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ABSTRACT: Treatment of life-threatening cryptococcal meningitis (CM) is
highly challenging due to the limited efficacy of the available antifungal drugs.
Antidepressant sertraline (SER) has been proposed to be a potential
antifungal agent for CM. However, clinical studies indicated that SER failed
to achieve the expected therapeutic effects. Herein, novel SER derivatives
were designed by scaffold hopping, and they showed improved
anticryptococcal activity both in vitro and in vivo. In particular, compound
D16 was identified as a promising anti-CM agent with a new antifungal mode
of action. It acted by blocking the biosynthesis of ergosterol through the
inhibition of Δ5,6-desaturase. This study provides a new target and a drug-like
candidate for CM treatment.

■ INTRODUCTION

Contrary to the continuous improvement of medical and health
conditions, fungal infections have increasingly become a global
public health problem.1 Candida, Aspergillus, Cryptococcus, and
Pneumocystis account for ∼90% of the pathogens that cause
fungal infections.2−4 Cryptococcal infections are associated with
high morbidity and mortality, particularly in immunocompro-
mised patients.5,6 The main clinical symptom of cryptococcosis
is lethal meningoencephalitis, which causes ∼200000 deaths
annually.7,8 The treatment of cryptococcal meningitis (CM)
recommended by theWorld Health Organization (WHO) is the
combination of amphotericin B (AmB) with 5-flucytosine (5-
FU) or an alternative combinational therapy of fluconazole
(FLC) with 5-FU.9,10 However, toxicity, drug resistance, and
limited efficiency restricted the applications of existing drugs in
the clinic.11−13 Despite the clinical requirements, no new class of
CM therapeutic drug has reached the market in the past two
decades.14,15 Thus, there is an urgent need to identify new
targets and new lead compounds for CM.
Drug repurposing has the advantages of a high success rate, a

short development time, and a low cost from bench to bedside
because the chemical skeleton of marketed drugs is highly likely
to become a drug.16−19 Antidepressant sertraline (SER), a
selective serotonin transporter (SERT) inhibitor, was recently
repositioned to be a potential antifungal agent.20−22 However,
the inhibitory activity of SER against Cryptococcus neoformans
H99 is moderate (IC50 = 8 μg/mL), which was mainly evaluated
as a combinational antifungal therapy.23 In a clinical trial
(NCT01802385), daily treatment with 200 mg of SER did not
reduce the mortality in CM patients.23,24 In addition, the
antifungal mechanism of SER remains to be verified, although its

antifungal activity was proposed to be associated with the
inhibition of the efflux pump, fungal metabolism, protein
synthesis, cell membrane phospholipid synthesis, etc.20,25−27

To improve the anticryptococcal activity of SER, herein, a
series of novel SER derivatives were designed by scaffold
hopping. Among them, compound D16 showed better in vitro
and in vivo activity than SER. Interestingly, compound D16
acted by a new antifungal mechanism, which effectively blocked
the biosynthesis of ergosterol through the inhibition of Δ5,6-
desaturase.

■ RESULTS AND DISCUSSION

SER Isomers Showed Similar Antifungal Activity. The
structure of SER contains two chiral centers. However, the
antifungal activity of the SER isomers is still unknown. Thus, cis-
SER (SS configuration) and trans-SER (RR configuration) were
separated according to the reported method (Figure 1).28,29 An
in vitro antifungal activity assay showed that the IC50 values of
SER, cis-SER, and trans-SER against C. neoformansH99 were all
8 μg/mL, suggesting that the chiral centers had little effect on
antifungal activity. Considering the difficulty of synthesis and
separation, herein SER derivatives were synthesized in the form
of racemates without further chiral resolution.
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Rationale for the Design of SER Derivatives. Previous
structure−activity relationship (SAR) studies indicated that the
benzo-cyclohexane scaffold of SER is necessary for the affinity of
binding to SERT.30 Moreover, the substitutions on the
tetrahydronaphthalene scaffold of SER have been extensively
explored.31 To reduce the activity toward SERT, herein, scaffold
hopping of SER was investigated using benzothiophene (D1)
and 2,3-dihydro-1H-indene (D21) to replace the tetrahydro-
naphthalene pharmacophore. Compared with that of SER, the
antifungal activity of compound D1 was maintained (for C.
neoformans H99, IC50 = 8 μg/mL), whereas compound D21
showed lower activity (IC50 = 16 μg/mL). Therefore, new
derivatives with various amine and phenyl substitutions on the
benzothiophene scaffold of compoundD1 were designed [D1−
20 (Figure 1)].
Chemistry. The chemical synthesis of the SER derivatives is

depicted in Schemes 1 and 2. Intermediates 3a−d were
synthesized from commercially available substituted benzene
and methyl 4-chloro-4-oxobutyrate by the Friedel−Crafts
acylation reaction. Then, intermediates 3a−d were reduced in
the presence of NaBH4, followed by reaction with trifluoroacetic
acid to form intermediates 4a−d. They reacted with thiophene
(5) by the Friedel−Crafts alkylation reaction to afford
intermediates 6a−d, which were treated with SOCl2, and then
directly subjected to the intramolecular Friedel−Crafts acylation
reaction to obtain intermediates 7a−d. Finally, various amines
reacted with intermediates 7a−d by the reductive amination
reaction, and the products were further treated with ether
hydrochloride to give target compounds D1−20 as racemates.
Intermediate 9 was obtained from 3-bromo-1-indanone (8) and
1,2-dichlorobenzene by the Friedel−Crafts alkylation reaction.
Target compound D21 was prepared by a procedure similar to
that for compounds D1−20 (Scheme 2).

