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Abstract

Scope Chlorogenic acid (5-caffeoylquinic acid), the most prominent polyphenolic compound in coffee,
has been attributed multiple health-promoting effects such as anti-inflammatory, antidiabetic and
antioxidative effects. These effects are dependent on the bioavailability of chlorogenic acid, which is
determined by the pharmacokinetic properties: absorption, distribution, metabolism and excretion
(ADME). In order to have a better understanding of the biological properties of chlorogenic acid and
to optimize formulation and dosing of chlorogenic acid-containing food supplements, information on
the absorption of chlorogenic acid and its microbial biotransformation products is of essence.
Methods and results In the present work, the intestinal absorption of chlorogenic acid and quinic acid,
one of its most prominent intestinal biotransformation products, was studied by an in vitro
permeability assay using a human Caco-2 cell line model. For both chlorogenic acid and quinic acid, the
involvement of an active efflux mechanism was demonstrated, leading to an overall low intestinal
absorption of both compounds.

Conclusions An overall low intestinal absorption for chlorogenic acid and quinic acid was reported
given the involvement of an active efflux mechanism. These finding could aid in the development of
optimal formulation and dosing of chlorogenic acid in food supplements in order to obtain beneficial

health effects.

Keywords: Chlorogenic acid; Quinic acid; Caco-2; Permeability assay; Active efflux
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1. Introduction

The term chlorogenic acids is the collective of naturally occurring phenolic compounds composed of
an ester of quinic acid with one or more hydroxycinnamic acids such as caffeic acid and ferulic acid.*
The predominant species in the human diet is chlorogenic acid (5-caffeoylquinic acid), the ester of
caffeic acid and quinic acid. It is the major polyphenolic compound found in coffee and is also present
in mate tea, fruits and vegetables.> 3. Multiple in vivo animal studies and human clinical trials have
attributed chlorogenic acid health-promoting properties such as anti-inflammatory 3, antioxidative 4,
antidiabetic > and antihypertensive effects.® A meta-analysis including 25 case-control and 16 cohort
studies 7 and epidemiological data & suggest an inverse association between coffee consumption and
colorectal cancer incidence, but also beneficial effects such as prevention of coronary heart disease
and some cancers were described.® ° Quinic acid, one of the most prominent microbiotic
biotransformation products of chlorogenic acid, is attributed indirect antioxidative effects as it is able
to induce the antioxidant metabolism by enhancing the synthesis of tryptophan and nicotinamide in
the gastrointestinal tract. Increased production of these compounds will lead to DNA repair
enhancement and NF-kB inhibition.1® 1! Furthermore, neuroprotective effects on aluminum chloride-
induced dementia have been described for quinic acid when administered to rats.!?

The health-promoting effects of chlorogenic acid are dependent on its bioavailability, which is
determined by the pharmacokinetic properties: absorption, distribution, metabolism and excretion
(ADME). In order to obtain a better understanding of the biological properties of chlorogenic acid,
multiple studies have investigated the in vivo bioavailability in humans and rats after coffee
consumption >3 14 oral ingestion of a green coffee extract **> or a chlorogenic acid supplemented
diet.’® A study in ileostomy patients recovered 70% of the initial intake of chlorogenic acids in the ileal
fluid after coffee consumption, meaning this fraction will reach the large intestine where it will be
exposed to microbial biotransformation by the gut microbiome and colonic absorption.'* Furthermore,
Stalmach et al. 1 reported a higher recovery of microbial biotransformation products of chlorogenic
acids in the urine of healthy human volunteers with an intact colon in comparison to the ileostomy
patients. These findings substantiate an important role for the gut microbiota in the biotransformation
of chlorogenic acids and the colon on absorption of its microbial metabolites.'® * Accordingly, Farah
et al. ® and Gonthier et al. % studied the bioavailability of chlorogenic acid in humans and rats
respectively, including the microbial biotransformation products in the formula of the apparent
bioavailability. Farah et al. reported an apparent bioavailability of 33% + 27% for chlorogenic acid after
oral ingestion of a green coffee extract °. Gonthier and colleagues stated that the bioavailability of
chlorogenic acid is highly dependent on its microbial biotransformation as 57% (mol/mol) of the orally

ingested dose of chlorogenic acid was recovered as microbial biotransformation products in the
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plasma. However, the influence of the hepatic metabolism on the detected biotransformation
products is neglected in this study.®

