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ABSTRACT: Tumor necrosis factor o (TNF-a) is an important therapeutic target for rheumatoid
arthritis, inflammatory bowel disease and septic hepatitis. In this study, structure-based virtual
ligand screening combined with in vitro and in vivo assays was applied. A lead compound,
benpyrine, could directly bind to TNF-a and block TNF-a-trigged signaling activation.
Furthermore, endotoxemia murine model showed that benpyrine could attenuate TNF-a-induced
inflammation, thereby reducing liver and lung injury. Meanwhile, administration of benpyrine by
gavage significantly relieved the symptoms of collagen-induced arthritis and imiquimod-induced
psoriasiform inflammation in mice. Thus, our study discovered a novel, highly specific and
orally active small molecule TNF-a inhibitor that is potentially useful for treating TNF-a

mediated inflammatory and autoimmune disease.
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m INTRODUCTION

Tumor necrosis factor o (TNF-a)), which is mainly secreted by active macrophages
and monocytes, is a pleiotropic cytokine that plays crucial roles in immune functions,
including inflammation, antitumor responses, and infections.! An elevated serum level
of TNF-a is associated with tumorigenesis, diabetes, and particularly autoimmune
disorders, such as rheumatoid arthritis (RA), psoriatic arthritis, multiple sclerosis, and
Crohn’s disease.>? Therefore, direct inhibition of TNF-o has become a major
therapeutic approach for the treatment of these diseases. The well-known commercial
monoclonal antibodies adalimumab and infliximab, and the fusion protein etanercept
have been proven to directly bind to TNF-a, further preventing its interaction with the
tumor necrosis factor receptor (TNFR).> # To date, these biomacromolecular agents
have shown excellent therapeutic effects and high specificity for the treatment of
autoimmune diseases.” However, several severe limitations, such as poor stability,
cost-ineffective commercial-scale production, and serious side effects, have also

emerged, prompting the demand for novel small molecule TNF-a inhibitors.¢

To date, several selective small molecule antagonists of TNF-o have been
identified, most of which engender the inhibitory effects by targeting key molecules
of the intracellular TNF-a pathway, inhibiting TNF-a converting enzyme (TACE) or
down-regulating the expression of TNF-a.” Although progress has been made in
developing small molecules that are capable of directly disrupting TNF-a and TNFR
interactions, this area of research remains a huge challenge. To our knowledge, some

small molecules that directly antagonize TNF-o, such as the polysulfonated
3
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naphthylurea suramin analogues and the indole-linked chromone derivative SPD304,
often show low potency, poor selectivity, and tend to cause adverse side effects,
making them unsuitable for anti-TNF-a therapies.?-! Furthermore, SPD304, which
contains a toxic 3-alkylindole moiety, is metabolized by cytochrome P450 enzymes
through a dehydrogenation pathway similar to that of the potent pneumotoxin
3-methylindole, producing reactive electrophilic iminium materials that could react

with protein and DNA targets.!!

Thus, additional efforts to identify effective and highly specific TNF-a inhibitors
with relatively lower toxicity are urgently demanded.!>'# In the present study, a novel
small molecule inhibitor targeting TNF-a was identified using a structure-based

virtual screening method in combination with in vitro and in vivo activity assays.

m RESULTS AND DISCUSSION

Structure-based virtual ligand screen for TNF-a inhibitors. In this study, the
X-ray co-crystal structure of a TNF-a dimer with SPD304 (PDB code: 2AZ5) was
used as the model to screen 6 million drug-like compounds from the ZINC database in
silico. The top seven highest scoring compounds (1-7) were selected from the initial
high-throughput virtual screening campaign. Subsequently, we applied these
compounds at concentrations of 1 and 10 pM in the initial tests to examine their
ability to inhibit TNF-a-induced cytotoxicity in L929 cell line. Compound 7,
(S)-4-((9H-purin-6-yl)amino)-1-benzylpyrrolidin-2-one, ~which was designated

benpyrine, exhibited dose-dependent inhibitory effects that were consistent with the
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screening result. Therefore, this compound was selected for further characterization

and functional validation in vitro and in vivo.

Benpyrine directly binds to TNF-a. The microscale thermophoresis (MST)
method was utilized to assess the ability of these compounds binding to TNF-a and to
further validate the results of the molecular docking simulations.!> !¢ Encouragingly,
the Kp value of benpyrine (82.1 + 5.0 uM) was even smaller than that of SPD304
(91.7 £ 6.3 uM). In comparison, no statistically significant binding was detected when
TNF-a was treated with compounds 1-6 (Table S1 and Figure S1 in SI ). Based on
these data, benpyrine and SPD304 displayed relatively stronger binding affinity to
TNF-a. Another MST assay was performed to further determine whether the direct
binding between benpyrine and TNF-a was related to the interaction between TNF-a
and TNFRI1 or not. Briefly, after incubation with 10 uM benpyrine for 30 min, the Ky,
value of TNF-a-TNFR1 binding was increased approximately 18-fold (from 0.23 uM
to 4.26 uM) comparing with the interaction in the absence of benpyrine. In addition,
the Kp value was further increased to 19.63 puM after the addition of 100 uM
benpyrine (Figure 2A-2D). All these results confirmed the specific binding of
benpyrine to TNF-a, and partially confirmed that benpyrine suppressed the binding of
TNF-a to TNFR1. Meanwhile, the ELISA assay further revealed that benpyrine
tightly bound to TNF-a and blocked its interaction with TNFR1, with an ICs, value of
0.109 uM (Figure 2E). A drug affinity responsive target stability (DARTS) assay and
protein thermal shift (PTS) assay were performed using published methods to further

validate the targeting of TNF-a by benpyrine.!”- 18 As shown in Figure 2F, most of the

5
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TNF-o was degraded within 30 min after the pronase treatment, whereas the
degradation of TNF-o in benpyrine-treated samples was decreased in a
dose-dependent manner. And in Figure 2G, benpyrine increased the thermal stability
of TNF-a protein from tolerated temperature of 90 °C to 94 °C. Thus, benpyrine

inhibits TNF-a activity by directly binding to the protein.

