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Abstract: Salvianolic acid Y (TSL 1), a new phenolic acid with the same planar structure as
salvianolic acid B, was isolated from Salvia officinalis. The structural elucidation and
stereochemistry determination were achieved by spectroscopic and chemical methods,
including 1D, 2D-NMR ('H-'H COSY, HMQC and HMBC) and circular dichroism
(CD) experiments. The biosynthesis pathway of salvianolic acid B and salvianolic acid Y
(TSL 1) was proposed based on structural analysis. The protection of PC12 cells from injury
induced by H202 was assessed in vitro using a cell viability assay. Salvianolic acid Y
(TSL 1) protected cells from injury by 54.2%, which was significantly higher than
salvianolic acid B (35.2%)).
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1. Introduction

The dried root of Salvia officinalis (danshen) is a common traditional Chinese medicine widely used
for the treatment of cardiovascular and cerebrovascular diseases, and its well-known antioxidant
properties are attributed mainly to the presence of phenolic acids [1-4]. In the course of investigating
water-soluble components of danshen, a new component was found, which is an epimeride of salvianolic
acid B. Recent studies of the chemical constituents of danshen mainly focused on the hydrophilic
compounds derived from caffeic acid, and more than twenty-five caffeic acid derivatives have been
isolated and identified from the aqueous extracts of danshen, including salvianolic acid A—E, rosmarinic
acid and lithospermic acid [5]. Many of these derivatives have significant pharmacological and
biological activities [5].

Salvianolic acid B is the major component of danshen, and extensive pharmacological studies have
been reported for this compound [6—10]. Primordially, salvianolic acid B was found in 1981 [11], and
the configurational assignments were based on chemical degradation and circular dichroic correlation in
1988 [12]. The o,B-positions of the dihydrobenzofuran core were assigned the R/R-configuration. However,
the absolute configurations previously assigned to the dihydrobenzofuran stereocenters of salvianolic
acid B had been proven to be incorrect in 2006 [13] and were reassigned the S/S-configuration.

Salvianolic acid Y (TSL 1) was isolated as a white powder from a water extract of danshen by
repeated chromatography on a Sephadex LH-20 column, ODS column and preparative RP-HPLC. The
compound was elucidated as 4-[(1E)-3-[(1R)-1-carboxy-2-(3,4-dihydroxphenyl)ethoxy]-3-oxo-1-propene-
1-yl]-2-(3,4-dihydroxphenyl)-2S,3S-dihydro-7-hydroxy-, 3-[(1R)-1-carboxy-2-(3,4-dihydroxphenyl)ethyl]
ester by NMR and CD (Figure 1). Its 'H-NMR and *C-NMR chemical shifts were similar to those of
salvianolic acid B (Table 1).

Table 1. NMR data of salvianolic acid Y (TSL 1) and salvianolic acid B (methanol-da,

400 MHz/100 MHz).
Position TSL 1 Salvianolic Acid B
ou (ppm) 6c (ppm) ou (ppm) 6c (ppm)
2 5.90 (d,9.2) 87.0 5.81(d,4.8) 86.7
3 4.77 (d,9.2) 53.2 4.30 (d,4.8) 56.4
4 - 123.2 - 123.1
5 7.11 (d, 8.5) 121.3 7.11 (d, 8.5) 120.6
6 6.77 (d, 8.4) 116.9 6.78 (d, 8.4) 116.7
7 - 145.4 - 145.1
8 - 148.2 - 147.5
9 - 126.8 - 123.1
1' - 127.8 - 127.7
2! 6.90 (s) 113.6 6.69 111.8
3 - 144.4 - 144.2
4' - 143.9 - 143.6
5' 6.68 (ov) 114.7 6.70 (ov) 114.8
6' 6.68 (ov) 118.4 6.70 (ov 116.8
" - 126.9 - 127.4
2" 6.48 (d,1.9) 116.4 6.47 (d,1.9) 115.7
3" - 143.8 - 143.4

4" - 143.7 - 143.4
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Table 1. Cont.

Position TSL 1 Salvianolic Acid B
on (ppm) oc (ppm) on (ppm) oc (ppm)

5" 6.56 (d,8.0) 114.9 6.49 (d,8.0) 114.9
6" 6.33 (dd,8.1,1.9) 120.7 6.26 (dd,8.0,1.9) 120.1
7" 2.54 (dd,14.0,6.1) 36.1 2.94 (ov) 35.9
7B 2.45 (dd,14.0,6.6) - 2.78 (dd,16.0,8.0) -

