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The investigation of Morinda officinalis led to the isolation of twelve compounds (1-12), including three new iridoid glycosides, morinda-
lins A-C (1-3), and nine known compounds (4-12). Their structural identifications were conducted using HRMS, 1D and 2D NMR, and 
electronic circular dichroism (ECD) spectra as well as quantum chemical computations. Compound 6 displayed most significantly ago-
nistic activity against farnesoid X receptor (FXR) with an EC50 value of 7.18 µM, and its agonistic effect was verified through the investi-
gation of FXR downstream target genes including small heterodimer partner 1 (SHP1), bile salt export pump (BSEP), and organic solute 
transporter subunit alpha and beta (OSTα and OSTβ). The potential interaction of compound 6 with FXR was analyzed by molecular 
docking and molecular dynamics stimulation, revealing that amino acid residues Leu287, Thr288, and Ser332 played a crucial role in 
the activation of compound 6 towards FXR. These findings suggested that compound 6 could be regarded as a potential candidate for 
the development of FXR agonists. 
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Background and Originality Content 
 As a member of the nuclear receptor (NR) superfamily, far-
nesoid X receptor (FXR; NR1H4) is mainly expressed in the liver, il-
eum, and kidney, and plays critical roles in regulating the synthesis 
and transport of bile acid, maintaining systemic energy homeosta-
sis and integrating crosstalk between different organs.[1-3] FXR has 
been considered as a promising target for the treatment of various 
metabolic disorders, such as cholestatic disorders, fatty liver dis-
eases, type 2 diabetes, dyslipidemia, obesity, atherosclerosis, and 
renal diseases.[4-8] During the last decades, a lot of efforts have 
been made for discovering and optimizing potential drug candi-
dates for FXR agonists.[7, 9]  
 The dried rhizomes of Morinda officinalis is Morindae Officinalis 
Radix, known as “Ba Ji Tian” in Chinese, which is a traditional Chi-
nese medicine (TCM) initially recorded in “Shennong Ben Cao 
Jing”.[10, 11] It possesses kidney-tonifying, strengthening tendons 
and bones, removing wind and dehumidification effects, therefore, 
it has been used for the treatment of impotence, nocturnal emis-
sion, reproductive diseases, irregular menstruation, abdomen cry-
modynia, osteoarthritis, rheumatic arthralgia, and tendon atro-
phy.[10-12] The phytochemical investigation of Morinda species led 
to the isolation and identification of various secondary metabolites, 
including mornaphthoates A-F, marinoids A-G, monotropein, as-
peruloside tetraacetate, asperuloside, asperulosidic acid, and poly-
saccharides, mono-, and oligosaccharides.[11-15] Some of them dis-
played a series of biological activities, such as anti-tumor, anti-in-
flammatory, hepatoprotective, anti-depression, and antibacterial 
effects.[12-17]  
 As our continuous work in the discovery of natural FXR agonists 
and revealing their potential interactions,[9, 18] we found that M. of-
ficinalis exhibited a significantly agonistic effect towards FXR, 
therefore, its phytochemical constituent was investigated through 
the bioactivity-guided method to afford twelve compounds (Figure 
1), including three new iridoid glycosides morindalins A-C (1-3) and 
nine known compounds (4-12). Their structural characterization 
was performed by HRMS, 1D and 2D NMR, and electronic circular 
dichroism (ECD) spectra as well as quantum chemical computations. 
Some of them could activate FXR, and their agonistic effect was 
confirmed by cell imaging technology. Molecular docking and mo-
lecular dynamics (MD) stimulation revealed their action mechanism 
via the interaction with amino acid residues Leu287, Thr288, and 
Ser332. This finding suggested that compound 6 could be served as 
a potential candidate for the development of FXR agonists. 
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Figure 1  Chemical structures of compounds 1-12 isolated from M. offici-
nalis 