Analysis of the binding mode. The binding pocket of the TNF-a dimer is
relatively large and featureless, lacking clearly defined binding crevices.!” The
binding site is mostly hydrophobic, consisting primarily of glycine, leucine,
isoleucine and tyrosine residues. Based on the generated docking model, as expected,
the binding of benpyrine to TNF-a was a relatively hydrophobic interaction driven by
the shape to prevent the binding of the third subunit, which forms the biologically
active trimer complex. As shown in Figure 2H and 2I, benpyrine adopted a
clamp-shaped conformation and formed several hydrophobic interactions with Leu57,
Tyr59, Tyrl19, Glyl21 and Tyrl51 from both TNF-o monomers. No predicted

hydrogen bonding interactions were observed.

According to the predicted binding sites for benpyrine in TNF-a, several
site-directed mutations, including L37A, Y*°A, and Y'!°A, were introduced. The MST
assay revealed a weaker binding affinity of benpyrine for the L°7A and Y>°A mutants
than wild type TNF-a, while no obvious changes in the binding affinity for the Y'!°A
mutant were observed. The efficacy and specificity of benpyrine-mediated inhibition
of TNF-o mutant-induced L929 cells death was further determined. As shown in

Figure 3A-3C, all TNF-a mutants significantly induced L929 cell death, with ICs
6
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values ranging from 3.21 to 6.36 ng/mL in combination with 1 pug/mL actinomycin D.
However, benpyrine only blocked cell death induced by TNF-a™T and Y!'?A and,
increased the cell survival rate up to 80%. Meanwhile, benpyrine did not obviously
affect LA~ and Y>°L-induced cytotoxicity in L929 cells. Thus, Leu’’ and Phe*® are
the key amino acids required for the binding of benpyrine, consistent with the docking

prediction.

Benpyrine blocks TNF-o-induced signaling pathways. TNF-o-induced
inflammatory process is under the control of several sequences in gene promoters.2°
In particular, the stimulation of the nuclear factor kappa-B (NF-kB) transcription
factor has attracted increasing attentions. NF-kB has recently been shown to induce
the expression of a variety of antiapoptotic factors, which are important for regulating
the TNFR1-mediated activation of apoptotic mechanisms.?! In the present study, we
investigated the effects of benpyrine on the activation of the NF-kB pathway in
RAW264.7 macrophages. After an incubation with different concentrations of
benpyrine for 12 h, TNF-a (10 ng/mL) or lipopolysaccharide (LPS, 1 pg/mL) was
added and incubated for another 2 h. Protein lysates were subjected to western
blotting with anti-IkBa and p-IkBa antibodies. In the absence of benpyrine, TNF-a
and LPS induced the phosphorylation of inhibitor of NF-«B a (IkBa). Encouragingly,
a pretreatment with benpyrine resulted in a dose-dependent decrease in the
phosphorylation of IkBa (Figure 3D and 3E). These observations were also consistent
with the result of the microscopy analysis shown in Figure 3F. In this experiment, the

addition of benpyrine abolished the TNF-a-induced nuclear translocation of

7
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NF-kB/p65 in RAW264.7 cells. Furthermore, benpyrine exhibited low cytotoxicity
toward RAW264.7 cells (ICso > 100 uM), indicating that benpyrine represents a

potentially hypotoxic TNF-a inhibitor.

Benpyrine inhibits the LPS-induced production of inflammatory cytokines
in vivo. LPS causes a systemic inflammatory response and acute tissue injury when
injected into mice as an endotoxin.??> Here, the effect of benpyrine on LPS-triggered
inflammatory responses was examined in vivo. Mice were preinjected with the vehicle
or benpyrine, followed by the administration of normal saline (NS) or LPS (1.5
mg/kg). As shown in Figure 4, serum levels of inflammatory cytokines, including
IL-6 and IL-1P, were substantially increased in mice treated with LPS compared with
the control group, while the increased levels of these cytokines was substantially

attenuated by pretreating mice with different concentrations of benpyrine.

The anti-TNF-a effects of benpyrine on an animal model of megadose
endotoxemia were further studied. The benpyrine pretreatment (25 mg/kg)
significantly increased the survival rate compared with the non-treated control group.
According to the histopathology, the benpyrine treatment significantly reduced the
liver and lung damage and emergence of hemorrhagic necrosis caused by the LPS
treatment. Based on these results, benpyrine has great potential to serve as an

anti-inflammatory agent.
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Therapeutic effects of benpyrine on mice with type II collagen-induced
arthritis (CIA). Rheumatoid arthritis (RA) is the most common chronic
inflammatory autoimmune disorder affecting the synovial joints, with approximately
1% of the global population suffering from this disorder.?* ?* Inflammatory cytokines
such as TNF-a, interleukin (IL)-6, IL-1 and IL-17 play important roles in RA
pathogenesis, while an anti-TNF-a treatment effectively slows disease progression
among the various anti-rheumatic methods.>> 2¢ CIA is an autoimmune model
manifesting common immunological and pathological features associated with human
RA, including synovial hyperplasia, cartilage destruction, and immune hyperfunction.
In the present study, the benpyrine treatment significantly decreased the arthritic score
and spleen index of CIA mice compared with the untreated group (Figure 5A and 5B).
The regulation of inflammatory mediators was speculated to be important in the
pathogenesis and therapy of RA. Therefore, serum levels of IFN-y, IL-1p IL-6, and
IL-10 were measured using ELISA analysis. As shown in Figure 5C-F, serum levels
of these cytokines were much higher in the non-treated CIA mice, suggesting the
induction of an obvious inflammatory response in the model group. Benpyrine
dose-dependently decreased the levels of proinflammatory cytokines, such as IFN-y,
IL-1B and IL-6, and increased the concentration of the anti-inflammatory cytokine

IL-10.

