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Discovery of novel MIF inhibitors that attenuate microglial
inflammatory activation by structures-based virtual screening
and in vitro bioassays
Yu Zhang1, Lei Xu2, Yao Zhang1, Jie Pan1, Pu-qing Wang1, Sheng Tian3, Huan-ting Li4, Bo-wen Gao4, Ting-jun Hou5, Xue-chu Zhen3 and
Long-Tai Zheng3

Macrophage migration inhibitory factor (MIF) is a pluripotent pro-inflammatory cytokine and is related to acute and chronic
inflammatory responses, immune disorders, tumors, and other diseases. In this study, an integrated virtual screening strategy and
bioassays were used to search for potent MIF inhibitors. Twelve compounds with better bioactivity than the prototypical
MIF-inhibitor ISO-1 (IC50 = 14.41 μM) were identified by an in vitro enzymatic activity assay. Structural analysis revealed that these
inhibitors have novel structural scaffolds. Compound 11 was then chosen for further characterization in vitro, and it exhibited
marked anti-inflammatory efficacy in LPS-activated BV-2 microglial cells by suppressing the activation of nuclear factor kappa B
(NF-κB) and mitogen-activated protein kinases (MAPKs). Our findings suggest that MIF may be involved in the regulation of
microglial inflammatory activation and that small-molecule MIF inhibitors may serve as promising therapeutic agents for
neuroinflammatory diseases.
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INTRODUCTION
Neurodegenerative disorders, including Parkinson’s disease (PD)
and Alzheimer’s disease (AD), are characterized by progressive
neuronal dysfunction and loss in the brain and can result in
cognitive and motor dysfunction. Microglia-mediated neuroin-
flammation is a common feature and is linked to the pathogenesis
of neurodegenerative diseases [1]. As resident innate immune
cells in the central nervous system (CNS), microglia are closely
associated with neurodegenerative progression by adjusting their
morphological and functional phenotypes response to pathophy-
siological brain injuries [2, 3]. Overactivated microglia produce
several inflammatory mediators, including interleukin (IL)-6, tumor
necrosis factor (TNF)-α, IL-1β, chemokines, nitric oxide (NO), and
reactive oxygen species (ROS), which can induce neuronal damage
or death [4]. Accordingly, the development of novel small-
molecule drugs targeting microglial activation may be an
important method to treat inflammatory-related CNS diseases.
MIF, a multifunctional protein, can act as a cytokine-, enzyme-,

endocrine-, and chaperone-like molecule. As a cytokine, MIF is
present in various cell types, especially in the endocrine and
nervous systems, which are linked to the pathogenesis of many
inflammatory and immune disorders [5]. MIF mRNA and protein
have been found in both glial cells and neurons [6, 7]. Abnormal

expression of MIF has been found in the progression of multiple
neuroinflammation-related diseases, such as stroke [8], multiple
sclerosis (MS) [9], AD [10], and PD [11]. MIF can catalyze the
tautomerization of D-dopachrome [12] and phenylpyruvate
tautomerase [13] and has thiol-protein oxidoreductase activity,
in addition to its physiological and pathophysiological activities
[14]. MIF is a homotrimer, and its enzymatic active sites are located
at the binding interface of any two adjacent monomers.
D-dopachrome tautomerase (DDT), the homolog of MIF, is also
known as MIF2 and has an overlapping functional spectrum [15].
In terms of tautomerase enzymatic activity, DDT is ten times
weaker than MIF and can also activate the CD74 receptor.
Targeting the tautomerase activity of MIF is an effective strategy

to discover small-molecule MIF inhibitors [16, 17]. To date, many
small-molecule inhibitors of MIF tautomerase activity have been
found through high-throughput virtual screening [18, 19]. How-
ever, MIF inhibitors, which have high activity and good drugg-
ability and have been definitively characterized in relevant disease
models, remain limited. Herein, an integrated virtual screening
strategy based on multiple MIF crystal structures and a naive
Bayesian classification (NBC) model were used to discover novel
MIF inhibitors. A total of 12 novel compounds with potent
tautomerase activity against MIF were discovered, four of which
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had remarkable anti-inflammatory efficacy in BV-2 microglial cells.
These compounds could also markedly suppress the LPS-induced
expression of pro-inflammatory cytokines, while their anti-
neuroinflammatory effects were abolished when MIF was knocked
down by siRNA. Moreover, the most potent compound, com-
pound 11, could inhibit the neurotoxicity of LPS-activated
conditioned medium towards HT-22 neuroblastoma cells by
reducing inflammatory cytokines and ROS.

MATERIALS AND METHODS
Preparation of representative MIF-ligand structures and datasets
The MIF crystal structure complex cannot characterize the
structural flexibility of this protein upon ligand binding. In
addition, due to the diversity of ligand chemical structures, the
binding pockets in different crystal structures of the same target
are different [20]. Therefore, integrated virtual screening protocols
based on multiple MIF complex structures were used as described
in our previous studies (Fig. 1) [21, 22]. The crystal structures of 25
MIF-inhibitor complexes with high resolutions were retrieved from
the RCSB Protein Data Bank (PDB) [23]. A three-step structural
clustering protocol was then used to select representative MIF
complex structures: (1) the residues within 10 Å of each
cocrystallized ligand were aligned by the STAMP algorithm in
VMD [24]; (2) the root-mean-square deviation (RMSD) values were
used to generate a phylogenetic tree by using the create
phylogenetic tree module in VMD. A validation dataset consisting
of known MIF inhibitors and noninhibitors was selected to assess
the “screening power” of these eight structures of MIF. A total of
257 known inhibitors of MIF were screened from the BindingDB
database with experimental biological activity [25], while 10,000
noninhibitors were selected from the ChemBridge library via the
Find Diverse Molecules protocol in Discovery Studio 3.5 (DS3.5).