In order to have a more profound understanding of the biological properties of chlorogenic acid and
to optimize formulation and dosing strategies of chlorogenic acid-containing food supplements,
detailed information on the absorption of chlorogenic acid and its microbial biotransformation
products is imperative. In vivo bioavailability studies, however, do not provide the necessary
information to make statements on the intestinal absorption of chlorogenic acid and its microbial
biotransformation products. Firstly, chlorogenic acid is susceptible to microbial biotransformation by
the gut microflora leading to multiple phenolic biotransformation products and quinic acid meaning
that a low recovery of chlorogenic acid in plasma or urine cannot be necessarily linked to a low
intestinal absorption. Furthermore, the measured analytes in the plasma may also result from hepatic
biotransformation.'” '8 Secondly, instant/brewing coffee and coffee extracts, frequently used in in vivo
studies, contain multiple chlorogenic acids including caffeoylquinic acids, dicaffeoylquinic acids,
feruloylquinic acids and p-coumaroylquinic acids.’®* Biotransformation of these chlorogenic acids
could lead to common microbial biotransformation products and misleading conclusions on the
absorption of chlorogenic acid and/or its microbial biotransformation products.

In vitro permeability studies can provide information on the absorption of chlorogenic acid and
microbial biotransformation products without influence of the other pharmacokinetic ADME
properties. The human intestinal epithelial Caco-2 cell-line, derived from a colorectal adenocarcinoma,
is widely used to mimic the intestinal barrier in vitro.'® Caco-2 cells have the ability to spontaneously
differentiate towards a cell monolayer with the characteristic apical brush border with microvilli and
adjacent cells with tight junctions.'® Multiple studies have shown a high correlation between the Caco-
2 permeability results and the in vivo small intestinal and colonic absorption of orally ingested
compounds, which makes them a suitable tool for evaluation and estimation of colonic absorption of
chlorogenic acid and microbial biotransformation products.?>?® Additionally, Caco-2 cells lack the
expression of cytochrome P450 enzymes, which should prevent further biotransformation of the
tested compounds during the permeability assay.?*

In the present work, we studied the intestinal absorption of chlorogenic acid in its native form and
quinic acid, one of its most prominent intestinal biotransformation products, by an in vitro
permeability assay using the Caco-2 cell line. Investigating the absorption of chlorogenic acid and
quinic acid can aid in a more comprehensive evaluation of the health-promoting effects of chlorogenic
acid and eventually a better formulation and/or dosage of chlorogenic acid-containing food
supplements. To our knowledge, this is the first study to investigate the in vitro intestinal absorption

of quinic acid by a Caco-2 assay.
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2. Materials and methods

2.1.Chemicals and reagents

Chlorogenic acid (96.63 % (w/w)) was acquired from LGC standards (Teddington, United Kingdom).
Ferulic acid-Ds, digoxin (98% (w/w) and digoxin-Ds; (97%) were acquired from Toronto Research
Chemicals (Ontario, Canada). Quinic acid (98%), propranolol-D7 (100 pg/mLin MeOH with 5% 1 M HCI),
propranolol HCl (1.0 mg/mL in MeOH), ammonium acetate (> 98%), Hank’s balanced salt solution
(HBSS) and MEM (Eagle’s minimum essential medium) non-essential amino acid solution (100x) were
obtained from Sigma-Aldrich (St Louis, MO, USA). DMEM (Dulbecco’s Modified Eagle Medium; high
glucose, no glutamine, no phenol red), heat-inactivated foetal calf serum (FCS), GlutaMAX™ and
Trypsin-EDTA (0.05%, with phenol red) were acquired from Gibco (Thermo Scientific, Massachusetts,
US). PenStrep (10 000 U/mL penicillin and 10 000 pg/mL streptomycin mix) was obtained from Life
Technologies (California, US). Caco-2 cells (HTB-37™) were obtained from ATCC (Rockville, MD,USA).
Formic acid (98-100%, Suprapur) was purchased from Merck (Darmstadt, Germany). Acetonitrile (ACN)
and methanol (MeOH, > 99.9%, LC-MS grade) were obtained from Fisher Scientific (Hampton, New

