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ABSTRACT: Novel glycyrrhizin (GL) derivatives were designed
and synthesized by introducing various amine or amino acid
residues into the carbohydrate chain and at C-30. Their inhibitory
effects on high-mobility group box 1 (HMGB1) were evaluated
using a cell-based lipopolysaccharide (LPS) induced tumor
necrosis factor α (TNF-α) release study. Compounds 10, 12,
18−20, 23, and 24, which had substituents introduced at C-30,
demonstrated moderate HMGB1 inhibition with ED50 values
ranging from 337 to 141 μM, which are values comparable to that of the leading GL compound (1) (ED50 = 70 μM).
Compounds 23 and 24 emerged as novel and interesting HMGB1 inhibitors. These compounds were able to extend the survival
of mice with chronic heart failure (CHF) and acute heart failure (AHF), respectively. In addition, molecular modeling studies
were performed to support the biological data.

■ INTRODUCTION

Heart failure (HF) is a serious public health problem that is
characterized by the inability of the heart to sufficiently
distribute blood to meet the needs of the body.1 Common
causes of HF include myocardial infarction and other forms of
ischemic heart disease, hypertension, valvular heart disease, and
cardiomyopathy.2 Echocardiography is commonly used to
support the clinical diagnosis of HF. This modality uses
ultrasound to determine the stroke volume, end diastolic
volume, and ejection fraction. Chronic heart failure (CHF)
represents a long-term condition that usually shows stabilized
symptomatology. Acute heart failure (AHF) refers to episodes
in which a patient displays a change in heart failure signs and
symptoms, resulting in a need for urgent therapy or
hospitalization.3 Although various agents, devices, and surgical
treatments are currently used for HF, few are ideal for the
treatment of its associated pathologies. HF is a common, costly,
disabling, and potentially deadly condition.2 Postmyocardial
infarction remodeling, morbidity, and mortality are highly
dependent on the number of cardiomyocytes lost during
ischemic injury. However, emerging data now provide
convincing evidence that the heart possesses a regenerative
capacity from both endogenous and exogenous sources.4,5

Inflammation, which has emerged as a critical biological process
that contributes to nearly all aspects of cardiovascular diseases
including HF, plays a paradoxical role in cardiac repair and
regeneration. An array of cytokines has been implicated in the
activation of the inflammatory response as well as in the healing
and repair process.4

High-mobility group box 1 protein (HMGB1) is localized in
the nucleus and can be either passively released from necrotic
cells or actively secreted by activated macrophages/monocytes
to serve as an extracellular signaling molecule involved in acute
and chronic inflammation.6 The investigation of HMGB1 as a
regenerative and proliferative agent in the myocardium was first
suggested by Roberta et al.7,8 HMGB1 has been reported to
stimulate angiogenesis and promote cardiac stem cell growth
and differentiation.9−11 Notably, several HMGB1-inhibiting
agents (e.g., ethyl pyruvate, green tea, and adrenomedullin) can
preserve cardiac function after myocardial ischemia, which is
consistent with the pathogenic role of HMGB1 in cardiovas-
cular diseases.12 HMGB1 has three major structural domains:
two DNA binding motifs, called the A box and B box, and an
acidic carboxyl terminus. It has been revealed that the
proinflammatory activity of HMGB1 localizes to the B box
with the most significant cytokine functionality mapping to the
first 20 amino acid residues of this domain (HMGB1 amino
acids 89−108).13 The A box exerts an antagonistic, anti-
inflammatory effect, perhaps by binding unproductively to
glycation end products (RAGE) and competing with functional
HMGB1.10−12 Hence, the appropriate inhibition of HMGB1 by
targeted binding to the B box has arisen as an efficient
therapeutic strategy for cardiovascular diseases.13,16,17

Natural products play a major role in drug discovery, and
nearly half of the new drugs introduced into the market over
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the past 2 decades are natural products or their derivatives.18

GL (1) is the major bioactive triterpene glycoside of licorice
root extract and possesses a wide range of pharmacological
properties, especially anti-inflammatory properties. In a recent
study by Mollica et al., GL was found to inhibit HMGB1 by
directly binding (KD ≈ 150 μM) to each of the two HMG
boxes and thus prohibiting its chemoattractant and mitogenic
activities. Furthermore, the moiety of GL that is responsible for
this binding is its triterpene ring, and a molecular model of the
HMGB1−GL interaction has been created.19 In Japan, Sitia et
al. reported that treatment with GL as a HMGB1 inhibitor
diminishes cytotoxic T lymphocyte induced liver disease in
hepatitis B virus (HBV) transgenic mice.20 Recently, we also
found that GL can be used at low concentrations to treat heart
failure by inhibiting HMGB1 (Supporting Information).

Although excessive HMGB1 may play a pathogenic role in
cardiovascular diseases, low levels of HMGB1 might be
beneficial. To the best of our knowledge, the anti-HF activity
of GL in vivo has not been investigated to date. It is thus
important to pharmacologically attenuate (but not completely
abrogate) HMGB1 release to interfere with the progression of
various cardiovascular diseases and to facilitate the recovery of
cardiovascular functions. Therefore, this profile prompted us to
synthesize and evaluate derivatives related to GL to explore the
structural requirements for the appropriate inhibition and
selective binding of the B box.
To identify more potent HMGB1 inhibitors with increased

water solubility, we designed and synthesized a series of GL
derivatives by introducing amino acids into the carbohydrate
chain and at C-30, and their biological activities are described in

Scheme 1. Synthesis of Glycyrrhizin Intermediates 2−4a

a(a) 2% methanolic HCl, rt, 2h, Et3N, 90%; (b) Ac2O−C5H5N, rt, 4h, 72%; (c) (i) ClCOOC2H5, Et3N, THF, −5 °C, 30 min; (ii) NaBH4, H2O, rt,
4h, two steps 58%.

Scheme 2. Synthesis of Glycyrrhizin Derivatives 5−8a

a(a) Propylamine, sealed tube, 80 °C, 4 h, 47%; (b) benzylamine, sealed tube, 80 °C, 4 h, 65%; (c) ethanolamine, sealed tube, 80 °C, 4 h, 49%; (d)
butylamine, sealed tube, 80 °C, 4 h, 47%.
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this report. The inhibition of LPS-induced TNF-α secretion in
RAW264.7 cells by these GL derivatives was tested in vitro.

The results obtained demonstrated that compounds 23 and 24
were potent inhibitors of HMGB1. The anti-HF effects of the

Scheme 3. Synthesis of Glycyrrhizin Derivatives 9−24a

a(a) PCC, CH2Cl2, 0 °C, rt, 2 h, 73%; (b) (i) NaBH3CN, propylamine, MeOH, rt, 3 h, 53%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+

resin, 91%; (c) (i) NaBH3CN, isopropylamine, rt, 3 h, 35%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+ resin, 89%; (d) (i) NaBH3CN,
cyclohexylamine, rt, 3 h, 48%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+ resin, 94%; (e) (i) NaBH3CN, benzylamine, rt, 3 h, 61%; (ii) 5%
KOH, EtOH/H2O = 1:1, Amberlite 120 H+ resin, 87%; (f) (i) NaBH3CN, cyclopentylamine, rt, 3 h, 38%; (ii) 5% KOH, EtOH/H2O = 1:1,
Amberlite 120 H+ resin, 98%; (g) (i) NaBH3CN, 4-(2-aminoethyl) morpholine, rt, 3 h, 47.3%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+

resin, 91%; (h) (i) NaBH3CN, 2-pyridylethylamine, rt, 3 h, 38%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+ resin, 83%; (i) (i) NaBH3CN,
L-Gly-OEt-HCl, MeOH, rt, 3 h, 62%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+ resin, 96%; (j) (i) NaBH3CN, L-Ala-OMe-HCl, MeOH, rt,
3 h, 45%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+ resin, 94%; (k) (i) NaBH3CN, L-Ser-OMe-HCl, MeOH, rt, 3 h, 49%; (ii) 5% KOH,
EtOH/H2O = 1:1, Amberlite 120 H+ resin, 86%; (l) (i) NaBH3CN, L-Try-OMe-HCl, MeOH, rt, 3 h, 59%; (ii) 5% KOH, EtOH/H2O =1:1,
Amberlite 120 H+ resin, 94%; (m) (i) NaBH3CN, L-Phe-OMe-HCl, MeOH, rt, 3 h, 66%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+ resin,
96%; (n) (i)NaBH3CN, L-Tyr-OMe-HCl, MeOH, rt, 3 h, 37%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+ resin, 89%; (o) (i) (i)
NaBH3CN, L-Glu-(OMe)2-HCl, MeOH, rt, 3 h, 48%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+ resin, 97%; (p) (i) NaBH3CN, L-Asp-
(OMe)2-HCl, MeOH, rt, 3 h, 44%; (ii) 5% KOH, EtOH/H2O = 1:1, Amberlite 120 H+ resin, 96%.
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promising GL derivatives were also evaluated based on their
protective effects on cardiac dysfunctions and survival in
doxorubicin (DOX) induced acute and chronic Doll Capital
Management (DCM) mice in vivo.