8" 4.35(t, 6.3) 74.4 5.11 (t, 4.0) 74.1
9" - 171.0 - 171.1
10" - 170.0 - 170.7
" - 127.7 - 127.7
2" 6.71 (d,1.9) 116.4 6.70 (d,1.9) 115.7
3™ - 144.8 - 145.0
4" - 144.6 - 144.3
5™ 6.64 (d, 8.0) 114.9 6.65 (d, 8.0) 114.8
6" 6.57 (dd, 8.0, 1.9) 120.8 6.57 (dd, 8.0, 1.9) 120.1
"o, 3.02 (dd,14.3,4.8) 36.4 3.03 (dd,16.0,4.0) 36.3
7B 2.98 (dd,14.2,6.9) - 2.95 (ov) -

8" 5.11(t,6.7) 73.3 5.11 (t, 4.0) 73.2
o™ - 171.2 - 172.2
10" - 166.7 - 166.4
™ 6.25(d,16.0) 115.5 6.15(d,16.0) 115.0
2" 7.53 (d, 16.0) 142.4 7.46 (d, 16.0) 141.9

4 in ppm; ov = overlapped.

Figure 1. Structure of salvianolic acid Y (TSL 1).
2. Results and Discussion
2.1. Structural Elucidation of Salvianolic Acid Y

Salvianolic acid Y (TSL 1) was obtained as an optically-active, white, amorphous powder, [ot], —42°
(c 0.87, CH30H). The molecular formula was determined as C36H30016 by the HRESI-MS negative ion
peak at m/z 717.1338 [M—H], with 22 degrees of unsaturation. It showed a positive reaction with 1%
FeCls test solution. The UV spectrum displayed absorptions at 207, 255, 289 and 307 nm, almost in
accordance with the reported UV absorptions of salvianolic acids B [12]. The IR spectrum indicated the
presence of hydroxyl (3357 cm™!), carbonyl (1721 ¢m™') and aromatic ring (1611, 1527, 1448 cm™!)
functionalities in the structure of salvianolic acid Y (TSL 1). The 'H-NMR spectrum of salvianolic acid
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Y presented fifteen downfield proton signals, including three sets of ABX coupling system protons (I: &
6.71 (1H, d, 1.9, H-2"), 6 6.64 (1H, d, 8.0, H-5"") and 6 6.57 (1H, dd, 8.0, 1.9, H-6"); II:  6.48 (1H, d,
1.9, H-2"), 8 6.56 (1H, d, 8.0, H-5") and & 6.33 (1H, dd, 8.1, 1.9, H-6"); I1I: & 6.90 (1H, s, H-2') and &
6.68 (2H, ov, H-5'/H-6")), two sets of AB coupling system proton signals (6 7.11 (1H, d, 8.5, H-5) and &
6.77 (1H, d, 8.4, H-6); 6 5.90 (1H, d, 9.2, H-2) and 6 4.77 (1H, d, 8.0, H-3)), together with two singlet
aromatic proton signals at 6 6.25 (1H, d, 16.0, H-11"), & 7.53 (1H, d, 16.0, H-12""). There still existed
two sets of AX2 coupling protons (I: 6 4.35 (1H, t, 6.3, H-8"), 2.54 (1H, dd, 14.0, 6.1, H-7"a), 2.45 (1H,
dd, 14.0, 6.6, H-7"B); II: 6 5.11 (1H, t, 6.7, H-8"), 3.02 (1H, dd, 14.3, 4.8, H-7"a), 2.98 (1H, dd, 14.2,
6.9, H-7"B). The '*C-NMR spectrum exhibited 36 signals, of which two carbons were methylenes, 17
were methines and quaternary carbons, as shown in the DEPT spectrum. Further analysis demonstrated
four carbonyl signals at 6 171.0 (COOH-9" ), 8 170.0 (COO-10"), & 171.2 (COOH-9") and & 166.7
(COO-10"); 13 quaternary aromatic carbons at 6 123.2 (C-4), 145.4 (C-7), 148.2 (C-8), 126.8 (C-9),
127.8 (C-1"), 144.4 (C-3"), 143.9 (C-4"), 126.9 (C-1"), 143.8 (C-3"), 143.7 (C-4"), 127.7 (C-1"), 144.8
(C-3") and 144.6 (C-4"); 17 methine carbons at 4 87.0 (C-2), 53.2 (C-3), 121.3 (C-5), 116.9 (C-6), 113.4
(C-2"), 114.7(C-5"), 118.4 (C-6"), 116.4 (C-2"), 114.9 (C-5"), 120.7 (C-6"), 74.4 (C-8"), 116.4 (C-2"),
114.9 (C-5"), 120.8 (C-6"), 73.3 (C-8"), 115.5 (C-11") and 142.4 (C-12"); as well as two methylene
carbons at 6 36.1 (C-7") and 36.4 (C-7""); as shown in Table 1.

