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Abstract: Four cyclic diarylheptanoids—carpinontriols A (1) and B (2), giffonin X (3) and 3,12,17-
trihydroxytricyclo [12.3.1.1%¢[nonadeca-1(18),2(19),3,5,14,16-hexaene-8,11-dione (4)—were isolated
from Carpinus betulus (Betulaceae). Chemical stability of the isolated diarylheptanoids was evalu-
ated as a function of storage temperature (15, 5, 22 °C) and time (12 and 23 weeks). The effect of
the solvent and the pH (1.2, 6.8, 7.4) on the stability of these diarylheptanoids was also investigated.
Compounds 2 and 4 showed good stability both in aqueous and methanolic solutions at all investi-
gated temperatures. Only 2 was stable at all three studied biorelevant pH values. Degradation prod-
ucts of 1 and 3 were formed by the elimination of a water molecule from the parent compounds, as
confirmed by ultrahigh-performance liquid chromatography-high-resolution tandem mass spec-
trometry (UHPLC-HR-MS). The permeability of the compounds across biological membranes was
evaluated by the parallel artificial membrane permeability assay (PAMPA). Compound 3 possesses
a logPe value of -5.92 + 0.04 in the blood-brain barrier-specific PAMPA-BBB study, indicating that it
may be able to cross the blood-brain barrier via passive diffusion. The in vitro antiproliferative
activity of the compounds was investigated against five human cancer cell lines, confirming that 1
inhibits cell proliferation in A2058 human metastatic melanoma cells.

Keywords: diarylheptanoid; chemical stability; degradation products; mass spectrometry; PAMPA;
antiproliferative activity

1. Introduction

Herbs have been used for medicinal purposes since ancient times, and to this day,
plants are also potential sources of new drugs. Among plant-derived natural products,
diarylheptanoids have gained interest due to their bioactivity, including anticancer [1],
neurogenic [2], anti-inflammatory [3], anti-adipogenic [4] and antimicrobial [5] effects. Di-
arylheptanoids are characterized by a 1,7-diphenylheptane skeleton and can be classified
into linear and cyclic forms (Figure 1). The latter can be further divided in two groups:
meta,meta-cyclophanes and meta,para-cyclophanes, according to the connection of the two
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phenyl rings [6]. Linear diarylheptanoids are distributed in plants belonging to the fami-
lies Zingiberaceae and Betulaceae, while cyclic representatives occur in Myricaceae,
Aceraceae, Betulaceae and Juglandaceae species [5-7]. The number of newly identified
compounds is increasing steadily. In their review in 2012, Lv and She summarized more
than 400 diarylheptanoids that have been identified in natural sources, among which were
112 cyclic derivatives [7]. In contrast, the paper of Jahng et al. covered nearly 150 cyclic
diarylheptanoids [5].

Curcumin (Figure 1B), the yellow pigment of turmeric (Curcuma longa L., Zingibera-
ceae), is one of the most well-known linear diarylheptanoids. Its biological activities have
been investigated in numerous in vitro, in vivo and clinical studies [8]; however, its appli-
cations are limited because of its poor pharmacokinetic features, high instability and low
solubility in aqueous media. Curcumin is degraded quickly through solvolysis and oxi-
dative degradation at ambient temperature, with a half-life of less than an hour, and this
process is further promoted by the elevation of the temperature or an alkaline medium
[9]. Hirsutenone (Figure 1B), another linear diarylheptanoid aglycone, which is abundant
in several species belonging to the Betulaceae family, also lacks chemical stability. The
half-life of this compound is less than seven days at room temperature, and it is rapidly
hydrolysed in an aqueous solution [10]. Degradation of hirsutenone is further facilitated
by the elevation of the temperature: the half-life of hirsutenone in aqueous solution is re-
duced from 5.78 days at 25 °C to 1.59 days at 50 °C [11].

linear type meta,meta-cyclophane meta,para-cyclophane

Figure 1. The structures of linear, meta,meta-cyclophane-type and meta,para-cyclophane-type dia-
rylheptanoids (A); structures of curcumin and hirsutenone (B).

Although there are several stability testing studies regarding linear diarylheptanoids,
the chemical stability of the cyclic derivatives is underexplored [12]. Cyclic-type dia-
rylheptanoids are characteristic of species belonging to the genera Carpinus [13] or Corylus
[14,15] in the Betulaceae family. In our previous work, we identified the characteristic
meta,meta-cyclophane-type cyclic diarylheptanoids carpinontriols A (1) and B (2), giffonin
X (3) and 3,12,17-trihydroxytricyclo [12.3.1.126lnonadeca-1(18),2(19),3,5,14,16-hexaene-
8,11-dione (4) (Figure 2) in European hornbeam (Carpinus betulus L., Betulaceae) for the
first time [16].
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Figure 2. Structures of the investigated cyclic diarylheptanoids: (1) carpinontriol A, (2) carpinontriol
B, (3) giffonin X, (4) 3,12,17-trihydroxytricyclo [12.3.1.12¢]nonadeca-1(18),2(19),3,5,14,16-hexaene-
8,11-dione.

Although 1-4 are known compounds, data on their physical-chemical properties or
bioactivities are deficient or completely missing. Lee et al. found that 1 and 2 showed only
weak antioxidant activity [13]. In another study, 2 inhibited lipid peroxidation induced by
H:0: in human plasma [17]. In vitro and in vivo antitumor activities of other meta,meta-
cyclophane-type diarylheptanoids isolated from the pericarp of Juglans nigra L. [18] or the
bark of Myrica rubra (Lour) Siebold & Zucc. Ref. [19] have been reported. According to
this, the cyclic diarylheptanoids of C. betulus may be potential new sources of antitumor
agents. Therefore, it is worth exploring their cytotoxic activity and revealing their physi-
cal-chemical properties that may restrict their prospective therapeutic use.

Correspondingly, our aim was to determine the aqueous and storage stability of the
cyclic diarylheptanoid compounds 1-4. In the storage stability test, effects of the temper-
ature and storage time have been investigated. The influence of the medium, i.e., that of
the solvent and the presence of accompanying substances, was also examined. Addition-
ally, the aqueous stability was studied at different physiologically relevant pH values. Our
further aim was to determine the ability of the compounds to permeate membranes by
passive diffusion, the parallel artificial membrane permeability assays for the gastrointes-
tinal tract (PAMPA-GI) and the blood-brain barrier (PAMPA-BBB) have been used. To
further enhance our understanding of the pharmacological properties of cyclic diarylhep-
tanoids, we also aimed to investigate the in vitro antiproliferative activity of the isolated
constituents in various human cancer cell lines.