The effects of benpyrine on the joints of rats were determined by performing
histochemical staining with H&E. As shown in Figure 5G, a normal joint histology

was observed in the control group. The ankle and toe joints of mice in the CIA group

9
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showed significant histopathological changes related to severe arthritis, including
notable synovial hyperplasia, partial bone and cartilage destruction, inflammatory cell
infiltration into the synovium, and narrowing of the joint space. In contrast, benpyrine
and prednisone (Pro, 5 mg/kg) significantly ameliorated the degree of cartilage and

bone destruction and inflammation compared with the CIA group.

Therapeutic effects of benpyrine on imiquimod-induced psoriasiform
inflammation in mice. Psoriasis is a chronic inflammatory skin disease affecting
2-3% of the global population.?’> 28 Despite the extensive studies, the detailed
mechanism underlying the pathogenesis of psoriasis remains to be elucidated.
Initially, psoriasis was described as a disease involving the excessive proliferation of
keratinocytes that subsequently triggered inflammation. Several neutralizing anti-TNF
agents, such as etanercept and infliximab, have been successfully applied to treat
psoriasis.?’> 3 Indeed, the amelioration achieved with TNF antagonists confirms that

TNF-a is a pivotal proinflammatory mediator in psoriatic lesions.

The mouse model of imiquimod-induced psoriasiform inflammation (IPI) was
employed to evaluate the effects of benpyrine on psoriasis. Compared to the psoriatic
mouse models using a skin xenograft, gene knockout, or gene mutation, this model
represents a better tool for the investigation of the pathogenesis and therapeutic agents
of psoriasis because it can be elicited in a more natural immune state.3! The mice in
the model group displayed erythema, scales, and incrassation on their back skin
beginning on day 2, and these symptoms were most visible on day 5. After treatment

with benpyrine, differences in the skin were observed between all groups. Compared
10
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to the IPI model mice, the benpyrine treatment inhibited inflammation throughout the
period of imiquimod exposure and significantly decreased the adjusted scale scores
consisting of erythema, epidermal acanthosis, and the thickness of the lesions (Figure
6A-B). The benpyrine treatment also reduced the spleen index, which was distinctly
increased after the imiquimod application (Figure 6C). Proinflammatory cytokines,
such as IL-1pB, IL-17F, IL-22, IL-6, efc., are crucially involved in psoriatic skin
inflammation. The serum levels of the proinflammatory cytokines IL-18 and IL-6
were further examined to obtain additional insights into the therapeutic effects of
benpyrine. As revealed by the ELISAs, the levels of IL-1f and IL-6 were significantly
increased in the IPI mice, while benpyrine dose-dependently decreased this increase
in the IL-1P and IL-6 levels after 7 days of treatment. Its efficacy was comparable to
prednisone at 5 mg/kg (Figure 6D-E). Additionally, histopathological changes
induced by the benpyrine group were obviously ameliorated compared to IPI mice

(Figure 6F).

m CONCLUSIONS

TNF-a is mainly secreted by active monocytes or macrophages and is a well-known
pleiotropic cytokine with crucial roles in the host immune system. Over-expression of
TNF-a is a hallmark of many inflammatory diseases, including rheumatoid arthritis,
psoriasis, inflammatory bowel disease and septic shock, making it an excellent
therapeutic target for clinical interventions.??-3* Significant advances have been made
in the development of biological agents targeting TNF-a and its signaling components.

Several well-known commercial TNF-a inhibitors, such as infliximab, adalimumab
11

ACS Paragon Plus Environment


javascript:;

oNOYTULT D WN =

Journal of Medicinal Chemistry

and etanercept, are TNF-a antibodies or TNFR1-Fc chimeras.?> 3¢ The anti-TNF-o
drugs specifically bind to the TNF-a protein, thus preventing it from binding to the
receptors, TNFR1 and TNFR2.37 To date, those biomacromolecular agents have been
proven to be effective treatments for inflammatory bowel disease and rheumatoid
arthritis due to their high specificity. According to an industry analysis, TNF-a
antibodies account for over 30 billion dollars of the global antibody market. However,
several severe limitations, including poor stability, cost-ineffective commercial-scale
production, and exclusion by the blood/brain barrier, have also emerged. Instead,
small molecule compounds have been appreciated as appropriate alternatives for
overcoming most disadvantages associated with macromolecular inhibitors.
Furthermore, they offer additional clinical benefits, such as a simpler preparation for

oral medicine.3% 39

To date, several selective small molecule antagonists of TNF-o activity have
been identified. However, none of these small molecule inhibitors have been reported
to reduce TNFa-induced inflammatory responses in vivo with high efficiency and low
toxicity. In this study, we applied the virtual screening technique to discover small
molecule antagonists of TNF-o, enabling us to identify the lead compound benpyrine

that potently inhibits TNF-a-induced cytotoxicity.