In Vitro Antifungal Activities and SARs. As shown in
Table 1, the addition of anN-methyl group to compoundD1 led
to obviously decreased activity (for compound D2, IC50 = 32
μg/mL). The replacement of theN-methyl group with isopropyl
(compound D3), cyclopropyl (compound D4), cyclopentyl
(compoundD5), or hexamethylene (compoundD6) resulted in
comparable or slightly decreased antifungal activity. In contrast,
tetrahydropyran substitution was favorable for the antifungal
activity (for compound D7, IC50 = 4 μg/mL). The insertion of
one carbon atom between the hexamethylene group and the
nitrogen atom of compound D6 led to improved antifungal
activity (for compound D8, IC50 = 2 μg/mL). However, further
replacement of the hexamethylene group with phenyl,
heterocyclic, or alkyl groups (compounds D9−13) had a
negative impact on antifungal activity. Interestingly, further
extension of the N-side chain was favorable for improving the
antifungal activity (for compound D14, IC50 = 1 μg/mL).
Further variation of the 2,4-dichlorophenyl group of compound
D14 generally caused reduced potency (compounds D18−20).
Finally, the best compound in this series (for compound D16,
IC50 = 0.5 μg/mL) was obtained by insertion of an oxygen atom
into the hexamethylene group of compound D14.

Compound D16 Effectively Inhibited the Growth of C.
neoformans H99. Due to the potent inhibitory activity of
compoundsD14 andD16 against C. neoformansH99, they were
further evaluated by the time−growth curve assay (Figure 2A).
FLC showed moderate activity in inhibiting the growth of C.
neoformans H99 at low and high concentrations. SER
significantly inhibited the growth of C. neoformans H99 at 8
μg/mL. At a concentration of 8 or 4 μg/mL, compound D14
effectively inhibited the growth of C. neoformansH99 during the
initial stage (3−48 h). However, the inhibitory potency of
compound D14 decreased obviously after 48 h. Interestingly,
compound D16 almost completely inhibited the growth of C.

Figure 1. Resolution of SER and design strategies of SER derivatives.
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neoformansH99 at 8 μg/mL, and the inhibition rate remained at
nearly 100% after 72 h. At a lower concentration (1 μg/mL),
compound D16 inhibited the growth of C. neoformans H99
better than SER. The time−growth curve suggested that
compound D16 possessed good potency against C. neoformans

H99 growth, which was more active than FLC and SER. To
verify whether compoundD16 had a fungicidal effect, we carried
out the time−fungicidal curve assay. As shown in Figure 2B,
FLC did not show a fungicidal effect at a concentration of 8 μg/
mL, which was consistent with the literature results.32 The

Scheme 1a

aReagents and conditions: (a) AlCl3, DCM, rt, N2, 3 h, 68.9−83.5% yield; (b) NaBH4, MeOH, 0 °C, 1 h, 83.3−91.4% yield; (c) TFA, DCM, rt, 2
h, 78.9−88.5% yield; (d) AlCl3, DCM, rt, N2, 5 h, 48.0−65.2% yield; (e) SOCl2, DMF, DCM, rt, 3 h, 62.1−69.7% yield; (f) AlCl3, DCM, rt, N2, 3
h, 30.1−39.2% yield; (g) NaBH3CN, Ti(OPr-i)4, MeOH, 40 °C, overnight; (h) HCl/Et2O, rt, 1 h (total yield of steps g and h of 15.5−47.7%).

Scheme 2a

aReagents and conditions: (a) AlCl3, DCM, rt, N2, overnight, 37.1% yield; (b) NaBH3CN, Ti(OPr-i)4, MeOH, 40 °C, overnight; (c) HCl/Et2O, rt,
1 h (total yield of steps b and c of 10.8%).
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minimum fungicidal concentrations (MFCs) of AmB, SER, and
compound D16 were 4, 16, and 8 μg/mL, respectively.
Compounds D14 and D16 Significantly Inhibited

Biofilm Formation. The formation of fungal biofilms is the
main factor of colonization on the surface of organs,33,34 which is
closely related to recurrent fungal infection and drug
resistance.35 The inhibitory effects of compounds D14 and
D16 against the formation of C. neoformans H99 biofilms were
investigated. As shown in panels A and B of Figure 3, FLC
showed modest activity in inhibiting the formation of C.
neoformans H99 biofilms (∼50% inhibition rate at 8 μg/mL),
while SER significantly inhibited the formation of fungal
biofilms only at a high concentration (8 μg/mL). In contrast,
compoundsD14 andD16 effectively inhibit the formation of C.
neoformansH99 biofilms in a concentration-dependent manner.
At 2 μg/mL, an ∼50% inhibition rate was achieved after the
treatment of compounds D14 and D16. When the concen-
tration was increased to 8 μg/mL, the formation of C.
neoformans H99 biofilms was completely inhibited (Figure
3C,D). Thus, compoundsD14 andD16 exhibited good activity
against the formation of C. neoformans H99 biofilms.

