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Inhibition of the dihydroorotate dehydrogenase (DHODH) has been successful at the preclinical level in con-
trolling myeloid leukemia. However, poor clinical trials warrant the search for new potent DHODH inhibitors. 
Herein we present a novel DHODH inhibitor SBL-105 effective against myeloid leukemia. Chemical charac-
teristics were identified by 1H NMR, 13C NMR, and mass spectroscopy. Virtual docking and molecular dynamic 
simulation analysis were performed using the automated protocol with AutoDock-VINA, GROMACS program. 
Human-recombinant (rh) DHODH was used for enzyme inhibition study. THP-1, TF-1, HL-60, and SKM-1 
cell lines were used. MTT assay was used to assess cell viability. Flow cytometry was employed for cell cycle, 
apoptosis, and differentiation analysis. Chemical analysis identified the compound to be 3-benzylidene-6,7-
benz-chroman-4-one (SBL-105). The compound showed high binding efficacy toward DHODH with a DG

binding
 

score of −10.9 kcal/mol. Trajectory analysis indicated conserved interactions of SBL-105–DHODH to be stable 
throughout the 200-ns simulation. SBL-105 inhibited rh DHODH with an IC

50
 value of 48.48 nM. The GI

50
 

values of SBL-105 in controlling THP-1, TF-1, HL-60, and SKM-1 cell proliferations were 60.66, 45.33, 
73.98, and 86.01 nM, respectively. A dose-dependent increase in S-phase cell cycle arrest and total apoptosis 
was observed by SBL-105 treatment in both cell types, which were reversed in the presence of uridine. The 
compound also increased the differentiation marker CD11b-positive populations in both THP-1 and TF-1 cells, 
which were decreased under uridine influence. SBL-105, a novel DHODH inhibitor, identified using compu-
tational and in vitro analysis, was effective in controlling AML cells and needs attention for further preclinical 
developments.
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INTRODUCTION

Dihydroorotate dehydrogenase or DHODH, a ubiqui-
tous enzyme is vital for the fourth step of de novo pyrimi-
dine synthesis, where it catalyzes the conversion of 
dihydroorotate to orotate utilizing ubiquinone as a cofac-
tor. As this reaction is considered exclusive, the enzyme is 
regarded as essential for the production of uridine mono-
phosphate (UMP)1. UMP is the primary building block 
of pyrimidine biosynthesis, which is again essential for 
DNA/RNA production. Therefore, inhibition of DHODH 
leads to a rapid depletion in the UMP stores, finally ending 
up with the loss in cellular viability1. While the cells are 
proficient in scavenging the extracellular uridine for their 
survival, the extracellular concentrations are insufficient 
to sustain life as a replacement to DHODH inhibition2. 

Therefore, targeting DHODH has become an attractive 
point in clinical conditions, including malignancies3–5 as 
well as autoimmune and inflammatory diseases6. 

Acute myeloid leukemia (AML) is often characterized 
by myeloblast-induced clonal expansion and differen-
tiation7. Because of the stem cell-derived hematopoietic 
origin, AML presents an uncontrolled accumulation of 
myeloblasts in the bone marrow, blood, and organs, mak-
ing it more fatal8. Currently, the standard therapy uses 
cytarabine–anthracycline combination with an average 
success rate of 35%–45% in below 60-year-old patients 
and 10%–15% for patients above 60 years9. 

Several DHODH inhibitors are under developmental 
process with clinical trials performed against various dis-
eases, few of which are IMU 838, PP001, and PTC299 
against inflammatory bowel disease, autoimmune 
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disease, and hematological malignancy, respectively1. 
AG-636, a DHODH inhibitor, is currently under preclini-
cal investigation and dose optimization for AML treat-
ment1. DHODH has always been an important target 
to fight AML. Brequinar, a potent DHODH inhibitor, 
although it displayed good efficacy in preclinical stud-
ies, the results in patients were disappointing10,11. A recent 
study attempted in developing 2-hydroxypyrazolo[1,5-a]
pyridine scaffold, which successfully showed it supe-
rior to brequinar in terms of efficacy and toxicity12. 
Leflunomide is another interesting DHODH inhibitor 
drug that was actively tested against several forms of 
malignancies like leukemia13, multiple myeloma14, and 
melanoma15. However, the major drawback with lefluno-
mide was its low potency and lesser half-life. With a focus 
on DHODH inhibition as a treatment option in myeloid 
malignancy, few other compounds like BAY2402234 and 
ASLAN003 have entered the clinical trials. However, a 
search of novel pyrimidine synthesis inhibitors that could 
line up for AML treatment is needed. This study, there-
fore, focused on a combined approach of different disci-
plines to identify a novel DHODH inhibitor that could be 
beneficial against myeloid malignancies. 

