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Abstract: Aromatase represents an important target for the treatment of hormone-
dependent breast cancer. In the present study, nine alkaloids from the dichloromethane 
extract of Corydalis yanhusuo were identified by liquid chromatography tandem mass 
spectrometry (LC-MS/MS) and tested for their aromatase binding activities using an 
ultrafiltration LC-MS method by investigating the differences of peak areas of compounds 
before and after incubations with aromatase. It was demonstrated that the quaternary 
protoberberine alkaloids and the tertiary protoberberine alkaloids exhibited potent 
aromatase binding activities. The quaternary ammonium group and the methyl group at C-
13 position of tertiary protoberberine alkaloids might be necessary for the activity. The 
findings should provide guidance for the discovery of potential aromatase inhibitors from 
natural products. 
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1. Introduction 

Breast cancer is a worldwide health problem and remains one of the leading causes of death among 
women. Approximately one-third of all breast cancers are hormone (estrogen) dependent. Though a 
variety of different treatment options are currently available, the incidence and mortality of breast 
cancer remain extremely high up to the present. It was widely recognized that estrogens and estrogen 
receptors (ERs) play key roles in the development and progression of hormone-dependent breast 
cancer [1]. With regard to the mechanisms involved in above process, two general strategies have been 
developed for the prevention or therapy of hormone-dependent breast cancer [2]. The first strategy is 
to introduce anti-estrogen agents such as tamoxifen to inhibit the binding of estrogens to ERs [3]. The 
second approach is to use aromatase inhibitors (AIs) to decrease the circulating levels of estrogens by 
blocking the biosynthesis of estrogens from androgens [4]. 

Aromatase, encoded by the CYP19 gene, is expressed in various tissues including ovary, placenta, 
bone, brain, liver, muscle, subcutaneous fat and normal breast tissues [5]. It is a key enzyme involved 
in the estrogen biosynthesis by converting androstenedione to estrone, or testosterone to estradiol. 
Deprivation of estrogens by AIs has been proved one of the most effective endocrine treatment 
strategies of breast cancer in previous study [6,7]. Until now, it has been demonstrated that some 
synthetic AIs such as anastrozole, letrozole and exemestane show improved efficacies against breast 
cancer and could reduce the side effects of tamoxifen [8–11]. However, they may also cause some 
other side effects, such as osteoporosis and alterations in lipid profiles [12,13].  

Natural products have long been considered as an important source of chemopreventive and 
chemotherapeutic agents. The large number of bioactive natural products will offer unprecedented 
opportunities for finding novel small molecules possessing both efficacy and safety targeting the 
aromatase. More and more natural products such as flavonoids [14], coumarins [15], sesquiterpenes 
[16] and polyphenols [17] have been proved to possess potent aromatase inhibiting activities. 
Corydalis yanhusuo is a well-known traditional Chinese medicine (TCM) and has been used to 
promote blood circulation, reinforce vital energy and alleviate various kinds of pain for a long history 
[18,19]. The mainly bioactive chemical constituents in C. yanhusuo are tertiary and quaternary 
isoquinoline alkaloids [20–22]. Considering the previous studies indicating that C. yanhusuo could 
effectively inhibit human breast cancer cells [23] and alkaloids possessed aromatase inhibiting 
activities [24], in this study, we established an ultrafiltration liquid chromatography tandem mass 
spectrometry (LC-MS) method to screen the potential aromatase binding agents from the 
dichloromethane extract of C. yanhusuo. 

2. Results and Discussion 

2.1. HPLC-DAD-MS/MS analysis of the dichloromethane extract of C. yanhusuo 

The HPLC-DAD (Diode Array Detector) chromatogram and the total ion current (TIC) 
chromatogram of the dichloromethane extract of C. yanhusuo are shown in Figure 1.  
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Figure 1. The HPLC-DAD chromatogram (a) and the total ion current (TIC) 
chromatogram (b) of the dichloromethane extract of C. yanhusuo. 

 
 
The positive ion mode of electrospray ionization (ESI) was selected for all subsequent MS analysis 

of the constituents in the dichloromethane extract of C. yanhusuo because the protonated molecules of 
these compounds in positive ion mode were well responsed. As shown in Figure 1, under the 
optimized HPLC-DAD-MS/MS condition, twelve constituents in C. yanhusuo were well separated. 
Then we isolated nine reference compounds from the dichloromethane extract of C. yanhusuo (Figure 2).  

