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Identification and quantification of (poly)phenol
and methylxanthine metabolites in human
cerebrospinal fluid: evidence of their ability to
cross the BBB+
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Increasing evidence suggests that dietary (poly)phenols and methylxanthines have neuroprotective
effects; however, little is known about whether they can cross the blood-brain barrier (BBB) and exert
direct effects on the brain. We investigated the presence of (poly)phenol and methylxanthine metabolites
in plasma and cerebrospinal fluid (CSF) from 90 individuals at risk of dementia using liquid chromato-
graphy-mass spectrometry and predicted their mechanism of transport across the BBB using in silico
modelling techniques. A total of 123 and 127 metabolites were detected in CSF and plasma, respectively.
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In silico analysis suggests that 5 of the 20 metabolites quantified in CSF can cross the BBB by passive
diffusion, while at least 9 metabolites require the aid of cell transporters to cross the BBB. Our results
showed that (poly)phenols and methylxanthines are bioavailable, can cross the BBB via passive diffusion
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1. Introduction

(Poly)phenols (PPs) are secondary plant metabolites contain-
ing one or more phenolic rings in their structure and have
been widely investigated due to their potential health benefits,
including neuroprotection.” Another class of compounds
largely present in foods such as tea, coffee and chocolate are
methylxanthines. Amongst these are caffeine, theophylline
and theobromine. Several epidemiological studies have related
caffeine consumption with the prevention of neurodegenera-
tive diseases, in particular with Alzheimer’s disease and
Parkinson’s disease.®™

One of the hypotheses on the effects of (poly)phenols on
brain function is that their metabolites need to reach the brain
to exert beneficial effects at an effective concentration.'® The
same is expected for methylxanthines as the mechanism of
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or transport carriers, and can reach brain tissues to exert neuroprotective effects.

action of these compounds in the central nervous system
includes antagonism of adenosine receptors.""

The blood-brain barrier (BBB) is a dynamic interface which
plays a key role in regulating the entrance of xenobiotics into
the brain and implies several transport systems. On top of
being dependent on the stereochemistry of the metabolites,
the interactions with the BBB can involve efflux transporters
such as P-glycoprotein or multidrug resistance-associated
proteins.'>"® In vitro and animal studies on rodents showed
the potential of phenolic and methylxanthine compounds to
penetrate the brain and potentially exert neuroprotective
benefits.”*® However, cell and animal studies present some
limitations as many of the available in vitro studies do not take
into consideration the use of physiological and dietary-achiev-
able doses in their design, and the comparability of animal
models with human physiology in terms of metabolic trans-
formations tends to be lacking in animal studies."”” In
addition, little is known about the preferable route used
(simple diffusion or carrier-mediated transport) and the brain
bioavailability of (poly)phenols and methylxanthines.

To overcome these limitations, we intended to perform a
multi-dimensional approach using a human study and iz silico
prediction models, to investigate whether a large number of
(poly)phenols and methylxanthine metabolites can cross the
BBB. To do so, we analysed and quantified metabolites in the
cerebrospinal fluid (CSF) and plasma of 90 volunteers, along-
side in silico modelling to predict which compounds are most
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likely to cross the BBB by passive diffusion and to assess the
parameters influencing their entrance into the brain structure.

2. Materials and methods

2.1. Study population and design

In this study, biological samples collected from individuals
participating in the AnthoCyanins In Dementia (ACID) study
(ClinicalTrial.gov identifier NCT03419039) were used. The
trial’s design has been described in a previous study.'® Briefly,
the ACID study was a 24-week randomized, double-blind, con-
trolled, parallel group, multi-center, single country study inves-
tigating the effect of purified anthocyanin extract supplemen-
tation (Medox® capsules, 320 mg day™ ') on memory and cog-
nition. The population consisted of males and females aged
60-80 years with no or stable CNS medication and either with
mild cognitive impairment (MCI) and/or cognitively healthy
having two or more cardiometabolic disorders (CMD) such as
diabetes, hypertension, etc. The study was conducted in
accordance with the Declaration of Helsinki and approved
by the Norwegian and UK Regional Ethics Committees
(2017/374). All volunteers provided written consent prior to
being enrolled in the study. The present analysis included a
sub-sample of 90 individuals (both intervention and control
participants) that provided both plasma and CSF samples at
the baseline (ESI Fig. 1}). The baseline characteristics of the
90 subjects are presented in Table 1.

