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. This study was aimed at investigating the chemical stability (the thermal, light and pH stability) of

. phenylethanoid glycosides (PhGs) in Osmanthus fragrans Lour. flowers, identifying the degradation

. products of acteoside and salidroside (major PhGs in O. fragrans flowers) by UPLC-QTOF-MS and

. studying the anti-hypoxia activity of PhGs after degradation. The degradation of PhGs followed first-

- order reaction kinetics, and the rate constant of acteoside (4.3 to 203.4 X 10~3day ') was higher than

. that of salidroside (3.9 to 33.3 x 10—3day~2) in O. fragrans flowers. Salidroside was mainly hydrolyzed

. totyrosol during storage, and the degradation products of acteoside were verbasoside, caffeic acid,

. isoacteoside, etc. In a model of cobalt chloride (CoCl,)-induced hypoxia in PC12 cells, the anti-hypoxia

. ability of PhGs decreased after degradation, which resulted from the reduction of PhGs contents.

. Particularly, caffeic acid exhibited stronger anti-hypoxia ability than acteoside and could slightly
increase the anti-hypoxia ability of degraded acteoside. The results revealed that high temperature,
high pH and light exposure caused PhGs degradation, and thus the anti-hypoxia ability of PhGs
reduced.

. Osmanthus fragrans (Thunb.) Lour. (sweet osmanthus), belonging to the Oleaceae family', is widely planted in
. south and middle China®>. Osmanthus fragrans is famous for its fragrant flowers, which are small flowers with
. four-lobed corolla and varies in colors, such as white, pale yellow, yellow and orange-yellow®. They are widely
© cultivated as ornamental plants’*. In China, O. fragrans flowers have been used as foods (such as beverage, pas-
: try, paste, etc.)>® and traditional Chinese medicine' for a long time. In recent studies, the extracts of O. fragrans
. flowers have showed the abilities of neuroprotection’, anti-aging®, anti-inflammatory>®, antioxidantion'*-* and
© inhibiting melanogenesis'.

: Previous studies revealed that the anti-aging and antioxidant activities of O. fragrans flowers were well cor-
. related with phenylethanoid glycosides (PhGs), especially the acteoside (also named verbascoside)® > 13, PhGs
© are a class of naturally occurring phenols, which are abundant in O. fragrans flowers with the total pheny-
* lethanoid glycoside (TPG) content ranged from 92.66 to 130.57 milligrams of acteoside equivalents (AE) per
. gram of dry weight (mg AE /g DW)'2. Acteoside and salidroside were two main PhGs in O. fragrans flowers
. with the content of 32.78 to 71.79 mg/g DW and 4.72 to 16.08 mg/g DW'2, respectively. Acteoside has the abil-
© ity of protecting nerve cells, for instance, acteoside protects pheochromocytoma (PC12) neuronal cells against
* 1-methyl-4-phenylpyridinium ion (MPP")-induced apoptotic or necrotic death'’. Also acteoside can protect
. the human neuroblastoma SH-SY5Y cells from [3-amyloid-induced cell damage!® and MPP"-induced injury?®.
. Salidroside shows similar neuroprotective effects!’~'°. Particularly, salidroside can protect PC12 cell from
. CoCl,-induced hypoxia damage®”>2'. Thus, we consider acteoside and PhGs in O. fragrans flowers have the poten-
- tial ability of anti-hypoxia in PC12 cell.
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Figure 1. Degradation of phenylethanoid glycosides under different conditions. The effect of temperature on
the contents of TPG in OFE (A), salidroside in OFE (B), acteoside in OFE (C), salidroside standard (D) and
acteoside standard (E) at pH 6.0 in the dark; the effect of light on the contents of TPG in OFE (F), salidroside in
OFE (G), acteoside in OFE (H), salidroside standard (I) and acteoside standard (J) at pH 6.0 at 20 °C; the effect
of pH on the contents of TPG in OFE (K), salidroside in OFE (L), acteoside in OFE (M), salidroside standard
(N) and acteoside standard (O) at 20 °C in the dark. TPG, total phenylethanoid glycoside; OFE, O. fragrans var.
thunbergii flower extracts.

Considering the benefits mentioned above, PhGs in O. fragrans flowers have potential to be used in functional
food or medicine. However, acteoside in solution is unstable, and is easy to be destroyed by a number of factors
such as temperature??, pH** ° and light**»* during storage. There is no more available information in previous
literatures on the degradation kinetics and degradation products of acteoside and salidroside.

Therefore, the objectives of this work were (1) to evaluate the effects of temperature, pH and light on the
degradation kinetics of acteoside, salidroside and TPG in O. fragrans flower extracts (OFE); (2) to identify the
degradation products of acteoside and salidroside by UPLC-QTOF-MS/MS; (3) to investigate the anti-hypoxia
activities of acteoside, salidroside and TPG after degradation.

Results and Discussion

Degradation kinetics of phenylethanoid glycosides.  Asshown in Fig. 1A,B and C (contents at 0 day),
the TPG, salidroside and acteoside contents in OFE were 117.23 g AE/mL, 7.46 pg/mL and 76.61 pg/mL, respec-
tively. The acteoside content was slightly higher than that determined by Jiang et al.?, which might be due to the
different origin of O. fragrans flowers and/or extraction conditions (solvent, 80% aqueous acetone vs 95% ethanol;
temperature, 40 °C vs 20 °C; solid: solvent ratio, 1:15 vs 1:10). For thermal stability of TPG, the contents (after 90
days) decreased by 17.64%, 35.39%, 76.90% and 87.00% at 4, 20, 37 and 50 °C, respectively. As for 80°C, the TPG
content decreased by 84.25% after 7 days. It showed that the degradation of TPG accelerated with the elevation
of temperatures. Besides temperature, light and pH also affected the TPG stability, and the degradation of TPG
increased with light exposure and the elevation of pH values. The degradation of salidroside and acteoside exhib-
ited similar pattern.