2. Results and Discussion
2.1. Evaluation of Aqueous Stability at Different pH Values

The stability of the isolated diarylheptanoids (Figure 2) was evaluated in aqueous
medium at 37 °C at three biorelevant pH values (pH 1.2 modelling the gastric fluid, pH
6.8 simulating the intestinal fluid, pH 7.4 mimicking the blood and the tissues). Table 1
summarizes the results; compound concentrations are expressed as % values compared
to the initial values. To calculate the kinetic parameters [degradation rate constant (k) and
half-life (t12)], a linear regression model was used, which followed first-order kinetics in
line with previous data for diarylheptanoids (Table 2) [11].

Compound 4 was stable only at pH 7.4 after 81 h, while in agreement with our recent
results [12], compound 2 remained intact for the whole study at all pH values. Therefore,
rate constants and half-lives in these cases have not been determined. At pH 6.8, the
amount of compound 4 decreased significantly after 81 h (final concentration 88.9 +2.0%),
while at pH 1.2, its degradation was more significant both after 9 and 81 h (with final
concentrations of 68.5 + 4.5% and 31.0 + 7.0%, respectively). Thus, degradation of 4 was
remarkably faster at the lower pH values; the half-lives at pH 6.8 and 1.2 differed by one
order of magnitude (487.7 h and 54.4 h, respectively).
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Table 1. Aqueous stability of the isolated diarylheptanoid compounds P.

. ) Compound
Incubation Time pH 1 > 3 1
9h pH7.4 969+12a 102.0£0.9= 82.6+7.77% 102.0+£3.7 2
pH 6.8 974+15% 105.2+3.9a 98.9+0.82 105.8+262
pH1.2 97.1+89a 101.7+4.2 100.6 +6.9 2 68.5+45%
81h pH7.4 71.5+52 % 101.5+1.1a 46.7 £4.7 7 103.1+2.2a
pH 6.8 75.3+3.0% 1019+64- 93.2 £2.0 #ab 889+207
pH1.2 70.5+£2.6 % 100.7 £5.1 2 83.4+53#% 31.0+7.0¢
2 Data are expressed as relative concentrations (%) after 9 and 81 h compared to the initial value. ® Data are expressed as mean values + SD (1 = 3). Values with
identical lower-case letters (a-b) in the same column are not significantly different (Tukey test, p <0.05);* p <0.05 compared with the initial concentration.
Table 2. Kinetic parameters of the investigated Carpinus diarylheptanoids following storage at 37 °C at different pH values.
pH74 pH 6.8 pH1.2
Compound k (h) ti2 (h) k (h1) tu2 (h) k (h) tu2 (h)
1 4.19 x 103 165.6 3.65 x 103 189.6 4.15x 103 167.1
2 - - - - - -
3 8.49 x 1073 81.6 8.38 x 10 826.8 2.32 x 1073 298.4
4 - - 1.42 x 103 487.7 1.27 x 102 54.4
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The concentration of compound 1 did not show significant changes at pH 1.2 and pH
7.4 after 9 h; however, at the end of the experiment, it displayed significant decomposition
(p < 0.05; final concentrations were 70.5 £ 2.6% and 71.5 = 5.2% at pH 1.2 and pH 7.4, re-
spectively). At pH 6.8, compound 1 was not only unstable after 81 h, but already after 9 h
(with final concentrations of 75.3 + 3.0 and 97.4 + 1.5%, respectively).

At pH 7.4, compound 3 decomposed significantly already after 9 h. On the other
hand, its concentration decreased significantly only after 81 h at pH 6.8 and pH 1.2 (with
final concentrations of 93.2 + 2.0% and 83.4 + 5.3%, respectively). Interestingly, degrada-
tion rate constant of 3 was still by one order of magnitude higher at pH 1.2 than at pH 6.8,
the compound was the most stable at a pH value of 6.8 (t12=826.8 h).

Although compounds 1 and 2 are structural isomers, their stability differs signifi-
cantly, with 2 staying stable throughout the whole study. The increased stability of com-
pound 2 may be attributed to the electronic stabilization effect of its vicinal triol moiety
that may stabilize the compound’s structure. On the other hand, both compounds 1 and 3
comprise a vicinal diol group that may make them prone to undergo pinacol rearrange-
ment [20], especially in an acidic medium. On the contrary, according to the literature
data, phenolic compounds are more stable at lower pH values [21]. Nevertheless, the pH
of the medium did not significantly influence stability of 1 during our investigation, while
for compound 3, the highest pH value influenced the stability negatively. In the case of
component 4, pH 1.2 differed significantly from the other two pH values; pH 7.4 and pH
6.8 provided better stability. However, no generally prevalent correlation could be deter-
mined between the pH values of the medium and the degradation kinetic parameters.

2.2. Evaluation of Storage Stability

A further aim of our work was to determine the mid-term (12 weeks) and long-term
(23 weeks) stability of the four major diarylheptanoids by evaluating the effects of storage
time and temperature. Influence of the medium, i.e., that of the solvent (in aqueous and
methanol solutions) as well as that of other accompanying compounds (being present in
methanol and ethyl acetate extracts of the hornbeam bark) was also investigated. Aqueous
and methanol solutions of the isolated compounds together with hornbeam bark extracts
prepared with ethyl acetate and methanol were stored at 22, 5 and -15 °C. The storage
temperatures were chosen to represent common storage conditions such storage at ambi-
ent temperature, in a refrigerator or in a freezer, respectively.

The methanol and aqueous solutions (SM and SA) of the isolated compounds 2 and
4 did not show significant differences when comparing the initial concentration data with
values of weeks 12 and 23 (Table 3). Based on this and the lack of degradation products in
their chromatograms, 2 and 4 were considered to be stable. The amount of compound 4
increased when being present in methanol and ethyl acetate extracts (EM and EE) that
also comprise further accompanying constituents. This elevation can be explained by the
degradation of component 1 that was converted into 4 (see Section 2.3).

In case of the SM and SA solutions of the isolated compounds 1 and 3, samples
showed statistical differences both in the mid- and long-term studies when compared to
the initial concentration values. Therefore, the effects of the temperature and the medium
on the stability of these compounds were examined; results are shown in Table 3 and Sup-
plementary Figure S1.

After 12 weeks of storage, the concentrations of compound 1 in its methanol and
aqueous solutions showed significant differences when stored at 22 °C, as compared to
the samples stored at 5 °C. No significant concentration differences were detected for 1
between SA and SM samples stored at temperatures 5 °C and -15 °C. In the case of the
methanol extract, the storage temperature did not influence the concentration of com-
pound 1 after 12 weeks.
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Table 3. Chemical stability of Carpinus diarylheptanoids: Effects of storage time, temperature and
medium on the concentrations of compounds 1-4 as compared to the initial value (%) 2.