MATERIALS AND METHODS

Materials

Reagents and chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA). THP-1, TF-1, HL-60, 
and SKM-1 cell lines were from ATCC (American Type 
Culture Collection, Rockville, MD, USA). Annexin V 
and cell cycle assay reagent were from Merck Millipore 
(Burlington, MA, USA). DHODH enzyme assay kit 
was from R&D Systems (Minneapolis, MN, USA). 
Phycoerythrin (PE)-conjugated anti-CD11b antibody was 
from eBioscienceTM, ThermoFisher Scientific (Waltham, 
MA, USA). 

Synthesis of SBL-105

The reaction mixture containing tolualdehyde (0.02 
mole, 2.35 ml), methyl acrylate (0.30 mole, 3.3 ml), 
DABCO (0.003 mole, 0.336 g), and silica gel (>200 
mesh; 2.5–5 g) was monitored by thin layer chroma-
tography. After the completion of the reaction, the reac-
tion mixture was diluted with ethyl acetate (4 ´ 10 ml) 
and filtered. The filtrate was washed successively with 
2N HCl solution, aqueous saturated sodium bicarbon-
ate solution, and water. The organic layer was dried over 
anhydrous sodium sulfate and then purified by column 
chromatography (silica gel; 5% ethyl acetate in hexane) 
to obtain a compound of alkyl-a-methylene-b-(4-methyl-
aryl) propanoate. The a-methylene-b-phenyl-propanoate 
was stirred with hydrobromic acid and catalytic amount 
of concentrated sulfuric acid. The reaction was extracted 
with ether and washed with saturated sodium bicarbonate 

solution and water. The organic layer was dried over 
sodium sulfate. The solvent was evaporated, and the resi-
due was purified by column chromatography using silica 
gel, 5% ethyl acetate in hexane to obtain a compound 
of methyl-(2,Z)-2-bromo methyl 3-aryl-prop-2-enoate. 
The bromo methyl propenoate (0.006 mole, 1.014 g) 
was treated with (0.006 mole, 0.864 ml) napthanol in the 
presence of potassium carbonate in acetone at reflux tem-
perature for 3 h. The reaction mixture was diluted with 
ether, washed with water, dried, and ether layer evapo-
rated. The residue was purified by column chromatogra-
phy using silica gel, 3% ethyl acetate in hexane to obtain 
a compound of 3-(4-methyl)-aryl-2-naphthoxy methyl 
prop-2-enoate. The naphthoxy ester was hydrolyzed by 
using potassium hydroxide in aqueous 1,4-dioxan at 
room temperature. The reaction mixture was acidified, 
and the precipitate was purified by recrystallized to give 
3-(4-methyl) aryl-2-naphthoxy methyl prop-2-enoic acid. 
The phenyloxy propenoic acid (0.001 mole, 0.33 g) was 
treated with (0.001 mole, 0.21 ml) TFAA, and the reac-
tion mixture was refluxed in dichrolomethane for 1 h. 
The reaction mixture was diluted with ether, and washed 
with aqueous saturated sodium bicarbonate solution and 
water. The ether layer was dried over anhydrous sodium 
sulfate, and the solvent was evaporated. The crude com-
pound was purified by column chromatography by using 
silica gel, 3% ethyl acetate in hexane to give 3-(4-methyl) 
benzlidene-6,7-benz-chroman-4-one. The compound was 
internally referred as SBL-105.

In Silico Protein–Ligand Docking Analysis

The three-dimensional structure of DHODH was 
retrieved from PDB databank (PDBid: 6qu7). The struc-
ture was prepared before docking studies using a recep-
tor preparation script from AutoDock tools. Structures 
of known DHODH inhibitors were retrieved from the 
PubChem database in SDF format. SBL-105 structure in 
SDF format was converted to SYBYL-TRIPOS (mol2) 
format using BIOVIA-Discovery Studio Visualizer. 
Converted mol2 files were then converted to AutoDock-
VINA format using ligand preparation script from 
AutoDock tools. Docking was performed using the 
automated protocol developed by SiBIOLEAD. Briefly, 
a docking box was generated based on the information 
gained from the DHODH structure complexed with BAY 
2402234 (6qu7) by selecting two amino acid residues on 
either side of the active site. AutoDock-VINA program 
was used with standard docking mode (i.e., exhaustive-
ness = 8). Protein–ligand interactions were analyzed 
using PLIP protein–ligand analysis package. 