The degradation of PhGs fitted to the first-order kinetic equation with R? higher than 0.94 for all treatments
(Table 1). With temperature increasing, the first-order reaction rate constant (k) values increased rapidly and the
half-life time (¢,/,) values decreased (Table 1). It revealed that greater degradation of PhGs occurred at higher
temperature. At the same temperature (20 °C), the ¢,/, value of PhGs in the light was lower than that in the dark,
indicating PhGs were less stable in the light than those in the dark. The pH level also influenced the stability of
PhGs. Considering the pH of some products, tea beverages are generally 5 to 7%, while detergents such as soap
can reach 9. Therefore, pH was set from 5 to 9 in present study. As shown in Table 1, the increase of pH (from 5.0
t0 9.0) hastened the PhGs degradation.

The k values and t,,, values of TPG (including 6.36% salidroside and 65.35% acteoside) in OFE ranged from
2.1x107%t0 251 x 107* day ! and 2.8 to 330.1 day (Table 1), respectively. At lower temperatures (4°C and 20°C)
and lower pH values (pH 5.0 and pH 6.0), the ¢,, values of TPG were higher, while they decreased drastically at
high temperatures (50 °C and 80 °C) and high pH values (pH 9.0). The ¢,,, values of salidroside in OFE ranged
from 20.8 to 177.7 day. At the same condition, the ¢;,, value of acteoside in OFE was lower than that of salidroside,
indicating that acteoside was less stable than salidroside. It was attributable to the different molecular structures
of salidroside and acteoside. Salidroside is phenylethanoid monosaccharides, while acteoside is phenylethanoid
disaccharide and has ester linkage, which is easy to be hydrolyzed. The calculated activation energy (Ea) values
of TPG, salidroside and acteoside in OFE were 50.40, 21.63 and 69.14k]J/mol, respectively (Table 1). Higher Ea
values indicate stronger temperature dependence, that is the reaction running slowly at low temperature but fast
at high temperature?’. So acteoside in OFE was more susceptible to temperature elevation during heating.

The t,,, values of salidroside and acteoside standards were higher than those of salidroside and acteoside in
OFE with same treatments. The results showed that the standards of salidroside and acteoside were more stable
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TPGin k(day-) | 00021 0.0044 0.0169 0.0216 0.2510 0.0044 0.0083 0.0039 0.0044 0.0065 0.0216
OFE Y (0.9615) (0.9474) (0.9815) (0.9924) (0.9928) (0.9474) (0.9847) (0.9580) (0.9474) (0.9829) (0.9926)
t,,(day) | 330.1 157.5 41.0 32.1 2.8 157.5 835 177.7 157.5 106.6 32.1
Ea (kJ/mol) | 50.40 (0.9636)
Salidroside | 4 (3. 1y | 0.0042 0.0088 0.0148 0.0181 0.0333 0.0088 0.0143 0.0039 0.0088 0.0173 0.0214
in OFE Y (0.9773) (0.9963) (0.9863) (0.9878) (0.9956) (0.9963) (0.9734) (0.9823) (0.9963) (0.9802) (0.9774)
t,2(day) | 165.0 78.8 46.8 383 20.8 78.8 485 177.7 78.8 40.1 324
Ea (kJ/mol) | 21.63 (0.9796)
Acteoside | gy | 0.0043 0.0157 0.0811 0.4786 2.034 0.0157 0.0323 0.0051 0.0157 0.0269 1.1196
in OFE Y (0.9575) (0.9950) (0.9898) (0.9828) (0.9926) (0.9950) (0.9875) (0.9794) (0.9950) (0.9864) (0.9826)
t,,(day) | 161.2 44.1 8.5 1.4 0.3 44.1 215 135.9 44.1 258 0.6
Ea (kJ/mol) | 69.14 (0.9829)
Salidroside |4 (3. 1y | 0.0012 0.0017 0.0026 0.0046 0.0084 0.0017 0.0020 0.0014 0.0017 0.0019 0.0025
Standard Y (0.9618) (0.9945) (0.9677) (0.9989) (0.9982) (0.9945) (0.9971) (0.9869) (0.9945) (0.9951) (0.9975)
t,;(day) | 577.6 407.7 266.6 150.7 82.5 407.7 346.6 495.1 407.7 364.8 277.3
Ea (kJ/mol) | 21.59 (0.9823)
Acteoside | 31y [ 00015 0.0054 0.0246 0.4269 1.9496 0.0054 0.0124 0.004 0.0054 0.0135 1.0451
Standard Y (0.9697) (0.9833) (0.9944) (0.9928) (0.9825) (0.9833) (0.9889) (0.9945) (0.9833) (0.9830) (0.9801)
t,,(day) | 462.1 128.4 282 1.6 04 128.4 55.9 173.3 128.4 513 0.7
Ea (kJ/mol) | 81.83 (0.9576)

Table 1. Thek, t,,, and Ea values of phenylethanoid glycosides degradation under different conditions. k, the
kinetics constant; t,,,, the half-life time; Ea, activation energy; PhGs, phenylethanoid glycosides; TPG, total
phenylethanoid glycoside; OFE, O. fragrans var. thunbergii flower extracts.
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Figure 2. Total ion chromatogram of salidroside before and after degradation in positive ion mode. SD:
salidroside degradation product.

than those in OFE under the same storage condition. As the OFE was crude extract (including enzyme, organic
acids, etc.), some of these compounds might accelerate the degradation® of salidroside and acteoside in OFE,
compared with the standards.

These findings revealed that the degradation of PhGs follows first-order reaction kinetic, which could be used
to predict their contents during storage. Phenylethanoid glycosides were unstable at high temperature, high pH
and light exposure conditions, therefore PhGs should be stored in the dark at low temperature and pH.