Compound D16 Showed Selective Anti-Cryptococcus
Activity. On the basis of the in vitro antifungal and antibiofilm
activity, compound D16 was selected for further evaluation. To
investigate the antifungal spectrum, inhibitory activities of SER
and compoundD16 against various drug-resistant and -sensitive
Candida albicans, Candida tropicalis, Candida glabrata, Candida
krusei, Candida auris, and Aspergillus fumigates were tested. Both
SER and compound D16 showed moderate to weak antifungal
activity (IC50 range of 8−64 μg/mL) against these tested strains
(Table 2). These results suggested that SER and its derivative
D16 showed selective anti-Cryptococcus activity. Furthermore,
the anti-Cryptococcus activity of compound D16 against 50
strains of Cryptococcus was also performed (Table S1). The IC50

range of compound D16 against Cryptococcus was 0.06−2 μg/
mL with a MIC50 value (average IC50 values) of 0.62 μg/mL
(Table 3). The results further confirmed that compound D16
was more potent than FLC (MIC50 = 1.14 μg/mL) and SER
(MIC50 = 3.6 μg/mL). The MFC/MIC ratio of compoundD16
was 7.47, indicating that compoundD16 had a fungistatic effect
(Table S2).

Table 1. In Vitro Antifungal Activities of SER Derivatives D1−21 against C. neoformansH99 (IC50, micrograms per milliliter, 72
h)
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Compound D16 Showed Potent In Vivo Anti-
Cryptococcal Efficacy. Initially, the stability and cytotoxicity
of compound D16 were investigated. Compound D16 showed
good in vitro metabolic stability in liver microsomes with low
cytotoxicity against a human HUVEC cell line (Table 4).
Moreover, a parallel artificial membrane permeation assay
(PAMPA) was used to test the permeability of the blood−brain
barrier (BBB) to compound D16. Compound D16 could

penetrate the BBB at a level comparable to that of SER (Table
S3). Thus, the in vivo anticryptococcal potency of compound
D16 was further evaluated. The mouse model of CM was
established by tail vein injection of C. neoformans H99.
Compound D16 and SER were given by intragastric
administration at a 15 mg/kg dose daily. The fungal burden of
mouse brain was further performed. Compared with the saline
group, compound D16 significantly reduced the number of C.

Figure 2.Growth inhibitory potency of FLC, SER,D14, andD16 againstC. neoformansH99. (A) Time−growth curve assay. Starting at a density of 1×
106 cells/mL, the inhibitory effect against C. neoformans H99 at different concentrations was evaluated. (B) Time−fungicidal curve at different
concentrations of FLC, SER, AmB, andD16 against C. neoformansH99. The colony-forming units (CFU) of C. neoformansH99 cells were counted at
0, 4, 8, 12, 24, 48, and 72 h.
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neoformans H99 cells in the brain after 5 days. At the same
dosage, SER was unable to exert significant in vivo antifungal
activity (Figure 4A). This result was consistent with the fact that
SER alone could not reduce the mortality in the clinical trial

(NCT 01802385).23 The survival time assay was performed to
further evaluate the in vivo potency of compound D16 in the
mouse model of CM. As shown in Figure 4B, compound D16
could significantly prolong the median survival time (14 days) of
the infectedmice at a dose of 15mg/kg. In contrast, there was no
significant difference between the SER group and the blank
control [11.5 and 11 days, respectively (P > 0.05)].

Compound D16 Destroyed Fungal Cell Membranes.
Compound D16 showed obvious anticryptococcal activity both
in vitro and in vivo. However, as a novel anticryptococcal agent,
the mechanism of action of compound D16 remains unknown.
To further explore the antifungal mechanisms, a transmission
electron microscope assay was carried out to observe the injury
of C. neoformans H99 cells at different concentrations of
compoundD16 and SER. Normal C. neoformansH99 cells had a
uniform density and a clear outline. The C. neoformansH99 cells
treated with 4 μg/mL SER could not distinguish the damaged
area clearly. After the treatment with compound D16, the
membrane of C. neoformans H99 was damaged in a
concentration-dependent manner (Figure 5), which was
consistent with the results from the time−fungicidal curve
(Figure 2). In addition, as the concentration of compound D16
was increased, the cell membranes of C. neoformans H99 cells
were gradually blurred, leading to the complete rupture of the
cell membrane and efflux of cell contents at 4 μg/mL (Figure 5).
Thus, compound D16 killed the C. neoformans H99 cells by
destroying the integrity of fungal cell membranes.