The formation of a trimer of TNF-a is a requirement for its binding to two
receptors, TNFR1 (also called CD120a) and TNFR2 (also called CD120b). The
engagement of TNF-a with TNFR1 and TNFR2 initiates signaling cascades that result

in inflammatory responses and control apoptosis. In this study, we took advantage of
12
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the crystal structure of the TNFo/SPD304 complex and utilized it as the basis for the
virtual ligand screening. The molecular docking simulations suggested that benpyrine
formed the key hydrophobic interactions with Leu57 and Phe59, which blocked the
formation of the TNF-a trimer. This prediction was further confirmed by studying
mutant proteins. The L3’A and Y>°L mutations markedly attenuated the protective
effects of benpyrine on the death of L929 cells induced by these mutants. Additionally,
benpyrine displayed the decreased binding affinities for these mutants in the MST
assay. Meanwhile, benpyrine significantly inhibited TNF-o- and LPS-induced
phosphorylation of IkBa and abolished the TNF-a induced nuclear translocation of
p65 in RAW264.7 cells. Taken together, these results establish the function of

benpyrine as a potent TNF-a inhibitor.

In addition to its efficacy in vitro, benpyrine significantly attenuated
TNF-a-induced inflammation in vivo, and thus shows promise as a potential
therapeutic agent for TNF-o-mediated inflammatory diseases. In the mouse model of
LPS-induced endotoxemia, benpyrine remarkably decreased the death rate of mice.
Furthermore, benpyrine also exerted therapeutic effects on collagen-induced arthritis
and imiquimod-induced psoriasiform inflammation in mouse models. Benpyrine
showed superior therapeutic effects and obviously decreased the scale scores of
illnesses consisting of inflammatory and hyperactive immune reactions. Moreover,
the acute toxicity test confirmed the lack of toxicity of benpyrine at the dose of 2000

mg/kg (by gavage), thus validating its safety. Benpyrine is an effective small

13
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molecule inhibitor of TNF-o that could be potentially useful as a therapeutic

intervention for various inflammatory diseases.

m EXPERIMENTAL SECTION

Reagents. The compound collection, including compounds 1-7, was obtained
from AnalytiCon Discovery (Molport, Latvia). The ZINC database
(http://zinc.docking.org/) is publicly available and can be accessed free of charge.
SPD304, LPS, and prednisone were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The TNF-a cDNA was synthesized by GENEWIZ (Suzhou, China). TNFR-1
was obtained from Prospec (Rehovot, Israel). Mouse monoclonal antibodies against
IkBa, p-IkBa, and NF-kB/p65 were provided by Cell Signaling Technology (Boston,
MA, USA). The L929 and RAW264.7 cell lines were purchased from Boster
Bioengineering Company (Wuhan, China). For the further animal experimrnts, more
compound 7 was total systhesis as described in Scheme S1 of SI. Purity of compound
7 was determined to be higher than 95% by HPLC analysis which was performed on
Daicel CHIRALCEL IC column (250 mm X 10 mm, 5 um) and method as: MeCN :
H,0 = 30 : 70 by 20 min of isocratic hold, a flow rate of 2.0 mL/min, and plotted at

254 nm;

Animals. Balb/c mice (18-20 g) were purchased from the Laboratory Animal
Center of Tongji Medical College of Huazhong University of Science and
Technology (Wuhan, China). All animals were acclimated for 7 days before being

used in the experiment. Mice were housed under pathogen-free conditions at

14
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temperature of 22 + 2 °C, humidity of 55 + 5%, and a 12-h light/dark cycle. They had
free access to water and food under standard specific pathogen-free (SPF) conditions
throughout the study. All animal experiments were carried out in accordance with
protocols approved by the Institutional Animal Care and Use Committee at the Tongji
Medical College of Huazhong University of Science and Technology (NO.

2019-S972).

Virtual screening and molecular docking simulations. Lead-like compound
libraries from the ZINC database containing over 600,000 compounds were screened
in silico. Molecular docking was performed using the ICM-Pro 3.8.2 program
(MolSoftLLC, San Diego, CA).** According to the internal coordinate mechanics
(ICM) method, the molecular system is based on the internal coordinates (IC)
representation of molecular objects that naturally reflects the covalent bond geometry
of molecules. For structure predictions and large-scale conformational sampling, ICM
employs a family of new global energy optimization techniques, including biased
probability Monte Carlo simulations, a pseudo-Brownian docking algorithm?® and

local deformation loop movements.

The initial model of TNF-a was built from the X-ray co-crystal structure of the
TNF-a dimer with SPD304 (PDB code: 2AZ5) using a previously reported procedure.
Hydrogens and missing heavy atoms were added to the receptor structure, followed
by local minimization by using the conjugate gradient algorithm and analytical
derivatives in the internal coordinates. In the docking analysis, the binding site was

assigned across the entire structure of the protein dimer. ICM docking was performed
15
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to identify the most favorable orientation. The resulting trajectories of the complex
between the small molecules and TNF-a dimer were energy minimized, and the
interaction energies, which are expressed in kJ/mol, were computed. As a reference,
the molecular docking of the well-known TNF-a inhibitor SPD304 showed a score of

-32.9.