Results and Discussion 

Structural Characterization  
Compound 1 was obtained as amorphous powders, and its mo-

lecular formula was defined as C16H22O10 according to a quasi-mo-
lecular ion peak at m/z 397.1111 [M + Na]+ (calcd. for C16H22NaO10, 
397.1111) in the HRMS spectrum. The 1H NMR data of 1 (Table 1) 
displayed signals of three olefinic protons at δH 7.47 (1H, d, J = 1.5 
Hz, H-3), 5.99 (1H, dt, J = 5.7, 2.1 Hz, H-6), and 5.66 (1H, dt, J = 5.7, 
2.1 Hz, H-7), and one anomeric proton at δH 4.66 (1H, d, J = 7.9 Hz, 
H-1′). The 13C NMR data of 1 (Table 1) showed 16 carbon signals, 
including one carbonyl carbon at δC 170.9 (C-11), four olefinic car-
bons at δC 153.3 (C-3), 135.9 (C-6), 131.9 (C-7), and 111.8 (C-4), one 
acetal carbon at δC 97.8 (C-1), and a group of glycose carbons at δC 
100.6 (C-1′), 78.4 (C-5′), 78.1 (C-3′), 74.8 (C-2′), 71.6 (C-4′), and 62.7 
(C-6′), which suggested that 1 was an iridoid glycoside. The 1H and 
13C NMR data of 1 was closely resembling to those of 8-epiapo-
dantheroside,[19] with the following exception that signals of a 
methoxy group [δH 3.71 (3H, s) and δC 51.7] were absent in 1, and 
the chemical shift value of C-11 was shielded from δC 169.1 in 8-
epiapodantheroside to δC 170.9 in 1, revealing that 1 was the deriv-
ative of 8-epiapodantheroside. This deduction was confirmed 
through an HMBC experiment showing long-range correlations of 
H-3 with C-4/C-5/C-11 (Figure 2). In the NOESY spectrum of 1, cor-
relations of H-9 with H-5/H-10a and H-8 with H-1 (Figure 3) sug-
gested an β-orientation of H-1 and β-orientations of H-5, H-9, and 
hydroxymethyl-8. The glycose linked at C-1 was assigned as β-D-
glucose through analysis of the hydrolyzed product of 1 using HPLC 
with an optical rotation detector[20] and the coupling constant [δH 
4.66 (1H, d, J = 7.9 Hz, H-1′)]. The absolute configuration of 1 was 
identified through a comparison of calculated and experimental 
spectra of 1.[21, 22] The calculated ECD of (1R,5S,8S,9S)-1 at the 
B3LYP/aug-cc-pVDZ level agreed with the experimental spectra of 
1, requiring (1R,5S,8S,9S)-configurations (Figure 4). Therefore, the 
structure of 1 was shown in Figure 1, and named as morindalin A. 
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Figure 2  Selected HMBC and 1H-1H COSY correlations of compounds 1-3. 
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Figure 3  Selected NOESY correlations of compounds 1-3. 
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Figure 4  Experimental and calculated ECD spectra of compounds 1-3 (A-C) 
at the B3LYP/aug-cc-pVDZ level. 

Compound 2 was isolated as amorphous powders, and has a 
molecular formula of C16H20O11 based on its HRMS data (m/z 
387.0938 [M − H]−, calcd. for C16H19O11, 387.0927). A detailed com-
parison of 1H and 13C NMR data of 2 and 1 suggested that their dif-
ference was at C-10. The signals of the hydroxymethyl group at C-
10 [δH 3.60 (m) and 3.58 (m); δC 65.3] were absent in 2, and the 
signal of a carbonyl group (δC 170.5) was present in 2, indicating 
that 2 was a C-10 oxidate of 1. In the HMBC spectrum of 2, the cor-
relation of H-7 with C-10 (Figure 2) verified the above-mentioned 
deduction. Furthermore, 2 had a D-glucose with a β-oriented glyco-
sidic bond according to the analysis of its hydrolyzed product by 
HPLC-OR and the coupling constant [δH 4.66 (1H, d, J = 7.9 Hz, H-
1′)]. The β-orientations of H-5, H-9, and COOH-10 and an α-orien-
tation of H-1 were determined based on NOESY cross-peaks of H-1 
with H-8 and H-5 with H-9 (Figure 3). The absolute configuration of 
2 was defined as 1S,5S,9R since the calculated ECD spectrum of 
1S,5S,9R-2 was similar to its experimental result (Figure 4). Accord-
ingly, the structure of 2 was shown in Figure 1, and named as 
morindalin B. 

