscope until the 16™ day. The further steps are given under

toxicology assay title in Chapter 2.6.

Preparation of transwell plates for transport experiments

For studying transepithelial transport of folic acid, Caco-2 cells cultured as previously
described, were seeded on polycarbonate membrane filters with a pore size of 0.4 um at a
density of 100,000 cells per cm”. Medium was replaced three times a week and integrity of
cells was monitored on the same days by measuring TEER using a Millicell™ ERS and
“chopstick” electrodes. Details about the transepithelial transport studies are explained under

related titles.
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Assessment of the integrity of the monolayers

The integrity of the monolayers were assessed by the measurement of the TEER values of
each filter before the transport experiment and the measurement of the mannitol flux during
the transport experiments. Mannitol is the marker of paracellular transport. The addition of
0.1 mmol/L non-labeled and 1 uCi/mL labeled (['*C]) mannitol within the incubation mixture
to the donor compartment resulted in the mannitol flux through the acceptor compartment.
The cell monolayers with the effective permeability coefficients for mannitol above 1.00 x 10

% cms™ were excluded from the study.

Preparation of buffer solutions for cell experiments

The buffer systems were prepared freshly on the day of experiment according to the
procedures as follows:

e pH74:
5 mmol/L HEPES was dissolved in HBSS. With the aid of a small stir bar, the solution was
allowed to mix on a magnetic stir plate, gently. While stirring, the pH of the solution was
adjusted to 7.4 by adding 1 mol/L HCI or 1 mol/L NaOH solutions.

e pHé6.5:
10 mmol/L MES was dissolved in HBSS. With the aid of a small stir bar, the solution was
allowed to mix on a magnetic stir plate, gently. While stirring, the pH of the solution was

adjusted to 7.4 by adding 1 mol/L HCI or 1 mol/L NaOH solutions.

Functional characterization of folic acid uptake

Concentration and pH dependency

A general characteristic of carrier-mediated transport is that, it is saturated with increasing
concentrations of its substrate. Saturation kinetics is a notable characteristic feature of a
carrier-mediated transport process. Therefore, the internalization of folates by -carrier-
mediated systems is also saturable conforming to Michaelis-Menten kinetics [26]. The
Michaelis-Menten constant (K,) is the measure that describes the affinity of the substrate to
the transporter system. Although the transporter responsible for the low pH dependent
transport of folate remains unknown, it was reported that intestinal folate transport has a low

pH optimum [17,22,27].

In this manner, for the characterization of folic acid uptake in Caco-2 cells, the concentration

and pH dependency of the uptake process were investigated. For those experiments, Caco-2
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monolayers were prepared as described under the title “Preparation of 24-well plates for
uptake experiments”. On the 16™ day post seeding, the Caco-2 monolayers were washed twice
with HBSS adjusted either to pH 6.5 or to pH 7.4. The wells were filled with the incubation
mixture prepared in the respective buffer solutions consisting folic acid (0.1 — 5 pmol/L). The
concentration of [°H] labeled folic acid was 1 uCi/mL in each mixture. Each cell monolayer
was incubated for 30 min at 37°C on an orbital shaker rotating with 50 rpm (Figure 2.1).
After the completion of the incubation time, the incubation mixture was removed and the
monolayers were washed five times with the respective ice-cold buffer solution containing 0.2
mmol/L EGTA to stop the reaction and remove the nonspecific binding (0.1 mmol/L
mannitol, labeled with 1pCi/mL ['*C]mannito]l was added into the incubation mixtures of the
initial experiments which behaved as a marker for the completeness of the washing
procedure). Subsequently, the cells were lysed and solubilized with 1 % Triton X-100 in bi-
distilled water. Aliquots of 0.5 mL of solubilized cells were mixed with 4 mL scintillation

cocktail and counted by liquid scintillation.

Temperature dependency of folic acid uptake

Temperature dependency is a salient feature of many carrier-mediated processes. To further
elucidate the carrier-mediated transport of folic acid into Caco-2 cells, an uptake experiment
at 4°C was conducted parallel with a MTX inhibition experiment to confirm the inhibition of
carrier-mediated process via transporter proteins. Cell monolayers were exposed to incubation
buffers (HBSS containing 10 mmol/L MES adjusted to pH 6.5) either containing 1 pmol/L
folic acid labeled with 1 pCi/mL [*H]folic acid or 1 pmol/L folic acid labeled with 1 pCi/mL
[*H]folic acid together with 1 mmol/L MTX, at 4°C on a shaker at 50 rpm for 30 min. The
solubilization of the cells and measurement of the internalized substrate were performed as
previously described under the title “Concentration and pH dependency”. Each experiment

was conducted in triplicate.

Kinetic study: time course of folic acid uptake

For the determination of the optimal time course for further folic acid uptake and inhibition
studies, Caco-2 monolayers were incubated with HBSS adjusted to pH 6.5 containing 1
umol/L folic acid labeled with [*H]folic acid. The cells were incubated at 37°C on the shaker
over a time course of 0 — 5 h. At the end of each incubation period, cells were washed five

times with ice-cold buffer with 0.2 mmol/L EGTA and subsequent to solubilization with 1%
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Triton X-100, aliquots were counted by liquid scintillation. Experiments were conducted in

triplicates.

@ Folic acid

Apical
side
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o
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Figure 2.1 A schematic representation of the uptake experiment using Caco-2 cells grown on

24-well plates.

Dose response of MTX inhibition and response to other structural analogues and
inhibitors

Folate transport was previously reported to be inhibited by its structural analogues, including
MTX [17,28]. MTX and folic acid inhibited one another’s absorption from rat intestine [29].
For the additional characterization of Caco-2 cells that we used in our entire work, the
inhibitability of folic acid uptake by MTX was also investigated. To achieve this, MTX, over
a range of 1 — 1000 umol/L was added to the incubation buffer at pH 6.5 together with 1
umol/L folic acid labeled with 1 uCi/mL [*H]folic acid. Cell monolayers were incubated for
30 min at 37°C on an orbital shaker rotating with 50 rpm. After the completion of the
incubation time, the incubation mixtures were removed and the monolayers were washed five
times with ice-cold buffer solution containing 0.2 mmol/L EGTA. Consequently, the cells
were lyzed and solubilized with 1 % Triton X-100 in bi-distilled water. Aliquots of 0.5 mL of
solubilized cells were mixed with 4 mL scintillation cocktail and counted by liquid

scintillation.

Apart from MTX, the response in the presence of certain structural analogues such as
leucovorin (5-FTHF) and other inhibitors such as triamterene, trimethoprim, sulfasalazine and
olsalazine was investigated. The concentration ranges for those were as follows: leucovorin,
0.01 — 0.5 mmol/L; triamterene, 0.01 — 0.1 mmol/L and trimethoprim, 0.01 — 0.5 mmol/L. The
same experimental steps were followed for the inhibition experiments with different

inhibitors.
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Transepithelial transport studies

MTX was used as a positive control for the inhibition folic acid transport. The integrity of cell
monolayers was checked by measuring the flux of the paracellular marker D-mannitol. Just
prior to the experiment, the medium was removed, the cells were washed once and pre-
incubated with transport buffer, pH 6.5 at 37 °C for 15 min with subsequent registration of the
TEER. The donor solution containing 1 pmol/L of folic acid labeled with 1pCi/ml [*H]folic
acid, 0.1 mmol/L D-mannitol, labeled with 1uCi/mL ['*C]mannitol, and 1 mmol/L of MTX
was added to the apical compartment. The opposite (serosal) compartment served as acceptor
compartment and contained the same medium but without any substrates (MTX, folic acid,
mannitol). The experiment was conducted on a shaker at 150 rpm in an atmosphere of 90%
relative humidity at 37 °C for 120 min. At time points 0 and 120 min, samples (10 puL) were
withdrawn from donor compartments whereas at time points 0, 30, 60, 90 and 120 min
samples (350 uL) were withdrawn from the acceptor compartment and replaced with the same
amount of blank buffer at pH 6.5. The samples withdrawn were mixed with 4 mL scintillation
cocktail, and counted by liquid scintillation. Pes values of folic acid were calculated in the

presence and absence of MTX as described under the title “Data analysis”.

Determination of nonspecific binding

“Specific binding” is the binding to the target of interest, whereas binding to the other sites
such as binding to the proteins not of interest to the investigator or binding to the filters, is
called “nonspecific binding”. Nonspecific binding is detected by measuring radioligand
binding in the presence of a saturating concentration of a non-labeled drug that binds to the
proteins not of interest. Under these conditions, practically all the proteins are occupied by the
non-labeled drug so the radioligand can only bind to the nonspecific sites. To calculate the
specific binding, the nonspecific binding at a particular concentration is subtracted from the
total binding at that concentration. When the system has a lot of nonspecific binding washing
with a larger volume of buffer is recommended [30]. For this purpose, nonspecific binding is
determined from parallel studies in the presence of an excess amount of non-labeled folic acid
(900 pmol/L) for 30 min. The steps of the experiment were same as explained under the title

“Concentration and pH dependency”.
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The influence of culture time on folic acid uptake: comparison of an older and younger
passage

Intestinal epithelial cells are reported to be heterogeneous populations of cells. This means,
characteristics of a cell line is reproducible only if the ratios between the different
subpopulations are constant. In order to achieve this, the cell line should be used within a
defined and limited interval of passages. Moreover, by using a limited number of passages,
the genotyping variation can be minimized and therefore phenotypic variation will also be

reduced [1].

Throughout the entire work, Caco-2 cells between the passages 28 and 60 were used. In order
to check the influence of passage number of the cell model on uptake, functional control
experiments with a younger passage (P27) and an older passage (P64) were conducted. 24-
well plates with two different passage numbers were prepared on the same day with a
concentration of 100,000 cells/well. Cells were grown as explained previously. 16 days after
seeding, the experiment was carried out according to the protocol explained under the title
“Concentration and pH dependency”. The experiment was done in triplicate and results were
statistically compared. The determination of the folate influx routes in different passages of
Caco-2 cells by polymerase chain reaction was also conducted which is discussed later, in

Chapter 2.2.

Protein content of the cell monolayer

Folate uptake under different experimental conditions was normalized to the protein content
of each well determined by the method of Bradford [31]. The assay was carried out with Bio-
Rad Protein Assay Kit, according to the protocol of the manufacturer. It is a straightforward
and accurate procedure for determining concentration of solubilized protein that involves the
addition of an acidic dye to protein solution and subsequent measurement at 595 nm with a
spectrophotometer. For this analysis, Caco-2 cells were seeded into 24-well plates with two
different densities: 100,000 cells/well and 200,000 cells/well. On the 16™ day post seeding,
the monolayers were washed twice with PBS. The cells in each well were dissolved with 1
mL of 1.25 mmol/L NaOH solution. With the aid of an automatic pipette, the solubilization
process was assisted. In a 1 mL cuvette, 20 pL of solubilized cell solution, 780 pL 1.25
mmol/L NaOH solution and 0.2 mL concentrate dye reagent was added and mixed. 15 min
after the addition of the dye reagent, the absorbance was measured at 595 nm wavelength

against the blank solution, which was composed of 0.8 mL 1.25 mmol/L NaOH solution, and
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0.2 mL concentrate dye reagent. For the assay, a standard curve in the range of 1.0 — 25

png/mL with bovine serum albumin was prepared.

Data analysis
Transepithelial electrical resistance (TEER)

TEER of each cell monolayer grown on polycarbonate membrane inserts were calculated

according to the following formula:

TEER = I_Rtotal - Rﬁlter JX A [Q'szl

where Ry 1s the resistance measured [Q], Rpper is the resistance of the filter in complete

medium [Q] without cells and A is the surface area of the insert [cm?].

Effective permeability coefficient (Peff)
The effective permeability coefficients (Per) were calculated from the concentration-time

profiles using the equation below:

_F><V

= cm/s
T gx C, [ |

where F is the flux rate of the substrate across the monolayer (a—b or b—a) given in
mass/time such as [ug/s], [dpm/s], [mmol/s] calculated from the slope of cumulative substrate
appearance in the acceptor chamber versus time, V is the acceptor volume [cm’], A is the
surface area of the monolayer (insert) [cm?] and C, is the initial donor concentration of the
substrate in [pg/mL], [dpm/mL] or [mmol/mL] [32,33]. The slope of the concentration-time
profile was calculated with Microsoft Excel 2000, Microsoft Corporation, USA.

Kinetic analysis (Michaelis-Menten equation)
Kinetic parameters as a function of substrate concentration for the uptake experiments were
obtained using GraphPad Prism™ version 3 (GraphPad Software, San Diego, USA) with the
following equation:
_ By ¥[5]
K, +[5]
where V) is the uptake rate of the substrate, [S] is the substrate concentration, K, is the

Michaelis-Menten constant and By« 1S the maximum uptake rate.
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Sigmoidal dose-response analysis

The inhibitory constants (ICsp) of the possible and known inhibitors of folic acid uptake were
calculated from sigmoidal dose-response (variable slope) analysis using GraphPad Prism™
version 3 (GraphPad Software, San Diego, USA) with the following equation:

(E_Eo)

Ec=E,+ 1 4 10oe Cso—log[CDm

where Ec is the response (% of control) at various concentrations of test substance (inhibitor),
[C] 1s the concentration of test substance, E is non-specific effect, E is the total effect, ICs is
the concentration of the test substance needed for the half-maximal effect and m defines the

hill slope of the curve.

Equilibrium dissociation constant (Ki)
Because ICsy values depend on the experimental conditions, in certain cases it may be useful
to convert ICsg to K;. The K; is the concentration of the competing ligand that will bind to half
the binding sites at equilibrium, in the absence of radioligand or other competitors. If the K; is
low, the affinity of the receptor for the inhibitor is high [30]. This conversion is performed
according to the equation of Cheng and Prusoff [34]:

I1C,,

K, = .
1+ |lzgand|
K

m

where, K; is the equilibrium dissociation constant, ICsy is the concentration of the test
substance needed for the half-maximal effect, [ligand] is the concentration of the ligand and

K., is the Michaelis-Menten constant.

Statistical analysis

Means between the groups were compared using the unpaired two-tailed t-test with GraphPad
Prism™ version 3 (GraphPad Software; San Diego, CA, USA). Differences were accepted to
be statistically significant when p<0.05.
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2.1.4 RESULTS AND DISCUSSION

Experiments with T84 cells

Transepithelial transport study across T84 cell monolayer

The transport of folic acid across T84 cell monolayers grown on polycarbonate filter supports
was examined for concentration dependence. Transport of folic acid was determined in apical-
to-basolateral and basolateral-to-apical directions with the concentrations of 0.5, 2, 5 mmol/L
folic acid labeled with 1, 4, 10 uCi/mL [3H]folic acid, respectively. The apparent
permeability coefficient did not decrease significantly with increased concentration over the
range examined for both the absorptive and secretory direction (Figure 2.2). The calculated
Peff values are listed in Table 2.1. The results were not consistent with a saturable absorptive

and secretory mechanism for folic acid in T84 cells.

6.0x109"

4.0x107974

= Secretory
2.0x10°97 [ Absorptive
[}
= 2
0.0x10-®°
0.5 2.0 5.0

Concentration of folic acid [umol/L]

Pefi [cm/s]

Figure 2.2 Folic acid concentration versus P,y change for both secretory and absorptive
direction in T84 cells in the presence of 0.5, 2, 5 umol/L. The results are presented as means+

SD (n=2).

Table 2.1 Effective permeabilities (P of 0.5, 2.0 and 5.0 umol/L folic acid across T84 cell

monolayers. Results are shown as the average of two individual experiments (n=2).

Concentration Pegr [cm/s] SD Pegr [cm/s] SD
(nmol/L) (apical-to- (basolateral-to-
basolateral) apical)
0.5 2.39x 107 391x 107 3.83x 107 1.71 x 107
2.0 2.38x 107 1.10x 10°® 4.07x 107 1.53x 107
5.0 2.16x 107 1.03x10® 2.85x 107 438x 10"
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T84 human colonic epithelial cell line, when grown on permeable supports, forms polarized
monolayer cultures with high-resistance tight junctions between adjacent cells. For testing the
availability of carrier-mediated transport of folic acid in T84 cell line, preliminary transport
experiments across the cell monolayers were performed. There was no significant change in
P values either for the absorptive or for the secretory transport of folic acid suggesting the
lack of carrier-mediated transport of folic acid in this cell line for in vitro functional intestinal
drug absorption and interaction experiments. Therefore, further experiments with this cell line

were not carried out.

Experiments with Caco-2 cells

Functional characterization of folic acid uptake in Caco-2 cells: concentration, pH and
temperature dependency

Folic acid uptake into Caco-2 cells was shown to be saturable and pH and temperature
dependent confirming the carrier-mediated transport of folates. The results obtained from the
folic acid uptake experiments clearly demonstrated the involvement of carrier-mediated
transport of folates and suitability of this system for further interaction studies of folic acid in

vitro.

To assess the concentration, pH and temperature dependency of the uptake, experiments were
performed on Caco-2 cell monolayers and when necessary MTX was used as a positive
control to show the inhibition of folic acid transport in those experiments. Moreover,
transepithelial transport studies in the presence and absence of MTX were also conducted. For
the assessment of the completeness of the washing procedure (five times washing with ice-
cold buffer containing 0.2 mmol/L EGTA), the amount of ['*C]mannitol which was not
transported into the cells, was counted. The result confirmed the sufficiency of the washing

procedure.

As demonstrated in Figure 2.3, higher uptake rates were observed at pH 6.5. Saturation of
folic acid transport was obvious at the acidic condition. Studies by Mason et al. [22] have
likewise shown a pH effect on intestinal folate transport using Caco-2 cells. The K, value
obtained in their study at pH 6.0 was 0.7 umol/L whereas it reached 13.9 pumol/L at pH 7.1.
According to our data, the Ky, is 2.67 pmol/L at pH 6.5 which is higher than that obtained by
Mason et al. at pH 6.0 and it is 16.3 umol/L at pH 7.4 which is again higher than the one
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obtained by the same group at pH 7.1. Therefore, the results are consistent in that with

decreasing pH, K, also decreases as reviewed previously [35].

These initial results of folic acid uptake provided important hints about the involvement of
carrier-mediated route(s) of folates in Caco-2 cells. Therefore, all of the further in vitro cell

culture experiments were carried out at this condition.

Determination of Kkinetic parameters of folic acid uptake
The concentration dependency of folic acid uptake was examined at 30 min (Figure 2.3).

Folic acid concentrations up to 5 pmol/L were studied.

Folate uptake as a function of the folic acid concentration in the incubation medium yielded
K, values of 2.67 and 16.3 umol/L at pH 6.5 and 7.4, respectively. Based on the
concentration range used, Vy.x was calculated to be similar at both pH values (0.95 pmol.mg

S S|
protein” .min").
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Figure 2.3 Uptake of folic acid at pH 6.5 and pH 7.4 into monolayers of Caco-2 cells. Values
are means = SD, n=3. Saturation was observed with increasing concentrations of folic acid at

acidic pH.

The influence of temperature - as another indicator of carrier-mediated transport- was

investigated at 4°C. For direct comparison, parallel experiments at 37°C and an additional
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experiment at 4°C in the presence of MTX -a well-known inhibitor of folic acid transport-
were performed. A significant reduction in folic acid uptake was observed at 4°C both in the
presence and in absence of MTX when compared to the control experiments at 37°C. At 4°C,
there was no significant difference between the means of the groups with and without MTX
compared to each other. However, both experiments at 4°C were significantly different from
the mean of the experiment at 37°C demonstrating the inhibition of folic acid internalization

at lower temperature, which suggested a clear evidence of the carrier-mediated transport of

folates in intestinal cells (Figure 2.4).
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Figure 2.4 Temperature dependency of folic acid uptake. Data points are shown as the
average values of triplicates + SD. Differences were accepted to be statistically significant

when p<0.05 in the t-test. “***”” highly significantly different from control.

Kinetic study: time course of folic acid uptake

The uptake of 1 pmol/L folic acid (labeled with 1uCi/mL [*H]folic acid) was examined up to
5 h. As shown in Figure 2.5, the 30-min time point is in the linear range of uptake and
therefore this time point was used for all subsequent experiments to study the concentration,

pH and temperature dependency as well as the influence of various compounds on folic acid

uptake.
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Dose response of MTX inhibition and response to other structural analogues and
inhibitors

MTX, a very well known inhibitor of folic acid uptake was added to the incubation mixtures
at different concentrations ranging from 0.001-1 mmol/L. As anticipated, varying
concentrations of MTX caused significant reductions in folic acid uptake (Figure 2.6). The

inhibitory constant of MTX was calculated as 7.23 umol/L from sigmoidal dose-response

analysis (Figure 2.7).
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Figure 2.5 Time course of folic acid uptake in Caco-2 cells. Each data point represents the

mean = SD of data obtained from three different monolayers in one representative study.

In one of the earliest findings, MTX and folic acid were reported to inhibit one another’s
absorption from the rat small intestine proposing a competitive inhibition between the two
[29]. Moreover, the transport of folic acid was investigated in organ-cultured endoscopic
biopsy specimens of intestinal mucosa from normal subjects. In this study, inhibition of folic
acid transport by MTX both in the proximal small intestine and in the cecum was shown [28].
The inhibitory effect of MTX on folic acid uptake in Caco-2 monolayers had identified and
supported the functionality of our in vitro cell culture model for further studies and showed

the suitability of MTX as a positive control in the interaction experiments.
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Figure 2.6 Folic acid uptake into human Caco-2 monolayers incubated for 30 min in the
presence of different concentrations of MTX. Results are shown as the average values of
triplicates £ SD. Differences were accepted to be significant with p<0.05 when compared to

control. (***: p<0.001, ns: statistically nonsignificant when compared to control).
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Figure 2.7 Best fit curve obtained in the presence of increasing concentrations of MTX. The
folic acid concentration was constant (I umol/L). Data points are shown as the average

values of triplicates + SD.

Furthermore, the results in the case of different inhibitors revealed the inhibitability of folic

acid uptake by structural analogues and other compounds with different strengths. The ICs
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values of the tested compounds for the folic acid uptake inhibition are given in table Table

2.2.

Table 2.2 ICsy values of tested compounds for the inhibition of folic acid uptake in Caco-2

monolayers.
Compound ICs¢ (nmol/L)
Leucovorin 3.41
Triamterene 53.5
Sulfasalazine 110
Trimethoprim 1019
Olsalazine 1130

Although there is no structural similarity between sulfasalazine and folate, sulfasalazine was
shown to inhibit DHFR, MTHFR and serine transhydroxymethylase enzymes [36]. Moreover,
using biopsy specimens obtained from patients undergoing routine diagnostic upper
gastrointestinal endoscopy, folic acid transport was demonstrated to be inhibited by
sulfasalazine and olsalazine with relatively high K; values of 1.38 and 1.32 mmol/L,
respectively[37]. Furthermore, sulfasalazine inhibited RFC-mediated cellular uptake of MTX
and leucovorin, noncompetitively [19]. Thus, the functionality of the established Caco-2
model was further characterized and proven by the use of other known inhibitors of folate

transport.

Transepithelial transport studies

The flux of folic acid across Caco-2 monolayers, when it was loaded on apical side of cells, is
shown in Figure 2.8. The flux in the case of MTX was lower than the flux in the absence of
MTX. The P of folic acid was calculated as 1.55 x 10" cm/s, which decreased to 1.09 x 107
cm/s with the inclusion of MTX into the incubation mixture corresponding to a reduction of ~
30%. This result further confirmed the inhibition of folate transport with a well-known and
proven inhibitor of folate uptake and transport routes confirming the suitability of Caco-2 cell

model for studying drug-drug and drug-nutrient interactions of folic acid.
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Figure 2.8 Apical to basolateral flux of folic acid across Caco-2 monolayers in the presence
(A) and absence (m) of MTX. The concentration of folic acid was 1 umol/L and the

concentration of MTX was 1 mmol/L. Each point is the mean value of three experiments = SD.

In a previous study by Verwei et al., the transport of [*H]folic acid and ['*C]5-MTHF across
enterocytes was studied using the monolayers of Caco-2 cells grown on semi-permeable
inserts in a two-compartment model. The apparent permeability coefficients of folic acid and
5-MTHF were determined. The transport from the apical to the basolateral side of the Caco-2
cells was found to be higher for folic acid than for 5-MTHF after 2 h incubation of 1 pmol/L
folic acid or 5-MTHEF test solutions at pH 7.0. The P.s values were calculated as 1.7 x 10°
cm/s and 1.4 x 10° ¢cm/s for folic acid and 5-MTHEF, respectively [38]. Therefore, our Pes
value for folic acid across Caco-2 cell monolayers, which was calculated to be 1.55 x 107

cm/s, is in good agreement with the literature.

Nonspecific binding

For the assessment of nonspecific binding to the cell membrane and proteins not of interest,
an uptake experiment in the presence of excess amount of “cold substrate” (folic acid) was
carried out. The concentration of the “hot substrate” ([’H] folic acid) was 1pCi/mL both in
Iumol/L and 900umol/L incubation mixtures. Folic acid is a water-soluble B vitamin.
However, the cell membranes are composed of lipid bilayers and binding of hydrophobic
drugs to lipophilic membranes is thought to be high. Therefore, as expected, the results clearly

showed that the binding of [*H] folic acid to the cell membrane nonspecifically was
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significantly low (Figure 2.9). Specific binding was calculated in each individual experiment

as the difference between the total and the nonspecific binding.
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Figure 2.9 Determination of nonspecific binding of ['H] folic acid to cell membrane. The
nonspecific binding was assessed using excess amount of non-labeled folic acid (900 umol/L).
The experiments were done in triplicates and the data points are shown as mean + SD.
Differences were accepted to be significant with p<0.05 when compared to control (***:

p<0.001).

The influence of culture time on folic acid uptake: comparison of an older and younger
passage

Folic acid uptake properties of two different passages of Caco-2 cells (passages 27 and 64)
were examined. According to the results of the uptake experiment, there was no significant
difference between the amount folic acid taken up under the same conditions, proposing the
suitability of Caco-2 cells between passages 27 and 64 for folic acid uptake studies (Figure
2.10). Therefore the cell experiments through the entire work used the Caco-2 cells which

were not older than P64 to reduce the variabilities.
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Figure 2.10 Uptake characteristics of Caco-2 monolayers of different passage numbers. Data
points are shown as mean of three individual dishes = SD. Differences were accepted to be

significant with p<0.05 when compared to each other (ns: statistically nonsignificant).

Protein content of the cell monolayer

The protein content of cell monolayers seeded on 24-well culture plates were assayed using
the method of Bradford [31]. Bovine serum albumin (BSA) was used as standard, and a
calibration curve within the range of 1.0 — 25.0 ng/mL BSA was prepared (Figure 2.11). The
experiments were conducted in triplicates. By means of protein content there was no
difference between the cells seeded with a density of 100,000 cells/well and the cells seeded
with a density of 200,000 cells/well. Hence, for further experiments, the 24-well plates were
prepared with 100,000 cells/well. The protein content of monolayers were calculated as

603.28 pg/well for the well prepared with 100,000 cells/well.
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Figure 2.11 Calibration curve with BSA as standard for Bradford protein analysis of Caco-2

monolayers seeded on 24-well plates.

For the investigation of the drug and nutrient interactions of folic acid at the level of intestinal
absorption, an in vitro Caco-2 cell culture model was established. The model was set up based
on the uptake characteristics of folic acid and inhibition of the uptake of folic acid by a very
well-known inhibitor of folate transport route, MTX. Caco-2 cell line was first suggested as a
suitable model for micronutrient or drug-nutrient interaction studies by Vincent et al. [25]. In
this very early publication, the authors present the initial folic acid uptake characteristics in
Caco-2 monolayers. The established model in our laboratory was based on the information
reported by Mason et al. in 1990, which demonstrated an increased affinity between folic acid

and its transport route as a function of pH [22].

The absorption of folate by the intestine is a multistep process, which includes the crossing of
the luminal membrane, temporary retention and/or metabolism within the enterocyte, and the
crossing of the basolateral membrane [11]. Studies with folic acid and MTX showed that this
transport is dependent on the luminal pH with a sharp peak at around 6.0 [22,28]. Around this
pH folate absorption is saturable and is competitively inhibited by other folate derivatives
[28]. Studies have shown that intestinal absorption of folate occurs by a structure-specific
mechanism that is susceptible to competitive inhibition by some antifolate agents, such as
MTX and sulfasalazine [37]. MTX was shown to inhibit folic acid uptake competitively both
in the proximal small intestine and in the cecum with inhibition constants of 6.9 and 54

umol/L, respectively, at pH 5.5 [28]. The inhibition constant (K;) of MTX was calculated as
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5.26 umol/L as described under “Data analysis” which is in the same range as the K;
calculated by others [28]. Therefore, the suitability of MTX as a positive control in the

inhibition experiments was confirmed.

Leucovorin is a derivative of THF. Due to its ready conversion to other THF derivatives,
leucovorin is a potent antidote for both the hemotopoietic and reticuloendothelial toxic effects
of folic acid antagonists such as MTX and trimethoprim [20]. Leucovorin rescue is a
therapeutic approach in which 5-FTHF is administered at low doses following, or long after
(24-42 h), treatment with very high doses of MTX [39]. Leucovorin was previously shown to
inhibit MTX absorption and a common intestinal carrier system was proposed for the two
[20]. Triamterene is a pteridine derivative that bears a structural resemblance to folic acid.
Triamterene was shown to inhibit the enzyme DHFR like MTX. Moreover, Zimmerman et al.
demonstrated the competitive inhibition of folic acid absorption in rat jejunum by triamterene
[21]. Conversely, the inhibition of intestinal absorption of triamterene by folic acid and MTX
was also reported [40]. Similarly, trimethoprim which is also an inhibitor of DHFR enzyme,
was shown to be a weak competitive inhibitor of intestinal folate transport and it was
concluded that this inhibition occurs at the site of membrane transport and appears to be
unrelated to concurrent inhibition of DHFR activity in enterocytes [41]. Our results supported
the findings in the literature. The inhibitory potency against folic acid uptake followed the

order: leucovorin > triamterene > trimethoprim (see Table 2.2).

K., value of folic acid uptake in Caco-2 cells was found to be 2.67 umol/L at pH 6.5 and
higher at pH 7.4 (see “Determination of kinetic parameters of folic acid uptake”) which is in
line with the findings by others [22,42]. The calculated K, values for folic acid uptake are all
in the micromolar range showing a high affinity to the transporter system. Comparable
transport characteristics for MTX were reported by Strum [43]. At pH 6.0, the transport
system for MTX was saturable with a K, of 2.8 uM and at pH 7.4 the system was not
saturable. The transport of methorexate was inhibited by folate, 5S-FTHF (leucovorin) and 5-
MTHEF [43]. Recently, the K,, of folic acid uptake in PCFT expressing xenopus oocytes was
reported to be 2.7 umol/L, which is the same value obtained from our studies in Caco-2 cells
(2.67 umol/L). This may suggest a major role of PCFT in Caco-2 cells for folate transport
[44].
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In later years, it was elucidated that, in intestinal cells, the RFC system (SLC19A1) is the
main functioning folate uptake system [10]. SLC19A1 transports folate and its derivatives
that exist as anions at physiological pH. Folate influx into cells via SLC19A1 is stimulated by
an inwardly directed H™ gradient suggesting either folate/H" symport or folate/OH™ antiport as
the transport mechanism [45]. This might explain the higher affinities at lower pH conditions
for folic acid. In human, the intraluminal pH changes from highly acidic conditions in the
stomach to about pH 6.0 in the duodenum. The pH gradually increases in the small intestine
from pH 6.0 to about pH 7.4 in the terminal ileum [46]. Considering the absorption of folic
acid in the upper portions of the small intestine which has a pH of around 6.5 and the carrier-
mediated transport of folic acid at low pH conditions [22], it appears that pH 6.5 is an

appropriate condition for the performance of the in vitro cell culture experiments.

To conclude, in this part of the work, the experimental Caco-2 model used in our entire in
vitro experiments was proven as a suitable and reproducible model for studying folic acid
absorption in vitro. The conditions under which the further cell culture experiments would be

carried out were established and the transport characteristics of folic acid were shown.
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2.2  EXPRESSION OF FOLATE TRANSPORT ROUTES IN CACO-2
CELLS: REVERSE TRANSCRIPTION PCR (RT-PCR) AND REAL-
TIME PCR

2.2.1 INTRODUCTION

The transport and uptake characteristics of folic acid on Caco-2 monolayers were identified
by functional experiments using folic acid as a substrate and MTX as a well-known inhibitor
of folate transport (see Chapter 2.1). In this chapter of the work, for further identification of
influx transporter proteins of folate transport, mRNA expression of some of the known
transport routes of folates were investigated by polymerase chain reaction (PCR). Besides, the
levels of RFC, FRa and FR3 mRNA expression in Caco-2 cells were evaluated by real-time

quantitative reverse transcription PCR.