Molecular docking procedure
The crystal structures of the MIF-inhibitor complexes were used as the
initial templates for virtual screening. The Protein Preparation Wizard
module in Schrödinger was used to prepare each MIF complex. The
ligand situated in the active site between chains A and B was
maintained. The complex was then refined with the OPLS force field
[26]. Pro1, an important nucleophilic residue, was protonated
according to experimental and theoretical results [27]. The Glide
module in Schrödinger was used for molecular docking calculations
[28]. The tautomers and protonation states of the ligands were
generated at pH =7.4 by LigPrep in Schrödinger and then docked to
the binding site of MIF by Glide in extra precision (XP) scoring mode.
The bounding box was centered on the cocrystallized ligand.

Integrated virtual screening through naive Bayesian classification
According to our previous studies, the integrated virtual screening
protocol developed by NBC based on multiple receptor structures can
yield better performance than docking-based VS according to any
single rigid conformation [21, 29]. Here, the eight docking scores for
each ligand were used as the independent variables (X), and 0/
1 served as the dependent variable (Y): 0 represents a noninhibitor
and 1 represents an inhibitor. The Create Bayesian Model protocol in
DS3.5 was used to develop the classifiers to differentiate the known
inhibitors from noninhibitors. The following measures were calculated
to evaluate the classification performance of each NBC classifier: true
negative (TN), false negative (FN), true positive (TP), false positive (FP),
global accuracy (GA), sensitivity (SE), specificity (SP), and Matthews
correlation coefficient (C) (Eq. (1)).

C ¼ TP ´ TN� FN ´ FP
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðTPþ FNÞðTPþ FPÞðTNþ FNÞðTNþ FPÞp (1)

In addition, the area (AUC) of the receiver operating character-
istic (ROC) curve was used to estimate the classification capability.

The compounds in the ChemBridge and ChemDiv libraries were
processed by the LigPrep module in Schrödinger. Then, the Glide
module with XP scoring was used to dock these compounds in the
binding sites of eight MIF structures, and the 1000 top-ranked
compounds were then rescored by the best Bayesian classifier.
The REOS rules were used to filter the compounds with harmful or
otherwise undesirable moieties [30]. The remaining 753 structures
were then clustered into 70 groups by the Find Diverse Molecule
protocol in DS3.5. Finally, 63 compounds (purity >95%, Supple-
mentary Table S1) were chosen and purchased for subsequent
experimental analysis.

MIF tautomerase activity measurement
MIF tautomerase activity was measured according to a previous
study [31, 32]. Briefly, equal volumes of 6 mM L-3,4-dihydrox-
yphenylalanine methyl ester hydrochloride (Sigma-Aldrich, USA)
and 12mM sodium metaperiodate (Sigma-Aldrich, USA) were
used to prepare fresh L-dopachrome. Different concentrations of
potential inhibitors (ChemBridge or ChemDiv) and ISO-1 (Merch,
Germany) were dissolved in DMSO before being incubated with
120 nM recombinant human MIF (hMIF) (Novoprotein, China) for
30min on ice, and then 30 μL of fresh L-dopachrome was added to
a 96-well plate containing hMIF with or without the compounds in
10mM potassium phosphate buffer and 0.5 mM EDTA, pH 6.2. The
inhibitory effect of each compound on the tautomerase activity of
MIF was measured by a microplate reader (Infinite M1000 Pro,
Tecan, Switzerland) by measuring the absorbance at 475 nm every
10 s for 3 min at 37 °C. For the inhibitory pattern assay, various
concentrations of the compounds were added to the reaction
buffer containing 120 nM hMIF and incubated for 30min prior to
the addition of different concentrations (1–6mM) of L-dopa-
chrome methyl ester. Tautomerase activity was assessed using
nonlinear regression analysis by Prism 6 (GraphPad Prism). Ki (the
inhibition constant) was determined by nonlinear regression
against the competitive equation using Prism 8.

Cell culture and siRNA transfection
BV-2 microglial cells and HT-22 neuroblastoma cells were cultured in
DMEM with 10% FBS, 100 U/mL penicillin, and 100mg/mL
streptomycin in an incubator at 37 °C with 5% CO2. For the siRNA
transfection assay, BV-2 microglial cells were plated in 24-well plates
(2 × 104 cells per well) and then treated with MIF siRNA (GenePharma,
China). The sequence was 5′-UUCUCCGAACGUGUCACGUTT-3′, and
Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, USA) was
added and incubated for 36–48 h according to the manufacturer’s
instructions and our previous report [7]. The level of MIF RNA
knockdown was assessed using real-time quantitative PCR.

Culture of primary astrocytes and microglia
Primary astrocytes and microglia were obtained from the cerebral
cortex of newborn mice as described previously [33, 34]. Briefly, murine
cerebral cortices were harvested, and the meninges were removed and
placed in serum-free DMEM. The tissue was digested by papain (2mg/
mL) for 20min at 37 °C with gentle agitation. Digestion was stopped
with 10% FBS in DMEM/F12, and the cells were passed through a 20
μm cell strainer. Then, the cells were centrifuged for 3min, and the cell
suspension was plated on poly-D-lysine-coated T-75 flasks and cultured
at 37 °C and 5% CO2. After being cultured for ~2 weeks, microglial cells
were isolated by shaking for ~2 h at 150 r/min, and astrocytes were
obtained by continuing shaking for ~6–12 h. All mouse experimental
procedures conformed to the National Institutes of Health guidelines
and were approved by the Animal Welfare and Research Ethics
Committee of Xiangyang No. 1 People’s Hospital.