2.2. Sample collection, storage, and liquid chromatography-
mass spectrometry (LC-MS) analysis

Baseline plasma and cerebrospinal fluid (CSF) samples were
collected between 2018 and 2020 at three different centers in
Norway (Stavanger University Hospital, Betanien Hospital in
Bergen and Akershus University Hospital in Oslo) in fasted
participants by trained research physicians in the morning. All
samples were immediately kept on ice and processed within
an hour of collection. Each participant’s blood was collected
into EDTA tubes and centrifuged at 1800g for 15 minutes at
4 °C. Plasma was then aliquoted and spiked with 2% formic
acid before being stored at —75 °C. During the lumbar punc-
ture, CSF was drained into vials and inspected for the presence
of blood and discarded if any suspicion of contamination
existed. Samples were centrifuged at 1800g for 15 minutes at
4 °C before being spiked with 2% formic acid and stored at
—75 °C until analysis.

For LC-MS analysis, plasma and CSF samples were
defrosted and immediately processed. (Poly)phenol metab-
olites were extracted from CSF and plasma samples using
micro-elution solid phase extraction (p-SPE) and measured by
UPLC-Q-q-Q MS using a validated method.'® Briefly, undiluted
CSF and plasma samples were acidified with 4% phosphoric
acid (v:v 1:1). The mixture (600 pL) was loaded onto Oasis
96-well reversed-phase HLB (hydrophilic-lipophilic balanced)
sorbent p-SPE plates (Waters, Eschborn, Germany) and eluded
with 90 pL of methanol after washing. Identification and
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Table 1 Baseline characteristics of the 90 subjects included in the
present investigation

All (n = 90)

Sex (n males, %) 43 (47.8)
Age (y) 69.2 5.4
Height (cm) 171+ 8.5
Weight (kg) 80.6 +15.2
BMI (kg m™?) 27.4+ 4.4
Systolic blood pressure (mmHg) 150 +19.2
Diastolic blood pressure (mmHg) 82.8 +10.2
Pulse (bpm) 65.5+10.8
Nationality

Norwegian (n, %) 87 (96.7)

Other (n, %) 3(3.3)
Working (% of active subjects) 27 (30)
Years of education (y) 14.3+3.2
Family history of dementia (r, %) 61 (67.8)
Smoking status (% of smokers) 6(6.7)
Alcohol consumption (units per week) 4.2+4.6
Caffeine intake (cups of coffee per day) 32+1.8
Hypercholesterolemia (12, %) 55 (61.1)
Hypertension (7, %) 55 (61.1)
Diabetes type 1 (1, %) 3(3.3)
Diabetes type 2 (1, %) 13 (14.4)
Mild cognitive impairment (n, %) 29 (32.2)
ApOE status

Non-carriers (e3/3) (1, %) 52 (57.8)

ApOE £3/4 heterozygote (n, %) 31(34.4)

ApOE £4/4 homozygote (1, %) 4(4.4)

Ambiguous (g2/4 or €1/¢3) (n, %) 3(3.3)
MMSE (average score) 28.8+1.5
GDS (average score) 1.1+1.3
CERAD (average score) 19.0+ 1.8

BMI, body mass index; CERAD, Consortium to Establish a Registry for
Alzheimer’s Disease neuropsychological battery; GDS, geriatric
depression scale; MMSE, mini mental state examination. Data are
presented as mean + SD or frequency (percentage), depending on the
nature of the variable.

quantification of (poly)phenol metabolites were performed on
a SHIMADZU triple quadrupole mass spectrometer
(LCMS-8060, SHIMADZU, Kyoto, Japan). Eluded samples (5 pL)
were injected through a Raptor Biphenyl column (2.1 x
50 mm, 1.8 pm; Restek, Bellefonte, USA) with a compatible
Raptor Biphenyl guard cartridge (5 x 2.1 mm; Restek,
Bellefonte, USA) in the UPLC system. The two mobile phases
were composed of HPLC grade water (solvent A, Sigma-Aldrich,
Steinheim, Germany) and HPLC grade acetonitrile (Sigma-
Aldrich, Steinheim, Germany) with 0.1% formic acid (solvent
B). A 14-minute gradient followed by a 2-minute equilibration
was applied to the run at a flow rate of 0.5 mL min™" at 30 °C.
The gradient was initially set at 1% solvent B, held for
1 minute, then increased to 12% at 4 minutes and maintained
for a further 4 minutes. After 0.1 minutes, the percentage of B
rose to 15%, remained steady for 2.9 minutes, then increased
to 30% at 11.5 minutes and 99% at 12 minutes, and remained
constant for another 2 minutes. Finally, a 2 min equilibration
was applied to revert the proportion of B to 1%. The metab-
olites in samples were identified by comparing retention times
with standards in the corresponding multiple reaction moni-
toring (MRM) transitions and quantified by calibration curves