The molecular formula of 3 was assigned as C22H32O15 due to 
its HRMS data (m/z 559.1643 [M + Na]+, calcd. for C22H32NaO15, 
559.1639). Comparison of the 1H and 13C NMR data of 3 and secoxy-

loganin (6) found the downfield shift of C-6′ from δC 62.7 in secoxy-
loganin (6) to δC 68.8 in 3 and the presence of a suit of an apiose (δC 
110.3, 80.7, 78.1, 75.1, and 65.7),[23] revealing that this apiose was 

linked at C-6′ via a β-oriented glycosidic bond as the coupling con-
stant of the anomeric proton (δH 5.01, d, J = 2.6 Hz, H-1′′). This de-
duction was confirmed by an HMBC correlation of H-1″ with C-6′ 
(Figure 2). The configuration of this apiose was determined as D-
configuration according to a NOESY correlation of H-2″ with H-5a″ 
(Figure 3) as previously described.[24-26] The (1R,5S,8S,9S)-configu-
ration of 3 was assigned due to the agreement of the calculated ECD 
spectrum of 1R,5S,8S,9S-3 and its experimental result (Figure 4). 
Thus, the structure of 3 was defined as shown in Figure 1, and 
named as morindalin C. 

Additionally, nine known compounds (4-12) were also iso-
lated from M. officinalis, namely geniposidic acid (4),[27] deacetylas-
perulosidic acid (5),[28] secoxyloganin (6),[23] apodantheroside (7),[29] 
scandoside (8),[30] ixoside (9),[31] morinlongoside A (10),[32] 1,2,3,4-
tetrahydro-β-carboline-3-carboxylic acid (11),[33] and tryptophane 
(12),[34] respectively. 

The agonistic effects of all the isolated compounds towards 
FXR  

All the isolated compounds were assayed for their agonistic 
effects of towards FXR examined by luciferase assay using FXR gene 
promoter-driven element luciferase (FXRE) reporter, and the result 

Table 1. 1H (600 MHz, CD3OD) and 13C (150 MHz, CD3OD) NMR data of compounds 1-3 

No. 
1  2  3 

δC δH (J in Hz)  δC δH (J in Hz)  δC δH (J in Hz) 

1 97.8 5.20 d (5.8)  97.3 5.19 d (5.9)  97.8 5.41 d (4.3) 

3 153.3 7.47 d (1.5)  153.5 7.49 d (1.6)  153.8 7.47 d (1.8) 

4 111.8   111.4   110.3  
5 41.0 3.62 m  41.3 3.71 m  29.1 3.31 m 

6 135.9 5.99 dt (5.7, 2.1)  129.1 5.76 dt (5.6, 2.4)  35.4 2.88 dd (16.4, 5.0) 

        2.29 dd (16.4, 9.0) 

7 131.9 5.66 dt (5.7, 2.1)  137.0 6.07 dt (5.6, 2.4)  176.4  
8 51.5 2.90 m  53.5 3.60 m  134.6 5.64 ddd (17.3, 10.2, 9.6) 

9 44.6 2.34 ddd (7.9, 5.7, 4.7)  44.8 2.83 ddd (7.7, 6.1, 4.8)  45.5 2.88 ddd (7.7, 6.1, 4.8) 

10 65.3 3.60 m  176.4   120.8 5.28 dd (17.3, 1.7) 

  3.58 m      5.24 dd (10.2, 1.7) 