Main degradation products of salidroside and acteoside. For tentative identification of the deg-
radation products, the degraded salidroside and acteoside were analyzed by UPLC-QTOF-MS/MS. Tyrosol,
salidroside, caffeic acid, acteoside and isoacteoside were further identified using standards, and other degra-
dation products were tentatively identified using the MS data. As shown in Fig. 2 and Supplementary Fig. SI,
salidroside degradation product (SD) was the main degradation product of salidroside for all experiment treat-
ment. Comparing the mass data with tyrosol standard, SD was identified as tyrosol, which was the aglycone of
salidroside (structures shown in Fig. 3a). It indicated that salidroside was mainly hydrolyzed to tyrosol during
storage. The MS/MS spectrum and proposed fragmentation pathway of salidroside and tyrosol are shown in
Supplementary Fig. S2.

Acteoside generated more degradation products (Supplementary Fig. S3) than salidroside during storage.
As shown in Fig. 3b, acteoside was composed of four chemical moieties, including caffeic acid, hydroxytyrosol
(phenylethanoid aglycone), glucose (central saccharide) and rhamnose. The ester linkage, linking caffeic acid and
glucose, could be easily hydrolyzed under some conditions. At the lower temperatures (<37 °C), acteoside was
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Figure 3. Chemical structures of salidroside (a), acteoside (b) and their possible degradation products.

hydrolyzed to verbasoside and caffeic acid (Fig. 4a, Table 2 and Supplementary Fig. S3a), and also isomerized into
isoacteoside, while at high temperatures (50 and 80 °C, Fig. 4b), acteoside were hydrolyzed to verbasoside and
isomerized into isoacteoside. Acteoside and isoacteoside were further oxidized to campneoside II and isocamp-
neoside II, respectively. Acteoside was also oxidized to 3-oxoacteoside, and the degradation products of AD1,
AD5 and AD6 were identified as unknown compounds (Table 2) according to the current information.
Exposure to light compared to the dark, it increased hydrolysis of acteoside to verbasoside and caffeic acid,
and isomerization to isoacteoside (Fig. 4a, Table 2 and Supplementary Fig. S3b). In previous study, D’Imperio*
found that acteoside was quite unstable at pH 7 and could isomerize to isoacteoside. In the present study, when
pH values ranged from 5.0 to 7.0 (all samples stored in the dark), we found the main degradation products of
acteoside were verbasoside, caffeic acid and isoacteoside (Fig. 4a, Table 2 and Supplementary Fig. S3¢), indicating
that acteoside was mainly hydrolyzed and isomerized in acidic or neutral solution at 20 °C. However, in alkaline
solution (pH 9.0), acteoside were hydrolyzed to cistanoside F and isomerized into isoacteoside (Fig. 4c, Table 2
and Supplementary Fig. S3c). Further, acteoside was oxidized to campneoside II and cyclized to oraposide, while
isoacteoside was oxidized to isocampneoside II and cyclized to isocrenatoside. The degradation product of AD5
could not be tentatively identified according to the current information. The MS/MS spectrum and proposed
fragmentation pathway of acteoside and its degradation products are shown in Supplementary Fig. S4.
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Figure 4. Total ion chromatograms of acteoside before and after degradation in negative ion mode in different
storage conditions. (a) In common storage conditions (temperature <37°C, pH <7); (b) at high temperature;
(c) at high pH. AD: acteoside degradation product.

At low temperature, acteoside isomerized into isoacteoside, and was hydrolyzed to verbasoside and caffeic
acid in acidic or neutral solution, irrespective of storage in the dark or light. However, under high tempera-
ture and alkaline conditions, acteoside could also be cyclized to oraposide, and oxidized to campneoside IT and
[3-oxoacteoside.

Protective effect of phenylethanoid glycosides against CoCl,-induced death in PC12 cells. The
400 pM CoCl, treatment for 12h induced significant decrease in cell viability (52.52 4 0.31% viability) of cultured
PC12 cells (Fig. 5), as compared with that of control cells (100% viability). As shown in Fig. 5, treatment with
salidroside (5, 25 and 50 pg/mL), acteoside (5, 25 and 50 ng/mL) and OFE (TPG contents: 5, 25 and 50 pg/mL)
significantly attenuated the CoCl,-induced decrease in cell viabilities in a concentration dependent way. The
treatment with 50 pg/mL (167 pM) salidroside showed the maximum protection (81.15 % 1.33% viability) among
the given concentrations of salidroside, slightly higher than that of the treatment with 90 uM salidroside (79.6%
viability) in a previous study?!. Also, the treatment with 25 pug/mL (83 uM) salidroside showed lower cell viability
(71.74 £0.93%) than that in the previous study. The cell viabilities of PC12 cells treated with 5, 25 and 50 pg/mL
acteoside (equal to 8, 40 and 80 uM) were 61.67%, 75.24% and 86.13%, respectively, higher than those of salidro-
side (58.44%, 71.74% and 81.15% for 17, 83 and 167 uM, respectively). It revealed that acteoside could protect
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237.0607, 193.0704,

ADI1 2.092 383.1178 129.0195. 75,009 —44 C,,H,,0,, | Unkonwn
619.1691, 491.1166, .

AD2 4.008 637.1740 311.0564. 179.0351 -1.6 CyH;,0,4 | 3-Oxoacteoside
315.1080, 161.0452, .

AD3 5.362 461.1647 1320451 —3.1 CyoH30Oy, | Verbasoside
179.0339, 179.0339, . .