When the sequence of at least part of a DNA segment is known, the number of copies of that
DNA segment can be hugely amplified using the PCR. During PCR, two synthetic
oligonucleotides are synthesized, each complementary to sequences on opposite strands of the
target DNA at positions just beyond the ends of the segment to be amplified. The
oligonucleotides serve as replication primers, with the 3' ends of the hybridized probes
oriented toward each other and positioned to prime DNA synthesis across the desired DNA
segment [47]. The procedure has three steps:

1. Denaturation: DNA strands are separated by heating.

2. Annealing: Reaction mixture is cooled down to allow primers to form hydrogen

bonds with the ends of target sequence.
3. Extension (polymerization): DNA polymerase adds nucleotides to the 3' end of each

primer.

After the polymerization step, the process is repeated for 25 or 30 cycles. The enzyme DNA
polymerase is thermo-stable and remains active after every heating step. During each PCR
cycle, the target DNA sequence is doubled. The procedure produces an exponentially growing

population of identical DNA molecules.
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Among the variety of methods for the quantification of mRNA expression levels, real-time
PCR (TaqMan” analysis) has been reported to be the most sensitive and accurate. It is fast,
easy to use and highly reproducible. Common methods for RNA detection include Northern
blotting, in situ hybridization, qualitative RT-PCT, quantitative real-time PCR...etc.
Quantitative real-time PCR has become the most emerging method for quantification of
mRNA transcription levels in recent years due to its outstanding accuracy, broad dynamic
range and sensitivity. It is easy to use, highly reproducible, requiring a minimal amount of

RNA, no post-PCR handling and no radioactivity [48].

The real-time PCR system is based on the detection and quantitation of a fluorescent reporter.
The signal increases in direct proportion to the amount of PCR product in a reaction. By
recording the amount of fluorescence emission at each cycle, it is possible to monitor the PCR
reaction during the exponential phase where the first significant increase for product
correlates to the initial amount of target template. There are three main fluorescence-
monitoring systems for DNA amplification:

1. Hydrolysis probes

2. Hybridising probes

3. DNA-binding agents

The mostly used TagMan probes are the hydrolysis probes. TaqMan probes are
oligonucleotides longer than the primers that contain a fluorescent dye usually on the 5' base,
and a quenching dye (usually TAMRA) typically on the 3' base. When irradiated, the excited
fluorescent dye transfers energy to the nearby quenching dye molecule rather than fluorescing
(FRET, fluorescence resonance energy transfer). The close proximity of the reporter and the
quencher prevents emission of any fluorescence while the probe is intact. TagMan probes are
designed to anneal to an internal region of a PCR product. When the polymerase replicates a
template on which a TagMan probe is bound, its 5' exonuclease activity cleaves the probe.
This ends the activity of quencher (no FRET) and the reporter dye starts to emit fluorescence,
which increases each cycle proportional to the rate of probe cleavage. By detecting the

emitted fluorescence, the quantification of the PCR product is monitored.

Accordingly, in Caco-2 cells, some of the known transport routes of folates (namely, RFC,
FRa and FR) into the cells were characterized by PCR and the relative comparison of the

expression levels of those proteins were carried out by RT real-time PCR.
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2.2.2 EQUIPMENTS AND MATERIALS

Equipments

Spectrophotometry GeneQuant Pharmacia Biotech, Freiburg,
Germany

Real-time PCR instrument Biorad iCycler, Bio-Rad Laboratories, USA

96-well plate Greiner Bio-One GmbH, Frickenhausen,
Germany

Materials

RNA STAT-60"™ was purchased from Tel-Test Inc. (Friendswood, TX, USA). DNA-free™
purification kit was obtained from Ambion Ltd. (Cambridgeshire, UK). SuperScript™ First-
Strand Synthesis System for RT-PCR, sense, and antisense primers were purchased from
Invitrogen™™ Ltd. (Paisley, UK). Expand™ High Fidelity PCR System Kit was provided from
Roche Diagnostics GmbH (Mannheim, Germany). GeneRuler™ was purchased from
Fermentas GmbH (Leon-Rot, Germany). QuantiTect Probe RT-PCR Kit and RNeasy Mini
Kit were from Qiagen GmbH (Hilden, Germany). Sense and antisense primers and TagMan

probes for real-time PCR were purchased from Operon Biotechnologies (Cologne, Germany).

2.2.3 METHODS

Preparation of the Caco-2 monolayers for RT-PCR and Real-Time PCR

Caco-2 cells (passage 27, 62 and 54) were split and seeded into 24-well plates with a density
of 100,000 cells/well. The medium was changed three times a week. The development of the
monolayers was examined under the microscope until the 16" day. Total cellular RNA both
for RT-PCR and for real-time PCR was isolated from Caco-2 monolayers on the 16" day post

seeding.
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Isolation of total cellular RNA, reverse transcriptase reaction, PCR and gel
electrophoresis’

For the investigation of some of the known transport routes of folates into the cells, and
additionally the effect of passage number on the expression of those transport system, one
younger (passage 27) and one older (passage 62) passage was used. The RNA was isolated
from the cells using RNA STAT-60"™ according to the company’s protocol for RNA
isolation:

1. Homogenization: Cells grown in monolayers were lysed directly in the culture dish
by adding the RNA STAT-60"™ (1 mL / 3.5 cm dish) and passing the cell lysate
several times through a pipette.

2. RNA Extraction: Following homogenization, the homogenate was stored at room
temperature for 5 min to permit the complete dissociation of nucleoprotein
complexes. Then, 0.2 mL of chloroform per 1 mL of the RNA STAT-60"™ was added
and shaked for 15 sec and let stay at room temperature for 2-3 min. Subsequently, the
homogenate was centrifuged at 12,000 g for 15 min at 4°C.

3. RNA extraction: The aqueous phase containing RNA was separated from the organic
phase containing DNA and proteins and transferred to a fresh tube. 0.5 mL of
isopropanol per 1 mL of RNA STAT-60"™ (used for homogenization) was added and
mixed. The sample was stored at room temperature for 5-10 min and centrifuged at
12,000 g for 10 min at 4°C. RNA precipitate formed a white pellet at the bottom of
the tube.

4. RNA wash: Supernatant was removed and the RNA pellet was washed once with 1
mL 75% ethanol per 1 mL RNA STAT-60™ (used for the initial homogenization) by
vortexing and subsequent centrifugation at 7,500 g for 5 min at 4°C. Eventually, the
RNA pellet was dried by air-drying. 25 pL of RNase-free water was added to dissolve
the RNA and was purified using DNA-free™ purification kit.

While measuring the optical density (OD) of the isolated RNA, 2 uL. of RNA solution was
mixed with 198 pL of RNase-free water. Quantification of isolated RNA was based on
spectrophotometric analysis at 260 nm wavelength against RNase-free water (which served as
blank) according to which 1 OD corresponds to a concentration of 40 ug / mL RNA. The
integrity of the isolated RNA was checked by standard gel electrophoresis with 1% agarose in

2 PCR and gel electrophoresis studies were carried out together with Dr. Jean-Paul Boissel in the group of Prof.
Dr. Ellen Closs at the Department of Pharmacology, Johannes Gutenberg-University, Mainz.

82



EXPRESSION OF FOLATE TRANSPORT ROUTES IN CACO-2 CELLS

1xTAE. The total RNA was reversely transcribed into cDNA by using SuperScript'™ First-
Strand Synthesis System for RT-PCR according to the manufacturer’s guidance. cDNA
obtained after reverse transcription was then amplified by PCR. The sequences of primers

used in this study are shown in Table 2.3.

Table 2.3 The sequences of the sense and antisense primers for RFC, FRo and FRp (5'to 3')

used in the RT-PCR reaction. “S” represents sense and “AS” represents antisense primers.

OLIGO Sense and Antisense Primers (5' to 3'")
RFC-S 5-TTTCAGATTGCATCTTCTCTGTCT-3’
RFC-AS 5’-GAAGTAGATGATGGACAGGATCAG-3’
FRao-S 5’>-TTCTAGTGTGGGTGGCTGTAGTAG-3’
FRo-AS 5’>-CACAGTGGTTCCAGTTGAATCTAT-3’
FRB-S 5’-CTTATGCAAAGAGGACTGTCAGC-3’
FRB-AS 5’-CTGACCTTGTATGAGTGACTCCAG-3’

The product sizes were 189 base pair (bp) for RFC, 234 bp for FRa and 201 bp for FR. PCR
was employed using the Expand™ High Fidelity PCR system kit. Each reaction mixture
contained 95 pL water, 20 uL 10x buffer, 40 pL enhancer, 4 pL dNTPs, 1 pL Taq polymerase
and 20 pL cDNA. PCR amplification consisted of 40 cycles of 1 min denaturation at 94°C,
1.30 min annealing at 58°C and 2 min extension at 72°C. Subsequently, the amplified PCR

products were analyzed by 2% agarose gel electrophoresis with ethidium bromide staining

along with a 100 bp DNA ladder (GeneRuler™).

Isolation of total cellular RNA, quantification of isolated RNA and reverse transcriptase
Real-Time PCR reaction
For this purpose, Caco-2 cells (passage 54) were seeded on 24-well plate with a concentration
of 100,000 cells/well. On the 16 day, total RNA was extracted from Caco-2 cell monolayers
using the RNeasy Mini Kit according to the instructions of the manufacturer which was as
follows:

1. The medium was removed and the cell monolayers were washed two times with PBS.

2. The cells in each well were then lyzed by adding 350 pL of buffer RLT.
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3. To homogenize the sample, the cell lysate was pipetted directly onto a QIAshredder
spin column placed in a 2 mL collection tube and centrifuged for 2 min at maximum
speed.

4. 350 pL of 70% ethanol was added to the homogenized lysate, and mixed by pipetting.
The 700 puL of sample was applied to an RNeasy mini column placed in a 2 mL
collection tube. The tube was closed and centrifuged for 15 s at 10,000 rpm and the
flow-through was discarded.

5. After that, 700 pL of buffer RW1 was added to the RNeasy column. The tube was
closed and centrifuged for 15 s at 10,000 rpm to wash the column. The flow-through
was discarded.

6. The RNeasy column was transferred into a new 2 ml collection tube and 500 pL of
buffer RPE was added onto the RNeasy column. The tube was closed and then
centrifuged for 15 s at 10,000 rpm to wash the column, and the flow-through was
discarded.

7. Another 500 pL of buffer RPE was added to the RNeasy column and then centrifuged
for 2 min at 10,000 to dry the RNeasy silica-gel membrane. The RNeasy column was
placed in a new 2 ml collection tube, centrifuged at full speed for 1 min. The RNeasy
column was transferred to a new tube. 50 pLL of RNase-free water was added directly
onto the RNeasy silica-gel membrane. The tube was closed gently and centrifuged for

1 min at 10,000 rpm to elute.

Quantification of isolated RNA was based on spectrophotometric analysis. 3 uL of isolated
RNA together with 97 pL of RNase-free water was read at 260 nm wavelength against
RNase-free water that served as blank. To perform the real-time PCR, QuantiTect Probe RT-
PCR Kit was used. The reactions were run in real-time PCR instrument. The sequences of
TagMan probes, sense and antisense oligonucleotides are shown in Table 2.4 and Table 2.5,

respectively.
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Table 2.4 The sequences of the TagMan probes for RFC, FRa and FRp used in RT real-time
PCR reaction.

Protein | Gene TaqMan Probes (5' to 3')
Name Symbol

RFC SLCI9AI1 | 5' FAM-TCCGCAAGCAGTTCCAGTTATACTCCG-TAMRA 3'
FRa FOLRI1 5' FAM-CATTTCTACTTCCCCACACCCACTGTT-TAMRA 3'
FRpB FOLR2 5'FAM-TTGTTAACTCCTGAGGTCCAGTCCCAT-TAMRA 3'
GAPDH | GAPDH | 5' FAM -CTGCACCACCAACTGCTTAGCACCC-TAMRA 3'

Table 2.5 The sequences of sense and antisense primers for RFC, FRa and FRp used in RT

real-time PCR reaction.

Oligo Sense and Antisense Primers (5’ to 3’)
RFC-S 5'-ACCATCATCACTTTCATTGTCTC-3'
RFC-AS 5'-ATGGACAGGATCAGGAAGTACA-3'
FRao-S 5'-ACTGGACTTCAGGGTTTAACAAG-3'
FRa-AS 5'-GTAGGAGTGAGTCCAGATTTCATT-3'
FRB-S 5'-TATGCAAAGAGGACTGTCAGC-3'
FRB-AS 5'-GGGAAGTAGGACTCAAAGGTG-3'
GAPDH-S 5'-AGCCTCAAGATCATCAGCAATG-3'
GAPDH-AS 5'-CACGATACCAAAGTTGTCATGGA-3'

Quantitative TagMan PCR was performed in 96-well plates using a final volume of 25 pL.

The components and volume of each component for the reaction were as shown in Table 2.6.

The reaction tubes were prepared as above and were placed in the real-time PCR instrument.
Reaction was performed starting with a 30 min reverse transcription reaction at 50°C
followed by the activation of Taq polymerase for 15 min at 95°C. 50 cycles of denaturation at
94°C for 15 s and combined primer annealing/extension at 60°C for 1 min were employed.

Fluorescence increase of FAM was automatically measured during PCR.
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Table 2.6 Components of the reaction mixture for real-time PCR.

Component Volume [pL]
Sense primer [10 pmol/L] 2

Antisense primer [10 umol/L] |2

Tagman probe [10 pmol/L] 1

RT-PCR Master Mix 12.5
QuantiTect Probe RT Mix 0.25

dNTPs 0.5

MgCl, 1.75
Template RNA [0.1 pg/uL] 5

TOTAL 25

For normalization of the gene levels, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used to correct for minor variations in the input RNA amount or inefficiencies of the
reverse transcription. The relative expression level of the target gene was normalized to the
endogenous control according to the equation below:

AC, =C, (t arg et)— C, (control)

where, Cr is the cycle number at the threshold and AC7 is the difference between the Cr
values of the target and the normalizer. SLC19A1 (RFC gene) was chosen as the reference for
the comparison. The comparative AACr is the difference between each sample's AC7 and the
reference’s ACr. Accordingly, the comparative expression level was calculated with the
formula: 27**" . All samples were amplified in triplicate and the values are given as the mean

+ standard deviation.

2.2.4 RESULTS AND DISCUSSION

Caco-2 cells have been widely used as a model to study intestinal permeability and interaction
with transporters. Their folic acid uptake characteristics were also shown previously[25]. In
this part of this work, the availability of three known genes for folic acid transport were
examined and their relative comparison by real-time PCR was performed. The existence of
some of the known transport routes of folates, namely RFC, FRa and FRf3, were investigated

in Caco-2 cells by using RT-PCR followed by electrophoresis on 2% agarose gel and staining
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with ethidium bromide. Subsequent to RNA isolation for PCR, the amount of RNA isolated
was quantified by measuring the absorbance at 260 nm wavelength against RNase-free water.
The concentrations of the isolated RNAs were 13.9 pg / 25 pL and 32.8 pg / 25 pL for
passage 27 and passage 62, respectively. Although not confirmed on the protein level, the
presence of mRNA of RFC, FRa and FRp in the Caco-2 cells used in the present study
clearly show the existence of at least some of the currently known routes involved in cellular
folate transport (Figure 2.12). Moreover, there was no apparent difference between the older
and the younger passage suggesting no loss of expression of the transporter genes by further

splitting procedures.

1 2 3 4 5 6

—_—

300 bp —» W=
200 bp —» - e

Figure 2.12 Ethidium bromide-stained agarose gel of PCR products.P27: Lane I, RFC; lane
2, FRa; lane 3, FRP and P62: lane 4, RFC; lane 5, FRa; lane 6, FRp. The gel electrophoresis
of the PCR product clearly showed the similarity of younger and older passage by means of

the three folate transport routes.

For the relative gene expression levels, RT real-time PCR was employed. As previously
shown on agarose gel of the PCR products, all three of the analyzed genes were expressed
with different levels (Figure 2.13). The ranking of the expression levels were as follows: FRa

> RFC > FR§.

The existence of RFC, FR and FR in Caco-2 cells suggested the suitability of this model to
study drug interactions via folate transport routes; however, it should be considered that there
are differences between human intestinal cells and the Caco-2 cell line by means of the folate
transporter expression levels. RFC is a low affinity, high capacity system that bidirectionally
transfers folates/antifolates across membrane via energy-dependent, carrier-mediated process.
Although the RFC is ubiquitously expressed, the FRa displays a more restricted range of
tissue expression but is nevertheless proposed to function as a high affinity, low capacity

folate/antifolate transporter. The low capacity is attributed to the receptor-mediated
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endocytotic mechanism that requires recycling of the receptor back to the cell surface, a

process that has been reported to take between 30 min to 5 h [49].

101_
RFC
1074

102_

level to RFC

10-3-

10+

Comparative expression

10
FRa FRpB
Figure 2.13 Relative gene expression levels (27" ) of FRa and FRp to RFC which were

normalized to GAPDH in Caco-2 cells. Values are shown as mean of three different reactions

+SD.

The receptors have a very high affinity for folic acid (~1 nmol/L) and the reduced folates 5-
FTHF and 5-MTHF (10-40 nmol/L) and a lower affinity for MTX and other 4-
aminoantifolates (0.15-1.7 umol/L) [50]. According to our results, Caco-2 cells, as being
human colon adenocarcinoma cells express high level of FRa, which confirmed the previous
finding in Caco-2 cells [51]. FRa is highly expressed in some solid epithelial tumors, such as
ovarian carcinoma and mesothelioma [49]. Despite the observation that FRa is expressed
higher than RFC in Caco-2 cells, due to is slow recycling rate, a major role for RFC in the
transport of folate and antifolate in several epithelial cell lines of different origins over-
expressing FRo has been suggested [52]. In the study by Corona et al., cellular uptake of 5-
MTHF at physiological concentration indicated that the cell line with the lowest FRa
expression was able to accumulate folate as much as the cell lines with the highest FRa level.
By preventing the binding of 5-methyl-’HJTHF to FR by treatment with N-
hydroxysuccinimide (NHS)-folic acid, only a small decrease was observed (20%) in the
internalization of the co-enzyme. On the contrary, cell pretreatment with NHS-MTX, which
selectively blocked the transport activity of RFC but did not affect surface folate binding to
FR, yielded a reduction in folate cellular uptake of about 70-90% in the cell lines.
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Consequently, it was concluded that the ovarian carcinoma cell lines internalized 5S-MTHF
predominantly through RFC. Although this folate form has approximately 100-fold lower
relative affinity for RFC than for FRa, the carrier system appeared to internalize folate much
more efficiently than FR, also in cells in which FR expression was elevated [52]. Therefore,
despite the discrepancies between the expression levels of certain transporters in human
intestinal epithelia and Caco-2 monolayers, for the predictions of the relevant in vivo
outcomes of the folic acid related interactions, Caco-2 cells still keep their functional

characteristics and utility for the initial in vitro cell culture experiments.
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2.3 EFFECT OF GREEN TEA CATECHINS AND TEA EXTRACTS ON
FOLIC ACID UPTAKE

2.3.1 INTRODUCTION

Folic acid is the stable, synthetic and oxidized form of the water-soluble vitamin folate used
for supplementation and food fortification in human and animal nutrition. One major
biochemical role of reduced folates is to provide a methyl group for the re-methylation of
homocysteine to methionine [53]. Malabsorption of folate in humans might lead to folate
deficiency that may cause severe cases such as megaloblastic anemia, colon cancer,
cardiovascular disease and neural tube defects due to the fact that humans cannot synthesize

folates and therefore should obtain it from nutritional sources and supplements (see Chapter

1.

Tea, a traditional and widely consumed drink all over the world, which is prepared by
infusing the leaves of the plant Camellia sinensis in water, may have numerous health-
promoting properties [54,55], which are mainly attributed to the tea polyphenols. Green tea
contains polyphenolic compounds such as flavanols, flavandiols, flavonoids and phenolic
acids. The flavanols in green tea are known as catechins. The major catechins found in green
tea are EGCG, EGC, ECG and EC (see Chapter 1). The benefits of green tea are mostly
attributed to EGCG. The level of the flavonoids in green tea was found to be similar to the
flavonoids in black tea [56] and both have health beneficial properties. The dietary total intake
of polyphenols is ~ 1g/day [57] varying in different populations. For example, in Scotland, the
estimated dietary intake of catechins is 59 mg/day, in the Netherlands, it is 72 mg/day and in
Germany (Bavaria), it has a value of 11 mg/day [58]. The catechin intake also shows
variations in different age groups. The mean catechin intake is 25 mg/day in children, 56

mg/day in adults and 75 mg/day in elderly in a Dutch population [59].

Folic acid uptake can be inhibited by antifolates such as MTX (see Chapter 1) which is a
potent, competitive inhibitor of the enzyme DHFR [60] and is mainly used in the
chemotherapy of cancer. MTX competitively inhibits intestinal uptake of folic acid [28,29]

probably by sharing a common transporter system responsible for cellular uptake of folates.
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The antifolate activity of tea catechins by inhibiting DHFR has been reported and EGCG has
been shown to inhibit DHFR in vitro [61]. The inhibition of DHFR leads to the depletion of
the intracellular reduced folate pools for the biosynthesis of purines and thymidine, which in
turn results in the inhibition of nucleic acid biosynthesis. This may be one possible
mechanism of the anticancer activity of green tea [61]. DHFR is also involved in the intestinal
absorption of folates, because the majority of dietary folates are transferred into the systemic

circulation in the reduced form [62].

Because catechins have been found to be inhibitors of DHFR — similar like MTX which is
known to inhibit intestinal uptake of folates — in the present chapter, it was investigated
whether catechins, either applied as pure substances or as tea extracts inhibit intestinal folate
uptake using Caco-2 cell monolayers as a model system. Composition of tea varies with
species, season, age of the leaf, climate and horticultural practices [63]. Based on this
information, in addition to commercial tea extracts, effects of different green tea samples on

folic acid uptake in vitro was further investigated.

2.3.2 EQUIPMENTS AND MATERIALS

Equipments

24-well plate Nunclon™ Multidishes, Nunc, Life
Technologies GmbH, Karlsruhe, Germany

pH meter pH 538 Multical, WTW GmbH, Weilheim,
Germany

Shaker Biihler shaker KMA vario, Johanna Otto
GmbH, Hechingen, Germany

Incubator Incubator BE 500, Memmert, Schwabach,
Germany

Electrospray ionization-mass spectrometry QTof Ultima 3, Micromass/Waters, Milford,

(ESI-MS) MA, USA

Filter paper Filter Paper No.1, Whatman GmbH, Dassel,
Germany
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Freeze-dryer Ehrist ALPHA 1-5, DAMON-IEC, Needam
Heights, MA, USA

Rotary evaporater Vac V-500, Biichi Labortechnik AG, Flawil,
Switzerland

Materials

EGCG, EGC, ECG, EC, Polyphenon 60, nonlabeled folic acid and sodium ascorbate were
purchased from Sigma-Aldrich Chemie GmbH, Steinheim, Germany. The purities were, >
95% for EGCG, = 98% for EGC, ECG and EC according to the HPLC results by the
manufacturer. The identities of the compounds were verified by electrospray ionization-mass
spectrometry” (ESI-MS) [64] (see Chapter 5, Appendix). Spray dried green tea powdered
extract (lot # PE 15202835), “organic” green tea powdered extract, (lot # PE 13100454),
black tea powdered extract (lot # PE 14104372) and “micromilled” black tea powdered
extract (lot # 14202740) were kindly provided by Plantextrakt, Vestenbergsgreuth, Germany.
As stated by the manufacturer, the extraction solvent was demineralised drinking water for all
extracts. Characterization of the tea extracts with respect to their catechin content by HPLC
yielded the following results’: EGCG: 207.7, 207.9, 4.4 and 0.3 pmol/g; ECG: 36.6, 32.5, 3.3
and 2.0 umol/g; EC: 17.0, 19.7, 0.9 and 0.2 umol/g for green tea extract, “organic” green tea
extract, black tea extract and “micromilled” black tea extract, respectively. The concentrations
of EGC were 102.3 umol/g for green tea extract and 157.5 umol/g for “organic” green tea
extract. MTX (Lantarel® FS) was from Wyeth Pharma GmbH, Miinster, Germany. [*H]folic
acid (specific activity 20.0 Ci/mmol) was obtained from Moravek Biochemicals, Inc.,
California, USA. All the cell culture media and supplements were from Biochrom KG, Berlin,

Germany. MES was purchased from Merck, Darmstadt, Germany.

3 ESI-MS detections were performed in Institute of Chemistry, Johannes-Gutenberg University, Mainz,
Germany.

* HPLC analysis of the tea extracts were carried out in the group of Prof. Dr. Siegfried Wolffram, Institute of
Animal Nutrition and Physiology, University of Kiel, Kiel, Germany.
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Tea samples:

China Lung Ching (I) Tee Gschwender (No. 520), Mainz, Germany

China Mao Feng (IT) Tee Gschwender (No. 515), Mainz, Germany

China Gunpowder (I1I) Alnaturna, Mainz, Germany

China Pai Mu Tan Typ (IV) Ronnefeldt, distributed by dm-drogerie
markt, Mainz, Germany

Japan Sencha (V) Tee Gschwender (No. 700), Mainz, Germany

Nepal Himalaya View® (VI) Tee Gschwender (No. 310), Mainz, Germany

2.3.3 METHODS

Preparation of Caco-2 monolayers for the studies

Caco-2 cells (passages 32-39) were cultured as previously described in Chapter 2.1. The
cells were routinely split and seeded into 24-well plates with 100,000 cells/well. The medium
was changed three times a week. The development of the monolayers was examined under the

microscope until the 16™ day. The experiments were performed on the 16" post seeding.

Inhibition experiments
Inhibition experiments were conducted in the presence of:

a. QGreen tea catechins

b. Commercial green and black tea extracts

c. Produced green tea extracts from different green tea samples

d. Polyphenon 60
Due to the higher uptake rates of folic acid at pH 6.5 (see Chapter 2.1), all inhibition
experiments were performed at this condition. Prior to the inhibition experiments, the
cytotoxicity of test substances was investigated using both XTT in vitro toxicology assay kit

and trypan blue exclusion test (see Chapter 2.6).

For the inhibition experiments, on the 16™ day postseeding, Caco-2 monolayers in the dishes
of the 24-well plates were washed twice with HBSS containing 10 mmol/L MES adjusted to
pH 6.5. The wells were filled and incubated with the incubation mixture for 30 min at 37 °C
on an orbital shaker at 50 rpm. After completion of the incubation period, the monolayers

were washed five times with ice-cold buffer solution at pH 6.5 containing 0.2 mM EGTA and
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subsequently solubilized with 1% Triton X-100 in water. Aliquots of 0.5 mL of solubilized
cells were mixed with 4 mL scintillation cocktail and counted by liquid scintillation.
Experiments were performed in triplicates and the resulting uptake data were expressed as

pmol of folic acid taken up per mg of protein or as % of control uptake (= 100%).

Concentration range for green tea catechins and green and black tea extracts for the
inhibition experiments

The concentration of EGCG in one cup of green tea may be up to 200 mg / 240 mL [54],
which translates into a molar concentration of approximately 1.8 mmol/L. Therefore, a
concentration range of 0.001 to 1 mmol/L was chosen for pure catechins tested in this study.
In the case of tea extracts, incubation solutions were adjusted to 0.12 — 60 mg extract/mL , in
accordance with the “German Revised Version of Guidelines for Tea, Herbal Infusions,
Extracts Thereof and Preparations” prepared by WKF (Wirtschaftsvereinigung Krauter- und
Friichtetee e.V.) according to which a minimum extract concentration of 0.12 g/100 mL

should be employed for tea drinks.

Concentration range of Polyphenon 60 for the inhibition experiments

Polyphenon 60 from green tea is a mixture of polyphenolic compounds containing a
minimum of 60% total catechins. In addition to pure catechins and tea extracts, the effect of
Polyphenon 60 on folic acid uptake was investigated. Considering the ~ 6-fold higher
catechin concentration of Polyphenon 60 compared to that of commercial green tea extract, a
concentration range of Polyphenon 60 (0.02 — 10 mg/mL) which corresponds to

concentrations 6-fold less than green tea extract was used.

Concentration of sodium ascorbate in the incubation mixtures
To prevent catechins from oxidation, 1 mmol/L sodium ascorbate was added to all incubation

solutions [61].
Concentration of folic acid in the incubation mixtures

Non-labeled and labeled folic acid concentrations in the incubation mixtures were 1 pmol/L

and 1 pCi/mL, respectively.

94



EFFECT OF CATECHINS AND TEA EXTRACTS ON FOLIC ACID UPTAKE

Transepithelial transport studies

For studying transepithelial transport of folic acid, Caco-2 cells cultured as previously
described in Chapter 2.1, were seeded on polycarbonate membrane filters with a pore size of
0.4 pm (1.13 cm?, Transwell®, Costar GmbH, Bodenheim, Germany) at a density of 10° cells
per cm”. Medium was replaced three times a week and integrity of cells was monitored at
these time points by measuring the transepithelial electrical resistance (TEER) using a
Millicell™ ERS and “chopstick” electrodes. The integrity of cell monolayers was checked by
measuring the flux of the paracellular marker D-mannitol. Just prior to the experiment, the
medium was removed, the cells were washed once and pre-incubated with transport buffer,
pH 6.5 at 37 °C for 15 min with subsequent registration of the TEER. The donor solution
containing 1 pmol/L of folic acid labeled with 1uCi/ml [*H]folic acid, 0.1 mmol/L D-
mannitol, labeled with 1pCi/mL ['*C]mannitol, and 0.25 mmol/L of EGCG was added to the
apical compartment. The opposite (serosal) compartment served as acceptor compartment and
contained the same medium but without any substrates (EGCG, folic acid, mannitol). The
experiment was conducted on a shaker at 150 rpm in an atmosphere of 90% relative humidity
at 37 °C for 120 min. At time points 0 and 120 min, samples (10 puL) were withdrawn from
donor compartments whereas at time points 0, 30, 60, 90 and 120 min samples (350 uL) were
withdrawn from the acceptor compartment and replaced with the same amount of blank buffer
at pH 6.5. The samples withdrawn were mixed with 4 mL scintillation cocktail, and counted
by liquid scintillation counting. Effective permeabilities (P.s) of folic acid were calculated in

the presence and absence of EGCG as described by Hilgendorf et al.[32] (see Chapter 2.1).

Preparation of tea extracts

Dry green tea leaves were ground using a pestle and mortar. 10 g of the ground tea leaves was
extracted in 200 mL of bidistilled water at 80°C for 10 min with constant stirring. The
infusions were cooled to room temperature and the samples were filtered through filter paper.
The extract solutions were then concentrated by rota-evaporator at 40°C and 20 mm-Hg.” The
resulted soft extracts were dissolved again in bidistilled water at room temperature and
filtered once more to get rid of the unsoluble constituents. The remaining solutions were
freeze-dried® overnight [65] and the so-called “instant tea powders” were obtained, dessicated

and stored at 4°C.

> Extracts were concentrated by rota-evaporator at the Max-Planck-Institut fiir Polymerforschung, Mainz,
Germany.
% Freeze-drying procedures were conducted at the Max-Planck-Institut fiir Polymerforschung, Mainz, Germany.
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2.3.4 RESULTS AND DISCUSSION

Inhibition experiments

MTX which is a well known inhibitor of folic acid uptake [28,29] was used as a positive
control in these experiments. MTX as well as green tea catechins significantly inhibited folic
acid uptake (Figure 2.14). Folic acid uptake as a function of the inhibitor concentration is
furthermore shown in Figure 2.15 and the calculated ICsy values of catechins and MTX are
listed in Table 2.7. The inhibitory potency against folic acid uptake increased in the following
order: MTX > EGCG > ECG > EC > EGC with very similar ICs, values obtained for EGCG

and ECG, respectively.
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Figure 2.14 Folic acid uptake into human Caco-2 monolayers incubated for 30 min in the
presence of different concentrations of A: EGCG, B: ECG, C: EC, D: EGC, E: MTX. Results
are shown as the average values of triplicates + SD. Differences were accepted to be
significant with p<0.05 when compared to control. (*: p< 0.05, **: p<0.01, ***: p<0.001;

ns. statistically non-significant when compared to control).
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Figure 2.15 Best fit curves obtained in the presence of increasing concentrations of different

catechins and MTX. The folic acid concentration was constant (1 umol/L). Data points are

shown as the average values of triplicates + SD.
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Table 2.7 Inhibition of folic acid uptake from the apical side by different catechins from
green tea and MTX.