Compound D16 Acted on the Ergosterol Synthesis
Pathway of C. neoformans H99 by Inhibiting Δ5,6-
Desaturase.A transmission electronmicroscope assay revealed
that the cell membrane of C. neoformans H99 was damaged by
treatment with compound D16. Ergosterol is a major
component of fungal cell membrane integrity.36−38 To validate
whether compound D16 acted on the ergosterol synthesis
pathway, we further analyzed the sterol contents of the C.
neoformans H99 cytomembrane by gas chromatography−mass

Figure 3. Inhibitory potency of (A) FLC, (B) SER, (C) D14, and (D) D16 at different concentrations against the formation of C. neoformans H99
biofilms determined by the XTT reduction assay. OD490 values were measured, and standard deviations (SDs) from three parallel experiments. *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs DMSO.

Table 2. Antifungal Spectrum of Compound D16 (IC50,
micrograms per milliliter, 48 h)

species strain FLC SER D16

C. albicans SC5314 0.25 32 32
C. albicans 904 >64 32 32
C. albicans 0304103 >64 32 32
C. tropicalis 10186 >64 16 32
C. glabrata 9073 64 64 32
C. glabrata 9025 16 16 8
C. krusei 10153 64 8 8
C. auris 0029 >64 16 16
C. auris 0030 >64 8 8
C. auris 15448 4 4 8
A. fumigates 7544 >64 8 32
A. fumigates 023-2 >64 8 32

Table 3. Antifungal Activity of Compound D16 against 50
Cryptococcus Strains (micrograms per milliliter, 72 h)

FLC AmB SER D16

IC50 range 0.13−4 0.03−0.25 0.25−8 0.06−2
MIC50 1.14 0.13 3.6 0.62

Table 4. Metabolic Stabilities in Mouse Liver Microsomes
and Cytotoxicities of Compound D16 and SER

compound T1/2
a (min) CLb (mL min−1 mg−1) HUVEC (IC50, μM)

D16 40.11 136.07 20.18
SER 41.47 131.59 19.18
ketanserin 20.12 271.28 −

aHalf-life. bClearance.
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spectrometry (GC-MS).36 As shown in Figure 6A, the change in
the sterol content of the compoundD16 group was significantly
different from those of the blank control, FLC, and SER groups.
Analysis of five major sterols indicated that ergosta-7,22-dien-3-
ol was themajor sterol in the compoundD16 group (Figure 6B).
As compared with the blank control, compound D16 caused a
substantial decrease in the level of ergosterol (Figure 6B).
Furthermore, ergosta-7,22-dien-3-ol was increased in a concen-
tration-dependent manner by treatment with compound D16
(Figure 6C). At concentrations of <8 μg/mL, SER had little
effect in changing the sterol contents and ergosta-7,22-dien-3-ol
could not be detected. When the concentration of SER was
increased to 16 μg/mL, the sterol content analysis was difficult
because of the fungicidal effect of SER, and little ergosta-7,22-
dien-3-ol was detected (Figure 6D). These results indicated that
compoundD16 acted by a new antifungal mechanism of action.
It destroyed the cell membrane of C. neoformans H99 by
inhibiting the biosynthesis of ergosterol, leading to the
accumulation of ergosta-7,22-dien-3-ol. Notably, the mecha-
nism was different from that of known antifungal drugs (FLC

and amorolfine) acting on the fungal cell membrane (Figures
S1−S3).
Ergosta-7,22-dien-3-ol is the precursor of ergosterol in the C.

neoformans H99 sterol biosynthesis pathway, which is trans-
formed byΔ5,6-desaturase [expressed by the ERG3 gene (Figure
7A)].39−41 To further clarify whether compound D16 inhibited
the Δ5,6-desaturase of C. neoformans H99, total sterols of C.
neoformansH99 cells were extracted after their treatment with 3
μg/mL compound D16, and then total ERG enzymes of C.
neoformansH99were added and interacted with the total sterols.
GC-MS analysis revealed that ergosta-7,22-dien-3-ol could be
transformed into ergosterol upon treatment with total ERG
enzymes (Figure 7B,C). However, the transformation was
reversed after treatment with compound D16. Therefore,
compound D16 blocked the biosynthesis of ergosterol through
the inhibition of Δ5,6-desaturase.

Different Sterol Components between C. albicans
SC5314 and C. neoformans H99 Caused the Selective
Antifungal Potency of Compound D16. The ERG3 gene in
C. albicans is related to drug resistance and pathogenicity, and
ergosta-7,22-dien-3-ol functions in the compensatory metabolic

Figure 4. In vivo therapeutic effects of compoundD16 in a C. neoformansH99-infected mouse model. (A) Fungal burden in the brain of infected mice.
(B) Survival time assay of the mouse infection model. ns, not significant. **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Figure 5. Transmission electron microscope micrographs of C. neoformansH99 under different conditions. The arrows indicate the following: (1) cell
wall, (2) cell membrane, and (3) capsule.
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pathway, which is not the key intermediate in C. albicans
ergosterol synthesis.42 We further investigated the change in
sterol content in C. albicans SC3514 after treatment with
compound D16. Normally, the sterol contents of C. neoformans
H99 and C. albicans SC3514 were different (Figure 8A). The
effect of compound D16 on the sterol contents of C. albicans
SC3514 was also different from those of C. neoformans H99.
After treatment with compound D16, the ergosterol content of
C. albicans SC3514 was decreased and only a very small amount
of ergosta-7,22-dien-3-ol was produced. As a result, compound
D16 has a selective inhibitory effect on Cryptococcus, possibly
due to different compensatory pathways for ergosterol biosyn-
thesis between C. neoformans H99 and C. albicans SC5314
(Figure 8B).
Compound D16 Upregulated ERG-Related Gene