■ RESULTS AND DISCUSSION
Chemistry. The series was designed based on the improved

binding properties between GL and HMGB1 reported by
Mollica et al.19 as well as the chemical modifications of GL
reviewed by Baltina.21 In Mollica’s study, the triterpene
establishes favorable van der Waals interactions with the
HMG boxes; the C-11 carbonyl group and C-30 carboxyl group
of GL create a hydrogen bond or an electrostatic interaction
with the amino acid group of the HMG boxes, and the sugar
moieties point away from the protein. According to Baltina’s
review, elongation of the GL carbohydrate chains or
introduction of amino acids or heterocyclic fragments has
previously been shown to significantly affect the anti-
inflammatory activities of glycosides. Because the carbonyl at
C-11 is an inert site that is sterically hindered, it is not suitable
for derivatization. In this regard, we chose to investigate
whether chemical modifications of the carbohydrate chain and
the C-30 carboxyl group affect the HMGB1 inhibitory activity.
Consequently, amides 5−8 were synthesized and compounds
10−25 contain an amine or amino acid residue with a C−N
bond through the amino group and C-30.
Compound 4, the key intermediate for the synthesis of the

target compounds (Scheme 1), was produced by treating the
pentaacetate of the GL dimethyl ester at the diglucuronide
moiety (3) with ethyl chloroformate and subsequently reducing
it with NaBH4 as previously described.22

The synthesis of the amide derivatives of GL (5−8), which
contain two amine residues in the carbohydrate region of the
GL molecule, was carried out by transesterification of the GL
dimethyl ester (4) with the corresponding aqueous amine at 80
°C in a sealed tube as outlined in Scheme 2.
To synthesize amines 10−25, compound 4 was treated with

pyridinium chlorochromate (PCC) in CH2Cl2 as shown in
Scheme 3 to yield the key aldehyde 9. Compounds 10−16 were
obtained from 9 by addition of the corresponding amine and
treatment with NaBH3CN in anhydrous MeOH with the pH
adjusted to ∼6. Furthermore, deprotection of the sugar moiety
provided the desired derivatives. Following the same procedure,
compounds 17−24 were prepared from 9 using the
corresponding alkyl (methyl, ethyl) ester of the amino acid
hydrochloride salt.
In Vitro LPS-Induced HMGB1 Release Studies. The GL

derivatives were tested for the inhibition of HMGB1 stimulated
by LPS. Several studies have demonstrated independently that
HMGB1 can be actively released from a variety of cells,
including macrophage-like RAW 264.7 cells.13 Once released,
HMGB1 can bind to cell-surface receptors [e.g., the receptor
for advanced RAGE, Toll-like receptor (TLR) 2, and TLR4]
and mediates various cellular responses, including chemotactic
cell movement and the release of proinflammatory cytokines
(e.g., TNF and IL-1).6 In other words, HMGB1 can induce
TNF-α release from RAW 264.7 cell cultures activated by LPS.
All of the GL derivatives and antibodies were screened and
assayed for the inhibition of TNF-α production by ELISA
according to the manufacturer’s instructions. All compounds
were tested at least twice in triplicate.
From a preliminary analysis of the results, which are

summarized in Table 1, general inhibition was observed for

GL derivatives 10, 12, 18−20, 23, and 24, ranging from 337 to
141 μM, as compared to the leading compound 1, which has
ED50 = 70 μM. However, GL amides 5−8 showed either low
solubility levels in PBS or high cell cytotoxicity. Briefly, the
introduction of amine residues in the carbohydrate region of
the GL molecule resulted in a loss of activity, indicating that the
free carboxyl at the carbohydrate is necessary. In contrast,
significantly different inhibitory activities were found for
compounds 10−24. Interestingly, the activity of the targeted
compounds 10−16, which contain the alkylamino substituents,
differed and only amines 10 and 12 showed reduced inhibition.
The incorporation of amino acid residues at C-30 resulted in
compounds with reduced anti-HMGB1 properties (18−20, 23,
and 24). No inhibition against HMGB1 was found for
compounds 17, 21, and 22. Of the seven bioactive GL
derivatives, 23 exhibited the highest level of inhibition and 18
showed the lowest level. We speculated that substituents at C-
30 with a certain length and electrical property might be
necessary for bioactivity. It was suggested that a small change at
the C-30 side chain highly impacts the HMGB1 inhibitory
activity.

Pharmacological Activities in Mice. The in vivo profiles
of selected compounds 17−20, 23, and 24 were evaluated using
DOX-induced acute heart failure DCM mice after the ligands
had been administered intraperitoneally (ip) (Figure 1).
Therapeutic blockade of HMGB1 induced protective effects
on cardiac dysfunctions, and the animal survival rate by the GL
derivatives was measured. GL derivative 17 did not possess
anti-HF activity, which was supported by its lack of efficacy in
the HMGB1 release assay, as shown previously (Table 1).
Compound 18 (ED50 = 161 μM) displayed an ip potency
similar to that of the parent compound 1. It did not increase the
survival rate or ejection fraction significantly, but it elicited an
improvement in the maximum ascending and descending rate
of the left ventricle (LV) pressure. As observed in Figure 1A
and Figure 1B, the protective effects on cardiac dysfunctions
and the animal survival rate of GL derivatives 19, 20, and 23
were not significantly higher than that of 1. Treatment of DCM
mice with 24 significantly increased the animal survival rate
(Figure 1A) compared with the DOX plus phosphate-buffered
saline (PBS) treated group and improved cardiac dysfunction as
measured by different parameters (Figure 1B).
GL derivatives 23 and 24 were evaluated using the DOX-

induced chronic heart failure DCM mouse model. Treatment
with 23 increased the animal survival rate and markedly
ameliorated DOX-induced LV dysfunction, including affecting
the diastolic interventricular septum, systolic interventricular

Table 1. Inhibitory Activities of Selective HMGB1
Antagonists against LPS-Induced TNF-α Release in RAW
264.7 Cells

compound ED50 (μM) 95% confidence interval (μM)

glycyrrhizin 70 70−90
HMGB1 antibody 2.29a 1.7−3.4a

10 226 110−370
12 193 150−220
18 337 200−660
19 161 120−210
20 144 80−330
23 141 120−180
24 144 100−200

aμg/mL.
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septum, ejection fraction, fractional shortening, and LV
diastolic anterior wall (Figure 2). Conversely, 24 did not
show any cardioprotective effect.
Compounds 23 and 24 were found to be potent antagonists

of CHF and AHF, respectively, as indicated by the increased
survival rate and amelioration of the cardioprotective effect.
However, both of these compounds showed comparable
inhibition of HMGB1 in vitro. Indeed, the observation of
neither high nor low HMGB1 inhibitory activity in vitro with
cell-based results was associated with anti-HF activity. Thus,
molecular modeling studies were performed to explain the
subtle difference in the interactions between the GL derivatives
and HMG boxes.
Modeling Studies. To get deep insight into the mechanism

for the HMGB1 inhibitory activities of GL, 23, and 24 and the
anti-HF effects of 23 and 24, molecular modeling studies were
performed to explore the detailed interactions of these
compounds with the A box and B box, respectively. The
crystal structures of the A box [Protein Data Bank (PDB) entry
1aab]23 and B box (PDB entry 1hmf)24 were downloaded from
the Protein Data Bank (http://www.rcsb.org/pdb/). Molecular
dockings were performed with Gold 5.1.25 Molecular dynamics
(MD) simulations were then performed on the docking
complexes using the GROMACS package26 to refine the
models.
Molecular Docking with the A Box. The molecular

modeling results revealed that in addition to hydrophobic
interactions between the cycloalkane skeleton of GL with
Met12, Tyr15, Ala16, Val19, Gln20, Lys27, and Phe37, the
carbonyl group at C-11 and the carboxyl group at C-30 of GL
formed two hydrogen bonds with the guanidinium group of
Arg23 and the hydroxyl group of Ser41, respectively. Moreover,
the complex was further stabilized by an electrostatic
interaction between the C-30 carboxyl group of GL and the
hydroxyl group of Tyr15 (Figure 3A). This result is generally

consistent with that from the study of Mollica and co-workers,
which found higher chemical-shift differences for these residues
in an NMR assay.19 Derivatives 23 and 24 displayed binding
patterns similar to that of GL because the triterpene scaffold of
23 made hydrophobic interactions with Met12, Tyr15, Ala16,
Val19, Gln20, Arg23, Lys27, and Phe37, and a specific
hydrogen bond was formed between the C-30 carboxyl group
of 23 and the hydroxyl group of Ser41. However, the
electrostatic interaction and hydrogen bonding contact between
the carbonyl group at C-11 and the guanidinium group of
Arg23 were not observed, which may be one of the reasons for
the weaker bonding force of 23 with the A box compared with
GL (Figure 3B). For 24, hydrogen bonding with the hydroxyl
group of Ser41 and hydrophobic interactions with Gly10,
Met12, Ser13, Tyr15, Ala16, Gln20, Arg23, Phe37, and Ser38
were detected. In addition, no electrostatic interactions were
predicted in the model (Figure 3C), which was similar to 23.
Therefore, GL performed best in the interaction with the A
box.

