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ABSTRACT: Hypoxia-inducible factor-α (HIF-α) activation has shown promising
results in the treatment of ischemia, such as stroke, myocardial infarction, and
chronic kidney disease. A number of HIF-α activators have been developed to
improve the symptoms of these diseases. Many feature 2-oxoglutarate (2-OG)
scaffolds that interact with the active centers of prolyl hydroxylase domain-
containing proteins (PHDs), displacing the coenzyme 2-OG. This stabilizes HIF-α.
Therefore, the specificity of the 2-OG analogs is not high. Here, we identified 5-(1-
acetyl-5-phenylpyrazolidin-3-ylidene)-1,3-dimethylbarbituric acid (PyrzA) among
over 10 000 compounds as a novel HIF activator that does not contain a 2-OG
scaffold. In cultured cells, PyrzA enhanced HIF-α stability and upregulated the
expression of HIF target genes. Interestingly, PyrzA decreased HIF-1α prolyl
hydroxylation, suggesting that PyrzA may activate HIF to prevent the degradation of
HIF-α. These results indicate that PyrzA stabilizes HIF via a novel mechanism and
could be a potential HIF activator candidate.
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A sufficient amount of molecular oxygen (O2) must be
delivered to the peripheral tissues to create adenosine

triphosphate through the cellular respiration pathway. In live
cells and/or organisms, lowering the O2 concentration leads to
severe stress. To date, the formation of microclots in capillary
vessels has been reported to induce hypoxic stress, which is an
initial event for stroke, heart failure, and kidney diseases.1−3 To
prevent the progression of these diseases, the upregulation of
hypoxia-protective proteins, such as vascular endothelial
growth factor (VEGF), erythropoietin (EPO), and glucose
transporter 1 (GLUT1), potentiates cells to modify metabolic
features in response to a hypoxic condition.1,4−6 Not only do
these proteins have strong feasibility for rescuing hypoxic
stress, but they also have a side effect of assisting the
malproliferation activity of certain cancer cells.5,7−10 Therefore,
these hypoxia response mechanisms should be controlled and
made reversible if they are to be used to treat hypoxia-related
diseases. For this reason, academic researchers and pharma-
ceutical companies have been working on exploring small
molecular compounds that can activate the hypoxia sensing
system without exposing the low oxygen condition.11−13

Transactivation with hypoxia-inducible factors (HIFs) is an
indispensable event in protecting against hypoxic stress
through the hypoxia protective proteins mentioned
above.14−16 HIF-1 belongs to the PER-ARNT-SIM (PAS)
subfamily of the basic helix−loop−helix (bHLH) family of
transcription factors. HIFs are divided into two major

subfamilies: those with the unstable alpha subunit (HIF-α)
and those with the stable beta subunit (HIF-β).17,18 After
forming the HIF α/β heterodimer, HIF has the potential to
bind the hypoxia response element (HRE) ([A/G]CGTC)
and transactivate the hypoxia target genes.10,19 Under normal
oxygen conditions (normoxia), HIF-α is continuously
hydroxylated by prolyl hydroxylase domain-containing proteins
(PHDs).9,20,21 On HIF-α, PHDs recognize two proline
residues called oxygen-dependent degradation domains
(ODDs): one on the N-terminal side (NODD, Pro402) and
the other on the C-terminal side (CODD, Pro564).22

Conversely, hydroxylated HIF-α is caught by the von
Hippel−Lindau protein (pVHL), which belongs to the E3
ubiquitin ligase complex.23−27 This event leads to the
polyubiquitylation of hydroxylated HIF-α, which leads to its
degradation via the ubiquitin−proteasome system. Conversely,
HIF-α hydroxylation is suppressed under hypoxic conditions
due to a reduction in oxygen molecules. As a result, HIF-α
stabilizes and translocalizes to the nucleus.
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Although continuous HIF-α stabilization is beneficial in the
treatment of ischemic injury, it affects broad tissues and causes
unfavorable side effects such as neovascularization, plethora,
and tumorigenesis.8,28,29 For the proof-of-concept of these
achievements, tissue-specific PHD1 or PHD2 knockout mice
have been developed. Only PHD2 knockout mice, but not
PHD1 or PHD3 knockout mice, died during the embryonic
period.28,30 In addition, polycythemia occurred more fre-
quently in adult liver-specific PHD2 knockout mice than in
PHD1 or PHD3 knockout mice.31,32 Moreover, the PHD1−3
isoforms have shown differential sensitivity to the HIF-α
isoforms.33,34 In particular, HIF-1α and HIF-2α have shown
changes in the tissues where they are expressed,35−37

expression time,38,39 and downstream target genes.40−43 For
example, HIF-1α suppresses tumorigenesis by inhibiting c-Myc
transcriptional activity. Conversely, HIF-2α promotes tumori-
genesis by enhancing c-Myc function.38,44−46 As a result,
partial and transient HIF-α stabilization strategies using
chemical compounds have become attractive. This approach
can target typical proteins, including HIF-α, PHDs, VHL, and
protein−protein interfaces without exposing the cells to
hypoxic conditions. In addition, one of the most beneficial
aspects of using synthetic chemical compounds to activate
HIF-α is the ability to control the duration, timing, tissue
specificity, and delivery.
To stabilize the HIF-α protein with small chemical

compounds, the inhibition of PHD enzyme activities has
been a major point of focus. PHDs require ferrous ions (Fe2+),
2-oxoglutarate (2-OG), and ascorbic acid to hydroxylate HIF-
α ODD.47,48 Competitive inhibitors derived from the 2-OG
structure have been synthesized11,12,49−51 and developed as
new types of therapeutic compounds for renal anemia.52−61

