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Neuroprotective metabolites
via fungal biotransformation
of a novel sapogenin,
cyclocephagenol

Melis KiigUksolak®, G6klem Uner?, Petek Ballar Kirmizibayrak?* & Erdal Bedir'**

Cyclocephagenol (1), a novel cycloartane-type sapogenin with tetrahydropyran unit, is only
encountered in Astragalus species. This rare sapogenin has never been a topic of biological activity or
modification studies. The objectives of this study were; (i) to perform microbial transformation studies
on cyclocephagenol (1) using Astragalus endophyte, Alternaria eureka 1E1BL1, followed by isolation
and structural characterization of the metabolites; (ii) to investigate neuroprotective activities of

the metabolites; (iii) to understand structure-activity relationships towards neuroprotection. The
microbial transformation of cyclocephagenol (1) using Alternaria eureka resulted in the production of
twenty-one (2-22) previously undescribed metabolites. Oxidation, monooxygenation, dehydration,
methyl migration, epoxidation, and ring expansion reactions were observed on the triterpenoid
skeleton. Structures of the compounds were established by 1D-, 2D-NMR, and HR-MS analyses. The
neuroprotective activities of metabolites and parent compound (1) were evaluated against H,0,-
induced cell injury. The structure-activity relationship (SAR) was established, and the results revealed
that 1 and several other metabolites had potent neuroprotective activity. Further studies revealed
that selected compounds reduced the amount of ROS and preserved the integrity of the mitochondrial
membrane. This is the first report of microbial transformation of cyclocephagenol (1).

Biotransformation is the biochemical reactions performed by living systems or their components (enzymes) to
alter molecules. Significant advantages of this methodology are; (i) stereo-, regio- and enantioselective catalysis;
(ii) transformation at non-reactive sites of the substrates; (iii) mild condition requirements!-®. In the pharma-
ceutical industry, microbial biotransformation has been utilized in the enzymatic transformation to synthesize
chiral intermediates and end products. Production of cortisone (Rhizopus nigricans), hydrocortisone (Curvularia
sp.) and compactine (Mucor hiemalis) are examples of industrial applications of biotransformation where mainly
P450 monooxygenases are involved. Additionally, biotransformation of natural products can provide a wide
range of structural diversity and improved biological activity’'2

Research groups have engaged in the discovery of new microorganisms and enzymes to be developed as novel
biocatalysts. In this regard, endophytes are powerful organisms because of their capability to produce enzymes
necessary for their colonization, and they have been proven to be potent biotransformation systems®>-1°.

Neurodegeneration refers to the loss of structure/function of neurons leading to neurological diseases includ-
ing Alzheimer’s and Parkinson’s. The discovery of novel therapeutics against neurodegenerative diseases has
been an area of intense research as neurodegenerative diseases are a huge burden on society and the economy®.
Numerous studies reported that natural products have the potential for the prevention and treatment of neurode-
generation. Astragaloside IV (AST-IV), a cycloartane-type saponin from Astragalus species, efficiently attenuated
hydrogen peroxide (H,0,)-induced neuronal cell death!”. Moreover, aglycone of AST-1V, viz. cycloastragenol,
diminished amyloid-beta mediated neurogenic disfunction’®.

Herein, based on the potential of cycloartane-type saponins, we also focused on the neuroprotective activity
of cyclocephagenol (1), a novel cycloartane-type sapogenin from Astragalus microcephalus. As 1 demonstrated
significant protection, we further performed a modification study on 1 utilizing microbial transformation and
examined the neuroprotective potential of metabolites in H,0,-induced injury in SH-SY5Y cells. As a result, the
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Figure 1. Neuroprotective activity of cycloastragenol and 1 against H,O, toxicity. Error bars are the standard
deviations (n=3). p-Values were calculated with respect to H,O,-treated cells (*p <0.05, **p <0.01, ***p <0.001).

endophytic fungus Alternaria eureka 1E1BL1, an endophyte isolated from Astragalus plant, provided twenty-one
new biotransformation products (2-22) with potent neuroprotective activities.

Results

The neuroprotective activities of cyclocephagenol (1) and cycloastragenol were determined against H,O,-induced
SH-SY5Y cell death. Results showed that both cycloastragenol and 1 provided dose-dependent protection against
H,0,-induced cell death (Fig. 1). However, the protective activity of 1 started at lower concentrations compared
to cycloastragenol (Fig. 1). Based on the potent activity of 1, a biotransformation study on 1 was carried out
to develop a molecule library and to investigate structure-activity relationships by A. eureka affording notable
chemical diversity'*-?. Biotransformation of 1 using the endophytic fungus A. eureka for 13 days afforded twenty-
one metabolites (2-22). The structures of the metabolites are shown in Fig. 2.

Compound 1 is a deglycosylated product of a known cycloartane diglycoside, namely cyclocephaloside 1**.
Since it has not been previously reported as a new sapogenin, herein, its structural elucidation is discussed.
The molecular formula of 1 was determined as C;,H;,O5 due to the sodium adduct ion peak at m/z 513.35607
[M +Na]* by HR-ESI-MS. The "H-NMR spectrum showed characteristic signals of cyclopropane-methylene pro-
tons as an AX system at 8y 0.30 and 0.58 (each d, Jyx=4.1 Hz, H-19a and J,x=3.1 Hz H-19b) and seven tertiary
methyl groups. Hence, compound 1 was a cycloartane-type triterpenoid, and this inspection was supported by
the 3C-NMR spectral data. The resonances for low-field carbon atoms indicated the presence of four oxymethine
carbons (8¢ 78.1, C-3; §. 68.3, C-6; § 73.8, C-16; §¢ 68.5, C-24) and two oxygenated singlet carbons (5. 78.8,
C-20; 8¢ 75.1, C-25) substantiated by HSQC. The *C and 'H-NMR data substantiated with 1D- and 2D-NMR
spectra showed that resonances arising from the triterpenoid skeleton were almost superimposable with those
of cycloastragenol®, which is one of the major aglycone constituents of Astragalus sp., except for the side chain
signals. The HMBC experiment suggested that the 24-hydroxy-20,25-epoxy structure was intact in the side chain
of 1, as in cyclocephaloside I. The carbon resonances ascribed to the side chain consisting of a doublet (8 68.5,
C-24), two triplets (8. 26.4, C-22; 23.8, C-23), two singlets (5. 78.8, C-20; 75.1, C-25) and three quartets (5 28.5,
C-21;28.4, C-26; 27.8; C-27). The HMBC spectrum displayed cross-peaks from H;-18 and H;-21 to C-17, H-17
and H;-21 to C-20, H-17 and H;-21 to C-22, H;-26 and H;-27 to C-24, and H;-26 and H;-27 to C-25 confirm
this proposal. Thus, the structure of 1 was elucidated as 20,25-epoxy-3p,6a,16(,24a-tetrahydroxycycloartane,
which is the aglycone of cyclocephaloside I**. Hence, 1 was named as cyclocephagenol.

Oxygenation at C-7, C-11 and C-12. The HR-ESI-MS data of compounds 2, 6 and 13 supported a
molecular formula of C;,H;,04 implying a monooxygenation of 1 due to a+16 amu difference, while com-
pounds 16 and 18 displayed a 32 amu increase over 1, suggesting dihydroxy analogs.

The '"H-NMR spectra of 2 and 6 displayed a new oxymethine signal (8 4.24 and 4.27, respectively). The
13C-NMR spectra of both compounds exhibited a significant down-field shift for neighbor carbon signals when
compared to that of 1, proposing a monooxygenation at the C-12 position: C-11 (8¢ 36.4) and C-13 (8 52.3)
signals underwent a significant down-field shift (ca. 10.2 and 5.7 ppm, respectively) for 2 and a down-field shift
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Figure 2. Biotransformation products of cyclocephagenol (1) by Alternaria eureka 1E1BL1.

for C-17 and C-18 signals (ca. 9.2 and 7 ppm, respectively) for 6. In the COSY spectra of both metabolites, the
correlations between H-12 and H,-11 were readily noted. In addition, H-12 of 6 coupled with the exchangeable
hydroxy proton [8y 5.38, C-12(OH)] to give a doublet of doublets of doublets type resonance (ddd, J=9.1, 5.9,
2.6 Hz). This statement was verified with the HMBC experiment. The hydroxy group at C-12 was determined
to be p-oriented for 2 and a-oriented for 6 based on NOESY correlations®®. Based on this data, the struc-
ture of 2 and 6 were identified as 20,25-epoxy-3p,6a,12p,16(,24a-pentahydroxycycloartane and 20,25-epoxy-
3B,60,120,16(,24a-pentahydroxycycloartane, respectively.