This journal is © The Royal Society of Chemistry 2023
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made from standard mixes using SHIMADZU LabSolutions™
LCMS software. The list of the 127 metabolites analyzed in
CSF and plasma can be found in ESI Table S1.}

2.3. Structural in silico analysis

A database containing the structures of the 20 molecules quan-
tified in CSF, including (poly)phenols and methylxanthines,
was used. The 3D structures were created using Chem3D Pro
(v.20.0, PerkinElmer, Waltham, MA, USA). Initially, these struc-
tures were imported as mol2 files into the Maestro software
package (version 2022-1, Schrodinger, New York, NY, USA).
The structures were then treated with LigPrep (version 2022-1,
Schrédinger) using the OPLS4 force field. We defined pH 7.4 +
2.0 as a biologically relevant target pH using Epik (version
2022-1, Schrodinger). For each molecule, 44 molecular descrip-
tors were calculated (ESI Table S2+) using QikProp in normal
mode (version 2022-1, Schrodinger). These molecular descrip-
tors are relevant for predicting the chemical features and infer-
ring the capability of molecules to cross the BBB by passive
diffusion.

2.4. Statistical analysis

Plasma and CSF concentrations are expressed as mean * stan-
dard deviation (SD), median and interquartile range (IQR) and
percentage (%) of samples analyzed with concentrations above
the limit of quantification. Correlations were tested using the
Pearson correlation for plasma and CSF concentrations or
their logarithm values. The Pearson correlation coefficient was
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calculated using GraphPad Prism (version 9.3, GraphPad, CA,
USA). Compound saturation in the CSF was denoted for each
individual compound when the coefficient of variation of CSF
concentrations did not change more than 10% upon increas-
ing micromolar concentrations in the plasma of different
volunteers.

3. Results

3.1. Identification and quantification of (poly)phenol and
methylxanthine metabolites in plasma

All the 127 (poly)phenol and methylxanthine metabolites ana-
lysed in our targeted metabolomics method were detected, of
which 123 were above the limit of quantification (LOQ) and
therefore quantified (ESI Table S1} and Fig. 1A). The 4 com-
pounds below the LOQ were 2,3-dihydroxybenzoic acid,
4-hydroxybenzoic acid-3-glucuronide, a-hydroxyhippuric acid
and daidzein.

Plasma (poly)phenol metabolite concentrations ranged
from 5.3 + 4.1 nM for 3,4,5-trihydroxybenzene ethyl ester to
387 + 243 pM for hippuric acid (ESI Table S1f). As shown in
Fig. 1B, the most abundant groups were hippuric acids
(48.4%), followed by benzoic acids (13.1%), flavonols (12.8%),
phenylacetic acids (6.8%), benzene diols and triols (5.9%), cin-
namic acids (4.7%), phenylpropanoic acids (2.8%) and flava-
nones (1.2%). The rest of the groups represented less than 1%
of the total (poly)phenol metabolites. Among the 116 (poly)
phenol compounds quantified, 63 were detected and quanti-

3-Methylxanthine
1.9%

7-Methylxanthine
2 0

3%

1-Methylxanthine
0

Tyrosols, 0.3%
Stilbenes, 0.9%
Benzene diols and triols, 5.9%
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1,3-Dimethylxanthine
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1,7-Dimethylxanthine
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3,7-Dimethylxanthine
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9
(Poly)phenols 58%
23.7% Phenylpropanoic acids
32%
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D E

Fig. 1 Percentage (%) of (poly)phenol and methylxanthine alkaloid metabolites detected and quantified in the plasma and CSF of volunteers
(n = 90). (A) total (poly)phenol and methylxanthine metabolites found in plasma; (B) subclasses of (poly)phenol metabolites found in plasma; (C)
subclasses of methylxanthine metabolites found in plasma; (D) total (poly)phenol and methylxanthine metabolites found in CSF; (E) subclasses of
(poly)phenol metabolites found in CSF; and (F) subclasses of methylxanthine metabolites found in CSF.
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fied in all volunteers, while the remaining 53 compounds were
detected in only some participants, including 40 compounds
detected in less than 50% of the subjects and 13 compounds
in more than half the volunteers.

Among the 7 methylxanthine alkaloids analysed, all 7 were
identified and detected in 100% of participants.
Methylxanthine concentrations ranged from 5.3 + 3.8 pM for
3-methylxanthine to 179 + 118 pM for 1,3,7-trimethylxanthine
(caffeine). The most abundant group, representing 63.5% of
the total methylxanthines, was caffeine, followed by 1,3-di-
methylxanthine (theophylline, 14.3%), 3,7-dimethylxanthine
(theobromine, 8.0%) and 1,7-dimethylxanthine (paraxanthine,
5.1%). The remaining methylxanthines represented less than
5% of the total methylxanthines quantified (Fig. 1C).