Expression. Transmission electron microscopy and sterol
content analysis showed that the fungistatic potency of
compound D16 against C. neoformans H99 was related to the
biosynthetic pathway of ergosterol. Therefore, we further
investigated the expression of related genes involved in

ergosterol biosynthesis. As shown in Figure 9A, all of the tested
ERG-related genes were upregulated following treatment with
FLC and compoundD16. It has been reported that the ergosta-
7,22-dien-3-ol was converted to ergosterol by the catalysis of
Δ5,6-desaturase (ERG3 gene).41,43,44 The ERG3 gene was
upregulated in a concentration-dependent manner, which
indicated that compound D16 inhibited the enzyme activity of
Δ5,6-desaturase, and then C. neoformans H99 upregulated the
ERG3 gene under stress. Similarly, ERG11 was also upregulated
in a concentration-dependent manner (Figure 9B,C). Although
the expression of ERG3 and ERG11 genes of C. albicans SC5314
was also upregulated, the upregulation ratio was significantly
lower than that of C. neoformans H99 (Figure 9D,E). The
upregulated expression of the ERG-related genes in C.
neoformans H99 indicated that compound D16 inhibited
ergosterol biosynthesis, which resulted in stress-induced
upregulation of ERG genes in C. neoformans H99.45

Figure 6. Analysis of the total sterol contents of C. neoformans H99. (A) Changes in ergosterol content in C. neoformans H99 after treatment with
different drugs (2 μg/mL): (1) ergosterol, (2) unknown sterol, (3) ergosta-7,22-dien-3-ol, (4) ergost-7-en-3-ol, (5) cholesta-8,14-dien-3-ol, (6)
eburicol, and (7) 9,19-cyclolanost-7-en-3-ol (each number corresponds to a substance; amatching score of >700 is considered to be quite reliable). (B)
Changes in the content of the main sterols (>10%) inC. neoformansH99 cells after treatment with compoundD16 or SER (1 μg/mL). (C) Changes in
ergosterol content inC. neoformansH99 cells after treatment with different concentrations of compoundD16. (D) Changes in ergosterol content ofC.
neoformans H99 cells after treatment with different concentrations of SER.
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■ CONCLUSIONS

In summary, novel SER derivatives were designed and assayed.
As compared with SER, compound D16 showed improved
antifungal potency both in vitro and in vivo. It had selective and
fungistatic activity against C. neoformans H99 and completely
inhibited biofilm formation at 8 μg/mL. In a mouse model of
CM, compoundD16 effectively reduced the brain fungal burden
and prolonged the survival time, which represented a promising
candidate for the treatment of CM. Interestingly, compound
D16 acted by a new antifungal mechanism, which inhibited the
activity of Δ5,6-desaturase and blocked the transformation of
ergosta-7,22-dien-3-ol to ergosterol, leading to the rupture of the
C. neoformans H99 cell membrane. Thus, Δ5,6-desaturase holds
promise as a new target for antifungal drug discovery. Further
mechanistic validation, antifungal evaluations, and structural
optimizations are currently in progress.

■ EXPERIMENTAL SECTION
General Chemistry Methods. The reagents and solvents were all

chemically or analytically pure. A GF254 silica gel plate (Qingdao
Haiyang Chemical Co.) was used for TLC analysis, and 300−400 mesh
silica gel was used for column chromatography (Qingdao Haiyang
Chemical Co.). A Bruker AVANCE 300 or Bruker AVANCE 600
spectrometer was used for NMR analysis (Bruker), with TMS as the
internal standard and CDCl3 or DMSO-d6 as the solvent. Chemical
shifts (δ) and coupling constants (J) are expressed in parts per million
and hertz, respectively. A model API-3000 LC-MS mass spectrometer
was used for mass spectrometry analysis. An Agilent 1260 high-
performance liquid chromatograph was used for purity determination,
and the purities of all target compounds were >95%.
7-(3-Dichlorophenyl)-N-[2-(tetrahydro-2-muran-pyran-4-