Substance ICs 95%  Confidence
[pmol/L] Intervals [pmol/L]

EGCG 34.8 27.9-43.7

ECG 30.8 19.8 - 48.1

EC 785.2 565.6 - 1090

EGC 1096.2 801.7 - 1499

MTX 7.23 5.86 - 8.91

The same type of experiments was also performed using two different green and black tea
extracts: (1) green tea powdered extract, and (2) green tea powdered extract, “organic”, (3)
black tea powdered extract, “micromilled”, (4) black tea powdered extract. Both, black as
well as green tea extracts inhibited folic acid uptake (Figure 2.16). The calculated best fitting
curves for the inhibition of folic acid uptake in the presence of tea extracts are shown in
Figure 2.17 and the 1Cs, values calculated thereof are depicted in Table 2.8. Interestingly, the
ICsy values of black tea extracts (3.75 mg/mL and 3.54 mg/mL) obtained from the uptake
inhibition experiments were approximately two times lower than those calculated for the
green tea extracts (7.62 mg/mL and 7.40 mg/mL). In addition, a much clearer concentration
dependence of inhibition of folic acid uptake was obtained with extracts from black tea than

with green tea extracts.
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Figure 2.16 Reduction of folic acid uptake by commercial green tea (A and B) and black tea
(C and D) extracts. Results are shown as the average values of triplicates = SD. Differences
were accepted to be significant with p<0.05 when compared to control. (*: p< 0.05, **:

p<0.01, ***: p<0.001, ns: statistically non-significant when compared to control).
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Figure 2.17 Best fit curves of the uptake inhibition experiments using green tea and black tea

extracts with concentrations of 0.12 — 60 mg/mL. The incubation mixture contained 1 umol/L

of folic acid.

Table 2.8 ICsy values of green tea and black tea extracts obtained from the inhibition

experiments.
Substance ICs 95% Confidence
[mg/mL] Intervals [mg/mL]
Green tea extract (1) 7.62 4.33-13.36
Green tea extract (2) 7.40 3.85-14.19
Black tea extract (3) 3.75 3.26-4.29
Black tea extract (4) 3.54 2.87-4.36

Folic acid uptake as a function of extract concentration for each of the produced green tea

extracts (I-VI) is shown in Figure 2.18. As expected, all six of the green tea extracts inhibited

folic acid uptake significantly at all concentrations.
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Figure 2.18 Reduction of folic acid uptake by the produced green tea extracts (I-VI). Results
are shown as the average values of triplicates + SD. Differences were accepted to be

significant with p<0.05 when compared to control. (*: p< 0.05, **: p<0.01, ***: p<0.001).
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Table 2.9 ICsy values of the produced green tea and black tea extracts obtained from the

inhibition experiments.

Substance ICs 95% Confidence
[mg/mL] Intervals [mg/mL]
Green tea extract (I) 7.28 3.66 —14.5
Green tea extract (IT) 5.63 4.56 -6.95
Green tea extract (I1I) 7.65 6.07 —9.64
Green tea extract (IV) 3.68 3.26-4.16
Green tea extract (V) 3.00 2.35-3.83
Green tea extract (VI) 3.05 2.54 -3.66
6 6
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Figure 2.19 Reduction of folic acid uptake by Polyphenon 60 from green tea. Results are
shown as the average values of triplicates = SD. Differences were accepted to be significant
with p<0.05 when compared to control. (*: p< 0.05, **: p<0.01, ***: p<0.001; CI: complete

inhibition).

In addition to commercial green tea extracts (1,2), produced green tea extracts (I, I, III, IV,
V, VI) inhibited the folic acid uptake with different inhibitory potencies. The I1Csy values of
the respective green tea extracts are listed in Table 2.9. Moreover, all of the tested
concentrations of Polyphenon 60 caused significant reduction in the uptaken folic acid

amounts (Figure 2.19).
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Effect of EGCG on the transport of folic acid across Caco-2 cell monolayers

For studying inhibition of transepithelial transport of folate (1 pmol/L) by tea catechins,
EGCG was used at a concentration of 0.25 mmol/L (strongest inhibition, see also Figure
2.14). Under these conditions EGCG significantly reduced folate transfer from the donor into
the acceptor compartment. In the apical to basolateral transport direction, Pegr was 1.07 x 107
cm/s in the absence of EGCG, whereas in the presence of EGCG, P turned out to be 7.68 x
107 cm/s. ['*C]mannitol permeability was not different in the absence and presence of EGCG
indicating the absence of any effect of EGCG on the integrity of Caco-2 cell monolayers

throughout the experiment.

This present study investigates the potential inhibitory effect of green tea catechins and
additionally whole extracts of Camellia sinensis on the folic acid uptake in Caco-2 cells.
Catechins, as well as green and black tea extracts were shown to inhibit folic acid uptake into
Caco-2 cell monolayers. Green tea extracts, in the concentration range mentioned previously,
influenced folic acid uptake significantly. The analyses of the commercial green and black tea
extracts with respect to catechin levels showed that green tea extracts contain high amounts of
EGCG, ECG and EC whereas amounts of those in black tea are negligible (see Materials).
The inhibitory effect of green tea extract can be attributed to the catechins which was proved
by the inhibition experiments in the case of pure catechins. Besides, the inhibitory effect of
black tea which is even calculated higher than that of green tea, might also be due to the
existence of flavonoids, that however, differ between black and green tea such as theaflavins
or thearubigins. The results clearly suggest an interaction between tea polyphenols and folic
acid at the level of intestinal absorption and might be of nutritional significance because the
ICs values calculated for catechins, especially for EGCG and ECG (see Table 2.7) are well
achievable by consumption of green tea. Green tea was reported to be one of the major
sources of folate in Japanese women. 20.7 ug/d folate is obtained from Sencha type, 11.8 pg/d
folate is obtained from Gyokuro type and 3.2 pg/d folate is obtained from Hojicha type green
tea in Japan [66]. Taking the folate content of green tea into consideration [66], on the one
hand, one could conclude that the actual ICsy of green tea could have been much lower than
the measured value. On the other hand, the folate supplied by green tea into the incubation
mixture, might have compensated for the inhibitory effect of the green tea extract. Therefore,
a higher 1Csy of green tea extract may have been calculated than for black tea, which has
much lower folate content than the former. Interestingly, the results concerning inhibition of

folate uptake in the present study are in good agreement with the results on DHFR inhibition
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regarding the relative potency of the different tea polyphenols with the gallated derivatives
EGCG and ECG being much more potent than the non-gallated form EGC and EC (Table
2.7)[61,67].

The inhibitory potency of the produced green tea extracts were found even stronger than the
commercial green tea extracts. Even the lowest concentrations of the extracts inhibited folic
acid uptake significantly. This might be due to the culturing conditions of the green tea plant,
but as well, the condition under which the extract was produced, could be influential. Tea
plants are cultivated in India, China, Japan, Taiwan, Sri Lanka and Indonesia and in Central
Africa and hundreds of different teas are produced and sold all over the world. The
composition of tea varies with species, season, age of the leaves, agronomic condition,
manufacturing process and storage [68]. Hertog et al. had pointed out that, the size of the tea
leaves and consequently extraction surface were important in flavonoid levels in tea. The
difference in flavonoid levels between tea prepared with tea bags and tea prepared with loose
leaves could then be explained by the particle size of the leaves [56]. Thus, due to the
grinding step while preparing the tea extracts might have affected the catechin content in a
positive manner in our study. Moreover, the inhibitory effect of both commercial green and
black tea extracts showed a concentration dependency which was more apparent for black tea
extracts. However, in the case of produced green tea extracts, although the inhibition at each
extract concentration was significant, folic acid uptake levels demonstrated fluctuations by
increasing the extract concentration. This response might be due to the type and amount of
polyphenols in the produced extracts similar to the lower 1Csg values of those compared to the
commercial green tea extracts. As mentioned in Chapter 1, gallated catechins were shown to
be substrates of SGLT1 and MCT [69,70]. Additionally, the efflux transporters MRP2 and
BCRP may contribute to the secretion of gallated catechins [70,71]. Due to the different type
and possibly high concentrations of polyphenols in different green tea extracts, there is an
increased potential of contribution of different transporters to the overall transport process
which might lead to the observed fluactuations in the inhibition experiments. The ICsy values
of the produced green tea extracts ranked in the following fashion: ICsg iy > ICso 1> ICso (1>
ICso avy> ICso (viy> ICso (vy. Based on the ICsg values the green tea “Japan Sencha” exhibited
the highest inhibition. This type of Japanese green tea was shown to express high levels of
catechins (13.61%) [72]. In a study, the antioxidant capacities of different green and black
teas were investigated. Teas from different regions of world had different capacities of

antioxidant effects, which could be associated with their different catechin contents. Likewise,
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the different inhibitory strengths of folic acid uptake might be well related to the same
phenomena. Similar results were also observed for Polyphenon 60. The results do not give us
the possibility to make a comparison between green tea extracts and Polyphenon 60 because
of lack in the information regarding the exact catechin compositions of both. However, it can
be concluded that either pure catechins, or extracts inhibited the folic acid influx into Caco-2

cells considerably.

During intestinal absorption, folates are reduced and partially methylated to THF and 5-
MTHEF, respectively, within the enterocytes prior to transfer into the blood. Thus, DHFR is
involved in intestinal absorption of folates. As reported previously [61,67], green tea
catechins competitively inhibit DHFR, which could at least partially explain a reduced
cellular uptake as well as a reduced transepithelial transfer of folates in the presence of
catechins. In the case of cellular uptake, an accumulation of non-reduced folates would hinder
further uptake of these forms across the brush-border membrane resulting in a reduced
cellular accumulation. Transport of folates by mammalian cells involves a variety of diverse
processes [27,35,45,73,74]. The presence of mRNA of RFC, FRa and FRJ} in the Caco-2 cells
used in the present study (see Chapter 2.2) clearly show the existence of at least some of the
currently known routes involved in cellular folate transport. Regardless of the fact that the
experimental Caco-2 model used in this study might have differences in the expressed levels
of genes and proteins than in vivo, these results clearly indicate the alteration of folic acid
uptake by tea extracts. Taking all these into consideration, it might well be that inhibition of
cellular uptake of folic acid includes interaction of catechins with one or more of these

transporters although we cannot deduce the exact mechanism(s) responsible for our findings.

In summary, the results of the present study demonstrated an interaction between tea extracts
and catechins at the level of uptake which may turn out to influence the folate status of the
body. Low folate levels may be crucial in clinical cases such as pregnancy and cardiovascular
disturbances due to the low bioavailability of folic acid and may even result in the risk of
anencephaly and spina bifida [75] and hyperhomocysteinemia [76], respectively. Whether
these complications may result from ingestion of excessive amounts of tea, is currently
unknown and needs to be investigated further in in vivo animal and human studies. Along
with our recent findings and the reported transporter-related and enzyme-related interactions

of green tea [61,70,77], changes in the efficacy of the drugs cannot be ruled out at present.
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2.4 INVESTIGATION OF THE INTERACTION BETWEEN FOLIC

ACID AND SELECTED FLAVONOIDS AT THE LEVEL OF
INTESTINAL ABSORPTION

2.4.1 INTRODUCTION

Among the numerous members of flavonoids, hesperetin, kaempferol, naringenin and

quercetin were selected as the test compounds for the inhibition experiments to study the

inhibitory effects on folic acid uptake in Caco-2 monolayers. Although exact mechanisms of

intestinal absorption of flavonoids remain to be elucidated, there are a few proposals:

It is generally believed that intact flavonoid glycosides are hardly absorbed from the
small intestine because sugar moieties elevate their hydrophilicity. Flavonoid
glycosides from diet are believed to pass through the small intestine and then enter the
cecum and colon, where they are hydrolyzed to aglycone by enterobacteria. Flavonoid
aglycone can be absorbed easily into the epithelial cells in the large intestine because
its lipophilicity facilitates its passage across phospholipid bilayer of cellular
membranes [78].

It was reported that the position and nature of the sugar residue may increase the
uptake of the compound in the small intestine. Nevertheless, the aglycone has a higher
biological effect than the glycoside [79]. Therefore, deglycosylation via a [3-
glucosidase would be an important step [80]. Human cells express some [-
glucusidases: lactase phlorizin hydrolase, glucocerebrosidase and cytosolic [-
glucosidase among which the lactase phlorizin hydrolase and the glucocerebrosidase
are membrane-bound, and the cytosolic B-glucosidase is a broad-specificity cytosolic
enzyme found in abundance in the liver, kidney and small intestine of mammals [80].
Results of a study by Nemeth et al. showed that absorption involved degylcosylation
by the luminally-exposed lactase phlorizin hydrolase and by the cytosolic [-
glucosidase. Only substrates for these human [-glucosidases show significant
absorption from the small intestine, while non-substrates are absorbed from the colon

and exhibit reduced bioavailability [81].
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Quercetin (flavonol):

In addition to the lipophilicity-dependent passive diffusion of aglycones, a saturable

transport via a transporter system was also suggested. Oitate et al. had proposed that,

genistein, which is an agylcone isoflavone, was transported across across Caco-2 cells

by a carrier-mediated system, located on the apical membrane and characterized by

saturable kinetics and inhibition of the transport at 4°C [82].

OH

In the subclass of flavonols, quercetin is the most
abundant compound in vegetables and fruits.
Quercetin is present especially in onion but also in
other vegetables and fruits such as apple, apple juice,
bean, broccoli, cherry, black current, black grape,
kale, lettuce and cherry tomato [83]. In food,

quercetin is mainly found as glycosylated forms,

mainly in B-gylcosides, however, corresponding agylcones can also be found like in the case

of wines, together with the glycosides [84].

Kaempferol (flavonol):

Naringenin (flavanone):

HO

OH

OH Tea, is the main kaempferol source in human diet.

Both green and black teas contain comparable levels
of kaempferol [56]. Tomatoes were also shown to
contain free and conjugated kaempferol to a lower

extent [85].

Citrus fruit and tomato are the main sources of
naringenin. Naringenin is the predominant aglycone in
grapefruit. In citrus fruits, naringenin is found as
glycosides. However, in the skin of tomatoes,

naringenin exists as aglycone [86].
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Hesperetin (flavanone):

OH (0]

aglycones [88].

Lemon, lime, mandarin and sweet orange are
mainly dominated by hesperetin rutinosides
(hesperidin) [87]. Rutinosides such as hesperidin,
are probably absorbed in the colon after hydrolysis
by the microflora. The content of hesperidin in
orange juice ranges between 200 and 590 mg/L

corresponding to 25 to 80 mg of flavanone

In the light of the information above, the rationale behind the selection of the flavonoids

quercetin, kaempferol, naringenin and hesperetin for the uptake inhibition experiment can be

listed as: Catechin aglycones existing in green tea as the major flavonoids were found to

inhibit folic acid uptake in Caco-2 cells (see Chapter 2.3). Most of the flavonoids present as

glycosides are available after the hydrolysis and release of the sugar moiety. In human

intestine, the existence of the hydrolyzing enzymes was shown. Furthermore, there is

evidence in the literature, at least for certain flavonoid aglycones that carrier-mediated

transport contributes to the absorption process. Thus, in this chapter of the work, fundamental

inhibition experiments in Caco-2 cells were carried out to point out whether the selected

flavonoids also inhibit folic acid uptake like in the case of catechins.

2.4.2 EQUIPMENTS, MATERIALS AND METHODS

Equipments

24-well plate

pH meter

Shaker

Incubator

Nunclon™ Multidishes, Nunc, Life Technologies
GmbH, Karlsruhe, Germany

pH 538 Multical, WTW GmbH, Weilheim,
Germany

Biihler shaker KMA vario, Johanna Otto GmbH,
Hechingen, Germany
BE 500, Schwabach,

Incubator Memmert,

Germany
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Materials

All cell culture media and supplements were from Biochrom KG, Berlin, Germany. 2-
Morpholinoethanesulfonic acid monohydrate (MES) was purchased from Merck, Darmstadt,
Germany. Non-labeled folic acid, dimethyl sulfoxide (DMSO), hesperetin, kaempferol and
naringenin were obtained from Sigma-Aldrich Chemie GmbH, Steinheim, Germany.
Quercetin was provided from Carl Roth GmbH & Co., Karlsruhe, Germany. MTX (Lantarel®
FS) was from Wyeth Pharma GmbH, Miinster, Germany. MenoFit (CROWNVITA®, batch
no: 312163) was provided from Districon GmbH, Wehrheim, Germany and Multinorm®
(batch no: G006338) was provided from Sankt Pirmin® Naturprodukte GmbH, Ingelheim,
Germany. [‘H]folic acid (specific activity 20.0 Ci/mmol) was obtained from Moravek

Biochemicals, Inc., California, USA.

2.4.3 METHODS

Preparation of Caco-2 monolayers for uptake studies

Caco-2 cells passages between 47 and 51 were cultured routinely according to the description
in Chapter 2.1. The cells were split and seeded into 24-well plates with 100,000 cells/well.
The medium was changed three times a week. The development of the monolayers was
examined under the microscope until the 16™ day. The experiments were performed on the

16™ day post seeding.

Inhibition experiments
On the 16" day postseeding, inhibition experiments were conducted at pH 6.5. The procedure
of the experiment was as described in Chapter 2.1. MTX was used as positive control. The
tested compounds and respective concentrations were as follows:

e Quercetin (0.001, 0.01, 0.02 and 0.03 mmol/L)

e Kaempferol (0.001, 0.01, 0.02 and 0.03 mmol/L)

e Naringenin (0.001, 0.01, 0.1, 0.2 and 0.3 mmol/L)

e Hesperetin (0.001, 0.01, 0.1, 0.2 and 0.5 mmol/L)

e MTX (0.1 mmol/L)
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While preparing the incubation solutions of quercetin, kaempferol, naringenin and hesperetin,
0.5% DMSO was used. Agylcones are low soluble due to the lack of the sugar moiety and
therefore the aid of DMSO was necessary. As it is shown in Chapter 2.5, DMSO can be used
up to a concentration of 2%, which was tested on Caco-2 cells and was shown to be non-
effective on folic acid uptake in this cell line. Besides the selected above mentioned
flavonoids, two commercially available extract and flavonoid-containing capsule and tablet
formulations were tested to check for the potential inhibitory effect on folic acid uptake.
Among those formulations, MenoFit tablets contain soyisoflavones (5 mg/tablet), vitamin E
(10 mg/tablet), grape seed extract (10 mg/tablet) and green tea extract (10 mg/tablet), whereas
Multinorm® capsules contain soyisoflavones (25 mg/capsule), vitamin B1 (1.4 mg/capsule),
vitamin B2 (1.6 mg/capsule), vitamin B6 (2 mg/capsule), vitamin B12 (1 pg/capsule), folic
acid (200 pg/capsule), vitamin C (30 mg/capsule), vitamin K1 (30 pg/capsule) and zink (2.5
mg/capsule). While preparing the solutions of the formulations, one MenoFit tablet was
dissolved in 50 mL of pH 6.5 HBSS buffer (stock). Assuming the stock solution as 100%,
different concentrations of incubation solutions of MenoFit tablet were prepared containing
100%, 50%, 5% and 0.5% of the stock MenoFit solution. Likewise, one Multinorm® capsule
was dissolved in 50 mL of the same buffer (stock). Assuming the stock solution as 100%,
different concentrations of incubation solutions of Multinorm® capsule were prepared
containing 100%, 50%, 10% and 1% of the stock Multinorm® solution. The same
experimental procedure was followed for the inhibition studies with these two formulations as

described in Chapter 2.1.

2.4.4 RESULTS AND DISCUSSION

Since the recognition of the interaction between foods and drugs, plenty of studies have been
undertaken at the enzyme [89,90] and transporter level [71,91-93]. Based on the interaction
observed between catechins and folic acid at the level of intestinal uptake [94], in this part, we
investigated whether a similar effect contributed during the intestinal absorption of folic acid
when applied concomitantly. In general, a clear modulation of folic acid uptake by the tested

flavonoids was not detected. The results of the experiments are shown in Figure 2.20.
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Figure 2.20 Effect of selected flavonoids on folic acid uptake in Caco-2 monolayers. Values
are means of triplicates + SD. Differences were accepted to be significant with p<0.05 when

compared to control. MTX was used as positive control (0.1 mmol/L). (ns: not statistically

significant when compared to control, *: p< 0.05, **: p<0.01, ***: p<0.001).
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Figure 2.21 Effect of two different commercial formulations containing extracts and

flavonoids on folic acid uptake in Caco-2 cells. Data is shown as means of triplicates + SD.
Quercetin, within the concentration range used had no effect on the internalization of folic

acid into the cells; neither reduction nor increase was observed. Kaempferol caused a very

slight increase in the internalized folic acid level at low concentrations, however, there was no
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effect at higher concentrations. Among the tested flavonoids a relatively higher effect was
observed in the presence of naringenin. Likewise, hesperetin also caused a decrease in folic

acid uptake with increasing concentrations (Figure 2.20).

ICsp values were 0.83 mmol/L for hesperetin and 0.16 mmol/LL for naringenin (for the
calculation of the ICsy values, see Chapter 2.1). As no reduction was seen in the presence of
quercetin and kaempferol, ICsy values for those were not calculated. The relevant
concentration of flavonoids in human diet were given by Ofer et al. [91]. The nutrition
relevant concentrations for hesperetin and naringenin were reported to be 250 umol/L and 300
umol/L for hesperetin and naringenin, respectively [91]. According to our findings, as ICs, for
hesperetin is relatively higher than the nutrition relevant concentration, in practice, it might be
hard to observe an interaction between hesperetin and folic acid in vivo. In contrary,
calculated ICsy for naringenin is lower than that of the nutrition relevant concentration, thus,

an in vivo interaction between naringenin and folic acid may be feasible.

Apart from those, two different commercial products containing extracts and flavonoids were
tested in the same manner. As an additional experiment, we aimed to check the trend when
folic acid and a commercial over-the-counter supplementary product were applied
simultaneously. One of the products (MenoFit) contained soyisoflavones, grape seed extract
and green tea extract. The other one (Multinorm®) contained mainly soyisoflavones.
Surprisingly, a reduction in folic acid uptake with increasing concentrations of the tested
formulations was observed (Figure 2.21). MenoFit tablets contain same amount of grape seed
extract and green tea extract. The amount of isoflavone in the tablet is half of grape seed and
green tea extract. It was shown that grape seeds exclusively consist of flavan-3-ols [95]. The
total monomer flavan-3-ols’ (e.g. catechins) concentration lie between 240 and 730 mg/kg of
fresh grape for white grape varieties and between 150 and 520 mg/kg of fresh grape for red
grape varieties [95]. Thus, the main component exerting the inhibitory effect of MenoFit
tablet may be attributable to catechins found in grape seed and green tea extracts. Multinorm®
capsule in contrary, contain mainly isoflavones, however, the influence of individual
flavonoids distributed in whole isoflavones remains unknown. The primary isoflavones in
soybeans are the glucosides genistin and daidzin and their respective aglycones genistein and

daidzein [96]. Therefore, the inhibitory effect of Multinorm® capsule may be mainly
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depending on one of these flavonoids or can be a mixed effect. Nonetheless, additional studies

would be helpful to clarify which flavonoids are responsible for this effect.

Whereas little information is available in the literature related to the carrier-mediated
transport of flavonoid glycosides [97,98], not much research has been conducted to date for
that of aglycones. Free aglycones enter the cells by passive diffusion or are taken up by a yet
unknown transporter system. Due to the lipophilic nature of sugar free flavonoids, the
transcellular transport of those were attributed to the passive diffusion, nevertheless, at least
for some aglycone flavonoids carrier-mediated transport was also mentioned [82], although

not confirmed by other groups so far.

Membrane transport of certain drugs were shown to be affected by flavonoids (aglycone or
glycoside), owing to a modulating effect on exsorptive transporters such as Pgp, MRPI,
MRP2 and BCRP [71,91,99,100]. The efflux of folates by MRP2 and BCRP were elucidated
[13,101,102]. Even though these two transporters contributed to the net transport of
hesperetin and naringenin as well, it would not be possible to mention any interaction on
those transporters since instead of an increase in the influx, we observed a reduction. To the
best of our knowledge, a common influx transporter for flavanones and folates has not been
reported. From the results presented in this chapter, however, the mechanism for the reduction
of folic acid uptake by two tested flavanones, namely, hesperetin and naringenin cannot be
pointed out. Our current study proposes preliminary findings on the possibility of an
interaction between folic acid and some of the flavanones which may be of clinical
significance, which however needs to be elucidated in further experiments. Involvement of

certain carriers in this inhibition process should be clarified in future studies.
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2.5 INVESTIGATION OF THE INTERACTION OF FOLIC ACID
WITH ANTIEPILEPTICS AT THE LEVEL OF INTESTINAL
ABSORPTION

2.5.1 INTRODUCTION

Chronically or long-term use of any medication has the inevitable risk of undesired clinical
cases. Such a relation was shown between the use of antiepileptic drugs and low blood folate
levels. Patients receiving certain antiepileptic drugs have the risk of reduced folate levels of
serum and red blood cells. Serum and red blood cell folate are reduced in up to 90% patients

receiving phenytoin, carbamazepine or barbiturates [103].

There are a number of clinical consequences of this adverse effect of antiepileptics. Severe
folate deficiency leads to megaloblastic anemia, and milder forms of folate deficiency may
lead to psychiatric, neurological and intellectual deficits. More than 60% of patients with
chronic epilepsy have a history of depressive spectrum disorders [104]. As discussed
elsewhere in this thesis, low folate levels in most cases cause high levels of homocysteine (see
Chapter 1). Homocysteine levels are elevated in patients receiving carbamazepine,
phenytoin, phenobarbital, and primidone [103,105]. In a study, the patients on carbamazepine
showed significantly lower concentrations of fasting serum folate [106]. In another study of
the same group revealed that patients using antiepileptic drugs carbamazepine, phenytoin,
phenobarbital and primidone, had higher fasting plasma homocysteine concentrations than the
controls [107]. Carbamazepine is known to be potent enzyme inducer. Patients on
carbamazepine had a significantly increased homocysteine levels. Since valproate has a less
enzyme-inducing activity, it is associated with only a small risk of folate deficiency
(discussed in [105]). Another important consequence of the folate deficiency in epilepsy
patients is the possibility of an increased risk for neural tube defect. During pregnancy,
valproate therapy results in a high incidence of spina bifida. In animal models, valproate
administration has been frequently used as a common strategy to induce neural tube defects
[108]. Folic acid 5 mg/day is recommended to epileptic women 3 months before conception
and during the first trimester to prevent folic acid deficiency-induced malformations [109].

Although all women capable of becoming pregnant should take folic acid daily, the dose
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recommended is only 0.4 mg/day [110]. It is clear that high dose of folic acid is required to

compensate the need in folate status in epileptic pregnants.

For the antiepileptic-induced folate deficiency, several reasons have been suggested
[111,112]:

e Interference with absorption of folates from the intestinal lumen

e Induction of enzymes that increase the catabolism of folates

e Impairment of folate transport into tissues

e Interference with folate metabolism such that the more labile forms of folate

accumulate, leading to increased rates of folate loss
e An increased demand for folate as a cofactor in the hydroxylation of the

antiepileptic

Since the formation of the folate deficiency upon the use of an antiepileptic medication has
not been elucidated entirely, in this part of the work, the investigation of the in vitro
interaction between antiepileptics and folic acid at the level of intestinal absorption was

aimed.

2.5.2 EQUIPMENTS AND MATERIALS

Equipments

24-well plate Nunclon™ Multidishes, Nunc, Life
Technologies GmbH, Karlsruhe, Germany

pH meter pH 538 Multical, WTW GmbH, Weilheim,
Germany

Shaker Biihler shaker KMA vario, Johanna Otto
GmbH, Hechingen, Germany

Incubator Incubator BE 500, Memmert, Schwabach,

Germany
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Materials

All cell culture media and supplements were from Biochrom KG, Berlin, Germany. MES was
purchased from Merck, Darmstadt, Germany. Non-labeled folic acid, dimethyl sulfoxide
(DMSO), 5,5-diphenylhydantoin (phenytoin), carbamazepine, valproic acid sodium salt,
phenobarbital and primidone were purchased from Sigma.Aldrich Chemie GmbH, Steinheim,
Germany. MTX (Lantarel® FS) was from Wyeth Pharma GmbH, Miinster, Germany.
[*H]folic acid (specific activity 20.0 Ci/mmol) was obtained from Moravek Biochemicals,

Inc., California, USA

2.5.3 METHODS

Preparation of Caco-2 monolayers for uptake studies

Caco-2 cells passages between 48 and 54 were cultured routinely as explained in Chapter
2.1. The cells were split and seeded into 24-well plates with 100,000 cells/well. The medium
was changed three times a week. The development of the monolayers was examined under the

microscope until the 16™ day. The experiments were performed on the 16" post seeding.

Inhibition experiments
Inhibition of uptake experiments were conducted at pH 6.5 due to the higher activity of
carrier-mediated transport at this condition (see Chapter 2.1). Prior to the inhibition
experiments toxicity of the tested substances were checked according to the prodecures in
Chapter 2.6. On the 16" day postseeding, inhibition experiments were conducted. The
procedure of the experiment was as described in Chapter 2.1. MTX was used as positive
control. The tested compounds and respective concentrations were as follows:

e Phenytoin (0.001, 0.01 and 0.1 mmol/L)

e Primidone (0.01, 0.1 and 0.5 mmol/L)

e Valproic acid (0.01, 0.1 and 1 mmol/L)

e Carbamazepine (0.001, 0.01 and 0.1 mmol/L)

e Phenobarbital (0.01, 0.1 and 1 mmol/L)

e MTX (0.1 mmol/L)

Primidone, phenobarbital, phenytoin and carbamazepine were solubilized using DMSO due to

their low water solubilities while preparing the incubation mixtures. Highest concentration of
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DMSO was 2% and it was never exceeded. The functionality of Caco-2 cells in the presence
of 2% DMSO was checked and confirmed by performing an uptake experiment. The
intracellularly trapped radioactivity ([’H]folic acid ) over a time course of 30 min as the
incubation period was analyzed by scintillation counting. All of the experiments were
performed in triplicates and the resulting uptake data are presented as % of control. Means
between the control group and the treatment groups were compared using the unpaired two-

tailed t-test. Differences were accepted to be statistically significant when p<0.05.

2.5.4 RESULTS AND DISCUSSION

A relation between megaloblastic anemia and drugs used in the treatment of epilepsy was
recognized. The drugs involved are phenytoin, phenobarbital, primidone and less frequently,
other antiepileptic drugs [113]. Folate deficiency caused by the utilization of antiepileptic
drugs is the risk factor for this consequence. Controversial mechanisms by which
antiepileptics lead to folate deficiency have been proposed: effects on absorption of folates,
on the rate of catabolism of folates and interference in DNA synthesis at a stage beyond the
action of folate coenzymes [113]. To better understand the interaction of these antiepileptic
drugs and folate at the level of intestinal absorption, the uptake of folic acid in the case of
different antiepileptic drugs was investigated using Caco-2 monolayers as an in vitro model.
The results of the study are depicted in Figure 2.22. Phenytoin, primidone and carbamazepine
did not lead to any significant decrease on folic acid uptake within the concentration range
used throughout the experiments. Although valproic acid caused a decrease in the folic acid
uptake at the lowest concentration used (0.01 mmol/L), the effect was not significant either. In
addition, the standard deviations were high to conclude an interaction. Only the maximum
concentration of phenobarbital (1 mmol/L) significantly inhibited the folic acid uptake with

respect to control.

In a separate experiment, 2% DMSO was tested to see whether it affects the folic acid uptake
at the highest concentration used to solubilize the poor water-soluble antiepileptic drugs. As
seen in Figure 2.23, 2% DMSO did not make any significant effect on folic acid uptake in

Caco-2 monolayers.