Molecular Docking with the B Box. Phe101, Phe102,
Lys113, Ile121, Ala125, and Lys126 in the active site of the B
box formed hydrophobic interactions with the triterpene
scaffold of GL. Moreover, the carbonyl group at C-11 of GL
formed a hydrogen bond with the guanidinium group of
Arg109 (Figure 4A). Compounds 23 and 24 displayed similar
bonding modes, including hydrogen bonds with Arg109 and
hydrophobic contacts with Phe101, Phe102, Ile121, Val 124,
Ala125, and Lys126, except for additional hydrogen bonds
between their sugar moieties and the amino group of Lys113
(Figure 4B and Figure 4C), which further stabilized these
complexes. Therefore, 23 and 24 exhibited much stronger
bonding forces with the B box than GL, which is the domain of
HMGB1 that is important in cardiovascular disease treatment.
From the molecular modeling study, we can speculate that

GL possesses a stronger bonding force to the A box and a

Figure 1. Therapeutic blockade of HMGB1 by GL or its derivatives induces protective effects on cardiac dysfunctions and animal survival in acute
DCM mice. Ten days after DCM (injection of one high dose of DOX) was induced, the animals were treated with the indicated agent once per day.
Fifty days later, the mice were studied and sacrificed. (A) Survival rate curves were generated using the Kaplan−Meier method and compared using a
log rank test (n = 15/group). (B) Effects of GL derivatives on DOX-induced cardiac dysfunctions. EF = ejection fraction; FS = fractional shortening;
+dp/dtmax = maximum ascending rate of LV pressure; −dp/dtmax = maximum descending rate of LV pressure. Data are the mean ± SEM: (##) P <
0.01 versus PBS-treated group; (∗) P < 0.05, (∗∗) P < 0.01 versus DOX plus PBS-treated group.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm301248y | J. Med. Chem. XXXX, XXX, XXX−XXXE

http://www.rcsb.org/pdb/


Figure 2. Inhibition of HMGB1 improves cardiac function and animal survival in DOX-induced chronic DCM. (A) Therapeutic protocol for animals
with chronic DCM. Mice were treated with low doses of DOX (3.5 mg/kg) weekly for 8 weeks. Two weeks after the last DOX treatment, the
animals were treated with the indicated agent once per day. (B) Survival rate curves were generated using the Kaplan−Meier method and compared
using a log rank test (n = 20/group). (C) Representative images of LV M-mode echocardiograms. (D) Inhibition of HMGB1 markedly ameliorated
DOX-induced LV dysfunction. IVS-d = diastolic interventricular septum; IVS-s = systolic interventricular septum; EF = ejection fraction; FS =
fractional shortening; LVAW-d = left ventricular diastolic anterior wall. Data are the mean ± SEM (n = 8/group): (##) P < 0.01, (###) P < 0.001
versus PBS-treated group; (∗) P < 0.05 versus DOX plus PBS-treated group.

Figure 3. Predicted binding modes of GL, 23, and 24 in the active site of the A box. (A) GL (CPK) establishes favorable van der Waals interactions
with the hydrophobic side chains of Met12, Tyr15, Ala16, Val19, Gln20, Lys27, and Phe37 (green). The carbonyl group and carboxyl group of GL
form two stable hydrogen bonds with the guanidinium group of Arg23 and the hydroxyl group of Ser41, respectively (magenta). The complex is
further stabilized by an electrostatic interaction between the carboxyl group of GL and the hydroxyl group of Tyr15. The secondary structure of the
A box is represented in green. (B) The model predicts hydrophobic interactions of the triterpene scaffold of 23 (CPK) with the side chains of
Met12, Tyr15, Ala16, Val19, Gln20, Arg23, Lys27, and Phe37 (green). The carboxyl group of 23 forms a hydrogen bond with the hydroxyl group of
Ser41 (magenta). (C) Similar to 23, hydrogen bonding contacts with the hydroxyl group of Ser41 and hydrophobic interactions with Gly10, Met12,
Ser13, Tyr15, Ala16, Gln20, Arg23, Phe37, and Ser38 were detected for 24 (CPK).
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relatively weaker bonding force to the B box compared with
compounds 23 and 24. It has been shown that the appropriate
inhibition of HMGB1 by targeted binding to the B box is
efficient for cardiovascular diseases treatment.13,16,17 Thus, 23
and 24 should show a stronger cardioprotective effect than GL,
which is in accordance with the in vivo activity results. Because
the A box exerts an antagonistic effect on the B box, excess
interaction with the A box will weaken the inhibition of the B
box.13−15 GL, which possesses a stronger bonding force to the
A box than 23 and 24, exhibits a higher inhibitory activity on
HMGB1 in vitro and a relatively weaker in vivo effect. In
conclusion, a moderate bonding force with the HMG box A
and relatively higher binding to the B box should result in the
moderate inhibition of HMGB1 and thus a higher animal
survival rate and stronger cardioprotective effect, reflecting the
dual role of HMGB1 in promoting cardiac stem cell growth and
differentiation and inducing myocardial cell apoptosis.

■ CONCLUSIONS

We have synthesized a series of novel GL derivatives with a C−
N bond through the amino group of amines or amino acids and
C-30. Compounds 23 and 24 emerged as promising HMGB1
inhibitors, facilitating the recovery of the cardiovascular
functions, supported by their strong bonding forces with the
B box. The finding that a small change in the GL structure
produces a profound change in effectiveness of the HF
treatment exemplifies the complexity of the structure−activity
relationships in this series. In light of the potential applications
of the effective inhibitors, it appears worthwhile to further
investigate this new class of compounds with anti-HF activities.

■ EXPERIMENTAL SECTION
Chemistry. All the starting materials were of reagent grade. The

solvents used for the isolation/purification of the compounds were
obtained from Fisher Scientific (Pittsburgh, PA, U.S.). All reactions
were carried out in oven-dried glassware under an argon atmosphere
unless otherwise noted. All yields reported refer to the yields of the
isolated compounds. 1H NMR and 13C NMR spectra were recorded
using a Varian Inova-500 spectrometer (500 MHz). High-resolution
mass spectra were obtained with an AccuTOF CS (JMS-T100CS,
JEOL) mass spectrometer. ESI-MS was performed with an Agilent
1100 series LC-MSD-Trap-SL mass spectrometer. Silica gel TLC
plates (Qing Dao Marine Chemical Factory, Qingdao, China) were

used to monitor the progression of the reactions. Flash column
chromatography was performed using silica gel (200−400 mesh size,
Qing Dao Marine Chemical Factory, Qingdao, China). The purity of
the test compounds was determined by HPLC analysis using an
Agilent 1100 series instrument equipped with a DAD detector and a
YMC-Pack ODS column (100 mm × 4.6 mm, 5 μm). The intensity of
the major peak in the analytical HPLC trace of each target compound
was ≥95% that of the combined intensities of all of the peaks detected
at 254 nm. Preparative HPLC was performed on a Shimadzu
instrument equipped with a LC-6AD pump and a SPD-10A detector
using a YMC-PACK ODS-A column (250 mm × 20 mm, 5 μm).

Compound 3. The pentaacetate of the GL dimethyl ester at its
diglucuronide moiety was prepared according to the method of Sasaki
et al.27 White powder (72% yield); 1H NMR (500 MHz, pyridine) δ
5.91(1H, s, H-12), 5.34 (1H, d, J = 8 Hz, H-1″), 4.94 (1H, d, J = 7.5
Hz, H-1′), 3.79 (3H, s, OCH3), 3.67 (3H, s, OCH3), 3.23 (1H, br d, J
= 9 Hz, H-3), 3.03 (1H, br d, J = 12.5 Hz, H-1a), 2.46 (1H, br d, J =
12 Hz, H-18), 2.15, 2.08, 2.01, 1.99, 1.98 (each 3H, s, Ac) 1.36, 1.30,
1.21, 1.18, 1.05, 1.05, 0.75 (each 3H, s, CH3).