The HMBC spectrum presented correlation signals from & 5.90 (H-2) to 127.8 (C-1')/113.4
(C-2"/118.4 (C-6"/53.2 (C-3)/170.0 (C-10"), from & 4.77 (H-3) to 87.0 (C-2)/170.0 (C-10")/148.2
(C-8)/126.8 (C-9)/123.2 (C-4), from & 4.35 (H-8") to 171.0 (C-9")/170.0 (C-10")/36.1 (C-7")/126.9
(C-1"), from 6 2.54 (H-7"a), 2.45 (H-7"B) to 74.4 (C-8")/171.0 (C-9")/120.7 (C-6")/116.4 (C-2")/126.9
(C-1"), from ¢ 6.48 (H-2") to 36.1 (C-7")/ 120.7 (C-6")/143.8 (C-3")/ 143.7 (C-4"), from & 7.53 (H-12")
to 123.2 (C-4)/121.3 (C-5)/126.8 (C-9)/115.5 (C-11")/166.7 (C-10™), from & 6.25 (H-11") to 123.2
(C-4)/166.7 (C-10"), from 6 5.11 (H-8") to 166.7 (C-10")/171.2 (C-9")/36.4 (C-7")/127.7 (C-1"), from
0 3.02 (H-7"a), 2.98 (H-7"P) to 73.3 (C-8")/171.0 (C-9")/127.7 (C-1")/116.4 (C-2")/120.8 (C-6"") and
from 8 6.77 (H-6) to 123.2 (C-4)/148.2 (C-8) (Figure 2). Moreover, the '"H-'H COSY and HMQC spectra
indicated the presence of such structural units as CH (H-2)-CH (H-3), CH (H-5)=CH (H-6), CH
(H-11")=CH (H-12"), CH (H-5")=CH (H-6"), CH (H-8")-CH2(H-7"), CH (H-8")-CH2(H-7"") and CH
(H-5")=CH (H-6""). Based on the combined 1D-, 2D-NMR spectral data discussed above, the planar
structure of the compound was identified.

The coupling constants between H-2 and H-3(J = 9.2 Hz) suggested that they were cis-related (25,3R
or 2R,3S) [14,15], which was different from the trans-related (25,3S)-configuration of salvianolic
acid B [13].

The absolute configuration of salvianolic acid Y (TSL 1) was assigned by the time-dependent density
functional theory (TDDFT) ECD calculation protocol [16—18], a powerful method for the configurational
assignment of natural products. The optimized conformations were used for the ECD calculations, which
were performed with Gaussian 09 (B3LYP/6-31G(d)). The calculated ECD spectra of salvianolic acid
Y were compared with the experimental ECD spectrum to determine the most probable configuration.
Although, as shown in Figure 3, the calculated absorption wavelengths did not fit exactly with the
experimental peak positions, the differences between the calculated and experimental spectra presumably
resulted from an overestimation of the UV absorbance in the calculations or may be due to minor
differences between calculated and solution conformers [ 18—20]. Finally, the Boltzmann-averaged ECD
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spectra of (2R,3S)-salvianolic acid Y (TSL 1Pa) was in agreement with the experimental one, allowing
the determination of the absolute configuration of salvianolic acid Y as (2R,3S) (Figure 3).

"H-"THCcoOSY=— HMBC "\

Figure 2. Key 'H-'"H COSY and HMBC correlations (H—C) in TSL 1.
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Figure 3. Experimental solution spectrum (black) of salvianolic acid Y (TSL 1) compared
with the calculated ECD spectra of (2R,3S)-TSL 1Pa (red) and (25,3R)-TSL 1Pb (blue).

2.2. In Vitro Biological Activity

The protection activity of salvianolic acid B and salvianolic acid Y on hydrogen peroxide
(H202)-induced cell lesion was investigated in rat pheochromocytoma line PC12 [21-23]. According to
the respective calculations, it was shown that the protection rates of salvianolic acid B and salvianolic
acid Y were 35.2% and 54.2%, respectively (Table 2). Apparently, salvianolic acid Y protected cell
injury by 54.2%, which was significantly higher than salvianolic acid B (35.2%)).
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Table 2. Salvianolic acid B and salvianolic acid Y protect PC12 cells against
H202-induced injury.

Group Dose (uM) Cell Viability (%) Protection Rate (%)
control group - 100+ 6.5 -
model group - 493 +6.0% -
salvianolic acid B 10 68.7 £3.0 ** 352+6.2
salvianolic acid Y 10 79.2 £2.6 ** 542+ 54 @@

X*s,n=10;" p<0.01 compared with the control group; ** p < 0.01, compared with the model group;
@@ p < 0.01, compared with the salvianolic acid B group.