117



CHAPTER 2

15 20 10 — 10
Primidone
o Phenytoin °
X X
g 0] 8
%= %:
og [ — CONTROL o 2 T
Q2 82 57 : ] - CONTROL
S ns ns 2
S 57 ns 8 ns > ns
MTX — — — —— MTX
0 0 0 0
» » » » » W™
@0 @0 @0 @0 6‘0 4\0
5 &8 K& & o o¢
N S > : ‘
N I Q N Q Q
15 15 7.5 7.5
© Phenobarbital ° Valproic acid —7—
X~ X
< 8
5_, 10 | CONTROL g 507 _I_l CONTROL
S 5 S
=] =
BE | T i
L - L
5 54 e 251 | -t ns || ns ||
g ns (—{ NS — L MTX ns M
0 0 0.0 0.0
& & & & & N
& & @6‘ && &&
& & R & > >
R o R o
15 15
Carbamazepine
e =
S __ 104
55 — — ——{ CONTROL
B E
=
k% ks ns X
S 5
* — — — ——{ MTX
0 0
NN W N\
@6\0 Q @6\0
N N oY
o Ny

Figure 2.22 Effect of selected antiepileptic drugs on folic acid uptake in Caco-2 monolayers.

Values are means of triplicates + SD. Differences were accepted to be significant with p<0.05

when compared to control. (ns: not statistically significant when compared to control, *: p<

0.05, **: p<0.01).
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Figure 2.23 Effect of 2% DMSO on folic acid uptake in Caco-2 cells. Values are means of
triplicates £ SD. Differences were accepted to be significant with p<0.05 when compared to

control (ns: statistically nonsignificant when compared to control).

According to these data, the reduction of serum folate levels in the patients treated with
antiepileptic drugs can be defined as independent from the competition with folic acid at the
level of absorption. The folate depletion in those patients should be related to other
mechanisms such as the interaction with folate metabolism or the induction of the enzymes
that increase the catabolism of folates as discussed or reported previously by other groups
[111,112]. All of the antiepileptic agents tested in the study are poorly water-soluble drugs.
For example, due to the low solubility of carbamazepine and phenytoin, their intestinal
absorption is dissolution-rate controlled at typical oral doses [114]. As permeation of these
lipophilic molecules across intestinal membranes is not rate limiting to absorption, carrier-
mediated transport of those agents hardly happens. However, in the case of hydrophilic drugs
such as gabapentin, absorption is poor, consistent with membrane transport rate limits to the
absorption of this hydrophilic antiepileptic agent [114]. Gabapentin was shown to be a
substrate for a-amino acid transport systems in mammalian cells [115,116]. Monocarboxylic
acid transporter (MCT1) appears to be the predominant isoform in tissues such as the intestine
and has been shown to provide a mechanism for valproic acid transport [117]. Accordingly,
up to now, no overlapping transport route for folates (or antifolates) and antiepileptic drugs

has been reported.

Thus, in the light of the information regarding the transport mechanisms of antiepileptic drugs
and the results of the present study, it can be concluded that, the observed folate deficiency in

patients on antiepileptic drugs appears not be related to the interactions of these drugs with
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folates at the absorption level in the small intestine. Other mechanisms such as the
interference with enzymes, or interference in DNA synthesis should be taken into

consideration and further investigated.
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2.6 IN VITRO TOXICOLOGY ASSAYS

2.6.1 EQUIPMENTS AND MATERIALS

Equipments

96-well plate Greiner Bio-One GmbH, Frickenhausen,
Germany

pH meter pH 538 Multical, WTW GmbH, Weilheim,
Germany

Shaker Biihler shaker KMA vario, Johanna Otto
GmbH, Hechingen, Germany

Incubator COj-Incubator MCO 17 Al, Sanyo,
distribution by MS Laborgeraete, Wiesloch,
Germany

Hemocytometer Thoma chamber, distribution by VWR,
Darmstadt, Germany

Plate reader Spectramax M2, Molecular  Devices
Corporation, Sunnyvale, CA, USA

Materials

MES was purchased from Merck, Darmstadt, Germany. HBSS was from Biochrom KG,
Berlin, Germany. XTT based toxicology assay kit and trypan blue were supplied from Sigma-
Aldrich Chemie GmbH, Steinheim, Germany.

2.6.2 METHODS

XTT Based Toxicology Assay

For the evaluation of the toxicity of the inhibitors over a concentration range, XTT based in
vitro toxicology assay was used. The XTT method is a simple, accurate and reproducible
assay. The main component is the sodium salt of XTT (2,3-bis[2-methoxy-4-nitro-5-

sulfophenyl]-2H-tetrazolium-5-carboxyanilide inner salt). Mitochondrial dehydrogenases of
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viable cells cleave the tetrazolium ring of XTT, yielding orange formazan crystals which are
soluble in aqueous solutions. The resulting orange solution is spectrophotometrically
measured. An increase or decrease in cell numbers results in a concomitant change in the
amount of formazan formed, indicating the degree of cytotoxicity caused by the test
substance. Before the assay, 5 mg of XTT powder in the vial was reconstituted with 5 mL of
DMEM cell culture medium without phenol red, serum, non essential aminoacids and
penicillin/streptomycin. Reconstituted XTT was mixed with the same cell culture medium as

the medium used for reconstitution at a ratio 1:4 (XTT:medium).

For the determination of the toxicity of the test substances, Caco-2 cells were seeded in 96-
well plates at a concentration of 2500 cells/well. On the 16™ day post seeding, the cell
monolayers were washed once with HBSS containing 10 mmol/L MES adjusted to pH 6.5.
Incubation mixtures were prepared in the same buffer with different concentrations of the test
substance used in the uptake inhibition experiments. After incubating for 30 min at 37°C, the
incubation mixture was removed, monolayers were washed once with the buffer solution and
the reconstituted XTT was added into each well with a volume of 100 pL and incubated for 2
h at 37°C. Subsequently, absorbance was measured at a wavelength of 450 nm. A reference
measurement was also taken at a wavelength of 690 nm and subtracted from the measurement
at 450 nm. The viability of cells were calculated as % of control cells which were not exposed

to test substance and monolayers possessing >75% viabilities were assumed as nontoxic.

Trypan Blue Exclusion Test

The trypan blue exclusion test is used to determine the number of viable cells present in a cell
suspension. It is based on the principle that living cells possess intact cell membranes that

exclude trypan blue whereas dead cells do not.

The toxicity of test compounds within the range used in inhibition experiments, were assessed
employing trypan blue exclusion test. Caco-2 cells in a 75 cm’ flask were trypsinized with 2
mL of trypsin and subsequent to their detachment from the surface, 8 mL of cell culture
medium was added in order to discontinue the reaction by trypsin. Cell suspension was
centrifuged and cell medium was removed and cells were resuspended in pH 6.5 HBSS buffer
with 10 mM MES yielding a final concentration of 1x10° cells/150 pL buffer. 150 pL of cell

suspension and 100 pL of test substance solution prepared in the same buffer were added into
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an eppendorf tube, mixed and shaked for 30 min at 1200 rpm at 37°C. After the incubation
period of 30 min, 200 pL of 0.4% trypan blue solution in PBS was added. Because dead cells
are not able to maintain their membrane integrity to exclude trypan blue, they appear entirely
blue under the microscope and can be distinguished from intact cells which appear white [33].
The viable cells were counted using a hemocytometer under the microscope. The reference
solution contained 1x10° cells/150 uL buffer and 100 pL of pH 6.5 HBSS buffer. The same
protocol was applied to the reference solution and the number of viable cells was determined.

The percentage of viable cells was calculated according to the equation below:

Cells reference Cells’e”
YoCells, = |1- ' || x100

viable Ce l lS

reference

where, CellSieference 18 the number of cells in blank buffer, Cellsg is the number of cells after
treatment with the test substance solution and %Cellsyiabe 1S the percentage of viable cells
after treatment with the test substance. For the inhibition experiments, concentrations of test

compounds resulting cell viabilities > 90% were accepted.
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2.7 SCINTILLATION COUNTING

2.7.1 EQUIPMENTS AND MATERIALS

Equipments

Scintillation counter Scintillation counter LS6000, Beckman
Coulter, Unterschleissheim, Germany

Scintillation vials with caps Mini vials A, Carl Roth GmbH & Co.,
Karlsruhe, Germany

Materials

Scintillation cocktail (Rotiszint® eco plus) was purchased from Carl Roth GmbH & Co.,

Karlsruhe, Germany.

2.7.2 METHODS

Uptake experiments

The amount of uptaken labeled folic acid in the cells were measured by scintillation counting.
For this purpose, 0.5 mL of solubilized cells (by adding 5 mL 1% triton X-100 solution on the
cells) were put into scintillation vials and mixed with 4 mL scintillation cocktail. 50 pL
control samples from the original incubation mixtures were also put into scintillation vials and
mixed with 4 mL scintillation cocktail. The vials were shaken properly and radioactivity
(disintegration per minute, dpm) in each sample was determined at least after one hour by

scintillation counting. Counting time was 5 min and counting was performed in two cycles.

Transepithelial transport studies

The amount of transported labeled folic acid and mannitol in the donor and acceptor
compartments were measured by scintillation counting. The aliquots of 350 puL from acceptor
compartments and 10 pL from donor compartments were put into scintillation vials and
mixed with 4 mL scintillation cocktail. Additionally, 50 pL control samples from the original

incubation mixtures were put into scintillation vials and mixed with 4 mL scintillation
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cocktail. The vials were closed and shaken properly and radioactivity (disintegrations per
minute, dpm) in each vial was determined at last after one hour by scintillation counting.

Counting time was 5 min and counting was performed in two cycles.
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3.1 INTRODUCTION!

Food-drug interactions play an important role in the alteration of the pharmacokinetics as well
as pharmacodynamics of drugs in vivo. Due to these interactions, an increase or decrease in
the efficacy of a drug may be observed which may eventualy lead to serious clinical
consequences. A considerable number of recent publications has addressed interactions
between natural herbal products and drugs [1-7]. In addition, there are severa reports,
indicating an effect of food components, such as grapefruit juice [8-11], orange juice
[10,12,13], green tea extract [14], and others [15-18] on drug absorption. Based on those
findings, the interaction between drugs and certain components contained in food or food
supplements have a high potential to influence the bioavailability of various drugs and thus

might influence the efficacy of the drug.

One of the most popular and commonly consumed beverages is green tea (Camellia sinensis).
It has been widely used for its heath beneficial properties such as anticancer, anti-
inflammatory and antioxidant effects and its promoting help in weight loss [19,20]. There are
several marketed products produced from the leaves of Camellia sinensis such as black and
green tea for infusion, instant tea powders, and a variety of non-prescription dietary
supplements containing extracts of the tea leaves.

Folic acid is a stable and synthetic form of the folates which belongs to the group of water-
soluble vitamins and needs to be provided through nutrition. Folates are essentially involved
in the transfer of one-carbon units obtained from various donor substrates to support the
biosynthetic pathways of several molecules such as purine and pyrimidine nucleotides [21].
This is of particular relevance in pregnant women since the relationship between the use of
folic acid and prevention of NTDs is well established [22,23]. Apart from its role in the
prevention of NTDs, folate is important in the homocysteine remethylation cycle. An elevated
homocysteine concentration in blood is associated with an increased risk of cardiovascular
diseases and decreased cognitive function. Low blood concentration of folate is associated
with elevated circulating homocysteine [24]. In addition, severe folate deficiency leads to
megaloblastic anemia. Inadequate folate intake has been also related to the development or

progression of certain types of cancer especially colorectal cancer because folate deficiency

! Parts of this chapter were submitted for publication. (May 2007)
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may decrease DNA stability and increase the risk of malignant transformation [25]. Since
nutritional intake of folic acid often might be at the lower level of dietary recommendations
[26,27] possible food- and herb- interactions that may lead to a decreased systemic
availability of folates could be critical. In this context, we recently could demonstrate an in
vitro interaction between folic acid and extracts of green and black tea as well as tea catechins
at the level of cellular uptake using Caco-2 cell monolayers [28]. In that study, EGCG and
ECG inhibited cellular folic acid uptake with 1Csy values of 34.8 and 30.8 pumol/L,
respectively. Moreover, green and black tea extracts were shown to inhibit folic acid uptake.
Hence for the investigation of the in vivo relevance, a clinica study in healthy human
volunteers was performed. In the present study, the effects of green and black tea on the

systemic availability of folic acid were evaluated.

3.2 SUBJECTS AND METHODS

Selection of the subjects: Exclusion and inclusion criteria

Female and male healthy volunteers (n = 7) aged between 26 and 47 years were recruited. Use
of folic acid containing supplements or drugs known to interfere with folate metabolism were
exclusion criteria as well as pregnancy and lactation, heavy smoking, alcohol abuse,
participation in another clinical study in the last 90 days and homozygous genotype for
677C—T variant of the MTHFR gene. Blood samples were taken for screening blood tests.
Additional exclusion criteria were the presence of hyperhomocysteinemia (>12 pmol/L),
megal oblastic anemia, folate and/or vitamin B, deficiency and a reduced glomerular filtration
rate (<80 ml/min).

Subject characteristics and baseline data
Baseline values of the most important parameters from the participating subjects are shown in
Table 3.1. The serum concentrations of folate and vitamin B;,, and plasma concentrations of

homocysteine of all participants were within the reference (physiological) range.
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Table 3.1 Important characteristics and baseline values of study group’

Category Normal value Mean + SD
Age y 324+ 7.39
MTHFR genotype, CC/CT? 6/2

Serum folate, ng/mL 3.1-17.5 ng/mL> 7.38+£0.71
Plasma homocysteine, pumol/L 0-12 pmol/L3 8.41+ 0.59
Serum By, pg/mL >250 pg/mL? 438 + 155.7
Glomerular filtration rate, ml/min >80 mL/min 112+ 27.0

! n = 8. ? Heterozygous (CT) and wild-type (CC) genotypes for the 677C—T (thermolabile)
variant of MTHFR. * Laboratory reference values [29].

Ethical considerations
The study protocol was reviewed and approved by the Ethics Committee of the
L andesarztekammer Hessen, and a written informed consent was obtained from each subject

prior to the study. The study was performed in accordance with the declaration of Helsinki.

Study design and treatments

In an open-labeled, randomized cross-over design, subjects received five different treatments
in a similar sequence, yet each of them starting with a different treatment, where A and B
occurred twice (see below, A: 0.4 mg Folsan® taken with green tea; B: 0.4 mg Folsan® taken
with black tea; C: 0.4 mg Folsan® taken with water; D: 5 mg Folsan® taken with water; E: 5

mg Folsan® taken with green tea). A wash-out period of at least one week was maintained

between each study day.
Subject Period I Period Il Period 111 Period IV Period V
land?2 A B C D E
3and4 B C D E A
5 C D E A B
6 D E A B C
7 E A B C D

To minimize the interindividual differences in baseline plasma folate concentrations, a

presaturation regimen with folic acid was administered before the start of the study consisting
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of 5 mg folic acid/day for one week, followed by two folic acid-free days on which the test
and reference drinks were ingested three times a day. During the interval s between treatments,
5 mg folic acid/day were administered for five days followed by two folic acid-free days on
which the test or reference drink was ingested three times a day (250 mL of test and reference
drinks at 8 AM, noon, and 8 PM) [30]. An overview of the study design is shown in Figure
3.1. The concentration of the tea drinks was 0.3 g/250 mL in accordance with the “German
Revised Version of Guidelines for Tea, Herbal Infusions, Extracts Thereof and Preparations’
prepared by WKF (Wirthschaftsvereinigung Kréuter- und Friichtetee e.V.) according to which
aminimum extract concentration of 0.12 g/100 mL should be employed for tea drinks.

The volunteers fasted from 10 PM on the night before the study day. On the study day, two
baseline blood samples were taken from each volunteer before the treatments with a 10 min
interval between the samplings. Then, volunteers ingested 250 mL of test drink or water. And
after another 30 min, each subject received one Folsan® tablet together with 250 mL of green
or black tea or water. 20 min, 1h and 2 h after the ingestion of the folic acid tablet, volunteers
received the corresponding drink again. A standard low folate containing lunch was given to
each volunteer 4h after folic acid dosing (Table 3.2). All volunteers consumed the same meal

on each study day. No alternative drinks were permitted either.

Restrictions during the study

Restrictions regarding diet that applied during the whole study period included any food or
drink, supplementation or behavior that may influence folate levels in the volunteers. For
example, during the study any kind of vitamin supplementation and products supplemented
with folic acid (or folate) was not allowed. The coffee intake was limited to 1 cup/day starting
from two days before the study day. Alcohol consumption was not allowed starting from two
days before the study day. Smoking was forbidden during the entire study. Folate and
flavonoid containing nutrients were avoided from two days before and on the study day such
as broccoli, spinach, brussels sprouts and other dark green leafy vegetables, berries, beans,
lentils, liver and apple, orange, grapefruit and their juices. Additionally, milk was also
avoided in order to prevent any possible interaction with folic acid. Volunteers were strictly
told to read the labels of the products bought from the supermarkets that may be
supplemented with folic acid. Volunteers applied a low folate diet on the folic acid-free days

before the study day to maintain the baseline folate concentrations at similar levels.
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Sampling and serum folate analysis

On the study days, a forearm vein was cannulated (Vasofix® Brauniile®, B.Braun Melsungen
AG, Meslsungen, Germany). The folic acid tablets were administered 8:30 AM on each study
day considering the lack of circadian variation in folate pharmacokinetics [31]. At time points
Oh,05h,1h,25h,2h,3h,4h,5h, 6hand8h post dosing, 5 mL blood samples were
withdrawn using serum Monovette® (Sarstedt, Niimbrecht, Germany). After maintaining each
blood sample for 30 min at room temperature, they were centrifuged at room temperature at
1500 g for 10 min to separate serum. Thereafter, serum samples were instantly frozen on dry
ice and then stored at —84 °C until analysis. Serum folate analyses were carried out by a
chemiluminescent-competitive protein binding assay [32,33](ADVIA Centaur System,
Bayer, Fernwald, Germany). The total folate in the serum samples competes with acridinium
ester-labeled folate for a limited amount of biotin-labeled folate binding protein. Biotin-
labeled folate binding protein binds to avidin that is covalently coupled to paramagnetic
particles. In the ADVIA Centaur folate assay, the samples are pretreated to release the folate
from endogenous binding proteins in the sample. An inverse relationship exists between the
amount of folate in the sample and the amount of relative light units detected by the system.
The minimum detectable concentration (analytical sensitivity) is 0.35 ng/mL. The within-run
coefficient of variations (CV) were less than 6% at three different concentrations (at 12.56
ng/mL, 5.72 mg/mL and 2.91 ng/mL, the CVswere 4.28%, 3.57% and 5.15%, respectively).
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Table 3.2 Sampling schedule

Time Sampling Time postdosing Remarks
07:45 Baseline (-0) -0:00

07:55 Baseline (-0)

08:00 Drink

08:30 0:00 Dose + Drink
08:50 Drink

09:00 Sampling 1 0:30

09:30 Sampling 2 1:00 Drink

10:00 Sampling 3 1:30

10:30 Sampling 4 2:00 Drink

11:30 Sampling 5 3:00

12:30 Sampling 6 4:00 Standard lunch
13:30 Sampling 7 5:00

14:30 Sampling 8 6:00

16:30 Sampling 9 8:00
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was administered which was followed by two folic acid-free days. On the

Figure 3.1 Overview of the study plan. Before the start of the study, during one week, 5
®

mg/day Folsan
folic acid-free days, subjects drank the test or reference drink three times a day.
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Pharmacokinetic data analysis

The pharmacokinetic parameters were calculated after a sampling period of 8 h, as
recommended in the literature for the evaluation of folate kinetics [32,34]. The serum folate
response to each of the five treatments was calculated for each individual by subtracting the
baseline serum folate value (average of the two samples taken before treatment) at each time
point. Pharmacokinetic parameters were calculated by non-compartmental analysis. The
maximum serum concentrations (Crax) and times to reach Chax (tmax) Were read from the
observed data. The area under the serum concentration versus time curve (AUCq_;) was
calculated using the linear trapezoidal rule up to the last measured data point. The AUC was
extrapolated from the last measured time points to infinity by dividing Ci¢ by the terminal
elimination rate constant Az. The terminal elimination rate constant (A7) was calculated by
log-linear regression of the terminal part of the serum folate concentration-time curve using at
least 3 points in the log-linear terminal phase. The terminal half-life (ty,) was determined by
the following equation: ty» = In2 / Az. Tea induced changes in relative bioavailability were
quantified via the ratio of the geometric means of AUCy._,... Absorption profiles of 0.4 and 5
mg folic acid for each volunteer were obtained independently by the Wagner-Nelson method
[35].

Statistical data analysis

Statistical analyses were performed using GraphPad Prism™ version 3 (GraphPad Software;
San Diego, CA, USA). AUCy ., and Cpa data were log-transformed and analyzed. Student’s
t-test was used to test for significant differences between the bioavailability parameters AUC
and Cpu for the tea-treated group versus the control group. Based on previous expectations
that tea would most likely diminish the bioavailability of folic acid, one-sided t-test was
applied (p<0.05). For testing of significant differences concerning the residual

pharmacokinetic parameters, the two-tailed t-test at a significance level of p<0.05 was used.

3.3 RESULTS

Intra- and interindividual variability
The intra- and interindividual variability during the entire study for the baseline folate levels
are presented in Tables 3.3 and 3.4, respectively.
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Table 3.3 Intraindividual variability in baseline folate levels for each subject during five

study periods.

Intraindividual variability
Subject 1 Subject 2 Subject 3 Subject4 Subject5 Subject6 Subject 7

Mean 11.6 15.5 12.0 12.1 135 135 14.6
(ng/mL)

SD 1.60 1.28 221 2.01 1.37 2.24 2.79

CV(%) 13.8 8.21 18.5 16.6 10.1 16.6 19.1

Table 3.4 Interindividual variability in baseline folate levels in each study period.

Interindividual variability

0.4 mg 0.4 mg 0.4 mg 5mg 5mg
Water Green tea Black tea Water Green tea
Mean 13.0 14.7 12.5 12.8 12.7
(ng/mL)
SD 1.95 2.06 2.35 1.62 2.89
CV(%) 15.0 14.0 18.8 12.6 22.7

Folate pharmacokinetics in serum and absorption kinetics

Mean serum concentration versus time profiles following administration of 0.4 mg folic acid
tablet with water (control), green tea and black tea and of the larger dose of 5 mg of folic acid
tablet with water (control) and green tea are shown in Figure 3.2 and Figure 3.3,

respectively.
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Figure 3.2 Serum folate concentrations (means + SEM) after 0.4 mg folic acid tablets

administered with water (m), green tea (A), or black tea (®) in healthy volunteers.
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Figure 3.3 Serum folate concentrations (means + SEM) after 5 mg folic acid tablets

administered with water (m) and green tea (A) in healthy volunteers.
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Data analysis of 0.4 mg Folsan® applied with the three different regimens showed no
statistically significant difference in pharmacokinetic parameters (Table 3.5). The mean Cpax
point estimates during green tea and black tea treatments were lower compared to the water
treatment as well as AUC,._,... However, the mean time to reach Crax (tmax), the AUC and the
apparent elimination half-lives (t12) were not significantly different between the different
treatments a 0.4 mg folic acid supplementation. The standard deviations of the
pharmacokinetic parameters were large for all three treatments with the application of 0.4 mg
Folsan® tablets, which indicates significant interindividual variability for the low dose folic
acid. In accordance with the research hypothesis, it was found that following the
administration of 0.4 mg folic acid, Crna and AUC.,., were reduced by about 39.2 and 26.6
% by green tea, respectively. Black tea reduced the Ca and AUC_, at the 0.4 mg folic acid
dose by 38.6 and 17.9%, correspondingly. Relative bioavailabilities at the 0.4 mg folic acid
treatment were 77.7 and 88.4 % with green and black tea, respectively. With the application
of the larger dose of 5 mg Folsan®, green tea significantly reduced the AUCy,., and
augmented tmax (Table 3.6). The interindividual variability in the pharmacokinetic parameters
was lower for 5 mg folic acid application compared to the lower dose. The extent of
absorption was substantialy lower for the 5 mg folic acid treatment when ingested with green
tea with a relative bioavailability of 60.0%. The Cna and AUCq,, of 5 mg folic acid were
reduced by 27.4% and 39.9% by green tea, correspondingly. Elimination rate constants were
not different between the test and reference groups (Tables 3.5 and 3.6). Therefore, it is
concluded that tea drinks do not affect the elimination process of folate from the blood. The
pharmacokinetic parameters of both low and high doses were subject to considerable
interindividual variation. The decreased Cmax and AUC,.,., of both doses of folic acid indicate
that tea reduces the bioavailability of folic acid. Individual values for Cpax and AUC_,., for
both the 0.4 and 5 mg folic acid treatment, are shown in Figure 3.4 and Figure 3.5,
respectively.
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Table 3.5 Pharmacokinetic parameters of 0.4 mg Folsan® administered with water, green

tea, or black tea in seven healthy volunteers (means + SD). P<0.05, compared to water.

Parameter Water (reference) Green tea Black tea
(n=7) (n=7) (n=6)
Crmax (Ng/mL) 25.4+18.8 15.4+10.3 15.6 + 10.6
Percentage of control (range) 100 60.8 (11.4-50.0) 61.4 (15.0-99.7)
tmax (M) 1.00+0.29 1.07 + 0.53 1.25+0.61
AUCq 5 (ng/mL-h) 714+ 49.6 51.7+ 325 576+ 35.6
AUCq_,. (ng/mL-h) 76.0+49.2 55.8+ 30.3 62.4 + 31.7
Percentage of control (range) 100 73.4(20.7-144)  82.1(29.4-134)
ty2 (h) 193+1.23 2.17+1.36 2.38+2.30
Az (WY 0.48+0.25 0.44 £ 0.27 0.43+0.18
MRTiota (h) 364+161 4.01+1.66 3.04+£0.39
Cl/F (mL/min) 131.7 + 86.6 1655+ 121.2 1412+ 885

Table 3.6 Pharmacokinetic parameters of 5 mg Folsan® administered with water or green tea

in seven healthy volunteers (means + SD). P<0.05, compared to water.

Parameter Water (reference) Green tea

(n=6) (n=7)
Crnex (Ng/mL) 479.7 + 219.3 3485+ 160.1
Percentage of control (range) 100 72.6 (45.0-144)
tmex (D) 1.67 +0.75 2.71+1.07
AUC;_g (ng/mL-h) 2130.1 + 545.1 1346.7 + 436.5**
AUCy,» (ng/mL-h) 2481.9 + 619.8 1490.7 + 465.2**
Percentage of control (range) 100 60.1 (43.9-99.4)
tyz (h) 2.23+0.66 1.88 + 0.26
Az (W) 0.33+0.07 0.37+0.05
MRTiota (h) 4.46 + 1.63 4.27 + 0.69
CIl/F (mL/min) 36.3+13.3 595+ 13.9*
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Figure 3.4 Individual trends of Cua and AUCy_. values following 0.4 mg folic acid
administration with water, green tea or black tea. Each symbol represents one volunteer.

Dotted line shows the mean trend.
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Figure 3.5 Individual trends of Cuu and AUCy_ .. values following 5 mg folic acid

administration with water or green tea. Each symbol represents one volunteer. Dotted line

shows the mean trend.
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Mean absorption profiles of folates following administration of folic acid at a dose of 0.4 mg
or 5 mg together with test and reference drinks are shown in Figures 3.6 and 3.7,
respectively. The systemic input rate of folates was diminished when taken together with tea,
both at the 0.4 and 5 mg dose of folic acid, respectively.

—&— Water

—a— Green tea

Amount absorbed
[%9]

—¥— Black tea

0 2 4 6 8
Time [h]

Figure 3.6 Absorption profiles of 0.4 mg Folsan® ingested with water, green tea or black tea.

Data points represent the mean = SEM. (n= 7 for water and green tea, n=6 for black tea

group).
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Figure 3.7 Absorption profiles of 5 mg Folsan® ingested with water or green tea. Data points

represent the mean = SEM. (n= 6 for water and n=7 for green tea group).

3.4 DISCUSSION

Black tea — consumed primarily in Western countries and in some of the Asian countries —
and green tea — consumed primarily in China, Japan, India, a few countries in North Africa
and in the Middle East [19] — are in the focus of the present clinical study. Previously
performed in vitro studies had shown an interaction potential of tea constituents and folic acid
specimen. Such possible, yet unpredictable effects through (increased) tea consumption that
might arise from the enzyme- and transporter-related interactions of such tea specimen
[14,36,37]. Since severa of their catechin-derived components (mainly EGCG and ECG) as
well as black tea and green tea inhibited the uptake of folic acid in Caco-2 cells suggesting a
potential interaction during the absorption step [28], the present in vivo study was designed to
challenge the hypothesis that tea extracts taken concomitantly with folic acid might diminish

folate absorption and thus the systemic availability of folates also under clinical conditions.
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Pharmacokinetics of folic acid

After ingestion, folic acid appears to be rapidly absorbed mainly in the duodenum and upper
jgiunum, since maximum plasma concentrations were achieved fast, i.e. within 1.5 h
following the administration of folic acid doses with water which is in accordance with the
literature (after a dose of 1.1 mg of folic acid, average = 1 + 0.5 h [31] and tn. following the
ingestion of 0.5 mg folic acid tmax = 1.5 h [30]). Also AUCy_,., following the administration of
a 0.4 mg folic acid tablet was found to be comparable with the values reported elsewhere
[30,31], the value for serum folate after administration of 1.1 mg folic acid was found to be ~
335 nmol/L-h which translates into a concentration of ~ 150 ng/mL-h [31]. Likewise, AUC
was calculated as 145.8 nmol/L-h following 0.5 mg folic acid dose that corresponds to ~ 65
ng/mL-h [30]. After the oral administration of 0.4 mg and 5 mg folic acid tablets with water,
the increase in the serum concentration and AUC was not linear, since administration of 5 mg
folic acid resulted in a greater than predicted Crax and AUC. This observation might be due to
the saturation of efflux pumps for folates that limit the bioavailability, such as MRP2 or
BCRP as detailed below, or the saturation of a metabolic step during first-pass.

To reduce the variability of folate baseline levels and standardize the starting point, a
presaturation regimen and restrictions regarding diet for the standardization of baseline folate
concentrations during the study was carried out. The intraindividua CVs obtained by
repetitive analysis of baseline folate ranged between 8.21% and 19.1%. The interindividual
CVs ranged between 12.6% and 22.7%. The interindividual variability in baseline folate
concentrations even after loading doses was in the same range as that previously reported
[38]. The overal variability in kinetic parameters may be related to variability in baseline
levels and/or deviationsin clearance, e.g., as a conseguence of variable expression of enzymes

or transporters [39].

Potential mechanisms of tea-induced reduction in folate bioavailability

In our previous study, the apparent interaction between folic acid and green tea catechins and
tea extracts at the level of intestinal uptake - shown using an in vitro absorption model (Caco-
2 cell monolayers) - was similar to the effect of the folate antagonist MTX (used as a positive
control). A reduction in carrier-mediated inside-directed transport of folic acid in the presence
of tea extracts - as depicted in Figure 3.8 - might also lead to a decrease in uptake transport
velocity. The half-maximal inhibitory concentrations for gallated catechins, calculated from
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the in vitro study, were found to be achievable by “normal” consumption of green tea[28] and
are, hence, relevant for in vivo conditions as well. Given the fact that carrier-mediated
transport dominates over passive absorption processes and the distribution of folic acid
absorption mediating carriers are primarily in the upper small intestine [40], uptake inhibition

may affect rate and extent of absorption.

Hence, one mechanism which might at least partially explain the present findings would be
the inhibition of carrier-mediated absorption of folates in the small intestine. Carrier-mediated
uptake is mainly operative at low luminal concentrations of folates (<10 pumol/L), while at
higher concentrations non-saturable diffusive uptake of folates was found to dominate [41].
However, under the conditions of the present study, concentrations of folate above 10 pmol/L
are hardly achieved due to the dose of folic acid and the relatively large volume of fluid
ingested during treatment (1250 mL). Therefore, it can be assumed that considerable carrier-
mediated absorption of folate occurred in the present study. Until recently, RFC was reported
as the major transport route for folates and antifolates in intestinal cells [42]. However, it has
now been recognized that the major route in these cells is the PCFT [40] (Figure 3.8). It may,
therefore, be assumed that this transport process is the major target for catechins with respect
to folate bioavailability.
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Figure 3.8 A brief schematic representation of intestinal absorption and metabolism of
folates and the main transporter proteins that may mediate the intestinal absorption of
folates. Polyglutamyl folates are hydrolyzed to monoglutamate forms at the brush-border
membrane by the enzyme “folate conjugase”. The monoglutamated form is then transported
into the enterocyte by carrier-mediated transport where it is methylated and then transported
into the blood circulation. Folic acid (FA) is the oxidized and monoglutamated form of folates
and therefore needs to be reduced by the enzyme DHFR to DHF and THF. Then, it is
methylated to SMTHF within the enterocyte. The water-soluble DHFR enzyme inhibitors such
as MTX and sulfasalazine are known as the transport inhibitors of folates by inhibiting the
common transport routes for folates. In addition to chemical inhibitors of DHFR enzyme (e.g.
MTX, sulfasalazine), some of the tea constituents particularly EGCG and ECG were
demonstrated to inhibit this enzyme. RFC and PCFT are the main influx transporters whereas
BCRP and MRP2 are the efflux transporters for folate specimen. THF and SMTHF were
shown to be transported by MRP2 [43]. The affinity of FA to MRP2 has not been determined
vet. FA was demonstrated to be transported by BCRP [44]. The exit process of folates out of

the enterocytes has not been entirely elucidated yet.
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Interference with intestinal metabolism of folic acid as potential additional interaction
mechanism

During absorption, folic acid is first reduced to DHF, then to THF and methylated to 5-M THF
and this happens aready inside intestinal epithelial cells (Figures 3.8). Under normal
conditions, 5-MTHF is the only folic acid derivative entering the blood circulation [30].
However, at high oral doses, folic acid may bypass the “normal” processes involved in folate
absorption and unchanged folic acid may — additionally — appear in serum [45]. A limited
metabolic capacity of intestinal epithelial cells for reduction of folic acid is regarded as the
reason for this observation (Figure 3.8).