11 170.9   170.5   169.0  
1′ 100.6 4.66 d (7.9)  100.7 4.66 d (7.9)  100.2 4.64 d (7.9) 

2′ 74.8 3.22 m  74.8 3.24 m  74.7 3.20 dd (9.1, 7.9) 

3′ 78.1 3.38 m  78.1 3.37 m  78.1 3.35 m 

4′ 71.6 3.30 m  71.6 3.31 m  71.7 3.29 m 

5′ 78.4 3.29 m  78.5 3.29 m  77.4 3.44 m 

6 62.7 3.86 dd (11.8, 1.8)  62.7 3.86 dd (12.1, 2.2)  68.8 4.00 d (11.3, 1.9) 

  3.68 dd (11.8, 5.4)   3.69 dd (12.1, 5.4)   3.63 dd (11.3, 6.3) 

1″       110.3 5.01 d (2.6) 

2″       78.1 3.91 d (2.6) 

3″       80.7  
4″       75.1 3.97 d (9.6) 

        3.77 d (9.6) 

5″       65.7 3.57 s 

OCH3-11       5.18 3.68 s 
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was listed in Table 2. Compounds 3 and 6 displayed significant ago-
nistic activities against FXR with EC50 values of 36.48 μM and 7.18 
μM, respectively. It should be noted that compounds 1-9 are iridoid 
glycosides chemically, and while their activities show remarkable 
differences. A preliminary conclusion regarding the structure-activ-
ity relationship (SAR) can be drawn that the seco-type iridoids (3 
and 6) showed a better agonistic effect on FXR than their analogues. 

Molecular docking  
In order to reveal their potential interaction with FXR, the 3D 

structure of FXR was downloaded from Protein Data Bank 
(http://www.rcsb.org/structure/3BEJ, ID 3BEJ), followed by the mo-
lecular docking analysis (Figures 5 and 6). Compound 3 bond in the 
lignan-binding domain of FXR through the interaction of van der 
Waals, attractive charge, hydrogen bond, alkyl, and π-alkyl. Amino 
acid residue Arg331 interacted with compound 3 via two conven-
tional hydrogen bonds (Figure 6A). As shown in Figure 5B, com-
pound 6 also bond in the lignan-binding domain of FXR through sim-
ilar interactions described as compound 3. Both 3 and 6 possessed 
a terminal olefinic bond that formed multiple interactions with FXR, 
which partly explains why seco-type iridoids are more active than 
common analogues. Furthermore, it was worth noting that three 
conventional hydrogen bonds of amino acid residues Met290, 
Ser332, and Tyr369 with compound 6 were observed in Figure 6B. 

These results reveal the reason at the molecular level why the ago-
nistic effect of compound 6 was more potent than that of com-
pound 3. 

Table 2. The agonistic effects of compounds 1-12 against FXR. 

Compound EC50 (µM) Compound EC50 (µM) 

1 > 100 7 > 100 
2 > 100 8 > 100 
3 36.48 9 > 100 
4 > 100 10 > 100 
5 > 100 11 > 100 
6 7.18 12 > 100 

Molecular dynamics stimulation  
The potential interaction of compound 6 with FXR was analyzed 

by molecular docking, revealing that amino acid residues played a 
crucial role in the activation of compound 6 towards FXR. To eluci-
date how they changed during 50 ns of MD stimulation, the final 
docking result was applied for the investigation of the dynamical 
interaction of compound 6 with FXR (Figure 7). During 50 ns of MD 
stimulation, RMSD remained under 2 Å (Figure 7A) that was an im-
portant parameter for the evaluation of the stability of ligand with 
protein, the radius of gyration of compound 6 with FXR remained 
at the distance of 1.3-1.6 nm at three degrees of freedom (X, Y, and 

 
Figure 5  3D structures of compounds 3 (A) and 6 (B) with FXR. 