3.2. Identification and quantification of (poly)phenol and
methylxanthine metabolites in CSF

A total of 124 out of 127 compounds were detected in CSF,
including 117 (poly)phenol metabolites and 7 methylxanthine
alkaloids (ESI Table S1t and Fig. 1D). (Poly)phenol metabolites
detected included derivatives from the families of cinnamic
acids (n = 21), benzoic acids (n = 21), phenylpropanoic acids
(n = 14), flavonols (n = 8), benzene diols and triols (n = 7),
stilbenes (n = 6), hippuric acids (n = 5), flavanones (n = 5),
lignans (n = 5), tyrosols (n = 5), phenylacetic acids (n = 4), isoflavo-
noids (n = 4), hydroxycoumarins (n = 4), benzaldehydes (n = 3),
flavan-3-ols (n = 2), phenyl-y-valerolactones (n = 1), flavones
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(n = 1) and dihydrochalcones (n = 1). These 124 compounds
included 29 sulfate and 22 glucuronide metabolites (ESI
Table S17).

Among the detected metabolites in CSF, 20 compounds
were present in levels above the LOQ and thus quantified,
including 3 methylxanthine and 17 (poly)phenol metabolites
from 7 subclasses (benzene diols and triols, n = 2; benzoic
acids, n = 3; cinnamic acids, n = 5; phenylpropanoic acids, n =
2; flavan-3-ols, n = 2; flavonols, n = 2; hydroxycoumarins, n =
1). Among the (poly)phenol metabolites, the most abundant
were benzoic acid derivatives (76.8% of the total (poly)phenol
quantified), followed by cinnamic acids (7.4%) and flavonols
(4.1%) (Fig. 1E and F).

(Poly)phenol metabolite in quantified
samples ranged from 1.7 nM for 3-(3'-methoxyphenyl)propa-
noic acid-4"-glucuronide (dihydroferulic acid-4'-glucuronide) to
367 + 292 nM for 3-hydroxybenzoic acid, while methylxanthine
levels ranged from 65.2 + 63 nM for 1,3-dimethylxanthine
(theophylline) to 1348 + 612 nM for 1,3,7-trimethylxanthine
(caffeine). Among these 20 compounds, 13 were quantified in
all volunteers, while 7 were quantified only in some volunteers,
with caffeine and 3,7-dimethylxanthine quantified in 88 and
87 participants out of 90, respectively (Table 2). The 5 other
compounds were all quantified in less than half the volun-
teers, from 1,3-dimethylxanthine being quantified in 43.3% of
subjects to 3-(3'-methoxyphenyl)propanoic acid-4’-glucuronide
being quantified in only 1 out of 90 individuals.

concentrations

Table 2 CSF concentrations of the 20 compounds detected and/or quantified. Values shown are the descriptive statistics of the samples detected

and quantified only

Compound name LOQ Mean SD Median IQR % samples quantified (>LOQ)
Benzene diols and triols

2,3-Dihydroxybenzene-1-sulfate 1.58 3.8 0.15 3.8 0.2 100
2,6-Dihydroxybenzene-1-sulfate 1.58 2.2 0.27 2.1 0.1 100
Benzoic acids

3-Hydroxybenzoic acid 16.7 367 292 304 532 10.0
2,5-Dihydroxybenzoic acid 16.7 35.3 0.08 35.3 0.1 100
4-Methoxybenzoic acid-3-sulfate 8.43 18.8 0.44 18.8 0.4 100
Cinnamic acids

3',4"-Dihydroxycinnamic acid 1.76 4.7 3.19 3.8 5.0 20.0
3'-Methoxycinnamic acid-4'-glucuronide 17.2 18.1 12.7 13.2 10.6 4.40
4'-Methoxycinnamic acid-3'-sulfate 8.06 12.9 0.04 12.8 0.0 100
5-O-Caffeoylquinic acid 1.67 3.2 0.06 3.2 0.0 100
4-O-Feruloylquinic acid 1.65 1.8 0.05 1.8 0.1 100
Phenylpropanoic acids

3-(2',3-Dihydroxyphenyl)propanoic acid 7.48 15.9 0.37 15.8 0.5 100
3-(3-Methoxyphenyl)propanoic acid-4"-glucuronide 1.56 1.7 — 1.7 0.0 1.10
Flavan-3-ols