NO measurement
NO release in the cell supernatant was determined by Griess
reagent (0.2% N-(1-naphthyl)-ethylenediamine dihydrochloride
and 2% sulfanilamide in 5% H3PO4) as previously described [31].
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BV-2 microglial cells were plated in 96-well plates (2 × 104 cells
per well) and then pretreated with compounds (1–50 µM) for 30
min prior to the addition of LPS (0.2 µg/mL) for 24 h. Then, 50 µL
of culture supernatant was transferred to a new 96-well plate with
an equal volume of Griess reagent and incubated for 3 min,
avoiding direct light and bubbles. The optical density (OD)
was determined by a microplate reader at 570 nm. A standard
curve was prepared with sodium nitrite to calculate the
concentration of NO.

Cell viability assay
Cell viability was evaluated by a 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) (Solarbio, China) assay. BV-2
microglial cells were plated in 96-well plates (2 × 104 cells per well)
and then primed with compounds (1–50 µM) for 30 min prior to
LPS (0.2 µg/mL) stimulation for ~24 h. The cell culture medium was
removed, and 30 µL of MTT was added and incubated for ~2–4 h.
Then, the formazan dye was dissolved in 100 µL of DMSO. The OD
value was determined by a microplate reader at 540 nm.

Fig. 1 Workflow of virtual screening. It includes machine learning, MIF complex structures and bioassays.
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Drug affinity responsive target stability (DARTS)
After reaching ~80%–85% confluence, BV-2 microglial cells were
lysed in M-PER Reagent (Thermo Scientific, USA) on ice for 10 min
as described previously [35]. Then, the samples were centrifuged
for 10 min at 18,000×g at 4 °C, and the supernatant was
transferred to a new 1.5 mL tube. After measuring the concentra-
tion with a BCA kit (Bio-Rad, USA), the protein was diluted to 5 g/L
by precooled 10× TNC [500mmol/L Tris-HCl (pH 8.0), 500mmol/L
NaCl, 100mmol/L CaCl2]. Then, the compounds and samples
(containing 250 μg of protein) were mixed for ~1 h on ice and 20
min at 37 °C prior to the addition of pronase (1:1000, Roche,
Germany) for 15 min at room temperature. The digestion reaction
was stopped by the addition of a protease inhibitor cocktail
(Roche, Germany) on ice for 15 min. The samples were processed
with 5× SDS-PAGE after being heated at 70 °C for 10 min.

Enzyme-linked immunosorbent assay (ELISA)
BV-2 microglial cells were plated in 96-well plates (2 × 104 cells per
well) and then exposed to compounds (1–25 µM) for 30min prior to
LPS (0.2 µg/mL) stimulation for ~24 h. The cell supernatant was
collected and stored at−80 °C to avoid repeated freezing. The level of
TNF-α and IL-6 in the cell supernatant was measured by ELISA kits
according to the manufacturer’s instructions (R&D Systems, USA). The
OD was determined by a microplate reader set to 540 or 570 nm.

RNA extraction and quantitative real-time polymerase chain
reaction (qPCR)
Total RNA was extracted from cells using TRIzol reagent
(Invitrogen, USA) according to the manufacturer’s instructions
and our previous report [34]. After measuring the RNA concentra-
tion using a NanoDrop2000, 1 μg of total RNA was used to prepare
complementary DNA (cDNA) according to the protocol of the
M-MLV reverse transcriptase kit (Promega, USA). qPCR analysis of
cDNA was performed using SYBR Green PCR master mix (Promega,
USA), and amplification was performed using a 7500 Real-Time
PCR System (ThermoFisher Scientific, USA). The relative gene
expression was normalized to GAPDH, and the sequences of the
cDNA primers for qPCR are shown in Supplementary Table S2.

Immunofluorescence (IF)
A total of 5000 cells per well were plated on sterile poly-D-lysine-
coated coverslips in 24-well plates. After pretreatment with
compounds (25 µM) for 30 min prior to the addition of LPS (0.2
µg/mL) for 1 h, the medium was removed, and the cells were fixed
using precooled methanol for 20 min and blocked with 3% bovine
serum albumin (BSA) plus 1% Triton X-100 at room temperature
for a minimum of 1 h. The coverslips were incubated with
p65 antibodies (1:200, Cell Signaling Technology, USA) overnight
at 4 °C. After being washed with PBST (PBS containing 0.05%
Tween) three times for ~10min each, Alexa Fluor 488-conjugated
goat anti-rabbit IgG (1:500, Invitrogen, USA) was added and
incubated for at least 90 min at room temperature in the dark.
Hoechst (0.2 mg/mL, 1:10,000) was added and incubated for 15
min at 37 °C to visualize the nuclei. The coverslips were imaged by
fluorescence microscopy.

Western blotting
BV-2 microglial cells were harvested and lysed using RIPA lysis
buffer (Beyotime, China) containing protease and phosphatase
inhibitors (Roche, Germany) for 30 min on ice. The protein samples
were normalized and separated by 10%–12% SDS polyacrylamide
gel electrophoresis, transferred to PVDF membranes (Millipore,
MA), and blocked with 5% milk for 1 h [36] before being treated
with the indicated primary antibodies against MIF (1:800, Sigma-
Aldrich, USA), COX-2 (1:500, Absin, China), iNOS (1:500, Absin,
China), IκBα (1ː800, Proteintech, China), phospho-p65 (1:1000, Cell

Signaling Technology, USA), p65 (1:1000, Cell Signaling Technol-
ogy, USA), phospho-ERK (1:1000, Cell Signaling Technology, USA),
ERK (1:1000, Cell Signaling Technology, USA), phospho-p38 (1:800,
Cell Signaling Technology, USA), p38 (1:1000, Cell Signaling
Technology, USA), phospho-JNK (1:1000, Cell Signaling Technol-
ogy, USA), JNK (1:1000, Cell Signaling Technology, USA) and α-
tubulin (1:5000, Sigma-Aldrich, USA) at 4 °C overnight. After being
washed with TBST 3 times for ~10 min each, the membranes were
probed with matched IgG polyclonal secondary antibodies (Sigma,
USA) for ~90min. Finally, the protein expression was determined
by enhanced chemiluminescence (ECL) (Bio-Rad, USA) with a
ChemiDoc XRS (Bio-Rad, USA).