 
Figure 6  2D interactions of compounds 3 (A) and 6 (B) with FXR. 
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Z axes, Figure 7C), and RMSF of residues was acquired to figure out 
regions exhibiting higher flexibility with a distance of 1-5 Å (Figure 
7B). These results indicated the reliability of the MD stimulation be-
tween compound 6 and FXR. The potential energy of the complex 
of compound 6 with FXR was about −5.85 × 105 kJ/mol (Figure 7D). 

Compared with the result of molecular docking, eleven amino acid 
residues Leu287, Thr288, Met290, Ala291, His294, Met328, Ser332, 
Leu348, Tyr369, His447, and Trp469 could form twelve hydrogen 
bonds with compound 6 during 50 ns of MD stimulation (Figure 7E-
G), whereas some of the hydrogen bond interactions were unstable, 
including Met290, Ala291, His294, Met328, Leu348, Tyr369, His447, 
and Trp469, because their distances with compound 6 were more 
than 3.5 Å that was an acceptable distance to form a hydrogen 
bond. As same as described in molecular docking, compound 6 
could still bind to the Ligand binding domain of FXR through four 
hydrogen bonds between the hydroxy group of Thr288 and COOH-
7 of compound 6, the carbonyl group of Leu287 and OH-2′ of com-
pound 6, and the hydroxy group of Ser332 and OH-4′ of compound 
6 during this MD stimulation. These findings clarified that com-
pound 6 could activate FXR through the interactions with amino 
acid residues Leu287, Thr288, and Ser332, indicating that com-
pound 6 could be regarded as an agent for the development of FXR 
agonists. 

Induction of FXR downstream targets by compound 6  
 Compound 6 displayed the most significantly agonistic effect 

towards FXR, therefore, we investigated the mRNA and protein lev-
els of the well-known downstream targets of FXR in the liver (SHP1 
and BSEP) and kidney (OSTα and OSTβ) after administration of com-
pound 6 (10 µM for 24 h) in HepG2 and HK2. CDCA, a defined FXR 
agonist, was used as a positive control (40 µM for 24 h). After the 

treatment with compound 6, the mRNA levels of SHP1, BSEP, OSTα, 
and OSTβ were all significantly up-regulated (Figure 8A). In parallel, 
the protein levels of these FXR targets were also increased by com-
pound 6 (Figure 8B-C). To further confirm whether the transcrip-
tional regulation of FXR was modulated by compound 6, the cellular 
location of FXR was observed in HepG2 cells. After the administra-
tion of compound 6, the cells showed clear translocation of FXR 
from cytoplasm to nucleus (Figure 9). These results indicated that 
compound 6 could activate FXR and transcriptionally regulated the 
expression of FXR downstream targets, suggesting that compound 
6 could serve as a candidate for the development of FXR agonists.  

Conclusions 

In summary, the investigation of M. officinalis resulted in the 
isolation and identification of three new iridoid glycosides morinda-
lins A-C (1-3) and nine known compounds (4-12). Compound 6 dis-
played significantly agonistic activities against FXR with an EC50 
value of 7.18 µM. The result of cell imaging technology clarified 
their agonistic effect against FXR at the cell level. Molecular docking 
and MD stimulation revealed their action mechanism through the 

 
Figure 7  (A) RMSD of compound 6 with FXR for 50 ns of MD stimulation. (B) RMSF of compound 6 with FXR for 50 ns of MD stimulation. (C) Radius 
of gyration of compound 6 with FXR for 50 ns of MD stimulation. (D) The potential energy of compound 6 with FXR for 50 ns of MD stimulation. (E) 
The distance of compound 13 with amino acid residues Leu287, Thr288 (two hydrogen bonds), and Met290. (F) The distance of compound 6 with 
amino acid residues Ala291, His294, Met328, and Ser332. (G) The distance of compound 6 with amino acid residues Leu348, Tyr369, His447, and 
Trp469. (H) 3D structure of compound 6 with FXR at 50th ns of MD stimulation. (I) The interaction of compound 6 with amino acid residues Leu287, 
Thr288, and Ser332 via four hydrogen bonds at 50th ns of MD stimulation. 
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hydrogen bond interaction with amino acid residues Leu287, 
Thr288, and Ser332. These findings suggested that compound 6 
could be regarded as a potential candidate for the development of 
FXR agonists. 

