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1. Souhrn 

 

Práce se zabývá transportem kyseliny salicylové a jejích derivátů přes Caco-2 

buněčné kultury a vlivem možných inhibitorů buněčného transportu. Dále se zabývá 

vlivem látek rozvolňujících těsné spoje (tight junctions) mezi Caco-2 buňkami. Hlavním 

cílem bylo zjistit typ transportu, jakým je kyselina salicylová přenášena, výsledky po-

rovnat s transportem kyseliny gentisové a 5-hydroxyisoftalové, posoudit vliv ethylendi-

amintetraoctové kyseliny na průnik kyseliny salicylové a porovnat možný inhibiční úči-

nek α-kyano-4-hydroxyskořicové kyseliny, probenecidu, pravastatinu, kyseliny benzoo-

vé a 2-hydroxy-3-isopropylbenzoové. Předpokládal jsem, že na transportu kyseliny sa-

licylové se podílí i pasivní difúze i transportní proteiny. 

Teoretická část práce stručně shrnuje vlastnosti chemických látek, které mají 

vliv na transport přes buněčné membrány a představuje Caco-2 buňky jako prostředek 

výzkumu vstřebávání a distribuce léčiv v lidském organismu. Definuje jednotlivé typy 

transportu přes buněčné membrány, popisuje typy transportních proteinů, které se na-

cházejí na membránách buněk lidského adenokarcinomu a podává stručný přehled sou-

visejících témat. 

Experimentální část práce popisuje techniku kultivace Caco-2 buněk a metodiku 

transportních experimentů. Většina experimentů byla prováděna při teplotě 37°C s pH 

gradientem – pH 5.5 na apikální a pH 7.4 na basolaterální straně membrány. Integrita 

buněčných vrstev byla testována měřením transepiteliální elektrické resistence a pomocí 

radioaktivně značené sloučeniny. Vzorky odebrané v průběhu experimentu byly analy-

zovány vysokoúčinnou kapalinovou chromatografií. Přenesené množství zkoušené látky 

bylo kvantifikováno pomocí zdánlivého permeačního koeficientu. 

Výsledky potvrdily, že se na transportu kyseliny salicylové přes Caco-2 mem-

brány zčásti podílí aktivní transport. Otevření těsných spojů mezi Caco-2 buňkami při-

neslo výrazné zvýšení transportu pasivně přenášených sloučenin. U kyseliny salicylové 

nebyl rozdíl tolik markantní, což podporuje myšlenku zapojení aktivních přenašečů. 

Vliv inhibičních činitelů byl patrný, nejvyšší inhibiční vliv vykazovala kyselina 2-

hydroxy-3-isopropylbenzoová. 
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2. Summary 

 

 The aim of this work is to study properties of the transport of salicylic acid and 

its derivates across Caco-2 cell monolayers, an influence of possible inhibitors of cell 

transportation and a brief review of related issues. The influence of substance, which 

opens tight junctions between Caco-2 cells, so called absorption enhancers, is also ex-

amined. The main goal is to find out, what kind of transport takes the main part in sali-

cylic acid transport and to compare the results to the data obtained using gentisic and  

5-hydroxyisophthalic acid, and, at the same time, to study the influence of ethylenedia-

minetetraacetic acid as an absorption enhancer and to compare possible inhibitive effect 

of several compounds. It was assumed that both passive and active transport take part in 

the transport of salicylic acid. 

 The theoretical part of the thesis briefly summarizes chemical substances proper-

ties, which have an influence on their transport across cell membranes, introduces  

Caco-2 cells as an important instrument of drug absorption and distribution research, 

defines the individual types of cell transports and describes the types of transporter pro-

teins which can be localized on the Caco-2 cell membrane. 

 The experimental part of the work describes the technique of Caco-2 cells culti-

vation and the process of transport experiments. Most of experiments were done at 37°C 

using a pH gradient – pH 5.5 on the apical side and pH 7.4 on the basolateral side of the 

membrane. The cell monolayer integrity was tested by measuring transepithelial electri-

cal resistance and by using radio-labeled compound. The samples taken during experi-

ment were analyzed by the high performance liquid chromatography. The amount of 

transported compound was quantified by the permeation coefficient and by the flux. 

 We can see from the results that both active and passive transport takes part in 

transport of salicylic acid and its derivates across the Caco-2 cell monolayer. The open-

ing of tight junctions brought a noticeable increase of transfer of passively transported 

compounds; the difference was not so clear in salicylic acid results that support the hy-

pothesis of transporter proteins involvement. The influence of inhibitive agents was 

obvious; the highest influence was achieved using 2-hydroxyisopropylbenzoic acid. 
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3. Preface 

 

 This thesis was worked out on the Division of Pharmaceutical Technology of 

Pharmaceutical faculty, University of Helsinki and was linked to the long-term research 

which is in progress at this Department. 

 These days, Caco-2 cells are widely used as an instrument of prediction of intes-

tinal drug absorption both in pharmaceutical industry and academic research. The trans-

port of salicylic acid across Caco-2 cell monolayers is being discussed in several articles 

and lot of results has been already published. On the other hand, gentisic acid and 5-

hydroxyisophthalic acid has not been explored yet and some results might be very inter-

esting. Since these compounds are structurally very close to salicylic acid, we can ob-

serve properties of their transport and obtain some new information about transporter 

proteins function in Caco-2 cells membranes. 

  

 



 8 

4. Aims of the thesis 

 

The objective of the thesis was to acquire deeper knowledge of Caco-2 cells 

membrane anion transporter proteins and the way of transport which deals with trans-

port of salicylic acid and its derivates across Caco-2 cell monolayers.  

 

The specific aims were: 

 

1. To repeat the experiments investigating transport of salicylic acid across Caco-2 

cell monolayers with the aim to confirm that the active transport is still evident 

and to assess the variability in the functionality in the anion transport of Caco-2 

cells. 

2. To perform transport experiments across Caco-2 cell monolayers with gentisic 

acid and 5-hydroxyisophthalic acid and to confront the obtained data to the al-

ready known results of salicylic acid transport. To assess the relative importance 

of the different transport mechanisms potentially involved. 

3. To find out a transport mechanism of salicylic acid using absorption enhancer 

(EDTA). 

4. To investigate the influence of several substances with presumed inhibitive ef-

fect on salicylic acid transport.  
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5. Introduction 

 

5.1. Cell Culture 
 

 5.1.1. Caco-2 

 

The use of intestinal cells has increased dramatically in the pharmaceutical re-

search and all other fields during last years (Artursson et al. 2001). The main aim of the 

cell using research is to explore ways and types of transport across the intestinal epithe-

lium and to identify the relevant carrier.  

 

 

Figure 1: Enterocyte and its structure;  

M – Mucus, GL – Glycocalix,  

MV – Microvilli, TJ – tight junctions,  

D – Desmosome, IS – Intracellular space,  

N – Nucleus, MIT – Mitochondria,  

E.C. – Enterocyte, B.L – Basal layer 

(Hillgren et al. 1995) 

 

The cell line is derived from well differentiated colon adenocarcinoma in 72-

year-old patient (Fogh et al. 1977). A lot of effort was focused on this type cell lines 

because tumors of large intestine are very frequent, unfortunately, as opposite to small 

intestine tumors (Leibovitz et al. 1976; Zweibaum et al. 1985). Although originated 

from large intestine cells, Caco-2 cells have many properties of small intestine cells, 

including microvilli, intercellular junctions and many of enzymes, nutrient transporters 

and efflux transporters that present them similar to small intestinal cells (Ward et al. 

2000). Caco-2 cells also express organic anion (OAT) and organic cation transporters 
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(OCT), mainly uptake transporters. Also, they express ATP-dependent efflux pump, 

such as P-glycoprotein (P-gp), breast cancer resistance protein (BCRP) and several mul-

tidrug resistance associated proteins (Taipalensuu et al. 2001). In dependence on the 

time and conditions of cultivation and cell passage number, expression of transporters 

and enzymes can be various (Briske-Anderson et al. 1997).  

The important reason for such a wide use of Caco-2 cells is that they are easy to 

cultivate and they are quite resistant to adverse cultivate conditions. They can grow on 

plastic surfaces, nitrocellulose filters and on Transwell® polycarbonate membranes as 

well (Hidalgo et al. 1989). When Caco-2 cells grow, they show the contact inhibition 

(Ward et al. 2000). It causes a formation of confluent monolayers necessary for repeat-

able results of transport experiments. When the forming of monolayer is done, cells start 

to differentiate. Cultivated for about 21 days, they differentiate into polarized cells with 

expressed mucosal (apical) and serosal (basolateral) cell membrane domains.  

The integrity check of Caco-2 cell monolayers can be provided by assaying 

monolayer permeability for paracellulary transported compounds (e.g. mannitol). The 

paracellular permeability of Caco-2 cells appears to be comparable to permeability of 

rat and human intestinal cells in view of the throughput of tight junctions (Artursson et 

al. 1993). Another possibility of checking the integrity of the monolayer is measuring of 

transepithelial electrical resistance (TEER) with special electrodes. Nevertheless, TEER 

values might significantly differ depending on the passage number, the used equipment 

and the temperature. In general, Caco-2 cell monolayers show TEER properties, which 

are closer to colonic epithelium then to small intestine epithelium (Grasset et al. 1984).  