Simulation Analysis

Atomistic molecular dynamics (MD) simulation was 
performed using the GROMACS simulation package. 
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The simulation was carried out in WebGro MD simula-
tion tool (https://simlab.uams.edu/) that automates job 
submission and result analysis in process. In brief, docked 
protein–ligand complex was prepared for GROMACS 
MD simulation, and ligand topology was generated using 
the PRODRG module (http://prodrg1.dyndns.org/submit.
html), which was supplied as an input for WebGro job 
submission. A triclinic simulation box was constructed 
and filled with SPC water molecules, and NaCl was 
added as counterions. In order to mimic physiological 
conditions, 0.15 M salt (NaCl) was added to the simula-
tion box. Before the actual MD run, a simulation system 
containing protein–ligand complex, water molecules, and 
ions was minimized for 5,000 steps using the Steepest 
Descent method and equilibrated under NVT/NPT pro-
tocol. MD run was performed for 200 ns, and trajecto-
ries were analyzed as a part of WebGro tool. Simulation 
figures were plotted using VMD and BIOVIA Discovery 
Studio.

DHODH Enzyme Assay

The assay was carried out using an absorbance-based 
kit as per the manufacturer’s instructions. Briefly, 0.02 
µg of human-recombinant (rh) DHODH at final concen-
tration in the assay buffer containing 50 mM Tris, 150 
mM KCl, 0.1% Triton® X-100, pH 8.0 was added in a 
96-well clear-bottom plate. After adding the desired con-
centrations of SBL-105, the reaction was initiated by 
addition of the substrate mixture that contained 2 mM 
L-dihydroorotic acid, 0.2 mM decylubiquinone, and 
0.12 mM DPIP in assay buffer. Absorbance was mea-
sured at 600 nM. Percentage inhibition was calculated, 
and IC

50
 value was determined using GraphPad Prism 6.0 

software. 

Cell Culture

RPMI-1640 medium was used for the growth of 
THP-1 and TF-1 cells. Cells were grown as per stand-
ard protocols in growth media supplemented with 10% 
fetal bovine serum (FBS), 100 U/ml of penicillin, and 100 
U/ml streptomycin. Assays were carried out when cells 
reached around 80% confluency state.

Cell Proliferation Assay

Cell proliferations were assessed using MTT assay as 
described elsewhere16. AML cells (5 × 103 cells/well) were 
grown in a 96-well tissue culture plate in regular growth 
medium. Cells were treated with respective concentrations 
of SBL-105 for 72 h. After removing the medium, 100 µl 
of MTT (1 mg/ml) was added as a replacement for medium 
and further incubated for 4 h. Formazan products were dis-
solved in 200 µl of dimethyl sulfoxide (DMSO), and absor-
bance at 560 nm was measured. Percent inhibition was 
calculated using GraphPad Prism 6.0 for the GI

50
 values. 

Cell Cycle Analysis

The assay was carried out with a cell cycle assay kit 
according to the manufacturer’s instructions as follows. 
AML cells, at a density of 5 × 105 cells per well, were 
seeded in a six-well plate and incubated for 24 h. After 
addition of respective concentrations of SBL-100 with or 
without uridine, the incubation was carried out for another 
72 h. After a couple of washes with sterile phosphate-
buffered saline (PBS), 50 µl of cell cycle assay reagent 
was added, and then incubated in the dark for 15 min and 
washed with wash buffer for two times and resuspended 
in HBSS buffer. Ten thousand events were acquired on 
a Guava easyCyte™ flow cytometer, and the data were 
analyzed with ExpressPro Software from Millipore. The 
percentage of cell populations in the S phase of the cell 
cycle was presented.