Kelly et al. [45] had previously shown that unaltered folic acid appeared in the blood
circulation at a threshold intake of 266 pg of folic acid. Likewise, Sweeney et al. [46]
detected un-metabolized folic acid in serum even after an oral dose of 200 pg. Based on those
studies, it is most likely that in the present study unaltered folic acid contributed to the total
serum folate response. Taken into account that reduction of folic acid within the intestinal
epithelium is not a limiting factor for the absorption of total folates, the observed reduced
availability of total folate in serum is not primarily attributed to the inhibition of folate
metabolizing pathways in the intestine [47].

Possible involvement of efflux carriers

The transport routes of folates have been studied extensively [42,48-53]. In addition to the
influx transporters in intestinal cells (the RFC transporter [48] and the recently identified
PCFT transporter [40] (Figure 3.8)), folates and antifolates are exported from the cells by
different transport proteins: MRPs and BCRP were shown to mediate the efflux of folates.
MRP1-4, export folates and some antifolates out of cells [50,54-59]. Similarly, BCRP was
shown to export folates [53,60,61]. Any interaction with influx or efflux transporters that
transport folates potentially modulates the transport and absorption of folates.

The transport mechanisms of green tea catechins across human intestine have not been fully
elucidated until now, but they do appear to interact with drug transporters expressed in the
intestinal epithelium. Particularly non-gallated catechins from green tea appear to be subject
of MRP-mediated efflux [62,63]. In another study, a variety of flavonoids including EGCG
produced a significant increase in mitoxantrone (a well-known BCRP substrate) accumulation

in BCRP-overexpressing cells [64]. Inhibition of carrier-mediated absorption versus carrier-
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mediated secretion may result in either improvement or reduction of bioavailability of a
substrate, respectively. Hence, it is concluded that the interaction mechanism of major

relevance in the case of the catechinsisinhibition of carrier-mediated folate absorption.

Correlation between in vivo and in vitro results

In the previous in vitro study [28], aclear inhibition of folic acid uptake by pure catechins and
commercia tea extracts was shown. In that study, green tea extract at a concentration of 1.2
mg/mL, caused 43.5% reduction in the uptake of folic acid in Caco-2 monolayers. Moreover,
it was observed that there is an inverse relationship between the extract and/or catechin
concentration and the amount of folic acid internalized. The potency (in reducing Cna and
AUC, ., values) of the same extract at the same concentration was found similar to in vitro
results. For example, in vivo at high folic acid dose, green tea extract caused 58.4% reduction
in Cnax and 43.9% decrease in AUC,_,, for one volunteer. There may be qualitative and
quantitative differences between in vivo conditions and the in vitro system with respect to
membrane transporter and enzyme expression [65]. For example, Caco-2 cells are known to
express FRs, whereas healthy human intestinal cells are lacking those. In human small
intestine, the main transporter shown to play role is the PCFT [40]. Hence, the influx routes
involved in the transport of folates in Caco-2 cell line may be viaRFC, PCFT, aswell as FRs,
although the major system mediating the folate transport at low pH conditions was reported to
be PCFT [40].

Potential clinical consequences of interaction

Regardless of the mechanism leading to the decreased bioavailability of folic acid when taken
concomitantly with tea, possible consequences of this interaction should be taken serioudly,
especially when high amounts of tea or tea catechins are consumed daily. Daily catechin
intake varies depending on the population as well as the tea preparation. For example, in
Germany the total catechin intake is 11 mg/day, in Scotland 59 mg/day and in Holland 72
mg/day [66]. However, in Japanese population where green tea is consumed widely, the
EGCG intake obtained only from green tea is ~ 40 mg/day [67]. Because too low folate
concentrations have been connected to a variety of disturbances such as megaloblastic
anemia, growth retardation, hyperhomocysteinemia, and cardiovascular diseases, low

bioavailability of folic acid taken together with tea may possess vital clinical consequences.
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Maternal tea consumption was formerly linked to having a risk of anencephaly and spina

bifida [68]. Therefore, thisinteraction may have additional importance in pregnancy.

Moreover, the effect of tea on folic acid absorption may be concentration-dependent. In our
study, alow concentration of green and black tea was administered. The inhibiting potencies
of green and black tea extracts appears to increase with higher extract concentrations (in vitro
[28]), which should be subject of additional studies.
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41 INTRODUCTION?

Selective drug targeting of a specific organ or tissue is a challenging task. This holds
especially true for chemotherapeutic cancer treatment because most of the available
anticancer agents cannot distinguish between cancerous and healthy cells, leading to systemic
toxicity and undesirable side effects. An ideal targeted drug delivery approach would not only
increase therapeutic efficacy of drugs but also decrease the toxicity associated with drug to
allow lower doses of the drug to be used in therapy [1]. One effective approach to address this
problem is the application of polymeric nanoparticles equipped with targeting units for tumor-
specific delivery [2]. For instance dendrimers, highly branched macromolecules, can be
equipped with targeting units as well as with anticancer drugs due to their high number of
surface functionalities [3]. Amphiphilic block copolymers, which self-assemble in dilute
aqueous solutions into three-dimensional spherical micelles with a hydrophilic corona and a
hydrophobic core, are another attractive option. These nanosized objects, with a typical size
of 10 - 100 nm, are able to accommodate lipophilic drugs in their interior and alter their
kinetics in vitro and in vivo [4]. Different polymeric systems such as shell cross-linked
nanoparticles [5], poly(D,L-lactic-co-glycolic acid)-b-poly(ethylene glycol) [6], poly(ethylene
glycol-b-caprolactone) [7], block copolymers and poly(N-isopropylacrylamide acrylic acid)

[8] microgels have also been successfully utilized in combination with targeting units.

FRs, which are highly expressed on the surface of various cancer cells, emerged as new
targets for specific localization of chemotherapeutics incorporated into nanoparticle systems.
The family of FRs currently consists of three known isoforms: FRa, FRf and FRy [9]. FRa is
expressed primarily in cancer cells such as ovarian, testicular, breast, colon, renal and
malignant nasopharyngeal carcinomas [10-13]. FRs mediate the cellular uptake of folates with
high affinity to folic acid (see Chapter 1 for details). Folate targeted drug delivery has
emerged as an alternative therapy for the treatment and imaging of many cancers and
inflammatory diseases. Due to its small molecular size and high binding affinity for cell
surface FRs, folate conjugates have the ability to deliver a variety of molecular complexes to

pathologic cells without causing harm to normal tissues [14].

" The work described in this chapter was carried out together with Fikri E. Alemdaroglu in the group of Dr.
Andreas Herrmann at the Max Planck Insitute for Polymer Research in Mainz.
% Parts of this chapter have been accepted for publication in Advanced Materials. (May 2007)
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FR-mediated uptake of folate conjugated systems/drugs

The process that mediates targeting of the folate-linked nanoparticle to the receptor and
subsequent internalization is identical to that for the free folate [2]. The process begins with
the specific binding of the folate conjugate to a cell surface FR protein with high affinity.
After membrane invagination and internalization to form an endocytic vesicle, acidification of
the endosomal compartment to pH ~5 results in release of some folate conjugates from their
receptor [14]. Trafficking of the acidic endosome to a recycling center allows separation of
membrane-bound FR from released conjugates/free drug [14]. Released folate conjugates are
seen to escape the endosome through an unknown mechanism resulting in drug deposition in
the cytoplasm. In contrast, membrane-bound FR largely recycle back to cell surface, allowing
for delivery of additional folate-linked drugs into the cell [14,15] (Figure 4.1). So far, a
variety of folate-linked molecules and complexes have been designed for selective targeting
to FR expressing cancer cells. These systems include, liposomes, nanoparticles,

chemotherapeutic agents and imaging agents as reviewed by Hilgenbrink and Low [14].

Recently, a new type of amphiphilic block copolymer has emerged that comprises a
hydrophobic synthetic polymer component and a biological segment consisting of an
oligodeoxynucleotide (ODN) sequence [16-18]. Micelles composed of these materials exhibit
a corona of single stranded (ss) DNA and have been utilized for the delivery of antisense
ODNs [19], for the hybridization with DNA-coated gold nanoparticles [20] and as

programmable, three-dimensional scaffolds for DNA-templated organic reactions [21].
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Figure 4.1 Schematic representation of the trafficking of folic acid conjugates by the FR-
mediated endocytosis pathway. Exogenously added folic acid-drug conjugates bind
specifically to the FR protein with high affinity. The plasma membrane invaginates around
the conjugate:FR complex to form an intracellular vesicle (early endosome). As the lumen of
the maturing endosome acidifies to ~ pH 5, the receptor changes conformation and releases
the conjugate. Eventually, the fates of folic acid, the drug cargo and the FR are determined
during a sorting process within late endosomal elements. The RFC, which unlike the FR is a
transporter, can shuttle folate molecules inside the cell. Folic acid-drug conjugates, however,
are not substrates for the RFC [15].

Here we introduce DNA block copolymer micelles as a highly modular system for
chemotherapeutic drug delivery. ODN-modified targeting units were “clicked” into the
micelle corona by hybridization, allowing perfect control of surface functionalities of the
nanoparticle system. The interior of the micelles was loaded efficiently with a hydrophobic
anticancer drug. Cell culture experiments revealed that cellular uptake strongly depends on

the density of targeting units on the surface of the carriers. As a result, cancer cells were
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efficiently killed when targeting units and chemotherapeutic acted together within the DNA
block copolymer drug delivery system (Figure 4.2)

Figure 4.2 Schematic representation of drug delivery system based on DNA block

copolymers. Red and blue balls represent folic acid and doxorubicin moieties, respectively.

4.2 EQUIPMENTS AND MATERIALS

Equipments

Matrix-assisted laser desorption/ionisation Bruker AXS GmbH, Karlsruhe, Germany

time-of-flight (MALDI-TOF)

CLSM LSM 510 laser scanning module coupled
to a Zeiss Axiovert 200M inverted
microscope, Carl Zeiss AG, Oberkochen,
Germany

Plate reader Spectramax M2, Molecular Devices

Corporation, Sunnyvale, CA, USA
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6-well plate Nunclon™ Multidishes, Nunc, Life

Technologies GmbH, Karlsruhe, Germany

96-well plate Greiner Bio-One GmbH, Frickenhausen,
Germany

Chamber slides Lab-Tek® Chamber Slide System, Nunc,
Germany

Materials

Caco-2 cells were obtained from DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Braunschweig, Germany). All the cell culture media and supplements
were purchased from Biochrom AG (Berlin, Germany). HEPES was provided from Merck
(Darmstadt, Germany). XTT based toxicology assay kit was purchased from Sigma-Aldrich
Chemie GmbH, Steinheim, Germany.

43 METHODS

Preparation of DNA block copolymer micelles
DNA block copolymer micelles were prepared in the group of Dr. Andreas Herrmann at the

Max Planck Institute for Polymer Research according to the following procedure:

Polypropylene oxide (PPO) was selected as the hydrophobic component of the DNA block
copolymer to provide a polymer with proven biocompatibility toward different cell types
when administered as a constituent component of amphiphilic block copolymer micelles [22].
For the generation of the DNA-b-PPO copolymer, a phosphoramidite-functionalized PPO
(Mn = 6800 g/mol) was synthesized and attached to the 5’ terminus of the nucleic acid
fragment (5’-CCTCGCTCTGCTAATCCTGTTA-3’, 22mer, Mw = 6700 g/mol) via
automated solid phase synthesis as reported previously [21]. The resulting block copolymer
was analyzed and purified by denaturing polyacrylamide gel electrophoresis (PAGE) and the
molecular weight confirmed by MALDI-TOF mass spectrometry (see Appendix). Dynamic
Light Scattering (DLS) measurements of the DNA block copolymer aggregates revealed the
formation of uniform micelles of diameter 10.8 = 2.2 nm consistent with previous findings

[18,21]. For equipping these micelles with targeting units 5’- and 3’-amino-modified ODNs
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that encode the complementary sequence of DNA-b-PPO were reacted with folic acid in the
presence of DMT-MM [23] and purified by PAGE to generate the corresponding folic acid-
functionalized ODNs in 65 % yield. These conjugates can be hybridized with the micelles so
that the folic acid is either positioned at the periphery (5°) or in the core (3°) of the

nanoparticle.

Cell culture studies

Human colon adenocarcinoma (Caco-2) cells were employed as a cancerous cell line to study
the uptake of the differently decorated DNA block copolymer micelles since they have
already been used as a model to study nanoparticle uptake [24]. Moreover, their folic acid
uptake has been characterized previously [25]. The availability of three known genes for folic
acid transport, i.e. RFC, FRa and FR[3, were examined and their relative gene expression

levels measured by real-time polymerase chain reaction (see Chapter 2.2).

Preparation of Caco-2 monolayers for uptake studies

Caco-2 cells at passage 45 were cultured routinely according to the description in Chapter
2.1. The cells were routinely split and seeded into 6-well plates with 800.000 cells/well. The
medium was changed three times a week. The development of the monolayers was examined
under the microscope until the 21* day. Then the monolayer cultures were used for uptake

studies.

Before analyzing the uptake of DNA block copolymer micelles, their in vitro cytotoxicity was
determined based on the XTT cell proliferation assay (see Chapter 2 for details and below for
the procedure). The Caco-2 cells were incubated with different concentrations of DNA-b-PPO
copolymer and their folic acid-functionalized derivatives. Motivated by the non-toxic nature
of the nanoparticles, we proceeded to study their uptake into Caco-2 cells. For tracking
purposes 4% of the nanoparticles were additionally labelled with a fluorescent dye: PPO-b-
DNA micelles were hybridised with 3’-Alexa488-functionalized oligonucleotides encoding
the complementary sequence of the DNA corona so that the dye was located in the interior.

These micelles were then administered to the folate receptor-bearing Caco-2 cells.

Cytotoxicity Assay
For the determination of the toxicity of the micelles, Caco-2 cells were seeded in 96-well

plates at a concentration of 2500 cells/well. The cytotoxicity of the nanoparticles was checked
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using an XTT in vitro toxicology assay kit following the procedure of the manufacturer. On
the 21* day post-seeding, the cell monolayers were washed once with HBSS containing 5
mmol/L HEPES adjusted to pH 7.4. Cells were incubated with different micelle solutions at a
DNA-b-PPO concentration of 325 pg/mL for 3 h at 37°C (in the case of doxorubicin-loaded
micelles, 24 h of incubation time was employed). After the incubation period, the medium
was removed, monolayers were washed once with the buffer solution and the reconstituted
XTT was added into each well with a volume of 100 puL and incubated for 2 h at 37°C.
Subsequently, absorbance was measured at a wavelength of 450 nm. A reference
measurement was also taken at a wavelength of 690 nm and subtracted from the measurement
at 450 nm. The cytotoxicity of folic acid conjugated nanoparticles were compared with the

cells without any treatment (control).

Uptake experiment

Caco-2 cells at passage 57 were seeded on 6-well plates with a density of 800,000 cells/well.
The medium in each well was changed every other day. On day 21, the medium was removed
and monolayers washed twice with HBSS containing 5 mmol/L HEPES adjusted to pH 7.4.
Incubation mixtures were prepared in pH 7.4 HBSS buffer at a DNA-b-PPO concentration of
325 pg/mL for Out 28, Out 11, Out 2, In 28, In 11 and In 2. After incubating with 2 mL of
micelle solutions for 3 h at 37°C on a rotating shaker at 50 rpm, incubation solutions were
removed and the monolayers were washed five times with ice-cold HBSS (pH 7.4).
Subsequently, cells in each well were lyzed with 0.6 mL of NaOH (1.25 mmol/L), cell lysates
were transferred into eppendorf tubes and shaken overnight at room temperature. The next
day, lysates were centrifuged and the fluorescence content of the supernatant in each tube was
measured (Exc: 500 nm, Em: 595 nm). Experiments were carried out in triplicates and the

resulting data were expressed as % of control (without any targeting unit).
The internalization of the micelles was determined by confocal laser scanning microscopy

(CLSM) and, after lysing the cells, by fluorescence spectroscopy. The latter method offers the

possibility to quantitatively compare the uptake of nanoparticles.
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Confocal laser scanning microscopy®

CLSM has proven to be a powerful tool for acquiring high resolution images, 3-D
reconstructions and visualisations of internalization of nanoparticles [26-29]. For the
microscopy analysis, Caco-2 cells were seeded at a density of 20,000 cells/cm” on chamber
slides (Lab-Tek® Chamber Slide System, Nunc, Germany). The cell monolayers were
incubated with 325 pg/mL of the DNA-b-PPO labeled with Alexa488 for 3 h, washed 5 times
with pH 7.4 HBSS and after the addition of 100 uL of buffer the monolayers were analyzed

with confocal laser scanning microscopy (excitation 488nm).

Doxorubicin-loaded micelles

After the optimization of the targeting properties of the nanoparticles, the cytotoxicity of
DNA block copolymer micelles loaded with the widely used anticancer drug doxorubicin was
investigated. Doxorubicin is known to have side effects such as cardiotoxicity and
myelosuppression, therefore targeted delivery is vital [8]. The preparation of doxorubicin-
loaded micelles and the determination of loading content were carried out according to the
literature [30]. Briefly, DNA-b-PPO (5 mg) and doxorubicin (1 mg) were dissolved in
tetrahydrofuran (1 mL) in a glass vial. Afterwards, the solution was added dropwise to pure
water (8 mL) under vigorous stirring by using a magnetic stirrer. Tetrahydrofuran was
removed and the solution was concentrated to 5 mL under vacuum. It was then filtered and
dialyzed against MQ-water (Mw cut-off: 10,000 g/mol) to remove free doxorubicin dissolved
in the solution. Subsequently, the solution was freeze dried and the solid residue was
dissolved in the buffer (HBSS containing 5 mmol/L HEPES adjusted to pH 7.4) for the uptake

experiments.

The viability of Caco-2 cells after 24h incubation with doxorubicin-loaded DNA block
copolymer micelles was compared with several control experiments. The percentage of

surviving cells was acquired using a XTT cell proliferation assay.

3 CLSM visualization was carried out in collaboration with Dr. K. Koynov at the Max Planck Institute for
Polymer Research in Mainz.
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44 RESULTS AND DISCUSSION

In order to study the effect of folic acid density and position within the nanoparticles on the
targeting efficiency, DNA-b-PPO copolymers were hybridized in different ratios with the
targeting unit-bearing oligonucleotides. This convenient procedure resulted in micelles with
on average 2, 11 or 28 (fully hybridized) folic acids either at the periphery or at the
hydrophobic-hydrophilic interface of the micelles. The dimensions of the micelles were again
assessed by DLS, which revealed maintenance of their narrow size distribution. Moreover, the
diameter of the micelles was found to increase slightly with an increase in the number of folic
acid units. For 2, 11 and 28 folic acid moieties at the rim, micelle diameters of 11.2 + 1.6 nm,
13.2 £ 2.4 nm and 14.4 + 2.2 nm were measured, respectively. When folic acid is positioned
inside, diameters of 11.2 £ 1.8 nm, 12.2 =+ 2.4 nm and 12.2 + 2.0 nm were detected for the
same folic acid densities. Importantly, the nanoparticles were on the order of 10 nm, an
important design criterion for efficient tumor cell-specific delivery [31]. Although it has been
proven that polymer particles in the range of 100 nm exit the vasculature and enter tumor
tissue through a process known as the enhanced permeability and retention (EPR) effect [32-
34], it is in some cases favorable to make use of delivery independent of fenestrate pore cutoff
size. This can occur when particles have a diameter of less than 10 nm, as do albumin
molecules [35]. This is supported by recent computer simulations of cancer progression at the
tumoral level [36]. It was demonstrated that nanoparticles with a size range of 1-10 nm

diffuse directly and target the individual cell, which results in improved tumor response.

According to PCR experiments the three analyzed genes are expressed at different levels. The
Caco-2 cells express a high level of FRa, which is consistent with previous findings [9,37]
(see Chapter 2.2). FRa is also highly expressed in other solid epithelial tumors such as
ovarian carcinoma and mesothelioma. Thus this cell line is well suited to act as a model to
study the effect of targeting cancerous cells. According to the results of the XTT based in
vitro toxicology assay, viabilities of all treatment groups were above 75% when compared to

control (Figure 4.3).
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Figure 4.3 Viabilities of Caco-2 cell monolayers exposed to different folic acid conjugated
nanoparticles. Values are means of triplicates + SD. Out 2, Out 11, Out 28 : DNA block
copolymer micelles with folic acid units positioned outside with the respective number of units
and In 2, In 11, In 28: DNA block copolymer micelles with folic acid units positioned inside

with the respective number of units.

As shown in Figure 4.4, an increasing number of folic acid entities at the surface of the
micelles strongly promoted internalization. With only 2 targeting units present the uptake into
the cells was comparable to non-functionalized DNA block copolymer micelles. When the
average number of targeting units was adjusted to 28, the uptake increased by a factor of 10
compared to the control. In contrast, when the targeting moieties pointed towards the interior

of the micelles the uptake was comparable with bare DNA-b-PPO aggregates.

Figure 4.5 shows the CLSM image of Caco-2 cells after 3h incubation with DNA block
copolymer micelles labelled with 28 targeting units at the surface that exhibited the most
efficient uptake. 3-D slicing experiments showed that the nanoparticles were internalized
homogenously and did not only adsorb on the membrane (Figure 4.6). No distinct patterns of
subcellular staining were observed. It must be pointed out that the incubation experiments
were performed in HBSS, which does not contain any protein that may interact with the

nanoparticles.
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Figure 4.4 Uptake of folic acid linked micelles into human Caco-2 monolayers incubated for
3 h. Out 28: DNA block copolymer micelles with 28 targeting units at the periphery of the
micelle, Out 11: DNA block copolymer micelles with 11 targeting units at the periphery of the
micelle, Out 2: DNA block copolymer micelles with 2 targeting units at the periphery of the
micelle, In 28: DNA block copolymer micelles with 28 targeting units in the core of the
micelle, In 11: DNA block copolymer micelles with 11 targeting units in the core of the
micelle and In 2: DNA block copolymer micelles with 2 targeting units in the core of the

micelle. Results are shown as the average values of triplicates £+ SD.

For the doxorubicin-loaded micelles, the calculated drug payload was 5.6 % of the
nanoparticle by weight. Figure 4.7 A shows that Caco-2 cells incubated with doxorubicin-
loaded micelles equipped with targeting units (on average 28 folic acid molecules on the
surface) had a viability of 24.1 £ 2.5 %. The controls consisted of doxorubicin-loaded
micelles in the presence of non-conjugated folic acid (Figure 4.7 B), doxorubicin-loaded
micelles in the absence of any targeting unit, (Figure 4.7 C) and folic acid-conjugated
micelles in the absence of doxorubicin, (Figure 4.7 D) with viabilities of 63.5 £ 7.9 %, 68.3 +
7.1 % and 75.9 + 8.2 %, respectively. The cell mortalities of the control experiments were
significantly lower than when the doxorubicin-loaded micelles were equipped with folic acid
units, which strongly indicates efficient drug delivery into the tumor cells by the DNA block
copolymer micelles with the aid of targeting moieties and thus the significant cytotoxicity of

these nanoparticles.
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Figure 4.5 A) CLSM image of the uptake of labeled folic acid-conjugated micelles inside

Caco-2 cells. B) CLSM image of uptake of non-conjugated micelles as the negative control.
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Figure 4.6 3-D fluorescence picture shows the homogenous uptake behavior of the cells.
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Figure 4.7 The viability of cells after incubation with A) Doxorubicin-loaded micelles
covalently linked to targeting unit B) Doxorubicin-loaded micelles with but not covalently
linked to folic acid C) Doxorubicin-loaded micelles D) Folic acid conjugated micelles in the

absence of doxorubicin.
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4.3 DISCUSSION

Targeted drug delivery systems play an important role in the treatment of diseases particularly
in cancer chemotherapy. Drug targeting to specific cells has been explored utilizing the
presence of various receptors, antigens/proteins on the cell membrane. Certain receptors and
surface bound antigens are specifically expressed in diseased cells or their expression levels
might be higher as compared to the normal healthy cells. Therefore using specific ligands as
the agents for active targeting, these receptors allow us to target the drugs or the drug delivery

systems to specific cells.

Folic acid-conjugated drug delivery systems suggest the advantage of targeting to specific
cells which express FRs. Folic acid has a high affinity to FR therefore internalization of folic

acid conjugated drugs or drug delivery systems is readily carried out via those receptors.

In this study we showed the higher uptake of folic acid conjugated DNA block copolymer
micelles compared to control. Moreover, the effect of the number of the targeting units (folic
acid) on the nanoparticle system was shown. As the number of folic acid moiety was
increased at the rim of the micelle, the internalized particle amount increased proportionally.
However, when the ligands are positioned at the hydrophobic-hydrophilic interface, the
amount of targeting groups did not influence the uptake of the nanoparticles. From these
experiments three important conclusions can be drawn. The uptake of DNA block copolymer
micelles strongly depends on the number of targeting units at the rim. Furthermore, the higher
the number of folic acid entities, the more efficiently the nanoparticles are internalized.
Finally, when the targeting units are hidden inside the nanoparticles they cannot be
“recognized” by the folate receptors, indicating that the micelles remain intact and do not

dissociate into isolated block copolymers.

Although block copolymers have already been employed for drug delivery purposes [38,39],
we believe that the nucleic acid/polymeric hybrid materials presented here represent a
significant advantage in the field for several reasons. The DNA-b-PPO block copolymers that
were synthesized in a fully automated fashion were structurally well-defined because the
biological segment was monodisperse and contained defined end groups. Such a highly-

defined structure is an important criterion for approval of a drug or a delivery system.
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Likewise, the resulting spherical micelles exhibited a narrow size distribution with
dimensions in the range of 10 nm. In this regime delivery is independent of the compromised
leaky vasculature of the tumor tissue. Most important, however, is the convenience of
functionalizing these DNA block copolymer nanoparticles. Different amounts of targeting and
reporter groups can be incorporated simultaneously at distinct positions on the nanoparticle by
hybridization. A variety of 5’- and 3’-modified ODNs bearing different functional groups are
commercially available allowing several coupling strategies for a wide range of ligands. In
contrast, functionalization of conventional block copolymers with targeting moieties is
demanding often requiring multi-step synthesis and separation of ligand-modified from
unmodified polymers [40-42]. Moreover, by employing negatively charged DNA with a
persistence length of 50 nm as the hydrophilic block, surface exposition of the targeting
moieties is guaranteed because, as is well accepted, the polymer chains of the corona in
polyelectrolyte block copolymer aggregates are well-ordered and completely stretched [43].
When folic acid is conjugated to other block copolymer systems, e.g. exhibiting a corona of

polyethylene glycol, this is not guaranteed to the same extent [41].

In summary, a novel micelle platform consisting of amphiphilic DNA block copolymers was
introduced for chemotherapeutic drug delivery, allowing for combinatorial testing of the drug
carrier system. Prior to the investigation of the DNA block copolymer micelles, the presence
of FRs in the cancerous cell line was confirmed and expression levels of three associated
genes determined. The corresponding ligand-conjugated ODNs were introduced into the
micelles as targeting units via hybridization. The incorporation of fluorescent reporter groups
by the same procedure revealed that receptor-mediated endocytotic uptake of the
nanoparticles with a diameter of approximately 10 nm was most efficient when the maximum
number of ligands was present on the rim of the micelles. Loading doxorubicin into the
hydrophobic interior of the ligand-containing micelles resulted in efficient cytotoxicity and
high mortality among the cancerous cells. Further studies will investigate targeting with
different combinations and ratios of ligands as well as the incorporation of various
hydrophobic cancer drugs into the DNA block copolymer micelles. Their potential as an

anticancer drug delivery vehicle in in vivo experiments should also be assessed in the future.
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SUMMARY

5.1 SUMMARY

In this thesis, interactions of folic acid with tea and tea components at the level of intestinal
absorption have been investigated. For the interaction studies two main approaches were
followed. Firstly, the interaction between folic acid and tea as well as tea catechins was
studied in vitro, using Caco-2 cell monolayers and secondly, a clinical trial was designed and
carried out. In addition, targeting of folic acid conjugated nanoparticles to FR expressing
Caco-2 cells was studied in order to evaluate the principle of nutrient-receptor-coupled
transport for drug targeting.

Folic acid has attracted considerable attention due to its numerous roles in maintaining health
and preventing against certain disturbances such as anemia, NTDs and cardiovascular
diseases. Since folate is involved in DNA biosynthesis and therefore cell replication in the
human body, folate deficiency affects mostly the rapidly-dividing cell types such as the cells
of bone marrow (e.g. red blood cells) and enterocytes. Moreover, during the nineties, it was
well understood that low folate levels play an important role in the occurrence of NTDs. For
the maintenance of the desired daily folate intake, there are two main factors. Sufficient folate
ingestion per day is the main requirement. Furthermore, the bioavailability of the ingested
folate determines the level of circulating folate. Drug-drug, food-drug and herb-drug
interactions play an important role in the ateration of the pharmacokinetics as well as
pharmacodynamics of drugs in vivo. Due to the interactions, an increase or decrease in the

efficacy of the drug may be observed which may lead to serious clinical consequences.

In thefirst part of thiswork, it was shown that EGCG and ECG inhibit folic acid uptake (1Cso
of 34.8 and 30.8 pmol/L) comparable to MTX under these experimental conditions. The 1Cs
values for non-gallated catechins were higher compared to the gallated ones. Moreover,
commercial green and black tea extracts inhibited folic acid uptake with 1Csy values of
approximately 7.5 and 3.6 mg/mL, respectively. In addition, six extracts of green tea samples
from different regions of the world inhibited folic acid uptake with ICsy values ranging from
3.00 mg/mL to 7.65 mg/mL. These results clearly indicate an interaction between folic acid
and green tea catechins at the level of intestinal uptake. The mechanism responsible for the
inhibition process might be the inhibition of the influx transport routes for folates such as via
RFC and/or PCFT. For understanding the in vivo relevance of thisin vitro interaction, a phase

one, open-labeled, randomized, cross-over clinical study in seven heathy volunteers was
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designed. The clinical study was composed of five periods, in between which there were at
least seven days of wash-out period. The pharmacokinetic interaction between folic acid (0.4
mg and 5 mg tablets) and green and black tea was investigated. Water was used as the
reference drink. For the 0.4 mg folic acid dose, the mean Cp,a decreased by 39.2% and 38.6%
and the mean AUC,,, decreased by 26.6% and 17.9% by green tea and black tea,
respectively. For the 5 mg folic acid dose, the mean Cna decreased by 27.4% and mean
AUC,,., decreased by 39.9% when taken with green tea. The results of the clinical study
confirm the interaction between tea and folic acid in vivo leading to lower bioavailabilities of

folic acid.

Since low folate concentrations have been connected to a variety of disturbances such as
megaloblastic anemia, growth retardation, hyperhomocysteinemia and cardiovascular
diseases, low bioavailability of folic acid taken together with tea may possess vital clinical

consequences. Thus the interaction between tea and folic acid should be considered serioudly.

In the second part of the thesis, targeting studies using folic acid conjugated nanoparticles
were conducted. An ideal targeted drug delivery approach would not only increase the
therapeutic efficacy of drugs but also decrease the toxicity associated with the drug to alow
lower therapeutic doses. One effective approach to address this problem is the application of

polymeric nanoparticles equipped with targeting units for tumor-specific delivery.