Storage Time Storage Temperature . Compound
(V\;geek) ’ (°C)P Medium 1 2 ’ 3 4

12 22 SM 63.5+87*% 99.7+042 845+74+% 100.1 £0.5a
SA 61.7 £5.7 #a 1004 +1.12 96.2 + 0.1 #bed 100.8+1.12
EE 110.9 + 3.6 #c 100.2 +£0.7 2 101.6 £ 2.2 #bc 106.3+2.6*
EM 114.0x2.2# 101.1+1.12 102.7+0.9 #c  120.9+2.6#
5 SM 90.8 + 2.3 #def 99.4+062 99.0+0.1#«  100.1x0.62
SA 91.4 + (.2 #def 999+04-a 99.3+0.1#%c«d  100.5+0.7 ab

EE 104.6 + 1.0 #bcg 99.5+0.4 % 100.8 +0.5#<d  102.0+1.7

EM 110.1 6.2 bc 99.9+0.8a 100.2 + 1.7 b 105.5+2.5

-15 SM 94.0 + 0.8 #fg 99.1+13a 100.4+1.2bd 9971 +(.7 b

SA 93.5+ 0.4 #f 99.1+13a 100.1 £ 0.6 bd 98.6+1.3%

EE 100.5+ 0.5 s 100.1+0.7 2 103.5+0.2" 103.5+0.8

EM 108.7 + 1.5 #be 99.8+0.72 101.6 +3.1#c  102.8+3.3*
23 22 SM 32.3+6.3 99.9+0.62 67.1+75¢% 100.2 + 0.5
SA 23.0+0.5* 99.8+0.92 87.6+0.7 %  100.3 +0.6

EE 81.5+3.9 #i 99.7+0.52 95.7 0.5 #d 108.5+2.7 #

EM 77.7 +2.9 #i 99.7+0.3 *a 95.6 + 2.4 #d 135.7+9.7 ¢
5 SM 67.1+7.5#i 99.2+0.5a 81.9+1.0% 100.3 + 0.5
SA 87.2 (.4 #di 99.9+052 99.1+0.1#«d  100.0£0.5 2

EE 92.1 + 1.3 #def 100.1+04= 1009 +1.3bd  107.8+2.6*

EM 84.1+ 1.1 #ad 99.2+1.22a 93.8 + 1.3 #de 107.0 +4.1

-15 SM 88.9 + 3.1 #di 99.1+1.2a 95.8 + 0.1 #d 99.8+1.2ab

SA 93.7 + 0.3 #efg 99.1+1.2a 97.9 +2.9 bed 99.9+1.2ab

EE 91.3 +4.2 #def 99.8+0.4 2 101.1 £2.7 #cd  108.0 £2.2

EM 88.3 + 3.4 #fi 99.6 + 0.7 2 97.6 + 3.2 bed 103.6 + 3.5

2 Results are expressed as mean values + SD (n = 3). Values with identical lower-case letters (a—j) in
the same column are not significantly different (Tukey test, p < 0.05); # p < 0.05 compared with the
initial samples. Abbreviations: SM: methanol solution; SA: aqueous solution; EE: ethyl acetate ex-
tract; EM: methanol extract.

After 23 weeks of storage, the concentration of 1 decreased significantly in all solu-
tions and extracts at all temperatures, when compared to the initial values. However,
lower storage temperatures (both 5 and -15 °C) provided higher stability for the samples.
Similarly, when stored for 23 weeks, the concentrations of 3 were statistically lower than
the starting concentrations, except for the EE sample stored at 5 °C as well as the SA and
EM samples stored at —15 °C.

Moreover, the concentration differences of 1 in the SM and SA solutions were signif-
icantly higher at all investigated temperatures than in the ME and EE extracts after 12
weeks of storage. The complex media of the bark extracts provided significantly higher
stability in the medium-term at all studied temperatures for 1. A similar pattern could also
be observed at 22 °C after 23 weeks of storage, while both at 5 °C and -15 °C, a concentra-
tion decrease of 1 in the aqueous solution was equal to that in the ME and EE extracts.

The matrices of the bark extracts also allowed for appropriate stability for 3 at all
storage temperatures after 12 weeks. In the long-term studies (after 23 weeks), the metha-
nol solution of 3 showed significant concentration differences at higher storage tempera-
tures (22 and 5 °C) when compared to the other media (SA, EM and EE). The 23-week
storage at 22 °C also intensified the degradation of 3 in the aqueous solution when com-
pared to temperatures of 5 and -15 °C.



Int. J. Mol. Sci. 2023, 24, 13489

7 of 18

Analysing the degradation kinetic parameters of the pure diarylheptanoids 1 and 3,
we can state that the k value decreases, and the ti2 value increases as the temperature
decreases (Table 4). The thermal degradation of 1 and 3 in aqueous and methanolic solu-
tions follows first-order kinetics, in which the degradation rate depends on the tempera-
ture. Our results are in agreement with other studies that found that diarylheptanoids are
prone to temperature-dependent degradation [10,11].

Table 4. Kinetic parameters of carpinontriol A (1) and giffonin X (3) in aqueous and methanolic
solutions following storage at 22 °C, 5 °C and -15 °C for 23 weeks.

Temperature Medium Carpinontriol A (1) Giffonin X (3)

(°C) k (Week™) t2 (Week) k (Week™) t12 (Week)

22 SA 5.97 x 102 11.61 5.90 x 10 117.48
SM 4.53 x 102 15.30 1.85 x 102 37.47

5 SA 4.47 x 107 147 48 5.0 x 10 1386.29
SM 1.40 x 102 50.23 7.10 x 10 97.63

-15 SA 1.70 x 103 407.73 - -
SM 3.60 x 10 192.54 1.60 x 103 433.22

Abbreviations: SA: aqueous solution; SM: methanol solution.

Comparing the effects of the medium, k values of 1 were lower in the aqueous solu-
tion than in the methanolic solution (e.g., 4.47 x 103 vs. 1.40 x 102week™ at 5 °C, for SA
and SM respectively) (Table 4). Thus, it was concluded that the aqueous medium provided
higher stability. This effect was even more pronounced for compound 3, e.g., calculated
half-lives were 1386.29 vs. 97.63 weeks at 5 °C in aqueous and methanolic solution, respec-
tively.