Detection of Apoptosis

Annexin V detection kit was used for this assay as 
per the manufacturer’s instructions. THP-1 or TF-1 cells 
(5 × 105) were grown in six-well plates and treated with 
respective concentrations of SBL-105, with or without 
uridine, followed by 5% CO

2
 incubation at 37°C for 48 

h. Postincubation period, cells were harvested, washed 
with kit buffer, and incubated with 0.25 µg/ml annexin V 
reagent for 15 min in the dark. After a couple of washes, 
cells were resuspended in kit buffer containing 0.5 µg/ml 
propidium iodide. Ten thousand events were acquired on 
a Guava easyCyte™ flow cytometer. Data analysis was 
carried out with InCyte software to differentiate healthy 
and apoptotic cells (early and late apoptosis) and pre-
sented using Graphpad Prism software, version 6.0 (La 
Jolla, CA, USA).

Cell Differentiation Analysis

THP-1 or TF-1 cells were plated in six-well plate with 
complete media and treated with 100 nM SBL-105 in the 
presence or absence of uridine. Following a 96-h incu-
bation period, cells were washed twice with PBS, and 
added with 0.5 μg/ml fluorescein isothiocyanate (FITC) 
conjugated, anti-CD11b antibody, and incubated for 20 
min in dark. After a couple of washes in PBS, cells were 
resuspended in HBSS buffer, and 10,000 events were 
acquired in Guava easyCyte™ flow cytometer. The data 
were analysed using InCyte Software from Millipore. 
The percentage of positive CD11b cell population was 
presented.

Statistical Analysis

Statistical analyses were performed using GraphPad 
Prism 6.0. Results were expressed as the mean ± SD. 
Data were analyzed using analysis of variance (ANOVA) 
followed by multiple comparisons. Values of p £ 0.05 
were considered significant.
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RESULTS

Chemical Characteristics of SBL-105

The proton nuclear magnetic resonance (1H NMR) 
spectrum is shown in Figure 1a. Analysis revealed a dou-
blet at 9.44 d for a single proton indicates the vinylic pro-
ton (Table 1a). A doublet at 7.93 d for one proton, a singlet 
at 7.91 d for one proton, a doublet at 7.77 d for one proton, 
a doublet of a triplet at 7.66 d for one proton, and another 
doublet of triplet at 7.45 d for one proton, a quartet at 7.25 
d for four protons, a doublet at 7.09 d for one proton indi-
cate the 10 aromatic protons (Table 1a). A doublet at 5.4 
d for two protons indicates the naphthoxy-methylene pro-
tons, and a singlet for three protons at 2.4 d indicates the 
Ar-CH3 group (Table 1a). Figure 1b is the carbon nuclear 
magnetic resonance spectroscopy (13C NMR) of the com-
pound. The procedure shows sharp infrared (IR) absorp-
tion at 1665, 1596 cm–1, and the disappearance of broad 
band around 3430 cm–1 indicates that this is an aromatic 
unsaturated ketone. Table 1b shows d values (ppm). From 
the mass spectroscopy (Fig. 1c) inference, the m/e value 
of the compound corresponds to the molecular weight of 
300.3, and elemental analysis agrees with the molecu-
lar formula of compound, Calcd: C, 84.07%; H, 5.37%; 
Found: C, 84.15%; H, 5.38% (Table 1c). From these data, 
the compound was identified to be 3-benzylidene-6,7-

benz-chroman-4-one (Fig. 1c), and internal reference for 
the compound was given as SBL-105.

In Silico Docking Showed SBL-105 to Profoundly Bind 
DHODH 

We evaluated the docking efficacy of SBL-105 with 
DHODH enzyme using an in silico computational 
approach. First, the enzyme’s energy binding pocket was 
determined in the crystal structure using known DHODH 
inhibitor BAY-384405123 (data not presented). Our 
docking analysis predicted SBL-105 to exactly bind to 
the same energy pocket (Fig. 2a and b). The compound 
had an excellent binding affinity toward the crystal struc-
ture of DHODH enzyme with a binding energy of −10.90 
Kcal/mol (Fig. 2c). PLIP analysis for critical interact-
ing residues included PRO52, ALA55, HIS56, VAL134, 
ARG136, VAL143, THR285, SER305, and TYR356 
(Fig. 2d). 