FRs are mainly expressed in cancer cells such as ovarian, testicular, breast, colon, rena and
malignant nasopharyngeal carcinomas. FRs mediate the cellular uptake of folates with high
affinity to folic acid. Folate targeted drug delivery has emerged as an aternative therapy for
the treatment and imaging of many cancers and inflammatory diseases. Due to its small
molecular size and high binding affinity for cell surface FRs, folate conjugates have the
ability to deliver avariety of molecular complexes to pathologic cells without causing harm to
normal tissues. Because FRs are specific to certain cancer cells, nanoparticles that are
equipped with folic acid units can be targeted to these cells selectively. Folic acid conjugated
nanoparticles were shown to be internalized by the cell via FR mediated endocytosis. In this
study, DNA block copolymer micelles equipped with 2, 11 and 28 folic acid units
respectively were applied on FR expressing Caco-2 cells. There was a direct proportion in the
amount of internalized nanoparticle and the number of folic acid units on the periphery of the

nanoparticle. The internalized particle level was considerably high for the micelles equipped
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with 11 and 28 folic acid units at the corona. Consequently, nanoparticles equipped with folic
acid moieties as targeting units were proven for their potential to be targeted to FR expressing

cancer cells which may have importance in the future as targeted drug delivery systems.

In a separate experiment, the uptake of the same nanoparticles equipped with folic acid units
at the core was investigated. Interestingly, it was demonstrated that when the targeting units
are positioned at the core, the uptake levels were very low, comparable to that for the control
micelles (without any targeting unit). Therefore it was concluded that for targeting, the
position of the active unit isimportant as well as its abundance on the nanoparticle. When the
folic acid units are positioned at the hydrophobic-hydrophilic interface, the amount of
targeting groups did not influence the uptake of the nanoparticles. Thus, it was hypothesized
that DNA block copolymer micelles were internalized in their intact form without being

broken prior to their internalization.

To sum up, throughout this thesis, the importance of folic acid for nutrition and nutrient and
drug related interactions of folic acid at intestinal level was shown. The clinical consequences
of the reduced folate concentrations due to these interactions were discussed. Furthermore,
significance of FRs in targeting for cancer chemotherapy was demonstrated in in vitro cell
culture experiments. Folic acid conjugated DNA block copolymer micelles were suggested as

efficient nanoparticles for targeted drug delivery.
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5.2 ZUSAMMENFASSUNG

In dieser Arbeit wurden Interaktionen der Folsdure insbesondere mit Tee und
Teebestandtellen auf der Ebene der intestinalen Absorption untersucht. Fir die
Interaktionsstudien wurden zwei Ansétze verfolgt. Erstens wurde die Interaktion zwischen
Folsdure und Tee sowie Katechinen aus Tee in vitro mit Caco-2 Zellen erforscht. Zweitens
wurde ein klinischer Versuch durchgefiihrt um die Relevanz der in vitro Versuche zu
bestétigen. Zusétzlich wurde das Targeting von mit Folsaure konjugierten Nanopartikeln an
FR exprimierenden Caco-2 Zellen untersucht.

Wegen seiner zahlreichen Funktionen hat Folsdure besonderes Interesse hervorgerufen. So
beugt sie bestimmten Erkrankungen vor, wie Andmien, Neuralrohrdefekten und Herz-
Kreislauf-Erkrankungen. Da Folat bei der DNA Biosynthese- und auch bei der Zellteilung
eine wichtige Rolle spielt, beeinflusst ein Folatmangel die schnell teilenden Zellen wie die
Zellen des Knochenmarks (z.B. rote Blutzellen) und die Enterozyten. Wahrend der Neunziger
Jahre wurde auf3erdem festgestellt, dass ein niedriger Folatstatus ein wichtiger Risikofaktor
fur das Auftreten von Neuralrohrdefekten ist. Um die tégliche Folatzufuhr sicherzustellen,
gibt es zwei Vorgehensweisen. Eine ausreichende tégliche Folateinnahme stellt die
Hauptanforderung dar. Andererseits bestimmt auch die Bioverflgbarkeit des eingenommenen
Folates die Menge an im Blut zirkulierendem Folat. Arzneimittel-, Nahrungsmittel- und
Nahrungserganzungsmittel-Arzneimittel  Interaktionen spielen fir eine verminderte

Bioverfligbarkeit eine wichtige Rolle.

Im ersten Teil der Arbeit wurde dargestellt, dal3 EGCG und ECG die Folsdureaufnahme (1Cs
Werte von 34.8 und 30.8 pmol/L) hemmen. Diese Werte sind in ihrer Hemmstérke mit der
Hemmung des Folsauretransports durch MTX vergleichbar. Die 1Cs Werte liegen fur EGC
und EC hoher als fur EGCG und ECG. Aulierdem hemmten kommerziell erhdltliche Extrakte
des grunen und schwarzen Tees die Folsdureaufnahme mit 1Csy Werten von ca. 7.5 bzw. 3.6
mg/mL. Weiter untersuchte Extrakte verschiedener griner Teeproben aus unterschiedlichen
Regionen der Welt hemmten die Fol sdureaufnahme mit 1Cso Werten von 3.00 mg/mL bis 7.65
mg/mL. Die Resultate belegen eine Interaktion zwischen Folsdure und Katechinen aus
grinem Tee auf der Ebene der intestinalen Aufnahme. Mechanistisch gesehen kodnnte die
Hemmung der Influx-Transporter fur Folat wie RFC und/oder PCFT verantwortlich gemacht

werden. Um zu prifen, ob diese in vitro Interaktion eine in vivo Relevanz hat, wurde eine
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klinische Studie mit sieben gesunden Probanden durchgefiihrt. Diese offene, randomisierte,
cross-over Studie bestand aus funf Perioden, zwischen denen eine mindestens sieben Tage
andauernde Wash-out-Phase lag. Es wurde eine mdgliche pharmakokinetische Interaktion
zwischen Folsdure (0.4 mg und 5 mg Tabletten) und grinem sowie schwarzem Tee
untersucht. Als Referenzgetrank wurde Wasser eingesetzt. Bel der 0.4 mg Folsaure Dosis
verringerten sich die durchschnittlichen Cpa-Werte um 39.2% bzw. 38.6% und die AUCy., .-
Werte um 26.6% und 17.9%, jeweils fur griinen und schwarzen Tee. Fir die 5 mg Folsaure
Dosis verringerten sich die durchschnittliche Cpa-Werte um 27.4% und die AUCq_,.-Werte
um 39.9%, wenn die Dosis gleichzeitig mit grinem Tee eingenommen wurde. Die Resultate
der klinischen Studie weisen auf eine in vivo Interaktion zwischen Tee und Folsdure hin, die

zu einer verminderten Bioverflgbarkeit der Folsdure fuhrt.

Aufgrund von Hinweisen, dass erniedrigte Folatkonzentrationen mit mehreren Stérungen wie
megaloblastischer Anamie, Wachstumshemmung, Hyperhomocysteindmie und Herz-
Kreislauf-Erkrankungen in Beziehung gebracht wurden, kann eine durch Tee hervorgerufene
verminderte Bioverfugbarkeit von Folsaure klinische Bedeutung haben. Daher sollte die

Interaktion zwischen Tee und Folsdure weiterhin in ausgedehnten Studien untersucht werden.

Im zweiten Teil der Dissertation wurden Targeting Studien mit an Nanopartikel konjugierter
Folsdure durchgefihrt. ,Targeted Drug Delivery® wirde nicht nur die therapeutische
Wirksamkeit des Arzneimittels erhdhen, sondern auch die Toxizitdt der Arzneimittel
verringern, so dass niedrigere Dosen des Arzneimittels z.B. bei einer Chemotherapie
eingesetzt werden konnten. Ein moglicher Ansatz waren Polymer-Nanopartikel, die mit den
Zieleinheiten fUr eine Tumor-spezifische Aufnahme funktionalisiert werden.

FRs werden hauptséachlich in Krebszellen wie Ovaria-, Testikular-, Brust-, Kolon-, Nieren-
und boOsartigen Nasopharyngealkarzinomen exprimiert. FRs vermitteln die zellulare
Aufnahme von Folat mit hoher Affinitdt zur Folsdure. Eine zielgesteuerte
Arzneimittelaufnahme hat sich als aternative Therapie fur die Behandlung vieler Krebsarten
und entzindlicher Krankheiten erwiesen. Wegen ihres geringen Molekulargewichts und der
hohen Bindungsaffinitét zu FRs an der Zelloberflache haben Folatkonjugate die Fahigkeit,
eine Vielzahl von molekularen Komplexen direkt an pathologische Zellen zu liefern, ohne
Schédden am normalen Gewebe zu verursachen. Weil FRs fur bestimmte Krebszellen

spezifisch sind, kénnen Nanopartikel, die mit Folsaure-Einheiten funktionalisiert werden,
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praferenziell von diesen Zellen aufgenommen werden. Es wurde bewiesen, dass mit Folsdure
konjugierte Nanopartikel Uber FR vermittelte Endocytose in Zellen internalisiert werden. In
dieser Arbeit wurden DNA Block-Copolymer Mizellen, die mit 2, 11 und 28
Folsdureeinheiten funktionalisiert wurden, auf FR exprimierende Caco-2 Zellen gegeben. Die
Folsdureeinheiten befanden sich hierbel auf der Oberflache der Partikel. Auffallend war, dass
das Aufnahmevermdgen der DNA-Block-Copolymer-Mizellen von der Anzahl der
Folsdureeinheiten abhangig war. Je hther die Anzahl der Folsdureeinheiten, umso stérker

wurden die Nanopartikel aufgenommen.

In einer anderen Untersuchung wurde die Aufnahme der gleichen Nanopartikel, die mit
Folsdureeinheiten im Kern funktionalisiert wurden, erforscht. Interessanterweise wurde
gezeigt, dass hierbei die Aufnahme der Nanopartikel sehr niedrig war, vergleichbar mit der
Aufnahme von den Kontrollmizellen ohne Zieleinheiten. Folglich konnte festgestellt werden,
dass fur das Targeting die Position der aktiven Zieleinheiten sowie die Anzahl auf dem
Nanopartikel wichtig ist. Wenn die Folsdaureeinheiten an der hydrophob-hydrophilen
Schnittstelle eingebaut wurden, beeinflufdte die Anzahl der Zieleinheiten nicht die Aufnahme
in die Nanopartikel. So wurde angenommen, dass die DNA-Block-Copolymer-Mizellen in

ihrer intakten Form aufgenommen wurden, ohne vor der Internalisierung zu zerfallen.

Zusammenfassend wurde wahrend dieser Arbeit die bedeutende Rolle der Folsdure als
Nahrstoff und flr arzneimittelbezogene Interaktionen auf intestinaler Ebene gezeigt. Die sich
daraus ergebenden moglichen klinischen Konsequenzen wurden diskutiert. Ausserdem wurde
die Bedeutung von FRs beim ,Targeting” fir die Krebschemotherapie in in vitro
Zdllkulturexperimenten demonstriert. Folsdure konjugierte DNA Block-Copolymer-Mizellen
wurden als effiziente Nanopartikel fir gezielte Pharmakotherapie vorgeschlagen.

Die erzielten Resultate liefern ein eindrucksvolles Beispiel dafir, wie carriervermittelt in die

Zelle aufgenommene Nahrstoffe zur Funktionalisierung von Drug Delivery Systemen

eingesetzt werden konnen.
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6.1 Transport study across T84 monolayers

0.5 umol/L 2 umol/L 5 umol/L
Peff (a—)b) Peff (b—)a) Peff (a—)b) Peff (b—)a) Peff (a—)b) Peff (b—)a)
[107cm/s] [107cm/s] [107cm/s] [107cm/s] [107cm/s] [107cm/s]
1 242 3.95 2.46 5.15 2.09 3.16
2 2.36 3.71 2.31 2.99 2.23 2.54
Mean 2.39 3.83 2.39 4.07 2.16 2.85
SD 0.04 0.17 0.11 1.53 0.10 0.44

6.2 Concentration and pH dependency of folic acid uptake in Caco-2 cells

pH 6.5
0.1 pmol/L 0.5 umol/L 1 pmol/L 2 pmol/L 5 pmol/L
Uptake Uptake Uptake Uptake Uptake
[pmol/mg protein] | [pmol/mg protein] | [pmol/mg protein] | [pmol/mg protein] | [pmol/mg protein]
1 1.29 5.45 8.69 12.5 20.7
2 1.14 4.46 8.09 11.0 17.9
3 1.20 4.65 8.04 11.0 18.5
Mean 1.21 4.85 8.27 11.5 19.0
SD 0.08 0.53 0.36 0.86 1.48
pH 7.4
1 0.17 1.25 0.98 3.02 7.04
2 0.21 1.27 1.00 4.58 6.49
Mean 0.19 1.26 0.99 3.80 6.77
SD 0.03 0.01 0.02 1.10 0.39
6.3 Time course of folic acid uptake in Caco-2 cells
Folic acid uptake
[pmol/mg protein]
5 min I5min | 30min | 60 min | 120 min | 180 min | 240 min | 300 min
1 1.43 2.68 4.92 8.96 16.7 21.6 25.8 23.3
2 1.17 2.58 4.26 6.91 16.0 20.5 22.8 25.8
3 1.42 3.30 5.57 9.86 - 19.5 - 29.3
Mean 1.34 2.85 4.92 8.57 16.2 20.5 243 26.2
SD 0.15 0.39 0.65 1.50 0.63 1.05 2.10 3.01
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6.4 Folic acid uptake in the presence of various compounds

Compound Concentration Folic acid uptake
[mmol/L] [pmol/mg protein]

1 2 3 Mean SD
MTX 0.001 7.56 6.67 6.21 6.82 0.69
MTX 0.01 4.54 4.02 3.82 4.13 0.37
MTX 0.10 2.26 1.95 1.95 2.05 0.18
MTX 0.50 1.74 1.49 1.41 1.55 0.17
MTX 1.00 1.55 1.54 1.44 1.51 0.06
Control - 7.29 7.77 8.14 7.73 0.43
Leucovorin 0.01 1.62 1.54 1.52 1.56 0.05
Leucovorin 0.10 0.86 0.89 1.00 0.92 0.08
Leucovorin 0.50 0.63 0.72 0.65 0.67 0.05
Control - 3.81 3.55 3.66 3.67 0.13
Sulfasalazine | 0.01 4.86 4.79 4.84 4.81 0.06
Sulfasalazine | 0.10 2.93 2.68 2.77 2.79 0.12
Sulfasalazine | 0.50 1.51 1.61 1.48 1.54 0.07
Sulfasalazine | 1.00 1.27 1.34 1.28 1.30 0.04
Control - 4.99 4.86 4.56 4.80 0.22
Olsalazine 0.01 5.75 5.24 5.18 5.39 0.31
Olsalazine 0.10 5.14 5.15 5.01 5.10 0.08
Olsalazine 0.50 3.60 345 3.33 3.46 0.14
Olsalazine 1.00 2.96 2.61 2.83 2.80 0.18
Control - 4.99 4.86 4.56 4.80 0.22
EGCG 0.001 8.37 8.08 5.33 7.26 1.67
EGCG 0.01 7.00 6.66 7.10 6.91 0.23
EGCG 0.02 5.11 4.70 4.61 4.81 0.27
EGCG 0.025 4.30 4.07 4.41 4.26 0.18
EGCG 0.05 4.05 3.11 2.92 3.36 0.60
EGCG 0.10 3.34 3.02 2.43 2.93 0.46
EGCG 0.20 2.56 2.23 2.26 2.35 0.18
EGCG 0.25 2.56 2.19 1.43 2.06 0.57
EGCG 0.50 3.06 2.66 - 2.86 0.28
EGCG 1.00 2.96 2.62 2.71 2.76 0.17
Control - 7.89 7.18 7.78 7.62 0.38
ECG 0.001 6.57 5.95 5.07 6.16 0.35
ECG 0.01 5.83 5.14 5.03 5.33 0.44
ECG 0.10 3.41 3.07 2.88 3.12 0.27
ECG 0.20 2.74 2.54 3.03 2.77 0.24
ECG 0.50 3.01 2.91 2.71 2.88 0.15
ECG 1.00 3.23 3.09 - 3.16 0.10
Control - 7.84 7.13 7.21 7.39 0.39
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Compound Concentration Folic acid uptake
[mmol/L] [pmol/mg protein]

1 2 3 Mean SD
EGC 0.001 6.92 7.11 6.73 6.92 0.19
EGC 0.01 6.70 6.22 6.57 6.50 0.25
EGC 0.10 7.37 5.50 5.87 6.25 0.99
EGC 0.20 6.68 5.52 6.38 6.19 0.60
EGC 0.50 5.82 5.61 5.28 5.57 0.27
EGC 1.00 4.95 4.52 4.93 4.80 0.24
Control - 7.84 7.13 7.21 7.39 0.39
EC 0.001 6.57 6.53 6.12 6.41 0.25
EC 0.01 6.15 5.76 6.88 6.26 0.56
EC 0.10 6.12 6.04 6.01 6.05 0.06
EC 0.20 6.50 5.50 5.85 5.95 0.51
EC 0.50 5.57 5.23 4.93 5.24 0.32
EC 1.00 4.72 3.93 4.12 4.26 0.41
Control - 7.84 7.13 7.21 7.39 0.39
Quercetin 0.001 4.76 4.76 4.97 4.83 0.12
Quercetin 0.01 7.00 3.87 6.00 5.62 1.60
Quercetin 0.02 5.62 5.81 4.84 5.42 0.51
Quercetin 0.03 6.06 5.59 4.93 5.53 0.57
Control - 5.98 5.69 4.90 5.52 5.56
Kaempferol 0.001 6.86 6.66 6.56 6.69 0.16
Kaempferol 0.01 7.09 6.95 6.60 6.88 0.25
Kaempferol 0.02 6.85 6.90 6.06 6.60 0.47
Kaempferol 0.03 7.11 6.93 6.00 6.68 0.60
Control - 5.98 5.69 4.90 5.52 5.56
Naringenin 0.001 6.00 5.13 4.75 5.29 0.64
Naringenin 0.01 5.77 5.16 4.31 5.08 0.73
Naringenin 0.10 3.66 3.01 2.72 3.13 0.48
Naringenin 0.20 2.81 2.33 2.07 2.40 0.37
Naringenin 0.30 1.74 1.72 1.73 1.73 0.01
Control - 4.68 4.12 3.87 4.23 0.42
Hesperetin 0.001 5.83 5.07 4.96 5.29 0.47
Hesperetin 0.01 5.08 491 5.19 5.06 0.14
Hesperetin 0.10 4.82 3.12 3.82 3.92 0.85
Hesperetin 0.20 3.96 3.44 3.59 3.66 0.27
Hesperetin 0.50 3.03 2.80 2.81 2.88 0.13
Control - 4.68 4.12 3.87 4.23 0.42
Phenytoin 0.001 8.70 7.80 12.2 9.56 2.31
Phenytoin 0.01 7.09 6.40 8.03 7.17 0.82
Phenytoin 0.1 8.21 8.25 10.5 8.97 1.29
Control - 8.38 9.83 16.0 11.4 4.06
Primidone 0.01 3.50 5.28 - 4.39 1.26
Primidone 0.10 3.60 8.70 591 6.07 2.55
Primidone 0.50 4.02 6.41 8.35 6.26 2.17
Control - 4.36 3.96 5.90 4.74 1.02
Valproic acid 0.01 1.46 2.62 4.12 2.74 1.33
Valproic acid 0.10 2.63 4.25 4.85 3.91 1.15
Valproic acid 1.00 2.19 5.04 5.93 4.39 1.95
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Control - 4.36 3.96 5.90 4.74 1.02
Carbamazepine 0.001 9.71 11.2 12.3 11.1 1.30
Carbamazepine 0.01 11.0 9.43 11.5 10.6 1.06
Carbamazepine 0.10 11.2 10.5 11.1 10.9 0.38
Control - 8.95 9.63 8.98 9.19 0.38
Phenobarbital 0.01 6.03 7.67 8.15 7.28 1.11
Phenobarbital 0.10 6.42 10.4 7.41 8.06 2.05
Phenobarbital 1.00 3.75 6.64 7.29 5.90 1.88
Control - 11.9 9.54 8.55 10.0 1.74
Compound Concentration Folic acid uptake
[% of stock] [pmol/mg protein]
MenoFit Tablet 0.50 3.79 4.15 4.34 4.09 0.28
MenoFit Tablet 5.00 4.20 3.31 3.23 3.58 0.54
MenoFit Tablet 50.0 2.14 2.34 2.72 2.40 0.30
MenoFit Tablet 100 1.45 1.37 1.67 1.50 0.15
Control - 4.19 3.57 4.39 4.05 0.43
Multinorm Capsule 1.00 4.69 4.26 4.53 4.49 0.22
Multinorm Capsule 10.0 3.22 3.38 3.95 3.51 0.38
Multinorm Capsule 50.0 1.53 1.63 1.34 1.50 0.14
Multinorm Capsule 100 1.25 1.87 1.33 1.48 0.33
Control - 4.19 3.57 4.39 4.05 0.43
Compound Concentration Folic acid uptake
[mg/mL] [pmol/mg protein]
1 2 3 Mean SD
Green tea extract (1) | 0.12 5.50 5.08 5.22 5.27 0.22
Green tea extract (1) | 1.20 5.30 4.81 4.87 5.00 0.27
Green tea extract (1) | 3.60 5.99 5.97 6.06 6.00 0.04
Green tea extract (1) | 12.0 4.37 4.44 4.56 4.46 0.10
Green tea extract (1) | 24.0 3.72 3.99 3.68 3.80 0.17
Green tea extract (1) | 60.0 2.26 2.31 2.14 2.24 0.09
Control - 7.29 7.77 8.14 7.73 0.43
Green tea extract (2) | 0.12 7.06 6.23 6.29 6.52 0.46
Green tea extract (2) | 1.20 5.40 4.82 4.79 5.00 0.35
Green tea extract (2) | 3.60 6.32 5.85 5.64 5.94 0.35
Green tea extract (2) | 12.0 4.89 4.86 4.81 4.85 0.04
Green tea extract (2) | 24.0 4.23 4.46 4.47 4.39 0.14
Green tea extract (2) | 60.0 4.17 4.80 4.40 4.46 0.32
Control - 8.60 8.75 9.23 8.86 0.33
Black tea extract (3) | 0.12 8.83 8.31 9.62 8.92 0.66
Black tea extract (3) 1.20 7.31 6.46 6.74 6.84 0.44
Black tea extract (3) | 3.60 5.83 5.70 5.53 5.69 0.15
Black tea extract (3) 12.0 3.23 3.38 3.26 3.29 0.08
Black tea extract (3) | 24.0 2.85 2.33 2.62 2.60 2.26
Black tea extract (3) | 60.0 2.37 2.16 2.08 2.20 0.15
Control - 8.60 8.75 9.23 8.86 0.33
Black tea extract (4) | 0.12 8.38 7.57 8.01 7.99 0.40
Black tea extract (4) 1.20 6.74 5.35 5.50 5.86 0.76
Black tea extract (4) | 3.60 5.93 4.78 4.90 5.20 0.63
Black tea extract (4) 12.0 3.50 3.31 3.19 3.33 0.15
Black tea extract (4) | 24.0 2.89 2.61 2.57 2.70 2.17
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Black tea extract (4) | 60.0 2.05 1.92 2.01 1.99 0.07
Control - 7.84 8.11 8.27 8.07 0.22
Green tea extract (I) | 0.12 3.49 3.40 3.50 3.46 0.06
Green tea extract (I) 1.20 2.29 2.33 1.34 1.99 0.56
Green tea extract (I) | 3.60 2.57 2.81 2.38 2.59 0.21
Green tea extract (I) 12.0 2.77 2.49 4.85 3.37 1.29
Green tea extract (I) | 24.0 2.45 2.04 2.36 2.28 0.21
Green tea extract (I) | 60.0 3.63 3.78 3.95 3.79 0.16
Control - 8.11 7.96 9.12 8.39 0.63
Green tea extract (II) | 0.12 3.05 2.72 2.42 2.73 0.31
Green tea extract (II) | 1.20 3.41 2.71 2.14 2.75 0.64
Green tea extract (II) | 3.60 4.07 3.55 2.28 3.64 0.40
Green tea extract (II) | 12.0 3.40 2.85 3.50 3.25 0.35
Green tea extract (II) | 24.0 2.51 2.61 2.28 2.47 0.17
Green tea extract (II) | 60.0 2.02 2.10 2.19 2.10 0.08
Control - 8.11 7.96 9.12 8.39 0.63
Green tea extract (IIT) | 0.12 4.36 4.46 4.30 4.37 0.08
Green tea extract (IIT) | 1.20 2.73 1.87 2.33 2.31 0.43
Green tea extract (IIT) | 3.60 3.27 3.07 2.90 3.08 0.19
Green tea extract (IIT) | 12.0 3.49 3.76 3.55 3.60 0.15
Green tea extract (IIT) | 24.0 3.05 2.55 3.05 2.89 0.29
Green tea extract (IIT) | 60.0 2.58 2.52 2.54 2.55 0.03
Control - 8.11 7.96 9.12 8.39 0.63
Green tea extract (IV) | 0.12 4.01 3.66 5.55 4.41 1.01
Green tea extract (IV) | 1.20 3.82 4.00 3.89 3.91 0.09
Green tea extract (IV) | 3.60 4.62 4.33 4.08 4.34 0.27
Green tea extract (IV) | 12.0 2.58 2.50 2.71 2.60 0.10
Green tea extract (IV) | 24.0 2.04 2.29 2.07 2.13 0.13
Green tea extract (IV) | 60.0 1.65 1.70 1.74 1.70 0.04
Control - 7.39 6.82 6.71 6.97 0.36
Green tea extract (V) | 0.12 4.16 4.69 4.06 4.30 0.34
Green tea extract (V) | 1.20 2.48 3.50 2.58 2.85 0.56
Green tea extract (V) | 3.60 3.33 3.26 3.15 3.25 0.09
Green tea extract (V) | 12.0 2.86 2.26 2.97 2.69 0.38
Green tea extract (V) | 24.0 2.14 2.14 1.86 2.05 0.16
Green tea extract (V) | 60.0 3.95 3.66 3.51 3.70 0.22
Control - 6.05 5.74 6.19 5.99 0.23
Green tea extract (VI) | 0.12 3.37 2.89 3.44 3.23 0.30
Green tea extract (VI) | 1.20 3.53 3.27 3.34 3.38 0.14
Green tea extract (VI) | 3.60 3.42 3.44 3.06 3.30 0.21
Green tea extract (VI) | 12.0 2.62 2.82 2.60 2.68 0.12
Green tea extract (VI) | 24.0 1.87 2.05 1.89 1.94 0.10
Green tea extract (VI) | 60.0 1.70 1.80 1.87 1.79 0.09
Control - 6.05 5.74 6.19 5.99 0.23
Polyphenon 60 0.02 2.35 2.48 2.44 2.43 0.07
Polyphenon 60 0.20 2.64 1.63 - 2.13 0.72
Polyphenon 60 0.60 2.01 2.55 2.65 2.41 0.34
Polyphenon 60 2.00 2.46 2.57 - 2.51 0.08
Polyphenon 60 4.00 3.37 2.19 2.30 2.62 0.65
Polyphenon 60 10.0 2.07 2.63 2.14 2.28 0.31
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| Control

| 3.68

4.01

3.98

3.89

0.18

6.5 Transport study across Caco-2 monolayers

Folic acid Folic acid + MTX
Pt (a—b) P.r (a—b)
[10°cm/s] [10°cm/s]
1 1.53 1.14
2 1.58 0.95
3 - 1.18
Mean 1.55 1.09
SD 0.03 0.12
Folic acid Folic acid + EGCG
| (a—)b) Pesr (a_)b)
[10°cm/s] [10°cm/s]
1 1.06 0.80
2 1.00 0.71
3 1.07 0.79
Mean 1.07 0.77
SD 0.09 0.05
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6.6 ESI-MS detections of EGCG and ECG

The identities of the catechins used in the in vitro cell culture experiments were verified by
electrospray ionization-mass spectrometry. Examples of the mass spectra obtained by ESI-MS

were shown in Figure 6.1 and Figure 6.2.
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Figure 6.1 ESI-MS spectrum of EGCG solution in water. Red arrow shows EGCG+H ion and

blue arrow shows EGCG+Na ion.
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Figure 6.2 ESI-MS spectrum of ECG solution in water. Red arrow shows ECG+H ion and

blue arrow shows ECG+Na ion.
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6.7 Characterization of DNA block copolymers by MALDI-TOF mass spectrometry
and PAGE

A Intens.

13667,7
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- ss DINA

Figure 6.3 Characterization of DNA block copolymers by (A) MALDI-TOF mass
spectrometry and (B) PAGE.
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6.8 Serum folate levels of each subject for five different treatments

0.4 mg Folsan® administered with water

Time (h) | Subject | Subject | Subject | Subject | Subject | Subject | Subject
1 2 3 4 5 6 7

(ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL)

0(2) 12.8 15.8 11.4 10.3 11.6 14.1 13.4

0(2) 13.4 16.1 11.9 9.4 13.3 14.5 13.8

0.5 16.3 46.3 13.3 22.6 18.5 17.0 52.5

1 19.0 63.9 15.9 21.6 314 51.8 61.8

15 18.0 50.9 18.2 18.0 29.5 51.1 44.1

2 16.1 434 14.9 16.2 18.2 41.4 37.8

3 16.4 37.7 14.6 13.9 16.5 31.2 30.9

4 16.9 29.0 15.7 13.4 18.9 33.7 21.3

5 33.1 14.0 13.0 15.9 31.5 19.5

6 16.7 21.5 14.7 12.1 14.8 17.9 18.5

8 15.1 17.3 11.9 11.3 11.5 18.4 15.2

--- not determined due to hemolysis

0.4 mg Folsan® administered with green tea
Time (h) | Subject | Subject | Subject | Subject | Subject | Subject | Subject
1 2 3 4 5 6 7

(ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL)

0(2) 12.2 13.7 15.8 14.1 14.2 17.3 17.1

0(2) 10.2 14.5 15.9 13.4 14.4 14.2 18.4

0.5 11.7 26.8 19.1 20.6 18.7 43.4 37.3

1 12.5 21.7 22.6 16.6 22.6 41.6 40.0

1.5 14.1 21.2 19.3 28.1 21.0 37.9 38.8

2 12.8 19.6 21.3 41.2 20.0 38.3 39.6

3 14.4 29.3 18.7 21.1 19.5 21.1 44.6

4 14.8 28.0 18.0 19.3 20.0 21.3 38.0

5 12.6 18.5 18.4 18.4 17.5 18.9 33.0

6 11.9 17.6 18.8 16.4 18.3 18.7 21.1

8 11.8 12.5 17.6 17.0 15.5 16.4 16.9
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0.4 mg Folsan® administered with black tea

Time (h) | Subject | Subject | Subject | Subject | Subject | Subject | Subject
1 2 3 4 5 6 7
(ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL)
0(1) 11.0 13.6 11.0 9.7 15.8 13.1
0(2) 9.7 16.6 10.8 10.3 14.2 14.0
0.5 12.3 31.1 15.2 15.8 20.4 21.8
1 13.2 40.2 13.0 20.5 33.6 389
15 13.4 35.7 16.5 15.5 37.7 33.3
2 14.2 37.8 14.8 21.7 39.5 31.9
3 13.7 37.0 14.4 16.4 34.9 27.8
4 13.2 20.9 14.2 14.2 31.3 29.4
5 13.6 18.1 14.1 15.4 --- 17.9
6 12.6 19.1 12.3 12.7 21.3 18.0
8 13.3 14.9 11.3 10.6 16.0 14.1
Subject dropped out
--- not determined due to hemolysis
5 mg Folsan® administered with water
Time | Subject | Subject | Subject | Subject | Subject | Subject | Subject
(h) 1 2 3 4 5 6 7
(ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL)
0(2) 13.8 15.8 10.3 13.6 11.4 12.9
0(2) 13.0 14.3 10.5 13.6 12.1 12.0
0.5 72.0 304 58.0 264 286 239
1 176 588 214 538 530 469
15 219 702 254 763 515 458
2 152 712 256 730 485 464
3 123 425 272 499 335 560
4 288 318 215 356 247 450
5 360 191 164 235 175 260
6 434 161 97.7 167 129 229
8 220 81.6 52.7 89.7 88.1 119
Subject dropped out
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5 mg Folsan® administered with green tea

Time (h) | Subject | Subject | Subject | Subject | Subject | Subject | Subject
1 2 3 4 5 6 7

(ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (ng/mL)

0(1) 10.1 17.9 10.9 13.4 14.5 11.0 10.2

0(2) 9.6 17.1 11.2 13.4 13.9 9.9 10.4

0.5 32.0 130 34.3 41.8 37.7 13.7 162

1 82.0 455 108 70.2 123 99.8 342

15 93.0 709 235 80.5 171 243 377

2 137 687 241 236 200 271 330

3 459 417 279 485 230 260 263

4 296 305 213 364 270 183 183

5 196 226 149 228 199 127 135

6 130 143 94.5 184 117 83.9 92.3

8 69.0 86.6 61.8 90.8 63.2 36.2 44.0
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6.10 Clinical trial protocol, declaration of consent and case report form

CLINICAL TRIAL PROTOCOL?