ROS measurement
ROS production in BV-2 microglial cells was determined using
CellROX Oxidative Stress Reagent (ThermoFisher Scientific, USA)
according to the manufacturer’s instructions. Cells were stained
with CellROX reagent and Hoechst for 30 min at 37 °C. Then, the
cells were collected using 0.25% trypsin and identified by flow
cytometry.

Conditioned media (CM) of microglia/neuron cocultures
The microglial CM/neuron co-culture system was used as
previously described [37]. Briefly, BV-2 microglial cells were
cultured in 96-well plates and pretreated with compound 11
(1–25 μM) for 30 min prior to the addition of LPS (0.2 µg/mL) or
vehicle for 6 h. Then, the culture medium was discarded, and a
fresh medium was added. After 24 h of incubation, the resulting
CM was collected and used to treat HT-22 cells for an additional
24 h. Then, HT-22 cell viability was measured using the MTT assay.

Statistical analysis
Data analysis was performed by using GraphPad Prism 6.0 soft-
ware. The data are representative of three independent experi-
ments performed in triplicate, and the values are expressed as the
mean ± SD of three replicates. One-way or two-way ANOVA was
used for multiple-group comparisons. *P < 0.05 was considered
statistically significant.

RESULTS AND DISCUSSION
Naive Bayesian classifiers based on multiple MIF complexes
In structure-based virtual screening approaches, semiflexible
molecular docking is usually chosen to ensure computational
efficiency, while the receptor and ligands are treated with rigidity
and flexibility, respectively. Because protein flexibility and
chemical structure diversity are not considered, the prediction
results of molecular docking based on different crystal structures
of the same target are quite different. Accordingly, a molecular
docking method based on multiple typical receptor conformations
of a specified target may be a desirable comprise. Our previous
studies suggested that the NBC model could integrate the
prediction results of different scoring functions and exhibited
the best prediction power [21, 22]. According to the structural
clustering results, multiple MIF crystal structures can be divided
into eight clusters (Supplementary Fig. S1). Through a compre-
hensive assessment of resolution, scoring power and discrimina-
tion power, eight complexes were ultimately selected (1CA7 [38],
2OOH [39], 3B9S [40], 3CE4 [41], 3IJJ [42], 3JSG [43], 3SMC [44], and
4F2K [45]). Scoring power and discrimination power are two
important indicators of molecular docking [46]. As reported in our
previous studies [47], the RMSD value between the docking pose
and crystallographic structure was calculated, and RMSD ≤ 2.0 Å
(docking power) can be considered successful docking. As shown
in Supplementary Table S3, all RMSD values were <2 Å, suggesting
that the Glide docking with the XP scoring mode reproduces the
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near-native conformations of the crystallographic ligands in the
eight MIF complexes. The discrimination power was evaluated by
the t-test (P-value), which can assess the significance of the
difference between the mean values of the distributions of the
docking scores for the known inhibitors and noninhibitors. As
shown in Supplementary Table S3 and Supplementary Fig. S2, in
terms of the relatively low P-values (<10−24), molecular docking
can effectively distinguish known inhibitors and noninhibitors for
the eight MIF complex structures. The predictions for different
complexes also exhibit variable sampling powers (Supplementary
Fig. S2). 1CA7 has the best discrimination power (P-value = 3.01 ×
10−68), whereas that of 3SMC is only 1.64 × 10−24. The eight
representative MIF complexes and receptor-ligand interactions are
shown in Supplementary Fig. S3.
The eight MIF complexes met the requirements of RMSD ≤ 2.0 Å

and P-value ≤ 10−20 with XP scoring mode (Supplementary Table
S2 and Supplementary Fig. S2). The docking scores for the
molecules in the validation dataset were used to generate the
data matrix to build the NBC models (Supplementary Fig. S2). For
the compounds that could not be docked into the binding site of
an MIF protein, penalty values of 20 were assigned. As shown in
Table 1, by combining the docking scores for the eight MIF protein
structures, the AUC of the classifier achieved 0.832, suggesting
that the VS strategy based on multiple MIF conformations may
serve as a powerful tool to identify potent MIF inhibitors.

Structural analyses and binding mechanisms of the active
compounds
ISO-1, the prototypical MIF inhibitor, was chosen as the reference
control. As shown in Fig. 2 and Table 2, twelve hits were more

potent than ISO-1, with IC50 values less than 14.4 μM. Compound 1
showed the most potent inhibitory activity (IC50 = 1.22 μM),
whereas compound 12 exhibited the weakest inhibitory activity
(IC50 = 14.00 μM). The twelve active molecules have diverse
structures and novel scaffolds (Fig. 2). The FCFP4 fingerprints
identified with the fingerprints protocol were used to estimate the
novelty of these compounds with reference to known MIF
inhibitors deposited in the BindingDB database. Except for
compounds 2, 7, and 8, the other compounds exhibited relatively
low Tanimoto similarities (0.22–0.31, Table 2). It was also noted
that although the potency of MIF inhibition may not be very high,
our data provided structural novelty and diversity of MIF inhibitors
that will be new potential resources for structure–activity assays to
search for selective MIF inhibitors. In addition, the blood–brain
barrier (BBB) is a complicated physical and biochemical interface
composed of blood capillary endothelial cells, and BBB penetra-
tion of compounds is important for effective CNS-acting drugs.
Here, we predicted the BBB coefficient and other drug-likeness
properties of these inhibitors by Qikprop [48], which can evaluate
pharmaceutically relevant properties and provide ranges with
those of 95% of known drugs. As shown in Table 2, the logBB
values were in the range of −3.0 to 1.2, indicating that these novel
MIF inhibitors were predicted to cross the BBB.
These inhibitors exhibited similar binding poses in the active

site of MIF predicted by Glide docking. Although compound 1 had
the most potent MIF tautomerase activity (IC50 = 1.22 μM), its cell
cytostatic activity was only 65.59 μM. Compound 1 is a unique
chemotype that possesses benzenesulfonyl and two amide
groups. Compound 4 has two amide groups and showed relatively
low MIF tautomerase inhibitory activity (IC50 = 7.30 μM), while its

Table 1. Performances of naive Bayesian classifiers via docking scores as descriptors.