Hampshire, USA). Ultrapure water (Purelab flex apparat) was acquired from ELGA Veolia (UK).

2.2. Materials

Cellstar® 12-well plates, ThinCert™ Cell Culture Inserts for 12-well plates, and 75 cm? cell culture flasks
were acquired from Greiner (Vilvoorde, Belgium). The EVE™ Automatic Cell Counter was purchased
from NanoEnTek (South-Korea). The centrifuge used during handling of the Caco-2 cells was acquired
from Eppendorf (Type 5702, Hamburg, Germany). A Sigma 1-15PK centrifuge (sample preparation) and
centrifugal filters (modified nylon membrane, 0.2 um, 500 uL sample capacity) were obtained
respectively from Sigma Laborzentrifugen GmbH (Germany) and VWR (Radnor, Pennsylvania, USA).
Trans epithelial resistance (TEER) values were measured with the Voltmetre-Ohmmetre Millicell-ERS
from Merck (New Jersey, US). Cells were maintained in a C150 E2 CO; incubator from Binder and a

MaxQ Mini 4450 incubator from Thermo Scientific was used during the permeability experiment.

2.3. Cultivation of Caco-2 cells on ThinCerts

Caco-2 cells were cultured in 75 cm? cell culture flasks containing 20 mL DMEM supplemented with
10% FCS and 1x nonessential amino acids (hereafter referred to as supplemented DMEM medium)
and maintained in a humidified 5% CO, incubator at 37°C. The medium was changed every 3 days
and the cells were passaged every 5-7 days at a 1:4 to 1:6 split ratio (depending on growth) using

0.05% trypsin-EDTA for detachment.
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The cultivated Caco-2 cells were seeded on the ThinCerts when 70-90% confluent, between 21 and 29
days before the bidirectional transport experiment. First, the cells were rinsed with a 0.05% trypsin
solution followed by an incubation of maximal 15 min (5% CO,, 37°C) in fresh trypsin solution to detach
the cells from the cell culture flask. The reaction was stopped by the addition of 10 mL supplemented
DMEM medium. The content of the flask was transferred to a Falcon tube and cells were pelleted by
centrifugation (7 min, 300 rcf). The pellet was resuspended in 6.5 mL supplemented DMEM medium
with PenStrep and cell density and viability were calculated with the EVE cell counter after addition of
0.2% Trypan Blue. Cell suspensions were diluted to 0.6 x 10° viable cells/mL in supplemented DMEM
medium with PenStrep. ThinCerts were pre-wetted with 100 pL supplemented DMEM medium with
PenStrep at least two minutes before addition of 500 uL cell suspension and basolateral chambers
were filled with 1.5 mL of the same medium. After six hours incubation at 37 °C, 5% CO,, the apical
medium was replaced with 500 pL fresh supplemented DMEM medium with PenStrep to remove the
non-adherent cells in order to reduce the risk of multilayer formation. Apical and basolateral media

were replaced every second day and between 12 and 24 h before the permeability experiment.