yl)ethyl]-4-tetrahydrobenzo[b]thiophene-4-amine Hydro-

chloride (D16). Intermediate 7a (106 mg, 0.36 mmol), 2-
(tetrahydro-2H-pyran-4-yl)ethan-1-amine (93 mg, 0.72 mmol),
tetraisopropyl titanate (307 mg, 1.08 mmol), and sodium cyanobor-
ohydride (159 mg, 2.52 mmol) were dissolved in 50 mL of methanol,
and then the mixture was stirred overnight at 40 °C. The reaction was
quenched with water, and then the mixture was filtered and extracted
with EtOAc (3 × 30 mL). The combined organic layers were washed
with saturated brine (3 × 30 mL) and dried with anhydrous Na2SO4.
Then, the mixture was filtered and concentrated under reduced
pressure. The crude product was separated by column chromatography
[100/1 (v/v) DCM/methanol] to afford a colorless oil; the colorless oil
was dissolved in DCM, 1 mL of a hydrochloric acid/diethyl ether
solution added at room temperature, and the mixture stirred for 1 h.
The mixture was concentrated under reduced pressure to afford target
compound D16 as a white powder (37 mg, 23.3%): 1H NMR of
diastereomer 1 (600MHz, DMSO-d6) δ 9.29 (s, 1H), 9.18 (s, 1H), 7.61
(d, J = 8.3 Hz, 1H), 7.52 (d, J = 5.3 Hz, 1H), 7.50−7.48 (m, 2H), 7.19
(dd, J = 8.4, 2.1 Hz, 1H), 4.60−4.52 (m, 1H), 4.33−4.28 (m, 1H),
3.85−3.81 (m, 2H), 3.30−3.28 (m, 1H), 3.28−3.26 (m, 1H), 3.08−
2.94 (m, 2H), 2.36−2.29 (m, 1H), 2.25−2.21 (m, 1H), 1.96−1.89 (m,
2H), 1.69−1.59 (m, 5H), 1.21−1.12 (m, 2H); 1H NMR of
diastereomer 2 (600 MHz, DMSO-d6) δ 9.18 (s, 1H), 9.11 (s, 1H),
7.67 (d, J = 2.0 Hz, 1H), 7.63 (d, J = 8.3 Hz, 1H), 7.51−7.49 (m, 1H),
7.41 (dd, J = 8.3, 2.1 Hz, 1H), 7.37 (d, J = 5.3 Hz, 1H), 4.45−4.39 (m,
1H), 4.25−4.21 (m, 1H), 3.85−3.81 (m, 2H), 3.33−3.28 (m, 1H),
3.17−3.07 (m, 1H), 2.98−2.90 (m, 2H), 2.29−2.23 (m, 1H), 2.19−
2.12 (m, 1H), 2.11−2.05 (m, 1H), 2.05−2.00 (m, 1H), 1.69−1.59 (m,
5H), 1.25−1.18 (m, 2H); 13C NMR of diastereomer 1 (150 MHz,
DMSO-d6) δ 146.51, 144.95, 132.35, 131.54, 131.13, 130.37, 130.05,
128.75, 126.96, 125.82, 67.32, 52.69, 41.72, 41.07, 40.55, 32.87, 32.72,
32.47, 30.16, 23.98; 13CNMRof diastereomer 2 (150MHz, DMSO-d6)
δ 146.27, 143.93, 132.03, 131.52, 131.00, 130.63, 130.11, 129.33,
128.15, 125.52, 67.29, 51.50, 43.13, 41.83, 32.84, 32.78, 32.63, 28.14,
24.23; HRMS (ESI, positive) m/z calcd for C21H25Cl2NOS [M + H]+

410.1107, found 410.1118; HPLC purity 97.05% (total purity of

Figure 7.CompoundD16 inhibitedΔ5,6-desaturase ofC. neoformansH99. (A) Partial pathway of ergosterol biosynthesis inC. neoformansH99. (B and
C) Total sterols ofC. neoformansH99 cells were extracted after their treatment with 3 μg/mL compoundD16. Transformation of ergosta-7,22-dien-3-
ol by total ERG enzymes of C. neoformansH99 using total sterols after treatment with compoundD16 as the substrate. CompoundD16 (0.5 μg/mL)
was added, and the mixture incubated for 24 h; the total sterol content was analyzed by GC-MS: (1) ergosterol, (2) ergosta-7,22-dien-3-ol, and (3)
9,19-cyclolanost-7-en-3-ol.
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diastereomers 1 and 2); retention time of 9.04 min, eluted with 60%
methanol and 40% H2O containing 0.1% TFA.
Preparation methods of target compounds D1−15 and D17−21

were the same as that of target compound D16.
N-(2-Cyclohexylethyl)-7-(3,4-dichlorophenyl)-4,5,6,7-