For metabolite 13, as in the case of 2 and 6, an additional oxymethine signal at §; 3.87 (dd, J=8.7, 2.5 Hz) was
observed, which correlated with a resonance at 8 65.4 in the HSQC spectrum. Furthermore, the "H-NMR spec-
trum of 13 revealed that one of the 9,19-cyclopropane ring signals (8y; 1.10, H-19a) underwent a significant down-
field shift compared to 1, indicating hydroxylation at the C-11 position as described previously?*>**?”. The orienta-
tion of C-11(OH) was found to be p based on NOESY cross-peak between H-11 (8y 3.87) and a-oriented H;-30
(85 0.84). Hence, the structure of 13 was established as 20,25-epoxy-3p,6a,11,16,24a-pentahydroxycycloartane.

When 'H- and *C-NMR spectra of 16 were inspected in detail, two additional low-field protons (8 3.35 and
3.93) were observed in the low-field region and two extra down-field carbon signals at 8. 81.0 and 83.4 were also
noted. The 2D-NMR spectra were examined in detail to deduce hydroxylation locations. Key long-range cor-
relations from H;-18 (8 1.35) and H-17 (8y 2.32) to 83.4 ppm substantiated that one of the hydroxy groups was
located at C-12 based on the HMBC spectrum. The second hydroxy group was located at C-11 (8 81.0) based on
the COSY correlation of H-11 (8 3.35) with H-12 (8y; 3.93) together with the °J;; ¢ correlations from H,-19 (8
0.57 and 0.83) and H-12 (8 3.93) to C-11. The relative configurations at C-11 and C-12 were determined based
on the 2D-NOESY data. The orientation of C-12(OH) was found to be  based on NOESY cross-peak between
H-12 (8y; 3.93) and a-oriented H;-30. The strong correlation of H-11 with one of the B-oriented C-19 protons
(811102 0.83) revealed that the hydroxy group at C-11 was a-oriented. Based on this evidence, the structure of
compound 16 was elucidated as 20,25-epoxy-3p,6a,11a,12[3,163,24a-hexahydroxycycloartane.

Compound 18 was the dihydroxylated derivative of 1, and the first hydroxylation was located at C-12 based
on the 3]} ¢ correlations from the characteristic H-17 (8 2.53) and H;-18 (8;; 1.88) resonances to the new signal
at 8¢ 71.4 (C-12) in the HMBC spectrum. The *C-NMR spectrum of 18 displayed that C-6 (8. 73.2) and C-8
(8¢ 52.4) signals underwent a significant down-field shift (ca. 4.9 and 5.3 ppm, respectively) when compared
to 1. Together with the spin system starting from H-5 [H-5 (8 1.80 d, J=9.3 Hz) - H-6 (84 3.74) > H-7
(84 3.71 s) > H-8 (8, 2.40 d, J=6.9 Hz)] in the COSY spectrum, the location of the second hydroxylation
was deduced to be C-7. Long-range correlations from H-6 and H-8 to C-7 (8 75.7) in the HMBC spectrum
verified the location of the transformation>?*. From a detailed inspection of the 2D-NOESY spectrum, the
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correlations of H-12 with a-oriented H;-30 (8 1.03)/H-17 (8 2.53) and cross-peaks between H-7 and a-oriented
H;-30/H-5 (8y; 1.80) disclosed the configurations of hydroxy groups. Consequently, metabolite 18 was elucidated
as 20,25-epoxy-3p,6a,7(,123,16,24a-hexahydroxycycloartane.

Additional oxidation at C-3, C-12 and C-16. All keto products isolated within the scope of this study
also had oxygenations as in the abovementioned compounds. 'H-, *C-NMR and HMBC correlations were
inspected to assign locations of oxidation and oxygenation. In the 'H- and *C-NMR spectra of oxidation
products, the absence of low-field oxymethine signals and the observation of keto carbonyl carbons around
210-220 ppm suggested the oxidation of secondary alcohols. In the HMBC spectrum, H;-28, H;-29, H,-1 and
H,-2 displayed cross-peaks with the carbonyl signal at 210-220 ppm region substantiating the existence of the
carbonyl group at C-3 while the long-range correlations from H-17 and H,-15 to a carbon resonance at ca.
210-220 ppm confirmed the location of the carbonyl group to be at C-162*%>26,

Thus, the assignment of oxidation locations for compounds 3 (3-0xo), 4 (16-0x0) and 5 (3,16-dioxo) was
readily inferred based on the abovementioned evidence. Additionally, a new proton signal (8y; 4.18 for 3; §y; 4.16
for 4; 8;; 4.14 for 5) in the "H-NMR spectra of 3-5 and a new carbon resonance (8. 71.6 for 3; 8. 71.5 for 4; 8
71.6 for 5) in the *C-NMR spectrum suggested a new hydroxy group in the structure. Examination of 2D-NMR
spectra of 3-5 verified monooxygenation at C-12 and the relative configuration was established as B-oriented.
Thus, metabolites 3, 4 and 5 were determined as 20,25-epoxy-6a,123,16p,24a-tetrahydroxycycloartan-3-one,
20,25-epoxy-3p,6a,12(3,24a-tetrahydroxycycloartan-16-one and 20,25-epoxy-6a,12,24a-trihydroxycycloartan-
3,16-dione, respectively.

Like metabolites 3-5, after positions of oxidation were determined unambiguously (C-16 for 7; C-3 and C-16
for 8), 'H- and >*C-NMR spectra of 7 and 8 were further examined. A new proton signal (8y 4.19 for 7; 6 4.15 for
8) and a new carbon signal (8. 72.7 for 7; 8. 73.7 for 8) suggested that a monooxygenation reaction took place.
The 2D-NMR spectra of 7 and 8 implied the location of monooxygenation at C-12 as in metabolites 3-5; however,
2D-NOESY data revealed that the hydroxy group at C-12 was a-oriented in 7 and 8. Therefore, metabolites 7 and
8 were deduced to be 20,25-epoxy-3p,6a,12a,24a-tetrahydroxycycloartan-16-one and 20,25-epoxy-6a,12a,24a-
trihydroxycycloartan-3,16-dione, respectively.

Compound 9 gave a major ion peak at m/z 527.33662 ([M + Na]", calcd for C;yH,sNaOy, 527.33486). When
the "H-NMR spectrum of 9 was inspected, the characteristic signals belonging to H-3, H-6, H-16 and H-24
oxymethine protons were observed readily, suggesting that oxidation occurred in a new oxymethine carbon. In
the HMBC spectrum, H,-11 (8y; 1.97 and 2.61), H;-18 (8 1.72) and H-17 (8y; 2.36) showed cross-peaks with a
carbon resonating at 8 212.0, confirming the location of the carbonyl group to be at C-12. Based on these results,
the structure of 9 was elucidated as 20,25-epoxy-3(,6a,160,24a-tetrahydroxycycloartan-12-one.

When the *C-NMR and HMBC spectra of 10 and 11 were examined, signals at 8 210-220 range suggested
two keto carbonyl groups in the structure of both compounds. The HMBC correlations from H,-11 (8 1.96
and 2.64) and H;-18 (8 1.73) to 8 211.3 for 10 and H,-11 (8 2.09 and 2.83) and H,-18 (8 2.06) to 8¢ 210.2
for 11 confirmed the location of the first ketone group to be at C-12. Moreover, the low-field signal of H-3 in
10 was absent in the "H-NMR spectrum, whereas the H-16 signal disappeared in that of 11. The carbon signal
8¢ 216.1 had long-range correlations with H;-28 and H;-29, readily assigned to C-3 in the HMBC spectrum
of 10, while the HMBC correlations of H-17 (8y 3.08) and H,-15 (8y 2.18 and 2.52) with the carbonyl carbon
at §¢ 214.4 confirmed the oxidation at C-16 to establish the structure of 11. Hence, the structure of 10 was
deduced as 20,25-epoxy-6a,16(,24a-trihydroxycycloartan-3,12-dione, and the structure of 11 was established
as 20,25-epoxy-3p,6a,24a-trihydroxycycloartan-12,16-dione.