Compound 4. This compound was prepared as previously
reported:22 A solution of ethyl chloroformate (1 mL) in THF (5
mL) was added to a solution of the dimethyl ester pentaacetate of GL
(5.4 g) and Et3N (1.4 mL) in THF (25 mL) over the course of 30 min
at −5 °C, and the mixture was stirred for 30 min at the same
temperature. The precipitate was filtered and washed with THF, and
the combined filtrates were added over 30 min to a solution of NaBH4
(0.47 g) in H2O (5 mL) at 10−15 °C. Then the reaction mixture was
stirred at room temperature for 4 h and acidified with diluted HCl; the
two layers of the reaction mixture were subsequently separated. The
organic layer was washed with 10% aqueous NaOH and then dried
over anhydrous Na2SO4. The solvent was evaporated to yield a residue,
which was chromatographed on silica gel (solvent, CHCl3/MeOH =
100/1) to obtain the product. White powder (58% yield); 1H NMR
(500 MHz, pyridine) δ 5.78 (1H, s, H-12), 5.38 (1H, d, J = 8 Hz, H-
1″), 4.99 (1H, d, J = 7.5 Hz, H-1′), 3.82 (3H, s, OCH3), 3.78 (1H, dd,
J = 11, 4.5 Hz, H-30a), 3.71 (1H, dd, J = 10.5, 5.5 Hz, H-30b), 3.69
(3H, s, OCH3), 3.26 (1H, dd, J = 11, 4.5 Hz, H-3), 3.11 (1H, br d, J =
13.5 Hz, H-1a), 2.42 (1H, s, H-9), 2.18, 2.06, 2.03, 2.01, 2.00 (each
3H, s, Ac), 1.38, 1.26, 1.23, 1.15, 1.12, 1.09, 0.82 (each 3H, s, CH3);
13C NMR (125 MHz, pyridine) δ 199.5, 170.3, 170.3, 170.1, 169.9,
169.9, 169.7, 168.3, 167.6, 128.5, 103.4, 101.2, 90.2, 77.9, 74.5, 73.1,
73.0, 72.6, 72.0, 70.6, 70.3, 65.4 (C-30), 62.0, 55.4, 52.7, 52.6, 47.3,
45.5, 43.6, 40.8, 39.8, 39.4, 37.2, 36.4, 36.0, 32.9, 32.5, 30.0, 28.7, 28.2,
27.8, 26.9, 26.7, 26.4, 23.5, 20.7, 20.5, 20.5, 20.4, 20.4, 18.8, 17.6, 16.7,
16.5. ESI-MS: m/z = 1067 [M + Na]+.

General Procedures for Converting the Ester to an Amide
for Compounds 5−8. The GL ester (0.1 mmol) was dissolved in

Figure 4. Predicted binding modes of GL, 23, and 24 in the active site of the B box. (A) GL (CPK) establishes favorable van der Waals interactions
with the hydrophobic side chains of Phe101, Phe102, Lys113, Ile121, Ala125, and Lys126 (green). The carbonyl group of GL at C-11 forms
hydrogen bonds with the guanidinium group of Arg109 (magenta). The secondary structure of the B box is represented in green. (B, C) The two
models predict the hydrophobic interactions of the cycloalkane skeletons of 23 and 24 (CPK) with the side chains of Phe101, Phe102, Ile121,
Val124, Ala125, and Lys126 (green). In addition to the hydrogen bond formed between the carbonyl group of GL and the guanidinium group of
Arg109 in the receptor, the sugar moieties of 23 and 24 are predicted to create stable hydrogen bonds with the amino group of Lys113 (magenta).
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amine (2 mL), and the solution was allowed to stand at 80 °C for 4 h
in a sealed tube. The solvent was then evaporated, and the resulting
product was purified by preparative HPLC (CH3CN/H2O = 60:40,
flow rate = 5 mL/min).
Compound 5. White powder (47% yield); 1H NMR (500 MHz,

pyridine) δ 8.25 (1H, t, J = 6 Hz, H−N), 8.12 (1H, t, J = 6 Hz, H−N),
5.77 (1H, s, H-12), 5.43 (1H, d, J = 8 Hz, H-1″), 4.84 (1H, d, J = 7.5
Hz, H-1′), 3.78 (1H, d, J = 10.5 Hz, H-30a), 3.72 (1H, d, J = 10.5 Hz,
H-30b), 3.49−3.29 (4H, m, N−CH2 × 2), 3.23 (1H, dd, J = 12, 4.5
Hz, H-3), 3.12 (1H, br d, J = 13.5 Hz, H-1a) 2.45 (1H, s, H-9), 2.26
(1H, dd, J = 13.5, 3.5 Hz), 1.42, 1.29, 1.23, 1.16, 1.10, 1.10, 0.82 (each
3H, s, CH3);

13C NMR (125 MHz, pyridine) δ 199.5, 170.7, 170.2,
170.0, 128.5, 105.6, 104.7, 88.7, 82.2, 77.6, 77.4, 76.5, 76.3, 76.2, 73.8,
73.4, 65.4, 62.1, 55.3, 47.3, 45.6, 43.7, 41.2 (CH2−N), 41.0 (CH2−N),
40.8, 39.9, 39.4, 37.3, 36.4, 36.0, 32.9, 32.5, 30.0, 28.7, 28.3, 28.0, 26.9,
26.8, 26.7, 23.5, 23.4 (CH2−CH3), 23.2 (CH2−CH3), 18.8, 17.6, 16.7,
16.7, 11.7 (CH3), 11.4 (CH3). ESI-MS: m/z = 913 [M + Na]+, 925.5
[M + Cl]−. HRESIMS: m/z = 889.5428 [M − H]− (calcd for
C48H78N2O13, 889.5431).
Compound 6. White powder (65% yield); 1H NMR (500 MHz,

pyridine) δ 9.08 (1H, t, J = 6 Hz, H−N), 8.83 (1H, t, J = 6 Hz, H−N),
7.53 (2H, d, J = 6 Hz, Ar−H), 7.46 (2H, d, J = 6 Hz, Ar−H), 7.34−
7.24 (4H, m, Ar−H), 7.17 (2H, m, Ar−H), 5.78 (1H, s, H-12), 5.41
(1H, d, J = 7.5 Hz, H-1″), 4.85 (1H, d, J = 7.5 Hz, H-1′), 3.78 (1H, d, J
= 10.5 Hz, H-30a), 3.71 (1H, d, J = 10.5 Hz, H-30b), 3.14 (1H, dd, J =
12, 4.5 Hz, H-3), 3.09 (1H, br d, J = 13.5 Hz, H-1a), 2.43 (1H, s, H-9),
2.26 (1H, dd, J = 13.5, 3.5 Hz), 1.42, 1.22, 1.17, 1.15, 1.10, 1.00, 0.83
(each 3H, s, CH3);

13C NMR (125 MHz, pyridine) δ 199.5, 170.7,
170.1, 170.0, 139.8 (Ar−C), 139.6 (Ar−C), 128.9 (Ar−C), 128.9
(Ar−C), 128.9 (Ar−C), 128.9 (Ar−C), 128.5, 128.1 (Ar−C), 128.1
(Ar−C), 127.6 (Ar−C), 127.6(Ar−C), 127.4 (Ar−C), 127.3 (Ar−C),
105.9, 104.8, 88.7, 82.7, 77.7, 77.4, 77.1, 76.9, 76.3, 73.7, 73.2, 65.4,
62.0, 55.3, 47.3, 45.5, 43.6, 43.2 (−CH2−Ar), 42.9 (−CH2−Ar), 40.8,
39.8, 39.5, 37.2, 36.4, 36.0, 32.9, 32.5, 30.0, 28.7, 28.2, 27.9, 26.9, 26.8,
26.8, 23.6, 18.9, 17.6, 16.8, 16.7. ESI-MS: m/z = 1009 [M + Na]+, 985
[M − H]−. HRESIMS: m/z = 985.5417 [M − H]− (calcd for
C56H77N2O13, 985.5431).
Compound 7. White powder (49% yield); 1H NMR (500 MHz,

pyridine) δ 8.41 (1H, t, J = 5.5 Hz, H−N), 8.37 (1H, t, J = 5.5 Hz, H−
N), 5.76 (1H, s, H-12), 5.40 (1H, d, J = 8 Hz, H-1″), 4.85 (1H, d, J =
7.5 Hz, H-1′), 3.95−3.69 (10H, m), 3.23 (1H, dd, J = 11.5, 4.5 Hz, H-
3), 3.08 (1H, br d, J = 13.5 Hz), 2.40 (1H, s, H-9), 2.26 (1H, dd, J =
13.5, 4 Hz), 1.39, 1.27, 1.24, 1.16, 1.13, 1.07, 0.82 (each 3H, s, CH3);
13C NMR (125 MHz, pyridine) δ 199.42, 171.0, 170.7, 169.9, 128.5,
105.8, 104.6, 88.8, 82.6, 77.5, 77.3, 76.4, 76.2, 75.7, 73.8, 73.4, 65.4,
62.0, 61.1 (O−CH2), 60.8 (O−CH2), 55.3, 47.3, 45.5, 43.6, 42.7 (N−
CH2), 42.3 (N−CH2), 40.8, 39.9, 39.5, 37.2, 36.4, 36.0, 32.9, 32.5,
30.0, 28.7, 28.2, 27.9, 26.9, 26.8, 26.7, 23.5, 18.8, 17.6, 16.7, 16.6. ESI-
MS: m/z = 893.5 [M − H]−. HRESIMS: m/z = 893.5004 [M − H]−