 
Figure 2. Chemical structures of isolated compounds from the dichloromethane extract of 
C. yanhusuo. 
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Their structures were elucidated by NMR spectroscopic analysis and comparison with the literature 
data [25–28]. The 1H- and 13C-NMR spectra of each reference compound was shown in supplementary 
material. By comparing the MS2 fragments and the ultraviolet (UV) absorptions of the peaks in the 
dichloromethane extract of C. yanhusuo with those of the isolated reference compounds, we identified 
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eight peaks in the HPLC-DAD chromatogram in Figure a. One of the isolated reference compounds, 
berberine, was not observed in the HPLC-DAD chromatogram and the TIC chromatogram of the 
dichloromethane extract of C. yanhusuo because of its low content. The data of retention time, MS2 
fragment and the special UV wavelength of the constituents detected in the dichloromethane extract of 
C. yanhusuo were listed in Table 1. 

Table 1. Peak assignments for analysis of the dichloromethane extract of C. yanhusuo. 

No. tR Identification [M+H]+ m/z MS2 m/z UV λmax (nm) 
1 9.72 unknown 356 326,192 209, 229, 276 
2 12.11 tetrahydrocolumbamine 342 178 208, 229, 282 
3 15.45 protopine 354 320,206,188 209, 237, 289 
4 16.52 allocryptopine 370 352,324,320,188 208, 225, 284 
5 18.59 tetrahydropalmatine 356 320,192 209, 229, 282 
6 19.29 unknown 356 325,279 225, 281, 302 
7 26.61 unknown 352 337,279 229, 266, 336 
8 28.09 palmatine 352 336,294,278 228, 273, 344 
9 29.57 corydaline 370 352,336,294,192 208, 229, 282 

10 36.02 dehydrocorydaline 366 336,292 229, 272, 335 
11 56.09 unknown 366 336,308 215 
12 57.83 dehydroglaucine 354 336,292 233, 258, 320 

 
We noticed that many constituents in the dichloromethane extract of C. yanhusuo had the same 

molecular weights, but different retention times. Peaks 1, 5 and 6 obtained the same ions at m/z 356 
and their retention times were 9.72, 18.59 and 19.29 min respectively. We identified peak 5 as 
tetrahydropalmatine, according to the same MS2 fragment and UV spectrum with the isolated reference 
compound. However, when came to peak 1 and 6, since no reference compounds were available for 
comparison, it was difficult to characterize their accurate structures using only the MS2 fragments and 
the UV spectra. The same situation occurred in the identification of peaks 7 and 8, which had the same 
ions at m/z 352. Peaks 8 and 12 were identified as palmatine and dehydroglaucine by comparing the 
MS2 fragments and the UV spectra with those of the isolated reference compounds. 

2.2. Ultrafiltration LC-MS screening for aromatase binding agents from the dichloromethane extract 
of C. yanhusuo 

In previous studies, ultrafiltration combined with LC-MS could be used to investigate the ligands 
to some macromolecular targets, such as adenosine deaminase [29,30], cyclooxygenase-2 [31] and 
estrogen receptors [32,33]. Herein, we used this screening method to discover aromatase binding 
agents from the dichloromethane extract of C. yanhusuo. The schematic of the ultrafiltration LC-MS 
screening method is shown in Figure 3a. First, compounds in the extract were allowed to bind to 
aromatase, and then ultrafiltration was used to separate the aromatase-ligand conjugates from the 
compounds that did not bind to aromatase. Finally, LC-MS was employed to analyze the ultrafiltrate in 
which the peak area of aromatase binding agent would decrease or disappear compared with that of the 
control, and thus specific aromatase binding agents could be identified clearly. To validate the assay, 
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we first chose naringenin as the positive control, which had been proved to possess aromatase 
inhibiting activity in previous studies [34,35], the result is shown in Figure 3b. 

 
Figure 3. Ultrafiltration LC-MS screening for the aromatase binding activity of naringenin. 
(A) Schematic of the ultrafiltration LC-MS screening method. (B) HPLC chromatograms 
before (blue) and after (red) incubation of naringenin with aromatase. 

 
 

Subsequently, the dichloromethane extract of C. yanhusuo was analyzed by the ultrafiltration  
LC-MS screening method to discover the potential aromatase binding agents. As shown in Figure 4, 
after incubation of the dichloromethane extract of C. yanhusuo with aromatase, the area of peaks 2, 5, 
6, 8 and 9 decreased by 21.0%, 22.5%, 41.0%, 45.8% and 74.2% respectively.  