MD Simulation Predicts Stable Binding of SBL-105 
With DHODH

To predict the stability of SBL-105 binding to DHODH, 
we conducted 200-ns fully solvated atomistic MD simula-
tion using WebGro simulation tool (https://simlab.uams.
edu/). Results indicate a stable binding of protein–ligand 
complex; root mean square deviation (RMSD) of ligand 

Figure 1.  Chemical elucidation for the synthesized benzylidene chromanone compound SBL-105. (a) Proton nuclear magnetic reso-
nance (NMR) of the synthesized compound. (b) Carbon nuclear magnetic resonance spectroscopy of SBL-105. (c) Mass spectrum 
confirming the structure, molecular weight, and IUPAC (International Union of Pure and Applied Chemistry) name of the synthesized 
compound SBL-105. (d) d values based on NMR results and elemental analysis depicting chemical properties of the compound. 
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Table 1a.  Mass Spectrum Analysis of SBL-105 Confirming the Physical and Chemical Characteristics

Compound Aromatic Region (d) H
a 
(d) H

b 
(d) OCH

3 
(d) CH

3 
(d)

SBL-105 7.93 (d, 1H, J = 7.6 Hz), 7.91 (d, 1H, J = 7.5 Hz), 7.77 
(d, 1H, J = 7.5 Hz), 7.68–7.64 (dt, 1H, J = 7.8 Hz),  
7.46–7.40 (dt, 1H, J = 7.8 Hz), 7.28–7.22 (q, 4H, 
J = 7.8 Hz), 7.09 (d, 1H, J = 7.6 Hz)

9.44 (d, 1H, 
J = 10 Hz)

5.40 (d, 2H, 
J = 1.6 Hz)

– 2.40 (s, 3H)

Table 1b.  1H NMR Values of the Synthesized Compound SBL-105

Compound d Values (ppm)

SBL-105 21.56, 67.68, 76.86, 77.11, 77.37, 118.83, 125.08, 
126.57, 128.56, 129.54, 130.08, 131.48, 131.97, 
136.98, 137.41, 139.76, 163.19, 182.73

Table 1c.  13C NMR Values of the Synthesized Chromanone SBL-105

Elemental Analysis 
Calcd/Found

Compound Yield (%)
Melting Point 

(°C) IR (cm-1)
MS (70 ev) 
M/Z (M+) Molecular Formula C H

SBL-105 94 140 1665 300.7 C
21

H
16

O
2

84.07% 5.37%
1596 84.50% 5.38%

Figure 2.  Binding efficacy of SBL-105 to dihydroorotate dehydrogenase (DHODH) enzyme. (a) Enzyme’s energy binding pocket. 
(b) In silico docking shows inhibitory efficiency of SBL-105 in crystal structure DHODH enzyme. (c) Magnified image of the active 
site shows SBL-105 binding position with associated ligand–protein interactions. (d) A two-dimensional analysis of the protein–ligand 
amino acid interactions involved in SBL-105 binding with DHODH. 



Delivered by Ingenta
IP: 45.87.167.67 On: Tue, 21 Jun 2022 07:17:20

Article(s) and/or figure(s) cannot be used for resale. Please use proper citation format when citing this article including the DOI,

904	 Kamli ET AL.

(SBL-105) superimposed with initial conformation indi-
cates a stable binding throughout the simulation (Fig. 3a). 
RMSD of the ligand shows a sharp rise in the beginning 
of the simulation and settles immediately after 10 ns, 
indicating a favorable binding environment for SBL-105 
at DHODH (Fig. 3a). Trajectory analysis at different time 
points indicates conserved interactions of SBL-105 with 
residues of DHODH (Fig. 3b). Furthermore, the average 
number of hydrogen bonds between ligand (SBL-105) 
and DHODH stays stable throughout the 200-ns simula-
tion, suggesting a stable binding of SBL-105 within the 
DHODH pocket (Fig. 3c). Similarly, trajectory analysis 
video of 200-ns simulation clearly shows a stable binding 
of SBL-105 with DHODH (data not presented, available 
on request).

SBL-105 Inhibits DHODH Enzyme In Vitro and Exerts 
Antiproliferative Effects

SBL-105 effectively inhibited the full-length DHODH 
enzyme with an IC

50
 value of 48.48 nM (Fig. 4a). To 

investigate the efficacy of SBL-105 on myeloid leukemia 
cell proliferations, the AML THP-1 and erythroleukemia 
myeloid progenitor TF-1 cells were used. SBL-105 con-
trolled the proliferations of THP-1 cell with a GI