Expression and purification of recombinant wild type and mutant TNF-a.
The gene encoding TNF-a was cloned into the pET-28a vector (Novagen). After
verifying the sequence, the recombinant plasmid was transformed into E. coli BL21
(DE3) (Invitrogen) cells that were grown in LB medium at 37 °C to an OD600
(0.8-1.0), and expression was induced with 0.4 mM
isopropyl-D-thiogalactopyranoside (IPTG) at 20 °C for 16 h. Bacterial cells were
collected and lysed by ultrasonication on ice in a buffer containing 20 mM Tris, pH
8.5, 200 mM NaCl, 5 mM mercaptoethanol, 0.1% TritonX-100, and 5% glycerol.
Soluble C-terminally hexa-histidine-tagged TNF-o was bound to Ni-agarose affinity
resin (Qiagen), washed with a buffer containing 20 mM Tris, pH 8.5, 200 mM NacCl,
and 10 mM imidazole, and eluted with a buffer containing 20 mM Tris, pH 8.5, 250
mM NacCl, and 150 mM imidazole. Thrombin (Roche) was added to the eluate at a
concentration of one unit per 4 mg of protein, which was then dialyzed against 20 mM
Tris, pH 8.5, and 100 mM NaCl at room temperature for overnight digestion. The
protein was further purified with anion exchange chromatography using a linear
gradient of 10 mM to 1 M NacCl and size exclusion chromatography in 20 mM Tris,

pH 8.5, and 200 mM NacCl.

16
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Analysis of the direct binding of compounds 1-7 to TNF-a with MST. TNF-a
was labeled with the Monolith NT™ Protein Labeling Kit RED (Cat#L001) according
to manufacturer’s labeling protocol. Labeled TNF-a was maintained at a constant
concentration of 100 nM, while all tested samples were diluted in 20 mM HEPES (pH
7.5) containing 0.05% (v/v) Tween-20. Compounds were sequentially diluted
covering the range of appropriate concentrations. After a 10 min incubation at room
temperature, samples were loaded into Monolith™ standard-treated capillaries and the
thermophoresis was measured at 22 °C using 100% light-emitting diode (LED) and
20% MST power on a Monolith NT.115 instrument (NanoTemper Technologies,
Miinchen, Germany). The values of the dissociation constant K were fitted using the
Nanotemper Analysis software v.1.2.101. The TNFR1 protein was also labeled as
described above, and the binding of TNFR1 to TNF-a or benpyrine was also tested.
Furthermore, after 10 or 100 puM benpyrine was preincubated with various
concentrations of TNF-a at room temperature for 15 min, the mixture was added to an

equivalent volume of labeled TNFR1 to determine the Ky, value.

Determination of the inhibitory effect of benpyrine on the interaction
between TNFR1 and TNF-o using an ELISA. Microtiter plates were coated with
TNFR1 (2.5 pg/mL) in PBS overnight at 4 °C. The wells were washed three times
with PBS/0.05% Tween 20 (PBST), blocked with 200 puL. of PBST containing 1%
BSA for 60 min and washed as described above. Serial dilutions of benpyrine in 50
pL of PBS containing 2% DMSO were added to the wells, and the microtiter plates

were incubated with shaking for 20 min. TNF-a (0.01-10 pg/mL) in 50 pL of PBS

17
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was added to the wells and the plates were incubated for an additional 120 min. The
plates were washed as described above and incubated with the TNF-a antibody
(1:1000) in 100 pL of PBST containing 1% BSA for 120 min. The plates were
washed five times with PBST and incubated with a horseradish peroxide-conjugated
secondary antibody for 120 min. The plates were washed as described above,
incubated with 100 pL of the TMB solution, quenched with 100 uL of 2 N sulfuric

acid, and the absorbance was measured at A = 450 nm.

Evaluation of the cellular susceptibility to TNF-a proteins and neutralizing
bioactivity of benpyrine. Cytotoxicity toward 1929 cells was analyzed using
previously described methods, with some modifications. A confluent monolayer of
L929 cells was trypsinized and resuspended in RPMI-1640 at a density of 1x10°
cells/mL. One hundred microliters of suspended cells (2x10° cells/mL) were seeded in
each well of a 96-well tissue culture plate. The medium was discarded after an
overnight culture and replaced with RPMI-1640 containing various concentrations of
recombinant human TNF-o and 1 pg/mL actinomycin D. The CCKS8 assay was
conducted after 24 h of culture at 37 °C. The sensitivity of L929 cells to TNF-a was

analyzed using a similar procedure without actinomycin D exposure.

In this experiment, 2.0 ng/mL TNF-a was incubated with various concentrations
of benpyrine for 2 h at 37 °C in a 96-well plate prior to the addition of 5 x 10* L929
cells/mL to measure the ability of the selected compounds to neutralize the bioactivity
of human TNF-a in L929 cells. The assay mixture in a total volume of 100 puL was

incubated at 37 °C for 24 h. The inhibition rate of L929 proliferation was measured
18
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with a colorimetric assay using the CCK8 method. I1Cs, values were calculated

according to the Reed-Muench method.

Evaluation of the inhibitory effect of benpyrine on TNF-a-stimulated
activation of the NF-kB pathway. RAW264.7 cells (5x10* cells/mL) were cultured
overnight. Then, 5, 10 or 20 uM benpyrine was added and incubated for 12 h; 10
ng/mL TNF-a or 1 pg/mL LPS was added and incubated for another 2 h. Then, the
cellular proteins were extracted with RIPA lysis buffer (Beyotime, China). The
protein concentration was measured using the BCA assay (Beyotime, China). Equal
amounts of protein samples were separated by 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and then transferred onto PVDF membranes. After
blocking with 5% non-fat milk for 2 h at room temperature, the PVDF membranes
were incubated with the primary antibodies at 4 °C overnight and subsequently with
HRP-conjugated secondary antibodies at room temperature for 2 h. The protein bands
were detected using ECL reagents. Chemiluminescent signals were detected and

analyzed using the ChemiDoc XRS imaging system (Bio-Rad, USA).