2.3. Characterization of the Degradation Products by UHPLC-HR-MS/MS

The structural analysis of the degradation products formed in the storage and pH
stability studies was performed by ultrahigh-performance liquid chromatography-high-
resolution tandem mass spectrometry (UHPLC-HR-MS/MS) measurements. The chroma-
tographic and mass spectrometric data of the original constituents and the degradation
products are presented in Table 5. The high-resolution electrospray ionization mass spec-
trometry (HR-ESI-MS) and HR-MS/MS spectra of the isolated compounds and their deg-
radation products are shown in the Supplementary Material (Supplementary Figures 52—
513).

In case of 1 and 3, new compounds 1c and 3a appearing in the chromatograms pre-
sented molecular ions bearing m/z values 18 Da less than the molecular ions of the original
compounds. The deprotonated molecular ions of 1c and 3a (at m/z 325.1076 [M-H]- and
m/z 309.1127 [M-H], respectively), refer to the elimination of a water molecule from their
corresponding parent compounds 1 (m/z 343.1191) and 3 (m/z 327.1240). In Scheme 1, two
possible degradation pathways are depicted for both 1 and 3, highlighting the character-
istic structural differences of the hypothetical products.

As a common structural element, a vicinal diol group is present in the heptane chain
of both compounds 1 and 3, which may be the source of the cleaved water molecule. How-
ever, the proposed degradation can undergo through different pathways. The common
vicinal diol moiety implies that the pinacol rearrangement is one possible pathway for
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Table 5. HR-MS data of the diarylheptanoids 1 and 3 and their degradation products.

[M-HI- (m/z)  [M-HI- (m/z)  Error Molecular
No. . Fragment Ions (m/z)
Experimental  Calculated (ppm) Formula

283.0976 (C17H1504), 271.0977 (C16H1504), 269.0820

1 343.1199 343.1182 375 CoHvOs o 104), 241.0869 (CisHnOs), 211.0758 (C1sHnOs)

1a 361.0927 361.0923 937 CusH17Os 343.0812 (CisH1507), 285.0769 (C16H130s), 258.0534
(C1aH100s5),

b 45,0077 45,0974 vos  Cubino, | 3270872 (CisHisO), 309.0764 (CisHinOs), 285.0767

(C16H1305), 258.0531 (C14H100s), 225.0549 (C14HsOs)
269.0820 (Ci16H1304), 253.0862 (C1sH130s3), 241.0865
1c 325.1084 325.1076 4.06 C19H170s (C1sH130:3), 239.0862 (C15H1103), 225.0910 (C15H1302),
211.0759 (CusH1uO2)

269.0821 (C1sH1304), 267.1028 (C17H150s), 253.0866
(C16H1303), 239.0716 (CisH1103), 211.0758 (C14H1102)
267.1020 (C1vH150s), 253.0876 (C1sH1303), 225.09131

(C15H1302), 211.0758 (C1sH1102)

HO
A
HO H;C
o0 = Q0
- LA
HO OH -'\'\10’_/
,//
0 o
m/z225.0910

QO HO
H
\ \_ﬁ(.u’ .
o Ho H,0 Il - 0 7
m/z 343.1191 (1) O Q O Q
CyoHy00;

3 327.1240 327.1233 4.05 C19H1905

3a 309.1134 309.1127 4.10 C19H1704

O 0

o

O HO 0O o
m/z 325.1084 (1¢) m/z 239.0712
CioH1505

B
O
OH y
O HO

0

O Q — | H,,c_(\m

o

H.C
0 HO Hy o T .
mi= 327.1240 (3) ' Q Q O Q
CWHI"OS
0 HO 0 o
m/z 309.11337 (3a) miz 239.0704
CpH,,0,

Scheme 1. The possible degradation pathways of compound 1 and the proposed mass spectrometric
fragmentation of the degradation product 1c (A); the possible degradation pathways of compound
3 and the proposed mass spectrometric fragmentation of the degradation product 3a (B). Degrada-
tion product numbers refer to Table 5.

both 1 and 3, particularly in an acidic medium [20]. However, when the pH is neutral,
there is only a slight chance for the pinacol rearrangement to occur. At the same time,
another possible mechanism is for example the radical oxidative degradation [22]. Never-
theless, there is also a possibility that both degradation pathways (or even other mecha-
nisms) may occur at different pH values.



Int. J. Mol. Sci. 2023, 24, 13489

9 of 18

Position of the cleavage of the water molecule could also be proposed, based on the
mass spectrometric fragmentation pathway of cyclic diarylheptanoids [16]. The more
likely degradation pathways have been highlighted in Scheme 1 by drawing bold arrows.
In case of compound 1 (Scheme 1A), the putative degradation product generated through
pathway I would present a fragment ion at m/z 225.0910, while pathway II would result
in the formation of a degradation product showing a fragment ion at m/z 239.0862. Unfor-
tunately, the HR-MS spectrum of the degradation product 1c presented both fragment
ions, though with different intensities. Since the retention time and mass spectrum of com-
pound 1c corresponds with that of compound 4, pathway II taking place seems to be more
likely. This assumption was further affirmed by the observation that in hornbeam bark
extracts the amount of 1 decreased, while that of 4 increased over time during the storage
stability assays.

According to mass spectrometric fragmentation patterns of cyclic diarylheptanoids
[16], only pathway II would result in the formation of a degradation product for com-
pound 3, which could present a characteristic fragment ion at m/z 239.0704. However, this
ion was not detected in the mass spectrum of the actual degradation product 3a; thus, it
was deduced that only pathway I could take place (Scheme 1B).

Although the common structural element of compounds 1 and 3 (i.e., the vicinal diol
group) indicated that the same degradation pathway should take place for both 1 and 3,
our results did not confirm this. A possible explanation is the electronic stabilization effect,
which may stabilize a compound’s structure or shift the equilibrium toward a degradation
product. For example, the stabilizing effect of the vicinal triol moiety may be responsible
for the increased stability of compound 2. Similarly, the additional vicinal carboxylic acid
moiety of compound 1 may alter the mechanism of degradation from that of compound 3.

Two additional degradation products with the molecular formulas of CisHi7Os and
Cis8H17O7 were detected in the chromatogram of 1, referring to the loss of a carbon-con-
taining moiety and further oxidation mechanisms. In case of compound 4, degradation
products were not detected, despite the significant decrease in the initial concentration
(the final concentration of 4 at pH 1.2 was 31.0 + 7.0%).

2.4. Parallel Artificial Membrane Permeability Assay (PAMPA) Studies

The ability of the isolated cyclic diarylheptanoid compounds to cross biological mem-
branes of the gastrointestinal tract and the blood-brain barrier by passive diffusion was
investigated by the PAMPA model [23].