(=)-Epicatechin 8.34 8.5 0.38 8.5 0.4 100
(-)-Epicatechin-3"-sulfate 8.13 12.1 0.46 11.9 0.3 100
Flavonols

Quercetin-3'-sulfate 8.36 18.1 0.01 18.1 0.0 100
Quercetin-3'-glucuronide 1.73 4.5 0.05 4.5 0.0 100
Hydroxycoumarins

7,8-Dihydroxycoumarin 8.43 19.6 0.03 19.6 0.0 100
Methylxanthine alkaloids

1,3-Dimethylxanthine 17.0 65.2 63.0 43.9 57.5 43.3
3,7-Dimethylxanthine 8.30 348 197 333 262 96.7
1,3,7-Trimethylxanthine 17.4 1348 612 1313 661 97.8

Units in nM. IQR, interquartile range; LOQ, limit of quantification; SD, standard deviation.
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Three compounds out of the 127 detected in plasma were
not detected in CSF. This is the case for 3,4,5-trihydroxy-
benzene ethyl ester, 4’-hydroxy-3’,5'-dimethoxycinnamic acid,
and ellagic acid. Furthermore, 4 metabolites were detected yet
not quantified in both plasma and CSF, including 2,3-dihy-
droxybenzoic acid, 4-hydroxybenzoic acid-3-glucuronide (pro-
tocatechuic acid-3-glucuronide), a-hydroxyhippuric acid and
daidzein (ESI Table S17).

3.3. Comparison between plasma and CSF metabolites

Among the 127 molecules detected in plasma, 124 were
detected in the CSF, while 20 were detected and quantified in
both CSF and plasma. Across the 20 molecules quantified, all
presented significantly lower concentrations in CSF in com-
parison with plasma. Notwithstanding, some differences were
observed across the 20 molecules quantified. While some
molecules such as 3',4’-dihydroxycinnamic acid (caffeic acid,
1569:1) and 1,3-dimethylxanthine (theophylline, 620:1) pre-
sented a higher plasma : CSF ratio, others such as (—)-epicate-
chin (24 : 1), quercetin-3-glucuronide (23 : 1) and 7,8-dihydroxy-
coumarin (5:1) showed a lower plasma : CSF ratio. Overall, we
observed a correlation among mean plasma and CSF concen-
trations for the 20 molecules quantified in both body fluids
(Pearson correlation coefficient = 0.63, p = 0.003, 95%CI =
0.265-0.840, ESI Fig. S21). When analysing each compound
individually, no significant correlation found.
Interestingly, for some molecules, saturation of the concen-
tration in CSF was detected based on the increasing plasma
concentrations of different volunteers (Fig. 2). For these mole-
cules, an increase in micromolar concentrations in the plasma
of different volunteers did not significantly change the nano-
molar concentrations in CSF, as shown by a coefficient of vari-
ation of up to 10% (Fig. 2). This was observed for 2,3-dihydroxy-
benzene-1-sulfate, 2,6-dihydroxybenzene-1-sulfate, 2,5-dihy-
droxybenzoic acid, 4-methoxybenzoic acid-3-sulfate, 5-O-
caffeoylquinic, (—)-epicatechin-3-sulfate, 3-(2',3"-dihydroxyphe-
nyl)propanoic acid, 4-methoxycinnamic acid-3-sulfate and
quercetin-3'-sulfate (Fig. 2). The remaining molecules detected
in CSF, namely quercetin-glucuronide, 4-O-feruoylquinic acid,
7,8-dihydrocoumarin and (—)-epicatechin also showed a coeffi-
cient of variation of up to 10% for CSF concentration (ESI
Fig. S5f). However, for these four molecules, the concen-
trations detected in plasma were very low (below 1 pM) and
thus further studies are required to confirm saturation in the
CSF (ESI Fig. S4t). However, a large variability was observed
for the three methylxanthines identified in CSF samples,
together with 3-hydroxybenzoic acid and 3',4'-dihydroxy-
cinnamic acid (ESI Fig. S3}). Moreover, two molecules, namely
3-(3-methoxyphenyl)propanoic acid-4"-glucuronide and 3’-meth-
oxycinnamic acid-4’-glucuronide were detected in a low
number of volunteers.

was

3.4. Structural analysis: in silico predicted blood-brain
permeability

To explore whether these differences could be related to the
molecular mechanism of transport across the BBB, we used an