(calcd for C46H73N2O15, 893.5016).
Compound 8. White powder (47% yield); 1H NMR (500 MHz,

pyridine) δ 8.22 (1H, t, J = 6 Hz, H−N), 8.09 (1H, t, J = 6 Hz, H−N),
5.77 (1H, s, H-12), 5.43 (1H, d, J = 7.5 Hz, H-1″), 4.85 (1H, d, J = 8
Hz, H-1′), 3.77 (1H, d, J = 10.5 Hz, H-30a), 3.71 (1H, d, J = 10.5 Hz,
H-30b), 3.51−3.34 (4H, m, N−CH2 × 2), 3.23 (1H, dd, J = 12, 4.5
Hz, H-3), 3.13 (1H, br d, J = 13.5 Hz, H-1a), 2.46 (1H, s, H-9), 2.25
(1H, dd, J = 13, 3.5 Hz), 1.42, 1.30, 1.24, 1.15, 1.11, 1.10 (each 3H, s,
CH3), 0.85 (3H, t, J = 7.5 Hz, CH3), 0.82 (3H, s, CH3) 0.78 (3H, t, J =
7.5 Hz, CH3);

13C NMR (125 MHz, pyridine) δ 199.4, 170.6, 170.1,
170.0, 128.5, 105.7, 104.7, 88.7, 82.2, 77.6, 77.4, 76.5, 76.3, 76.2, 73.8,
73.4, 65.4 (30), 62.1, 55.3, 47.3, 45.6, 43.6, 40.8, 39.9, 39.5, 39.2 (N−
CH2), 39.0 (N−CH2), 37.3 (22), 36.4 (20), 36.0, 32.9, 32.5, 32.3 (N−
CH2−CH2−), 31.9 (N−CH2−CH2−), 30.0 (21), 28.7, 28.2, 28.0,
26.9, 26.9, 26.7, 23.6, 20.5 (CH3−CH2−), 20.2 (CH3−CH2−), 18.8,
17.6, 16.8, 16.8, 14.0 (CH3), 13.9 (CH3). ESI-MS: m/z = 917.6 [M −
H]−. HRESIMS: m/z = 917.5740 [M − H]− (calcd for C50H81N2O13,
917.5744).
Compound 9. To a solution of 4 (1.5 g) in CH2Cl2 (8 mL) was

added PCC (659 mg) at 0 °C. After being stirred for 1 h at 0 °C, the
reaction mixture was warmed to room temperature and stirred for 1 h.

The reaction mixture was filtered over a celite pad and evaporated
under reduced pressure to dryness. The residue was purified by flash
column chromatography (petroleum/EtOAc = 1/1, v/v), which
afforded 9 (1.1 g, 73% yield) as a white powder. 1H NMR (500
MHz, pyridine) δ 9.50 (1H, s, CHO), 5.82 (1H, s, H-12), 5.38 (1H, d,
J = 8 Hz, H-1″), 4.99 (1H, d, J = 8 Hz, H-1′), 3.82 (3H, s, OCH3),
3.69 (3H, s, OCH3), 3.26 (1H, dd, J = 11.5, 4.5 Hz, H-3), 3.10 (1H, br
d, J = 13 Hz, H-1a), 2.42 (1H, s, H-9), 2.18, 2.07, 2.03, 2.01, 2.00
(each 3H, s, Ac), 1.41, 1.26, 1.23, 1.12, 1.06, 0.88, 0.72 (each 3H, s,
CH3);

13C NMR (125 MHz, pyridine) δ 206.0 (CHO), 199.4, 170.3,
170.3, 169.9, 169.7, 168.7, 168.3, 167.6, 128.8, 103.4, 101.2, 90.3, 77.9,
74.6, 73.1, 73.0, 72.6, 72.0, 70.6, 70.3, 62.1, 55.4, 52.7, 52.6, 48.0, 47.0,
45.6, 43.4, 39.8, 39.4, 38.5, 37.4, 37.2, 32.8, 32.1, 28.6, 28.4, 27.8, 26.7,
26.4, 26.3, 23.9, 23.6, 20.7, 20.5, 20.5, 20.4, 20.4, 18.8, 17.7, 16.7, 16.5.

General Procedures for Reductive Amination Using Sodium
Cyanoborohydride for Compounds 10−16. The aldehyde
precursor (9, 250 mg) was dissolved in methanol (10 mL), and an
amount of 2 equiv of amine was added. The pH of the solution was
adjusted to ∼6 by adding glacial acetic acid. Then an amount of 1.2
equiv of NaBH3CN in methanol was added. The mixture was stirred at
room temperature for 3 h and quenched with H2O (10 mL). The
solution was extracted with EtOAc, and the combined organic layers
were washed with water, dried over anhydrous Na2SO4, and
concentrated. Purification by preparative HPLC (MeCN/H2O =
9:1) gave the corresponding intermediate. A solution of the
intermediate in 5% potassium hydroxide in EtOH/H2O (1:1, 10
mL) was stirred at room temperature for 1 h. The reaction mixture
was then neutralized with ion-exchange resin (Amberlite IR-120 H+),
and the filtrate was concentrated in vacuo to yield a residue that was
subjected to Sephadex LH-20 (MeOH/H2O = 1:1) to afford the
product.

Compound 10. White powder (48% yield); 1H NMR (500 MHz,
DMSO) δ 5.57 (1H, s, H-12), 4.39 (1H, d, J = 7.5 Hz, H-1″), 4.28
(1H, d, J = 7.5 Hz, H-1′), 2.27 (1H, s, H-9), 2.10−2.05 (2H, m), 1.30,
1.02, 1.02, 0.94, 0.94 (each 3H, s, CH3), 0.87 (3H, t, J = 7 Hz), 0.81,
0.73 (each 3H, s, CH3);

13C NMR (125 MHz, DMSO) δ 199.0, 172.4,
171.6, 169.3, 127.7, 103.9, 103.4, 87.9, 81.7, 76.3, 75.9, 75.3, 73.6, 72.0,
72.0, 61.2, 54.5, 51.8 (N−CH2), 50.6 (C-30), 45.7, 44.9, 43.0, 41.2,
40.8, 38.9, 36.4, 35.3, 33.5, 32.2, 31.9, 28.1, 27.7, 27.4, 26.1, 26.1, 26.0,
25.4, 23.2, 23.2 (CH2−CH3), 18.4, 17.0, 16.2, 16.2, 11.4 (CH3).
HRESI-MS: m/z = 850.4967 (calcd for C45H72NO14, 850.4947). ESI-
MS: m/z = 850 [M + H]+, 848 [M − H]−.

Compound 11. White powder (31% yield); 1H NMR (500 MHz,
DMSO) δ 5.50 (1H, s, H-12), 4.43 (1H, d, J = 7.5 Hz, H-1″), 4.28
(1H, d, J = 7.5 Hz, H-1′), 2.29 (1H, s, H-9), 1.32, 1.05 (each 3H, s,
CH3), 1.03 (6H, overlap, CH3 × 2), 1.02, 0.96, 0.86, 0.80, 0.72 (each
3H, s, CH3);

13C NMR (125 MHz, DMSO) δ 199.1, 172.8, 171.6,
169.9, 127.4, 103.5, 103.2, 88.0, 80.4, 76.4, 76.1, 75.1, 73.7, 72.2, 72.2,
61.1, 54.4, 49.7 (N−CH), 49.4 (C-30), 46.2, 44.9, 43.0, 41.50, 40.8,
38.7, 36.4, 35.6, 33.8, 32.2, 31.9, 30.7, 28.3, 28.1, 27.5, 26.1, 26.0, 25.4,
23.14, 21.7 (CH3), 21.7 (CH3), 18.4, 17.0, 16.20, 16.2. HRESI-MS: m/
z = 850.4960 (calcd for C45H72NO14, 850.4947). ESI-MS: m/z = 850
[M + H]+, 848 [M − H]−.

Compound 12. White powder (45% yield); 1H NMR (500 MHz,
DMSO) δ 5.58 (1H, s, H-12), 4.41 (1H, d, J = 7.5 Hz, H-1″), 4.30
(1H, d, J = 7.5 Hz, H-1′), 2.27 (1H, s, H-9), 1.31, 1.02, 1.02, 0.95,
0.93, 0.82, 0.70 (each 3H, s, CH3);

13C NMR (125 MHz, DMSO) δ
199.0, 171.8, 170.7, 169.3, 127.7, 104.6, 103.5, 88.0, 82.5, 76.2, 75.9,
75.7, 75.2, 74.1, 71.8, 71.8, 61.2, 57.6 (N−CH), 54.5, 48.4, 45.6, 43.0,
40.9, 40.8, 38.8, 36.3, 35.2, 33.2, 32.1, 31.9, 30.1, 28.6, 28.0, 27.3
(CH2), 27.3 (CH2), 26.0, 25.9, 25.5, 25.0 (CH2), 24.5 (CH2), 24.5
(CH2), 23.2, 18.4, 17.0, 16.3, 16.1. HRESI-MS: m/z = 890.5275 (calcd
for C48H76NO14, 890.5260). ESI-MS: m/z = 890 [M + H]+, 888 [M −
H]−.