To avoid non-flexible three week period of cell growth, some experiments has 

been performed to accelerate cell cultivation (Lentz et al. 2000). Nowadays it is possi-

ble to purchase 3 days Caco-2 cells system (BIOCOAT®, Becton Dickinson Labware, 

Franklin Lakes, NJ). Lentz et al. achieved interesting results of cell cultivation accelera-

tion using 2% iron supplemented calf serum. 

 

5.1.2. MDCK Cells 

 

Madin-Darby canine kidney cells are frequently used in pharmaceutical industry. 

Their advantage in contrast to most of clones of Caco-2 cells is that they reach full dif-
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ferentiation in 3 – 7 days which allows more flexible experiment schedules (Cho et al. 

1989; Irvine et al. 1999). There are two possible clone lines of these cells with very dif-

ferent TEER values, high-resistance MDCK Strain I (~4000 Ω · cm
2
) and low-resistance 

MDCK Strain II (~200-300 Ω · cm
2
). The mannitol permeability is as equally low as 

across Caco-2 cell monolayers. Irvine reported that the correlation to oral fraction ab-

sorbed is comparable in both cell systems. Since MDCK cells are derived from dog kid-

neys, the transporter expression might be very different to human intestinal cells. It is 

possible to estimate passive epithelial transport with MDCK cells. They were also used 

to study P-gp expression and to study OCT expression regulated by steroid hormones 

(Horio et al. 1989; Shu et al. 2001). MDCK cells are not sufficient for predicting active 

uptake or efflux across the intestinal epithelium.  

 

5.1.3. HT29 Cells 

 

 HT29 cells are other well-examined carcinoma cell line (Collett et al. 1996). 

When cultured in standard culturing conditions with high glucose medium, it forms 

monolayers with non-differentiated cells, no tight junctions and lack of functional polar-

ity. Culturing in specific cultivating condition (e.g. glucose-free medium) brings signifi-

cant changes in cell properties. In presence of sodium butyrate in medium cells are pro-

duced clones which shows similar morphological signs as both enterocytic cells (junc-

tional complex) and goblet cells (mucosal secretion) (Augeron et al. 1984). Deeper in-

vestigation of this phenomena shows that HT29 cell cultures contain less then 5% of 

cells which differentiate spontaneously into both type of cells, enterocytic and goblet 

(Lesuffleur et al. 1990). HT29 cells also show extraordinary adaptation abilities when 

cultured in presence of cytotoxic compounds such as 5-fluorouracil or methotrexate. 

 Co-cultures of Caco-2 cells and HT29-H or H29-MTX (methotrexate-induced 

cells) are used for paracellular transport study with additional presence of a mucus layer 

(Wikman et al. 1993). 
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5.1.4. 2/4/A1 Cells 

 

2/4/A1 cell line originates from fetal rat intestine and it is conditionally immor-

talized by temperature-sensitive mutant for the growth promoting oncogene simian vi-

rus (SV40) large T (Tavelin et al. 1999). Cells are supposed to be cultured in 33°C. In 

this temperature oncogene is fully active and enables the cells to grow rapidly. The cul-

tivating in 37°C ceases the activity of this oncogene, stops proliferation and provides 

cell differentiation.  

 TEER values of 2/4/A1 cells has been reported to be ~25 Ω · cm
2
 and apparent 

permeable coefficient of mannitol 15.5 cm · s
-1

 x 10
-6

. This value is about 65-fold higher 

then with Caco-2 cells. Thus, 2/4/A1 cells form monolayers much more penetrable that 

can be seen both from TEER values and Papp values of mannitol. 

 Using 2/4/A1 cells means valuable alternation compared to using very tight 

Caco-2 cells. However, lack of important enzyme systems and low morphological dif-

ferentiation predetermines 2/4/A1 cell line for studies of passive transcellular transport. 

Moreover, culturing conditions for this cell line are quite specific, compared to rela-

tively simple techniques used with Caco-2 and MDCK cells. Their use in the research is 

very limited.  

 

5.1.5. Other Cell Lines 

  

 T84 is colonic cancer cell line, which shows typical characteristics for colonic 

crypt cells (Dharmsathaphorn et al. 1984). They are supposed to be cultured from 5 to 7 

days, then they polarize and develop monolayers of high TEER (~ 1000 Ω · cm
2
) and 

they are able to grow on both plastic and collagen-coated support. Cells are not well 

differentiated. T84 are being used for study of Cl
-
 secretion, the transport event respon-

sible for mucosal hydration of digestive tract. This cell line is not considered to be an 

adequate instrument to study carrier-mediated transport processes. 

 IEC-18 is the cell line originating from rat intestinal epithelium (Duizer et al. 

1997). It has been evaluated as a model for study of small intestine epithelium perme-

ability. This cell line forms monolayers with very low TEER (~ 50 Ω · cm
2
) and manni-

tol permeability 8.0 cm · s
-1

 x 10
-6

. The goal of developing this cell line was to make a 
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better model for small intestinal epithelium permeability studies then Caco-2 cell line. It 

was focused on hydrophilic molecules transport studies; however, the leakier paracellu-

lar pathway is connected with poor cell differentiation and low expression of transport-

ers. Therefore, IEC-18 cells are not suitable for carrier-mediated transport studies. 

 

5.2. Absorption Prediction by Caco-2 Cells 

 

 Oral administration is recently the most frequent and probably the safest drug 

delivery route (Neuhoff 2005). Almost all drugs administrated orally are absorbed in 

small intestine through series of different barriers. From mucosal side it means mucus 

gel layer, intestinal epithelial cells, lamina propria and capillary endothelium. The bar-

rier with the most significant influence on drug absorption is small intestine epithelium 

layer. Thus, it is possible to study intestinal drug absorption using intestinal epithelium 

cell monolayers. 

 Good correlation between small intestine absorption data and data obtained by 

initial studies using Caco-2 cell monolayers was shown (Artursson 1990). However, 

similar results both in small intestine epithelium and Caco-2 cell monolayers is structure 

related (Table 1) 

 

Table 1: Summary of structural properties and absorption characteristics of the drugs. 

Papp means apparent permeability coefficient (cm · s
-1

) x 10
-6

 (pH is not mentioned), 

log D is octanol/water partition coefficient at pH 7.4, % Abs. means percent absorbed 

of an orally administered dose (Artursson et al. 1991). Different values published in Yee 

1997. 

Drug Papp log D % Abs. Mw 

Corticosterone 54.5 1.89 100 346 

Testosterone 51.8 3.31 100 288 

Propranolol 41.9 1.54 90 259 

Alprenonol 40.5 1.00 93 249 

Warfarin 38.3 0.12 98 308 

Metoprolol 27.0 0.07 95 267 
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Felodipine 22.7 3.48 100 384 

Hydrocortisone 21.5 1.53 89 362 

Dexamethazone 12.5 1.74 100 392 

Salicylic acid 11.9 -2.14 100 138 

Acetylsalicylic acid 2.4 -2.57 100 180 

Practolol 0.90 -1.4 100 266 

Terbutaline 0.38 -1.4 73 255 

Atenolol 0.20 -2.14 50 266 

Mannitol 0.18 -3.10 16 182 

Arginin-vasopressin 0.14 -2.73 0 1084 

Sulphasalazine 0.13 -0.13 13 398 

1-deamino-8-D-arginin-vasopressin 0.13 -1.95 1 1071 

Olsalazine 0.11 -4.5 2 302 

Polythylenglycol 0.052 -5.1 0 4000 

 

  

 Usually the most common way to predict absorption coefficient is to determine 

the drug lipophilicity (Artursson et al. 1991). The assumption is that more lipophilic 

drug should partition faster into lipid cell membrane. However, this prediction gives 

only approximate rate of drug absorption. Anyway, coarse correlation between oc-

tanol/water partition coefficient and absorption rates has been observed. 

 From results published by Lennernäs et al. 1996 it ensues that the passive tran-

scellular drug transport rate in human jejunum can be predicted by experiments with 

Caco-2 cell monolayers in vitro. In general, compounds with Papp < 1 cm · s
-1

 x 10
-6 

are 

poorly absorbed (0-20%), compounds with Papp 1-10 cm · s
-1

 x 10
-6

 are moderately 

absorbed (20-70%) and compounds with Papp > 10 cm · s
-1

 x 10
-6

 are well absorbed 

(Yee 1997). Excellent correlation has been found for a variety of compounds encom-

passing transcellular, paracellular and carrier-mediated transport. Nevertheless, certain 

compounds (e.g. L-dopa) might be transported approximately 340-fold slower in vitro 

then in vivo (Hu et al. 1990).  

 Therefore, the prediction of human active drug transport is possible after charac-

terization of each transport system.  
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5.3. Transport Pathways across the Intestinal Epithelium 

 

 The limiting factor for the absorption of drugs in small intestine seems to be 

unstirred water layer (aqueous boundary layer, ABL) (Artursson and Karlsson 1991). 

The thickness of this layer was determined to be 200-800 µm with anesthetized experi-

mental animals. More recent studies performed with conscious rat shows the thickness 

of ABL about 100 µm. In both studies the dependence on luminal stirring has been 

shown. 

 Transport rate of rapidly transported drugs is influenced by properties of ABL, 

while slowly transported drugs are not affected by ABL changes (Artursson et al. 1991). 