RAW 264.7 cells were grown to 50-70% confluence in a glass chamber,
pretreated with DMSO or benpyrine for 12 h, and then stimulated with 10 ng/mL
TNF-a for 2 h. Cell treatments were terminated by washing the cells with PBS,
followed by fixation with freshly prepared 4% paraformaldehyde in PBS for 20 min.
The fixed cells were washed three times with PBS and then permeabilized with 0.25%
Triton X-100 in PBS for 10 min. After blocking with 2 mg/mL BSA for 1 h at room

temperature, we added the NF-kB/p65 antibody at a 1:1000 dilution at 4 °C overnight,
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washed three times with PBS, then incubated with a 1:500 dilution of the secondary
antibody for 1 h at room temperature in dark. Finally, DAPI was used to stain the
nuclei at 37 °C for 30 min in dark. Images of the cells were captured and analyzed

using a Nikon eclipse microscope.

Acute toxicity test. Acute toxicity was tested using a variation of the method
described in a previous study.*! After a 12 h fast, Balb/c mice (18-22 g) were treated
with a dose of benpyrine (2000 mg/kg) by gavage. Animals administered 1%
CMC-Na served as controls. The animals were observed continuously for 1 h to
monitor any gross behavioral changes and death, intermittently for the next 6 h, and

then again one week after dosing with benpyrine.

Analysis of LPS-induced changes in the levels of proinflammatory cytokines.
Cytokines were assessed by measuring serum concentrations. Male Balb/c mice aged
7-8 weeks were randomly assigned into four groups: the control, LPS and benpyrine
(25 or 50 mg/kg) groups. Mice treated with the compound were orally administered
benpyrine for 90 min, and then the mice (LPS group, benpyrine-treated group) were
intraperitoneally injected with LPS (1.5 mg/kg). Mice in those groups were
euthanized and their serum was separated from clotted blood at 4 h after the
administration of LPS. Serum was stored at -80 °C, and concentrations of the
cytokines IL-1p and IL-6 were measured with a sandwich ELISA using commercially
available reagents according to the manufacturer’s instructions (Wuhan Boster
Bio-Technology). Serum samples were obtained from at least six mice in each group

and analyzed in duplicate.
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Thirty mice were randomly divided into the following 3 groups (n=10 mice per
group) to further evaluate the effect of benpyrine on the survival of mice with
LPS-induced endotoxemia (15 mg/kg, i.p.): control (NS, i.p.), LPS (15 mg/kg, i.p.),
LPS + benpyrine (25 mg/kg, i.g.). Benpyrine (i.g.) was administrated 2 h before the
LPS injection. Saline or benpyrine was administrated 2 h before the injection of LPS
and at 12, 24, 48, 72 and 96 h after the injection of LPS. Survival was monitored daily
for up to 2 weeks. Liver and lung tissues were collected and fixed with 10% formalin,

and sections were stained with hematoxylin and eosin.

Induction of CIA and drug administration. Briefly, the normal group
consisting of 10 mice was randomly assigned before the experiment and did not
undergo immunization, while the model and treatment groups were immunized as
described below. Bovine type II collagen (Chondrex, USA) was dissolved in 0.1 M
acetic acid at a concentration of 2 mg/mL and stored at 4 °C overnight, and then it
was emulsified with an equal volume of Freund’s complete adjuvant (CFA) (Sigma,
USA) to a final concentration of 1 mg/mL. On the 1st day of the experiment, all mice
were intradermally injected with the CII emulsion at several sites at the base of the
tail, with a total volume of 0.1 mL per mouse, as the primary immunization. Two
weeks after the primary immunization (on the 14th day), the mice were challenged
again by injecting the same volume of the CII emulsion at the same location. The
mice in the benpyrine groups (i.g. 25, 50 mg/kg) and prednisone (Pro) group (i.g. 5

mg/kg) were administrated the drugs for 2 weeks.
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Assessment of arthritis severity in mice with collagen-induced arthritis.
Arthritis severity was assessed by determining the clinical arthritis grade in all four
paws of the mice with a triple blind test. The results were assessed according to a
previously described method. Briefly, the severity was scored as follows: 0, normal; 1,
mild, apparent swelling limited to individual digits; 2, moderate, redness and swelling
of the ankle; 3, redness and swelling in the paw and in the digits; and 4, maximally
inflamed leg with the involvement of multiple joints. The arthritis score for each
mouse was the sum of arthritis severity scores recorded in all four paws, with 16

points representing the highest score.

Measurement of the spleen index and detection of serum cytokine levels. At
the end of the experiment, all mice were sacrificed by cervical dislocation after serum
samples were collected. Their spleens were weighed immediately after dissection. The
spleen indexes were calculated using the following formula: Spleen Index = Spleen
weight / Body weight. The levels of IL-1p and IL-6 in serum samples were measured
using commercially available enzyme-linked immunosorbent assay (ELISA) kits

according to the standard protocol provided with the kit.

Analysis of histopathology. For the histological analysis of knee joints, the right
hind limbs of mice were removed postmortem, fixed with 4% paraformaldehyde for
24 h, decalcified with 12.5% ethylene diamine tetraacetic acid (EDTA, pH 7.0) for 30
days, embedded in paraffin, and then sectioned at a thickness of 6—8 um. Tissue
sections were stained with hematoxylin and eosin prior to observation with a light

microscope (Leica, DM2500, Germany). The infiltration of inflammatory cells,
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proliferation of synoviocytes, pannus formation, changes in the joint space, cartilage
hyperplasia and/or erosion, and bone destruction were blindly graded by a pathologist
who assigned scores ranging from 0 to 3 points based on the following criteria: 0, no

changes; 1, mild changes; 2, moderate changes; and 3, severe changes.