2.4.Tested compounds

Chlorogenic acid, as parent compound, and quinic acid, one of the most prominent intestinal
biotransformation products were selected as test compounds during the permeability experiment.
Preliminary experiments using an in vitro gastrointestinal model have shown that despite quinic acid
already being present in the small intestine after chlorogenic acid intake, quinic acid levels significantly
rise in the colon due to microbiotic biotransformation, and therefore confirming the importance of
studying the colonic absorption.r” The chlorogenic acid (10 uM and 50 uM) and quinic acid (10 pM)

. 2 which states that concentrations

concentrations were chosen based on the work of Hubatsch et a
of 10 uM or less should be used when studying possible active transport to prevent transport protein
saturation. The 50 uM concentration-level of chlorogenic acid was included in the experimental setup
to evaluate, if active transport was involved, if the transport was concentration-dependent and/or
saturated.® Furthermore, two positive control compounds were included in the experimental setup:
(i) digoxin (10 uM) was used as positive control for the active P-glycoprotein (P-gp, MDR1) efflux
mechanism and (ii) propranolol (50 uM) as a positive control for high passive permeability. Used
concentrations were based on the available literature.? 26 Test solutions were prepared starting from
standard solutions in MeOH using HBSS as dilution medium. The total volume of organic solvent did

not exceed 1% to ensure the integrity of the cell monolayer.?> Chemical structures of all compounds

included in the permeability assay are shown in Figure 1.
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2.5.Permeability experiment

The following protocol was based on the procedure described by Hubatsch et al.”> Before the
experiment, the cell monolayer was washed with prewarmed HBSS to remove the residual medium.
The medium was decanted from the ThinCerts and the filter supports were placed in a new 12 well
plate containing fresh prewarmed HBSS (37 °C, 1.5 mL per well). 500 pL fresh HBSS was added to the
apical side. The cells were incubated with gentle shaking (70 rpm) for 15 min at 37 °C in a humidified

atmosphere.

The transportation experiments were carried out in both directions; from the apical to basolateral (A-
B) and from basolateral to apical side (B-A), including three replicates for each compound and/or
concentration level. An overview of the experimental setup is shown in Figure 1. The preincubation
medium was removed and replaced with test solutions. 400 uL prewarmed donor solutions was added
to the apical side of the A-B ThinCerts, while the basolateral compartment contained 1200 uL
prewarmed HBSS containing the same percentage of methanol as the donor solutions to prevent
precipitation during the experiment. For the B-A wells, 1200 uL donor solution was added to the
basolateral side while 400 puL HBSS with an equal methanol-percentage was added to the apical
compartment. Well plates were incubated under gentle shaking (70 rpm), to minimize the effect of an
unstirred water layer, at 37 °C in a humidified atmosphere. Samples, 600 pL for the A-B experiment
and 200 puL for B-A experiment, were taken after 30, 60, 90 and 120 min from the receiving
compartment and replaced with the same volume of fresh HBSS medium containing the same
percentage of methanol as the donor solutions. Samples were immediately stored at -80 °C until
analysis. Cell monolayer integrity of all wells was confirmed before and after the permeability

experiment using the transepithelial electrical resistance (TEER) values.

2.6.LC-MS/MS analysis

2.6.1. Sample preparation

20 pL internal standard solution (1 pg/mL; see supplementary information) was added to 200 pL
sample aliquots followed by addition of 180 uL MeOH. Samples were vortexed for 30 s, transferred to
a 0.2 um nylon centrifugal filter and centrifuged for 5 min at 8000 rpm. The filtrates were transferred
to an LC vial before analysis with liquid chromatography coupled to triple quadrupole mass

spectrometry (LC-MS/MS).

2.6.2. Analysis
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Samples were analyzed using an Agilent 1290 Infinity Il liquid chromatography instrument coupled to
an Agilent 6495 triple quadrupole mass spectrometer (Agilent Technologies) with electrospray
ionization (ESI) source. Chromatographic separation was performed on a Luna Omega PS C18 column
(100 x 2.1 mm; 3 um) from Phenomenex (Utrecht, the Netherlands). A multiple reaction monitoring
(MRM) method was applied for all analytes. Overview of the ionization mode and MRM transitions of
the analytes are shown in Table 1. Details on mobile phase composition, gradient elution and source

parameters for the different analytes are described in supplementary information.