Another barrier is mucus layer, which consists of 90% water and usually 0.5-1.0% of 

mucin (Carlstedt et al. 1985). After penetrating the mucus layer, the drug is exposed to 

acidic microclimate at the luminal surface of the intestinal epithelium (Neuhoff 2005). 

There are more possibilities of drug transport across small intestinal epithelium. Two 

main pathways are either through epithelial cells (transcellular), or between cells via 

tight junctions (paracellular). Certain drugs are substrates for transporter proteins local-

ized on luminal side of epithelium cells and can be exposed to carrier-mediated trans-

port (uptake, efflux, antiport, symport). Another possibility limited for some macro-

molecules is transcytosis which is a variation of the passive transcellular transport. 

 

 
 

Figure 2: Schematic drawing of an intestinal epithelium. The arrows indicate the four 

different transport routes: 1. the passive transcellular; 2. the passive paracellular; 

3. the active carrier-mediated transcellular; 4. the transcytosis routes (Artursson et al. 

2001) 
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5.3.1. Paracellular Transport 

 

 Paracellular transport leads in between cells through tight junctional complex 

(Neuhoff 2005). The tightness of this complex and the concentration gradient of the 

solution therefore is the rate-limiting factor which regulates the transport. Some papers 

show that pores of tight junctional complex carry negative net charge. Thus, it should be 

more permeable for cationic compounds then for anionic or neutral compounds (Adson 

et al. 1994).  

 The permeability of tight junctional complex can be influenced by intra- or ex-

tracellular Ca
2+

 ion concentration, protein kinase activators and inhibitors, or absorption 

enhancers (Quan et al. 1998). However, paracellular transport is mainly influenced by 

molecular weight and net charge of transported compound (Tavelin 2003). 

 Paracellular transport is also preferred by drugs that are poorly distributed into 

cell membranes, which mean hydrophilic compounds or peptides. Some compounds are 

transported both by paracellular and transcellular transport, it is possible that even very 

hydrophilic compounds, even thought they should be transported via tight junctional 

complex, might by transported also by transcellular pathway. The reason is that the lu-

minal cell surface area is 1000-fold larger then paracellular space (Pappenheimer et al. 

1987). This significant different compensate non-suitable physico-chemical properties.  

 Even thought paracellular transport is considered to be passive, it has been also 

shown to be saturable (Gan et al. 1998) and indirectly linked with intracellular and tight 

junctional processes (Zhou et al. 1999; Lee et al. 2002). Therefore, paracellular path-

way requires further investigation. 

 Compounds, which are significantly transported via tight junctions, are all of 

moderate molecular weight and quite hydrophilic. Among others these are furosemide 

(Flanagan et al. 2002), atenolol (Adson et al. 1995), cimetidine (Zhou et al. 1999),  

ranitidine and famotidine (Lee et al. 1999). 

 

5.3.2. Passive Transcellular Transport 

 

 Physico-chemical properties of involved compounds and properties of the mem-

brane are critical factor of passive transcellular transport (Neuhoff 2005). In general, 

compound has to be lipophilic in appropriate way. Certain degree of lipophilicity is 
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necessary to enter the lipidic membrane; on the other hand, too lipophilic molecules 

might be trapped in the membrane. If transported compound has suitable properties for 

penetrating lipidic membranes, it is transported mainly transcellulary (however pas-

sively or actively), because the membranous surface is 1000-fold larger then intracellu-

lar spaces. The driving force of passive transcellular transport is the concentration gra-

dient. 

 Very simple and very reasonable concept of prediction of the transcellular trans-

port is ‘Rule of 5’ (Lipinski et al. 2001); poor absorption or permeation appears when in 

the molecule are more than 5 H-bond donors, 10 H-bond acceptors, the molecular 

weight is greater than 500 and the calculated Log P is greater than 5. 

 The membrane composition may vary between different cell types, it varies also 

between apical and basolateral side, both by composition (phospholipids, cholesterol, 

proteins) and transporter expression. Apical membrane properties mean the limiting 

factor of transcellular transport in polarized cells (Hayton 1980). Most approved drugs, 

which are rapidly and completely absorbed after oral administration, are transported by 

passive transcellular transport (Artursson et al. 2001). 

 

5.3.3. Active Transcellular Transport 

 

Active transcellular transport (carrier-mediated transport) is reserved exclusively 

for certain type of molecules (among others vitamins, glucose) (Neuhoff 2005). It works 

simultaneously with passive transport. Because of limited amount of binding place, ac-

tive transport might be saturated by extreme concentrations of the substrate. This route 

might be inhibited or blocked by structurally similar compounds or energy depletion. 

Active transport against concentration gradient is energy dependent. This is provided by 

hydrolysis of high-energy bonds in some compounds (such as ATP) or by coupled 

transport with another molecule such as H
+
 or Na

+
.  

Naturally, carrier-mediated transport might also work in opposite direction – 

provide cell efflux and this can be reason for low absorbance of some compounds. 

When are these efflux mechanisms saturated, it brings sudden increase of absorption. 



 18 

Some conditions might change properties of membranes (e.g. fluidity) and influ-

ence the transport. From this reason all active transport are dependent on condition such 

as pH or temperature or presence of other compounds 

 

5.3.4. Transcytosis 

 

 Because of transcytosis slowness and low capacity, it is less attractive for drug 

transport. By this pathway are transported practically exclusively only compounds, 

which are excluded from other routes due to their size, such as peptide antigens (de 

Aizpurua et al. 1988). Another disadvantage is, that transcytosis is performed by trans-

port in membrane vesicles, which contain high amount of proteolytic enzymes, thus, 

many transported exogenous proteins might be degraded. This effect is obvious both in 

situ and in vitro (Heyman et al. 1990). Probably the best example of natural compound 

transported by transcytosis route is vitamin B12, which is transported from mucosal to 

serosal direction (Dix et al. 1990). This transport has very low capacity and requires 

specific binding to the intrinsic factor.  

 

5.4. Membrane Transporters 

 

 Membrane transporters play very important role in intestinal drug absorption, 

since they provide active molecule transport across intestinal epithelium (Lee 2000). 

The study of their functions seems to be necessary for understanding mechanisms of 

absorption and development of what can offer us optimized drug structures with possi-

bility of targeted delivery. The investigation of genetic polymorphism of transporters 

may be useful for personalization of administered drug. 

 As mentioned above, most of lipophilic molecules are absorbed by passive dif-

fusion; nevertheless, it is accessible only for lipophilic molecules (Tamai 1997). Many 

water-soluble compounds might be transported by specialized carrier-mediated trans-

port mechanisms. This transport is available for peptide analogues, nucleosides, amino 

acids, sugars, monocarboxylic acids, bile acids, fatty acids, organic anions and cations, 

phosphates and water-soluble vitamins. 
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Figure 3: Schematic illustration of some intestinal epithelial transporters verified to be 

expressed in the Caco-2 cell line. (A) Transporters shown as a square demonstrate ac-

tive or facilitated transport. Ion-exchangers are shown as oval shapes. The name of the 

corresponding transporter for the process is shown within the square or oval shape. 

For active transporters, the black triangles represent an efflux transporter, the white 

triangles an uptake transporter and the grey triangles represent symport or antiport of 

the substrate and the driving force. Grey marked squares represent an unverified loca-

tion for the transporter. (B) The corresponding gene names of the transporters are 

shown in the right illustration. SLC: solute carrier, ABC: adenosine triphosphate bind-

ing cassette. Transporters are described in the text (Neuhoff 2005). 
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5.4.1. Monocarboxylate Transporters (MCTs) 

 

 The monocarboxylate transporters are members of SLC16 gene family. Their 

subfamily includes 14 members nowadays and every isoforms appears to have slightly 

different substrate and inhibitor (Tamai et al. 1995; Halestrap et al. 1999; Halestrap et 

al. 2004). They are involved in transporting metabolically important monocarboxylates 

such as pyruvate, lactate or keton bodies and other monocarboxylates. MCTs were so 

far identified e.g. in small intestine epithelium cells, skeletal muscle cells, heart muscle 

cells, in brain and in inner ear. Clear evidence of lactate and pyruvate transport has been 

shown with MCT1-MCT4.  

 

 

 

Figure 4: Proposed membrane topology of the MCT family (Halestrap et al. 1999) 

 

 The regulation of expression of individual isoforms of these transporters is still 

unrevealed in general. However, in skeletal muscle it is possible to observe up-

regulation of MCT1 expression connected with chronic stimulation (Bonen et al. 2000). 

On the other hand, decrease of MCT1 and MCT4 expression can be observed in diabetic 

rats (Py et al. 2001).  
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 MCTs transport monocarboxylates with one proton or as an exchange for other 

monocarboxylate. Transport of monocarboxylates can be increased by decreasing pH 

from 8 to 6 on one side or by increasing pH on the other side; it means that this trans-

port is pH dependent (Garcia et al. 1994). Detailed kinetic analysis is well known for 

MCT1, other family members are not investigated yet. 

 Typical substrates for MCTs is among others salicylic, benzoic and lactic acid 

(Tamai et al. 1999) 

 The function of MCTs is strongly inhibited by α-cyano-hydoroxycinnamate 

(CHC) (Deuticke 1982). 