tetrahydrobenzo[b]thiophen-4-amine Hydrochloride (D14).
White powder (47 mg, 31.4%); 1H NMR of diastereomer 1 (600
MHz, DMSO-d6) δ 9.25 (s, 1H), 9.13 (s, 1H), 7.61 (d, J = 8.3 Hz, 1H),
7.53 (dd, J = 5.3, 0.6 Hz, 1H), 7.50 (d, J = 2.1 Hz, 1H), 7.49 (d, J = 5.3
Hz, 1H), 7.20 (dd, J = 8.4, 2.1 Hz, 1H), 4.59−4.53 (m, 1H), 4.32 (t, J =
6.2 Hz, 1H), 3.00−2.90 (m, 2H), 2.36−2.30 (m, 1H), 2.29−2.23 (m,
1H), 1.97−1.86 (m, 2H), 1.75−1.55 (m, 7H), 1.36−1.31 (m, 1H),
1.24−1.11 (m, 3H), 0.94−0.87 (m, 2H); 1H NMR of diastereomer 2
(600MHz, DMSO-d6) δ 9.13 (s, 1H), 9.07 (s, 1H), 7.67 (d, J = 2.1 Hz,
1H), 7.64 (d, J = 8.3 Hz, 1H), 7.51 (dd, J = 5.3, 0.6 Hz, 1H), 7.42 (dd, J
= 8.3, 2.1 Hz, 1H), 7.37 (d, J = 5.3 Hz, 1H), 4.45−4.40 (m, 1H), 4.24
(dd, J = 9.0, 5.4 Hz, 1H), 3.15−3.07 (m, 1H), 3.05−3.00 (m, 1H),
2.25−2.22 (m, 1H), 2.19−2.12 (m, 1H), 2.11−2.06 (m, 1H), 2.06−
1.98 (m, 1H), 1.75−1.55 (m, 7H), 1.40−1.35 (m, 1H), 1.24−1.11 (m,
3H), 1.00−0.93 (m, 2H); 13C NMR of diastereomer 1 (150 MHz,
DMSO-d6) δ 146.50, 144.93, 132.33, 131.54, 131.13, 130.37, 130.05,
128.75, 126.86, 125.86, 52.69, 42.27, 41.05, 35.15, 33.34, 33.01, 32.73,
30.10, 26.03, 23.96; 13CNMRof diastereomer 2 (150MHz, DMSO-d6)
δ 146.26, 143.93, 132.02, 131.52, 131.01, 130.60, 130.12, 129.31,
128.08, 125.57, 51.53, 43.68, 41.79, 35.42, 33.24, 32.97, 32.84, 28.12,
26.35, 24.22; HRMS (ESI, positive) m/z calcd for C22H28Cl2NS [M +
H]+ 408.1314, found 408.1318.

Strains, Culture, and Reagents. The sources of strains are listed
in Table S5. A monoclonal fungal colony was placed in 1 mL of yeast
extract peptone dextrose (YEPD) medium (1% yeast extract, 2%
peptone, and 2% dextrose) and incubated in a shaker for 16 h (30 °C
and 200 rpm). The fungal suspension was centrifuged (3000 rpm for 1
min), and then the supernatant was removed. The fungal cells were
washed three times with PBS before being used. All of the target
compounds were prepared as 2 mg/mL solutions with DMSO.

In Vitro Antifungal Activity Assay. The microdilution method
was that of the Clinical and Laboratory Standards Institute (M27-
A3).46,47 In brief, the fungal cells at the exponential growth stage were
diluted to a density of 1 × 103 cells/mL with RPMI 1640 medium.
Different concentrations of target compounds and FLC were added to
the fungal suspension, and it was serially diluted 2-fold. The fungal
solution was cultured at 35 °C (Cryptococcus for 72 h and other fungi for
48 h), and the OD630 was measured with a microplate reader. The
lowest drug concentration that reduced the level of fungal growth by
>50% was expressed by IC50 in a single strain.48 The MIC50 value was
the average of the IC50 values against 50 Cryptococcus strains.49 MIC
was the average value of the lowest concentration that inhibits ≥90%
(no visible growth) of 50 strains of Cryptococcus.50

Time-Growth Curve Assay. C. neoformans H99 cells were diluted
to a density of 1 × 106 cells/mL with RPMI 1640 medium. Different
concentrations of FLC, SER, and compoundsD14 andD16were added
to the C. neoformansH99 suspension. The untreated group was used as
the negative control group. Different samples were cultured at 30 °C. At
set times (0, 4, 8, 12, 24, 48, and 72 h), the C. neoformans H99
suspension (100 μL) was sacked and the OD630 value was measured
with a microplate reader.

Time−Fungicidal Curve Assay. C. neoformans H99 cells were
diluted to a density of 1 × 105 CFU/mL with RPMI 1640 medium.
Different concentrations of AmB, SER, FLC, and compoundD16 were
added to the C. neoformans H99 suspension. The untreated group was
used as the negative control group. Different samples were cultured at
30 °C. At set times (0, 4, 8, 12, 24, 48, and 72h), the suspension was
coated on the SDA plate and incubated at 30 °C. The number of
monoclonal fungal colonies on the plate was counted.MFCwas defined
as a 99.9% reduction in CFU from the starting fungal concentration.

Biofilm Formation Inhibition Assay. C. neoformans H99 cells
were diluted to a density of 1 × 105 cells/mL in RPMI 1640 medium.
The suspension was added to a 96-well tissue culture plate (Corning,
catalog no. 3599) and cultured at 37 °C for 180 min. After that, the
RPMI 1640 medium was removed. Different concentrations of FLC,
SER, and compoundsD14 andD16 prepared with RPMI 1640medium
were added, and the plates were incubated at 37 °C for 24 h. The
semiquantitative determination of biofilm formation was carried out by
XTT reduction analysis, and the significant differences among the
groups were analyzed by a Student’s t test.

In VivoAnti-Cryptococcal Assay.The animal study was approved
by the Animal Ethics use Committee of the Second Military Medical
University. ICR female mice (18−22 g, 4−6 weeksof age) were reared
for 7 days before being inoculated for acclimatization. Each mouse was
injected with 1 × 106 C. neoformans H99 cells by tail vein injection.
Compound D16 and SER (suspended in 98% normal saline, 1.5%
glycerol, and 0.5% Tween 80) were intragastrically administered for 5
days at a dose of 15 mg/kg. The control group was treated with normal
saline. The mice were sacrificed, and brains were removed on the sixth
day. The brains were ground and diluted with 1 mL of normal saline,
and then the homogenate was diluted with different proportions and
coated on the prepared SDA plate (including 100 μg/mL
chloramphenicol). The number of monoclonal colonies on the plate
was counted, and the significant differences between the groups were
subjected to analysis of variance (ANOVA). The mouse survival time
assay was performed using a similar protocol, and the survival time of
mice was recorded. The significant difference between the groups was
analyzed by the log-rank test.