AD4 5.819 487.1432 135.0444 —4.2 C,,H,30,; | Cistanoside F
399.0709, 309.0377,

AD5 7.125 635.1586 283.0594, 265.0491 —1.5 C,H;,0,4 | Unkonwn
383.0741, 311.0551,

AD6 7.584 619.1688 367.0646, 241.0483 ~15 CyoH,,055 | Unkonwn

AD7 8.037 179.0354 161.0253, 135.0448 23 CyH O, Caffeic acid
475.1216, 179.0341, .

ADS8 8.11 621.1786 135.0491 -39 CyH;3,0,5 | Oraposide
621.1812, 487.1444,

AD9Y 8.426 639.1926 179.0332, 161.0234, -18 CyoH34016 | Campneoside II
151.0378, 135.0474

ADI0 9.127 621.1783 ‘gg:(l)ﬁg’ 179.0351, _s CpH,,0y5 | Isocrenatoside
621.1824, 487.1407,

ADI1 9.301 639.1934 459.1487, 179.0335, —12 CyoHy0y | Isocampneoside IT
151.0396
461.1667, 315.1087,

Acteoside 10.85 623.1993 179.0351, 161.0251, —3.1 CyoH340y5 | Acteoside
135.0454
461.1648,179.0339, .

AD12 11.27 623.1953 161.0237. 135.0445 —33 C,H;0,5 | Isoacteoside

Table 2. Retention time, mass measurements, and predicted formulas of acteoside and its degradation
products. AD, acteoside degradation products.
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Figure 5. Protective effect of OFE, salidroside, acteoside, caffeic acid and isoacteoside on CoCl,-induced
hypoxia damage in PC-12 cell. OFE, O. fragrans var. thunbergii flower extracts; the 5, 25 and 50 ug/mg were the
contents of total phenylethanoid glycoside in OFE. Cell viabilities were measured by CCK-8 assay. *p < 0.05
compared with control group; %p < 0.05 compared with model group (+400 uM CoCl,).

PC12 cells against CoCl,-induced hypoxia damage, even stronger than salidroside. In addition, the TPG, salidro-
side and acteoside contents showed good correlation with anti-hypoxia activities, with correlation coefficients of
0.945, 0.982 and 0.983 (p < 0.01), respectively.

As mentioned in the first part of Result and Discussion, the TPG, salidroside and acteoside contents decreased
after degradation. Obviously, the cell viability of PC12 cells treated with degraded PhGs was lower compared with
that of undegraded PhGs (Fig. 6). The cell viabilities of PC12 cells treated with OFE at high temperatures (Fig. 6a)
and high pH values (Fig. 6c) were similar to that of model group, for acteoside and salidroside had almost disap-
peared in these treated samples. As shown in Fig. 6, treatment with degraded salidroside significantly attenuated
the CoCl,-induced decrease in cell viabilities of PC12 cells, though the cell viabilities of PC12 cells treated with
degraded salidroside were lower, compared with that of undegraded salidroside (Fig. 6).

For the degraded acteoside, the cell viabilities decreased (Fig. 6) as the acteoside concentrations declined. Of
particular note, the concentrations of acteoside at light (pH 6.0, 25°C, Fig. 1]) and pH 7.0 (25 °C, dark, Fig. 10)
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Figure 6. Protective effects of degraded PhGs on CoCl,-induced hypoxia damage in PC12 cell. a, cell viabilities
of PC12 cells treated with PhGs stored at different temperature at pH 6.0 in the dark; b, cell viabilities of PC12
cells treated with PhGs stored at different light exposure at pH 6.0 at 20 °C; ¢, cell viabilities of PC12 cells treated
with PhGs stored at different pH at 20 °C in the dark. PhGs, phenylethanoid glycosides; OFE, O. fragrans var.
thunbergii flower extracts. Cell viabilities were measured by CCK-8 assay. *p < 0.05 compared with control
group; %p < 0.05 compared with model group (4400 uM CoCL,); “p < 0.05 compared with undegraded PhGs in
the same color.

were 33.13 ug/mL and 31.41 ug/mL, respectively. The final acteoside concentrations of these samples were approx-
imately 3 pg/mL in the cell experiment. However, we found that the cell viabilities in the presence of degraded
acteoside by light (62.88%, Fig. 6b) and pH 7.0 (64.00%, Fig. 6¢) were higher than that of 5ug/mL acteoside
(61.67%). Under these storage conditions, the degradation products of acteoside were caffeic acid, isoacteoside
and verbasoside. As shown in Fig. 5, the cell viability of PC12 cells treated with 5pg/mL (equal to 28 pM) caffeic
acid (81.22%) were higher than that of acteoside (75.24% for 40 pM), whereas the cell viabilities of PC12 cells
treated with 5, 25 and 50 ug/mL (equal to 8, 40 and 80 uM) isoacteoside (56.81%, 61.19% and 68.99%, respec-
tively) were significantly lower (p < 0.05) than those of acteoside. The caffeic acid and isoacteoside contents also
showed good correlation with anti-hypoxia activities, with correlation coefficients of 0.94 and 0.96 (p < 0.01),
respectively. We considered that caffeic acid might increase anti-hypoxia ability of degraded acteoside.

In conclusion, the degradation of PhGs (TPG, salidroside and acteoside) fitted to the first-order reaction
kinetics, and temperature had the greatest effect on the k and ¢/, values, followed by pH. It suggested that PhGs
should be stored at low temperature, low pH and dark condition. During storage, salidroside was mainly hydro-
lyzed to tyrosol, and acteoside was hydrolyzed to verbasoside and caffeic acid. Acteoside also could isomerize into
isoacteoside, cyclize to oraposide, and oxidize to campneoside II, 3-oxoacteoside, etc. The degradation attenuated
the anti-hypoxia ability of PhGs, though caffeic acid could slightly increase the anti-hypoxia ability of degraded
acteoside. It is necessary to use some methods to increase the stability of PhGs in the further study.