 

5.4.2. Organic Anion Transporting Polypeptides (OATPs) 

 

 OATPs are one of three major families in the group of anion transporters to-

gether with organic anion transporters (OATs) and multidrug resistance proteins 

(MRPs) (Kusuhara et al. 2002). OATPs are involved in transporting many both endoge-

nous substances and xenobiotics, such as conjugated metabolites of steroid hormones, 

thyroid hormones, bile acids, bilirubin, pravastatin, benzylpenicillin, and digoxin (Kanai 

et al. 1996; Kobayashi et al. 2003; Hagenbuch et al. 2004; Nozawa et al. 2004). This 

family is classified as the solute carrier family 21A (SLC21A). Recently 9 members of 

this family were identified in human organisms. Newly they are classified within the 

OATP/SLCO superfamily and divided into subfamilies. 

 OATPs are sodium independent transporter proteins localized among other on 

apical side of human enterocytes. They provide anion exchange transport, coupling the 

cellular uptake of organic compounds with the efflux of e.g. bicarbonate or glutathione. 

Small intestine OATPs shows pH sensitive transport with higher activity at acidic pH 

then at neutral pH. Weak organic acids meant to be transported passively across intesti-

nal epithelium according to the pH-partition hypothesis but it has been proven that they 

undergo carrier mediated pH-dependent transport; some compounds are transported at 

lowered pH conditions only.  

 The pH dependency of transport has been shown in many studies, e.g. clear cor-

relation between pH and OATP function has been published in transportation studies 
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with pravastatin and estrone-3-sulphat (Nozawa et al. 2004) and it was first experimen-

tal demonstration that human OATP has pH dependent functionality. 

 It has been shown as well, that transport of the substrate is lowered in presence 

of structurally similar compounds. Certain inhibitive influence has been also shown 

with substances, which are not similar to candidate substrates of OATP (e.g. probenecid 

(Yasui-Furukori et al. 2005). 

  

5.4.3. Other Transporters  

 

 Peptide transporters have been identified from the various mammalian tissues. 

There is lot of peptide transporters in human small intestine, such as PEPT1 (peptide 

transporter-1), PEPT2, hPT-1 (humane peptide transporter-1) or ATP-binding cassette 

peptide transporter. PEPT1 and hPT-1 appears mainly in brush border membrane of 

human intestine, PEPT2 appears mainly in kidneys (Adibi 1997; Yang et al. 1999). 

Probably the most important is PEPT1 which plays the critical role in absorption of pep-

tide-like compounds from the intestine. It uses an electrochemical proton gradient as its 

driving force. It also shows stereoselectivity. Surprisingly, protein bond is not the essen-

tial condition for PEPT1 substrates, e.g. acyclovir prodrugs shows interaction with this 

transporter.  

 Nucleoside transporters are divided into two major groups: Na
+
-independent 

equilibrative transporters (ENT family) and Na
+
-dependent concentrative transporters 

(CNT family) (Wang et al. 1997; Balimane et al. 1999). Nucleoside analogues are used 

to treat cancer and viral infection and study of function of nucleoside transporters is 

necessary to possibility of affecting absorption of these compounds. CNT family seems 

to be restricted both in their distribution and substrate selectivity. They are expressed 

mainly in small intestine. On the other hand, ENT family is expressed widely and has 

broad specificity. 

 Amino acid transporters classification is well defined according to their sub-

strate specificity and tissue distribution (Oxender 1972; Palacin et al. 1998). Since 

amino acids are hydrophilic molecules, carrier-mediated transport is the only possibility 

of their transport across intestinal epithelium. Neutral, cationic and anionic amino acids 

are all transported by both Na
+
-dependent and Na

+
-independent systems. So far, about 



 23 

30 of amino acids transporters have been cloned from mammalian cells. They have 

highly restrictive substrate specificity. 

 Organic cation transporters expressed in the liver, kidney and intestine are 

critical for absorption and elimination of both endogenous substances and toxins (Zhang 

et al. 1998). They are divided into two main groups OCT1-3 and OCTN1-3 (organic 

cation/carnitine transporters). They differ in transported substrate. Since over fifty per-

cents of all drugs has cationic character, they play important role in intestinal absorp-

tion.  

 Glucose transporters are involved of transporting final product of carbohydrate 

digestion (Mueckler et al. 1985; Olson et al. 1996). There are two main groups of glu-

cose transporters: Na
+
-dependent secondary active transporters (SGLTs) and Na

+
-

independent facilitated diffusion transporters (GLUTs). Until now, 13 GLUTs has been 

recognized and this number is growing rapidly. In general, SGLTs are located in the 

brush-border membrane and GLUTs are located in basolateral membrane. Glucose 

transporters are specific for galactose, fructose and glucose, mainly for D-form. L-form 

is also transported but it has 1000 times less affinity for transporters. Different trans-

porters in GLUT and SGLT group have different affinity for different substrates. Glu-

cose transporters transport also some drugs with structure similar to sugars. 

 Vitamin transporters transport water-soluble vitamins, it seems that carrier-

mediated transport for fat-soluble vitamins is negligible (Prasad et al. 1998; Tsukaguchi 

et al. 1999). Vitamin C is transported by two different Na
+
-dependent transporters, 

SVCT1 and SVCT2. Na
+
-dependent multivitamin transporter (SMVT) is involved in 

transport of pantothenat, biotin and lipoate. Nicotinic acid is transported by transporters 

for monocarboxylic acids.  
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6. Materials and Methods 
 

6.1. Drugs and Chemical Material 

 

              

2-hydroxy-3-isopropylbenzoic acid 

(Aldrich Chemical Company Inc., USA) 

        

5-hydroxyisopthalic acid 

(Sigma-Aldrich Chemie GmbH, Germany) 

    

Antipyrine 

(Aldrich Chemical Company Inc., USA) 

        

Gentisic acid 

(Sigma-Aldrich Chemie GmbH, Germany) 
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Pravastatin sodium 

(Sigma-Aldrich Chemie GmbH, Germany) 

 

 

Probenecid 

(Sigma-Aldrich Chemie GmbH, Germany) 

 

               

Salicylic acid 

(Sigma-Aldrich Chemie GmbH, Germany) 

               

Sodium benzoate 

(Aldrich Chemical Company Inc., USA) 

                   

               

α-Cyano-4-hydroxycinnamic acid 

(Aldrich Chemical Company Inc., USA) 
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6.2. Prepared Reagents 

 

Medium 10% consisted of DMEM (EuroClone Ltd., England); 10% of HIFBS; 1% of 

Penicillin/Streptomycin 100x (EuroClone Ltd., England); 1% of NEAA (EuroClone 

Ltd., England) and 1% of L-Glutamine (EuroClone Ltd., England). 

Medium 20% consisted of DMEM; 20% of HIFBS, 1% of Penicillin/Streptomycin 

100x; 1% NEAA and 1% of L-Glutamine. 

HBSS buffer solution consisted of 10% of 10x HBSS concentrate (with CaCl2 + 

MgCl2) (Gibco Invitrogen Corp, Scotland); 1% of MES/HEPES buffering solution (fi-

nal concentration 10 mmol/l) and sterilized water. 

0.1 M EDTA solution consisted of EDTA (EDTA tetrasodium salt hydrate, Sigma-

Aldrich Chemie GmbH, Germany) and sterilized water. 

PBS-EDTA solution consisted of 0.1M EDTA solution; 10% of PBS concentrate 

(without CaCl2 and MgCl2) and sterilized water. Final EDTA concentration was  

0.5 mmol/l. 

Trypsin-PBS-EDTA solution consisted of 10% of 2.5% trypsin solution (EuroClone 

Ltd., England) and 90% of PBS-EDTA solution. Final trypsin concentration was 0.25%. 

1 M MES buffering solution consisted of MES (Sigma-Aldrich Chemie GmbH, Ger-

many) and sterilized water. This solution was used to buffer HBSS at pH 5.5. 

1 M HEPES buffering solution consisted of HEPES (Sigma-Aldrich Chemie GmbH, 

Germany) and sterilized water. This solution was used to buffer HBSS at pH 7.4.  

0.1% TFA pH 2.1 consisted of trifluoracetic acid (Sigma-Aldrich Chemie GmbH, Ger-

many) and redistilled water.  

 

6.3. Cell Culture Conditions 

 

6.3.1 Cell Cultivating 

 

Caco-2 cells originated from a human colorectal carcinoma were obtained from 

American Type Culture Collection (ATCC), Rockville, USA. Cells at passage number 

from 31 to 40 were used. Cells were cultivated in incubator (HERACell 240 and BB16, 
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Heraeus Instruments GmbH, Germany) at 95% relative humidity and 5% CO2, at 37°C 

in cell culture flasks (Corning, New York, USA). Cells were fed three days per week, 

with high glucose DMEM medium (DMEM, 10% HIFBS, 1% penicillin/streptomycin 

sol., 1% NEAA and 1% L-Glutamine). All manipulations with cells were conducted 

under aseptic condition in laminar air flow cabinet (HeraSafe KS12, Heraeus Instru-

ments GmbH, Germany; KR125 Safety, Kojair, Turku, Finland). 