Descriptors TP FN FP TN SE SP GA C AUC

1CA7_XP 165 72 5883 24117 0.696 0.804 0.803 0.110 0.737

2OOH_XP 174 63 8898 21102 0.734 0.703 0.704 0.084 0.710

3B9S_XP 184 53 8888 21112 0.776 0.704 0.704 0.092 0.730

3CE4_XP 177 60 8895 21105 0.747 0.704 0.704 0.087 0.740

3IJJ_XP 179 58 8893 21107 0.755 0.704 0.704 0.088 0.744

3JSG_XP 170 67 11926 18074 0.717 0.602 0.603 0.058 0.648

3SMC_XP 177 60 11919 18081 0.747 0.603 0.604 0.063 0.651

4F2K_XP 190 47 12690 17310 0.802 0.577 0.579 0.068 0.677

Combined_Scores 177 60 6251 23749 0.747 0.792 0.791 0.116 0.832

Fig. 2 Chemical structures of compounds. They include ISO-1 and the 12 active compounds identified by machine learning-based virtual
screening with multiple MIF structures and enzyme-based assays.
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cell cytostatic activity was 55.75 μM. Five compounds (2, 5, 6, 7,
and 8) are coumarin derivatives, and compound 10 is a chromen-
4-one analog, which is structurally similar to the inhibitors
reported by a previous study [49]. The binding structures of the
four inhibitors with the strongest cell cytostatic activity (5, 9, 11,
and 12) were predicted by molecular docking, and they were
predicted to be located in the hydrophobic pocket formed by the
side chains of Pro1, Met2, Ile64, Val106, and Phe113 (Fig. 3). As
shown in Supplementary Figs. S3a and S4a, the oxygen atoms of
the coumarin ring of compound 5 form H-bond interactions with
Lys32 and Ile64, which is consistent with a previous study [50]. The
phenyl of the coumarin ring interacts with Tyr95 to form an aryl-
aryl group and can also form cation-π interactions with Pro1. The
chlorophenyl of compound 5 also forms an aryl-aryl interaction
with Phe113. As shown in Supplementary Figs. S3b and S4b, the
phenolic ring of compound 9 forms a typical H-bond with Asn97,
and the phenolic moiety is considered a key structural feature of
the activity of phenolic hydrazones [50]. The carbonyl oxygen
forms two bifurcated H-bonds of Ile64 and Lys32, and the two
different phenyl groups of compound 5 form aryl-aryl interactions
with Phe113 and Tyr95. The carbonyl oxygen of compound 11
also forms bifurcated H-bonds with Ile64 and Lys32 (Supplemen-
tary Figs. S3c and S4c). The nitrogen atom of the amide group
forms a salt-bridge interaction with Pro1. The phenyl and thiazole
rings of compound 11 also form aryl-aryl interactions with Tyr95
and Tyr36, respectively. As shown in Supplementary Figs. S3d and
S4d, the amino group of compound 12 forms a H-bond with
Asn97, and the carbonyl oxygen can also form a H-bond with
Lys32. Ile64 forms a bifurcated H-bond with the two oxygen atoms
of compound 12. The detailed 2D interaction patterns between
MIF and compounds 5, 9, 11, or 12 are shown in Supplementary
Fig. S4. Currently, most MIF tautomerase inhibitors have been
identified through screening efforts using D-dopachrome methyl
ester or p-hydroxyphenyl pyruvic acid as substrates. Pro1 has a pKa
of 5.6, ~4 pH units lower than the pKa of proline amide, and is the
most nucleophilic residue of MIF. Many reported MIF inhibitors
have unsaturated functional groups and tend to undergo addition
reactions [51]. Therefore, a mix of covalent and noncovalent MIF

inhibitors may be commonplace. NAPQI, a well-known covalent
inhibitor of MIF, was confirmed by mass spectrometry experi-
ments in 2002 [52]. However, a subsequent article confirmed that
only approximately one-third of MIF was covalently complexed to
NAPQI, while it yielded 96% inhibition. The structure of MIF
cocrystallized with NAPQI reveals that the NAPQI undergoes a
chemical alteration forming an acetaminophen dimer (bi-APAP)
and binds noncovalently to MIF at the mouth of the active site,
and kinetic data indicate that NAPQI inhibits MIF both covalently
and noncovalently [41]. In the present study, some MIF inhibitors
(1, 3, 4, 5, 9, 11, and 12) have carbonyl (R–C=O) groups, which
may be good electrophilic centers for Pro1. However, we found
that most of the groups connected to the carbonyl group were
electron-donating groups by analyzing their chemical structures
and included several strong electron-donating groups (–NHR,
–OR), which reduce the electrophilicity of the carbonyl carbon
atoms to a certain extent. In addition, based on careful
investigations of the MIF-related PDB database and the literature,
we hypothesize that these inhibitors are mainly bound with MIF in
a noncovalent form.