Methods

Standards and reagents. Caffeic acid (purity >98%), salidroside (purity >98%) and acteoside (purity
>98%) were purchased from Aladdin (Shanghai, China). Tyrosol (purity >98%) and isoacteoside (purity >98%)
were purchased from Yuanye Biotechnology Co. (Shanghai, China). CoCl, was purchased from Sigma-Aldrich
(St. Louis, MO, USA). HPLC-grade acetonitrile and guaranteed-grade formic acid were obtained from Merck
(Shanghai, China). Other chemicals and reagents (analytical grade) were purchased from Sinopharm Chemical
Regent Co. (Shanghai, China).

Sample preparation. The dried O. fragrans var. thunbergii flowers (Guilin, Guangxi, China, 10 g) were
extracted with 95% ethanol (100 mL) for 12h at 20 °C using a method of Jiang et al.'> with modification. The mix-
ture was filtered by vacuum pump (YuKang, Shanghai, China). The filtrate was evaporated (YaRong, Shanghai,
China) at 40 °C under a vacuum to dryness, and dissolved with water to a final concentration of 1 mg flower
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extract/mL (OFE, test solution). Salidroside and acteoside were dissolved with water to a concentration of 100 pug/
mL (test solution). The test solutions were used directly after preparation.

Stability study. The influence of temperature on the stability was studied at 4°C, 20°C, 37 °C, 50 °C and
80°C at pH value of 6.0. Each test solution was divided into 30 mL portions in sealed glass bottles and kept away
from light at 4°C (in refrigerator), at room temperature (20°C) and in a water bath (37°C, 50 °C and 80 °C),
respectively (£2°C). The total phenylethanoid glycoside (TPG) content was determined at 0, 7, 14, 21, 30, 45, 60
and 90 days except for those stored at 80 °C (determined at 0, 1, 2, 3, 4, 5, 6 and 7 days). The salidroside content
was determined at 0, 7, 14, 21, 30, 45, 60 and 90 days. The acteoside content was determined at 0, 7, 14, 21, 30, 45,
60 and 90 days except for those stored at 50 °C (determined at 0, 1, 2, 3, 4, 5, 6 and 7 days) and 80 °C (determined
at 0, 0.125,0.25, 0.5, 0.75, 1 and 2 days).

The effect of pH on the stability was studied at different pHs (5.0, 6.0, 7.0 and 9.0) at 20 °C. Hydrochloric acid
(2M) and sodium hydroxide (2 M) were used to adjust the pH. Each test solution was divided into 30 mL portions
in sealed glass bottles, stored in the dark. The TPG and salidroside contents were determined at 0, 7, 14, 21, 30, 45,
60 and 90 days. The acteoside content was determined at 0, 7, 14, 21, 30, 45, 60 and 90 days except for pH value of
9.0 (determined at 0, 0.125, 0.25, 0.5, 0.75, 1 and 2 days).

A lamp (OSRAM DULUX S 11 W/865, Hangzhou, China) was used in the light exposure experiment, per-
formed at 20 °C. Each test solution (pH value of 6.0) was divided into 30 mL portions in sealed glass bottles and
placed 20 cm under the lamp with a light intensity of 2000 Lux, which was detected by a light meter (Victor
1010 A, Shenzhen, China). The TPG, salidroside and acteoside contents were determined at 0, 7, 14, 21, 30, 45,
60 and 90 days.

The treatment was performed in triplicates (n=3). Samples before storage and collected after completion of
storage at above conditions were subjected to MS analysis.

Total phenylethanoid glycoside content determination.  The total phenylethanoid glycoside content
was determined using a method described by Jiang et al.!?. A Biotek microplate reader (Winooski, VT, USA) was
used to measure the absorbance of the OFE at 334 nm. The contents were expressed as micrograms of acteoside
equivalents (AE) per milliliters in OFE solution (pg AE/mL). The concentration range of the calibration series
was 5 to 200 pg/mL.

UHPLC-DAD analysis. The samples were filtered through a 0.22 um nylon syringe filter (ANPEL, Shanghai,
China) and analyzed by an Agilent 1290 UHPLC instrument (Agilent, Waldbronn, Germany) equipped with
an autosampler, a binary pump, a column thermostat and a diode-array detector, using a previous method!?
with modification. The sample was separated on an Agilent ZORBAX Eclipse XDB-C18 column (3.5 pm,
2.1mm x 150 mm) at 25°C. The mobile phase consisted of acetonitrile (solvent A) and water (containing 0.1%
formic acid, solvent B). A gradient program was used according to the following profile: 0-1min, 6% A; 1-4 min,
from 6% to 15% A; 4-8 min, from 15% to 20% A; 8-10 min, from 20% to 30% A; 10-12 min, from 30% to 100%
A; 12-12.5min, from 100% to 6% A; 12.5-15min, 6% A. The flow rate was 0.2 mL/min and the injection volume
was 2 L. The DAD detector was set from 190 nm to 400 nm.

UPLC-QTOF-MS/MS analysis. The samples were filtered through a 0.22 pm nylon syringe filter (ANPEL,
Shanghai, China) and transferred to an autosampler vial for UPLC-PDA-QTOF-MS analysis. The UPLC anal-
yses were performed on a Waters ACQUITY UPLC (Waters, Milford, MA, USA) equipped with an autosampler,
a binary pump, a column thermostat and a photo-diode array, using a previous method'® with modification. An
Agilent ZORBAX Eclipse XDB-C18 column (3.5 pm, 2.1 mm x 150 mm) was used at 25 °C. The mobile phase and
gradient program were described as the same as the UHPLC-DAD analysis. The flow rate was 0.2 mL/min and the
injection volume was 2 uL. The PDA detector was set 280 nm.