This journal is © The Royal Society of Chemistry 2023
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in silico model to predict which molecules could cross the BBB
via passive diffusion. The partition coefficient between octanol
and water has been extensively used as a simple yet effective
model to explore whether a molecule can cross the BBB. All 20
evaluated molecules showed predicted values within the accep-
table range for passive diffusion (Fig. 3A). QikProp also calcu-
lated the predicted coefficient between the brain and blood
(Fig. 3B). Using this parameter, 3’-methoxycinnamic acid-4'-
glucuronide (ferulic acid-glucuronide), 5-O-caffeoylquinic acid,
3-(3"-methoxyphenyl)propanoic acid-4"-glucuronide (dihydro-
ferulic acid-glucuronide), quercetin-3’-sulfate, and quercetin-
3’-glucuronide were found to be outside the expected range for
passive diffusion. Unexpectedly, these molecules outside the
range corresponded to more polar molecules, mainly glucoside
and glucuronide conjugates, detected in the CSF. However,
several sulfates were within the defined range for passive
permeability.

Predicted permeability across MDCK (Madin-Darby canine
kidney) cells has also been used as a good indicator of passive
diffusion across the BBB and is predicted using QikProp based
on the chemical structure of each compound. This parameter
offers a more quantitative prediction of passive diffusion (in
nm s~ ). According to QikProp, molecules with a value above
25 nm s ' cross the BBB by passive diffusion, whereas mole-
cules with a value below 25 nm s™' have poor to no per-
meability across the BBB. According to our results, five mole-
cules had predicted values above 25 nm s~ ": 3-hydroxybenzoic
acid, 1,3-dimethylxanthine, 3,7-dimethylxanthine, 1,3,7-tri-
methylxanthine, and 7,8-dihydroxycoumarin (Fig. 3C). Six
molecules had logMDCK values below 1 nm s, indicating
almost no permeability across the BBB by passive diffusion: 3'-
methoxycinnamic acid-4’-glucuronide, 5-O-caffeoylquinic acid,
3-(3"-methoxyphenyl)propanoic acid-4’-glucuronide, (-)-epica-
techin-3'-sulfate, quercetin-3'-sulfate and quercetin-3'-glucuro-
nide. The remaining molecules had values between 1 and
25 nm s~ (Fig. 3C).

When comparing the results obtained from the predicted
MDCK values with the concentrations present in the blood
and CSF (Fig. 3D), it was observed that molecules with higher
concentrations in plasma also had the highest average concen-
tration in CSF and higher predicted MDCK values. Meanwhile,
molecules with predicted MDCK levels below 1 nm s, such
as 5-O-caffeoylquinic acid and 3-(3-methoxyphenyl)propanoic
acid-4'-glucuronide, showed low concentrations in the CSF. In
contrast, molecules such as (—)-epicatechin-3'-sulfate, querce-
tin-3'-sulfate and quercetin-3’-glucuronide that had small
MDCK values of 0.84 nm s™', 0.25 nm s~' and 0.75 nm s~ %,
respectively, showed concentrations in CSF on par with mole-
cules with higher MDCK values, indicating that these mole-
cules might cross the BBB and reach the CSF through the
action of other mechanisms besides passive transport, like the
action of specific cell transporters. In fact, some molecules
with predicted MDCK values below 25 nm s~ displayed some
degree of saturation in the CSF upon increasing plasma con-
centrations in different volunteers, also suggesting the involve-
ment of cell transporters. These molecules were 2,3-dihydroxy-
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Fig. 2 Increasing plasma concentrations detected in different volunteers (in the micromolar range) suggest saturation in CSF levels for (A) 2,3-dihy-
droxybenzene-1-sulfate; (B) 2,6-dihydroxybenzoic acid-1-sulfate; (C) 2,5-dihydroxybenzoic acid; (D) 4-methoxybenzoic acid-3-sulfate; (E) 5-O-
caffeoylquinic acid; (F) (-)-epicatechin-3-sulfate; (G) quercetin-3-sulfate; (H) 3-(2',3'-dihydroxyphenyl)propanoic acid; and (I) 4'-methoxycinnamic

acid-3'-sulfate.

benzene-1-sulfate, 2,6-dihydroxybenzene-1-sulfate, (—)-epicate-

chin-3'-sulfate, quercetin-3'-sulfate, quercetin-3’-glucuronide,
2,5-dihydroxybenzoic acid, 4-methoxybenzoic acid-3-sulfate,
4-methoxycinnamic acid-3’-sulfate, 5-O-caffeoylquinic acid,
4-O-feruloylquinic acid and quercetin-3'-glucuronide.
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4. Discussion

In this study, a total of 124 metabolites were detected in the
CSF of 90 older individuals with MCI and/or cardiometabolic
diseases, including 117 (poly)phenol and 7 methylxanthine