In the PAMPA-BBB experiments, only giffonin X (3) was detected in the acceptor
phase. It also presented a calculated logP. value greater than -6.0 (=5.92 + 0.04),which in-
dicates that 3 is capable of crossing the lipid membrane of the blood-brain barrier (Table
6) [24]. However, compound 3 was considered unstable (t12=81.6 h) in the pH 7.4 medium
of the PAMPA-BBB model and its decomposition product could not be detected in the
acceptor phase.

In the PAMPA-GI model, compound 4 with one of the lowest clogP values (0.94 +
0.46) among the studied diarylheptanoids was not detected in the acceptor phase, sug-
gesting that it is unable to cross the lipid membrane of the gastrointestinal tract. Com-
pounds 1-3 were detected in the acceptor phase in the PAMPA-GI model; however, none
of the diarylheptanoids possessed logP. values greater than the critical -5.0 (Table 6), pre-
dicting that neither the compounds are able to pass through the membrane of the gastro-
intestinal tract [24].
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Table 6. Results of the PAMPA experiments: logP. values (n = 9) and the calculated clog P values
(Chemsketch Freeware).

logP. logP.
Compound PAMPA-BBB PAMPA-GI clog P
(n=9) (n=9)
1 n.d. -6.25 + 0.04 0.93 £0.46
2 n.d. -5.46 £ 0.06 1.92 +0.67
3 -5.92 £ 0.04 -5.22 +0.07 1.77 +0.41
4 n.d. n.d. 0.94 +0.46

Abbreviations: n.d.: not detected in the acceptor phase; PAMPA-GI: parallel artificial membrane
permeability assay for the gastrointestinal tract; PAMPA-BBB: parallel artificial membrane permea-
bility assay for the blood-brain barrier.

Regarding the polarity of these constituents, none of the compounds have clog P val-
ues higher than 2.5. Compounds 2 and 3 have higher clog P values than 1.0, while clog P
values of 1 and 4 are lower than 1.0. Compounds 1 and 2 are constitutional isomers; nev-
ertheless, their clog p values are different (clog P 0.93 + 0.46 and 1.92 + 0.67, respectively).
These data suggest poor membrane permeability of the major diarylheptanoid compo-
nents of the C. betulus bark.

A further aspect to consider when assessing the PAMPA results is the decomposition
of the constituents in aqueous media at the investigated pH values. Significant changes in
compound concentrations occurring in a physiologically relevant time frame might be ob-
served for 3 at pH 7.4 and 4 at pH 1.2. In these cases, the decrease in concentration in the
donor and acceptor phases caused by decomposition of the analytes of interest might
modify the PAMPA results.

The in vitro neuroprotective effect of cyclic diarylheptanoids in mouse hippocampal
HT22 cells [25] and N2a cells [26] was established. However, based on our results suggest-
ing poor penetration capability, their in vivo efficacy is ambiguous.

2.5. Evaluation of the Cytostatic Activity

The in vitro antiproliferative activities of the isolated Carpinus diarylheptanoids were
studied by the Alamar Blue assay in HT-29 (colorectal carcinoma), HepG2 (hepatocellular
carcinoma), HL-60 (acute promyelocytic leukaemia), U87 (glioblastoma) and A2058 (mel-
anoma, derived from metastatic site: lymph node) human cancer cell lines for the first time
(Supplementary Table S1). We confirmed the concentration-dependent antiproliferative
activity of carpinontriol A (1) against A2058 human metastatic melanoma cells (ICso=14.9
* 2.3 uM). It was comparable to that of the United States Food and Drug Administration
(FDA)-approved etoposide (ICso = 8.9 + 0.2 uM). The cytostatic activity of 1 in A2058 cells
was moderate when compared to the antitumor drug daunomycin (ICso = 0.16 + 2.3 uM).
However, it should be noted that in contrast to daunomycin, compound 1 showed a highly
selective antiproliferative activity.

No significant in vitro activity was observed for the other constituents at a concen-
tration range of 0.16-100 uM. Our results are the following previous studies, since ICso
values exceeding 100 uM were observed for carpinontriol B (2) in A549 human lung ade-
nocarcinoma and HelLa human cervical adenocarcinoma cells [17,27]. Similarly,
carpinontriol B was not cytotoxic up to 1000 uM in A375 and SK-Mel-28 human melanoma
cell lines [28].

3. Materials and Methods
3.1. Solvents and Chemicals

Chloroform, ethyl acetate and methanol of reagent grade as well as HPLC-grade
methanol and acetonitrile were purchased from Molar Chemicals Kft. (Halasztelek, Hun-
gary). Dimethyl sulfoxide (DMSO), n-dodecane, sodium chloride (NaCl), hydrochloric
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acid (HCl), disodium hydrogen phosphate heptahydrate (Na2zHPOs-7H20) and sodium
dihydrogen phosphate monohydrate (NaH2POs+H:0) were obtained from Reanal-Ker
(Budapest, Hungary), while phosphatidylcholine, cholesterol and the porcine polar brain
lipid extract were purchased from Merck (Darmstadt, Germany). Acetic acid 100% for
HPLC LiChropur™, pyruvate and PBS tablet (Phosphate Buffered Saline, pH 7.4) were
acquired from Sigma-Aldrich (Steinheim, Germany). Roswell Park Memorial Institute
1640 medium (RPMI-1640) and Dulbecco’s Modified Eagle’s Medium (DMEM) were sup-
plied by Lonza (Basel, Switzerland). Fetal bovine serum (FBS) was purchased from Biosera
(Nuaille, France). Non-essential amino acids, penicillin/streptomycin (10,000 units peni-
cillin and 10 mg streptomycin/mL) and trypsin were obtained from Gibco (Thermo Fisher
Scientific, Waltham, MA, USA). High-purity water was gained by a Millipore Direct Q5
Water Purification System (Billerica, MA, USA).

3.2. Plant Material and Sample Preparation

Bark samples of C. betulus were collected in Hungary, in the Visegrad Hills (Vise-
gradi-hegység, July 2018) to prepare the samples for the stability studies. Authenticated
samples and herbarium specimens are deposited at the Herbarium of the Department of
Pharmacognosy, Semmelweis University, Budapest, Hungary. Dried and milled samples
(12 g) were extracted in an ultrasonic bath (Bandelin Sonorex Digitec DT 1028, Berlin, Ger-
many) with chloroform, ethyl acetate and methanol consecutively (3 x 120 mL for all sol-
vents, 2 h each) at room temperature. The extracts were distilled to dryness with a rotary
evaporator (Biichi Rotavapor R-200, Flawil, Switzerland) at 45 °C. The samples were sus-
pended in 70% methanol of HPLC-gradient grade and filtered through Minisart RC 15 0.2
um syringe filters (Sartorius AG, Goettingen, Germany).