The metabolite 12 gave a molecular formula of C;,H,,O¢ based on the HR-ESI-MS data (m/z 523.30530
([M +Nal*, caled for C50H,4NaOy, 523.30356). The absence of low-field oxymethine signals due to H-3 and H-16
in the "H-NMR spectrum and observation of two keto carbonyl carbons in the *C-NMR and HMBC spectra
suggested that C-3 (8 215.7) and C-16 (¢ 214.1) secondary alcohols had been oxidized, as in 5. Also, the signal
at 8 209.6 suggested an additional keto carbonyl group in structure, which showed cross-peaks with H,-11 (8
2.05and 2.83), H-17 (8y; 3.07) and H-18 (8y 2.06) in the HMBC spectrum, revealing the oxidation at C-12. Based
on these results, the structure of 12 was elucidated as 20,25-epoxy-6a,24a-dihydroxycycloartan-3,12,16-trione.

Compounds 14 and 15 possessing similar oxidation patterns with metabolites 3 and 5, respectively, were
determined as 11B-hydroxycyclocephagenol derivatives by comparing 1D- and 2D-NMR spectra of 14 and
15 with 13. Consequently, the structures of 14 and 15 were determined as 20,25-epoxy-6a,113,16p,24a-
tetrahydroxycycloartan-3-one and 20,25-epoxy-6a,11p,24a-trihydroxycycloartan-3,16-dione, respectively.

The HR-ESI-MS spectrum of 17 showed a major ion peak at m/z 541.31528 [M + Na]* (C;,H,,NaO,). The
oxymethine proton at C-3 was lost in the 'H-NMR spectrum. A detailed inspection of ?C-NMR and HMBC
spectra suggested that the C-3 (8¢ 216.3) secondary alcohol had been oxidized and the signal at §¢ 211.4 sug-
gested an additional keto carbonyl group in 17, as in 10. Unlike metabolite 10, a broad singlet observed at
Oy 3.71 displaying a long-distance correlation with the C-12 (8. 211.4) suggested an additional oxymethine
group. With these findings, a monooxygenation at C-11 was suggested. The configuration of C-11(OH) was
deduced based on the 2D-NOESY data. The correlation of H-11 with a-oriented H;-30 (8;; 0.66) revealed that
the configuration of the OH group at C-11 was B-oriented. Thus, the structure of 17 was determined to be
20,25-epoxy-6a,110,16B,24a-tetrahydroxycycloartan-3,12-dione.

Ring cleavage and ring expansion products. In the 'H-NMR spectra of metabolites 19, 20, 21 and 22,
the characteristic 9,19-cyclopropane ring signals were absent, suggesting a ring cleavage reaction in the triter-
penoid skeleton.
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The metabolite 19 gave a molecular formula of C;,H;,0O¢ based on the HR-ESI-MS data (m/z 529.35144
[M +Na]*, caled for C;0H;,NaOg, 529.35051) indicating a 16 amu increase over 1, suggesting being a monohy-
droxy derivative. An additional oxymethylene group at § 68.5 and two olefinic carbon signals (8. 134.5, 132.7)
were observed in the low field of the *C-NMR spectrum. In the HSQC spectrum, double bond carbons showed
no correlation with any proton, denoted a tetrasubstituted olefinic system. Based on these findings, the structure
of 19 was proposed to have a C-9(10) double bond with a primary alcohol substitution at C-11 based on our pre-
vious biotransformation studies, and this assumption was confirmed by the HMBC experiment?**?”?. In conclu-
sion, metabolite 19 was determined to be 20,25-epoxy-3(,6a,163,19,24a-pentahydroxy-ranunculan-9(10)-ene.

The HMBC spectra of 20, 21 and 22 displayed a cross-peak between H-3 (8 3.82) and C-10 (8 88.7),
indicative of an oxygen bridge between C-3, which correlated with H;-28 and H;-29, and C-10. Based on this
evidence and previous biotransformation studies?*?, ring B was inferred as a seven-membered ring system. Also,
olefinic carbon resonances were detected in the *C-NMR spectra. The nature of double bonds was determined
by examining the correlation of olefinic carbons with protons in the HSQC spectra.

The molecular formula of 20 was established as C;,H,,04 by HR-ESI-MS analysis (m/z 527.33874 [M + Na]*,
calcd for C;)H,sNaOg, 527.33486). In the *C-NMR spectrum, two additional oxymethine carbons at 8¢ 80.2
and 88.7 and two olefinic carbon resonances at §¢ 126.7 and 139.5 were detected. From the HSQC spectrum,
the nature of the double bond was determined as a tetra-substituted olefinic system. The § 126.7 and 139.5
resonances were assigned to C-9 and C-8, respectively, based on the long-distance correlations in the HMBC
spectrum (C-9 to H,-12; C-8 to H,-12 and H;-30). The resonance observed at 8y 4.39 suggested an additional
oxymethine group corresponding to carbon at d. 80.2 in the HSQC spectrum. A detailed inspection of the
'H- and '*C-NMR spectra showed down-field shifts for H-6 and C-6 signals (ca. 0.64 and 8.6 ppm, respec-
tively) when compared to that of 1; therefore, a hydroxylation at C-7 was suggested. The COSY and HSQC
spectra revealed a spin system of H-5 (8y 1.47) — H-6 (8y 4.42) — H-7 (8y 4.39), justifying this assignment.
In the 2D-NOESY spectrum, the orientation of C-7(OH) was found to be  based on NOESY cross-peaks
between H-7 (8y; 4.39) and the a-oriented H;-30 and H-5. Consequently, the structure of 20 was established as
3$,10B;20,25-diepoxy-6a,73,16f,24a-tetrahydroxy-9,10-seco-cycloartan-8-ene.

The HR-ESI-MS data of metabolite 21 displayed a sodium adduct ion at m/z 509.32640 [M + Na]* (calcd.
509.32429 for C;,H,,NaO;). The oxymethine proton at C-6 was absent in the "H-NMR spectrum. Also, an
additional hydroxymethine signal at 8y 4.45 was observed corresponding to carbon at §¢ 70.1 in the HSQC
spectrum. The *C-NMR spectrum of 21 exhibited four olefinic carbon resonances (8. 128.7, 131.8, 132.1 and
138.5). Locations of the olefinic double bonds were assigned from the correlations in the HMBC spectrum and
with the combined use of COSY, HSQC and HSQC-TOCSY spectra. The long-distance correlation from H-5
(85 1.96) to the olefinic methine carbon at §¢ 128.7 confirmed the location of the double bond between C-6 and
C-7. The other tetrasubstituted double bond was positioned between C-8 and C-9 based on the HMBC correla-
tions from H,-11a to the olefinic carbon at 6. 131.8 (C-9), and H,-11a and H;-30 to the second double bond
carbon at 138.5 ppm (C-8). The *J-HMBC correlations of the oxymethine proton at §;; 4.45 with the C-18 signal
revealed oxygenation at C-12. The hydroxy group at C-12 was deduced to be B-oriented based on the NOESY
correlation of H-12 (8 4.45) with the a-oriented H;-30 (8 0.94). As a result, metabolite 21 was established as
30,10p;20,25-diepoxy-12p,16(,24a-trihydroxy-9,10-seco-cycloartan-6,8-diene.

Compound 22 gave a major ion peak at m/z 525.3166 ([M + Na]*, calcd for C5,H,(NaOg, 525.31921). Its NMR
spectra were very similar to those of 21, except for the resonances corresponding to ring C. A new low-field
proton (8;; 4.73) was observed in the "H-NMR spectrum. Besides, in the *C-NMR spectrum, an extra down-field
carbon signal at . 70.8 was noted. In the COSY and HSQC-TOCSY spectra, the 8;; 4.73 proton coupled with an
oxymethine proton at C-12 (8 4.36) had a long-range correlation with C-18 (8 16.1) in the HMBC spectrum.
Based on these data, a new hydroxy group was undeniably located at C-11. The NOE correlation between H-11
and a-oriented H-12 indicated the p-configuration of 11-OH. Consequently, the structure of 22 was determined
to be 3B,10p;20,25-diepoxy-11p,12p,16(,24a-tetrahydroxy-3(10)B-epoxy-9,10-seco-cycloartan-6,8-diene.

Neuroprotective activity of biotransformation products. The neuroprotective activities of isolated
metabolites (except for 22 due to its scarce amount) were determined against H,0,-induced SH-SY5Y cell death.
Compared to the control group, the compounds except 2, 3, 4, 6, 7, 9, 10, 13, 14, 17, and 20 did not exhibit
promising neuroprotective activity (Table 1).

In addition to their protective effect against oxidative injury in SH-SY5Y, the selected compounds were also
screened for their effect against 6-OHDA induced neurotoxicity in in vitro Parkinson’s disease model. Despite
the lower potency of compounds in this model compared to the H,0,-induced neurotoxicity model, the tested
metabolites still showed a statistically significant protective effect, suggesting that they may act as general protec-
tive agents against neurotoxicity mediated by a different mechanism of action (Fig. S 213).