50
 value 

of 60.66 nM, and TF-1 cells with GI
50

 value of 45.33 nM 
(Fig. 4b). GI

50
 values for HL-60 and SKM-1 cells were 

73.98 and 86.01 nM, respectively (Fig. 4b). Since exog-
enous uridine concentrations offer an alternative path-
way (salvage pathway) for DNA synthesis, the need for 
DHODH is negated under uridine influence. Therefore, 
the cell viabilities of SBL-105-treated THP-1 and TF-1 
cells were analyzed in the presence of 100 µM uridine. 
Based on the GI

50
 values, we selected one low and mid 

concentration, which was 10 and 100 nM SBL-105 to be 
tested under uridine influence. While untreated DMSO 
control cells had 96% cell viability, the 10 nM SBL-105-
treated THP-1 had 77.3% viable cells and the 100 nM-
treated THP-1 had 34.66% viable cells (Fig. 4c). Uridine 
presence increased the viability of these cells to 94.64% 
and 96.05%, respectively, for 10 and 100 nM SBL-105 
treatments (Fig. 4c). Similarly, the untreated control TF-1 
cells had 96.07% viable cells (Fig. 4d). Treatment with 
10 and 100 nM SBL-105 decreased the TF-1 cell viabil-
ity to 78.66% and 49.8%, respectively. In the presence of 
100 µM uridine, the 10 nM-treated TF-1 cells had 95.56% 
viability and 100 nM SBL-105-treated cells had 98.38% 
viability (Fig. 4d).

Alteration of the Cell Cycle and Induction of Apoptosis 
by SBL-105 in Myeloid Leukemia Cells

Treatment with 100 nM SBL-105 increased the S 
phase cell population from 15.06% to 52.19% with 

Figure 3.  Stability testing by molecular dynamic simulation analysis. (a) Root mean square deviation (RMSD) of SBL-105 when super-
imposed with initial conformation. (b) RMSD of SBL-105 at different time points with interacting residues. (c) Interaction of average 
hydrogen bonds with SBL-105 throughout 200-ns simulation indicating the ligand stability in the molecular dynamics (MD) analysis.
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respect to untreated control in THP-1 cells (Fig. 5a). 
The 10 nM compound-treated cells had 35.56% cells 
in the S

 
phase (Fig. 5a). Treatment with 10 nM SBL-

105 to TF-1 cells increased the S phase population 
from 16.53% to 41.33%, while 100 nM treatment fur-
ther increased it to 51.16% (Fig. 5b). However, in pres-
ence of 100 µM uridine, both treatments in either type 
of the cells have the S phase

 
populations close to their 

respective controls (Fig. 5a and b). When checked for 
the apoptosis-inducing property of SBL-105, 100 and 
10 nM SBL-105 treatment increased early and late 
phase apoptosis in both THP-1 and TF-1 cells (Fig. 6a 
and b). The 100 nM SBL-105 treatment increased the 
total apoptosis in THP-1 cells to 27.12% from 2.52% of 
the control cells (Fig. 6a). The 10 nM treatment showed 
18.82% total apoptosis in these cells (Fig. 6a). The 10 
nM treatment increased the total apoptotic cell popula-
tion to 20.86% from 3.91% as that of control in TF-1 
cells (Fig. 6b). Increase in the treatment dose to 100 nM 
further elevated total apoptosis in these cells to 32.30% 

(Fig. 6b). In the presence of uridine, the total apoptosis 
of SBL-105-treated THP-1 and TF-1 cells was observed 
close to their respective controls, irrespective of the 
treatment concentrations (Fig. 6a and b).

SBL-105 Promotes Cell Differentiation in Myeloid 
Leukemia Cells

To understand if there was any effect of the com-
pound on the cell differentiation, THP-1 and TF-1 cells 
were treated with 100 nM SBL-105 in the presence or 
absence of 100 µM uridine and analyzed for expression of 
CD11 b, the differentiation marker. As observed in Figure 
7, 100 nM SBL-105 treatment of THP-1 cells increased 
the CD11b percentage to 39.21% from 8.35% as that of 
untreated control. For TF-1 cells, it was 47.79% CD11b-
positive cells when treated with 100 nM SBL-100, while 
the respective control had 7.13% (Fig. 7). In both cell 
types, under uridine influence, a substantial decrease in 
the CD11b percentage was observed, with 15.63% and 
18.81% for THP-1 and TF-1 cells, respectively (Fig. 7). 