Experimental 

General Experimental Procedures  
The optical rotations of isolated compounds were recorded on 

a PerkinElmer 241 polarimeter. ECD spectra were recorded on a 
Bio-Logic Science MOS-450 spectrometer. 1D and 2D NMR data 
were recorded on a Bruker AV-600 spectrometer. Chemical shift 
values are expressed in δ (ppm) using the peak signals of the sol-
vent CD3OD (δH 3.31 and δC 49.2) as references, and coupling con-
stants (J in Hz) are given in parentheses. The antibody of FXR (PP-
A9033A-00) was purchased from R&D Systems. The antibodies of 
small heterodimer partner 1 (SHP1, ab32559), and organic solute 
transporter subunit beta (OSTβ, ab121285) were purchased from 
Abcam. The antibody of bile salt export pump (BSEP, A8467) was 
purchased from Abclonal. The antibody of organic solute trans-
porter subunit alpha (OSTα, bs-17529R) was purchased from BIOSS. 

 
Figure 9  Nuclear translocation of FXR stimulated by compound 6. 

 

Plant Material  
Dried rhizomes of M. officinalis were purchased from Beijing 

Tongrentang Co., Ltd. (Dalian, China) in June 2020, and identified 
by Prof. Jing-Ming Jia (Shenyang Pharmaceutical University). A 
voucher specimen (MO202006) has been deposited in the Depart-
ment of Medicinal Chemistry, Dalian Medical University. 

Extraction and Isolation  
M. officinalis (800 g) was extracted with 90% EtOH (8 L) for 

three times to obtain a residue after removing the solvent. The res-
idue was suspended by 2 L water, and extracted with ethyl acetate 
(3 × 2 L), and n-BuOH (3 × 2 L), respectively. 

The n-BuOH extract (10 g) was separated by a silica gel (Qing-
dao Marine Chemical Factory, Qingdao, China) column and eluted 
with CH2Cl2-MeOH (from 50:1 to 1:1), resulting in the production of 
eight fractions B1-B8. B5 (536 mg) was purified through preparative 
HPLC with a YMC C18 column (250 mm × 10 mm, 5 µm) and eluted 
with 10%-70% MeOH to afford three subfractions B51-B53. Separa-
tion of B53 (82 mg) through preparative HPLC (15% MeCN) led to 
the isolation of compounds 3 (4.7 mg), 6 (4.9 mg), and 7 (2.7 mg). 
Compounds 4 (1.7 mg), 5 (12.6 mg), and 8 (21 mg) were isolated 
from B6 (120 mg) through preparative HPLC (10%-70% MeOH). B7 
(523 mg) was separated by preparative HPLC (10%-70% MeOH), 
which was further purified by preparative HPLC (10%-20% MeOH) 
to afford compounds 1 (3.7 mg), 2 (4.0 mg), 9 (4.8 mg), and 10 (5.0 
mg). Finally, separation of B8 (135 mg) through preparative HPLC 
(10%-70% MeOH) afforded compounds 11 (3.4 mg) and 12 (4.3 mg). 

Morindalin A (1): amorphous powder; [α]20
 D −16 (c 0.1, MeOH); 

UV (MeOH) λmax (log ε) 240 (3.8) nm; ECD (MeOH) nm (Δε) 201 
(+6.57), 233 (−3.88); 1H (600 MHz, CD3OD) and 13C NMR (150 MHz, 
CD3OD) data, see Table 1; HRMS m/z 397.1111 [M + Na]+ (calcd. for 
C16H22NaO10, 397.1111). 