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Insights into the transport mechanism of (poly)phenol and methyl-

xanthine metabolites across the BBB. Several blood—brain barrier passive
diffusion parameters were predicted using QikProp and compared with the
CSF concentrations: (A) QikProp predicted logarithm partition octanol/
water (QPlogPo/w); (B) QikProp predicted logarithm blood—brain partition
coefficient (QPlogBB) and (C) logarithm predicted Madin—Darby canine
kidney transport (logMDCK) in nm s™. (D) Pearson’s correlation of the
molecules quantified in both plasma and CSF (Pearson’s coefficient = 0.63,
p = 0.003, 95%Cl = 0.265-0.840) with the colour indication of QikProp
predicted logMDCK. Molecules with high logMDCK, CSF and blood values
suggest that these molecules reach the CSF by passive diffusion.
Meanwhile, several molecules with low logMDCK values were detected in
significant concentrations in both body fluids suggesting other mecha-
nisms of transport across the BBB not related to passive diffusion. (1) 2,3-
dihydroxybenzene-1-sulfate; (2) 2,6-dihydroxybenzene-1-sulfate; (3)
3-hydroxybenzoic acid; (4) 2,5-dihydroxybenzoic acid; (5) 4-methoxyben-
zoic acid-3-sulfate; (6) 3',4'-dihydroxycinnamic acid; (7) 3'-methoxycin-
namic acid-4'-glucuronide; (8) 4'-methoxycinnamic acid-3'-sulfate; (9) 5-
O-caffeoylquinic acid; (10) 4-O-feruloylquinic acid; (11) 3-(2',3'-dihydroxy-
phenyl)propanoic acid; (12) 3-(3'-methoxyphenyl)propanoic acid-4'-glu-
curonide; (13) (-)-epicatechin; (14) (-)-epicatechin-3'-sulfate; (15) querce-
tin-3'-sulfate; (16) quercetin-3'-glucuronide; (17) 7,8-dihydroxycoumarin;
(18) 1,3-dimethylxanthine; (19) 3,7-dimethylxanthine; and (20) 1,3,7-
trimethylxanthine.

metabolites. Among those, the presence of 93 (poly)phenol
and 3 methylxanthine metabolites in CSF is reported here for
the first time, including 29 sulfate and 22 glucuronide metab-
olites of benzene diols and triols, benzoic acids, cinnamic
acids, phenylpropanoic acids, phenylacetic acids, flavan-3-ols,
flavanones, flavonols, isoflavonoids, lignans, tyrosols and stil-
benes. Some of these compounds can only come from food
sources such as naringenin and hesperetin (abundant in citrus
fruits), flavan-3-ols (abundant in tea, cocoa, apples, and
berries), lignans (seeds and wholegrain foods), stilbenes (red
grapes and berries), isoflavonoids (soy products), and tyrosols
(olive oil and oats)." Other compounds can come from
different dietary sources including commonly used food addi-
tives such as benzoic acid, but also from endogenous metab-
olism such as hippuric and phenylacetic acids.>*">?

This journal is © The Royal Society of Chemistry 2023
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As expected, the levels of these metabolites in CSF were low,
and only 17 (poly)phenol metabolites out of 117 were above
the limit of quantification of our method. Among them, 6
sulfate and 3 glucuronide metabolites were quantified. The
most abundant metabolite in CSF was 3-hydroxybenzoic acid,
present at a level of 367 + 292 nM, which is above the concen-
tration reported by a previous study (58.5 nM).>* To our knowl-
edge, we detected and quantified for the first time chlorogenic
acid (5-O-caffeoylquinic acid) and gallic acid in CSF, which
were not detected in previous work.>**®

Regarding the methylxanthine metabolites, we detected all
7 metabolites analysed including caffeine, theobromine, para-
xanthine and theophylline in the plasma and CSF of all volun-
teers. However, only theophylline, theobromine and caffeine
were quantified in CSF in 43%, 97% and 98% of the subjects,
respectively. The caffeine concentration found in CSF in the
present study (1348 + 612 nM) was higher than those reported
in previous work by Lin et al. (1.90 nM) and Sachse et al. (42.9
nM),***” and the same trend is observed for the concen-
trations of theophylline and theobromine. This could be due
to a higher consumption of caffeine-rich foods such as coffee
in our study population (average intake of 3.32 cups per day)
or a higher permeability of the BBB in our older population at
risk of vascular dementia.*®?°