2.7.Papp and efflux ratio calculations

Apparent permeability coefficient (Papp, cm/s) was calculated using Equation 1. A is the area of the used
ThinCerts (11.31 cm?), Co is the dosing concentration of the tested compound expressed as umol/mL
and dQ/dt is the steady-state-flux (umol/sec) which is the slope of the regression curve when plotting
the cumulative amount of detected compound (mol) over time (s). The P, (A-B) values of the tested
compounds were divided by the P, (A-B) value of propranolol obtained in the same permeability
assay. The following Papp(A-B)target/ Papp(A-B)eror ratios relate to the fraction test compound absorbed,

as propranolol is almost completely absorbed in vivo.?

Equation 1: Formula used to calculate Papp

p _(dQ) 1
ar =gt )* ax ¢,

The efflux ratio was calculated by dividing the P,,, of the B-A direction by the P, of the A-B direction
(Equation 2). An efflux ratio greater or equal to two indicates the involvement of an active efflux

transport mechanism.?

Equation 2: Efflux ratio formula

Papp (B — A)

Ef flux ratio =
Papp(A—B)

2.8.Validation of analytical methods

Validation of the LC-MS/MS methods was carried out over three days based on the guidelines provided
by the European Medicines Agency.?’ Performance parameters such as intra-day and inter-day

precision and accuracy, linearity, calibration range, selectivity and carry-over effects were evaluated.

A nine-point multi-component calibration curve, with a concentration range from 5 ng/mL to 1000

ng/mL, was prepared in HBSS. A broad calibration range was chosen since the expected concentrations
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of the assay-samples were unknown. The linearity-range was evaluated for each compound.
Calibration curves were 1/x or 1/x* weighted. The concentration of the lowest calibration curve was
referred to as the lowest limit of quantification (LLOQ). The area of the LLOQ sample should be at least
five times higher than the signal of the blank. Accuracy of all calibration levels had to be within 20% of

the nominal value.

Four concentration-levels of quality control (QC) samples were prepared in HBSS following the sample
preparation procedure described in section 2.6: LLOQ (5 ng/mL), low QC (15 ng/mL), mid QC (400
ng/mL) and high QC (900 ng/mL).

Carry-over effects were evaluated by injection of a solvent blank (HBSS without addition of standards
or internal standards) after the highest calibration point in the worklist. The peak area of the blank
sample should not exceed 20% of the peak area of the LLOQ sample and 5% of the internal standard
peak. Selectivity was evaluated by injection of a solvent blank (HBSS, without addition of standards or
internal standard). Peak areas in the solvent blank should not be more than 20% of the peak area at

LLOQ level and < 5% of the internal standard peak area.

The within- and between-day accuracy and precision were evaluated by analysis of 5 replicates of the
4 QC-levels over a 3-day period. Accuracy was evaluated as the deviation from the nominal spiked
value (% bias). Precision was calculated as the residual standard deviation (RSD) of the mean quantified
concentration. Acceptance criteria for both precision and accuracy were set at 20% for the LLOQ-level

and 15% for low, mid and high QC-levels.

3. Results and discussion

3.1.Validation of analytical methods

A linear calibration curve was obtained for all compounds with a concentration range from 5 to 1000
ng/mL (Table 2, Figure S1). Table 2 summarizes the within-run and between-run accuracy and precision
results. The results at LLOQ-level were within the range of <20% bias and <20% RSD respectively for all
compounds. Chlorogenic acid, quinic acid and propranolol met the criteria of < 15% bias and < 15%
RSD respectively at the QC low, QC mid and QC high. Digoxin did not meet the accuracy criteria at the
QC high-level, with an intra- and inter-day accuracy of 20% and 18% respectively. However,
concentrations of all digoxin permeability assay samples were below 200 ng/mL, which made the

method suitable for analysis of the permeability samples.