Imiquimod-induced psoriasis-like skin lesions and scoring of symptoms. Mice
were briefly sedated with isoflurane and an area of 5 cm % 4 cm of the back skin of
mice was shaved. Two days later, the mice in the control group were administrated a
topical treatment with a simple imiquimod base cream (i.e., vehicle), and the mice in
the benpyrine groups (i.g. 25, 50 mg/kg) and Pro group (i.g. 5 mg/kg) were
administrated the 5% imiquimod cream. Mice were scored daily based on a modified
psoriasis area and severity index scoring system, as described previously. Briefly,
erythema (redness of the skin) and scaling were scored in a blinded manner on a scale
ranging from 0 to 4 points to describe the severity of psoriasis: 0, none; 1, slight; 2,
moderate; 3, marked; and 4, very marked. Photos were taken daily to observe the
changes in the local skin. At the end-point of the experiment, all mice were
euthanized by cervical dislocation. Samples of blood, skin and spleen were collected
for future experiments. The skin samples from back lesions were collected in 10%
formalin and embedded in paraffin. For the histopathological examination, 3 pm
sections were stained with hematoxylin—eosin and observed under a light microscope
(Olympus, Tokyo, Japan). Serum were isolated after mice were euthanized. The

serum levels of IL-1p and IL-6 in mice were assayed using the ELISA kit as described
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above. All procedures were strictly performed according to the manufacturers’

instructions.

Statistical methods. Results are presented as means + standard deviations and
were analyzed using SPSS ver. 17.0 software. ANOVA followed by the
Student—Newman—Keuls or Wilcoxon rank sum test were utilized for the statistical

analyses. P < 0.05 was considered a statistically significant difference.
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Legends of Figures

Figure 1. Benpyrine is a novel and potent TNF-a inhibitor. (A) Chemical
structures of benpyrine and SPD304. (B) Inhibition of TNF-a-induced cell death. The
inhibitory effect was measured at different concentrations (1 and 10 uM). Survival
rates are reported as averages = SD. Each experiment was repeated three times. (C)
Morphology of 1929 cells after treatment with actinomycin D, actinomycin D with

TNF-a, and pretreatment with 1 or 10 uM benpyrine and 10 uM SPD304.
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Figure 2. Benpyrine inhibits the binding of TNF-a to TNFRI1. (A-D) The
interactions of benpyrine (A) or TNFR1 (B) with TNF-a were quantified using the
MST method. After an incubation with 10 (C) or 100 (D) uM benpyrine, the Kp
values of TNF-a with TNFR1 were significantly increased. (E) Benpyrine inhibited
TNFR1 binding to immobilized TNF-a. (F) Benpyrine protected the target protein
TNF-a from proteases. (G) Benpyrine protected the target protein TNF-o from high
temperatures. (H) Binding pose of benpyrine binding in the allosteric site of TNF-q,
The TNF-a model was generated based on the co-crystal structure of TNF-a  with
SPD304 (PDB ID: 2AZ5) and was portrayed as a cartoon. (I) Diagram showing the

interaction of the benpyrine ligand with TNF-a.

Figure 3. Benpyrine directly binds TNF-a and blocks the downstream
NF-kB-mediated inflammatory signaling. (A) The cytotoxicity of wild type and
mutant TNF-a proteins toward 1929 cells. (B) The protective effects of benpyrine on
the inflammation caused by different TNF-a proteins. (C) The binding of benpyrine to
different TNF-a proteins detected using the MST assay. (D-E) RAW264.7 cells were
preincubated with the indicated concentrations of benpyrine for 12 h prior to
stimulation with 10 ng/mL TNF- a or 1 ug/mL LPS. The cells were harvested after 2
h, and the total cell lysates were examined for the occurrence of IkBa phosphorylation
using western blot experiments. (F) NF-kB activation was detected by assessing its
nuclear translocation. RAW264.7 cells were treated with 10 ng/mL TNF-a in the

absence or presence of benpyrine for 2 h. Then, NF-kB/p65 nuclear translocation was
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investigated by staining cells with an anti-p65 subunit antibody (red) and DAPI

(blue).

Figure 4. The protective effects of benpyrine on mice with LPS-induced
endotoxemia. (A-B) Serum IL-6 and IL-1pB levels were examined at 24 h after the
LPS (1.5 mg/kg, i.p) injections in mice using ELISAs. (C) The effects of benpyrine on
the survival rate in mice with endotoxemia induced by LPS. (D) Images of H&E
staining in liver and lung sections from control, LPS (15 mg/kg, ip) and
benpyrine-treated mice. Less sinusoidal cell loss, tissue destruction and hemorrhaging
were observed after the benpyrine treatments. Data are presented as means = SD; # P
< 0.01 compared with samples from the normal group; * P < 0.05 and ** P < 0.01

compared with the LPS group (n = 10 mice per group).

Figure 5. Therapeutic effect of benpyrine on CIA mice. (A) Arthritis scores were
recorded for 7 weeks after the first collagen injection. Mice treated with benpyrine
exhibited a remarkable amelioration of the arthritis score. (B) Benpyrine decreased
the spleen index of CIA mice. (C-F) Effects of benpyrine on the serum levels of IFN-y,
IL-6, IL-1B, IL-17 and IL-10. (G) Effects of benpyrine on the histopathological
changes in the ankle joints of CIA mice. CIA mice treated with benpyrine (25, 50
mg/kg) and prednisone (5 mg/kg) showed less inflammatory cell infiltration, well
preserved joint spaces and minimal synovial hyperplasia. Data are presented as means
+ SD; # P < 0.01 compared with samples from the normal group; * P < 0.05 and ** P

<0.01 compared with the CIA group (n = 10 mice per group).
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Figure 6. The therapeutic effects of benpyrine on imiquimod-induced
psoriasiform inflammation in mice. (A) Representative images of
imiquimod-induced psoriasis-like lesions in mice treated with imiquimod or the
control cream for 6 consecutive days. (B) Clinical scores for scaling were assessed to
monitor disease severity. (C-E) The spleen index and relative levels of IL-1p and IL-6
in serum were measured using ELISAs. (F) Representative images of H&E-stained
back skin sections on day 7, magnification 200 x. Data are presented as means + SD; *
P <0.05 and # P < 0.01 compared with samples from the normal group; * P < 0.05

and ** P <0.01 compared with the CIA group (n = 10 mice per group).