 

6.3.2. Cell Passaging 

 

 Cell culture was passaged when it reached at about 80% confluences, usually 

once in seven days. Medium was removed using Pasteur pipette attached to the suction 

hose. At about 10 ml of PBS-EDTA solution was added for 4 minutes. Solution was 

removed and 2.5 ml of trypsin-PBS-EDTA (trypsin concentration 0.25%) solution was 

added, cell layer was moistened, the excess (2 ml) of trypsin solution was removed af-

terwards; cell culture was incubated for other 5 minutes. Then medium was added to 

cease the effect of trypsin. Suspension of cells and medium was mixed several times by 

aspirating and dispensing the whole volume and the suspension was dispensed into a 

Falcon® tube. Cell suspension was centrifuged at 1500 rpm for 5 minutes (Labofuge 

400, Heraeus Instruments GmbH, Germany). Supernatant was removed; cells were dis-

persed in fresh medium and about 250 000 cells were seeded into at least two flasks. 

Desired cell density was achieved by diluting of liquid according to the result of viable 

cell count. 

 

6.3.3. Viable Cell Count and Seeding Cells on Transwell Inserts 

 

 Viable cell count is based on Trypan blue dye, which is able to penetrate dead 

cells membrane and colour them. 

 Cell suspension sample was mixed in 96 well plate well and 50 µl of suspension 

was pipetted into another well, where 50 µl of Trypan blue solution (0.4% sol.; ICN 

biomedicals) was added and mixed it by pipetting. Sufficient amount of sample was 

introduced into two hemocytometer chambers. Cells were counted under the microscope 

(microscope T041, Olympus, Japan) using a counter, systematically in 5 selected 



 28 

squares. The volume of medium necessary to achieve the right concentration can be 

calculated from following formula. 

 

ionconcentratCell

Asquarescells
Volume

_

100002)/( ×××
=    Eq.2 

 

where 

 

Volume = added medium (ml) 

cells = total count from counter 

 

squares = number of the counted squares 

2 = dilution factor (cell suspension/colour) 

 

10000 = correction factor for the sample chamber volume (volume = 0.0001 ml) 

A = total volume of cell suspension from the pipette scale (ml) 

Cell_concentration = desired concentration of the seeding suspension (cells/ml) 

 

 After achieving the intended cell concentration, the cells were seeded on Tran-

swell® inserts (Corning, NY, USA). 12 well plates were used; the filter area was 1.13 

cm
2
. 0.5 ml of cell suspension was added at concentration 150 000 cells/ml to the apical 

compartment and 1.5 ml of pure medium to basolateral compartment. Cells were grown 

at least for three week, all transport experiments were done from 21 to 28 days of culti-

vation. 

 

Figure 5: Schematic illustration of an epithelial monolayer grown on a permeable sup-

port, e.g. Transwell® (Neuhoff 2005) 
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6.4. Transport Experiments 

 

6.4.1. Preparation of Cells for the Experiment 

  

 Before experiment cell monolayers were washed with pre-warmed (37°C) HBSS 

(pH 7.4) two times. This washing step eliminated residual enzyme activity from serum. 

After washing, HBSS pH 7.4 was added to basolateral compartment and HBSS pH 

5.5/7.4 was added to apical compartment depending on the experimental conditions. 

Each plate was pre-incubated 30 minutes at 37°C. 

 

6.4.2. Experiment Conditions 

 

 Experiments were performed at 37°C, during experiment plates were placed in 

orbital incubator at 50 rpm (orbital incubator S150, Stuart, Bibby Sterilin Ltd.). All ma-

nipulations with plates during experiments were performed on hotplate set to 37°C (AG 

Multitherm 6, H+P Laboratortechnik).  

 Experiments with and without pH gradient were performed. With pH gradient 

conditions pH on apical side was pH 5.5 and basolateral pH was 7.4. Without pH gradi-

ent pH 7.4 was on both sides.  

 All studies were performed at least as triplicates. 

 

6.4.3. Transport Study apical-basolateral (a-b) 

  

 HBSS pH 7.4 was pipetted to the basolateral sides of new plate. Then pre-

incubated inserts were emptied and placed into the new plate. Drug solution containing 

the compound of interest was dispensed into the apical side of empty insert and the start 

sample from the donor side was taken.  

 Inserts were transferred to new wells containing fresh HBSS according to 

planned time intervals. At the end of experiment inserts were transferred to the original 

plate, end sample was taken and fresh HBSS added into the insert. 

 The sample from each well for HPLC analysis was taken. 

 



 30 

6.4.4. Transport Study basolateral-apical (b-a) 

 

 Fresh HBSS (pH 5.5/7.4) was pipetted to the apical side of monolayers. Drug 

solution containing the compound of interest was dispensed to basolateral chambers of 

the new plate and inserts containing fresh HBSS were placed into it. The start sample 

from basolateral side was taken. 

 The sample was taken each interval from apical side and replaced with fresh 

HBSS. At the end of the experiment inserts were transferred to the original plate and 

end sample from basolateral side was taken. 

 All samples taken during experiment were analyzed by HPLC. 

  

6.5. Checking Cell Monolayer Integrity 

 

 TEER measurement 

 

 The integrity of monolayer and tight junctions were checked by measuring trans-

epithelial electrical resistance (TEER), using electrode Millipore Millicell®. The resis-

tance of monolayer was multiplied by the effective growing area (1.1 cm
2
) and ex-

pressed as Ω · cm
2
.  

Monolayers were equilibrated for 30 minutes before measurement and three 

measurements for each well were performed. During experiments with inhibitors TEER 

were measured after 30 minutes incubation with used inhibitor. All used cells had 

TEER values over 300 Ω · cm
2
.  

 

 Radioactivity monitoring 

 

 As a simultaneous method to check monolayer integrity was used 
14

C-Mannitol 

(2.18 GBq/mmol, Amersham Pharmacia Biotech, England), which is transported only 

via paracellular pathway.  

 During experiment sample of 100 µl was taken from acceptor side, each time the 

sample of transported compound was taken. Each sample was mixed with 4 ml of Opti-

Phase ‘HiSafe’ 2 (Wallac Scintillation Products, Fisher Chemicals, Loughborough, UK) 

and analyzed on liquid scintillation counter Winspectral 1414 (Wallac, Turku, Finland). 
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Cumulative transport of 
14

C-Mannitol was calculated. The transport rate should 

not exceed the limit value of 0.5%/h. 

 

6.7. HPLC Methods 

 

 HPLC configuration with diode array detector with column Supelco Discovery 

C18 504955 (5 µm particle size, length; 15 cm × 4.6 mm) was used. Different method 

for each compound (Table 2) was used. 

 HPLC set consisted of auto sampler Spectrasystem AS3000, Spectrasystem gra-

dient pumps P4000, Spectrasystem SN4000, UV600LP detector, vacuum membrane 

degasser SCM1000 (Thermo Separation Product). 

 Experiment samples were analyzed directly after experiment (mainly unstable 

gentisic acid) or stored at -18°C and analyzed afterwards. After thawing samples were 

mixed and centrifuged for 5 minutes at 13.2 rcf (5451D, Eppendorf AG, Hamburg, 

Germany) to avoid any solid particles in analyzed liquid. 

 

Table 2: The composition of eluents, wavelengths and retention times that were used in 

HPLC analyses of salicylic acid and derivates 

Compound 
Acetonitrile  

(%) 

0.1 % TFA pH 2.1 

 (%) 

Wavelength  

(nm) 

Retention  

time (min) 

Salicylic acid 50 50 240 2.9 

Gentisic acid 30 70 240 2.9 

5-OH-isophthalic acid 20 80 220 2.9 

 

6.8. Data Analysis 

 

 Cumulatively transported amount (nmol) was calculated and the cumulative 

amount over time was plotted. When transported amount did not get over 10 % of start-

ing amount (sink conditions) the flux rate was evaluated from the slope of the initial 

linear portion of plots of the amount transported against the time, calculated by linear 
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regression analysis. Apparent permeability coefficient Papp (cm · s
-1

) was also calcu-

lated. 

 

0

1

ACdt

dQ
Papp ×=     Eq.3 

 

where 

 

dQ/dt = permeability rate 

C0 = the initial concentration in the donor compartment 

A = surface area of the monolayer 

 

 Also the substrate recovery (mass balance) was checked, there was added cumu-

latively transported amount to the amount left in the donor side at the end of the ex-

periment and this value was compared to the initial amount in the donor side. 

 All data were gained from HPLC analysis using calibration curve of each com-

pound measured in advance. Calibration curves with goodness of fit at least R
2
=0.999 

was used. 

 Michaelis-Menten constant was calculated for salicylic acid. 

 

][
][

][max Sk
SK

SV
v d

m

+
+

×
=      Eq.4 

 

where 

 

Vmax = maximum velocity of the reaction 

Km = Michaelis-Menten constant 

v = reaction velocity 

[S] = substrate concentration 

kd = non-saturable permeation rate. 
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7. Results and Discussion  

 

 My goal was to study mechanism of transport of salicylic acid and its derivates 

across Caco-2 cell monolayers in order to find out transport mechanism of salicylic acid 

using absorption enhancers and to compare the influence of interaction of salicylic acid 

and similar compounds, which means possible competitive inhibition of this transport. 

 

7.1. Salicylic Acid Transport 

 

 All experiments that examined transportation of salicylic acid across Caco-2 cell 

monolayers have been performed at 37°C. The goal of this part of experiments was to 

investigate type of transport which takes part in salicylic acid transportation. All ex-

periments were made as triplicates. The structure of experiments was following: 

 

Table 3: Salicylic acid experiment review; concentration means salicylic acid initiatory 

concentration in mmol/l, direction might be apical-basolateral (a-b) or basolateral-

apical (b-a), pH means pH apical/basolateral and SI means sampling interval in min-

utes. 