Selected compounds decreased H,0,-mediated oxidative stress. Excessive ROS was reported to
cause severe cell damage and induce cell death®. Since H,0, is well known to increase the level of ROS, we aimed
to determine the effect of compounds on H,0,-mediated increased ROS levels. Six molecules, including parent
compound (1), were selected to detect their potential in rescuing H,0,-induced oxidative stress, considering
their cell viability results, structure, and available quantity. Results showed that treatment with H,O, significantly
increased ROS levels compared to control. In line with the cell viability assay, all selected compounds reduced
H,0,-induced ROS levels in cells (Fig. 3). Parent 1 was the least potent, while 6 and 13 were the most effective
compounds reducing ROS at all concentrations (Fig. 3). Interestingly, 2 enhanced ROS production via H,0, at
10 nM, but higher concentrations significantly decreased ROS level (Fig. 3).
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Metabolite Concentration | Cell viability (%) | Metabolite | Concentration | Cell viability (%)
1 nM 56.2+1.80** 1 nM 36.2+1.9
10 nM 61.4+3.70%¢ 10 nM 46.2+1.8*

2 100 nM 61.1£0.700%* 2 100 nM 49.0+£6.2*
1000 nM 58.1+£5.94%** 1000 nM 42420
1nM 46.8+6.0 1nM 51.5+7.9
10 nM 46.7+2.1 10 nM 56.4+3.0*

? 100 nM 50.9+0.2** B 100 nM 58.1+12.1*
1000 nM 65.9 42,3406 1000 nM 66.4+9.3**
1nM 34104 1nM 60.8 £4.4+%*
10 nM 59.7 £3.5%%** 10 nM 56.5+£4.24%**

4 100 nM 56.3+3.3%* " 100 nM 39.9+2.7
1000 nM 53.6+£ 5.9+ 1000 nM 341+1.3
1nM 26925 1nM 37.0+3.0
10 nM 25.1+3.6 10 nM 41226

> 100 nM 43.8+1.3 13 100 nM 435+5.3%
1000 nM 42.5+5.7 1000 nM 37.0+0.5
1nM 45.7+2.4 1nM 42.0+2.3
10 nM 46.0+5.9 10 nM 46.5+7.2

6 100 nM 54.8+£5.8%** 16 100 nM 42.7+3.1
1000 nM 52.1+1.3* 1000 nM 41.4+6.6
1nM 42.6+3.9 1nM 41914
10 nM 45.9+5.6 10 nM 42.7+23

7 100 nM 55.6+13.3* 17 100 nM 62.8+£7.9%**
1000 nM 49.0+3.9 1000 nM 72.5+13.3%*
1nM 36.6+11.0 1nM 44.0+0.7
10 nM 40.3+1.5 10 nM 42.0+0.8

8 100 nM 36.6+2.7 18 100 nM 44.4+0.9
1000 nM 40.2+12.9 1000 nM 38.1+4.8
1nM 442+23 1nM 38.0+1.9
10 nM 46.2+3.2 10 nM 40.5+7.1

? 100 nM 51.4+4.8*% v 100 nM 39.9+4.7
1000 nM 70.5+0.8%* 1000 nM 49.1+3.6
1nM 51.1+8.5% 1nM 56.8+1.9%*
10 nM 58.5+ 3.4 10 nM 58.3+6.3**

10 100 nM 74.7 £330 20 100 nM 70.6 6.9
1000 nM 68.1+£4.8F4%* 1000 nM 64.8+6.074**
1nM 38.2+0.7 1nM 47.0+1.6**
10 nM 43.9+6.2 10 nM 44.7 +2.4*

u 100 nM 46.9+9.5 2 100 nM 38.7+3.1
1000 nM 54.3+3.7%* 1000 nM 357+1.4

H,0, 70 uM 37.9+2.0

Table 1. Neuroprotective activity of metabolites against H,O, toxicity. Data are presented as means +S.D
(n=3). *p<0.05, **p <0.05, **p < 0.001, ****p <0.0001 significant difference from H,0,-treated cells.

Selected metabolites prevent H,0,-induced mitochondria damage. Mitochondrial dysfunc-
tion is one of the most emerging pathological processes in neurodegenerative diseases®'. Since mitochondrial
membrane potential was reported as an indicator to detect mitochondrial dysfunction, we next evaluated the
effect of 1 and four selected compounds on mitochondrial membrane potential by using Mitotracker Red. As
expected, the fluorescence intensity significantly decreased after treatment with H,O, treatment, which sug-
gested that H,0, could induce mitochondrial dysfunction. All selected compounds efficiently protected cells
from H,0,-mediated mitochondrial damage (Fig. 4a,b).

Discussion

In recent years, endophytic fungi have received great attention as a whole-cell catalyst because of their capabil-
ity to produce enzymes necessary for their colonization. It is anticipated that the endophytic biocatalysts will
match chemical reactions even as powerful as conventional chemical methods in near future®*~'*. Additionally,
studies on fungal biotransformation of plant secondary metabolites with the plant’s own endophytes are very
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Figure 3. Selected metabolites abbreviated H,0,-induced oxidative stress in SH-SY5Y cells. Data are presented
as means+S.D. (n=3).

limited. Our previous studies demonstrated that Alternaria eureka expresses P450 monooxygenase enzymes and
effectively catalyzes various modifications on triterpenoid and steroid structures'*=*. In this study, the bioca-
talysis of cyclocephagenol (1) by A. eureka yielded twenty-one metabolites. A. eureka was found to be capable
of modifications including monooxygenation, dehydration, methyl migration, epoxidation, and ring expansion
resulted in the formation of metabolites that would be difficult or impossible to prepare by conventional synthetic
methods. Although fungal biotransformation has been used in the modification of natural products for a long
time, demonstration of endophytic fungi’s utilization in biotransformation is essential for the field not only for
utilizing endophytes as potent catalysis systems but also for proving the potential of the plant’s own microbiota
for transformation studies.

The regioselective hydroxylation at C-12 position was the most prevalent reaction in the cycloartane skeleton.
We suggest that A. eureka first catalyzes a- or f-hydroxylation at C-12, then performs further modifications.
The other monooxygenation locations were identified as C-7 and C-11. Although hydroxylation at C-7 has been
encountered with steroidal sapogenins'®?!-%, this modification is reported for the first time on the triterpenoid
framework by A. eureka.

One of the most interesting biotransformation was the dihydroxylation at C-11 and C-12. Previously,
11a-hydroxy,12B-acetoxy steroids were obtained from the gorgonian Isis hippuris®?. This is the first report of
C-11 and C-12 dihydroxylated products obtained via microbial biotransformation. Additionally, 3(10)-epoxy
formation and ring expansion modifications have been reported in the previous studies?>***3, whereas the 6,8-
diene system is being reported for the first time in triterpenoid chemistry.
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Figure 4. Selected metabolites protect SH-SY5Y cells from H,0,-induced mitochondrial damage. (a)
Representative microscopy images of cells stained with MitoTracker Red. (b) Quantification of MitoTracker Red
fluorescence intensities per cell volume (n=30 cells). Data are presented as means+S.E. (n=30).

Natural products have the potential for the prevention and treatment of neurodegeneration. In recent years,
cycloartane-type saponins, especially astragaloside IV and cycloastragenol, have been reported as a new class
of neuroprotective agents'”'. Based on the promising bioactivity of cycloartane-types saponins, we first evalu-
ated the neuroprotective activity of cyclocephagenol (1) against H,0,-induced SH-SY5Y cell death. Compared
to cycloastragenol, the neuroprotective activity of 1 started at lower concentrations. Since the neuroprotective
activity of cyclocephagenol was noteworthy, a biotransformation study on 1 was carried out to develop a molecule
library and to investigate structure-activity relationships by A. eureka.

Among the oxygenated metabolites, 2 and 6 possessing hydroxy group at position 12 (12f and 12a, respec-
tively) showed potent neuroprotective activity. While the most active concentration of 2 was 10 nM, the neuro-
protection by 6 was observed at a higher concentration (100 nM). Also, the metabolite 13 possessing hydroxy
group at position 11 demonstrated potent neuroprotective activity at higher concentrations (100 and 1000 nM).
On the other hand, a dihydroxy group in ring C (16; 11a,12B-dihydroxy) led to a loss of neuroprotection sug-
gesting that the hydroxylation pattern was critical for the activity.