Investigation of the pharmacokinetic interaction between folic acid (Folsan®
0.4 mg and 5 mg tablets) and green tea/black tea in healthy volunteers in an
open-labeled randomized cross-over study

Study-Number:
EudraCT-Number:

Principle Investigator:
[Name, Surname]
[

[Tel]

[

[E-mail]

Sponsor:

Name, Surname]

[
[
[Tel]
[
[E-

Clinical phase: 1

Study centre:
[Address]
Study duration:

8 week

* Names, addresses and telephone numbers were intentionally omitted for privacy reasons.
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Protocol Outline

Title

Investigation of the pharmacokinetic interaction between folic acid (Folsan” 0.4 mg and 5 mg
tablets) and green tea/black tea in healthy volunteers in an open-labeled randomized cross-
over study

Phase
Phase |

Objectives

Investigation of bioavailability of folic acid tablets (Folsan® 0.4 mg and Folsan® 5 mg) taken
with green tea, black tea and water.

Trial Design

In the open-labeled randomized cross-over study with five phases, each of the healthy
subjects will receive 0.4 mg folic acid tablet (Folsan™) with green tea, black tea and water and
5 mg folic acid tablet (Folsan®™) with green tea and water. Blood samples will be taken during
eight hours. The washout phase between the study phases is minimum seven days.

Population

Age 18-50 years old, no regular consumption of medication, good health according to
laboratory parameters

Exclusion criteria

Hypersensitivity against folic acid or any of the excipients or green/black tea. Use of any
medications having interaction with folate metabolism, pregnancy or lactation. Homozygous
genotypes of 677C—T (TT) for methylenetetrahydrofolate reductase (MTHFR).

Sample Size
7 (pharmacokinetic pilot-study)

Investigational Study Medication(s)

Folic acid 0.4 and 5 mg tablets (Folsan® 0.4 mg and Folsan® 5 mg)

Statistical Analysis

Mean values, standard deviations and the coefficient of variation of the pharmacokinetic
parameters. Differences in means between the groups will be tested by ANOVA to determine
the probability of the data sets being identical or different among groups. By ANOVA,
variability in subjects, treatment groups, study periods will be evaluated.

Trial Duration and Dates
A total estimated duration of ~ & weeks.
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FLOW CHART
Randomization Period | Period 11 Period 111 Period IV Period V
no
1and 2 A B C D E
3and 4 B C D E A
5 C D E A B
6 D E A B C
7 E A B C D
A- Folic acid 0.4 mg tablet taken with green tea (0.3 g/ 250 ml)

B- Folic acid 0.4 mg tablet taken with black tea (0.3 g/ 250 ml)
C- Folic acid 0.4 mg tablet taken with water (250 ml)

D- Folic acid 5 mg tablet (Folsan®™) with water (250 ml)

E- Folic acid 5 mg tablet (Folsan®) with green tea (0.3 g/250 ml)

Sequence of the periods:

To minimize the interindividual differences in baseline folate concentrations, a presaturation
regimen with FA will be administered before the start of the study:

* 5 mg/day Folic acid for 7 days (before the 1% study period) followed by 2 folic acid
free days

* During those days (7+2) no tea is allowed.

Between the phases,

* 5 mg/day Folic acid for 5 days (before the 1% study period) followed by 2 folic acid

free days
* During those days (5+2) no tea is allowed.

1% study day:

07:00 Drinking the test drink (250 ml)
12:00 Drinking the test drink (250 ml)
20:00 Drinking the test drink (250 ml)
LOW FOLATE DIET!

2" study day:

07:00 Drinking the test drink (250 ml)
12:00 Drinking the test drink (250 ml)
20:00 Drinking the test drink (250 ml)

LOW FOLATE DIET!
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Before the study:
= The last 24 hours before the 3" study day, no exhausting sports are allowed.
» The last 24 hours before the 3™ study day, no alcohol or other medications are
allowed.
= Subjects are not allowed to eat from 22:00 on the nd study day.
On the 3" study day:

* Only standardized meal and drinks are allowed.
= No exhausting activities.

3. Study day:

07:15 Meeting in the study room
Subjects will be cannulated

07:30 Blood sampling-5 ml (blank) (1.1 Baseline)

07:40 Blood sampling- 5 ml (blank) (1.2 Baseline)

08:00 Drinking the test drink (250 ml)

08:30 Taking the 0.4 mg or 5 mg folic acid tablet with test drinks

08:50 Drinking the test drink (250 ml)

09:00 Blood sampling-5 ml (1.3)

09:30 Blood sampling- 5 ml (1.4) Drinking the test drinks (250 ml)
10:00 Blood sampling- 5 ml (1.5)

10:30 Blood sampling- 5 ml (1.6) Drinking the test drink (250 ml)
11:30 Blood sampling- 5 ml (1.7)

12:30 Blood sampling- Sml (1.8) LOW FOLATE MEAL

13:30 Blood sampling- 5 ml (1.9)

14:30 Blood sampling- 5 ml (1.10)

16:30 Blood sampling- 5 ml (1.11)
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ABBREVIATIONS

AE
AMG
BDSG
CRF
CvV
EC
FSI
GCP
ICH

INN
ISF
LKP

LSI

LSO
SAE
SDV
TMF

Adverse Event

German Drug Law (Arzneimittelgesetz)
Bundesdatenschutzgesetz

Case Report Form

Curriculum Vitae

Ethics Committee

First Subject In

Good Clinical Practice

International Conference on Harmonization of Technical Requirements
for Registration of Pharmaceuticals for Human Use

International Nonproprietary Name
Investigator Site File

Clinical Trial Director according to AMG (Leiter der Klinischen
Priifung)

Last Subject In

Last Subject Out

Serious Adverse Event
Source Data Verification
Trial Master File
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1 INTRODUCTION

1.1 Scientific Background

Folic acid is the stable, synthetic and oxidized form of the water-soluble vitamin folate
used for supplementation and food fortification in human and animal nutrition. Folates are
involved in several biological processes such as methionine, purine and pyrimidine
biosynthesis (1). Humans cannot synthesize folate, therefore they should obtain it from
nutritional sources. Dietary folates are a mixture of various mono- and pteroylpolyglutamates.
After the ingestion of folates, in jejunum, polyglutamyl folates are deconjugated by the
enzyme “pteroylpolyglutamate hydrolase (folate conjugase)” to a monoglutamyl form. Folic
acid, as the fully oxidized and monoglutamated form of folate, is reduced to tetrahydrofolate
by the contribution of “dihydrofolatereductase (DHFR)” and methylated within the enterocyte
(1, 2). Under normal circumstances, only the methylated form of the vitamin, 5-
methyltetrahydrofolate enters the circulation. However, with the high oral doses, folic acid
bypasses the normal folate absorption process, therefore folic acid as well as 5-
methyltetrahydrofolate appears in the serum (3). The limited metabolic capacity of the
intestinal cells to reduce folic acid may be the reason for this observation. Reduced folate
carrier (RFC) has been reported as the major transport route for folates and antifolates in
intestinal cells (4). At high intraluminal concentration of folate (>10 pumol/l), non-saturable
diffusion-mediated transport system plays a major role in folate absorption (2). Folic acid
uptake is inhibited by several DHFR inhibitors such as methotrexate and trimethoprim.

Folic acid is absorbed mainly from the proximal part of the small intestine and rapidly
appears in the blood. The biological half-life of folic acid was reported as 0.7 hours (5).
Maximum serum concentration (Cpax) of 0.4 mg Folsan® is reached after 2.2 hours (Timax)
after oral administration. T, of 5 mg Folsan® is 1.6 hours after oral administration (see
Patient Information Leaflet). There is no evidence of circadian variation in folate
pharmacokinetics (6).

Tea is the second most consumed beverage after water all over the world. There are
studies indicating the health benefits of tea polyphenols such as cancer preventive,
antioxidative, atherosclerosis preventive, anti-inflammatory and antiviral effects (7, 8). A
very new finding suggests an antifolate activity of tea catechins, namely, (-)-epigallocatechin-
3-gallate (EGCG), (-)-epigallocatechin (EGC) (9). Based on this publication and the recent in
vitro findings in our laboratory, a pharmacokinetic interaction between folic acid and
green/black tea may be expected in vivo. Due to the inhibition of folic acid uptake and/or the
inhibition of DHFR enzyme by tea, the bioavailability of folic acid which is administered by
green and black tea is expected to decrease compared to control group in which folic acid
tablet is administered with water.

Taking all those into consideration, in this clinical trial, it is planned to investigate the
effects of green tea and black tea on the bioavailability of folic acid given as tablets
simultaneously. The data obtained from the serum levels of folate will be compared
statistically.

1.2 Trial rationale

According to the in vitro cell experiments carried out in Caco-2 cell line in our
laboratory, a potent inhibition of folic acid uptake in the presence of green tea and black tea
was observed. Based on those results, the relevance of this inhibition should be investigated in
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humans in order to draw a conclusion related to the consumption of either green tea or black
tea together with folic acid intake.

It is well known that a sufficient folic acid intake is very crucial in pregnancy to reduce
the risk of having a child with neural tube defects. It has been reported that the use of folic
acid antagonists such as MTX, trimethoprim, sulfasalazine and aminopterin might increase
the risk of neural tube defects (10, 11). A potential correlation between tea consumption
during pregnancy and the risk of anencephaly and spina bifida has been reported (12), which
might be explained by an inhibitory effect of tea catechins on DHFR as suggested by
Nevarro-Peran et al.(9) and/or the inhibition of folic acid uptake by tea according to our
recent findings.

1.3 Summarized risk-benefit assessment

Folic acid is usually well tolerated. 15 mg folic acid given daily for one month to 20
healthy subjects caused no toxicity in a double-blind study. Folic acid, 15 mg daily for up to
one year, produced no unwanted side effects in 30 epileptic patients who were also given
phenytoin (5).

Without folic acid the living cell cannot divide but is halted in metaphase; this property
underlies the use of folic acid antagonists in the treatment of neoplastic disease. Folic acid is
reduced in the body to tetrahydrofolate, which is a coenzyme for various metabolic processes
involving synthesis from one carbon units. It is necessary for the normal production of red
blood cells. In the treatment of megaloblastic anemia, folic acid may be given orally in an
initial dosage of 10 to 20 mg daily for 14 days, or until a haemopoietic response has been
obtained; the daily maintanence dose is 2.5 to 10 mg. In the prophylaxis of megaloblastic
anemia of pregnancy, the usual dose is 200 to 500 pg per day (5). Furthermore, folic acid is
recommended to women at childbearing age to prevent neural tube defects such as spina
bifida.

Tea is generally considered to be safe, even in large amounts and no toxicity has been
reported.

2 TRIAL OBJECTIVES AND ENDPOINTS

2.1 Primary Objective and Primary Endpoint:

The aim of this clinical trial is to investigate the pharmacokinetic interaction of green
and black tea with folic acid.

2.2 Secondary Objectives and Secondary Endpoints:
“not applicable”

3 TRIAL DESIGN

Open, randomized, cross over design in seven healthy volunteers.
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4 TRIAL DURATION AND SCHEDULE

The total duration of the overall study will be 8 weeks. The actual overall duration or
recruitment may vary.

5 SELECTION OF SUBJECTS

5.1 Number of Subjects

As calculated in section 9.1 (Sample Size Calculation), 7 subjects should be enrolled in

the clinical trial. Recruitment and treatment of subjects should be performed in one trial
centre.

5.2 Inclusion Criteria
Subjects meeting all of the following criteria will be considered for admission to the trial:

Age 18-50 years old, male or female
No regular consumption of medication

Ability of subject to understand character and individual consequences of clinical
trial

Written informed consent must be available before enrolment in the trial
For women with childbearing potential, adequate contraception.

5.3 EXCLUSION CRITERIA

Subjects presenting with any of the following criteria will not be included in the trial:

Alcohol abuse

Disease of liver and/or kidney and/or gastrointestinal tract: prior gastrointestinal
surgery, Chron’s disease, ulcerative colitis, evidence of pelvic infection or cervical
disease; concomitant chronic illness (diabetes mellitus, hearth disease, renal
insufficiency, hypertension, cancer, autoimmune diseases)

Megaloblastic anemia

Clinically undesired laboratory blood values, hyperhomocysteinemia (> 12 umol/l),
subjects having deficient status of folate or vitamin B12, subjects having a reduced
glomerular filtration rate (GFR< 80 ml/min)

Use of any of the folate antagonists such as methotrexate, trimethoprim, sulfasalazine,
triamterene etc.

Use of anti-inflammatory, antacid or anticonvulsant drugs, chronic consumption of
aspirin or B vitamin supplements, or of other drugs or dietary supplements interfering
with folate or homocysteine metabolism

Consumption of alcohol and nicotin during the study

Heavy smokers (> 15/day)

Subjects having a history of hepatic, gastrointestinal, renal, vascular, hematological or
neuropsychiatric disease
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» Homozygous genotypes of 677C—=T (TT) for methylenetetrahydrofolate reductase
(MTHFR)
* Pregnancy and lactation

= History of hypersensitivity to the investigational medicinal product or to any drug with
similar chemical structure or to any excipient present in the pharmaceutical form of
the investigational medicinal product

= Participation in other clinical trials in the last 90 days
= Simultaneous participation in another clinical trial
No subject will be allowed to enrol in this trial more than once.

5.4 GENERAL CRITERIA FOR SUBJECT SELECTION
“Not applicable”

5.5 CRITERIA FOR WITHDRAWAL
5.5.1 Withdrawal of Subjects

Subject may be withdrawn from the trial for the following reasons
= At their own request

= If, in the investigator’s opinion, continuation of the trial would be detrimental to the
subject’s well-being

» Occurrence of exclusion criteria

» Occurrence of serious adverse event caused by the investigational medicinal product
* Changes of laboratory values

* For women, if it becomes known that the subject is pregnant

= [f] in the investigator’s opinion, protocol violations caused by the subject would lead

to invalid data (e.g. non-compliance with investigational medicinal product)

The principle investigator decides about withdrawal of subjects from the clinical trial
in case of occurrence of criteria mentioned above.
In all cases, the reason for withdrawal must be recorded in the CRF and in the subject’s
medical records. In case of withdrawal of a subject at his/her own request, as far as possible
the reason should be asked for as extensively as possible and documented. The subject must
be followed up and as far as possible; all examinations scheduled for the final trial day must
be performed on all subjects and documented. For that, the consent of the subject is necessary
and will be requested (see 11.2).

All ongoing Adverse Events (AEs)/Serious Adverse Events (SAEs) of withdrawn
subjects have to be followed up until no more signs and symptoms are verifiable or the
subject is on stable condition.

5.5.2 Replacement of Subjects
For compensation of more than two drop-outs, one new subject will be recruited.
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5.5.3 Premature Closure of the Clinical Trial

The trial can be prematurely closed by Principal Investigator in case if new risks for
subjects become known. The Ethics Committee (EC) and the competent regulatory authorities
must then be informed.

If the trial is closed prematurely, all trial material (completed, partially completed, and
blank CRF, randomization envelopes, investigational study medications, etc.) must be
returned to Prof.Dr. Langguth.

5.6 Prior and Concomitant lllnesses

As this trial will be performed in healthy subjects, there should be no concomitant
illnesses which require regular medication. Abnormalities which appear for the first time
during the trial are adverse events (AEs) and must be documented on the appropriate pages of
the CRF.

5.7 Prior and Concomitant Treatments

Relevant additional treatments administered to the subjects on entry to the trial or at any
time during the trial are regarded as concomitant treatments und must be documented on the
appropriate pages of the CRF.

6 INVESTIGATIONAL STUDY MEDICATION

6.1 General Information about Investigational Study Medication

Commercially available folic acid tablet 0.4 mg (Folsan® 0.4 mg tablet)
Commercially available folic acid tablet 5 mg (Folsan®™ 5 mg tablet)

6.2 Known Side Effects

Folsan® 0.4 mg tablet: In individual cases, allergic reactions such as erythema, pruritus,
bronchial spasm, nausea or anaphylactic shock can develop. At high doses, rarely,
gastrointestinal disturbances, insomnia, agitation or depression may be observed (See Patient
Information Leaflet, Folsan®™ 0.4 mg tablet).

Folsan® 5 mg tablet: Rarely, illnesses of gastrointestinal tract at very high doses. In
individual cases, allergic reactions (ex. erythema, pruritus, bronchial spasm, nausea or
anaphylactic shock. Rarely, psychiatric illnesses such as insomnia, agitation or depression at
very high doses (See Patient Information Leaflet, Folsan™ 5 mg tablet).

6.3 Dosage Schedule:

Randomization Period | Period 11 Period 111 Period IV Period V
no
1 and 2 A B C D E
3and 4 B C D E A
5 C D E A B
6 D E A B C
7 E A B C D
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A- Folic acid 0.4 mg tablet taken with green tea (0.3 g/ 250 ml)
B- Folic acid 0.4 mg tablet taken with black tea (0.3 g/ 250 ml)
C- Folic acid 0.4 mg tablet taken with water (250 ml)

D- Folic acid 5 mg tablet (F olsan®™) with water (250 ml)

E- Folic acid 5 mg tablet (Folsan®) with green tea (0.3 g/250 ml)

6.4 Treatment Assigment

The trial medication (Folsan® 0.4 mg and Folsan® 5 mg) will be administered only to
subjects included in this trial.

Subjects withdrawn from the trial retain their identification codes (e.g. randomization number,
if already given). New subjects must always be allotted a new number as identification code.

6.5 Randomization and Blinding
The randomization list will be kept in safe and confidential custody at DKD Wiesbaden.

6.6 Packaging and Labelling

5 mg Folsan® tablets will be given to the volunteers in original blisters cut into pieces
and packed containing 1 tablet each. 0.4 mg Folsan® tablets will be packed containing 1 tablet
each. All of the packed tablets will be labelled including the following details:

* For use in clinical trial only

* Name and address of pharmaceutical company
» Name of investigational medicinal product

* Batch number, date of manufacturing

* Administration form

* Content specified by quantity

= Application form

= Expiry date using note “usable until”

The tea extracts weighed equally and exactly will be packaged and given to the volunteers
to be dissolved in hot/cold water in order to prepare the standardized green and black tea.

6.7 Supplies and Accountability

The investigator will take inventory and acknowledge the receipt of all shipments of the
trial medication. All trial medication must be kept in a locked area with access restricted to
designated trial staff. In accordance with the patient information leaflet, the folic acid tablets
(Folsan® 0.4 mg and Folsan® 5 mg) will be kept below 30°C in dark. The investigator will
also keep accurate records of the quantities of tablets dispensed, used, and returned by each
subject. At the end of the trial, all unused tablets and all medication containers will be
completely returned to Prof. Dr. P. Langguth. It will be assured that a final report of the drug
accountability is prepared and maintained by the investigator.
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6.8 Compliance

Compliance will be assessed by detection of drug and metabolites in blood, during
sample analysis.

7/ TRIAL METHODS

7.1 Description of Trial Days

To minimize the interindividual differences in baseline folate concentrations, a presaturation
regimen with FA will be administered before the start of the study:

* 5 mg/day Folic acid for 7 days (before the 1% study period) followed by 2 folic acid
free days
* During those days (7+2) no tea is allowed.

1. Period

1* study day:

07:00 Subjects 1,2: Green tea (250 ml) (A)
Subjects 3,4: Black tea (250 ml) (B)
Subject 5: Water (250 ml) (C)
Subject 6: Water (250 ml) (D)
Subject 7: Green tea (250 ml) (E)

12:00 Subjects 1,2: Green tea (250 ml) (A)
Subjects 3,4: Black tea (250 ml) (B)
Subject 5: Water (250 ml) (C)
Subject 6: Water (250 ml) (D)
Subject 7: Green tea (250 ml) (E)

20:00 Subjects 1,2: Green tea (250 ml) (A)
Subjects 3,4: Black tea (250 ml) (B)
Subject 5: Water (250 ml) (C)
Subject 6: Water (250 ml) (D)
Subject 7: Green tea (250 ml) (E)

LOW FOLATE DIET! (See “Restrictions for the Diet”)

ond study day:

07:00 Subjects 1,2:

Green tea (250 ml) (A)

Subjects 3,4: Black tea (250 ml) (B)
Subject 5: Water (250 ml) (C)
Subject 6: Water (250 ml) (D)
Subject 7: Green tea (250 ml) (E)

12:00 Subjects 1,2:

Green tea (250 ml) (A)
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Subjects 3,4: Black tea (250 ml) (B)
Subject 5: Water (250 ml) (C)
Subject 6: Water (250 ml) (D)
Subject 7: Green tea (250 ml) (E)
20:00 Subjects 1,2: Green tea (250 ml) (A)
Subjects 3,4: Black tea (250 ml) (B)
Subject 5: Water (250 ml) (C)
Subject 6: Water (250 ml) (D)
Subject 7: Green tea (250 ml) (E)

LOW FOLATE DIET! (See “Restrictions for the Diet”)

Before the study:
= The last 24 hours before the 3 study day, no exhausting sports are allowed.
= The last 24 hours before the 3" study day, no alcohol or other medications are
allowed.
= Subjects are not allowed to eat from 22:00 on the 2" study day.

On the 3" study day:

* Only standardized meal and drinks are allowed.
* No exhausting activities.

3. Study day:

07:15 Meeting in the study room
Subjects will be cannulated

07:30 Blood sampling (blank) (1.1 Baseline)

07:40 Blood sampling (blank) (1.2 Baseline)

08:00 Subjects 1,2: Green tea (250 ml) (A)
Subjects 3,4: Black tea (250 ml) (B)
Subject 5: Water (250 ml) (C)
Subject 6: Water (250 ml) (D)
Subject 7: Green tea (250 ml) (E)
08:30 Subjects 1,2: Folsan®™ 0.4 mg tablet with green tea (250 ml) (A)
Subjects 3,4: Folsan® 0.4 mg tablet with black tea (250 ml) (B)
Subject 5: Folsan® 0.4 mg tablet with water (250 ml) (C)
Subject 6: Folsan® 5 mg tablet with water (250 ml) (D)
Subject 7: Folsan® 5 mg tablet with green tea (250 ml) (E)
08:50 Subjects 1,2: Green tea (250 ml) (A)
Subjects 3,4: Black tea (250 ml) (B)
Subject 5: Water (250 ml) (C)
Subject 6: Water (250 ml) (D)
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Subject 7:

09:00 Blood sampling (1.3)

09:30 Blood sampling (1.4)

10:00 Blood sampling (1.5)

10:30 Blood sampling (1.6)

11:30 Blood sampling (1.7)

Green tea (250 ml) (E)

Subjects 1,2:
Subjects 3,4:
Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:
Subject 5:
Subject 6:
Subject 7:

12:30 Blood sampling- Sml (1.8)

LOW FOLATE MEAL (See “Restrictions for the Diet™)

13:30 Blood sampling- Sml (1.9)

14:30 Blood sampling- Sml (1.10)

16:30 Blood sampling- Sml (1.11)

To minimize the interindividual differences in baseline folate concentrations, a presaturation

Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)

Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)

regimen with FA will be administered before the start of the study.

Between 1% study period and 2™ study period:

* 5 mg/day Folic acid for 5 days (before the 1% study period) followed by 2 folic acid

free days

* During those days (5+2) no tea is allowed.

2. Period

1* study day:

07:00 Subjects 1,2:
Subjects 3,4:
Subject 5:
Subject 6:

Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)

228



APPENDIX

Subject 7: Green tea (250 ml) (A)
12:00 Subjects 1,2: Black tea (250 ml) (B)
Subjects 3,4: Water (250 ml) (C)
Subject 5: Water (250 ml) (D)
Subject 6: Green tea (250 ml) (E)
Subject 7: Green tea (250 ml) (A)
20:00 Subjects 1,2: Black tea (250 ml) (B)
Subjects 3,4: Water (250 ml) (C)
Subject 5: Water (250 ml) (D)
Subject 6: Green tea (250 ml) (E)
Subject 7: Green tea (250 ml) (A)

LOW FOLATE DIET! (See “Restrictions for the Diet”)

ond study day:

07:00 Subjects 1,2: Black tea (250 ml) (B)
Subjects 3,4: Water (250 ml) (C)
Subject 5: Water (250 ml) (D)
Subject 6: Green tea (250 ml) (E)
Subject 7: Green tea (250 ml) (A)

12:00 Subjects 1,2: Black tea (250 ml) (B)
Subjects 3,4: Water (250 ml) (C)
Subject 5: Water (250 ml) (D)
Subject 6: Green tea (250 ml) (E)
Subject 7: Green tea (250 ml) (A)

20:00 Subjects 1,2: Black tea (250 ml) (B)
Subjects 3,4: Water (250 ml) (C)
Subject 5: Water (250 ml) (D)
Subject 6: Green tea (250 ml) (E)
Subject 7: Green tea (250 ml) (A)

LOW FOLATE DIET! (See “Restrictions for the Diet”)

Before the study:
= The last 24 hours before the 3 study day, no exhausting sports are allowed.
= The last 24 hours before the 3" study day, no alcohol or other medications are
allowed.
= Subjects are not allowed to eat from 22:00 on the 2" study day.

On the 3" study day:

* Only standardized meal and drinks are allowed.
* No exhausting activities.

3. Study day:
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07:15 Meeting in the study room
Subjects will be cannulated
07:30 Blood sampling (blank) (2.1 Baseline)
07:40 Blood sampling (blank) (2.2 Baseline)
08:00 Subjects 1,2: Black tea (250 ml) (B)
Subjects 3,4: Water (250 ml) (C)
Subject 5: Water (250 ml) (D)
Subject 6: Green tea (250 ml) (E)
Subject 7: Green tea (250 ml) (A)
08:30 Subjects 1,2: Folsan® 0.4 mg tablet with black tea (250 ml) (B)
Subjects 3,4: Folsan®™ 0.4 mg tablet with water (250 ml) (C)
Subject 5: Folsan® 5 mg tablet with water (250 ml) (D)
Subject 6: Folsan® 5 mg tablet with green tea (250 ml) (E)
Subject 7: Folsan® 0.4 mg tablet with green tea (250 ml) (A)
08:50 Subjects 1,2: Black tea (250 ml) (B)
Subjects 3,4: Water (250 ml) (C)
Subject 5: Water (250 ml) (D)
Subject 6: Green tea (250 ml) (E)
Subject 7: Green tea (250 ml) (A)

09:00 Blood sampling (2.3)
09:30 Blood sampling (2.4)
Subject 5:
Subject 6:
Subject 7:
10:00 Blood sampling (2.5)
10:30 Blood sampling (2.6)
Subject 5:
Subject 6:
Subject 7:
11:30 Blood sampling (2.7)

12:30 Blood sampling- Sml (2.8)

LOW FOLATE MEAL (See “Restrictions for the Diet™)

13:30 Blood sampling- Sml (2.9)

14:30 Blood sampling- Sml (2.10)
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Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)

Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)
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16:30 Blood sampling- Sml (2.11)

To minimize the interindividual differences in baseline folate concentrations, a presaturation
regimen with FA will be administered before the start of the study.

Between 2" study period and 3" study period:

5 mg/day Folic acid for 5 days (before the 1% study day) followed by 2 folic acid free

days

During those days (5+2) no tea is allowed.

3. Period

1* study day:

07:00

12:00

20:00

LOW FOLATE DIET! (See “Restrictions for the Diet”)

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

ond study day:

07:00

12:00

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)

Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)

Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)

Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)

Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
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20:00 Subjects 1,2: Water (250 ml) (C)
Subjects 3,4: Water (250 ml) (D)
Subject 5: Green tea (250 ml) (E)
Subject 6: Green tea (250 ml) (A)
Subject 7: Black tea (250 ml) (B)

LOW FOLATE DIET! (See “Restrictions for the Diet”)

Before the study:
= The last 24 hours before the 3" study day, no exhausting sports are allowed.
= The last 24 hours before the 3™ study day, no alcohol or other medications are
allowed.
= Subjects are not allowed to eat from 22:00 on the 2™ study day.
On the 3" study day:
* Only standardized meal and drinks are allowed.
* No exhausting activities.

3. Study day:

07:15 Meeting in the study room
Subjects will be cannulated

07:30 Blood sampling (blank) (3.1 Baseline)

07:40 Blood sampling (blank) (3.2 Baseline)

08:00 Subjects 1,2: Water (250 ml) (C)
Subjects 3,4: Water (250 ml) (D)
Subject 5: Green tea (250 ml) (E)
Subject 6: Green tea (250 ml) (A)
Subject 7: Black tea (250 ml) (B)
08:30 Subjects 1,2: Folsan® 0.4 mg tablet with water (250 ml) (C)
Subjects 3,4: Folsan®™ 5 mg tablet with water (250 ml) (D)
Subject 5: Folsan® 5 mg tablet with green tea (250 ml) (E)
Subject 6: Folsan® 0.4 mg tablet with green tea (250 ml) (A)
Subject 7: Folsan® 0.4 mg tablet with black tea (250 ml) (B)
08:50 Subjects 1,2: Water (250 ml) (C)
Subjects 3,4: Water (250 ml) (D)
Subject 5: Green tea (250 ml) (E)
Subject 6: Green tea (250 ml) (A)
Subject 7: Black tea (250 ml) (B)

09:00 Blood sampling (3.3)

09:30 Blood sampling (3.4) Subjects 1,2: Water (250 ml) (C)
Subjects 3,4: Water (250 ml) (D)
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10:00 Blood sampling (3.5)

10:30 Blood sampling (3.6)

11:30 Blood sampling (3.7)

Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:
Subject 5:
Subject 6:
Subject 7:

12:30 Blood sampling- Sml (3.8)

LOW FOLATE MEAL (See “Restrictions for the Diet™)

13:30 Blood sampling- Sml (3.9)

14:30 Blood sampling- Sml (3.10)

16:30 Blood sampling- Sml (3.11)

To minimize the interindividual differences in baseline folate concentrations, a presaturation

Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)

Water (250 ml) (C)
Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)

regimen with FA will be administered before the start of the study.

Between 3™ study period and 4™ study period:

4. Period

1* study day:

07:00

12:00

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)

Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)
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20:00 Subjects 1,2: Water (250 ml) (D)
Subjects 3,4: Green tea (250 ml) (E)
Subject 5: Green tea (250 ml) (A)
Subject 6: Black tea (250 ml) (B)
Subject 7: Water (250 ml) (C)

LOW FOLATE DIET! (See “Restrictions for the Diet”)

ond study day:

07:00 Subjects 1,2: Water (250 ml) (D)
Subjects 3,4: Green tea (250 ml) (E)
Subject 5: Green tea (250 ml) (A)
Subject 6: Black tea (250 ml) (B)
Subject 7: Water (250 ml) (C)

12:00 Subjects 1,2: Water (250 ml) (D)
Subjects 3,4: Green tea (250 ml) (E)
Subject 5: Green tea (250 ml) (A)
Subject 6: Black tea (250 ml) (B)
Subject 7: Water (250 ml) (C)

20:00 Subjects 1,2: Water (250 ml) (D)
Subjects 3,4: Green tea (250 ml) (E)
Subject 5: Green tea (250 ml) (A)
Subject 6: Black tea (250 ml) (B)
Subject 7: Water (250 ml) (C)

LOW FOLATE DIET! (See “Restrictions for the Diet”)

Before the study:

The last 24 hours before the 3™ study day, no exhausting sports are allowed.
The last 24 hours before the 3™ study day, no alcohol or other medications are

allowed.

=  Subjects are not allowed to eat from 22:00 on the 2™ study day.
On the 3" study day:

* Only standardized meal and drinks are allowed.
* No exhausting activities.