No. concentration direction pH SI cell passage 

1 0.048 a-b 5.5/7.4 2 37 

2 0.25 a-b 5.5/7.4 2 32 

3 0.25 a-b 7.4/7.4 2 32 

4 0.25 b-a 5.5/7.4 2 32 

5 0.25 b-a 7.4/7.4 2 32 

6 2.5 a-b 5.5/7.4 2 39 

7 5.0 a-b 5.5/7.4 2 39 

8 15.0 a-b 5.5/7.4 2 39 

9 40.0 a-b 5.5/7.4 2 39 

10 0.25 a-b 6.5/6.5 4 40 

11 5.0 a-b 6.5/6.5 4 40 

12 15.0 a-b 6.5/6.5 4 40 

13 40.0 a-b 6.5/6.5 4 40 
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In the very first part salicylic acid transportation at 0.25 mmol/l was examined 

and results were compared to experiments made in apical-basolateral direction and vice 

versa. Results of experiments performed at iso-pH conditions (pH 7.4 both on apical 

and basolateral side) and with pH-gradient (pH 5.5 on apical side and pH 7.4 on baso-

lateral side were also compared. Results are shown in following table and figure. 

 

Table 4: Results of transport experiments No. 2-5; avg. slope means average slope 

(flux), Papp means apparent permeability coefficient (cm · s
-1

) x 10
-6

, rel. SD means 

standard deviation in % (n=3). 

No. Direction pH (a/b) Avg. Slope rel. SD Papp rel. SD 

2 a-b 5.5/7.4 2.4385 12.73 175.0 12.82 

3 a-b 7.4/7.4 0.2323 3.68 12.2 3.41 

4 b-a 5.5/7.4 0.0945 1.95 4.54 1.95 

5 b-a 7.4/7.4 0.4073 3.16 19.6 3.16 
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Figure 6: The apparent permeability coefficients (Papp) across Caco-2 cell monolayers 

of salicylic acid (0.25 mmol/l) were almost equal on both transport directions, using 

buffer pH of 7.4 on both sides. In the presence of the pH gradient (apical pH 5.5; baso-

lateral 7.4), a-b transport exceeded the transport in the b-a direction. Each bar indi-

cates mean ± SD (n=3). 
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 It is obvious from shown data that at iso-pH condition Papp of transports both 

a-b and b-a are practically the same. In pH gradient condition are results completely 

different from each other. In b-a experiment is transportation rate much lower compare 

both to a-b pH gradient experiment and b-a iso-pH experiment. This might be caused by 

possible lower expression of transporter proteins on basolateral side of the cell mem-

brane. The experiment with a-b direction in pH gradient conditions shows considerable 

increase compare to a-b direction experiment in iso-pH condition. The reason might be 

lower fraction of ionization of salicylic acid at pH 5.5 and by H
+
 dependent co-transport 

by transporter proteins.  

 

 In the second part of this experiment set repetitions of some experiments with 

salicylic acid in a-b direction and in pH gradient conditions (5.5 apical and 7.4 baso-

lateral) were performed and an idea of concentration dependency of this transport was 

made. Experiments were preformed with salicylic acid concentrations (mmol/l) 2.5; 5.0; 

15.0 and 40.0. To help form this notion data acquired from earlier experiments was also 

used and added to the table transport rate with concentrations of salicylic acid (mmol/l) 

0.048 and 0.25. 

 

Table 5: Results of transport experiments No. 1,2,6-9. All experiments were performed 

in a-b direction with pH gradient (apical pH 5.5; basolateral 7.4); conc. means planned 

salicylic acid concentration (mmol/l), real conc. means start sample concentration 

(mmol/l), avg. slope means average slope (flux), Papp means apparent permeability 

coefficient (cm · s
-1

) x 10
-6

, rel. SD means standard deviation in % (n=3). 

No. conc. real conc. passage Avg. Slope rel. SD Papp rel. SD 

1 0.048 0.044 37 0.55 4.82 189.08 4.99 

2 0.25 0.21 32 2.44 12.73 174.76 12.82 

6 2.5 2.34 39 19.98 9.97 130.12 13.74 

7 5.0 4.59 39 29.52 6.07 97.47 5.30 

8 15.0 13.81 39 44.55 11.77 48.90 12.67 

9 40.0 35.42 39 63.73 3.17 27.26 3.77 
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Figure 7: Slope values dependency on concentration of salicylic acid in a-b direction, 

apical pH 5.5; basolateral pH 7.4. Slope values are growing non-linearly with increas-

ing salicylic acid concentration. Each point indicates mean ± SD. 

 

 We can see clear concentration dependence of salicylic acid transportation. With 

increasing concentration of salicylic acid the permeation of Caco-2 cells was down by 

85 % (Table 5).  

 The calculated pH dependent Michaelis-Menten constant was Km = 3.15 mmol/l. 

(apical pH 5.5; basolateral pH 7.4), which is reasonably lower than earlier published Km 

calculated at apical pH 5.0; basolateral pH 7.4; these values were 5.28 ± 0.72 mmol/l 

(Takanaga et al. 1994) and 5.4 ± 0.7 mmol/l (Neuhoff et al. 2005). 

 From Figure 7 it is possible to see non-linear dependence of slope values on 

time. Compared to drugs transported strictly by passive diffusion (e.g. antipyrin) where 

this dependence is linear we might say that salicylic acid is transported across Caco-2 

cell monolayers by both passive and active transport. 

   

  Next part of my experiment dealt with investigation of apical-to-basolateral 

transport in iso-pH conditions (apical pH 6.5; basolateral pH 6.5). Experiments were 

performed with four salicylic acid concentrations: 0.25; 5.0; 15.0 and 40 mmol/l.  
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Table 6: Results of transport experiments No. 10-13. All experiments were performed in 

a-b direction with iso-pH conditions (apical pH 6.5; basolateral 6.5); conc. means 

planned salicylic acid concentration (mmol/l), real conc. means start sample concentra-

tion (mmol/l), avg. slope means average slope (flux), Papp means apparent permeabil-

ity coefficient (cm · s
-1

) x 10
-6

, rel. SD means standard deviation in % (n=3). 

No. conc. real conc. passage Avg. Slope rel. SD Papp rel. SD 

10 0.25 0.23 40 0.79 4.36 52.32 4.23 

11 5.0 4.44 40 9.38 7.47 32.00 9.58 

12 15.0 13.26 40 18.48 8.67 21.11 8.85 

13 40.0 35.57 40 22.84 1.02 9.73 0.86 
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Figure 8: Papp values dependency on concentration of salicylic acid in a-b direction, 

apical pH 6.5; basolateral pH 6.5. The apparent permeability coefficients (Papp) 

across Caco-2 cell monolayers of salicylic acid are decreasing with increasing concen-

tration of salicylic acid. Each point indicates mean ± SD. 
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Figure 9: Slope values dependency on concentration of salicylic acid in a-b direction, 

apical pH 6.5; basolateral pH 6.5. Slope values are growing non-linearly with increas-

ing salicylic acid concentration. Each point indicates mean ± SD. 

 

 With iso-pH 6.5 condition it is possible to observe the same tendency as in pre-

vious experiments. With increasing concentration of salicylic acid decreases Papp val-

ues and increases slope values. Even though pH is even on both sides of Caco-2 cell 

monolayer, there are still two partial pH gradient systems, apical side pH 6.5/monolayer 

pH 7.4 and monolayer pH 7.4/basolateral side pH 6.5. This is probably the reason of 

this course of transport as opposite to apical pH 7.4/basolateral pH 7.4 conditions where 

was not noticed any dependence of Papp on concentration levels (Neuhoff et al. 2005). 

 Anyway, both slope and Papp values are in general lower in these conditions 

than with pH gradient conditions what is probably caused by higher ionization of sali-

cylic acid molecule at pH 6.5 and by decrease of H
+
 dependent carrier mediated co-

transport of salicylic acid. 
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7.2. Gentisic Acid Transport 

 

 This set of experiments was made for investigate properties of transport across 

Caco-2 cell monolayers of derivates of salicylic acid and prove that it has similar prop-

erties as the transport of salicylic acid. Experiments were made with eight concentra-

tions (mmol/l) 2.5; 5.0; 8.0; 10.0; 15.0; 20.0; 30.0 and 40.0. All samples from gentisic 

acid experiment were analyzed immediately after the run, because of it’s relatively in-

stability. During experiment, samples were protected from light by smoked glass walls 

of the incubator. All experiments were done in pH gradient conditions (apical pH 5.5; 

basolateral pH 7.4) in a-b direction, sampling interval was 30 minutes. 