Morindalin B (2): amorphous powder; [α]20
 D −13 (c 0.1, MeOH); 

UV (MeOH) λmax (log ε) 237 (3.7) nm; ECD (MeOH) nm (Δε) 204 

 
Figure 8  Effect of compound 6 on FXR and its downstream target genes. (A) qPCR analysis showing the induction of FXR and its renal downstream 
targets (SHP1, BSEP, OSTα, and OSTβ) in HepG2 cells treated with compound 6 (10 µM for 24 h). CDCA (40 µM for 24 h) was used as a positive control. 
(B) Western blot analysis demonstrating a significant increase in the protein levels of FXR and its downstream targets in HepG2 cells treated with 
compound 6. (C) Quantitative analysis of western blot results for FXR and its downstream targets in renal cells treated with compound 6. Data repre-
sent the mean ± SD, n = 3 for each group. *p<0.05, **p<0.01, ***p<0.001 compared to the DMSO group. 
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(+14.14), 237 (−8.81); 1H (600 MHz, CD3OD) and 13C NMR (150 MHz, 
CD3OD) data, see Table 1; HRMS m/z 387.0938 [M − H]− (calcd. for 
C16H19O11, 387.0927). 

Morindalin C (3): amorphous powder; [α]20
 D −74 (c 0.1, MeOH); 

UV (MeOH) λmax (log ε) 237 (3.6) nm; ECD (MeOH) nm (Δε) 223 
(−4.13), 319 (+1.10); 1H (600 MHz, CD3OD) and 13C NMR (150 MHz, 
CD3OD) data, see Table 1; HRMS m/z 559.1643 [M + Na]+ (calcd. for 
C22H32NaO15, 559.1639). 

ECD Calculations  
To save consumption of calculations, model compounds with 

the glycosyl units replaced with methyl groups were used for the 
ECD calculations.[35, 36] The conformation search of compounds 1-3 
was carried out at Merck Molecular Force Field (MMFF) by Discov-
ery Studio software, and the low energy conformers were kept with 
an energy cutoff of < 5 kcal/mol.[21, 22] Geometries were optimized 
using DFT at B3LYP/6-31G(d) level within a MeOH solvent simulated 
using Gaussian 09 package (Gaussian 09. 2009). Harmonic vibra-
tional frequencies were also calculated at the same level of theory 
to ensure that no imaginary values were present, confirming that 
all the conformers were stable. The ECD calculations were run with 
B3LYP functional and the aug-cc-pVDZ basis set of Gaussian 09 
package with the same solvent as in the preceding DFT optimization 
step. Depended on the Boltzmann distribution, the final ECD spec-
tra of compounds 1-3 were obtained by weighting spectra of all 
conformers. 

The determination of the glycose of compounds 1-3  
The absolute configurations of the glycose of compounds 1-3 

were determined by HPLC-OR as previously described.[20] Com-
pounds 1-3 (1 mg) was hydrolyzed by 2M HCl (2.0 mL) at 90 oC for 
4 h to obtain the monosaccharide in the aqueous layer after the 
CHCl3 extraction, and analyzed by HPLC with a Jasco LC-NetII/ADC 
system. 

Molecular docking  
The 3D structure of FXR was downloaded from Protein Data 

Bank (http://www.rcsb.org/structure/3BEJ, ID 3BEJ), and then was 
used to study the interactions between compounds 3 or 6 and FXR 
by Discovery Studio 2016 (Accelrys, CA, USA).[9] Firstly, the energy 
optimization of 3D structures of compounds 3 and 6 was performed 
at the CHARMm force field using the module of Prepare Ligand (Dis-
covery Studio 2016). The active pocket for substrate binding was 
defined based on the site of the crystallographic ligand MFA-1. The 
interaction of compound 6 with FXR was calculated by the module 
of CDOCKER (Discovery Studio 2016), and the 3D interaction was 
plotted by PyMOL software. 