Compound 13. White powder (53% yield); 1H NMR (500 MHz,
pyridine) δ 7.63 (2H, m, Ar−H), 7.39 (2H, m, Ar−H), 7.33 (1H, m,
Ar−H), 5.66 (1H, s, H-12), 5.43 (1H, d, J = 7.5 Hz, H-1″), 5.04 (1H,
d, J = 7.5 Hz, H-1′), 4.63−4.26 (10H, m), 3.31 (1H, br d, J = 11.5 Hz,
H-3), 3.06 (1H, br d, H-30a), 3.01 (1H, br d, J = 13 Hz, H-1a), 2.87
(1H, br d, J = 11.5 Hz, H-30), 2.35 (1H, s, H-9), 2.28 (1H, m), 1.39,
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1.30, 1.23, 1.18, 1.13, 0.97, 0.69 (each 3H, s, CH3);
13C NMR (125

MHz, pyridine) δ 199.4, 172.5, 172.2, 168.6, 134.8 (Ar−C), 130.1
(Ar−C), 130.1 (Ar−C), 129.2 (Ar−C), 129.2 (Ar−C), 128.8 (Ar−C),
128.8, 106.9, 105.1, 89.1, 84.5, 78.5, 77.7, 77.6, 77.5, 76.9, 73.3, 73.1,
62.0, 55.4, 52.8 (Ar−CH2−N), 51.7 (C-30), 46.8, 45.4, 43.5, 42.1,
39.9, 39.4, 37.2, 35.9, 34.1, 32.8, 32.2, 30.6, 28.4, 28.1, 27.8, 26.7, 26.6,
26.5, 23.4, 18.7, 17.6, 16.8, 16.7. HRESI-MS: m/z = 898.4924 (calcd
for C49H72NO14, 898.4947). ESI-MS: m/z = 898 [M + H]+, 896 [M −
H]−.
Compound 14. White powder (37% yield); 1H NMR (500 MHz,

pyridine) δ 5.77 (1H, s, H-12), 5.42 (1H, d, J = 7.5 Hz, H-1″), 5.03
(1H, d, J = 7.5 Hz, H-1′), 4.62−4.26 (8H, m), 3.35 (1H, br d, J = 8
Hz, H-3), 3.28 (1H, m, H-30a), 3.04 (1H, br d, J = 12.5 Hz, H-1a),
2.77 (1H, m), 2.72 (1H, m), 2.40 (1H, s, H-9), 2.20−2.00 (5H, m),
1.38, 1.35, 1.24, 1.20, 1.07, 1.04, 0.85 (each 3H, s, CH3);

13C NMR
(125 MHz, pyridine) δ 199.5, 173.4, 172.2, 167.3, 128.7, 107.0, 105.1,
88.9, 84.7, 78.4, 77.8, 77.8, 77.6, 76.9, 73.4, 73.3, 62.1, 60.8 (N−CH),
55.4, 52.4 (C-30), 47.1, 45.5, 43.6, 42.1, 39.9, 39.6, 37.2, 36.3, 34.4,
32.9, 32.4, 32.4 (CH2), 32.2 (CH2), 31.1, 28.7, 28.5, 28.1, 26.8, 26.7,
26.6, 24.3 (CH2), 24.3 (CH2), 23.5, 18.7, 17.6, 16.9, 16.8. HRESI-MS:
m/z = 876.5100 (calcd for C47H74NO14, 876.5104). ESI-MS: m/z =
876 [M + H]+, 874 [M − H]−.
Compound 15. White powder (42% yield); 1H NMR (500 MHz,

pyridine) δ 5.77 (1H, s, H-12), 5.44 (1H, d, J = 7.5 Hz, H-1″), 5.05
(1H, d, J = 7.5 Hz, H-1′), 4.67−4.25 (8H, m), 3.64 (2H, br s), 3.46
(2H, m), 3.32 (1H, br d, J = 11.5), 3.16 (1H, br s), 3.01 (1H, br d, J =
13.5 Hz), 2.79 (2H, br s), 2.43 (2H, m), 2.37 (1H, s, H-9), 2.30−2.21
(2H, m), 2.09−1.97 (2H, m), 1.84−1.03 (4H, m), 1.40, 1.32, 1.24,
1.18, 1.00, 1.00, 0.83 (each 3H, s, CH3);

13C NMR (125 MHz,
pyridine) δ 199.3, 172.4, 172.1, 168.3, 128.9, 107.0, 105.1, 89.1, 84.6,
78.5, 77.7, 77.6, 77.5, 76.9, 73.3, 73.1, 66.8 (CH2−O−CH2), 66.8
(CH2−O−CH2), 62.0, 55.3, 54.0 (HN−CH2−CH2−N), 53.7 (CH2−
N−CH2), 53.7 (CH2−N−CH2), 52.5 (HN−CH2−CH2−N), 46.7,
45.5, 45.2 (C-30), 43.5, 42.4, 39.9, 39.4, 37.1, 35.9, 34.1, 32.8, 32.3,
30.1, 28.3, 28.0, 27.7, 26.7, 26.5, 26.4, 23.4, 18.7, 17.5, 16.8, 16.7.
HRESIMS: m/z = 921.5227 (calcd for C55H73N2O10, 921.5260). ESI-
MS: m/z = 921 [M + H]+, 919 [M − H]−.
Compound 16. White powder (31% yield); 1H NMR (500 MHz,

pyridine) δ 8.64 (1H, m, Ar−H), 7.12 (1H, m, Ar−H), 5.76 (1H, s, H-
12), 5.42 (1H, d, J = 7.5 Hz, H-1″), 5.04 (1H, d, J = 7.5 Hz, H-1′),
4.62−4.28 (8H, m), 3.33 (3H, m), 3.17 (3H, m), 3.03 (1H, br d, J =
11.5 Hz), 2.82 (1H, m), 2.39 (1H, s, H-9), 1.37, 1.35, 1.24, 1.20, 1.08,
1.03, 0.81 (each 3H, s, CH3);

13C NMR (125 MHz, pyridine) δ 199.4,
172.3, 172.2, 169.3, 161.9 (Ar−C), 149.4 (Ar−C), 136.9 (Ar−C),
128.6, 123.9 (Ar−C), 121.9 (Ar−C), 107.0, 105.1, 89.0, 84.7, 78.4,
77.7, 77.6, 77.5, 77.0, 73.4, 73.1, 62.1, 55.4, 53.4 (N−CH2), 47.0, 46.2
(C-30), 45.5, 43.5, 41.9, 40.0, 39.6, 37.2 (CH2−Ar), 37.2, 36.2, 34.6,
32.9, 32.4, 32.0, 28.6, 28.6, 28.1, 26.8, 26.8, 26.6, 23.6, 18.8, 17.6, 16.9,
16.8. HRESIMS: m/z = 913.5055 (calcd for C49H73N2O14, 913.5056).
ESI-MS: m/z = 913 [M + H]+, 911 [M − H]−.
General Procedures for Reductive Amination Using Sodium

Cyanoborohydride for Compounds 17−24. The aldehyde
precursor (9, 250 mg) was dissolved in methanol (10 mL), and an
amount of 2 equival of L-amino acid methyl (ethyl) ester hydro-
chloride was added, followed by the addition of 1.2 equiv of
NaBH3CN in methanol. The mixture was stirred at room temperature
for 3 h and quenched with water (10 mL). The solution was extracted
with CH2Cl2, and the combined organic layers were washed with
water, dried over anhydrous Na2SO4, and concentrated. Purification by
preparative HPLC (MeCN/H2O = 9:1) gave the corresponding
intermediate. A solution of the intermediate in 5% potassium
hydroxide in EtOH/H2O (1:1, 10 mL) was stirred at room
temperature for 1 h. The reaction mixture was then neutralized with
ion-exchange resin (Amberlite IR-120 H+), and the filtrate was
concentrated in vacuo to yield a residue that was subjected to
Sephadex LH-20 (MeOH/H2O = 1:1) to afford the product.
Compound 17. White powder (59% yield); 1H NMR (500 MHz,

DMSO) δ 5.73 (1H, s, H-12), 4.45 (1H, d, J = 7.5 Hz, H-1″), 4.37
(1H, d, J = 7.5 Hz, H-1′), 2.74(1H, br d, J = 11 Hz), 2.54 (1H, br d, J
= 12 Hz), 2.28 (1H, s, H-9), 1.31, 1.02, 1.02, 0.96, 0.93, 0.80, 0.70

(each 3H, s, CH3);
13C NMR (125 MHz, DMSO) δ 199.2, 170.5,

170.1, 169.2, 167.5 (CO), 127.9, 104.8, 103.6, 88.2, 82.7, 76.3, 76.0,
75.7, 75.5, 75.0, 71.6, 71.4, 61.1, 54.4, 52.4 (N−CH2−CO), 50.1 (C-
30), 45.3, 44.9, 42.9, 39.9, 39.0, 38.6, 36.3, 35.2, 33.4, 32.2, 31.8, 31.0,
28.1, 27.3, 27.2, 26.0, 26.0, 25.7, 23.2, 18.4, 17.0, 16.2, 16.0. HRESI-
MS: m/z = 866.4545 (calcd for C44H68NO16, 866.4533). ESI-MS: m/z
= 866 [M + H]+, 864 [M − H]−.