The presence of ketone functionality at C-3 or C-16 (3: 3-oxo0-12p-hydroxy, 4: 16-oxo-12p-hydroxy, 7: 16-oxo-
12a-hydroxy) had no detrimental effect on neuroprotection compared to metabolite 2 and 6. However, the co-
presence of ketone group at C-3 and C-16 (5: 3,16-dioxo-12p-hydroxy, 8: 3,16-dioxo-12a-hydroxy) diminished
neuroprotective activity. Moreover, the oxidation at C-12 (9: 12-oxo, 1000 nM) improved neuroprotective activity
whereas additional oxidation at C-16 (11: 12,16-dioxo) lessened neuroprotective activity. This finding suggested
that the co-presence of ketone group at C-12 and C-16 affects the biological activity negatively. In contrast to
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metabolite 3 (3-oxo-12p-hydroxy), oxidation at position 3 improved neuroprotective activity in 14 (3-oxo,11p-
hydroxy) and 10 (3,12-dioxo). Although metabolite 16 (11a,12p-dihydroxy) was not active, activity in 17 (3,12-
dioxo, 113-hydroxy) indicated that oxidation in C-12 was important for biological activity.

Compound 20 was one of the most potent compounds, while neuroprotection was considerably decreased in
21, a dehydration product of 20, revealing that conformational flexibility in the B ring was also crucial.

As a result of SAR studies, we conclude that i) monooxygenation at positions 11 (13) and 12 (2 and 6) is
significant bioactivity; ii) oxidation at C-12 (9, 10, 17) improves neuroprotective activity; iii) further increase
of hydrophobicity (5, 8, 11, 12) and hydrophilicity (16, 18) diminishes bioactivity; iv) 3(10)B-epoxy-9,10-seco-
cycloartane products formed by ring expansion and epoxidation reactions could be potential neuroprotective
agents as long as they have conformational flexibility. Further studies revealed that selected compounds reduced
the amount of ROS and preserved the integrity of the mitochondrial membrane.

Conclusion

Collectively, the biocatalyst potential of A. eureka, which plays an important role in expanding our cycloartane
molecule library, has been demonstrated once again by producing 21 new metabolites. In addition to chemical
diversity, biotransformation provided several novel compounds having potent protective activity against H,O,-
and 6-OHDA-induced neurotoxicity. Further studies are warranted to establish a mechanism of action of the
bioactive metabolites.

Methods
General experimental procedures. The spectroscopic (NMR and HR-ESI-MS) and chromatographic
procedures were described previously®.

Microorganism and starting compound. Cyclocephagenol (1) and cycloastragenol were provided by
Bionorm Natural Products, Ltd. (Izmir, Turkey). The fungal endophyte used in this study was isolated from
leaves of Astragalus angustifolius and the original strain (Deposit number: 20131E1BL1) was banked at the Bedir
Laboratory®. Before biotransformation process, the stock culture of A. eureka was pre-cultivated on PDA in
Petri dishes for 10 days at 25 °C.

Microbial biotransformation procedures. A one-stage microbial biotransformation process was car-
ried out at a preparative scale using a biotransformation medium?®. A preparative scale biotransformation study
was performed utilizing 1850 mg of 1 with A. eureka for 13 days (25 °C and 180 rpm).

Extraction and isolation. For termination biotransformation, the mycelia were filtered, and the broth
was extracted with ethyl acetate (EtOAc) (3x). The EtOAc phase was evaporated by using a rotary evapora-
tor. Compounds 2-22 were isolated from the EtOAc extract (3.05 g). The EtOAc extract was first applied on a
reversed-phase column (RP-C18, 80 g) and eluted by MeOH:H,0 (25:75, 35:65, 45:55, 50:50, 55:45, 70:30, 80:20,
90:10, 100:0) to obtain 12 main fractions (A-L). Fraction B (19.3 mg) was submitted to silica gel column chro-
matography (10 g), eluting with CHCl;:MeOH (90:10) to afford 2 mg of 18 (yield: 0.11%). Fraction D (175.3 mg)
was applied to a silica gel column (52 g) using a CHCl;:MeOH gradient (95:5, 93:7), to yield 17 (3.5 mg, yield:
0.19%) and 2 (120.5 mg, yield: 6.51%). Fraction E (301.2 mg) was subjected to a silica gel column (52 g) using a
CHCI;:MeOH gradient (93:7, 92:8, 90:10) to give 3 (18.2 mg, yield: 0.98%) and four fractions (E1-4). Fraction
E1 (7.6 mg) was further purified on a silica gel column (10 g) and eluted with n-hexane:EtOAc:MeOH (10:10:1)
to give 2.8 mg of 14 (yield: 0.15%). To isolate metabolite 9 (8 mg, yield: 0.43%), fraction E2 (27.8 mg) was fur-
ther purified on a silica gel column (15 g) using n-hexane:EtOAc:MeOH (10:10:1). Fraction E3 (50.1 mg) was
subjected to a silica gel column (15 g) using CHCl;:MeOH (95:5) to afford 15 mg of 13 (yield: 0.81%). Fraction
E4 (21.7 mg) was subjected to a silica gel column (15 g), using CHCl;:MeOH (95:5) for elution, to give 16 (4 mg,
yield: 0.22%). Fraction F (192.9 mg) was further purified on a silica gel column (50 g) using CHCl;:MeOH
(97:3, 95:5, 93:7) for elution, to give metabolites 10 (6.3 mg, yield: 0.34%), 19 (31.1 mg, yield: 1.68%) and one
impure fraction (F1). Fraction F1 was further purified by a silica gel column (10 g) with the solvent system
n-hexane:EtOAc:MeOH (10:10:1), to provide 3.6 mg of 15 (yield: 0.19%). Fraction G (98.7 mg) was submitted
to a silica gel column (53 g) using mixtures of CHCl;:MeOH (95:5, 94:6, 93:7) to give 12 (3.5 mg, yield: 0.19%)
and two fractions (G1-2). To isolate metabolite 11 (1.4 mg, yield: 0.075%), fraction G1 (23.3 mg) was subjected
to a silica gel column (10 g), using n-hexane:EtOAc:MeOH (10:10:1). Fraction G2 (9 mg) was further fraction-
ated over a silica gel column (10 g) with the solvent system n-hexane:EtOAc:MeOH (10:10:1, 10:10:2), to provide
4.6 mg of 4 (yield: 0.25%). Fraction H (275.1 mg) was submitted to a silica gel column (50 g) and eluted with a
CHCIl;:MeOH gradient (95:5, 93:7, 92:8, 90:10) to afford two fractions (H1-2). Fraction H1 (18.3 mg) was puri-
fied by a silica gel column (10 g) and eluted with n-hexane:EtOAc:MeOH (10:10:1), to give 5.4 mg of 5 (yield:
0.29%). Fraction H2 (138.2 mg) was applied to VLC packed with reversed-phase silica gel (RP-C18, 30 g), using
ACN:H,0 gradient (25:75, 30:70, 40:60, 50:50), to afford 6 (95.4 mg, yield: 5.16%). Fraction I (86.9 mg) was
subjected to a silica gel column (50 g) using CHCl;:MeOH solvent system (95:5) to give 7 (16.9 mg, yield: 0.91%)
and one impure fraction (I1). Fraction I1 (12.9 mg) was further purified on a silica gel column (10 g) and was
eluted with a CHCl;:MeOH gradient (99:1, 98:2) to give 1.1 mg of 22 (yield: 0.06%) and fraction Ila. To purify
metabolite 8 (2.4 mg, yield: 0.13%), fraction Ila (7.4 mg) was subjected to silica gel column chromatography
(10 g) with the solvent system n-hexane:EtOAc:MeOH (10:10:1). Fraction J (126.5 mg) was submitted to a silica
gel column (50 g), eluted with CHCl;:MeOH (95:5) to give fraction J1 (5 mg). Fraction K (56.7 mg) was sub-
jected to silica gel column chromatography (10 g) to yield 20 (16.3 mg, yield: 0.88%) one impure fraction (K1)
after elution with DCM:MeOH gradient (96:4, 95:5, 94:6). Fraction K1 (9.6 mg) was chromatographed on a silica
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r 2 3 % 5 & 7

Position 8y (Jin Hz) 8y (J in Hz) 8y (J in Hz) 8y (J in Hz) 8y (J in Hz) 8y (Jin Hz) 8y (J in Hz)

1 120 m, 1.61 m 137 m, 1.65m 1.40 m, 1.94 m 127 m, 158 m ;;9 m, 1.95 dt (147, }1;)2 m, 1.64td (125, 1 57 1 163 m

2 1.92 m, 2.00 m 1.94m,2.03 m 248 m, 260 m 1.88 m, 2.00 m 245m,262m 1.94m (2H) 1.98 m (2H)