Cell-based analysis of the four strongest MIF tautomerase activity
inhibitors
MIF is mainly produced and stored in immune cells such as
macrophages and T cells in response to multiple stimuli and
causes an immune response by inducing itself and other pro-
inflammatory cytokines, such as IL-6, TNF-α, and IL-1β [53–55].
Microglia are resident cells in the brain that contribute to
neurodegenerative progression by regulating the expression of
various neurotoxic mediators [2]. Our previous study confirmed
that MIF is largely present in brain cells, including microglia and
astrocytes [7]. Furthermore, a few studies reported that an
inhibitor with MIF tautomerase activity could inhibit LPS-induced
macrophage/microglial activation [56, 57]. Thus, we examined the
effects of MIF tautomerase inhibitors on activated microglial cells.
Excessive secretion of NO is a known hallmark of inflammation in
activated microglial cells. Thus, compounds with potent tauto-
merase activities (IC50 < 14.41 μM) were chosen, and their effects

Table 2. Experimentally determined half-maximal inhibitory concentrations (IC50) of MIF tautomerase activity (TIC50) and NO production of
compounds with TIC50 < 14.41 μM in LPS-activated BV-2 microglia cells (NIC50).

No. TIC50 (μM)a NIC50 (μM)b MWc logPd logSe PCaco
f logBBg Similarityh

ISO-1 14.41 ± 1.59 100.03 ± 2.00 235.24 1.08 −2.88 228.56 −1.05

1 1.22 ± 0.09 65.59 ± 1.82 312.38 1.55 −3.74 326.82 −1.27 0.25

2 2.45 ± 0.39 349.40 3.76 −5.56 888.85 −0.34 0.63

3 5.16 ± 0.71 68.22 ± 1.84 402.78 3.44 −5.42 459.27 −0.41 0.22

4 7.30 ± 0.86 55.75 ± 1.75 438.56 4.73 −6.49 493.57 −1.19 0.22

5 7.55 ± 0.88 35.40 ± 1.55 459.89 4.01 −5.02 484.48 −1.09 0.30

6 7.57 ± 0.88 113.32 ± 2.05 314.29 2.42 −3.86 886.96 −0.26 0.29

7 8.34 ± 0.92 59.20 ± 1.77 263.25 2.38 −3.16 902.02 −0.14 0.49

8 8.91 ± 0.95 55.18 ± 1.74 363.39 3.85 −5.69 486.32 −1.07 0.47

9 9.49 ± 0.98 28.32 ± 1.45 338.38 3.59 −4.92 394.41 −1.34 0.28

10 10.80 ± 1.03 290.68 3.32 −4.70 914.35 −0.06 0.31

11 11.95 ± 0.98 23.84 ± 1.38 291.37 3.06 −4.40 896.71 −0.57 0.23

12 14.00 ± 1.15 27.80 ± 1.58 285.73 3.18 −4.34 915.71 −0.36 0.23

aDopachrome tautomerase assay.
bNitric oxide (NO) measurement.
cMolecular weight (130.0–725.0).
dPredicted octanol/water partition coefficient (−2.0 to 6.5).
ePredicted aqueous solubility, S in mol/L (−6.5 to 0.5).
fPredicted Caco-2 cell permeability in nm/s (500 great).
gPredicted brain/blood partition coefficient (−3.0 to 1.2).
hTanimoto similarity indices based on the FCFP_4 fingerprints for each inhibitor with the known MIF inhibitors.
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on NO production were examined in LPS-stimulated BV-2
microglial cells. The results revealed that all compounds could
strongly attenuate NO release in LPS-primed BV-2 microglial cells.
Among the tested compounds, compounds 5, 9, 11, and 12
exhibited more potency than ISO-1 (Table 2 and Fig. 4a). MTT
assays were used to examine compound cytotoxicity and
excluded the reduction in NO caused by cell deactivation. We
found that except for compounds 2, 6, and 10, no compounds
exhibited significant cytotoxicity at the tested concentrations
(Fig. 4b). iNOS and COX-2 are known to be key pro-inflammatory
enzymes that contribute to the synthesis of NO and prostaglandin
E2 (PGE-2), respectively, in the brain [58]. Thus, we tested the
effect of MIF tautomerase activity inhibitors on the expression of
iNOS and COX-2 at the protein level in LPS-primed BV-2 microglial
cells. Similar to the effect on NO, compounds 5, 9, 11, and 12
obviously decreased the expression of iNOS and COX-2 at the
protein level (Fig. 4c).
Since compounds 5, 9, 11, and 12 strongly inhibited microglial

NO production without significant cytotoxicity, the anti-
inflammatory effects of these compounds were further elucidated.
We found inhibitory effects of the MIF inhibitors on NO release in

LPS-activated primary microglia and primary astrocyte cultures
(Fig. 5a, b), suggesting that NO inhibition by MIF inhibitors was not
unique to BV-2 microglial cells. Pro-inflammatory cytokines such
as TNF-α, IL-6, and IL-1β are induced by activated microglial cells
and linked to neuronal injuries during the progression of CNS
diseases [59]. Thus, we examined the role of these compounds on
LPS-induced IL-6, TNF-α, and IL-1β expression in activated
microglial cells. As shown in Fig. 5c–e, all four compounds could
significantly decrease the mRNA expression of these cytokines.
The results demonstrated that small-molecule inhibitors of MIF
tautomerase activity could markedly decrease LPS-induced
microglial inflammatory activation.
DARTS is a technology for identifying and validating the protein

targets of small molecules. This methodology relies on the fact
that the binding of small molecules may stabilize the target
protein against proteolysis [35]. We verified compound-MIF
interactions using DARTS. The results showed that compounds
5, 9, 11, and 12 markedly blocked the degradation of MIF protein
(Fig. 6a). To further elucidate whether the anti-inflammatory
effects of compounds 5, 9, 11, and 12 are dependent on MIF
expression, we next examined the effects of these four