The UPLC system coupled with a Triple TOF 5600" mass spectrometer (AB SCIEX, Framingham, USA). In
the negative ion mode, the source voltage was —4.5kV and the source temperature was 550 °C; in the positive ion
mode, the source voltage was 5.5kV and the source temperature was 600 °C. The other MS conditions were set as
follows: scan range, m/z 50-1500; nebulizer gas (Air), 50 psi; heater gas (Air), 50 psi; curtain gas (N,), 35 psi; max-
imum allowed error, £ 5 ppm; declustering potential (DP), 100 V; collision energy (CE), 10 V. For MS/MS acqui-
sition mode, the parameters were the same except that the collision energy (CE) was set at 40 20V, ion release
delay (IRD) at 67, ion release width (IRW) at 25. In addition, information-dependent acquisition (IDA)-based
auto-MS? was performed on the 8 most intense metabolite ions in a cycle of full scan (1s). The exact mass calibra-
tion was performed automatically by the Automated Calibration Delivery System before each analysis.

MS data were acquired using an Analyst® TF 1.6 software (AB Sciex) and processed by PeakView 1.2 (AB
Sciex). The degradation products of acteoside and salidroside were tentatively identified based on the reported
literatures and free accessible databases, such as Reaxys?, ChemSpider®’, Metlin Metabolite*! and MassBank®2.

Cell culture. The differentiated rat pheochromocytoma cell line PC12 was obtained from the Cell bank of
Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 medium (Hyclone, Logan, UT,
USA), supplemented with 100 U/mL penicillin, 100 pg/mL streptomycin and 10% fetal bovine serum (Hyclone,
Logan, UT, USA) in a humidified incubator with 5% CO, at 37 °C*.

Cell viability assay by CCK-8 assay. Cell viability was determined by Cell Counting Kit-8 (CCK-8)
(Jiancheng, Nanjing, China). PC12 cells were placed in 96-well plates at a density of 1 x 10* cells per well and in a
volume of 180 pL. The plates were cultured for 24 h, and 20 pL of samples were added to the experimental groups.
The control and model groups were added 20 pL of culture medium. After 24 h of incubation, the culture medium
was replaced with 100 pL medium containing 400 uM CoCl, while the control group was replaced with 100 L
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new medium?!. After 12 h treatment, 10 uL. CCK-8 solution was added to each well and the plates were incubated
at 37°C for an additional 2 h. The absorbance was measured at 450 nm using Biotek microplate reader (Winooski,
VT, USA) and the background absorbance was excluded by performing blank corrections. Cell viability was
expressed as a percentage of the untreated group (control =100%).

Degradation kinetic analysis. The degradation kinetics of most biological substances in food system fol-
low the zero-order equation (1), first-order equation (2) and second-order equations (3) reactions®.

Zero — order: C — C, = —kt (1)
First — order: InC — InC, = —kt 2)
1 1
Second — order: — — — = —kt
G (3)

where C; and C are the PhGs contents (ug/mL) at time t, and ¢, respectively; k is the rate constant (day'); and ¢
is the storage time (day).

The degradation of PhGs fitted to the first-order kinetic equation and the half-live time® (¢,,,, the time needed
for 50% degradation of PhGs) were calculated by the following equations (4):

In0.5
T @

The temperature-dependence of the rate constant (k) can be expressed by the Arrhenius equation? (5):
Ink = InK, — E,/RT (5)

where K is frequency factor (day!); Ea is the Arrhenius activation energy (kJ/mol); R is the universal gas constant
(8.314]/(mol-K)); and T is absolute temperature (in Kelvin, K). The Ea was calculated according to equation (5).

Statistical analysis. All the analyses were performed in triplicate, and values were reported as the
mean + standard deviation. All results were confirmed from three independent experiments in the cell assay.
Statistical analysis was performed using SPSS 20.0 and Excel 2011. One-way analysis of variance (ANOVA) were
used to evaluate the significant differences between means, and p < 0.05 was considered to indicate statistical
significance. Mathematical models were selected by comparing correlations coefficients and the 1stOpt Inst. soft-
ware, version 15 pro (7D-Soft High Technology Inc., China) was used to calculate the parameters of kinetic
models.

References

1. Lu, B. et al. The Osmanthus fragrans flower phenylethanoid glycoside-rich extract: Acute and subchronic toxicity studies. /.
Ethnopharmacol. 187, 205-212, doi:10.1016/j.jep.2016.04.049 (2016).

2. Huang, B., Chen, H. & Shao, L. The ethanol extract of Osmanthus fragrans attenuates Porphyromonas gingivalis lipopolysaccharide-
stimulated inflammatory effect through the nuclear factor erythroid 2-related factor-mediated antioxidant signalling pathway. Arch.
Oral Biol. 60, 1030-1038, doi:10.1016/j.archoralbio.2015.02.026 (2015).

3. Xiang, Q. & Liu, Y. The present and develoment strategy of production, development, popularization and utilization of sweet
osmanthus. J. of Nanjing For. Univ. 28, 104-108 (2004).

4. Yang, K. & Zhu, W. Osmanthus fragrans. Shanghai Press of Science and Technology (2000).

5. Shuping, Z. Flower herbal tea used for treatment of menopathies. J. Tradit. Chin. Med. 28, 202-204, doi:10.1016/5S0254-
6272(08)60047-3 (2008).

6. Wang, L. et al. Variations in the components of Osmanthus fragrans Lour. essential oil at different stages of flowering. Food Chem.
114, 233-236, doi:10.1016/j.foodchem.2008.09.044 (2009).

7. Lee, H., Lin, C. & Yang, L. Neuroprotection and free radical scavenging effects of Osmanthus fragrans. J. Biomed. Sci. 14, 819-827,
doi:10.1007/s11373-007-9179-x (2007).