3 3.64dd (86,2.7) 3.66 dd (11.5, 4.5) 3.60 td (7.9, 1.7) 3.63dt(10.7,5.1) 364m

4

5 170 m 1.74d (9.0) 211d(9.2) 1.69d (9.2) 213m 172m 170 m

6 3.78t(8.7) 3.89dp (11.7,3.9,3.3) | 3.72m 3.80q(7.7) 3.68m 3.76 tdd (9.5, 5.8, 3.0) gz)s ddd (123,89,

7 1.62m, 1.79 m 1.67 m, 1.93 m 1.55m, 1.77 m 154m, 1.74 m (1i524od3(153)'3)’ L66dt | 764 (8.0,3.5) (2H) | 1.6 m (2H)
194m 225m 205dd (11.5,48) | 1.96d(5.7) 1.85m 1.86 m 176 m

10

" A 197 m 172m,243dd (152, | 1.46dd (155, 43), | 1.58 m, 2.49dd (15,5, | 1.38 m, 2.56 dd (15.6, | 1.89 m, 2.37 dd (149, | 1.85 td (8.3, 6.9, 3.5),

A4 m, 1. 8.1) 249m 8.6) 9.0) 5.8) 233m

12 1.72m, 1.87 m 4241 (7.2) 418dd (6.7, 2.5) 416 dd (88, 4.3) 414dd (9.1,27) 427ddd (9.1, 5.9, 2.6) | 4.19 dt (9.5, 4.8)

13

14

210d(17.6),236d | 2.11d(17.6),238d | 1.86m, 2.15dd (12,6, | 2.09d (17.4), 228 d

15 1.79m,2.11 m 1.98 m, 220 m 193 m,2.11 m G 79 79 78

16 490 dtd (8.0,5.7, 3.1) | 487 tt (8.1, 4.4) 48211 (8.3, 4.6) 4881t (8.0, 5.0)

17 2.10d(5.9) 2.604d(7.6) 249m 3.06s 3.02s 2.93d (8.0) 3.56'5

18 1.70's 1845 1.80's 1475 1495 171s 137

» 030d(3.1,058d | 036d(43),071d | 045d(43),076d | 0.44d (43),067d | 054d(3.7),076d | 048d(4.2),059d |053d(45),0.58d
(4.1) (4.4) (4.4) (4.4) (4.1) (4.2) (4.2)

20

21 157 2045 2005 L4ds Lads 194 152
124m,3.09td (11.2, 2.64dd (12.8, 5.1), 2.08dd (13.3, 3.5),

2 pes 230 m, 2.66 m 22d069262m |70 |227ds262m | 3900030 233 m (2H)

23 1.88m, 218 m 1.95m, 232 m 1.89m, 230d (13.9) | 1.82m,2.20d (14.1) ;'g;‘ m, 2.20 dd (135, ;i? m,2.28dt(13.8, | g1 1 5 15m

24 3.67 brs 3.74 brs 3.69 m 3.64 brs 3.66 brs 3.69 brs 3.64 brs

25

26 145 141s 136 157 1585 1525 147

27 1295 162 1565 1305 131s 1355 130

28 1.88s 1.86s 1.72s 1.84s 1.74 s 191s 1.92s

29 1345 1345 138 131s 141s 137 1375

30 0.97s 1.04 087s 1.00s 0925 1265 132s

Table 2. 'H NMR spectroscopic data of compounds 1-7 (400 MHz). *In C;D;N.

gel column (10 g) using n-hexane:EtOAc:MeOH (10:10:0.5) to afford fraction Kla (2.1 mg). To isolate metabolite
21 (2.2 mg, yield: 0.12%), fractions Kla and J1 (7.1 mg) were combined and subjected to a preparative thin layer
chromatography employed with EtOAc:IPA:H,0O (100:10:2.5).

Structural characterization.
100 MHz): see Table 5; HR-ESI-MS (positive ion mode): m/z 513.35607 (C;,Hs,NaOs, calcd. 513.35559).
Metabolite 2: 'TH-NMR (C;D;sN, 400 MHz): see Table 2; *C-NMR (C;D;N, 100 MHz): see Table 5; HR-ESI-MS
(positive ion mode): m/z 529.35165 (C;,Hs,NaOs, calcd. 529.35031).
Metabolite 3: 'H-NMR (CsD;N, 400 MHz): see Table 2; *C-NMR (C;D;N, 100 MHz): see Table 5; HR-ESI-MS
(positive ion mode): m/z 527.33685 (C;,H,sNaOs, calcd. 527.33486).
Metabolite 4: 'H-NMR (CsD;N, 400 MHz): see Table 2; *C-NMR (C;D;N, 100 MHz): see Table 5; HR-ESI-MS
(positive ion mode): m/z 527.33596 (C;,H,sNaOq, calcd. 527.33486).
Metabolite 5: 'TH-NMR (C;D;sN, 400 MHz): see Table 2; *C-NMR (C;D;N, 100 MHz): see Table 5; HR-ESI-MS
(positive ion mode): m/z 525.31989 (C;,H,xNaOs, calcd. 525.31921).
Metabolite 6: 'H-NMR (CsD;N, 400 MHz): see Table 2; *C-NMR (C;D;N, 100 MHz): see Table 5; HR-ESI-MS
(positive ion mode): m/z 529.35093 (C;,Hs,NaOs, calcd. 529.35051).
Metabolite 7: 'TH-NMR (C;D;N, 400 MHz) see Table 2; *C-NMR (C;D;sN, 100 MHz): see Table 5; HR-ESI-MS
(positive ion mode): m/z 527.33594 (C;,H,sNaOq, calcd. 527.33486).
Metabolite 8: '"H-NMR (C;D;sN, 400 MHz): see Table 3; *C-NMR (C;D;N, 100 MHz): see Table 5; HR-ESI-MS
(negative ion mode): m/z 547.3276 (C;,H,,Oy, calcd. 547.32709).

Metabolite 1: '"H-NMR (C;D;N, 400 MHz): see Table 2; *C-NMR (C;D:N,
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8 9® 10° 11° 12° 13¢ 14°
Position 8y (Jin Hz) 8y (J in Hz) 8y (J in Hz) 8y (J in Hz) 8y (Jin Hz) 8y (J in Hz) 8y (J in Hz)
1 132m, 2.04m }:ggild (9.0,3.1), 124 m,2.08 m 0.99d (135, 1.58m | 1.16 m, 1.97 m ;gf m, 1.82dt (127, %:géff (13.2,5.1),
2 ?ff;f;é?é de 160m, 1.81d (9.4) | 2.49m,2.60m 1.87-2.02 (2H) ?ié?sl,n?;fsé.gdd }:gg ff (12.3,3.8), i:;)s m, 2.75.dd (13.0,
3 329m 3.60 td (12.6, 1.8) 3.22dd (116, 46)
4
5 226m 131d(9.6) 1.87d (9.9) 1.64d (10.0) 2.14d(9.8) 136 d (9.4) 2.30d (9.9)
6 365m 3.56 ¢ (10.8) 3.58 ¢ (10.3) 3.83t(1L.0) 3.75t(10.2) 3.541d (9.5,3.9) 3.81td (10.3,2.9)
7 162m, 173 m 147 m (2H) 132m, 150 m 156m, 1.70d (11.5) | 1.53m, 167 m 136m, 1.48 m 169m, 181 m
8 173 m 2.00m 2.04m 2.12m 2.09m 2.05m 2.16m
9
10
11 166 m, 2.31 m 197d(19.6),2.61d | 1.96d (19.8),264d |, 59\ 5834201y |205d(20.0),283d 13473437 25) 434dd (9.4, 3.4)

(19.8)

(19.9)

(20.0)

12

4.15ddd (9.7,7.3,2.6)

1.86 m, 2.31 dd (14.3,

2.26 dd (10.8, 3.4),

8.6) 2.67 dd (13.9, 9.4)
13
14
15 (zi%?;)i (175),227d | g m 212m 1.68m, 212 m %ifz‘)i (18.1),252d (2i17?5<)i (166),253d |} 490 193 m 1.85m, 2.10 m
16 454m 4564 (7.6) 459d (7.7, 5.3) 491 m
17 3555 2.36d(87) 237d(8.7) 3.08's 3.07s 1.94d (7.7) 2.10d(7.6)
18 1335 1725 1735 206 206 1445 1.80 s
» 047d(42),065d | 049d(46),073d | 055d(47),089d | 040d(49),076d | 045d (45),087d  |029d(47),1.10d | 0.52d (4.1),1.70d
(4.2) (4.7) (43) (4.5) (4.7) (4.7) @1
20
21 1495 1625 162 1.88s 1.88s 1475 157
2 1.84m,2.34m 139 m,2.07 m 141 m, 2.03 m 158 m, 2.47 m 1.59 m, 2.47 m é:;g’ m, 2.63 dt (13.5, i:g)z m, 3.09td (13.6,
23 1.85m,221 m 170 m, 2.17 m 170 m, 2.17 m 183m,222m 1.85m,224m 1.67m,2.14t(13.5) |1.82m,2.15m
24 3.64 brs 3.49 brs 3.50 brs 3.63 brs 3.61 brs 3.45 brs 3.64 brs
25
26 1455 127 1275 1435 1425 117 142’5
27 1.28s 1.18s 1.18 s 1.26 s 1.26s 1.23s 1.26 s
28 1735 1285 1365 192 176 5 1265 179
29 1455 0.97s 122 137 144 0.96s 150's
30 1275 0.62s 0.65s 0765 0.79s 0.84s 0935

Table 3. 'H NMR spectroscopic data of compounds 8-14 (400 MHz). *In C;D;N. *In CDCl,. “In CD;0D and

a drop of C;D;N.