All compounds met the required carry-over EMA guidelines criteria as peak areas of blanks analyzed

after the highest calibration level did not exceed 20% of the LLOQ standard peak area and 5% of the
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internal standard. Furthermore, the chromatographic methods of all compounds were in compliance
with the EMA selectivity guidelines as no peaks with a peak area above 20% of the LLOQ and 5% of the

peak area of the internal standard were detected in the blank samples.

3.2.Chlorogenic acid permeability experiment

3.2.1. Positive control compounds

Positive control compounds were included in the experimental setup as between-experiments
variations in P,p, values could be observed using a Caco-2 cell experimental setup. These variations
could result from differences in cell characteristics (age, passage number, etc.), cell culture conditions
and/or varying experimental conditions.?> 23% As suggested by Stockdale et al., the acquired Papp
values of the tested compounds should be compared with the permeability values of the positive
control compounds included in the same permeability assay. This methodology was also previously
used by Obringer et al. 2°, who divided the P.,, (A-B) of the tested compounds by the measured Py,
(A-B) of propranolol in the same assay. As propranolol is completely absorbed in vivo, the absorption
rate of compounds with a ratio greater than 1 was equal to 100%. In this study, propranolol and digoxin
were included as reference compounds for a high passive permeability and P-gp mediated efflux,

respectively.?® %

Permeability coefficients of 5.45 x 10° cm/s (A-B) and 8.40 x 10 cm/s (B-A) were calculated for
propranolol. These values can be used as reference values for high passive permeability as propranolol
is almost completely absorbed in vivo.® As depicted in Figure 2 and Table S1, no clear differences were
observed for propranolol permeability in the A-B and B-A direction. This led to an efflux ratio of 1.5,
which does not indicate the involvement of an active transport mechanism. This is in agreement with

the findings of Zheng et al. %

A clear difference in permeability between the A-B and B-A direction was observed for digoxin. In the
A-B direction, a P.p, of 0.36 x 10°® cm/s was calculated, which is a factor 15 lower in comparison to
propranolol, while the Py, in B-A direction was 7.91 x 10°® cm/s. As digoxin is known to be a substrate
of the active efflux P-gp protein, a higher permeability coefficient from the basolateral to apical side
was expected. Accordingly, the calculated efflux ratio of digoxin was 22. The results obtained for both

propranolol and digoxin confirm the reliability of the assay.

3.2.2. Chlorogenic acid
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Papp (A-B) values of 2.42 x 10® cm/s and 2.61 x 10°® cm/s were calculated for the 10 uM and 50 uM
concentrations respectively, with corresponding Papp(A-B)ciL/Papp(A-B)eror ratios of 44% and 48% which
suggests a moderate intestinal absorption of chlorogenic acid. However, the data clearly show a higher
apparent permeability coefficient in the basolateral to apical direction in comparison to the A-B
direction (Figure 2-A, Table S1). In the B-A direction, permeability coefficients of 8.01 x 10 cm/s (10
uM) and 8.41 x 10°° cm/s (50 uM) were measured for chlorogenic acid which results in respective efflux
ratios of 3.3 and 3.2 (Table S1). The results, consistent for both applied concentrations, suggest the
involvement of active transport from the basolateral to apical side, leading to an overall poor
absorption of chlorogenic acid. However, the effect is less pronounced than for the positive control
digoxin. Furthermore, no effect of the applied concentrations on the bidirectional permeability was
observed which shows that the active transport proteins involved in the transport of chlorogenic acid

was (were) not saturated.