8. Xiong, L. et al. Osmanthus fragrans flower extract and acteoside protect against d-galactose-induced aging in an ICR mouse model.
J. Med. Food 19, 54-61, d0i:10.1089/jmf.2015.3462 (2016).

9. Hung, C. et al. The ethanol extract of Osmanthus fragrans flowers reduces oxidative stress and allergic airway inflammation in an
animal model. Evid. Based Compl. Alt. 2013, doi:10.1155/2013/304290 (2013).

10. Wu, L., Chang, L., Chen, S., Fan, N. & Annie Ho, J. Antioxidant activity and melanogenesis inhibitory effect of the acetonic extract
of Osmanthus fragrans: A potential natural and functional food flavor additive. LW T-Food Sci. Technol. 42,1513-1519, doi:10.1016/j.
1wt.2009.04.004 (2009).

11. Xiong, L. et al. Phenolic compounds and antioxidant capacities of 10 common edible flowers from China. J. Food. Sci. 79, 517-525,
doi:10.1111/1750-3841.12404 (2014).

12. Jiang, Y. et al. Phenylethanoid glycoside profiles and antioxidant activities of Osmanthus fragrans Lour. flowers by UPLC/PDA/MS
and simulated digestion model. J. Agric. Food Chem. 64, 2459-2466, doi:10.1021/acs.jafc.5b03474 (2016).

13. Zhou, F. et al. Varietal classification and antioxidant activity prediction of Osmanthus fragrans Lour. flowers using UPLC-PDA/
QTOF-MS and multivariable analysis. Food Chem. 217, 490-497, doi:10.1016/j.foodchem.2016.08.125 (2017).

14. Sheng, G., Zhang, J., Pu, X., Ma, J. & Li, C. Protective effect of verbascoside on 1-methyl-4-phenylpyridinium ion-induced
neurotoxicity in PC12 cells. Eur. J. Pharmacol. 451, 119-124, doi:10.1016/S0014-2999(02)02240-9 (2002).

15. Wang, H. et al. Acteoside protects human neuroblastoma SH-SY5Y cells against S-amyloid-induced cell injury. Brain Res. 1283,
139-147, doi:10.1016/j.brainres.2009.05.101 (2009).

16. Deng, M. et al. Verbascoside rescues the SHSY5Y neuronal cells from MPP*-induced apoptosis. Chin. Pharmacol. Bull. 28,
1297-1301 (2008).

17. Li, X. et al. Salidroside protects against MPP*-induced apoptosis in PC12 cells by inhibiting the NO pathway. Brain Res. 1382, 9-18,
doi:10.1016/j.brainres.2011.01.015 (2011).

SCIENTIFICREPORTS |7: 10068 | DOI:10.1038/s41598-017-10411-0 9


http://dx.doi.org/10.1016/j.jep.2016.04.049
http://dx.doi.org/10.1016/j.archoralbio.2015.02.026
http://dx.doi.org/10.1016/S0254-6272(08)60047-3
http://dx.doi.org/10.1016/S0254-6272(08)60047-3
http://dx.doi.org/10.1016/j.foodchem.2008.09.044
http://dx.doi.org/10.1007/s11373-007-9179-x
http://dx.doi.org/10.1089/jmf.2015.3462
http://dx.doi.org/10.1155/2013/304290
http://dx.doi.org/10.1016/j.lwt.2009.04.004
http://dx.doi.org/10.1016/j.lwt.2009.04.004
http://dx.doi.org/10.1111/1750-3841.12404
http://dx.doi.org/10.1021/acs.jafc.5b03474
http://dx.doi.org/10.1016/j.foodchem.2016.08.125
http://dx.doi.org/10.1016/S0014-2999(02)02240-9
http://dx.doi.org/10.1016/j.brainres.2009.05.101
http://dx.doi.org/10.1016/j.brainres.2011.01.015

www.nature.com/scientificreports/

18. Zhang, L. et al. Neuroprotective effects of salidroside against beta-amyloid-induced oxidative stress in SH-SY5Y human
neuroblastoma cells. Neurochem. Int. 57, 547-555, doi:10.1016/j.neuint.2010.06.021 (2010).

19. Zhang, L. et al. Salidroside protects PC12 cells from MPP*-induced apoptosis via activation of the PI3K/Akt pathway. Food Chem.
Toxicol. 50, 2591-2597, d0i:10.1016/j.fct.2012.05.045 (2012).

20. Zhang, S. et al. Neuroprotection against cobalt chloride-induced cell apoptosis of primary cultured cortical neurons by salidroside.

Mol. Cell. Biochem. 354, 161-170, doi:10.1007/s11010-011-0815-4 (2011).
. Zhong, X,, Lin, R,, Li, Z., Mao, J. & Chen, L. Effects of salidroside on cobalt chloride-induced hypoxia damage and mTOR signaling
repression in PC12 cells. Biol. Pharm. Bull. 37, 1199-1206, doi:10.1248/bpb.b14-00100 (2014).

22. Arthur, H,, Joubert, E., De Beer, D., Malherbe, C. J. & Witthuhn, R. C. Phenylethanoid glycosides as major antioxidants in Lippia
multiflora herbal infusion and their stability during steam pasteurisation of plant material. Food Chem. 127, 581-588, doi:10.1016/j.
foodchem.2011.01.044 (2011).

23. Oyourou, J. N., Combrinck, S., Regnier, T. & Marston, A. Purification, stability and antifungal activity of verbascoside from Lippia
javanica and Lantana camara leaf extracts. Ind. Crops Prod. 43, 820-826, doi:10.1016/j.indcrop.2012.08.028 (2013).

24. Vertuani, S. et al. Activity and stability studies of verbascoside, a novel antioxidant, in dermo-cosmetic and pharmaceutical topical
formulations. Molecules 16, doi:10.3390/molecules16087068 (2011).