 

Table 7: Results of transport experiments with gentisic acid. All experiments were per-

formed in a-b direction with pH gradient (apical pH 5.5; basolateral 7.4), sampling 

interval used to be 30 minutes; conc. means planned gentisic acid concentration 

(mmol/l), real conc. means start sample concentration (mmol/l), avg. slope means aver-

age slope (flux), Papp means apparent permeability coefficient (cm · s
-1

) x 10
-6

, rel. SD 

means standard deviation in % (n=3). 

conc. real conc. passage Avg. Slope rel. SD Papp rel. SD 

2.5 2.17 36 0.43 3.51 2.97 4.02 

5.0 4.28 36 0.86 2.29 3.04 1.01 

8.0 6.68 39 1.90 2.09 4.30 2.11 

10.0 8.63 37 2.16 2.31 3.80 6.84 

15.0 13.06 36 2.04 4.52 2.37 4.12 

20.0 16.71 39 3.98 2.10 3.61 4.56 

30.0 25.66 36 3.00 3.62 1.77 3.86 

40.0 32.48 37 4.97 7.66 2.32 6.00 
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Figure 10: Papp values dependency on concentration of gentisic acid in a-b direction, 

apical pH 5.5; basolateral pH 7.4. The apparent permeability coefficients (Papp) 

across Caco-2 cell monolayers of gentisic acid do not show any significant trend with 

increasing concentration of gentisic acid. Each point indicates mean ± SD. 
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Figure 11: Slope values dependency on concentration of gentisic acid in a-b direction, 

apical pH 5.5; basolateral pH 7.4. Slope values are growing non-linearly with increas-

ing gentisic acid concentration. The tendency is not regular; it’s possible to observe 

dependency on passage number. Each point indicates mean ± SD. 
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 With gentisic acid the tendency of transport rate is not as clear as it was with 

salicylic acid. It is not possible to see any common trend neither from slope and Papp 

graph. What is certain is that both slopes and Papp values are significantly lower. The 

reason is probably lower LogP of gentisic acid compare to salicylic acid; it means that 

passive transport of gentisic acid is not so fast. 

 From the results obtained it is not possible to see clearly, whether gentisic acid is 

the substrate for active transport across Caco-2 cell monolayers. The slope of this ex-

periment is definitely not linear, but I didn’t measure enough of samples to consider it. 

With the high concentration of gentisic acid it is possible to observe significant increase 

of Papp values, which is probably caused by toxic influence to cells. 
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7.3. 5-hydroxyisophthalic Acid Transport 

 

5-hydroxysophthalic acid is transported even slower than gentisic acid. The goal 

of this part was to extend general notion about transport rate of salicylic acid derivates. 

Experiments were performed in a-b direction, in pH gradient conditions (apical pH 5.5; 

basolateral pH 7.4). Because of doubts about results of first part of this experiment set, 

in the second part two experiments were repeated; experiments were performed with 

concentrations (mmol/l) 2.5; 5.0; 10.0; 15.0; 20.0 and 30.0. Sampling interval was 30 

minutes. 

  

Table 8: Results of transport experiments with 5-hydroxyisophthalic acid. All experi-

ments were performed in a-b direction with pH gradient (apical pH 5.5; basolateral 

7.4), sampling interval used to be 30 minutes; conc. means planned gentisic acid con-

centration (mmol/l), real conc. means start sample concentration (mmol/l), avg. slope 

means average slope (flux), Papp means apparent permeability coefficient (cm · s
-1

) x 

10
-6

, rel. SD means standard deviation in % (n=3). 

conc. real conc. passage Avg. Slope rel. SD Papp rel. SD 

2.5 2.14 36 0.028 16.35 0.201 15.91 

5.0 4.25 36 0.068 6.87 0.242 6.31 

10.0 (n = 2) 9.70 39 0.087 6.04 0.136 7.42 

15.0 13.24 36 0.110 4.57 0.126 4.32 

15.0 14.49 37 0.104 11.66 0.108 12.14 

20.0 19.91 39 0.268 2.88 0.204 5.59 

30.0 25.14 36 0.434 23.48 0.261 22.81 

30.0 28.78 37 0.400 3.76 0.211 5.58 
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Figure 12: Papp values dependency on concentration of 5-hydroxyisophthalic acid in 

a-b direction, apical pH 5.5; basolateral pH 7.4. Papp across Caco-2 cell monolayers 

of 5-hydroxyisophthalic acid do not show any significant trend with increasing concen-

tration of 5-hydroxyisophthalic acid. Each point indicates mean ± SD. 
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Figure 13: Slope values dependency on concentration of 5-hydroxyisophthalic acid in 

a-b direction, apical pH 5.5; basolateral pH 7.4. Slope values are growing non-linearly 

with increasing 5-hydroxyisophthalic acid concentration. The tendency is not regular; it 

is possible to observe dependency on passage number. Each point indicates mean ± SD. 
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 5-hydroxyisophthalic has the lowest transport rate compared to other examined 

drugs. The reason might be in lower LogP of 5-hydroxyisophthalic compared to sali-

cylic acid and gentisic acid; 5-hydroxyisophthalic acid is not good compound for pas-

sive transport across Caco-2 cell monolayers. The other reason is 5-hydroxyisophthalic 

is not substrate for monocarboxylic acid transporters, because it is dicarboxylic acid. 

The non-linear shape of the slope curve implies that 5-hydroxyisophthalic acid is a sub-

strate for active transport; however, the concentration range is not so wide. With higher 

concentration of the substrate it is possible to observe significant increase of Papp val-

ues, which is probably caused by toxic influence of higher concentrations of 5-

hydroxyisophthalic acid to Caco-2 cells. 
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7.4. The Influence of Absorption Enhancers 

 

 Absorption enhancer is a substance which opens tight junctions of Caco-2 cell 

monolayers. This was used to investigate how significant is the effect of enhancing 

paracellular pathway on salicylic acid transport. To analyze this, some other compound 

were used. Antipyrin was used as a compound transported passively transcellulary and 

14
C-mannitol was used as a paracellular marker.  

 In the role of absorption enhancer was used ethylenediaminetetraacetic acid 

(EDTA), in the first part just on apical side of monolayer, in the second part on both 

sides. The concentration of EDTA in both cases was 2.0 mmol/l. All monolayers were 

pre-incubated for 30 minutes with EDTA (2.0 mmol/l) solution. 

 Even thought some damage of the integrity of some monolayers during the b-a 

direction experiment was observed, the results have been published, because the trend 

of enhancing effect is evident. 

 

Table 9: Review of Papp values of antipyrin across Caco-2 cell monolayer.  The sam-

pling interval was 15 minutes; Papp means apparent permeability coefficient (cm · s
-1

) x 

10
-6

, rel. SD means standard deviation in % (n=3), w/o means without 

Iso-pH conditions (apical pH 7.4; basolateral pH 7.4), without EDTA or EDTA only on 

apical side 

 a-b w/o EDTA a-b with EDTA b-a w/o EDTA b-a with EDTA 

Papp 52.70 46.90 56.10 56.60 

rel. SD 11.54 10.54 1.71 3.78 

 

Iso-pH or pH gradient (apical pH 5.5; basolateral pH 7.4), EDTA on both sides 

 a-b pH-grad a-b pH 7.4 b-a pH-grad b-a pH 7.4 

Papp 86.80 66.10 69.20 68.50 

rel. SD n=2 5.36 8.13 14.84 
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Table 10: Expression of EDTA influence on antipyrin transport; juxtaposition of Papp 

values with EDTA on both sides and without EDTA (Papp with EDTA / Papp w/o 

EDTA). Iso-pH conditions (apical pH 7.4; basolateral pH 7.4); Papp means apparent 

permeability coefficient (cm · s
-1

) x 10
-6

  

 Papp with EDTA Papp w/o EDTA quotient 

apical-to-basolateral 66.1 52.7 1.25 

basolateral-to-apical 68.5 56.1 1.22 
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Figure 14: Influence of EDTA (both sides) on antipyrin transport across Caco-2 cell 

monolayer. Change against the control is expressed by quotient of Papp values with 

and without EDTA 

 

Table 11: Review of Papp values of 
14

C-Mannitol across Caco-2 cell monolayer.  The 

sampling interval was 15 minutes; Papp means apparent permeability coefficient (cm · 

s
-1

) x 10
-6

, rel. SD means standard deviation in % (n=3), w/o means without 

Iso-pH conditions (apical pH 7.4; basolateral pH 7.4), without EDTA or EDTA only on 

apical side 

 a-b w/o EDTA a-b with EDTA b-a w/o EDTA b-a with EDTA 

Papp 0.543 0.538 0.457 0.520 

rel. SD 4.07 5.79 2.80 4.92 
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Iso-pH or pH gradient (apical pH 5.5; basolateral pH 7.4), EDTA on both sides 

 a-b pH-grad a-b pH 7.4 b-a pH-grad b-a pH 7.4 

Papp 8.59 42.2 11.4 34.4 

rel. SD n=2 8.53 6.12 15.30 

 

 

Table 12: Expression of EDTA influence on 
14

C-Mannitol transport; juxtaposition of 

Papp values with EDTA on both sides and without EDTA (Papp with EDTA / Papp w/o 

EDTA). Iso-pH conditions (apical pH 7.4; basolateral pH 7.4); Papp means apparent 

permeability coefficient (cm · s
-1

) x 10
-6

  

 Papp with EDTA Papp w/o EDTA quotient 

apical-to-basolateral 42.2 0.54 77.7 

basolateral-to-apical 34.4 0.46 75.4 
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Figure 15: Influence of EDTA (both sides) on 
14

C-Mannitol transport across Caco-2 

cell monolayer. Change against the control is expressed by quotient of Papp values with 

and without EDTA 
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It is obvious from both experiments that the influence of absorption enhancers 

(EDTA in this case) is not equal and it differs depending on type of molecule. 

Firstly, Papp values of antipyrin were measured. Antipyrin is a compound, 

which is transported across Caco-2 cell monolayers transcellulary and strictly passively 

what means that no protein transporters are involved.  