The reported involvement of an active efflux in the absorption mechanism of chlorogenic acid in this
study is in agreement with the findings of Erk et al. 3! who reported an active efflux for chlorogenic
acid using a pig jejunal mucosa in an Ussing chamber model. A 3.8-fold higher transport rate from
basolateral to apical side was reported which corresponds to the presented efflux ratios in this work.
Erk et al. proposed P-gp as the responsible protein for the active efflux as the secretion of chlorogenic
acid was affected by the P-gp inhibitor sodiumazide (NaNs).3! Dupas et al. and Monente et al. studied
the in vitro absorption of chlorogenic acid in Caco-2 cells in the apical to basolateral direction and
reported a 0.14 and 0.3% recovery of the initial quantity respectively * 32, The basolateral to apical
transport was neglected in these studies and the involvement of an active efflux mechanism as
observed in our experiments was not studied. Konishi et al. and Farrell et al. investigated the
bidirectional in vitro transepithelial transport of chlorogenic acid using Caco-2 cells and did not report
a higher permeation in the B-A direction. However, Konishi et al. used a concentration of 5 mM which
is a factor 500 above the threshold of 10 UM described by Hubatsch et al. A saturation of the active

transport proteins could occur and explain the deviating results.? 2> 33

3.3.Quinic acid permeability experiment

3.3.1. Positive control compounds

An overview of the positive control results can be found in Table S2 and Figure 3. For propranolol,
permeability values of 5.14 x 10°® cm/s (A-B) and 5.22 x 10°® cm/s (B-A) were obtained. The calculated
Papp Values of digoxin in A-B and B-A direction were 0.7 x 10® cm/s and 6.17 x 10® cm/s respectively,

leading to an efflux ratio of 9.01. As mentioned in section 3.2.1, variations in permeability values could
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be observed between different experiments. Digoxin showed a lower efflux ratio in comparison to the
chlorogenic acid experiment. This shows the importance of including positive control compounds in

each experiment to ensure correct interpretation of the acquired results.

3.3.2.  Quinic acid

The mean Pap, values of quinic acid are summarized in Table S2. Quinic acid presented a Pap(A-B) of
3.8 x 10°® cm/s with a corresponding Papp(A-B)aa/ Papp(A-B)eror ratio of 74%. An apparent permeability
coefficient of 22.6 x 10 cm/s was detected for the basolateral to apical-direction, resulting in an efflux
ratio of 5.9 (Figure 3-A, Table S2). Given the obtained efflux ratio for quinic acid is above the cut-off
value of two and the comparison with digoxin (efflux ratio of 9.01), the involvement of an active efflux
mechanism for quinic acid is demonstrated. Although quinic acid demonstrated a high permeability
(74% of the propranolol permeability coefficient), the overall intestinal absorption will be moderately

low due to the involved active efflux mechanism.

High concentrations of quinic acid in human plasma and urine following coffee consumption have been
described.?* However, no statements on the absorption of quinic acid can be made based on these
data as (i) in vivo studies lead to a representation of the bioavailability of a certain compound including
all ADME aspects and (ii) coffee contains multiple quinic acid containing hydroxycinnamic esters and
free quinic acid. Thus, high concentrations of quinic acid in the plasma and/or urine are not necessarily
linked to a high absorption of the compound. To our knowledge this is the first study to investigate the
in vitro gastrointestinal absorption of quinic acid using a Caco-2 permeability assay and reporting the
involvement of an active efflux transporter. The major efflux transporters located in the intestine are
the ATP binding cassette (ABC)-transporters like P-gp, BCRP (breast cancer resistance protein) and
MRP2 (multidrug resistance-associated protein 2).3° In order to identify the protein responsible for the
active-efflux, additional experiments with suitable transport-inhibitors or Caco-2 Efflux Transporter

Knockout Cells should be carried out.