3.3. Isolation of Diarylheptanoids

For the isolation of the most dominant diarylheptanoids, C. betulus bark was collected
in Matrahaza (Hungary; May 2016). Similarly to the analytical samples (Section 2.2), dried
and milled bark (500 g) was extracted in an ultrasonic bath successively with chloroform,
ethyl-acetate and methanol (3 x 2 L for all solvents, 2 h each). The methanol extract was
evaporated to dryness under reduced pressure at 50 °C and suspended in 70% methanol
(final concentration: 0.5 mg/mL). The extract was then fractionated by flash chromatog-
raphy (CombiFlash NextGen 300+, Teledyne Isco, Lincoln, NE, USA), using a RediSep Rf
Gold C18 column (100 g, Teledyne Isco) as stationary phase. Eluent A was 0.3% acetic acid
in water; eluent B was methanol (gradient elution: 0 min 30% B, 4 min 62.5% B, 19 min
100% B, 29 min 100% B; flow rate: 60 mL/min). Fractions of 16 mL each were collected and
further fractionated by (semi)preparative HPLC.

The combined fractions 31-34 were separated by semipreparative HPLC (Waters
2690 HPLC system equipped with Waters 996 diode array detector) (Waters Corporation,
Milford, MA, USA). The Luna C18 100 A (150 x 10 mm i.d., 5 pm; Phenomenex Inc., Tor-
rance, CA, USA) column as stationary phase, and 0.3% acetic acid in water (as eluent A)
and methanol (as eluent B) were used. The following gradient elution was applied to ob-
tain 1 (tr = 22.3 min) and 4 (tz = 30.0 min): 0 min 33% B, 20 min 33% B, 25 min 100% B, 33
min 100% B (flow rate: 1 mL/min).

Fractions 42-52 were combined and further chromatographed by preparative HPLC
(Hanbon Sci.&Tech. Newstyle, Huaian, China) using a Gemini NX-C18 (150 x 21.2 mm, 5
um; Phenomenex Inc.) column as stationary phase to collect 7 subfractions. The following
gradient elution (flow rate: 5 mL/min) was used (eluent A: 0.3% acetic acid in water; eluent
B: methanol): 0 min 40% B, 25 min 60% B, 26 min 100% B, 37 min 100% B. Subfraction 4 (tr
=19 min) was separated using the same Waters 2690 HPLC instrument and Luna C18 100
A (150 x 10 mm i.d., 5 pm; Phenomenex Inc.) column as stationary phase. Eluent A was
0.3% acetic acid in water, eluent B was acetonitrile, flow rate of the mobile phase was 1
mL/min. The utilized gradient elution (0 min 35% B, 16 min 35% B, 17 min 100% B) yielded
2 (tr = 14.0 min) and 3 (tz = 14.8 min).
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The quantity and purity of the isolated substances was as follows: carpinontriol A (1)
(1.3 mg, >97%), carpinontriol B (2) (1.2 mg, >99%), giffonin X (3) (2.0 mg, >99%), 3,12,17-
trihydroxytricyclo [12.3.1.12¢[nonadeca-1(18),2(19),3,5,14,16-hexaene-8,11-dione (4) (1.0
mg, >98%). The purity of subfractions containing the isolated compounds collected during
the final isolation step was evaluated by UHPLC-DAD (Supplementary Figures S14-517).

3.4. UHPLC-DAD and UHPLC-DAD-HR-MS/MS Analyses

For the analysis of the samples from the chemical stability as well as the PAMPA
studies, sample concentrations were determined using our previously developed ultra-
high-performance liquid chromatography-diode array detection (UHPLC-DAD) method
validated for linearity, precision and accuracy [16]. Briefly, an ACQUITY UPLC H-Class
PLUS System hyphenated with a quaternary solvent delivery pump (QSM), an auto-sam-
pler manager (FTN), a column compartment (CM) and a photodiode array (PDA) detector
(Waters Corporation) was employed. Stationary phase: Acquity BEH C18 column (100 x
2.1 mm i.d., 1.7 um; Waters Corporation), column temperature: 30 °C. The mobile phase
consisted of 0.3% acetic acid in water (eluent A) and acetonitrile (eluent B). The following
gradient elution was applied at a flow rate of 0.3 mL/min: 0 min 12.0% B, 19.0 min 13.5%
B, 25.5 min 75.0% B, 26.0 min 100.0% B, 28.0 min 100.0% B, 28.5 min 12.0% B.

High-resolution mass spectra of the degradation products formed during the stabil-
ity studies were obtained using a Dionex Ultimate 3000 UHPLC system (3000RS diode
array detector, TCC-3000RS column thermostat, HPG-3400RS pump, SRD-3400 solvent
rack degasser, WPS-3000TRS autosampler), hyphenated with an Orbitrap® Q Exactive Fo-
cus Mass Spectrometer equipped with an electrospray ionization source (Thermo Fischer
Scientific, Waltha, MA, USA). For the chromatographic separation of the constituents, the
same Acquity UPLC BEH C18 (30 x 2.1 mm i.d., 1.7 um; Waters Corporation) column as
stationary phase (maintained at 25 °C) was used. Mobile phase: 0.1% formic acid in water
(eluent A) and a mixture of 0.1% formic acid in water and acetonitrile (20:80, v/v) (eluent
B). Gradient elution was as follows: 10-60% B (0.0-3.5 min), 60-100% B (3.5-4.0 min), 100%
B (4.0-4.5 min), 100-10% B (4.5-7.0 min), flow rate: 0.3 mL/min. The ESI source was oper-
ated in negative ionization mode and operation parameters were optimized automatically
using the built-in software. The working parameters were as follows: spray voltage 2500
V; capillary temperature 320 °C; sheath gas (N2), 47.5 °C; auxiliary gas (N2) 11.25 arbitrary
units, spare gas (N2) 2.25 arbitrary units. The resolution of the full scan was of 70,000, the
scanning range was between m/z 100-500 units. The most intense ions detected in full scan
spectrum were selected for data-dependent MS/MS scan at a resolving power of 35,000, in
the range of m/z 50-500. Parent ions were fragmented with normalized collision energy of
10%, 30% and 45%.

3.5. Stability Studies

In the present work, we studied the effects of different conditions, including storage
time, storage temperature and solvent, on the stability of the cyclic diarylheptanoids 1-4.
Their chemical stability at different pH values was also investigated. Additionally, degra-
dation kinetics of the compounds were examined, while degradation pathways and mech-
anisms were also explored.