Metabolite 9: 'H-NMR (CDCI,, 400 MHz): see Table 3; *C-NMR (CDCl;, 100 MHz): see Table 5; HR-ESI-MS
(positive ion mode): m/z 527.33662 (C;,H,sNaOq, calcd. 527.33486).
Metabolite 10: 'H-NMR (CDCl,, 400 MHz): see Table 3; and *C-NMR (CDCl;, 100 MHz): see Table 5; HR-
ESI-MS (positive ion mode): m/z 525.31890 (C;,H,xNaOy, calcd. 525.31921).
Metabolite 11: 'H-NMR (C;D;N, 400 MHz): see Table 3; *C-NMR (C;DsN, 100 MHz): see Table 5; HR-
ESI-MS (positive ion mode): m/z 525.32125 (C;,H,NaOy, calcd. 525.31921).
Metabolite 12: '"H-NMR (C;D:N, 400 MHz): see Table 3; *C-NMR (C;DsN, 100 MHz): see Table 5; HR-
ESI-MS (positive ion mode): m/z 523.30530 (C;yH,,NaOg, calcd. 523.30356).
Metabolite 13: '"H-NMR (CD;OD and a drop of C;DsN, 400 MHz): see Table 3; *C-NMR (CD;0D and a
drop of C;D;N, 100 MHz): see Table 5; HR-ESI-MS (positive ion mode): m/z 529.35090 (C;,Hs,NaOs, calcd.

529.35051).

Metabolite 14: '"H-NMR (CsD;N, 400 MHz): see Table 3; 3*C-NMR (C;D;N, 100 MHz): see Table 5; HR-
ESI-MS (positive ion mode): m/z 527.33574 (C;,H,NaOy, calcd. 527.33486).
Metabolite 15: 'H-NMR (C;D;N, 500 MHz): see Table 4; *C-NMR (C;DsN, 125 MHz): see Table 5; HR-
ESI-MS (positive ion mode): m/z 525.3170 (C3,H,,NaOy, caled. 525.31921).
Metabolite 16: "H-NMR (CD;OD and a drop of C;DsN, 400 MHz): see Table 4; *C-NMR (CD;0D and a
drop of C;D;sN, 100 MHz): see Table 5; HR-ESI-MS (positive ion mode): m/z 545.34597 (C;,H5,NaO,, calcd.

545.34542).

Metabolite 17: '"H-NMR (CDCl,, 400 MHz): see Table 4; *C-NMR (CDCl;, 100 MHz): see Table 5; HR-
ESI-MS (positive ion mode): m/z 541.31528 (C;yH,xNaO,, calcd. 541.31412).
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15 16¢ 17° 18* 19* 20* 21 R
Position 8y (Jin Hz) 8y (Jin Hz) 8y (Jin Hz) 8y (J in Hz) 8y (J in Hz) 8y (J in Hz) 8y (J in Hz) 8y (Jin Hz)
1 2.00 m, 2.56 m 1.28 m, 1.96 m 1.24 m, 1.80 m 1.34m, 1.61 m 1.86m,2.91d (9.1) | 1.33m, 1.58 m 1.39m,1.64m |1.53m,1.72m
2 2.59m,2.79m 1.70 m (2H) 2.54t(6.6) (2H) 1.88 m, 1.97 m 1.85m, 2.02 m 1.68 m, 1.93 m 1.65m, 1.83m |1.68 m, 1.84 m
3 3.26 m 3.6l m 3.73 m 3.82dd (5.6, 1.7) 3.78 m 3.79 m
4
5 232m 1.54d (9.8) 1.86d (9.9) 1.80d (9.3) 272d(7.2) 1.47 d (12.0) 1.96 m 1.94m
6 3.86 m 342 m 3.65m 3.74m 4.14t(8.4) 442 m 5.88 m 6.09 m
7 1.70 m (2H) 1.42 m (2H) 134m,1.52m 371m %g dm(l L8), 439m 598m 6.05d (10.4)
213 m 1.53 m 223 m 2.40 d (6.9) 2.65d (11.7)
10
11 434 m 3.35 brs 3.71 brs 1.67m, 2.43d (5.6) | 3.32m 1.74m, 2.14m 265m,291m |4.73m
2.48 dd (14.6, 3.1), 1.85m,2.78 d
12 284 m 3.93 brs 421 m (13.9) 1.77 m, 2.16 m 4.45m 4.36d (6.7)
13
14
15 2131m,2.30 m 1,57 m, 2.02 m 1.68m, 2.12m 245m,2.69d (8.3) | 1904 (14.3),209 |5 14594 m 220m (2H) | >164d(123,7.7),
d(12.7) 2.25m
16 4.51q(7.4,7.0) 4.56 d (7.8) 484 m 4.941(6.9) 497 m 4.89 m 4.96 m
17 2.86 m 2.32d(7.8) 2.33d(8.7) 2.53d (7.5) 2.20d(7.7) 2.10d (7.6) 2.57m 2.57d (7.4)
18 1.60 s 1.35s 1.88s 1.61s 1.60 s 1.80s 1.78 s
0.58 d (4.3), 1.80 0.51d (4.8), 1.47 0.40 d (4.5),0.92 2.95d(11.8),
19 d(4.2) 0.57d (4.2),0.83 m d(5.1) d (4.4) 391m,397m 1.91m,3.17 m 242m,254m 313m
20
21 1.49s 1.65s 1.62s 2.02s 1.55s 1.51s 2.01s 1.99s
1.88d (12.9), 2.04 1.22.d (14.0), 3.26 1.26 m, 3.23 td
22 1.33m,2.31m d(7.6) 1.42m, 2.16 m 2.29m,2.63 m d(13.9) (13.7, 4.4) 2.38m,2.67m |2.33m,2.68m
1.64m, 2.17 t
23 1.86 m, 2.17m (13.5) 1.72m, 2.18 m 1.90 m, 2.29 m 1.83m,2.11m 1.86 m, 2.16 m 1.99m,232m |1.98m,2.32m
24 3.64 brs 3.45 brs 3.51 brs 3.70 brs 3.65 brs 3.65 brs 3.75 brs 3.78 brs
25
26 1.42s 1.26s 1.28s 1.37s 1.44s 142 1.42s 1.48s
27 1.28s 121s 1.19s 1.58s 1.29s 1.31s 1.65s 1.70 s
28 1.83s 1.31s 1.38s 1.86s 1.77 s 1.66 s 0.96 s 1.16 s
29 1.55s 0.97 s 1.24s 1.32s 1.08 s 131s 1.08 s 0.97 s
30 1.00s 1.11s 0.66 s 1.03s 0.81s 0.92s 0.94s 0.94s

Table 4. 'H NMR spectroscopic data of compounds 15-22 (400 MHz and *500 MHz). *In CsD;N. °In CDCl,.
In CD;OD and a drop of C;D:N.

Metabolite 18: 'H-NMR (C;D:N, 400 MHz): see Table 4; *C-NMR (C;DsN, 100 MHz):
ESI-MS (positive ion mode): m/z 545.34775 (C;yH5,NaO,, calcd. 545.34542).

Metabolite 19: '"H-NMR (CsD:N, 400 MHz): see Table 4; *C-NMR (C;D:N, 100 MHz):
ESI-MS (positive ion mode): m/z 529.35144 (C;,H5,NaOy, calcd. 529.35051).