Fig. 3 The 3D presentation of the interactions. MIF binding pockets for 5 (a), 9 (b), 11(c) and 12 (d).
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compounds in MIF knockdown BV-2 microglial cells. As shown in
Fig. 6b–d, consistent with previous results, LPS-induced iNOS
expression was significantly impaired in MIF knockdown BV-2
microglial cells. Furthermore, the inhibitory effects of compounds
on LPS-induced iNOS gene expression were abolished in MIF
knockdown BV-2 microglial cells, clearly demonstrating that the
anti-inflammatory effects of compounds 5, 9, 11, and 12 were
dependent on MIF.
Since compound 11 exhibited the most bioactivity, we focused on

this compound in the following experiments. First, we analyzed the
competitive type of compound 11 and determined the inhibition
constant. The Lineweaver–Burk plots of the dose–response curves
showed that compound 11was a competitive inhibitor, and the value
of the inhibition constant (Ki) was 7.949 ± 0.8378 μM (Fig. 7a, b).
It is well-known that MIF itself can override the anti-

inflammatory properties of glucocorticoids [31]. Therefore, we
determined whether compound 11 could inhibit the immunor-
egulatory effects of MIF on primary microglial cells. As expected,
recombinant MIF abrogated the inhibitory effect of dexametha-
sone on the production of NO and IL-6 in LPS-activated primary
microglial cells, and compound 11 significantly inhibited the
counter-regulation of MIF on glucocorticoid-mediated immuno-
suppression in a dose-dependent manner (Fig. 7c, d).
Next, BV-2 microglial cells were used to test the anti-

inflammatory effect of compound 11. A dose–response analysis
of compound 11 on NO release was performed in LPS-
stimulated BV-2 microglial cells (Fig. 8a, b). The results
demonstrated that compound 11 markedly decreased LPS-
induced NO production in BV-2 microglial cells in a dose-
dependent manner. In addition, compound 11 also dose-
dependently decreased iNOS, COX-2, TNF-α, IL-6, and IL-1β
mRNA and protein levels (Fig. 8c–k) in LPS-activated BV-2
microglial cells. Overactivated microglia can also produce ROS,
which is related to neuroinflammation and neurodegeneration.
Thus, we evaluated the effect of compound 11 on ROS
generation in LPS-primed BV-2 microglial cells. Similar to the
above results, compound 11 (25 μM) significantly impaired
intracellular ROS production in LPS-stimulated BV-2 microglial
cells (Fig. 8l). These data further confirmed that compound 11

Fig. 4 Effects of the compounds on the production of NO, cell
viability, protein levels of iNOS, and COX-2 in LPS-primed BV-2
microglial cells. Cells were exposed to the compounds (50 μM) for
30min prior to LPS (0.2 µg/mL) stimulation for 24 h. a The release of
NO in cell culture medium was evaluated by Griess reagent. b Cell
viability was measured using an MTT reagent. c The expression of
iNOS and COX-2 at the protein level was examined by Western
blotting. The expression of α-tubulin was used as an internal control.
**P < 0.01, ***P < 0.001 compared to the LPS-alone group.

Fig. 5 Effects of compounds 5, 9, 11, and 12 on the production of NO and the mRNA expression of pro-inflammatory factors in glial cells.
Cells were pretreated with 25 μM compounds 5, 9, 11, and 12 for 30min prior to LPS or LPS+ INF-γ stimulation. a, b After 24 h of LPS (0.2 µg/
mL) or LPS+INF-γ (50 U) stimulation, the levels of NO in the supernatants of primary microglial cells (a) and primary astrocytes (b) were
determined by Griess reagent. c–e RT-qPCR analysis of TNF-α (c), IL-1β (d), and IL-6 (e) mRNA levels after LPS stimulation for 6 h. *P < 0.05,
**P < 0.01, ***P < 0.001 compared to the LPS-alone group.
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Fig. 6 The anti-inflammatory effects of MIF tautomerase inhibitors were dependent on MIF expression. a Lysates of BV-2 microglial cells
were collected by M-PER lysis and incubated with compounds 5, 9, 11, and 12 (50 μM) for 1 h. Then, pronase E was added and incubated for
15min, and each reaction was stopped by the addition of a protease inhibitor cocktail. The protein level of MIF was determined by Western
blotting. b–d BV-2 microglial cells were treated with MIF siRNA or scrambled siRNA (NC) for 36–48 h and then primed with LPS (0.2 µg/mL)
with or without compounds 5, 9, 11, and 12 (50 μM) for 6 h. mRNA expression of MIF (b) and iNOS (c, d) was examined by RT-qPCR.
***P < 0.001 compared to the LPS-alone group.

Fig. 7 Competitive inhibition pattern and the inhibition of MIF-mediated abrogation of glucocorticoid activity by compound 11. a, b Nonlinear
regression analysis and Lineweaver−Burk plot showing the inhibitory constant (Ki) and type of inhibition. c, d Primary microglial cells were
pretreated for 30min with dexamethasone (DEX; 0.1 μM) and recombinant MIF (0.25 μM) in the presence or absence of the compounds (5-50 μM)
prior to LPS (0.2 μg/mL) stimulation. At 24 h after LPS stimulation, the levels of NO in the supernatants were measured using Griess reagents (c),
and the levels of IL-6 were measured using ELISA (d). *P < 0.05, ***P < 0.001 compared with the LPS + DEX + MIF group.
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induced a strong anti-inflammatory effect on activated micro-
glial cells.
The transcription factor NF-κB mediates certain cellular signal

transduction pathways that contribute to the production of pro-
inflammatory cytokines, including COX-2, iNOS, IL-6, IL-1β, and
TNF-α. Inflammatory stimuli such as LPS can induce IKKβ

activation, phosphorylation of the p65 subunit of NF-κB and IκBα
degradation, ultimately resulting in nuclear translocation of p65
[60]. We explored the effects of compound 11 on NF-κB signals in
LPS-primed BV-2 microglial cells. As shown in Fig. 9a, b,
compound 11 significantly suppressed LPS-induced p65 phos-
phorylation, IκBα degradation, and the nuclear translocation of