3. Study day:

07:15 Meeting in the study room
Subjects will be cannulated

07:30 Blood sampling (blank) (4.1 Baseline)
07:40 Blood sampling (blank) (4.2 Baseline)

08:00 Subjects 1,2: Water (250 ml) (D)
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08:30

08:50

09:00

09:30

10:00

10:30

11:30

Subjects 3,4:
Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:
Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:
Subject 5:

Subject 6:

Subject 7:

Blood sampling (4.3)

Blood sampling (4.4)

Blood sampling (4.5)

Blood sampling (4.6)

Blood sampling (4.7)

Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)

Folsan® 5 mg tablet with water (250 ml) (D)
Folsan® 5 mg tablet with green tea (250 ml) (E)
Folsan® 0.4 mg tablet with green tea (250 ml) (A)
Folsan® 0.4 mg tablet with black tea (250 ml) (B)
Folsan® 0.4 mg tablet with water (250 ml) (C)

Water (250 ml) (D)
Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)

Subjects 1,2: Water (250 ml) (D)
Subjects 3,4: Green tea (250 ml) (E)
Subject 5: Green tea (250 ml) (A)
Subject 6: Black tea (250 ml) (B)
Subject 7: Water (250 ml) (C)
Subjects 1,2: Water (250 ml) (D)
Subjects 3,4: Green tea (250 ml) (E)
Subject 5: Green tea (250 ml) (A)
Subject 6: Black tea (250 ml) (B)
Subject 7: Water (250 ml) (C)

12:30 Blood sampling- Sml (4.8)
LOW FOLATE MEAL (See “Restrictions for the Diet™)

13:30 Blood sampling- Sml (4.9)

14:30 Blood sampling- Sml (4.10)

16:30 Blood sampling- Sml (4.11)

To minimize the interindividual differences in baseline folate concentrations, a presaturation
regimen with FA will be administered before the start of the study.
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Between 4" study period and 5™ study period:

5 mg/day Folic acid for 5 days (before the 1* study day) followed by 2 folic acid free

days

During those days (5+2) no tea is allowed.

5. Phase

1* study day:

07:00

12:00

20:00

LOW FOLATE DIET! (See “Restrictions for the Diet”)

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

ond study day:

07:00

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

12:00 Subjects 1,2:

20:00

Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

Subjects 1,2:
Subjects 3,4:

Subject 5:
Subject 6:
Subject 7:

Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)

Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)

Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)

Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)

Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)

Green tea (250 ml) (E)
Green tea (250 ml) (A)
Black tea (250 ml) (B)
Water (250 ml) (C)
Water (250 ml) (D)
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LOW FOLATE DIET! (See “Restrictions for the Diet)

Before the study:
= The last 24 hours before the 3" study day, no exhausting sports are allowed.
» The last 24 hours before the 3™ study day, no alcohol or other medications are
allowed.
= Subjects are not allowed to eat from 22:00 on the ond study day.

On the 3" study day:

* Only standardized meal and drinks are allowed.
* No exhausting activities.

3. Study day:

07:15 Meeting in the study room
Subjects will be cannulated

07:30 Blood sampling (blank) (5.1 Baseline)

07:40 Blood sampling (blank) (5.2 Baseline)

08:00 Subjects 1,2: Green tea (250 ml) (E)
Subjects 3,4: Green tea (250 ml) (A)
Subject 5: Black tea (250 ml) (B)
Subject 6: Water (250 ml) (C)
Subject 7: Water (250 ml) (D)
08:30 Subjects 1,2: Folsan®™ 5 mg tablet with green tea (250 ml) (E)
Subjects 3,4: Folsan® 0.4 mg tablet with green tea (250 ml) (A)
Subject 5: Folsan® 0.4 mg tablet with black tea (250 ml) (B)
Subject 6: Folsan® 0.4 mg tablet with water (250 ml) (C)
Subject 7: Folsan® 5 mg tablet with water (250 ml) (D)
08:50 Subjects 1,2: Green tea (250 ml) (E)
Subjects 3,4: Green tea (250 ml) (A)
Subject 5: Black tea (250 ml) (B)
Subject 6: Water (250 ml) (C)
Subject 7: Water (250 ml) (D)

09:00 Blood sampling (5.3)

09:30 Blood sampling (5.4) Subjects 1,2: Green tea (250 ml) (E)
Subjects 3,4: Green tea (250 ml) (A)
Subject 5: Black tea (250 ml) (B)
Subject 6: Water (250 ml) (C)
Subject 7: Water (250 ml) (D)

10:00 Blood sampling (5.5)
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10:30 Blood sampling (5.6) Subjects 1,2: Green tea (250 ml) (E)
Subjects 3,4: Green tea (250 ml) (A)
Subject 5: Black tea (250 ml) (B)
Subject 6: Water (250 ml) (C)
Subject 7: Water (250 ml) (D)

11:30 Blood sampling (5.7)

12:30 Blood sampling- Sml (5.8)
LOW FOLATE MEAL (See “Restrictions for the Diet™)

13:30 Blood sampling- Sml (5.9)
14:30 Blood sampling- Sml (5.10)

16:30 Blood sampling- Sml (5.11)

THE RESTRICTIONS FOR THE DIET:

The nutrients containing high amounts of folate/folic acid should be strictly avoided
during the study periods. Any kind of vitamin supplementation and the products
supplemented with folic acid are not allowed. The coffee intake should be limited to 1 cup per
day from 2 days before the first study day. Alcohol and nicotin consumption during the study
are not allowed.

Nutrients to be avoided:

Apple / Apple juice
Asparagus

Banana

Beef

Blackberries
Breakfast cereals
Brussels sprouts
Cabbage
Cauliflower
Chicken

Cucumber

Dark green leafy vegetables (broccoli, spinach...)
Egg

Iceberg

Legumes (beans...)
Lettuce

Liver (chicken, beef)
Milk
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Orange / Grapefruit and juices
Pizza

Products containing yeast
Rye

Strawberry

Turkey

Whole grains

Whole meal bread

7.2 Methods of Data Collection

For the pre-study screening, weight, height, blood pressure will be measured. For the
blood screening, routine hematology values, total homocysteine, vitamin B12, folate, lipids
will be analyzed. The renal function will be assessed by calculating the glomerular filtration
rate. In addition, a 5 ml EDTA-blood sample will be taken from each volunteer for the
identification of the 677C—T (thermolabile) variant of the methylenetetrahydrofolate
reductase (MTHRF) gene. Individuals who are found to be homozygous for the 677C— T
mutation (TT genotype) will be excluded from the study.

The total volume of blood taken during the study will be 275 ml (11x5x5ml) from each
subject. 5 ml of blood samples will be taken and allowed to clot. After clotting the samples
will be centrifuged. The tubes will be always kept stoppered and upright. Serum samples will
be stored at room temperature for no longer than 8 hours. They will be tightly capped and
refrigerated below -20 °C. Just before the measurement, serum samples will be allowed to
thaw. They will be mixed thoroughly. The total folate analysis will be done by “The ADVIA
Centaur Folate assay” which is a competitive immunoassay using direct chemiluminescent
technology. The ADVIA Centaur Folate assay measures folate concentrations up to 24 ng/ml
with a minimum detectable concentration (analytical sensitivity) of 0.35 ng/ml.

The area under the concentration-time curve (AUC) will be used to compare the extent
of absorption between the study periods. Furthermore, the other pharmacokinetic parameters
will be calculated (see section 7.3).

7.3 Pharmacokinetic Parameters

Concentration of folate in blood and pharmacokinetic parameters: Cax, Tmax, AUC, t1/2,
Cl, MRTtota MRTabs= tlag

8 ADVERSE EVENTS
8.1 Definitions

8.1.1 Adverse Event

According to GCP, an adverse event (AE) is defined as follows: Any untoward
medical occurrence in a subject administered a pharmaceutical product and which does not
necessarily have a causal relationship with this treatment. An AE can therefore be any
unfavourable and unintended sign (including an abnormal laboratory finding), symptom, or
disease temporally associated with the use of a medicinal investigational product, whether or
not related to the medicinal investigational product.

An AE may be:
- New symptoms/medical conditions
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- New diagnosis

- Changes of laboratory parameters

- Intercurrent diseases and accidents

- Worsening of medical conditions/diseases existing before clinical trial start
- Recurrence of disease

- Increase of frequency or intensity of episodical diseases.

Surgical procedures themselves are not AEs; they are therapeutic measures for
conditions that require surgery. The condition for which the surgery is required may be an
AE. Planned surgical measures permitted by the clinical trial protocol and the condition(s)
leading to these measures are not AEs, if the condition leading to the measure was present
prior to inclusion into the trial.

AE:s fall into the categories "non-serious" and "serious".

8.1.2 Serious Adverse Event
A serious adverse event (SAE) is one that at any dose:
- Results in death
- Is life-threatening
- Requires subject hospitalization or prolongation of existing hospitalization
- Results in persistent or significant disability/incapacity or
- Is a congenital anomaly/birth defect.

8.2 Period of Observation and Documentation

All AEs reported by the subject or detected by the investigator, will be collected during
the trial and must be documented on the appropriate pages of the CRF. AEs must also be
documented in the subject’s medical records.

In this trial, all AEs that occur after the subject has signed the informed consent document
will be documented on the pages provided in the CRF. All subjects who have AEs, whether
considered associated with the use of the trial medication or not, must be monitored to
determine the outcome. The clinical course of the AE will be followed up by the time of
resolve or normalization of changed laboratory parameters or until it has changed to a stable
condition.

The intensity of an AE should be assessed by the investigator as follows:

mild: temporary event which is tolerated well by the subject.

moderate: event which results in discomfort for the subject and impairs his/her
normal activity.

severe: event which results in substantial impairment of normal activities of
subject.

The investigator will evaluate each AE occurred after administration of investigational
medicinal product regarding the coherency with the administration of the investigational
medicinal product possibly exist:

certain: if there is a reasonable possibility that the event may have been caused
by trial participation. A certain event has a strong temporal
relationship and an alternative cause is unlikely.

probable: An AE that has a reasonable possibility that the event is likely to have
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been caused by trial participation. The AE has a timely relationship to
the trial procedure(s) and follows a known pattern of response, but a
potential alternative cause may be present.

possible: An AE that has a reasonable possibility that the event may have been
caused by trial participation. The AE has a timely relationship to the
trial procedure(s); however, follows no known pattern of response,
and an alternative cause seems more likely or there is significant
uncertainty about the cause of the event.

unrelated: An AE that does not follow a reasonable temporal sequence from trial
participation and that is likely to have been produced by the subject’s
clinical state, other modes of therapy or other known etiology.

not assessed: inadequate data for assessment, no other data may be expected

8.3 Reporting of Adverse Events by Investigator

SAEs must be reported to principal Investigator within 24 hours after the SAE becomes
known using the "Serious Adverse Event" form. The initial report must be as complete as
possible including details of the current illness and (serious) adverse event and an assessment
of the causal relationship between the event and the trial medication.

8.4 Emergency Treatment

During and following a subject’s participation in the trial, the investigator should ensure
that adequate medical care is provided to a subject for any AEs including clinically significant
laboratory values. The investigator should inform a subject when medical care is needed for
intercurrent illness (es) of which the investigator becomes aware.

9 STATISTICAL PROCEDURES

9.1 Sample Size Calculation

Number of subjects: 7, it is pilot pharmacokinetic study in humans to prove the
hypothesis that tea may have a negative effect on folic acid bioavailability.

9.2 Analysis Variables

The aim of this clinical study is to investigate the pharmacokinetic interaction between
folic acid and green /black tea in human.

9.3 Statistical Methods

Mean values, standard deviations and the coefficient of variation of the pharmacokinetic
parameters will be expressed. Differences in means between the groups will be tested by
ANOVA to determine the probability of the data sets being identical or different among
groups. By ANOVA, variability in subjects, treatment groups, study periods will be
evaluated.
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10 DATA MANAGEMENT

10.1 Data Collection

All findings including clinical and laboratory data will be documented in the CRF. The
investigator is responsible for ensuring that all sections of the CRF are completed correctly
and that entries can be verified against source data. Any errors should have a single line
drawn through them so that the original entry remains legible and the correct data should be
entered at the side with the investigator's signature, date and reason for change. Self-
explanatory corrections need not to be justified.

Each individual CRF page and each completed CRF page of one trial visit, respectively, must
be dated and signed by the responsible investigator upon completion.

10.2 Data Handling

After first check for plausibility by eye, all data will be entered in a database as recorded
in the CRF. To ensure data quality a double data entry will be done. After completion of data
entry checks for plausibility, consistency and completeness of the data will be performed.
Based on this checks, queries will be produced combined with the queries generated by visual
control. All missing data or inconsistencies will be reported back to the centre(s) and clarified
by the responsible investigator. If no further corrections are to be made in the database it will
be declared closed and used for statistical analysis.

10.3 Storage and Archiving of Data

The investigator will archive all trial data (subject identification code list, source data
and investigator's file) and relevant correspondence in the Investigator Site File (ISF). The
ISF, all source data and all documents itemized in section 8 of the ICH Consolidated
Guideline on GCP will be archived after finalization of the trial according to the legal
regulations.

11 ETHICAL AND LEGAL ASPECTS

11.1 Good Clinical Practice

The procedures set out in this trial protocol, pertaining to the conduct, evaluation, and
documentation of this trial, are designed to ensure that all persons involved in the trial abide
by Good Clinical Practice (GCP) and the ethical principles described in the current revision of
the Declaration of Helsinki. The trial will be carried out in keeping with local legal and
regulatory requirements.

The requirements of the AMG, the GCP regulation, and the Federal Data Protection
Law (BDSG) will be kept.

11.2 Subject Information and Informed Consent

Before being admitted to the clinical trial, the subject must consent to participate after
the nature, scope, and possible consequences of the clinical trial have been explained in a
form understandable to him or her. The subject must give consent in writing.
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A copy of the signed informed consent document must be given to the subject. The
documents must be in a language understandable to the subject and must specify who
informed the subject.

11.3 Confidentiality

The name of the subjects and other confidential information are subject to medical
professional secrecy and the regulations of the BDSG. During the clinical trial, subjects will
be identified solely by means of an individual identification code (e.g. subject number,
randomization number). Trial findings stored on a computer will be stored in accordance with
local data protection law and will be handled in strictest confidence. For protection of these
data, organizational procedures are implemented to prevent distribution of data to
unauthorized persons. The appropriate regulations of local data legislation will be fulfilled in
its entirety.

The subject will declare in the written consent to release the investigator from the
medical professional secrecy to allow identification of subject’s name and/or inspection of
original data for monitoring purposes by health authorities.

The investigator will maintain a personal subject identification list (subject numbers with the
corresponding subject names) to enable records to be identified.

11.4 Responsibilities of Investigator

The investigator should ensure that all persons assisting with the trial are adequately
informed about the protocol, any amendments to the protocol, the trial treatments, and their
trial-related duties and functions.

The investigator should maintain a list of subinvestigators and other appropriately
qualified persons to whom he or she has delegated significant trial-related duties.

11.5 Approval of Trial Protocol and Amendments

Before the start of the trial, the trial protocol, informed consent document, and any other
appropriate documents will be submitted to the independent Ethics Committee (EC). Formal
approval by the EC should preferably mention the title of the trial, the trial code, the trial site,
and any other documents reviewed. It must mention the date on which the decision was made
and must be officially signed by a committee member. This documentation must also include
a list of members of the EC present on the applicable EC meeting.

Before the first subject is enrolled in the trial, all ethical and legal requirements must
be met.

The EC must be informed of all protocol amendments.

The investigator must keep a record of all communications with the EC and the regulatory
authorities.

11.6 Continuous Information to Independent Ethics Committee

The EC must be informed of all subsequent protocol amendments which require
formally approval in accordance with local legal requirements.
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The independent EC must be informed of serious or unexpected AEs which occur
during the trial and might affect the safety of subjects or the conduct of the trial if not
otherwise stated in the vote.

The EC must be informed of trial process regularly if not otherwise stated in the vote.
The EC must be informed of the end of the trial.

12 AGREEMENTS

12.1 Financing of the Trial
The trial will be financed using funds of Sponsor: Prof. Dr. P. Langguth

12.2 Reports

The final trial report will be prepared in 6 months after the end of clinic trial.

12.3 Publication

All information concerning the trial is confidential before publication.

13 SIGNATURES

The present trial protocol was subject to critical review and has been approved in the present
version by the persons undersigned. The information contained is consistent with:

- the current risk-benefit assessment of the investigational study medication

- the moral, ethical, and scientific principles governing clinical research as
set out in the Declaration of Helsinki and the principles of GCP.

The investigator will be supplied with details of any significant or new finding including AEs
relating to treatment with the investigational medicinal product.

Date: Signature:

Name (block letters):

Function: Sponsor
Date: Signature:

Name (block letters):

Function: Coordinating Investigator / LKP
Date: Signature:

Name (block letters):

Function: Trial Coordinator
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14 DECLARATION OF INVESTIGATOR

I have read the above trial protocol and I confirm that it contains all information to
accordingly conduct the clinical trial. I pledge to conduct the clinical trial according to the
protocol.

I will enrol the first subject only after all ethical and regulatory requirements are fulfilled. I
pledge to obtain written consent for trial participation from all subjects.

I know the requirements for accurate notification of serious adverse events and I pledge to
document and notify such events as described in the protocol.

I pledge to retain all trial-related documents and source data as described. I will provide a
Curriculum Vitae (CV) before trial start. I agree that the CV may be submitted to the
responsible regulatory authorities.

Date Signature:
Name (block letters):
Function: Investigator
Trial Centre (address):
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Probandeninformation

Untersuchungsreihe der pharmakokinetischen Interaktionen zwischen Folsdure
(Folsan® 0,4 mg und 5 mg Tabletten) und schwarzem/grinem Tee bei gesunden
Probanden in einer offenen randomisierten Cross-over-Studie

Sehr geehrte Studienteilnehmerin,
sehr geehrter Studienteilnehmer.

Mit dieser Informationsschrift mochten wir Sie {iber den Sinn und Zweck der klinischen
Studie und den damit verbundenen Risiken informieren.

Folsdure ist als Vitamin ein essentieller Nahrungsbestandteil. Die Folate spielen bei
lebenswichtigen Vorgédngen in unserem Korper eine wichtige Rolle. Unser Korper kann
die Folate selbst nicht synthetisieren, eine ausreichende Folsdureaufnahme soll durch
Erndhrung und Nahrungsergénzungsmitteln erfolgen. Experimentelle Untersuchungen
haben gezeigt, dass die Aufnahme von Folsdure durch Griintee- und Schwarzteeextrakte
verhindert wird.

Zwischen Tee und Folsdure kann es zu Wechselwirkungen kommen. Ziel der geplanten
Studie ist es, den Einfluss von schwarzem und griinem Tee auf die Bioverfiigbarkeit und
die Pharmakokinetik von Folsdure, die iiber den Mund eingenommen wird, zu
untersuchen.

Jeder Proband erhélt bei der Studie zu jeweils fiinf Terminen eine Medikation, wobei
zwischen diesen fiinf Verabreichungen jeweils mindestens eine Woche liegt. Nach jeder
Einnahme werden zu 11 definierten Zeitpunkten Blutproben von jeweils 5 ml innerhalb
von 8 h aus einer Armvene entnommen. Das insgesamt zu entnehmende Blutvolumen
betrdgt ca. 275 ml (11 x 5 x 5 ml Blut = 275 ml) verteilt {iber einen Zeitraum von ca. acht
Wochen. Das Vorgehen bei der Blutentnahme entspricht der iiblichen Routine wie Sie es
vielleicht vom Hausarzt oder Krankenhaus kennen. Das Blut wird in der Regel aus einer
Vene in der Armbeuge entnommen. Auller einem kurzen Schmerz beim Einstich der
Nadel kann es gelegentlich zu einer leichten Einblutung mit nachfolgendem Bluterguss
(,,blauer Fleck®) kommen, der innerhalb weniger Tage verschwindet. Manche Personen
reagieren auch auf eine kleine Blutentnahme mit einer Kreislaufreaktion. Um dies zu
vermeiden, erfolgt die Blutentnahme bevorzugt im Liegen. Selbstverstindlich wird das
Personal entsprechende MaBBnahmen ergreifen (z.B. Hochlagern der Beine), falls bei Ihnen
eine Kreislaufreaktion auftritt. Andere Risiken der Blutentnahme wir Infektion,
Thrombosierung oder die Verletzung von benachbartem Gewebe und Nerven durch die
Blutentnahmenadel sind sehr selten und bei geschultem Personal so gut wie
ausgeschlossen.

Die Blutentnahmen werden in R&umen der Deutsche Klinik fiir Diagnostik (DKD,
Aukammallee 33, 65191 Wiesbaden) durchgefiihrt. Die Probanden miissen sich wéihrend
der Blutentnahme wiéhrend der fiinf Priifungsphasen in den Rdumen der DKD aufhalten.
Die in der Studie eingesetzten Tabletten sind von einer Bundesbehorde zugelassen.

AuBer einer eingehenden érztlichen Untersuchung ihres Gesundheitszustands erfahren die
Probanden keinen personlichen gesundheitlichen Nutzen durch die Teilnahme an der
Studie.

Jedem Probanden wird nach Abschluss der Studie ein Aufwandsentschidigung von 300.-
€ gezahlt.
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Fiir die Substitution von Folsdure gibt es pharmakologische Préparate mit unterschiedlichen Dosisstirken. Eine solche Substitution
erfolgt z.B. bei Schwangeren in der Dosis 0,4 mg/Tag zur Prophylaxe von Neuralrohrdefekten der Embryonen. Auch fiir die
Substitutionsbehandlung sind Nebenwirkungen beschrieben geworden, diese sind aber nur selten (<0,1%) und treten dosisabhéngig auf.
Hierzu zéhlen:

Magen-Darm-Trakt

Selten: gastrointestinale Stérungen bei sehr hohen Dosierungen

Immunsystem

In Einzelfillen: allergische Reaktionen, z.B. als Erythem, Pruritus, Bronchospasmus, Ubelkeit oder
anaphylaktischer Schock

Psychiatrische Erkrankungen

Selten: Schlafstérungen, Erregung oder Depression bei sehr hohen Dosierungen

Auf Grund des gegenwirtigen Kenntnisstandes konnen die mdglichen Gesundheitsrisiken als
vetretbar und zu vernachlissigen angesehen werden.

Die Einnahme der Priifmedikation erfolgt in jeder der fiinf Priifphasen morgens gegen 8.30
Uhr in Ridumen der DKD Wiesbaden (Aukammallee 33, 65191 Wiesbaden). AnschlieBend
werden jedem Probanden iiber den Tag verteilt (nach 0; 0,2; 1,5; 2; 2,5; 3; 4; 5; 6; 7 und 9
Stunden) 11 Blutproben entnommen. Dazu wird ein Verweilkatheter (Brauniile) in eine
Armvene gelegt.

Bei Auffilligkeiten wird eine eingehende é&rztliche Untersuchung durchgefiihrt und
gegebenenfalls eine drztliche Behandlung vorgenommen.

Um das Risiko unerwiinschter Wirkungen zu verringern sind an den Versuchstagen nach
Einnahme der Priifmedikation schwere korperliche Arbeiten sowie groflere Anstrengungen zu
vermeiden.
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Einverstandniserklarung

Untersuchungsreihe der pharmakokinetischen Interaktionen zwischen Folsaure
(Folsan® 0,4 mg und 5 mg Tabletten) und schwarzem/griinem Tee bei gesunden

Probanden in einer offenen randomisierten Cross-over-Studie

Ich erklare hiermit, dass ich tUber Ziel, Ablauf und Durchfihrung des Forschungsvorhabens
aufgeklart worden bin, dass ich die Erlauterungen verstanden habe und meine Fragen zur
Zufriedenheit beantwortet wurden. Ich habe die Studieninformation in Kopie erhalten,
gelesen und verstanden. Ich weil3, dass ich auch weiterhin jederzeit Fragen stellen kann. Ich
wurde auch dariber aufgeklart, dass ich ohne personliche Nachteile und ohne Angabe von
Grunden nicht an der Studie teilzunehmen brauche. Ich hatte ausreichend Zeit, mich zur
Teilnahme an dieser Studie zu entscheiden und wei3, dass die Teilnahme freiwillig ist.
AulRerdem kann ich meine Teilnahme an der Studie jederzeit ohne Angabe von Griinden durch
schriftlichen oder mundlichen Widerruf dieser Einwilligungserklarung ebenfalls ohne
personliche Nachteile abbrechen.

Kopien der Probandeninformation, der Einwilligungserkldrung, der Information und
Einwilligungserkldrung zum Datenschutz sowie der Packungsbeilage fiir Folsan™ Tabletten

habe ich erhalten.

Name des aufkliarenden Priifers:

Ich bestitige, dass innerhalb der letzten 90 Tage vor Beginn der Studie nicht an einer anderen Studie teilgenommen haben und meine
Angaben zur Einnahme von Medikamenten und Drogen der Wahrheit entsprechen.

Ich werde jeweils 12 h vor Einnahme der Priifmedikation sowie bis 48 h danach keinen Alkohol zu mir nehmen. Am Vortag der Studie
werde ich nach 22° Uhr keine Mahlzeit mehr zu mir nehmen. AuBerdem werde ich innerhalb von 24 Stunden nach Einnahme der
Priifmedikation keine schweren korperlichen Arbeiten verrichten und besondere Anstrengungen vermeiden, sowie nur die Nahrung zu mir
nehmen, die ich wihrend des stationdren Aufenthaltes erhalte.

Ich bin bereit, freiwillig an der Studie teilzunehmen.

Wiesbaden, den

Proband Priifer
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Titel der Studie: Untersuchungsreihe der pharmakokinetischen Interaktionen zwischen
Folsdure (Folsan® 0,4 mg und 5 mg Tabletten) und schwarzem/griinem Tee bei gesunden
Probanden in einer offenen randomisierten Cross-over-Studie

Einwilligungserklarung zum Datenschutz
(Arzneimittelgesetz)

Bei klinischen Priifungen werden personliche Daten und medizinische Befunde iiber Sie er-
hoben. Die Erhebung, Weitergabe, Speicherung und Auswertung dieser Angaben {iber ihre
Gesundheit erfolgt nach gesetzlichen Bestimmungen und setzt vor Teilnahme an der
klinischen Priifung folgende freiwillige Einwilligung voraus, d. h. ohne die nachfolgende
Einwilligung konnen sie nicht an der klinische Priifung teilnehmen.

1) Ich erkldre mich damit einverstanden, dass im Rahmen dieser Studie erhobene Daten/
Angaben iiber meine Gesundheit auf Fragebdgen und elektronischen Datentrdgern aufge-
zeichnet und ohne Namensnennung (pseudonymisiert) weitergeben werden an:

a) den Auftraggeber (Prof.Dr. Peter Langguth) der Studie zur wissenschaftlichen
Auswertung, Bewertung von unerwiinschten Ereignissen oder Beantragung der Zulassung;
b) die zustindige Uberwachungsbehorde(n) (Landesamt oder Bezirksregierung), Bundes-
oberbehorde (Bundesinstitut fur Arzneimittel und Medizinprodukte, Bonn), Ethik-
Kommission und auslindischen Behdrden und europiische Datenbank zur Uberpriifung
der ordnungsgeméfBen Durchfithrung der Studie, zur Bewertung von Studienergebnissen
und unerwiinschter Ereignisse oder zur Beantragung der Zulassung.

#Anschrift des Auftraggebers:

2) AuBerdem erkldre ich mich damit einverstanden, dass ein autorisierter und zur Ver-
schwiegenheit verpflichteter Beauftragter des Auftraggebers, der zustindigen inldndischen
und auslindischen Uberwachungs- und Zulassungsbehdrden in meine beim Priifarzt
vorhandenen personenbezogenen Daten Einsicht nimmt, soweit dies fiir die Uberpriifung der
Studie notwendig ist. Fiir diese Maflnahme entbinde ich den Priifarzt von der &rztlichen
Schweigepflicht.

3) Die Einwilligung zur Erhebung und Verarbeitung der Angaben {liber meine Gesundheit
ist unwiderruflich. Ich bin bereits dariiber aufgeklart worden, dass ich jederzeit die
Teilnahme an der klinischen Priifung beenden kann. Im Fall dieses Widerrufs erklire
ich mich damit einverstanden, dass die bis zu diesem Zeitpunkt gespeicherten Daten
ohne Namensnennung weiterhin verwendet werden diirfen, soweit dies erforderlich ist,
um

a) Wirkungen des zu priifenden Arzneimittels festzustellen,
b) sicherzustellen, dass schutzwiirdige Interessen der betroffenen Person nicht
beeintrachtigt werden,

c) der Pflicht zur Vorlage vollstindiger Zulassungsunterlagen zu gentigen.

Name, Datum, Unterschrift
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Probandencode Prifarzt Datum

Probanden-Daten

Case Report Form (CRF)

Name, Vorname

Geburtsdatum: Geschlecht: minnlich / weiblich
GroBe: cm Gewicht: kg
Ethnische Gruppe:
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Teilnahme Voraussetzungen

Voraussetzung fiir die Teilnahme an der Studie ist eine drztliche Voruntersuchung und eine
Kontrolle iiblicher Blut
Folgende Einschluf3- und Ausschlusskriterien sind zu beriicksichtigen:

Einschlusskriterien:

» Mainnliche und weibliche gesunde Probanden

= Alter: 18 bis 50 Jahre

» Keine regelmiBige Medikamenteneinnahme (Feststellung durch Befragung)

» Fihigkeit des Studienteilnehmers, Wesen und Tragweite der klinischen Priifung fiir
sich zu verstehen

* Vorliegen des schriftlichen Einverstiandnisses des Studienteilnehmers

Ausschlusskriterien:

= Alkoholmissbrauch

= Klinisch relevante Erkrankungen des Herz-Kreislauf-Systems, des
Gastrointestinaltraktes (Darmerkrankungen: Morbus Crohn, Colitis ulcerosa, friithere
GIT Operationen), Niereninsuffizienz, Hypertonie, Krebs, Autoimmun- und
Lebererkrankungen

» Megaloblastire Andmie

» Klinisch relevante Laborverdnderungen: Probanden mit Hyperhomocysteindmie (>12
pumol/l), mit Folat- oder Vitamin B12 Defizit, Probanden mit reduzierter glomerularer
Filtrationsrate (GFR<80 ml/min)

» QGleichzeitige Verabreichung von Folatantagonisten wie Methotrexat, Trimethoprim,
Sulfasalazin, Triamteren

* (Gleichzeitige Verabreichung von Antirheumatika, Antazida oder Antikonvulsiva,
chronische Verabreichung von Aspirin oder Vitamin B oder anderen Medikamenten
oder Nahrungsergdnzungsmitteln, die mit dem Folat- oder Homocystein-Stoffwechsel
interferien kdnnen

= Starke Raucher (>15/day)

» Klinisch relevante Erkrankungen des Herz-Kreislauf-Systems, des
Gastrointestinaltraktes, Nierenerkrankungen, Hématologische oder
neuropsychiatrische Erkrankungen in der Eigen- oder Familienamnese.

* Homozygoter Genotyp 677C—=T (TT) fiir Methylentetrahydrofolat Reduktase
(MTHFR)

* Schwangerschaft und Stillzeit

= Anamnestisch bekannte Uberempfindlichkeit gegen den Wirkstoff oder Hilfsstoffe

» Teilnahme an einer anderen klinischen Priifung innerhalb der letzten 90 Tage

» Gleichzeitige Teilnahme an einer anderen klinischen Priifung

Keine Person darf mehr als einmal an der klinischen Priifung teilnehmen.

252



APPENDIX

Der Priifer bestétigt, dass eine entsprechende Untersuchung durchgefiihrt wurde und der
Proband an der Studie teilnehmen kann.

Die Originaldaten der Untersuchung (Anamnese, Befund, Blut) werden beim untersuchenden
Arzt iiber den gesetzlich vorgeschriebenen Zeitraum aufbewahrt.

Name Priifer Datum, Ort Unterschrift
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Probandencode Datum

Prifmedikationen

Phase I: Datum der Einnahme:

Phase II: Datum der Einnahme:

Phase I11 Datum der Einnahme:

Phase IV Datum der Einnahme:

Phase V Datum der Einnahme:
Priifarzt
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Probandencode Datum

Priifphase____, Medikation:

Zeit nach Einnahme der Prufmedikation (h):

Ohne auffélligen Befund: ja / nein (Nichtzutreffendes streichen)

Bemerkungen:

Priifarzt
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Probandencode Datum
Priifphase____, Medikation:
Dokumentation Blutprobenentnahmen
Zeit nach Einnahme der Uhrzeit
Prufmedikation (h:min)
Bemerkungen
Soll Ist Soll Ist
Baseline 1 07:45
Baseline 2 .
(+10 min) 07:55
0:30 9:00
1:00 9:30
1:30 10:00
2:00 10:30
3:00 11:30
4:00 12:30
5:00 13:30
6:00 14:30
8:00 16:30
Priifarzt
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