Metabolite 20: 'H-NMR (C;D;N, 400 MHz): see Table 4; *C-NMR (C;DsN, 100 MHz):
ESI-MS (positive ion mode): m/z 527.33874 (C3,H,sNaOy, calcd. 527.33486).

Metabolite 21: 'H-NMR (C;D:N, 500 MHz): see Table 4; *C-NMR (C;D;sN, 125 MHz):
ESI-MS (positive ion mode): m/z 509.32640 (C;,H,xNaOs, calcd. 509.32429).

Metabolite 22: '"H-NMR (CsD:N, 500 MHz): see Table 4; *C-NMR (C;D:N, 125 MHz):

ESI-MS (positive ion mode): m/z 525.3166 (C3,H,(NaOy, caled. 525.31921).

Biological activities.
Dulbecco’s modified Eagle medium (DMEM) containing 10% FBS at 37 °C, and 5% CO,. The cells were homog-
enously seeded in 96 well plate (20,000 cells/well) and incubated for 24 h. Following 2 h incubation with com-
pounds or vehicle (DMSO), the cells were treated with 70 uM H,O,. For the 6-OHDA mediated toxicity experi-
ments, cells were treated with 50 pM 6-OHDA after 8 h of treatment with the compounds. For both experiments,
cell viability was determined after 24 h via the MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide) assay. Briefly, the cells were incubated with MTT (0.5 mg/ml final concentration) for 4 h. Then, all the
media was pulled out, and DMSO was added to wells. Photometric absorbance was measured at a wavelength
of 590/690 nm by using Varioscan flash spectrophotometer by Thermo Scientific. The statistical significance of

see Table 5; HR-
see Table 5; HR-
see Table 5; HR-
see Table 5; HR-

see Table 5; HR-

Determination of cell viability. SH-SY5Y cell line was maintained in high-glucose

Scientific Reports |

(2022) 12:18481 |

https://doi.org/10.1038/s41598-022-22799-5

nature portfolio



www.nature.com/scientificreports/

1 2 3 Ly 5 6 7 8 9 10" 1 12° 13 14° 15 16° 17" 18° 19° 20° 21 22
Position | 8 5 5c 8¢ 8¢ 8¢ 5 5 5 5 5 5 & 5 8 5 5 5 8 8 S £s
1 326 323 318 323 315 329 326 325 32.8 323 330 319 29.7 293 29.9 35.1 29.5% 321 290 37.1 39.1 38.1
2 312 310 36.0 310 358 313 312 363 30.0 356 309 357 30.2 36.1 36.8 302 36.1 309 328 248 26.1 26.0
3 78.1 780 216.3 77.9 216.1 78.1 780 217.8 77.9 216.1 77.6 2157 78.5 217.2 218.7 780 216.3 77.8 772 86. 853 85.6
4 422 42.1 50.3 42.1 50.2 22 420 513 413 50.0 42.1 50.2 419 50.5 51.2 415 50.2 420 420 46.9 46.4 459
5 538 53.1 532 533 532 542 54.1 54.2 529 53.0 53.1 52.7 538 4.4 55.0 53.0 53.6 50.8 57.5 55.5 58.1 56.8
6 68.3 66.9 68.1 67.2 68.3 69.0 68.8 70.2 69.0 69.2 68.1 68.1 67.7 68.6 69.0 69.5 68.8 732 67.5 76.9 132.1 134.1
7 38.7 372 376 37.8 37.8 39.5 394 394 38.1 37.7 39.0 382 376 38.6 393 388 379 75.7 37.1 80.2 1287 1288
8 47.1 444 46.2 44.1 455 483 46.9 48.0 47.3 47.5 462 462 457 47.8 47.7 489 47.9% 524 40.7 139.5 1385 1419
9 211 218 221 208 210 209 20.1 213 210 215 20.5 209 276 279 285 289 265 209 1327 126.7 1318 1172
10 29.6 29.2 286 295 28.6 289 29.8 289 309 299 313 299 299 283 296 319 297t 29.1 1345 887 100.1 -d
11 26.2 364 36.6 36.5 36.5 379 36.1 373 457 454 454 4.9 65.4 63.8 64.0 810 713 36.7 394 308 410 708
12 340 71.6 71.6 715 71.6 73.0 72.7 737 212.0 2113 210.2 209.6 474 493 483 834 2114 714 338 324 70.1 723
13 46.6 523 523 524 524 51.2 517 528 61.0 61.1 60.3 60.3 46.81 46.6 512 514 59.8 525 457 49.1 514 525
14 45.7 47.5 47.3 428 426 46.2 4.0 43.0 47.81 478 437 435 46.1 46.3 47.1 46.5 46.5 479 453 443 46.5 49.1
15 47.8 48.5 48.9 50.9 51.2 50.6 527 53.8 48.01 479 51.0 50.9 46.81 47.9 51.8 49.2 47.9% 50.4 453 41.6 45.2 44.6
16 73.8 713 713 215.8 215.6 719 216.6 217.5 72.9 729 2144 214.1 74.2 73.7 219.2 711 72.8 715 737 74.1 720 72.5
17 60.7 62.0 62.1 71.2 71.2 55.0 65.6 66.7 515 516 60.1 60.1 60.3 60.7 70.9 61.5 52.0 618 60.7 59.6 61.0 60.6
18 20.7 135 13.8 14.0 14.4 205 20.1 21.2 13.1 13.1 127 127 20.1 213 21.2¢ 132 139 134 19.8 19.5 139 16.1
19 310 284 30.1 299 309 316 310 312 32.8 320 322 312 216 216 223 356 220 29.8 68.5 363 39.1 359
20 78.8 785 783 76.5 76.4 79.3 764 77.5 79.3 79.3 75.8 759 79.5 78.8 76.3 783 79.2 78.5 784 78.1 793 79.6
21 285 27.0 27.0 233 232 272 23.5¢ 245 27.0t 27.0 276 276 278 283 255 258 27.0 269 292 293 272 27.3
22 264 29.5 293 319 320 28.6 324 335 26.9% 26.9 272 272 263 264 305 288 269 29.5 264 26.5 30.1 293
23 238 237 236 233 233 236 2341 245 23.1 23.1 235 235 231 238 243 223 231 237 237 239 246 244
24 68.5 69.1 689 68.5 68.4 68.6 68.0 69.0 69.4 69.4 68.5 68.5 68.9 68.4 69.5 68.8 69.3 69.0 68.6 68.6 70.1 700
25 75.1 757 75.6 76.6 76.6 75.6 75.5 76.7 753 75.3 74.7 74.7 75.6 75.2 753 753 754 75.7 747 74.6 76.8 77.0
26 284 284 283 28.0 28.0 284 278 289 279 279 28.1 281 27.6 285 29.1 275 279 284 286 287 29.3 29.0
27 27.8 282 282 280 280 28.0 275 285 275 27.5 28.0 28.0 275 278 288 27.0 275 28.1 27.7 27.6 286 288
28 29.2 288 277 289 280 295 295 299 282 27.6 293 28.1 279 285 29.1 279 272 28.8 273 241 266 26.1
29 159 157 20.5 157 203 16.0 16.1 21.0 15.0 204 15.7 204 15.1 203 211 147 20.7 154 15.0 257 26.0 253
30 20.2 19.7 20.0 19.0 19.3 218 20.5 217 206 20.7 19.5 19.6 205 215 214 18.4 217 19.5 19.3 259 254 26.7
Table 5. *C NMR spectroscopic data of compounds 1-22 (100 MHz and *125 MHz). *In CsD;N. *In CDCl,,
“In CD,0D and a drop of C;D;N. fOverlapped signals. ‘Not detected.
differences between compounds and H,0, or 6-OHDA treatments were assessed by one-way ANOVA using
GraphPad Prism software.
Determination of ROS levels. SH-SY5Y cells were seeded onto the 6 well plates and were treated with
either compounds or the vesicle for 2 h. Then, cells were treated with 70 pM H,O,. Following procedures were
performed as described previously*.
Determination of mitochondrial membrane potential. SH-SY5Y cells were seeded onto the cover-
slip. After 2 h pretreatment with 100 nM of each compound, cells were exposed to 70 uM H,O, Following 24 h
incubation, cells were treated with 100 nM MitoTracker’ Red FM (Thermo Fisher Scientific, US) for 30 min at
37 °C. Then cells were washed with PBS. After mounting, cells were immediately observed using a fluorescence
microscope (Olympus IX70).
All photographs were taken under the same conditions, and the fluorescence intensity of the mitochondria
relative to the cell volume was calculated in 30 cells using the Image] software.
Data availability
The data that support the findings of this study are available from the corresponding authors (EB and PBK)
upon reasonable request.
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