In order to get a more comprehensive knowledge on the gastrointestinal fate, bioavailability and
biological mechanism of chlorogenic acid (i) the concentration levels leading to saturation of the active
efflux mechanism of chlorogenic acid and quinic acid should be determined, and (ii) the in vitro
intestinal absorption assay should be performed for the remaining microbiotic biotransformation
products of chlorogenic acid. Farrell et al. studied the intestinal absorption of chlorogenic acid
microbial biotransformation products caffeic acid and ferulic acid across a Caco-2 cell monolayer.
Ferulic acid showed higher basolateral recoveries in comparison to caffeic acid suggesting methylation

positively correlates with enhanced intestinal absorption. These results were confirmed by Monente
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et al. who reported similar results including for dihydrocaffeic acid and dihydroferulic acid. No efflux

mechanisms were reported for caffeic acid and ferulic acid.*

4. Conclusions

This study investigated the intestinal absorption of chlorogenic acid and one of its most prominent
intestinal biotransformation products, quinic acid, using a bidirectional Caco-2 permeability assay. The
data demonstrate the presence of an active efflux transport for both chlorogenic acid and quinic acid
leading to an overall low intestinal absorption of both compounds. To the best of our knowledge, this
is the first study presenting the in vitro gastrointestinal absorption of quinic acid using a Caco-2 assay
and reporting the involvement of an active efflux mechanism. This could be of interest for (i) studies
investigating the health-promoting effects of chlorogenic acid and its biotransformation products and
(ii) the optimal formulation and dosing of chlorogenic acid in food supplements in order to obtain

beneficial health effects.
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469
470  Figure 1: Overview of the experimental setup during the permeability assay with (i) chlorogenic acid
471  and (ii) quinic acid in Caco-2 monolayers. Propranolol and Digoxin were included as positive control (C)
472  compounds. A-B: Apical to basolateral side transport. B-A: Basolateral to apical side transport.
473 Propranolol and digoxin were used as control compounds.
474
475  Table 1: Overview of the used internal standard (IS), polarity and MRM transitions for the compounds
476  included in the in vitro permeability-assay (CE = collision energy)
Compound IS Polarity  Precursor ion (m/z) Productions(m/z) CE (V)
Chlorogenic acid Ferulic acid-Ds  Negative 353.1 191.0; 85.0 17; 52
Quinic acid Ferulic acid-Ds  Negative 191.0 85.0; 93.0; 43.2 25; 25; 40
Propranolol Propranolol-D7 Positive  260.1 116.1; 56.2; 183.0  20; 35; 20
Digoxin Digoxin-Ds Positive  798.3 96.8; 651.2; 112.9  33;10; 40
477

478



479  Table 2: Overview of the method validation data for all compounds: Linear range, R?, intra- and interday accuracy and precision. Lower limit of quantification,
480 LLOQ; Quality control low, QCL; Quality control mid, QCM and Quality control high, QCH.

Accuracy (% bias) Precision (% RSD)
Compound :.ri‘r;(;iz'lr)ange R? Intraday (n=5) Interday (n=15) Intraday (n=5) Interday (n=15)

LLoQ QCL QCM QCH LLoQ QCL QCM QCH LLoQ QCL QCM QCH LLoQ QCL QCM QCH
Chlorogenic acid  5-1000 0.995 12.2 145 7.8 12.4 122 145 7.0 12.4 4.6 3.0 438 3.9 53 48 7.2 4.7
Quinic acid 5-1000 0.992 44 9.3 9.0 6.9 5.4 9.0 83 5.6 9.8 76 49 2.7 9.8 80 7.8 6.5
Propranolol 5-1000 0.995 5.2 25 75 4.3 5.2 25 75 3.8 4.0 42 6.6 4.7 4.8 49 6.7 6.3
Digoxin 5-1000 0.991 7.3 79 238 19.8 7.3 44 28 17.7 7.8 7.4 59 6.2 8.3 9.7 6.1 7.5

481
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483

484  Figure 2: Overview of the P,pp values, both in the apical to basolateral side (A-B) and basolateral to
485  apical side direction (B-A), of chlorogenic acid (A), propranolol (B) and digoxin (C) obtained after the
486  permeability experiment evaluating chlorogenic acid.
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490  Figure 3: Overview of the Papp values, both in the apical to basolateral side (A-B) and basolateral to
491  apical side direction (B-A), of quinic acid (A), propranolol (B) and digoxin (C) obtained after the
492  permeability experiment evaluating quinic acid.
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