3.5.1. Evaluation of Aqueous Stability at Different pH Values

The buffers modelling the gastric fluid (pH 1.2), the intestinal fluid (pH 6.8) and the
blood and the tissues (pH 7.4) were prepared as follows. Buffer pH =1.2: 1.0 g NaCl and
3.5 mL HCI dissolved in distilled water, final volume: 500.0 mL. Buffer pH =6.8:20.2 g
Na:HPO+7H:0 and 3.4 g NaH:PO+H20 dissolved in distilled water, final volume: 1000.0
mL, pH adjustment with 0.5 M NaOH or 0.5 M HCI. Buffer pH = 7.4: one PBS tablet dis-
solved in 200.0 mL distilled water. The stock solutions of compounds 1-4 were prepared
with dimethyl sulfoxide (DMSO) at a concentration of 10.0 mM. The stock solutions were
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diluted 100-fold with each buffer separately to obtain the working solutions (297.0 pL
buffer + 3.0 pL stock solution). All working solutions were filtered through Phenex-RC 15
mm, 0.2 pm syringe filters (Gen-Lab Ltd., Budapest, Hungary). The samples were incu-
bated for 81 h at 37 °C; aliquots were taken for analysis every 9 h in accordance with the
time required to quantify the analytes of interest in one set of samples. The total incuba-
tion time of 81 h was applied to obtain data for ten measurement points. The previously
described UHPLC-DAD method was used to examine the changes in compound concen-
trations (see Section 3.4).

For the determination of pH stability, the initial AUC values were compared with the
data after 9 and 81 h using paired-sample ¢ test; significant difference was reported at p <
0.05. The effects of the pH were analysed through one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc HSD test (p < 0.05). All experiments were performed in trip-
licates (n = 3).

We used the following equations to calculate the first-order reaction rate constant (k)
and the half-life (#12) indicating the time required to reduce the concentration of diarylhep-
tanoids by 50% [29]:

In (ct/co) ==k x ¢ 1)

ti2=-In 0.5 x k! (2)

where c: is the concentration of the diarylheptanoids at time ¢, co is the initial concentration,
k is the reaction rate constant, t is the treatment time.

3.5.2. Evaluation of Storage Stability

The chemical stability of the isolated compounds in solutions was examined at a con-
centration of 50 pg/mL in methanol and water (in the latter case using methanol as co-
solvent, final composition: water-methanol 90:10, v/v). Furthermore, the methanol and
ethyl acetate extracts of C. betulus bark (concentration 4 mg/mL) were also studied in order
to assess the effects of the accompanying substances. The storage stability studies were
performed at a neutral pH value. All solutions were filtered through Phenex-RC 15 mm,
0.2 pm syringe filters (Gen-Lab Ltd., Budapest, Hungary). The samples were prepared in
triplicate and stored protected from light at 22 + 2.0 °C, 5+ 1.5 °C and 15 + 2.0 °C for 23
weeks. Quantities of the analytes of interest were quantified at weeks 12 and 23 using the
abovementioned UHPLC-DAD method (see Section 3.4).

For the determination of the stability, the initial AUC values were compared with the
data of weeks 12 and 23 using paired-sample T test; significance was reported at p < 0.05.
The effects of the temperature and the medium (i.e., solvent and accompanying sub-
stances) were analysed through one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc HSD test (p < 0.05). To establish the kinetic parameters ti2 and k, Equa-
tions (1) and (2) were applied, respectively.

3.6. Parallel Artificial Membrane Permeability Assay (PAMPA) Studies

A parallel artificial membrane permeability assay (PAMPA) was used to determine
the effective permeability (Pe) for the Carpinus diarylheptanoids. Stock solutions of the
isolated compounds (10 mM in DMSO) were diluted with the defined buffer (pH 7.4 for
the PAMPA-BBB and pH 6.8 for the PAMPA-GI assays) to obtain the donor solutions (com-
position: 297.0 uL buffer + 3.0 puL stock solution). Donor solutions were filtered through
Phenex-RC 15 mm, 0.2 um syringe filters (Gen-Lab Ltd., Budapest, Hungary).

For the PAMPA-BBB test, 5 uL of porcine polar brain lipid extract (PBLE) solution
(16.0 mg PBLE + 8.0 mg cholesterol dissolved in 600.0 uL n-dodecane) was applied for
each well of the 96-well polycarbonate-based filter donor plates (top plate) (Multiscreen™-
IP, MAIPN4510, pore size 0.45 um; Merck). For the PAMPA-GI assay, the wells of the top
plate were coated with 5 pL of the mixture of 8.0 mg phosphatidylcholine + 4.0 mg
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cholesterol dissolved in 300.0 uL n-dodecane. The 150.0 pL aliquots of the filtrated donor
solutions were placed on the membrane. The 96-well PTFE acceptor plates (bottom plates)
(Multiscreen Acceptor Plate, MSSACCEPTOR; Merck), were filled with 300.0 pL buffer
solution (0.01 M PBS buffer, pH 7.4). The donor plate was placed upon the acceptor plate,
and both plates were incubated together at 37 °C for 4 h in a Heidolph Titramax 1000
Vibrating platform shaker (Heidolph, Schwabach, Germany).

After the incubation, the plates were separated and the compound concentrations in
the donor (Cp(t)) and acceptor (Ca(t)) solutions were determined using the aforemen-
tioned UHPLC-DAD method (see Section 3.4). In advance, concentrations of the analytes
of interest in the donor solutions at zero time point (Cp(0)) were also established by
UHPLC-DAD. The effective permeability and the membrane retention in the PAMPA-BBB
and the PAMPA GI experiments were calculated by Equations (3) and (4), respectively [30]:

2303 [V,-V, v, +V, C,(0)
&ZAG—q@-Gg+%>141_Q1—Mm-%)Xﬁb@)] ®)
_ -2303 1y [ 147, Cp ()
Fe = At =155 Q+m)@["ﬁ«1—MQX<@mﬂ] @

where P. is the effective permeability coefficient (cm/s), A is the filter area (0.24 cm?), Vb
and Va are the volumes in the donor (0.15 cm?) and acceptor phases (0.30 cm?), ¢ is the
incubation time (s), tss is the time (s) to reach steady state (240 s), Cp(t) is the concentration
(mol/cm?) of the compound in the donor phase at time f, Cp(0) is the concentration
(mol/cm?) of the compound in the donor phase at time 0, MR is the estimated membrane
retention factor (the estimated mole fraction of solute lost to the membrane) and 7z is the
sink asymmetry ratio (gradient-pH-induced), defined as:
VD Pe(A—>D)

Ty = —X———x (5)
“ v Pe(D 4

Co(t) Vi Calt)
T (0)  Vp6p(0)

MR =1 (6)

All experiments were performed in three triplicates on three consecutive days (1 =9);
caffeine standard was used as positive, while rutin was used as negative control. Clog P
values were calculated using ACD/ChemSketch (Freeware) 2 January 2020 (Advanced
Chemistry Development, Inc., Toronto, ON, Canada).