It showed up that Papp values of antipyrin are the same both in apical-to-

basolateral and basolateral-to-apical direction. EDTA just on apical side does not have 

significant influence on antipyrin Papp values. Using EDTA on both sides changed 

measured values and the transport rate was increased. It seems that EDTA effect is lar-

ger in apical-to-basolateral direction. However, these changes are not considerable. 

Secondly, Papp values of 
14

C-Mannitol were measured. Labeled mannitol is 

used as a indicator of Caco-2 cell monolayers integrity and its Papp values should not 

exceed 0.5%. As the results prove, measured values are around this value. Again, effect 

of EDTA on apical side only was irrelevant. 

Using EDTA on both sides of monolayer it is possible to see considerable in-

crease of Papp values, with EDTA these are about seventy times higher then in the con-

trol sample. This has been expected, since 
14

C-Mannitol is transported by spaces in be-

tween cells and any change of permeability or composition of tight junctions should 

have huge effect on the paracellular transport.  

 

With salicylic acid was examined influence of EDTA (2.0 mmol/l) again on api-

cal side only and on both sides of monolayer, all monolayers were pre-incubated with 

EDTA solution, concentration 2.0 mmol/l. Results were matched with control Papp val-

ues of samples without EDTA. The salicylic acid concentration was 0.25 mmol/l. 

 

Table 13: Review of Papp values of salicylic acid across Caco-2 cell monolayer.  The 

sampling interval was 2 minutes; Papp means apparent permeability coefficient  

(cm · s
-1

) x 10
-6

, rel. SD means standard deviation in % (n=3).  

 a-b pH grad a-b iso-pH b-a pH grad b-a iso-pH 

Papp 174.76 12.18 4.54 19.57 

rel. SD 12.82 3.41 1.95 3.16 
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Review of Papp values of salicylic acid across Caco-2 cell monolayer, influence of 

EDTA on apical side of monolayer only. Sampling interval was 2 minutes for pH gradi-

ent (apical pH 5.5; basolateral pH 7.4) and 5 minutes for iso-pH condition (apical pH 

7.4; basolateral pH 7.4);  

 a-b pH grad a-b iso-pH b-a pH grad b-a iso-pH 

Papp 197.80 16.32 7.10 22.09 

rel. SD 4.62 12.40 4.73 5.95 

 

 

Iso-pH or pH gradient (apical pH 5.5; basolateral pH 7.4), EDTA on both sides. Sam-

pling interval was 2 minutes for pH gradient and 5 minutes for iso-pH. 

 a-b pH-grad a-b pH 7.4 b-a pH-grad b-a pH 7.4 

Papp 157.01 52.27 9.24 51.57 

rel. SD n=2 3.61 16.08 9.08 

 

 

Table 14: Expression of EDTA influence on salicylic acid transport; juxtaposition of 

Papp values with EDTA on both sides and without EDTA (Papp with EDTA / Papp w/o 

EDTA). Iso-pH and pH gradient conditions; Papp means apparent permeability coeffi-

cient (cm · s
-1

) x 10
-6

  

 Papp with EDTA Papp w/o EDTA quotient 

a-b pH grad 157.01 174.76 0.90 

a-b iso-pH 52.27 12.18 4.29 

b-a pH grad 9.24 4.54 2.04 

b-a iso pH 51.57 19.57 2.64 
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Figure 16: Influence of EDTA (both sides) on salicylic acid transport across Caco-2 

cell monolayer. Change against the control is expressed by quotient of Papp values with 

and without EDTA 

 

From data obtained from salicylic acid experiment follows that using EDTA just 

on apical side slightly raises Papp values. It is unexpected and might be caused by irrita-

tion of cells by effect of EDTA. Due to this effect tight junctions are not so sensitive to 

the enhancing effect of EDTA. However, this increase is not significant. 

Using EDTA on both sides brings mixed results. Papp values of a-b transport 

under pH gradient are lower than with control sample. On the other hand, the rest of 

values show increase. 

Decrease of Papp values in a-b direction under pH gradient might be caused by 

buffering ability of EDTA, increasing pH and inhibition of H
+
 dependent co-transport. 

Slight increase in the rest of performed experiments is probably caused by opening tight 

junctions. 

In general it is possible to observe that EDTA effect on salicylic acid transport is 

not remarkable what suggests high representation of transcellular transport (whether 

passive or active) compared to paracellular transport. 
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7.5. Inhibition Studies 

 

The goal of this part of the experiment was to examine the influence of com-

pounds with structure similar to salicylic acid. The possibility of inhibiting transporter 

proteins directly was also examined. All inhibition experiments were performed with 

cell passage p37 under pH gradient (apical pH 5.5; basolateral pH 7.4). The sampling 

interval was 2 minutes. In one case dimethylsulfoxide (DMSO) was used and one con-

trol sample containing salicylic acid and DMSO was measured. 

 

Table 15: Review of inhibition transport experiments. Concentration of salicylic acid is 

0.048 mmol/l; SA is salicylic acid, DMSO is dimethylsulfoxide, CHC is α-Cyano-4-

hydroxycinnamic acid, 3-combination means 2 mmol/l probenecid + 5 mmol/l pravas-

tatin + 1 mmol/l CHC. Papp means apparent permeability coefficient (cm · s
-1

) x 10
-6

, 

rel. SD means standard deviation in % (n=3). 

 Papp rel. SD % of control 

SA+DMSO (0.16%) 219.81 25.22 116.26 

0.048 mmol/l SA 189.08 9.44 100.00 

SA + 10 mmol/l 5-hydroxyisophthalic acid 159.07 9.09 84.13 

SA + 1 mmol/l CHC 146.04 21.02 77.24 

SA + 2 mmol/l probenecid 143.63 3.95 75.96 

SA + 2 mmol/l probenecid on both sides 127.22 12.48 67.28 

SA + 3-combination 102.57 6.90 55.36 

SA + 10 mmol/l 2-hydroxy-3-

isopropylbenzoic acid + DMSO 0.16% 

78.69 12.40 41.62 
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Figure 17: The influence of inhibitors on transport of salicylic acid across Caco-2 cell 

monolayers. SA is salicylic acid. Each bar indicates mean ± SD (n=3). 

 

 Benzoic acid, pravastatin and 2-hydroxy-3-isopropylbenzoic acid are substrates 

for active transport across Caco-2 cell monolayers (benzoic acid both for OATP and 

MCT (Tsuji et al. 1994), 2-hydroxy-3-isopropylbenzoic acid as well and pravastatin is 

substrate for OATP (Nozawa et al. 2004). CHC is MCT inhibitor (Deuticke 1982) and 

probenecid is OATP inhibitor (Yasui-Furukori et al. 2005). The participation of 5-

hydroxyisophthalic acid on active transport is discussed in chapter 7.3. With combina-

tion of OATP inhibitor, MCT inhibitor and OATP substrate we obtained additive inhibi-

tive effect compared to single studies, what implies that both OATP and MCT are in-

volved in salicylic acid transport.  

 The difference between inhibition influences of each compound is connected to 

their physico-chemical properties and affinity to OATP and MCT. It is possible to see 

that the most visible inhibitive effect was caused by 2-hydroxy-3-isopropylbenzoic acid. 

It is also possible to observe the difference between effects of probenecid present only 

on apical side and on both sides. 
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8. Conclusions 

 

 This thesis investigated transport properties of salicylic acid and its derivates 

across Caco-2 cells monolayers. It has been obtained same results as published previ-

ously; salicylic acid is transported both by passive transcellular and active transcellular 

transport. The Km of salicylic acid transport was calculated under pH gradient condi-

tions (apical pH 5.5; basolateral pH 7.4), Km = 3.15 mmol/l. Salicylic acid transport was 

not affected by opening tight-junctions by EDTA; however, this opening was clearly 

visible on radio-labeled mannitol. It was possible to see inhibitive effect of substrates of 

OATPs and MCTs on salicylic acid transport rate. The biggest inhibitive effect from 

compounds used shown 2-hydroxy-3-isopropylbenzoic acid.  

 Gentisic acid and 5-hydroxyisophthalic acid are both transported similarly to 

salicylic acid – by passive and active transport, nevertheless, results are not so clear and 

further studies are required. Plots obtained from these experiments shown significant 

increase with higher concentrations of substrates what can be caused by toxic effect on 

Caco-2 cells. 
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Abbreviations 
 

ABL – aqueous boundary layer 

ATP – adenosine triphosphate 

Caco-2 – adenocarcinoma cell line derived from human colonic epithelia 

DMEM – Dulbecco‘s Modified Eagle Medium 

DMSO – dimethyl sulphoxide 

EDTA – ethylenediaminetetraacetic acid 

HBSS – Hank’s Balanced Salt Solution 

HEPES – 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HIFBS – heat-inactivated fetal bovine serum 

HPLC – high-performance liquid chromatography 

MCT – monocarboxylic transporter 

MDCK – Madin-Darby canine kidney cells 

MES – 2-(N-Morpholino)ethanesulfonic acid 

NEAA – non-essential amino acids 

OAT – organic anion transporter 

OATP – organic anion transporting polypeptide 

Papp – apparent permeability coefficient  

PBS – phosphate-buffered saline solution 

PEST – penicillin and streptomycin 

P-gp – P-glycoprotein 

TEER – transepithelial electrical resistence 

TFA – trifluoroacetic acid 
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