3. Experimental Section
3.1. General

Optical rotations were measured with a Perkin-Elmer 241 Polarimeter. UV absorption spectra were
recorded on a Varian Cary 100 UV-vis spectrophotometer (Varian, Santa Clara, CA, USA). IR spectra
were recorded on a Nicolet 5700 FTIR spectrometer (Thermo Scientific, Waltham, MA, USA); peaks
are reported in cm™!. ECD spectra were measured on a Jasco J-715 spectropolarimeter (JASCO, Easton,
MD, USA). The NMR spectra were recorded at 300 K on a Bruker Avance 400 spectrometer (Bruker,
Billeria, MA, USA). Chemical shifts are given in parts per million (8) with solvent (methanol-ds) and
with TMS as the internal standard, assignments were supported by COSY, HMQC, HMBC and NOESY
experiments. ESIMS were measured on an Agilent 6320 Ion Trap mass spectrometer (Agilent, Santa
Clara, CA, USA). HRESIMS were measured on an Agilent 6210 TOF mass spectrometer (Agilent, Santa
Clara, CA, USA). Sephadex LH-20 (Amersham Pharmacia Biotech AB, Uppsala, Sweden) and ODS
(4570 um, Fuji Silysia, Kasugai, Japan) were used for column chromatography. Semipreparative HPLC
was carried out on a BUCHI instrument equipped with a UV photometer (BUCHI, Flawil, Switzerland),
employing a Venusil-XBP-Cis column (50 x 250 mm, 10 pm).

3.2. Compound Isolation

The danshen extract (lyophilized powder) (2.2 g) was firstly dissolved in water and then subjected to
Sephadex LH-20 column chromatography eluted by MeOH—H20 (2:1) to afford five fractions (Fr. 1-5).
Fr. 4 (271.8 mg) was subsequently chromatographed over the ODS column using a gradient of
EtOH-H20 (10:90, 30:70, 60:40 and 95:5) as the eluent to give four fractions (Fr. 4A—4D). Finally,
salvianolic acid Y (31.8 mg) was obtained by preparative RP-HPLC with a gradient of
CH3CN-0.05%CF3COOH (10:90, 22:78, 26:74, 39:61, v/v) as the eluting mobile phase.

3.3. Activity in Vitro

Rat pheochromocytoma PC12 cells, purchased from Shanghai Institute of Cell Biology, Chinese
Academy of Sciences, were grown in tissue culture flasks in DMEM supplemented with 10% fetal
bovine serum, and 100 U/mL penicillin and 100 U/mL streptomycin. The cultures were maintained at
37 °C in a humidified atmosphere containing 5% COz. The culture media were changed every 2 days.
The cells were inoculated to 96-well plates when grown to anastomose and treated with 10 pM
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salvianolic acid B and 10 uM salvianolic acid Y for 6 h, respectively, followed by co-culture with
400 uM H20: for another 1 h.

Cell survival was evaluated by the method of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide). The OD value was measured at A = 570 nm by a spectrophotometer.

The protection rate of tested compounds was calculated using the following equation:

protection rate (%) = (cell viability of drug group — cell viability of model group)/
(cell viability of control group — cell viability of model group) x 100%

3.4. Statistical Analysis

All in vitro biological activity tests were repeated at least twice independently, and the measurements
in each experiment were run in triplicate. Results are presented as the means + SD. Statistical
significance was determined using one-way ANOVA, followed by the Student’s two-tailed #-test for
comparison between two groups or Dunnett’s test when the data involved three or more groups. p <0.05
was considered to be significant.

3.5. Biosynthetic Pathway

We proposed a plausible biogenetic pathway for salvianolic acid Y at the theory level, as shown in
Scheme 1.

Salvianolic acid E

COOH E COOH
HoOC. Oy © HOOC
0.0 #
g O

OH
Salvianolic acid B Salvianolic acid Y

Scheme 1. Plausible biosynthetic pathway of salvianolic acid E, Band Y.
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4. Conclusions

A new phenolic acid with the same planar structure as salvianolic acid B, 4-[(1E)-3-[(1R)-1-carboxy-
2-(3,4-dihydroxphenyl)ethoxy]-3-oxo-1-propene-1-yl]-2-(3,4-dihydroxphenyl)-2S,3S-dihydro-7-hydroxy-,
3-[(1R)-1-carboxy-2-(3,4-dihydroxphenyl)ethyl] ester, was isolated from the extract of Salvia officinalis.
The structural elucidation and stereochemistry determination were achieved by spectroscopic and
chemical methods. The new compound was named salvianolic acid Y. For the /n vitro biological activity
test, our results suggest showed that salvianolic acid Y could rescue cell injury by H202, which was
significantly better than salvianolic acid B. A plausible biogenetic pathway for salvianolic acid Y was
proposed by our study.
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