Transmission Electron Microscope Assay. Transmission
electron microscope images were obtained using the reported
protocol.51,52 C. neoformansH99 cells were diluted with YEPDmedium
to a density of 5 × 105 cells/mL. Compound D16, SER, FLC, and

Figure 8.Analysis of the total sterol contents ofC. albicans SC5314. (A)
Comparison of sterol components between C. albicans SC5314 and C.
neoformans H99. (B) Changes in the ergosterol contents of C. albicans
SC5314 after treatment with different drugs (2 μg/mL): (1) ergosterol,
(2) ergosta-5,24(28)-dien-3-ol, (3) desmosterol, (4) unknown sterol,
(5) lanosterol, (6) cholesta-7,9(11)-dien-3-ol, (7) eburicol, (8) 9,19-
cyclolanost-7-en-3-ol, (9) unknown sterol, and (10) ergosta-7,22-dien-
3-ol.
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DMSO were added to the suspension as different groups, and then the
suspension was cultured at 30 °C for 8 h. The suspension was washed
three times with PBS, an electron microscope fixing solution (4%
paraformaldehyde) was added to the suspension, and the suspension
fixed overnight at 4 °C. The samples were washed with PBS and fixed
for 90 min in 1% phosphotungstic acid. The fixed cells were dehydrated
and embedded in EPON-812. The prepared ultrathin sections were
double stained with uranium and lead, and then each sample was
observed under a transmission electron microscope (Hitachi H-800) at
104× magnification.
Fungal Sterol Composition Analysis. Fungi were added to

YEPD medium (50 mL) to prepare a suspension with a concentration
of 1 × 106 cells/mL. Different groups were cultured at 30 °C for 24 h.
After that, fungus cells were collected, washed twice with PBS, and
saponified with 10 mL of a saponifier (90% ethanol solution containing
15%NaOH) at 80 °C for 1 h. The precipitate was extracted three times

with 4 mL of hexane; then the hexane was removed under reduced
pressure, and the residue was dissolved with 400 μL of cyclohexane.
The sterols were analyzed by GC-MS. The sterols were identified by
using the National Institute of Standards and Technology (NIST)
reference database.

Inhibition Assay of the Total ERG Enzyme. A monoclonal C.
neoformans H99 colony was placed in 1 mL of YEPD medium and
incubated in a shaker for 16 h at 37 °C, and then the C. neoformansH99
cells were washed three times with PBS and weighed. Snailase was
added to break the cell wall for 3 h (3mL of snailase reaction buffer, 250
μL of snailase, and 12 μL of 2-hydroxy-1-ethanethiol per 100 mg of
fungi). Then, the total C. neoformans H99 enzyme was obtained. Total
sterols of C. neoformans H99 cells were extracted after treatment with
compoundD16 at 3 μg/mL. Total ERG enzymes, compoundD16, and
total sterols were added to reaction buffer [50 mM Tris-HCl (pH 7.4),
150mMKCl, 10mMMgCl2, and 2mMNADPH].53 The samples were

Figure 9. Expression of ERG genes in C. neoformans H99 and C. albicans SC5314 after their treatment with compound D16, SER, and FLC. (A)
Expression of ERG genes in C. neoformansH99 treated with compound D16, SER, and FLC at 2 μg/mL. (B and C) Expression of ERG3 and ERG11
genes, respectively, in C. neoformans H99 cells treated with different concentrations of compound D16. (D and E) Expression of ERG3 and ERG11
genes, respectively, inC. albicans SC5314 cells treated with compoundD16, SER, and FLC at 2 μg/mL. ns, not significant. *P < 0.05, **P < 0.01, ***P
< 0.001, and ****P < 0.0001 vs DMSO.
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incubated at 37 °C for 24 h. The transformation of sterol was analyzed
by GC-MS.
Real Time RT-PCR Assay. The real time RT-PCR assay was

performed according to previously described protocols.4,46,54 A fungal
suspension was added to the YEPD medium to afford a density of 1 ×
106 cells/mL. Compound D16, SER, FLC, and DMSO were added to
the suspension as different groups, and then the fungal suspension was
cultured at 30 °C for 24 h. Fungal cells were collected, and RNA of fungi
was extracted according to the instructions of the kit (RNeasy Plant
Mini kit, QIAGEN). The cDNA was obtained by reverse transcription
by a reverse transcription kit (TaKaRa Biotechnology). The primer
sequences are listed in Table S4. RT-PCR analysis was performed by
using the StepOne System Fast real time PCR (Applied Biosystems).
ACTIN was used as an internal control gene. The level of gene
expression was expressed as multiple changes (2−ΔΔCT method), and the
assay was performed in triplicate.
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