To date, the mechanisms of transport of (poly)phenol and
methylxanthine metabolites across the BBB are largely
unknown. This has been due to the lack of human studies
nvestigating the levels of (poly)phenol and methylxanthine
metabolites in brain and CSF samples. In our study, we found
large amounts of 3-hydroxybenzoic acid in CSF. This is in
accordance with a previous study in rats that found that
3-hydroxybenzoic acid accumulates in the brain after ingestion
of dietary achievable amounts of (poly)phenol-rich grape seed
extract.’® According to our in silico data, 3-hydroxybenzoic acid
has a high probability of crossing the BBB by passive
diffusion, with a predicted MDCK value of 140 nm s .
Nonetheless, this molecule was detected in a relatively small
number of individuals. Meanwhile, (—)-epicatechin-3'-sulfate,
quercetin-3'-sulfate, and quercetin-3’-glucuronide were all
detected in the CSF despite having low predicted MDCK
values, suggesting that other types of transport mechanisms,
besides passive diffusion, may be involved in the transport of
these molecules. In fact, the mechanism of transport by quer-
cetin-3"-sulfate is believed to be mediated by OATP4C1 in liver
cells, while quercetin-glucuronides have been shown to be
aided by the transporter MRP2.>"** This is in accordance with
our results suggesting some degree of CSF saturation for these
compounds.

Gentisic acid (2,5-dihydroxybenzoic acid), a (poly)phenol
metabolite also derived from phenylalanine and tyrosine
metabolism, was detected in blood and CSF. This metabolite
had a predicted MDCK value of 15.5 nm s~ ', suggesting low
permeability across the BBB by passive diffusion. This low
transport has been observed in previous studies, together with
non-saturable transport, suggesting that this metabolite
crosses the membranes by passive diffusion.>® In contrast, in
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our study, we observed a saturation of the concentrations of
this molecule in the CSF despite increasing concentrations in
the plasma of various volunteers. Meanwhile, 3’,4'-dihydroxy-
cinnamic acid (caffeic acid) has been detected in previous
trials.>® In agreement with such studies, we have found low
concentrations of caffeic acid in CSF and only in a small
number of individuals, despite detecting significantly high
concentrations in plasma. This is in line with the predicted
low MDCK value of 10 nm s~', which suggests low per-
meability by passive diffusion.

Interestingly, ~ 3’-methoxycinnamic  acid-4-glucuronide
(ferulic acid-glucuronide) and 3-(3-methoxyphenyl)propanoic
acid-4'-glucuronide (dihydroferulic acid-glucuronide), two
molecules with similar structures, were found in CSF despite
both having low predicted MDCK values of 0.19 nm s™' and
0.2 nm s, respectively. We hypothesized that these two mole-
cules might be transported into the CSF by specific cell trans-
porters. However, in our study, these two metabolites were
found in a very small number of individuals, so further tests
are required to evaluate this hypothesis.

The limited evidence existing for methylxanthine metab-
olites suggests that they might share the same transport
mechanisms as caffeine and be transported across the BBB
mainly through passive diffusion, although some transporters
might also be involved, mainly those involved in adenosine
transport.** Nevertheless, our results did not detect any
obvious saturation in CSF upon increasing plasma concen-
trations in different volunteers, for any of the methylxanthines
quantified in CSF.

Based on the observation that volunteers with higher
plasma metabolite levels did not reach higher CSF levels, our
findings indicate a phenomenon of saturation kinetics for
some (poly)phenol metabolites regarding brain uptake. This
saturation can occur due to the limited transporters or recep-
tors available to facilitate brain entry. Saturation kinetics of
BBB transport of multiple water-soluble metabolic substrates
has been previously described.***’

However, for (poly)phenols, little is known about their
transport across the BBB. In fact, it is unknown which trans-
porters are responsible for the presence of (poly)phenol
metabolites in the brain. Our results also showed that all vol-
unteers presented the same saturation concentration. This
could be due to the existence of a maximum achievable con-
centration for CSF so that it cannot increase any further across
all individuals; however, further work is needed to confirm
this.

Our findings are limited to the study population investi-
gated here, consisting of older subjects with two or more cardi-
ometabolic disorders. As the integrity of the BBB has been
shown to be disrupted during the normal aging process,*® as
well as in patients with diabetes® or hypertension,*® the find-
ings described in this article cannot be extrapolated to a
younger population or to healthy older individuals without
these medical conditions.

Another limitation of this study is that we did not collect
information about the dietary habits of the study population,
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which would have been useful in investigating correlations
between (poly)phenol and methylxanthine consumption and
the presence of metabolites in CSF and plasma.

In conclusion, the novel identification of a wide range of
phenolic metabolites in CSF in the present study shows the
possibility for molecules derived from diet to reach the BBB,
have a direct action on the brain and thus be of importance in
the interaction between brain homeostasis and health.
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