Compound 18. White powder (42% yield); 1H NMR (500 MHz,
DMSO) δ 5.82 (1H, s, H-12), 4.45 (1H, d, J = 7.5 Hz, H-1″), 4.33
(1H, d, J = 7.5 Hz, H-1′), 2.84 (1H, br d, J = 12.5 Hz), 2.58 (1H, m),
2.28 (1H, s, H-9), 1.32 (3H, s, CH3), 1.31 (3H, d, J = 8 Hz, CH-CH3),
1.02, 1.02, 0.95, 0.93, 0.79, 0.70 (each 3H, s, CH3);

13C NMR (125
MHz, DMSO) δ 199.2, 170.3, 170.1, 169.2, 167.9 (CO), 127.9, 104.7,
103.6, 88.2, 82.6, 76.1, 75.7, 75.5, 75.0, 72.7, 71.5, 61.2, 58.3 (N−CH−
CO), 54.4, 51.2 (C-30), 45.2, 44.9, 42.9, 39.9, 39.0, 38.6, 36.3, 35.4,
33.4, 32.2, 31.8, 31.6, 28.2, 27.4, 27.2, 26.0, 26.0, 25.6, 23.2, 18.4, 17.0,
16.4 (CH3), 16.2, 16.0. HRESI-MS: m/z = 880.4687 (calcd for
C45H70NO16, 880.4689). ESI-MS: m/z = 880 [M + H]+, 878 [M −
H]−.

Compound 19. White powder (42% yield); 1H NMR (500 MHz,
DMSO) δ 5.72 (1H, s, H-12), 4.46 (1H, d, J = 7.5 Hz, H-1″), 4.37
(1H, d, J = 7.5 Hz, H-1′), 2.90 (1H, br d, J = 12 Hz), 2.64 (1H, br d, J
= 12.5 Hz), 2.54 (1H, br d, J = 13 Hz), 2.29 (1H, s, H-9), 2.21 (1H,
m), 2.07 (1H, m), 1.32, 1.02, 1.02, 0.95, 0.93, 0.80, 0.70 (each 3H, s,
CH3);

13C NMR (125 MHz, DMSO) δ 199.2, 170.6, 170.1, 169.6,
169.3 (CO), 127.7, 104.7, 103.5, 88.2, 82.7, 76.2, 76.0, 75.7, 75.2, 75.0,
71.6, 71.4, 64.6 (CH2OH), 61.1, 60.6 (N−C−CO), 54.3, 51.7 (C-30),
45.4, 44.9, 42.9, 39.9, 39.0, 38.6, 36.3, 35.4, 33.6, 32.2, 31.8, 31.3, 28.2,
27.5, 27.2, 26.0, 26.0, 25.7, 23.2, 18.4, 17.0, 16.3, 16.0. HRESI-MS: m/
z = 896.4653 (calcd for C45H70NO16, 896.4638). ESI-MS: m/z = 896
[M + H]+, 894 [M − H]−.

Compound 20. White powder (55% yield); 1H NMR (500 MHz,
DMSO) δ 10.8 (1H, s, N−H), 7.55 (1H, d, J = 8 Hz, Ar−H), 7.31(1H,
d, J = 8 Hz, Ar−H), 7.15 (1H, br s, Ar−H), 7.04 (1H, t, J = 7, 8 Hz,
Ar−H), 6.96 (1H, t, J = 7, 8 Hz, Ar−H), 5.55 (1H, s, H-12), 4.46 (1H,
d, J = 7.5 Hz, H-1″), 4.36 (1H, d, J = 7.5 Hz, H-1′), 2.64 (1H, br d, J =
11.5 Hz), 2.54 (1H, br d, J = 13 Hz), 2.27 (1H, s, H-9), 2.02 (1H, m),
1.94 (1H, m), 1.29, 1.01, 1.00, 0.93, 0.81, 0.70, 0.70 (each 3H, s, CH3);
13C NMR (125 MHz, DMSO) δ 199.1, 173.0 (CO), 170.6, 170.1,
169.5, 136.2 (Ar−C), 127.5, 127.3 (Ar−C), 123.8 (Ar−C), 121.0
(Ar−C), 118.4 (Ar−C), 118.4 (Ar−C), 111.5 (Ar−C), 110.1 (Ar−C),
104.2, 103.5, 88.2, 82.6, 76.2, 76.0, 75.7, 75.2, 75.0, 71.6, 71.4, 63.1
(N−CH−CO), 61.1, 54.4, 51.7 (C-30), 45.7, 44.9, 42.9, 39.9, 39.0,
38.5, 36.3, 35.3, 33.8, 32.2, 31.7, 30.9 (CH−CH2), 28.1, 27.6, 27.5,
27.2, 26.0, 26.0, 25.7, 23.1, 18.4, 17.0, 16.3, 16.0. HRESI-MS: m/z =
995.5143 (calcd for C53H75N2O16, 995.5151). ESI-MS: m/z = 995 [M
+ H]+, 993 [M − H]−.

Compound 21. White powder (63% yield); 1H NMR (500 MHz,
pyridine) δ 7.51 (2H, t, J = 6 Hz, Ar−H), 7.29 (2H, m, Ar−H), 7.23
(1H, overlap, Ar−H), 5.91 (1H, s, H-12), 5.44 (1H, d, J = 7.5 Hz, H-
1″), 5.06 (1H, d, J = 7.5 Hz, H-1′), 4.67−4.56 (4H, m), 4.42 (1H, t),
4.35−4.25 (3H, m), 3.33 (3H, m), 3.03 (2H, m), 2.38 (1H, s, H-9),
2.29 (1H, dd, J = 10, 4 Hz), 2.23 (1H, br d, J = 14 Hz), 1.40, 1.32,
1.24, 1.18, 1.02, 0.98, 0.72 (each 3H, s, CH3);

13C NMR (125 MHz,
pyridine) δ 199.5, 176.7 (CO), 172.4, 172.1, 169.5, 135.8 (Ar−C),
130.0 (Ar−C), 130.0 (Ar−C), 128.6, 128.6 (Ar−C), 128.6 (Ar−C),
126.8 (Ar−C), 107.0, 105.1, 89.2, 84.5, 78.5, 77.7, 77.6, 77.5, 76.9,
73.3, 73.1, 64.7 (N−CH−CO), 62.0, 55.4, 52.9 (C-30), 46.6, 45.5,
43.4, 41.1, 40.0 (CH−CH2), 39.9, 39.5, 37.2, 36.2, 34.6, 32.9, 32.3,
31.9, 28.6, 28.6, 28.1, 26.8, 26.8, 26.7, 23.5, 18.7, 17.6, 16.8, 16.7.
HRESI-MS: m/z = 956.4999 (calcd for C51H74NO16, 956.5002). ESI-
MS: m/z = 954 [M − H]−.

Compound 22. White powder (33% yield); 1H NMR (500 MHz,
pyridine) δ 7.45 (2H, d, J = 8 Hz, Ar−H), 7.12 (2H, d, J = 8 Hz, Ar−
H), 5.97 (1H, s, H-12), 5.44 (1H, d, J = 7.5 Hz, H-1″), 5.05 (1H, d, J =
7.5 Hz, H-1′), 4.67−4.56 (4H, m), 4.42 (1H, t), 4.35−4.25 (3H, m),
3.40−3.30 (3H, m), 3.04 (2H, m), 2.79 (1H, m), 2.37 (1H, s, H-9),
2.27 (2H, m), 2.09−1.95 (2H, m), 1.39, 1.31, 1.23, 1.18, 1.10, 0.97,
0.72 (each 3H, s, CH3);

13C NMR (125 MHz, pyridine) δ 199.6, 176.3
(CO), 172.4, 172.1, 169.6, 157.7 (Ar−C), 135.1 (Ar−C), 131.2 (Ar−
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C), 131.2 (Ar−C), 128.7, 116.2 (Ar−C), 116.2 (Ar−C), 107.0, 105.1,
89.1, 84.6, 78.5, 77.7, 77.6, 77.5, 76.9, 73.3, 73.0, 65.0 (N−C−CO),
62.0, 55.4, 52.9 (C-30), 46.6, 45.5, 43.4, 41.3, 39.9, 39.4, 38.7 (CH−
CH2), 37.2, 36.2, 34.7, 32.8, 32.3, 31.9, 28.5, 28.4, 28.1, 26.8, 26.7,
26.6, 23.5, 18.7, 17.6, 16.9, 16.8. HRESI-MS: m/z = 972.4949 (calcd
for C51H74NO17, 972.4951). ESI-MS: m/z = 972 [M + H]+, 970 [M −
H]−.
Compound 23. White powder (47% yield); 1H NMR (500 MHz,

pyridine) δ 5.93 (1H, s, H-12), 5.44 (1H, d, J = 7.5 Hz, H-1″), 5.06
(1H, d, J = 7.5 Hz, H-1′), 4.64−4.56 (4H, m), 4.42 (1H, t), 4.35−4.25
(3H, m), 3.73 (1H, m), 3.33 (1H, br d, J = 11.5 Hz, H-3), 3.07−2.96
(5H, m), 2.57 (1H, m), 2.40 (1H, s, H-9), 2.29 (2H, m), 2.08−1.99
(2H, m), 1.40, 1.34, 1.24, 1.19, 1.10, 0.99, 0.75 (each 3H, s, CH3);