Molecular dynamics stimulation  
GROMACS package was applied to study MD simulation at the 

AMBER99SB force field.[37, 38] The restrained electrostatic potential 
charges of ligand were performed at HF/6-31G* level using Gauss-
ian 09 program. The starting topology of the ligand was generated 
by antechamber and ACPYPE programs. The best docking pose was 
subjected to the steepest descent energy minimization to relax the 
system. Then, NVT and NPT were used to equilibrate the minimized 
system at the constant temperature of 300 K and the constant pres-
sure of 1 bar, respectively. In the last step, 50 ns of MD simulation 
at 300 K and 1 bar pressure was performed, thus carrying out the 
interaction analyses between the enzyme and ligand. The trajec-
tory file was analyzed by GROMACS to produce the root mean 
square deviation (RSMD), root mean square fluctuations (RMSF), 
and other parameters. The MD results were plotted by PyMOL and 
GraphPad prism software. 

Cell Culture  
The human liver hepatocellular cells (HepG2) were cultured in 

DMEM medium containing 10% fetal bovine serum (FBS). Human 
proximal tubular epithelial cells (HK2) were maintained in 
DMEM/F12 medium supplemented with 10% FBS. Cells were all 
placed in an incubator at 37 °C and maintained in a humidified at-
mosphere containing 5% CO2. 

FXR activation bioassay  
The human FXR cDNA was cloned and inserted into pcDNA3.1 

for the construction of FXR overexpression vector.[9] FXRE reporter 
was constructed by cloning a genomic DNA fragment upstream bile 
salt export pump (BSEP) promoter into the luciferase vector 
pGL3.0-basic. The human hepatoma HepG2 cell line was transiently 
transfected with the expression plasmid of FXR, FXRE reporter, and 
the null-Renilla luciferase plasmid as an internal control. After 24 h, 
cells were treated with vehicle DMSO (0.1%) or corresponding com-
pounds at different concentrations. The cells were then harvested 
for the determination of luciferase activity by Dual-Luciferase® Re-
porter Assay System (E1960, Promega, Madison, WI, USA). 

RNA isolation and real-time quantitative PCR  
Total RNA was isolated from HepG2 and HK2 cells by the RNe-

asy Mini Kit (Qiagen, Germany), and quantified according to the 
manufacturer's instructions. The quantity and purity of the ex-
tracted RNA were examined by using a Nanodrop spectrophotom-
eter (Thermo, USA). Reverse transcription was performed by re-
verse transcription kit (Tiangen, Beijing, China). The cDNA was used 
as a template for real-time quantitative PCR on the Rrism 7500 real-
time PCR instrument with TransStart Tip Green qPCR SuperMix 
(Transgen, China). Primer was designed by Software Oligo 6.0 (MBI 
Inc., Colorado, USA) (Table S1). 

Western Blot  
Cells were dissolved in RIPA Lysis buffer (Merck, Germany) with 

protease inhibitor cocktail (Sigma-Aldrich, China), and then the su-
pernatants were collected. The concentrations of the protein sam-
ples were examined by bicinchoninic acid protein assay kit (Sigma-
Aldrich, China). Samples were heated for denaturation in the load-
ing buffer for 10 min at 95 °C. The denatured samples were then 
separated by 10 % SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), and transferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore, USA) which were then blocked with 10% (w/v) 
skim milk and subsequently incubated with selected primary anti-
bodies overnight at 4 °C. After washes, the membranes were incu-
bated for 1 h at room temperature with HRP-conjugated secondary 
antibodies. After washes, staining was developed using Tanon 5200 
ECL detection system (Tanon, China). 

Immunohistochemistry  
Cells were firstly fixed with 4% PFA in PBS. After washed with 

ice-cold PBS, cells were permeabilized with 0.3% Triton X-100 in 
PBS for 10 min and blocked by 0.5% BSA in PBS for 30 mins. The 
cells were then incubated with primary antibody overnight at 4 °C. 
After washes, the cells were incubated with appropriate Dylight 
488 (green) conjugated secondary antibody (Jackson Immuno Re-
search Laboratories) for 1 h at room temperature. Nuclei were 
stained with DAPI. Images were obtained through a confocal micro-
scope. 
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