FG4592 (roxadustat), for example, was recently approved as a
therapeutic compound for anemia associated with chronic
kidney disease (CKD).62,63 However, it is estimated that more
than 60 proteins have 2-OG as a cofactor.13,50,64 Therefore, the
VHL inhibitor65,66 and FIH inhibitor67−71 have been
developed as inhibitors targeting compounds other than
PHDs without mimicking 2-OG; however, they have not yet
been approved. Although a large number of PHD inhibitors
have been reported, there are still several HIF activators that
do not harbor the 2-OG scaffold.
In this study, we aimed to identify a novel structure-type

HIF activator. To achieve this, we created a classic HRE-
reporter system, which included a hypoxia response output
event HIF activation reporter assay72 as a black-box screening
system from a broad range of chemical libraries. We found 5-
(1-acetyl-5-phenylpyrazolidin-3-ylidene)-1,3-dimethylbarbitu-
ric acid (PyrzA)73 as a hit compound using high-throughput
screening (HTS). However, PyrzA is a novel chemical
compound that has only been reported for its chemical
structure, and there have been no official reports on its use. We
demonstrated that PyrzA stabilizes both HIF-1α and HIF-2α
in a dose-dependent manner by inhibiting PHDs and
upregulating HIF target genes in vitro and in vivo. This study
shows the discovery of a novel HIF inducer, PyrzA, and the
possibility of different HIF activation mechanisms.

■ RESULTS AND DISCUSSION
Finding PyrzA as a Novel HIF-Inducing Compound

through High-Throughput Screening. To find a broad
range of HIF-α inducer compounds from a chemical library,
we focused on monitoring the end point HIF-α transcriptional

activity using a luciferase reporter system. Previously, we
generated a nanoluciferase (NLuc) reporter system under
control with seven tandem repeats of human VEGF HRE
elements attached to a mini-TATA promoter. For HTS, the
human neuroblastoma cell line SK-N-BE(2)-C (SKN) that
stably harbored the construct SKN:HRE-NLuc was used.72

The HTS criteria values including S/B, S/N, and Z′ factor for
this HIF-α inducer screening system were 183, 1137, and 0.54,
respectively. First, a total of 7.0 × 103 cells of SKN:HRE-NLuc
were seeded into each well of a 384-well plate and stimulated
with the core 9600 chemical library (final dose in 20 μM) from
the Drug Discovery Initiative, University of Tokyo (DDI). The
negative control was 1% (v/v) DMSO and the positive control
was 100 μM CoCl2. At 24 h after stimulation, the nano-Glo
luciferase reagent was added directly, and HIF-α transcrip-
tional activity was measured. The values were indicated with
the percentile of the DMSO control average value (Figure 1A).

Second, we selected 40 secondary hit compounds through
serial dilution activity screening (data not shown). Third,
compounds that were frequently hit, including known HIF
activators such as dihydroxybenzene74,75 and oxyquinoline,76,77

and those having a 2-OG containing structure were removed
from the candidate list. Eventually, we selected PyrzA (Figure
1B) from our initial hits (open arrow in Figure 1A).

Synthesis of PyrzA. Although PyrzA was included in the
library, no method for its synthesis has been reported to date.
Therefore, we first carried out the synthesis of PyrzA using the
reaction conditions of a similar compound, 5-(1-acetyl-5-
phenylpyrazolidin-3-ylidene), or barbituric acid, as in ref 78.
However, the reaction conditions could not be adapted for the
synthesis of PyrzA. Therefore, we attempted to synthesize the
desired PyrzA in a two-step reaction using (E)-1,3-dimethyl-5-
(3-phenylacryloyl)barbituric acid (1) as the starting material
(Scheme 1). Among the several known methods for the
synthesis of compound 1, the method reported by Lejon et al.
was the most effective.79 The pyrazoline formation reaction
was carried out using hydrazine and enone compounds under
typical conditions80 for the synthesis of 1 to 2.