13C
NMR (125 MHz, pyridine) δ 199.6, 177.6 (CH2−CO), 175.9 (CH−
CO), 172.4, 172.1, 169.7, 128.6, 107.0, 105.1, 89.2, 84.6, 78.5, 77.8,
77.6, 77.5, 76.9, 73.3, 73.1, 62.7 (N−CH−CO), 62.0, 55.4, 53.0 (C-
30), 46.7, 45.5, 43.5, 41.5, 40.0, 39.5, 37.2, 36.3, 34.8, 32.9, 32.3, 32.1
(CH2−CO), 31.9, 28.6, 28.6 28.1 (CH−CH2), 28.1, 26.8, 26.8, 26.7,
23.5, 18.7, 17.6, 16.9, 16.8. HRESI-MS: m/z = 938.4769 (calcd for
C47H72NO18, 938.4744). ESI-MS: m/z = 938 [M + H]+, 936 [M −
H]−.
Compound 24. White powder (42% yield); 1H NMR (500 MHz,

pyridine) δ 5.99 (1H, s, H-12), 5.44 (1H, d, J = 7.5 Hz, H-1″), 5.05
(1H, d, J = 7.5 Hz, H-1′), 4.67−4.56 (4H, m), 4.42 (1H, t), 4.35−4.24
(4H, m), 3.40 (1H, dd, J = 11, 4.5 Hz), 3.32 (2H, m), 3.20 (1H, br d, J
= 11 Hz), 3.03 (1H, br d, J = 13.5 Hz), 2.85 (1H, d, J = 10.5 Hz), 2.38
(1H, s, H-9), 2.35 (1H, m), 2.30 (1H, br d, J = 10 Hz), 2.03 (2H, m)
1.39, 1.32, 1.23, 1.18, 1.12, 0.98, 0.76 (each 3H, s, CH3);

13C NMR
(125 MHz, pyridine) δ 199.6, 175.6 (CH2−CO), 174.0 (CH−CO),
172.4, 172.1, 169.5, 128.7, 106.9, 105.1, 89.1, 84.5, 78.5, 77.7, 77.6,
77.5, 76.9, 73.3, 73.0, 62.0, 59.6 (N−C−CO), 55.4, 52.8 (C-30), 46.6,
45.5, 43.4, 41.3, 39.9, 39.4, 38.1 (CH−CH2), 37.2, 36.2, 34.6, 32.8,
32.3, 31.9, 28.5, 28.4, 28.1, 26.7, 26.7, 23.4, 18.7, 17.6, 16.9, 16.8.
HRESI-MS: m/z = 924.4581 (calcd for C46H70NO18, 924.4587). ESI-
MS: m/z = 924 [M + H]+, 922 [M − H]−.
Biological Assays/Pharmacology. Reference compounds, me-

dium, and other cell culture reagents were purchased from Sigma-
Aldrich (Milan, Italy).
In Vitro HMGB1 Inhibitory Activities. Cell Culture and

Stimulation. Murine macrophage-like RAW 264.7 cells (American
Type Culture Collection, U.S.) were cultured in RPMI 1640 medium
supplemented with 10% heat inactivated fetal bovine serum (Gemini,
Calabasas, U.S.) and 2 mM glutamine in a humidified incubator with
5% CO2 and 95% room air. To evaluate the effect of HMGB1, the
RAW 264.7 cells were stimulated with LPS (0.01 ng/mL) for 16 h.28,29

The TNF-α released into the cell culture supernatants was quantitated
using a commercially available ELISA kit (catalog no. MTA00, R&D
Systems) according to the manufacturer’s instructions. A HMGB1
neutralization antibody and the compounds were added to the
medium 2 h before LPS stimulation at the indicated concentrations.
Anti-Heart-Failure Activities. Animal Model and Treatments.

Male C57BL/6J mice were purchased from Vital River Lab Animal
Technology, Co. Ltd. (Beijing, China) and maintained under standard
conditions in an animal facility at the Institute of Materia Medica.
Animal care and experimentation were conducted in accordance with
guidelines of the Institutional Committee for the Ethics of Animal
Care and Treatment in Biomedical Research of the Chinese Academy
of Medical Sciences.
Acute heart failure was induced with a single ip injection of DOX at

a dose of 10 mg/kg. The mice were treated with GL, its derivatives,
captopril, or vehicle once per day from day 10 after the injection of
DOX. Sixty days after the DOX injection, the mice were anesthetized,
and the LV structural and functional changes were observed by
echocardiography and hemodynamic measurements. Chronic heart
failure was induced by ip injection of DOX at a dose of 3.5 mg/kg for
8 weeks. The mice were treated with GL, its derivatives, captopril, or
vehicle once per day from day 70. Thirty-five days later, the mice were
anesthetized, and the LV structural and functional changes were
observed by echocardiography.

Echocardiographic and Hemodynamic Measurements. At
the end of experiment, the mice were anesthetized and transthoracic
echocardiography was performed using a Vevo 770 high resolution
imaging system (VisualSonics) with a 30 MHz image transducer.
Measurements were taken as described previously.30 After the cardiac
echocardiography, a PE-10 catheter (Becton Dickinson, U.S.) was
inserted into the aorta and LV through the right common carotid
artery for continuous registration of arterial and LV pressure using a
MPA2000 physiological signal acquiring system (Alcolt Biotech). The
maximum ascending and descending rate of the LV pressure (±dp/
dtmax) were measured as the representative index of the LV systolic and
diastolic function.31

Modeling Studies. The target proteins were prepared by
removing water molecules and adding all hydrogen atoms and
Amber7 charges. Then energy minimizations were performed in
SYBYL (Tripos Inc., St. Louis, MO), using steepest descent (SD)
calculations with an embedded Amber7 force field for 5000
iterations.32 In this procedure, heavy atoms were tethered to relieve
possible steric clashes and overlaps of the hydrogen atoms. Conjugated
gradient (CG) minimizations were then carried out until the systems
converged to less than 0.05 kcal mol−1 Å−1 for the gradient. Other
miscellaneous parameters were assigned to their default values in
SYBYL. In the CG minimization procedure, heavy atoms and the
backbone were tethered successively, and then the whole structure was
set to free.

The 3D structures of GL, 23, and 24 were built with the SYBYL-
Sketch module. Hydrogen atoms and Gasteiger−Hükel atomic charges
were added. Then energy minimizations were performed with the
SYBYL compute/minimize module using POWELL calculations with a
Tripos force field for rms less than 0.01 kcal mol−1.33 The final
coordinates were stored in mol2 files.

GOLD utilizes a genetic algorithm (GA) to create putative poses for
a single ligand. The program considers side chain flexibility and local
backbone movement during docking. In this procedure, the molecular
dockings were centered on (−0.85, −6.44, −0.87) for the A box and
(−3.37, 7.47, 4.85) for the B box. The maximum number of energy
evaluations was set to 25 000 000, and 50 conformational binding
modes for each ligand were generated at the active site. The top-10
ranked poses identified by the native scoring functions of the tested
programs were chosen for further analysis. Other parameters were set
as defaults. The default radius defined the grid box. To further
accelerate the calculation, GA docking was stopped when the top three
solutions were within 1.5 Å rmsd of each other.

In the MD procedure, the simulations were carried out using
periodic boundary conditions and the models were immersed in a
cubic box (0.80 × 0.80 × 0.80 nm3) of extended SPC216 water
molecules. The solvated system was neutralized by adding chloride
ions whose positions were randomly chosen in the simulation.
Standard GROMACS amino acid residue topology and parameters
based on the Gromacs force field were used. The topology and
parameter files for GL, 23, and 24 were obtained using the Dundee
ProDrg Server (http://davapc1.bioch.dundee.ac.uk/prodrg/index.
html). After energy minimization with the steepest decent method,
the system was subjected to equilibration at 300 K and normal
pressure for 100 ps under the conditions of position restraints for
heavy atoms. Next, 100 ps MD simulations with restrained protein
main chains and Cα atoms were performed step by step. Finally, the
systems were subjected to free simulations under the same conditions
for 1000 ps. Then the average structures were further refined by
steepest decent and conjugate gradient energy minimizations
sequentially.
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