Figure 4.  In vitro profile of SBL-105. (a) IC
50

 of SBL-105 against full-length human DHODH enzyme. (b) GI
50

 of SBL-105 in con-
trolling proliferation of THP-1, TF-1, HL-60, and SKM-1 cells. (c, d) Cell viability assay of (c) THP-1 and (d) TF-1 cells when treated 
with 10 and 100 nM SBL-105 in the presence or absence of 100 µM uridine (U). The lost viability of these cells when treated with 
SBL-105 was restored in the presence of uridine. Data presented as mean ± SD from three independent experiments. *p £ 0.05 when 
compared to untreated control.
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anticancer efficacies mediated by DHODH inhibition18,19. 
Teriflunomide was also approved for treatment against 
multiple sclerosis and rheumatoid arthritis. However, the 
efficacy of this compound had a weak DHODH inhibition 
with IC

50
 values in the micromolar range19. Therefore, 

search for a new potent class of DHODH inhibitors is in 
demand. 

The 3-benzylidene chroman-4-ones are a class of small 
molecules with unique oxygen heterocycles. These mol-
ecules are reported to be an integral part of many natural 
products and biologically active molecules20. A very close 
similarity of benzylidene chromanones could be related 
to the naturally occurring compounds such as flavanones, 
flavones, chromones, and coumarins. The established bio-
logical activity of these naturally occurring compounds 

Effect of SBL-105 in Physiological Uridine 
Concentrations

We next checked the activity of SBL-105 in TF-1 
and THP-1 cell proliferation under physiological uridine 
concentration of 5 µM. The antiproliferative effects were 
reduced in the presence of physiological uridine concen-
trations in both AML cell types (Fig. 8a and b). When 
treated with salvage pathway pyrimidine blocker, dipyri-
damole, we observed the antiproliferative activities of 
SBL-105 were almost restored (Fig. 8a and b). 

DISCUSSION

Attempt with DHODH inhibition to manage diseases 
has been reported in previous literature17. Brequinar 
sodium, leflunomide, or teriflunomide was tested for 

Figure 6.  Enumeration of apoptosis by SBL-105 treatment. Annexin V assay shows apoptotic cell populations in (a) THP-1 and (b) 
TF-1 cells with different doses of SBL-105 treatments. Representative histograms from three different experiments are presented. The 
numerical values in the lower right quadrant indicate early apoptotic cells, and values in upper right quadrant represent late apoptotic 
cells. Total apoptotic cells presented as histograms are mean ± SD. 
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Figure 7.  Flow cytometry analysis for the differentiation marker CD11a in THP-1 and TF-1 cells when treated with 100 nM SBL-105 
in the presence or absence of 100 µM uridine (U). The numerical values indicate mean ± SD percentage CD11b-positive cells from 
three experiments. 

Figure 8.  (a, b) Cell viability assay of (a) THP-1 and (b) TF-1 cells when treated with 10 and 100 nM SBL-105 in the presence or 
absence of 5 µM uridine (U). Both concentrations of SBL-105 did not have an effect on the cell viability of AML cells. Addition of 1 
µM dipyridamole to 10 and 100 nM SBL-105 decreased the AML cell viabilities in a dose-dependent way, while dipyridamole alone 
had no effect on the AML cell viability. Data are presented as mean ± SD from three independent experiments. *p £ 0.05 when com-
pared to untreated control.
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possessing a chroman ring system21 suggested the syn-
thesis of 4-chromanones22. The common occurrence of 
basic side chains in therapeutically active compounds 
deemed it worthwhile to incorporate the basic group into 
chromanones to evaluate biological activities. We there-
fore synthesized such derivatives to be evaluated for their 
biological efficacy. Our initial in silico screening (data 
not shared) identified 3-benzylidene-6,7-benz-chroman-
4-one (SBL-105) to have excellent binding efficacy to the 
DHODH enzyme, which was further evaluated against 
AML in this study (Fig. 9).

Toward identifying the binding mode and stability, in 
this study we modeled the interactions of SBL-105 with 
DHODH. Experimental structure of DHODH bound with 
a known inhibitor BAY-384405123 identified the active 
and druggable regions of DHODH. The region between 
the two helices (between residues Leu42 and Ala52) 
formed a small pocket where BAY-384405123 was shown 
to bind. Therefore, our modeling studies also focused on 
the same region. SBL-105 was predicted to bind to the 
same active region in DHODH, with a relatively higher 

affinity compared with the BAY compound. Although 
docking energies show a good fit, stability of the ligand–
protein complex is crucial in determining the activity of 
the molecule. With that regard, MD simulation analysis 
of SBL-105 bound with DHODH was performed. SBL-
105 showed a stable binding, interacting with crucial 
amino acids throughout the 200-ns simulation, suggest-
ing ligand stability and eventually its inhibitory activity 
against the DHODH. 