Figure 4. HPLC chromatograms before (black) and after (red) incubation of the 
dichloromethane extract of C. yanhusuo with aromatase. 

 
 
The data of the peak areas that compounds before and after incubating with aromatase is listed in 

Table 2. Except for peak 6 that could not be identified due to the lack of reference compound, the other 
peaks 2, 5, 8 and 9 represented tetrahydrocolumbamine, tetrahydropalmatine, palmatine and corydaline 
respectively. Then, nine isolated reference alkaloids were mixed and their aromatase binding activities 
tested using the same screening method as described above to validate our results. As shown in Figure 
5, after incubation of the mixed reference compounds with aromatase, the area of peaks 2, 5, 8, 9 and 
10 decreased by 7.0%, 18.2%, 23.6%, 36.5% and 18.5% respectively (Table 2). In addition, the area of 
the peak at 17.08 min, corresponding to the isolated alkaloid berberine which could not be observed in 
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Figures 1 and 4, also decreased by 27.8%. The results of the mixed sample were coincident with those 
of the extract except for peak 10, which was unchanged in the extract but decreased in the mixed 
sample. This could be explained that the relative content of dehydrocorydaline (peak 10) in the 
dichloromethane extract of C. yanhusuo was much higher than that in the mixed sample, since the 
binding site of aromatase was limited, the few binding dehydrocorydaline could not result in the 
significant difference between incubation with aromatase and the control group. 

Figure 5. HPLC chromatograms before (black) and after (red) incubation of the mixed 
reference compounds with aromatase. 

 

Table 2. Peak areas of compounds before and after incubating with aromatse. 

Peak no. 
Dichloromethane extract Mixed reference compounds 

Before 
(mAU·min) 

After 
(mAU·min)

Decrease 
(%) 

Before 
(mAU·min)

After 
(mAU·min) 

Decrease 
(%) 

2 770.103 608.381 21.0 464.950 432.403 7.0 
5 715.843 554.778 22.5 297.321 243.208 18.2 
6 2257.137 1331.711 41.0 - - - 
8 1558.298 844.598 45.8 4329.332 3307.610 23.6 
9 338.888 87.433 74.2 1306.109 829.379 36.5 

10 - - - 2202.736 1795.230 18.5 
berberine - - - 857.387 619.033 27.8 

 
Comparing the chemical structures of the six active alkaloids above, all the quaternary 

protoberberine alkaloids (berberine, palmatine and dehydrocorydaline) show strong aromatase binding 
activities (Figure 6a), indicating the importance of quaternary ammonium group in the interaction 
between the alkaloids and aromatase. When C-13 position of C ring is substituted by methyl group, the 
aromatase binding activity was slightly decrease (the decrease of peak area of palmatine is 5.1% 
higher than that of dehydrocorydaline, as shown in Figure 5). The potent binding might be the result of 
the participation of quaternary ammonium group in the hydrogen bonds interactions with the 
carboxylate oxygen atoms in protein residues. When comes to the tertiary protoberberine alkaloids, 
they also have aromatase binding activities. Comparing the structures of tetrahydrocolumbamine (peak 
2), tetrahydropalmatine (peak 5) and corydaline (peak 9), it is demonstrated that the methoxyl group at 
C-2 position of A ring superseded by the hydroxyl group will decrease the aromatase binding activity, 
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and the methyl group substituted at C-13 position of C ring will obviously increase the activity (Figure 
6b). The other types of alkaloids such as the protopine analogs (protopine and allocryptopine) and the 
glaucine analogs (dehydroglaucine) possessed no aromatase binding activities in this study. 

Figure 6. The possible structure-binding activity relationships of the alkaloids from the 
dichloromethane extract of C. yanhusuo. 