25. D'Imperio, M. et al. Stability-activity of verbascoside, a known antioxidant compound, at different pH conditions. Food Res. Int. 66,
373-378, d0i:10.1016/j.foodres.2014.09.037 (2014).

26. Guo, G. Y. & Ge, G. P. Preliminary on pH of different tea liquor. Food Sci. Technol. 37, 74-76, doi:10.13684/j.cnki.spk;j.2012.05.036
(2012).

27. Hou, Z., Qin, P, Zhang, Y., Cui, S. & Ren, G. Identification of anthocyanins isolated from black rice (Oryza sativa L.) and their
degradation kinetics. Food Res. Int. 50, 691-697, doi:10.1016/j.foodres.2011.07.037 (2013).

28. Daravingas, G. V. Thermal and enzymatic degradation of raspberry anthocyanins Ph. D. thesis, Oregon State University, (1965).

29. Silhanek, J. Comparisons of the most important chemistry databases: SciFinder program and reaxys database system. Chem. Listy
108, 81-106 (2014).

30. Williams, A. J. Public chemical compound databases. Curr. Opin. Drug Disc. 11, 393-429 (2008).

31. Tautenhahn, R. et al. An accelerated workflow for untargeted metabolomics using the METLIN database. Nat. Biotechnol. 30,
826-828, do0i:10.1038/nbt.2348 (2012).

32. Horai, H. et al. MassBank: a public repository for sharing mass spectral data for life sciences. . Mass Spectrom. 45, 703-714,
doi:10.1002/jms.1777 (2010).

33. Lin, M. et al. Lipid peroxidation end product 4-hydroxy-trans-2-nonenal triggers unfolded protein response and heme oxygenase-1
expression in PC12 cells: Roles of ROS and MAPK pathways. Toxicol. 315, 24-37, d0i:10.1016/j.t0x.2013.11.007 (2014).

34. Cui, Z. et al. Sensitive imaging and effective capture of Cu®*: Towards highly efficient theranostics of Alzheimer’s disease.
Biomaterials 104, 158-167, doi:10.1016/j.biomaterials.2016.06.056 (2016).

35. Cavalieri, R. & Ryes de Corcuera, J. Kinetics of chemical reactions in foods. e-print edn, Vol. 1 (Food Engineering).

36. Remini, H. et al. Degradation kinetic modelling of ascorbic acid and colour intensity in pasteurised blood orange juice during
storage. Food Chem. 173, 665-673, doi:10.1016/j.foodchem.2014.10.069 (2015).

2

—_

Acknowledgements

This study was supported by the Zhejiang Provincial Natural Science Foundation of China (No. R15C200002), the
National Major R & D Program of China (No. 2017YFD0400200) and the Special Project of Agricultural Product
Quality Safety Risk Assessment (No. GJFP2017015), Ministry of Agriculture, China.

Author Contributions

B.L. and EZ. designed the study. EZ. and Y.Z. conducted the laboratory work, data analysis and the original
manuscript. M.L., T.X., L.Z., X.W. and Z.G. assisted data analysis and manuscript. All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10411-0

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 10068 | DOI:10.1038/s41598-017-10411-0 10


http://dx.doi.org/10.1016/j.neuint.2010.06.021
http://dx.doi.org/10.1016/j.fct.2012.05.045
http://dx.doi.org/10.1007/s11010-011-0815-4
http://dx.doi.org/10.1248/bpb.b14-00100
http://dx.doi.org/10.1016/j.foodchem.2011.01.044
http://dx.doi.org/10.1016/j.foodchem.2011.01.044
http://dx.doi.org/10.1016/j.indcrop.2012.08.028
http://dx.doi.org/10.3390/molecules16087068
http://dx.doi.org/10.1016/j.foodres.2014.09.037
http://dx.doi.org/10.13684/j.cnki.spkj.2012.05.036
http://dx.doi.org/10.1016/j.foodres.2011.07.037
http://dx.doi.org/10.1038/nbt.2348
http://dx.doi.org/10.1002/jms.1777
http://dx.doi.org/10.1016/j.tox.2013.11.007
http://dx.doi.org/10.1016/j.biomaterials.2016.06.056
http://dx.doi.org/10.1016/j.foodchem.2014.10.069
http://dx.doi.org/10.1038/s41598-017-10411-0
http://creativecommons.org/licenses/by/4.0/

	Degradation of phenylethanoid glycosides in Osmanthus fragrans Lour. flowers and its effect on anti-hypoxia activity

	Results and Discussion

	Degradation kinetics of phenylethanoid glycosides. 
	Main degradation products of salidroside and acteoside. 
	Protective effect of phenylethanoid glycosides against CoCl2-induced death in PC12 cells. 

	Methods

	Standards and reagents. 
	Sample preparation. 
	Stability study. 
	Total phenylethanoid glycoside content determination. 
	UHPLC–DAD analysis. 
	UPLC–QTOF–MS/MS analysis. 
	Cell culture. 
	Cell viability assay by CCK-8 assay. 
	Degradation kinetic analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Degradation of phenylethanoid glycosides under different conditions.
	Figure 2 Total ion chromatogram of salidroside before and after degradation in positive ion mode.
	Figure 3 Chemical structures of salidroside (a), acteoside (b) and their possible degradation products.
	Figure 4 Total ion chromatograms of acteoside before and after degradation in negative ion mode in different storage conditions.
	Figure 5 Protective effect of OFE, salidroside, acteoside, caffeic acid and isoacteoside on CoCl2-induced hypoxia damage in PC-12 cell.
	Figure 6 Protective effects of degraded PhGs on CoCl2-induced hypoxia damage in PC12 cell.
	Table 1 The k, t1/2 and Ea values of phenylethanoid glycosides degradation under different conditions.
	Table 2 Retention time, mass measurements, and predicted formulas of acteoside and its degradation products.