Our in vitro findings demonstrated IC
50

 value in the 
nanomolar range for DHODH enzyme inhibition. These 
results were almost merely translated in the antiprolifer-
ation assay when tested in two types of AML cell lines. 
Reversal of the activity in the presence of uridine also 
confirmed the involvement of the DHODH pathway for 
antiproliferation effects by SBL-105, which were in accor-
dance with reported literature23. With the well-known fact 
that cell proliferation is tightly regulated through cell cycle, 
we evaluated SBL-105 on cell cycle changes in THP-1 
and TF-1 cells. Our results were in agreement with other 
researchers that DHODH inhibition results in S phase arrest 

Figure 9.  In silico docking analysis predicted SBL-105 to profoundly bind DHODH enzyme. The ligand–protein complex stability 
was confirmed with MD simulation analysis. SBL-105 favored the apoptosis and cell cycle arrest and promoted cell differentiation to 
reduce proliferation of AML cells.
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of the cell cycle, which would be revered by exogenous 
uridine24. Cell cycle also serves as an important regulator 
or checkpoint to decide the fate on cell survival. Studies 
have shown cell cycle arrests preceeds cell death via apo
ptosis25. Our results agreed to the above postulations where 
distinct apoptosis and cell cycle arrest were observed with 
SBL-105 treatments in both AML cell types.

Differentiation therapy has been attempted for pheno-
typic alterations of malignant cells26. The essential role 
of DHODH in AML survival and differentiation is also 
reported27. Studies have analyzed RNA sequencing data 
from 173 patients to prove that DHODH is one of the 
key regulators of cell proliferation and differentiation 
in AML28. On the other hand, several reports suggest 
CD11b as an important marker for cell differentaition in 
AML cells, which was evaluated as a prognostic marker 
of disease progression29,30. Our observations of elevated 
CD11b marker with SBL-105 treatments suggested the 
improvement of AML differentation was effected by the 
compound, while constitutively inhibiting the prolifera-
tion via cell cycle arrest and subsequent apoptosis.

Although preclinically DHODH inhibitors have per-
formed promising in vitro and in vivo activity on solid 
tumors, some of them have reduced efficacy in clinical 
trials, probably because cancer cells exploited the pyrimi-
dine salvage pathway to survive31. Research shows that 
efficacy of brequinar sodium (DUP-785; brequinar) was 
affected in presence of the physiological uridine concen-
tration of 5 µM, which could be partially reversed in the 
presence of the nucleoside transport inhibitor, dipyrida-
mole32. The same study also showed some additive effects 
when brequinar was combined with 5-fluoro uracil, which 
could not be effective in the presence of physiological 
uridine concentration32. However, there are other studies 
that show that blocking the salvage pathway of pyrimi-
dine synthesis and/or by combination of known anti-
cancer agents could bring out an additive or synergistic 
effect in increasing apoptosis of AML cells with DHODH 
inhibitor treatments at physiological uridine concentra-
tions31. In this research, although our preliminary area of 
focus was to show a new class of small molecules effec-
tive against AML by DHODH inhibition, it is vital to con-
sider the efficacy of our compound in the physiological 
uridine concentration. Our results were in favor of the 
later report that a combined treatment with dipyridamole 
would maintain the efficacy of SBL-105 even in presence 
of physiological uridine concentrations, while dipyrida-
mole alone was not effective. The limitation of this study 
is that it focused on the preliminary identification of a 
new class of DHODH inhibitors through computational 
and in vitro analysis. However, the performance of SBL-
105 in in vivo preclinical conditions and clinical trials 
has to be tested for successful completion of SBL-105 as 
a therapeutic candidate against AML. Identifying a class 

of analogs of SBL-105 and testing them individually and 
in combination with known chemotherapeutics against 
AML in preclinical and clinical conditions could be the 
future direction of our preliminary investigation.

CONCLUSION

In summary, our findings identify SBL-105 as a novel 
class of potent DHODH inhibitor effective against AML 
proliferations, promoting differentiation in these cells. 
Given the unmet need for managing AML, SBL-105 and 
its analogs warrant value for further testing and develop-
ment in myeloid malignancies. 
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