 

3. Experimental 

3.1. Apparatus 

Prep. HPLC: Agilent-1100 system; photodiode array detector; Zorbax-C18 column (250 × 21.2 mm, 
7 μm, Agilent Technologies, USA). 1H- and 13C-NMR: Bruker Ultrashield Plus 500 MHz spectrometer. 
HPLC: Agilent 1100 HPLC system (Waldbronn, Germany) equipped with a Zorbax SB-C18 column 
(250 × 4.6 mm, 5 μm, Agilent Technologies, USA). ESI-MS: Thermo Finnigan LCQ Deca XPplus ESI 
ion trap mass spectrometer (San Jose, CA, USA) in positive ion mode. The MS operating parameters 
were as follows: collision gas, ultra-high-purity helium (He); nebulizing gas, high-purity nitrogen (N2); 
ion spray voltage, -4.5 kV; sheath gas (N2), 5 arbitrary units; capillary temperature, 275 °C; capillary 
voltage, -15 V; tube lens offset voltage, -30 V. The collision energy for collision-induced dissociation 
(CID) was between 30% and 45%, and the isolation width of precursor ions was 3.0 Th. 

3.2. Material and reagents 

The air-dried tubers of C. yanhusuo were collected in Pan’an, Zhejiang province, People’s 
Republic of China, in March 2008. The plant material was identified by the authors and a voucher 
specimen (No. 080401) had been deposited in the herbarium of the School of Pharmaceutical Sciences, 
Zhejiang University. Aromatase was purchased from BD Biosciences (San Jose, CA, USA). HPLC-
grade methanol (Merck, Darmstadt, Germany) and formic acid (Tedia, Fairfield, OH, USA) were 
utilized for the HPLC analysis. Deionized water was purified using a Milli-Q system (Millipore, 
Bedford, MA, USA). All the other chemicals and solvents were of analytical-reagent grade. Nine 
reference compounds including tetrahydrocolumbamine, protopine, allocryptopine, berberine, 
tetrahydropalmatine, palmatine, corydaline, dehydrocorydaline and dehydroglaucine were isolated 
from the dichloromethane fraction of the 95% ethanol extract of C. yanhusuo. Their structures were 
elucidated by NMR spectroscopic analysis and comparison with the literature data. Purities of all the 
reference compounds were greater than 95% according to HPLC analysis. 
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3.3. HPLC conditions 

HPLC analysis was performed on an Agilent 1100 HPLC instrument coupled to a binary pump, a 
diode array detector (DAD), an autosampler and a column thermostat. The sample was analyzed on a 
Zorbax SB-C18 column (250 × 4.6 mm, 5 μm, Agilent Technologies, USA). A linear gradient elution 
of A (10 mM ammonium acetate solution, pH was adjusted to 3.5 by formic acid) and B (methanol) 
was used according to the following profile: 0–40 min, 38% B; 40–55 min, 38-50% B; 55–65 min,  
50–70% B and maintained 70% B during the next 10 min. The flow rate was 0.5 mL/min and the 
column temperature was set at 30 °C. The injection volume was 10 μL. The UV spectra were recorded 
from 190 to 400 nm. 

3.4. Ultrafiltration LC-MS screening 

Nine isolated reference alkaloids were mixed and dissolved in methanol as the reference compound 
stock solution (1 mM for each compound). The dichloromethane fraction of the 95% ethanol extract of 
C. yanhusuo was dissolved in methanol to obtain the extract stock solution (20 mg/mL). The extract 
stock solution and the reference compounds stock solution were incubated with 50 nM aromatase for 
30 min at 37 °C in a total volume of 200 µL of deionized water (The final concentration of the extract 
stock solution and each reference compound were 2 mg/mL and 100 μM, respectively). After 
incubation, the solution was filtered though a Microcon (Millipore, Bedford, MA) YM-10 centrifugal 
filter containing a regenerated cellulose ultrafiltration membrane with a 10,000 MW cutoff by 
centrifugation at 12,000 g for 30 min at room temperature. The ultrafiltrate was transferred into HPLC 
vials and analyzed by LC-MS. For comparison, the two above mentioned sample solutions were 
prepared in an identical manner except for the use of aromatase. Naringenin was chosen as the positive 
control (The final concentration of naringenin in incubation solution was 100 μM). 

4. Conclusions 

In this paper, we identified nine alkaloids from the dichloromethane extract of C. yanhusuo and 
tested their aromatase binding activities using an ultrafiltration LC-MS screening method. The results 
showed that the quaternary protoberberine alkaloids and the tertiary protoberberine alkaloids had 
aromatase binding activities, while the protopine analogs and the glaucine analogs had no such 
activities. Based on the results of the study, the quaternary protoberberine alkaloids and the tertiary 
protoberberine alkaloids certainly merit continued and comparative pharmacological study for the 
future. 
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