Fig. 8 Effects of compound 11 on the generation of pro-inflammatory factors in LPS-primed BV-2 microglial cells. Cells were pretreated
with compound 11 (1–50 μM) for 0.5 h prior to LPS (0.2 µg/mL) stimulation. a, b After 24 h of LPS stimulation, NO levels were evaluated by
Griess reagent (a), and cell viability was determined by MTT assays (b). c, d The production of IL-6 (c) and TNF-α (d) in supernatants after LPS
stimulation for 24 h was evaluated by ELISA. e–j The mRNA expression of iNOS, COX-2, TNF-α, IL-6, IL-1β, and MIF after LPS treatment for 6 h
was assessed by RT-qPCR. k Western blot analysis of iNOS, COX-2, MIF, and α-tubulin protein expression in lysates of LPS-primed BV-2
microglial cells at 16 h (k, left). The expression of α-tubulin was used as an internal control, and the relative expression of MIF, iNOS, and COX-2
was quantified by densitometric analysis (k, right). l After 16 h of LPS stimulation, the production of intracellular ROS was measured by flow
cytometry. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the LPS-alone group.
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p65 in BV-2 microglial cells. Further results from the immuno-
fluorescence assay revealed that p65 translocated into the nucleus
after LPS stimulation for ~60min, and this effect was significantly
inhibited by compound 11 pretreatment (Fig. 9c). The MAPKs
signaling cascade is also thought to regulate the expression of
pro-inflammatory factors in activated microglial cells [61]. The role
of compound 11 in the activation of MAPKs was assessed by
Western blot analysis. Compound 11 inhibited LPS-induced
phosphorylation of the MAPKs p38, JNK, and ERK (Fig. 9d). These
results indicated that the anti-inflammatory effects of compound
11 were achieved by inhibiting the activation of NF-κB and MAPKs
signaling in LPS-primed BV-2 microglial cells.
Overactivated microglia can produce many inflammatory cyto-

kines that trigger neuronal damage or amplify neurodegeneration
[62]. Indeed, anti-inflammatory compounds, which inhibit microglial
activation, have been suggested to exert a neuroprotective effect
in vitro and in vivo [63, 64]. To examine the potential
neuroprotective effect of compound 11 in vitro, we used a
microglial conditioned media/neuron co-culture system. As shown
in Fig. 10, the addition of CM from LPS-primed BV-2 microglial cells
decreased HT-22 neuroblastoma cell viability, and compound 11
(25 μM) markedly attenuated the decrease in the viability of HT-22
neuroblastoma cells. Although these co-culture systems cannot
completely mimic the condition of neurodegenerative diseases,
they partially reflect the neuroinflammatory microenvironments in

which activated microglia induce surrounding neuronal cell death
by producing neurotoxic factors. These results indicate that
compound 11 may be neuroprotective by suppressing microglial
pro-inflammatory activation.

CONCLUSION
In this study, an integrated virtual screening strategy was used to
identify novel MIF inhibitors. Tautomerase activity experiments
confirmed that 12 molecules had stronger inhibitory activity than
ISO-1, including 9 hits with IC50 values below 10 μM. Their
bioactivities were measured by assessing the production of NO in
LPS-activated BV-2 microglial cells. Among them, compounds 5, 9,
11, and 12 significantly inhibited NO production without inducing
cytotoxicity at a dose of 50 μM. These compounds, especially
compound 11, the most potent compound, also markedly
decreased LPS-induced the production of pro-inflammatory
cytokines, including IL-6, TNF-α, iNOS, COX-2, and IL-1β in
microglia cells. The strong anti-inflammatory effects of these
compounds were abolished when MIF was knocked down by
siRNA. Moreover, the anti-inflammatory effect of compound 11 in
LPS-activated microglial cells was linked to the suppression of the
activation of NF-κB and MAPKs pathways. Additionally, compound
11 attenuated the neurotoxicity of microglial CM towards HT-22
neuroblastoma cells. These results indicate that MIF may be

Fig. 9 Compound 11 inhibits LPS-induced BV-2 microglial cells activation via NF-κB and MAPK signaling. BV-2 microglial cells were primed
with compound 11 (25 μM) for 30min before LPS stimulation. a Western blot analysis of phospho-p65, p65, IκBα, and α-tubulin protein levels
in LPS-primed BV-2 microglial cells at 20 min (a, left). The relative expression of phospho-p65 and IκBα was quantified by densitometric
analysis (a, right). b Western blot analysis of p65 and Histone H2B in the nuclear fraction and Western blot analysis of p65 and GAPDH in the
cytoplasm of LPS-primed BV-2 microglial cells at 1 h (b, left). Histone H2B and GAPDH were used as internal controls. The relative expression of
p65 in the nucleus and cytoplasm was quantified by densitometric analysis (b, right). c After 1 h of LPS stimulation, NF-κB p65 subunit
localization was visualized by immunofluorescence analysis, and all cell nuclei were counterstained with Hoechst. The scale bar represents 10
μm (c, left). The ratio of cells with p65 nuclear translocation was calculated by counting at least 100 cells in a coverslip (c, right). dWestern blot
analysis of MAPKs (p38, JNK, ERK) in the lysates of LPS-primed BV-2 microglial cells at 1 h (d, left). Total p38, JNK, and ERK were used as internal
controls, and the relative phosphorylation level of p38, JNK, and ERK was quantified by densitometric analysis (d, right). **P < 0.01, ***P < 0.001
compared with the LPS-alone group.
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involved in the regulation of neuroinflammatory responses and
that small-molecule MIF inhibitors may serve as promising
therapeutic agents for neuroinflammatory diseases.
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