3.7. Evaluation of the In Vitro Activity of the Isolated Diarylheptanoids
3.7.1. Cell Culturing and Media

For the experiments, the following human cell lines were used: A2058 (melanoma,
derived from metastatic site: lymph node), HepG2 (hepatocellular carcinoma), U87 (glio-
blastoma), HT-29 (colorectal carcinoma) and HL-60 (acute promyelocytic leukaemia). Cell
lines were generous gifts from Dr. Jézsef Tévari (Department of Experimental Pharmacol-
ogy, National Institute of Oncology, Budapest, Hungary).

For maintaining the U87 cell culture, DMEM supplemented with 10% FBS, 2 mM L-
glutamine, 100 pug/mL penicillin/streptomycin, 1 mM pyruvate and 1% non-essential
amino acids (CM DMEM) were used. A2058, HT-29, HepG2 and HL-60 cells were cultured
in RPMI-1640 medium supplemented with 10% FBS, 2 mM L-glutamine and a penicillin-
streptomycin antibiotics mixture (50 IU/mL and 50 pg/mL, respectively). The cultures
were maintained at 37 °C in a humidified atmosphere with 5% CO..

3.7.2. Determination of the In Vitro Antiproliferative Activity

The cells were grown to confluency and then divided into 96-well tissue culture
plates (Sarstedt, Niimbrecht, Germany) with an initial cell number of 5000 cells/well. Cells



Int. J. Mol. Sci. 2023, 24, 13489

15 of 18

were incubated at 37 °C in a 5% CO:z humidified atmosphere overnight. Before the assay,
50 uL of the supernatant was removed and replaced with a 50 uL serum-free medium
(SEM). The stock solutions of the compounds (c = 20 mM) were serially diluted with SFM
and added to the cells in 100 uL volume. The final concentration of each compound in the
cells was 0.16 pM, 0.8 uM, 4 pM, 20 uM and 100 uM (each concentration has four paral-
lels). The cells were treated for 24 h with the compounds and negative control cells (no
compound control) were treated with SFM only (incubated at 37 °C). As a positive control,
we employed daunomycin (DAU) [31,32] and etoposide [33] as FDA-approved clinically
used drugs as well as compound Sal (5-chloro-2-hydroxy-N-[4-(trifluoromethyl)phe-
nyl]benzamide) as a cytostatic drug candidate [34]. After 24 h of incubation, cells were
washed 3 times with SFM, and then the cells were further cultured in 10% FBS-containing
complete medium (CM). After three days, a 22 uL Alamar Blue (resazurin sodium salt,
Merck) solution (0.15 mg/mL in PBS) was added to each well, and after 4 h of incubation,
the fluorescence was measured at Aex = 530/30 and Aem = 610/10 nm using a Synergy H4
multi-mode microplate reader (BioTek, Bad Friedrichshall, Germany). The percentage of
cytostasis was calculated with the following equation:

Cytostatic effect (%) = [1 - (ODtreated/ODcontrol)] x 100 (7)

where the values ODtreated and ODcontrol correspond to the optical densities of the treated
and the control wells, respectively.

Cytostasis (%) was plotted as a function of concentration, fitted to a dose-response
curve and the 50% inhibitory concentration (ICs0) value was determined from these curves.
Data were evaluated with Excel (version: 365; Microsoft, Redmond, WA, USA) and the
curves were defined using Microcal OriginPro (version: 2018; OriginLab, Northampton,
MA, USA) software.

In each case, two independent experiments were carried out with four parallel meas-
urements and the mean ICso values together with + SD were represented. The Excel (ver-
sion: 365) (Microsoft, Redmond, WA, USA) and Microcal OriginPro (version: 2018)
(OriginLab, Northampton, MA, USA) softwares were used for data evaluation.

4. Conclusions

In the present work, we isolated the most characteristic meta,meta-cyclophane-type
diarylheptanoids from the bark of the European hornbeam: carpinontriols A (1) and B (2),
giffonin X (3) and 3,12,17-trihydroxytricyclo [12.3.1.12¢]nonadeca-1(18),2(19),3,5,14,16-
hexaene-8,11-dione (4).

Stability testing is essential in the development of new pharmaceuticals. Therefore,
we investigated the effects of ambient conditions, including storage time, temperature and
medium (pH, solvent and accompanying constituents), on the degradation of Carpinus
diarylheptanoids 1-4. Degradation kinetics of the cyclic diarylheptanoid compounds were
also examined. No significant decrease in the concentration was observed and no degra-
dation products were detected for carpinontriol B (2); therefore, it was considered as stable
under all investigated conditions. Compound 4 was susceptible of decomposing only at
acidic pH values, while the storage time, the temperature and the medium did not affect
its concentration. On the other hand, carpinontriol A (1) and giffonin X (3) showed signif-
icant decomposition, and degradation products were also detected in their UHPLC-HR-
MS chromatograms. Degradation pathways of 1 and 3 were explored and degradation
mechanisms involving the cleavage of a water molecule were proposed for them.

The membrane penetration ability of the isolated compounds was also studied by the
PAMPA method. Compounds 1-3 were all detected in the acceptor phase in the PAMPA-
GI model; however, their logP. values being lower than -5.0 pointed to a poor membrane
permeability. On the other hand, only giffonin X (3) was detected in the acceptor phase in
the PAMPA-BBB model, and its logP. value (-5.92 + 0.04) also suggested that it is capable
of crossing the lipid membrane. Nonetheless, calculated clog P values of all compounds
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were lower than 2.5, indicating that they are indeed not able to cross biological membranes
by passive diffusion.

The antiproliferative activity of the compounds was evaluated by the Alamar Blue
assay in human HT-29 colon cancer, HepG2 hepatocellular carcinoma, HL-60 leukaemia,
U87 glioblastoma and A2058 metastatic melanoma cells to obtain a dose-response for the
new compounds. The highly selective cytostatic activity of carpinontriol A (1) in human
metastatic melanoma cells was reported for the first time (ICso = 14.9 + 2.3 uM). Further-
more, similar activity to the etoposide control (ICso = 8.9 + 0.2 uM) was obtained on the
A2058 cell type for compound 1.
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