Figure 1. Benpyrine is a novel and potent TNF-a inhibitor.
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Figure 3. Benpyrine directly binds TNF-a and blocks the downstream

NF-kB-mediated inflammatory signaling.
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Figure 4. The protective effects of benpyrine on mice with LPS-induced

endotoxemia.
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Figure 5. Therapeutic effect of benpyrine on CIA mice.
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Figure 6. The therapeutic effects of benpyrine

psoriasiform inflammation in mice.
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Figure 1. Benpyrine is a novel and potent TNF-a inhibitor. (A) Chemical structure of benpyrine and SPD304.
(B) Inhibition of TNF-a induced cell. The inhibition was measured in different concentrations (1 and 10 pM).
Survive rates were determined as average * SD. Each experiment has been repeated three times. (C)
Morphology of L929 cells after treated with actinomycin D, actinomycin D with TNF-a, pretreatment with 1
or 10 uM benpyrine and 10 uM SPD304.
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Figure 2. Benpyrine inhibits the binding of TNF-a to TNFR1. (A-D) The interactions of benpyrine (A) or
TNFR1 (B) with TNF-a were quantified using the MST method. After an incubation with 10 (C) or 100 (D) uM
benpyrine, the KD values of TNF-a with TNFR1 were significantly increased. (E) Benpyrine inhibited TNFR1
binding to immobilized TNF-a. (F) Benpyrine protected the target protein TNF-a from proteases. (G)
Benpyrine protected the target protein TNF-a from high temperatures. (H) Binding pose of benpyrine binding
in the allosteric site of TNF-a, The TNF-a model was generated based on the co-crystal structure of TNF-a
with SPD304 (PDB ID: 2AZ5) and was portrayed as a cartoon. (I) Diagram showing the interaction of the
benpyrine ligand with TNF-a.
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Figure 3. Benpyrine directly binded with TNF-a and blocked the downstream NF-kB inflammation signal. (A)
The cytotoxicity of wide type and mutant TNF-a proteins on L929 cells. (B) The protection effects of
benpyrine against different type of TNF-a proteins. (C) The binging abilities of benpyrine with different type
of TNF-a proteins detected with MST. (D-E) RAW264.7 cells were preincubated with the indicated
concentrations of benpyrine for 12 h before stimulation with 10 ng/mL TNF- a or 1 uyg/mL LPS. The cells
were harvested after 2 h, and the total cell lysates were tested via Western blot experiments for the
occurrence of IkBa phosphorylation. (F) NF-kB activation detected by nuclear translocation. RAW264.7 cells
were treated with 10 ng/mL TNF- a in the absence or presence of benpyrine for 2 h. Then, NF-kB/p65
nuclear translocation was investigated by staining with an anti-p65 subunit antibody (red) and DAPI (blue).
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Figure 4. The protective effects of benpyrine in LPS induced endotoxemic mice. (A-B) Serum IL-6 and IL-1B
levels were examined at 24 h though ELISA after LPS (1.5 mg/kg, i.p) induced in mice. (C) The effects of
benpyrine on endotoxemia survival rate in mice induced by LPS (15 mg/kg, i.p). (D) H&E staining of
sections from liver and lung in control, LPS (15 mg/kg, i.p) and benpyrine treated mice. Less sinusoidal cells
loss, tissue destruction and hemorrhage were observed after benpyrine treatments. Data are expressed as
means + SD; ## P < 0.01 compared with sample of normal group, * P < 0.05, ** P < 0.01 compared with
the LPS group (n = 10 in each group).
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Figure 5. Therapeutic effect of benpyrine on CIA mice. (A) Arthritis scores were recorded for 7 weeks after
35 the first collagen injection. Mice treated with benpyrine exhibited a remarkable amelioration of the arthritis
36 score. (B) Benpyrine decreased the spleen index of CIA mice. (C-F) Effects of benpyrine on the serum levels
37 of IFN-y, IL-6, IL-1B, IL-17 and IL-10. (G) Effects of benpyrine on the histopathological changes in the ankle
38 joints of CIA mice. CIA mice treated with benpyrine (25, 50 mg/kg) and prednisone (5 mg/kg) showed less
39 inflammatory cell infiltration, well preserved joint spaces and minimal synovial hyperplasia. Data are
presented as means + SD; ## P < 0.01 compared with samples from the normal group; * P < 0.05 and **
P < 0.01 compared with the CIA group (n = 10 mice per group).
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Figure 6. The therapy effects of benpyrine on imiquimod-induced psoriasiform inflammation mice. (A)
Representative image of imiquimod-induced psoriasis-like lesions in mice treated with imiquimod or control
cream for 6 consecutive days. (B) Clinical scores for scaling score were assessed for disease severity. (C-E)

Spleen index and relative expression of IL-13 and IL-6 in serum were measured by Elisa method. (F)
Representative H&E-stained back skin sections on day 7, magnification 200 x. Data are expressed as means
+ SD; # P < 0.05, ## P < 0.01 compared with sample of normal group, * P < 0.05, ** P < 0.01 compared

with the CIA group (n = 10 in each group).
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