Figure 1. Identification of the unique HIF inducer, PyrzA, from a
large chemical library. (A) The initial screening result from the core
9600 chemical library from the Drug Discovery Initiative, The
University of Tokyo using with SKN:HRE-NLuc reporter cell line.
SKN:HRE-NLuc cells (7.0 × 103 cells) were seeded into a 384-well
plate and treated with the chemical compound library (20 μM each)
for 24 h. The nano luciferase activity in each well was measured. The
HIF reporter activity of each compound was calculated with the
indicated with the % of nano luciferase activity of positive controls
(100 μM CoCl2) and indicated as an individual dot. The hit
compound, PyrzA, is indicated with an open arrow. (B) The chemical
structure of PyrzA: 5-(1-acetyl-5-phenylpyrazolidin-3-ylidene)-1,3-
dimethylbarbituric acid.
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The 1H and 13C NMR measurements showed that there was
no double bond in the five-membered ring structure of 2. This
favored the presence of a double bond in the bond connecting
the barbituric acid skeleton to the nitrogen (N)-containing
five-membered ring structure. This was also the case for
compound 3. Finally, acetylation of the N on the phenyl side of
the pyrazolidine skeleton was carried out using acetic
anhydride to obtain the desired compound 3, PyrzA, in high
yield. Because the N atom on the barbituric acid side of the
two N atoms in the pyrazolidine ring could form a tautomeric
structure with the structure of the barbituric acid side, the
nucleophilicity was weak, and the acetylation of the N atom on
the phenyl side of the pyrazolidine skeleton proceeded
selectively (Scheme 2). From the NMR and MS results, the
structure of the compound in the library was confirmed to be
PyrzA, as shown in Figure 1B.

PyrzA Can Activate the HIF Signaling Pathway in a
Dose- and Time-Dependent Manner. To compare PyrzA
with dimethyloxalylglycine (DMOG) and FG4592, HIF
reporter activities and cellular toxicities of these chemicals
were measured using SKN:HRE-NLuc. DMOG and FG4592
have been approved as PHD inhibitors in the subclinical stage.
FG4592 has also been approved for the treatment of anemia
intervention. First, SKN:HRE-NLuc cells were treated with a
series of diluted PyrzA, DMOG, or FG4592 for 24 h. The HIF
transcriptional activity and cellular viability were measured
using NLuc activity and the cell counting kit-8 (CCK-8) using
WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium), respectively (Figure
2A). The HIF activity for PyrzA, DMOG, or FG4592 was
shown with a NLuc ratio of a 1% DMSO value as 1.0 (Figure
2B−D, left-side y-axis). The cell viability for these three
chemicals was also indicated as the percentile ratio for 1%

DMSO value as 100% in the right-side y-axis (Figure 2B−D,
right-side y-axis). All three chemicals activated the HRE NLuc
reporter in a dose-dependent manner. The DMOG, FG4592,
and PyrzA concentrations for 5-fold HRE NLuc reporter
activity were 6.78, 2.51, and 7.34 μM, respectively. None of the
three chemicals showed cellular toxicity, even at the highest
concentration (100 μM). These results indicated that PyrzA
had a similar HIF activation potential to that of DMOG.

PyrzA Stabilizes HIF-α Protein under Normoxic
Conditions. HIF-α consists of two isoforms: HIF-1α and
HIF-2α. To confirm the stabilization of these proteins, we
conducted an immunoblot analysis in several cell lines. SKN,
HeLa, and Hep3B cells have already reported HIF stabilization
with several HIF activators, including a PHD inhibitor

Scheme 1. General Pathway for the Synthesis of 1,3-Dimethyl-5-(5-phenylpyrazolidin-3-ylidene)barbituric acid (2) and PyrzA
(3)

aSynthesis of compound 2: (E)-1,3-dimethyl-5-(3-phenylacryloyl)barbituric acid (1), hydrazine monohydrate, ethanol, reflux, 1 h (84% for 2);
bSynthesis of compound 3: 2, acetic acid, acetic anhydride 125 °C, 2 h (74% for 3)

Scheme 2. Tautomeric Structure of 1,3-Dimethyl-5-(5-
phenylpyrazolidin-3-ylidene)barbituric Acid (2) Figure 2. PyrzA can activate HRE reporter in a dose dependent

manner without exhibiting toxicity. (A) Experimental procedure to
evaluate for HIF-α transcriptional activity and cellular viability. (B−
D) HIF-α transcriptional activity and cellular viability results for
DMOG (B), FG4592 (C), or PyrzA (D) using SKN:HRE-NLuc for
24 h. The HRE reporter activities are indicated as fold luciferase
activity, based on the value from 1% DMSO treated cells (filled square
and solid line). The cell viability percentile is represented on the value
from 1% DMSO treated cells as 100% viability (filled triangle and
dashed line).
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containing a 2-OG structure. Before chemical challenging, 5.0
× 105 cells were seeded into each well of 12-well plates and
preincubated for 16 h. After incubation, the cells were
challenged with PyrzA or FG4592 at concentrations up to
100 μM for 24 h and the negative control vehicle, DMSO. The
results showed that treatment with PyrzA or FG4592 led to
dose-dependent stabilization of HIF-1α in SKN, HeLa, and
Hep3B cells (Figure 3A, B, and C, respectively). Importantly, a

comparison of FG4592 and PyrzA on the same blot showed
that the amount of HIF-α with PyrzA was the same as that
with FG4592 in the three cells. These results suggest that
PyrzA stabilizes HIF-α and the approved PHD inhibitor,
FG4592.
PyrzA Stabilizes the HIF-α Protein by Inhibiting HIF-α

Prolyl Hydroxylation. Under normoxic conditions, two
prolyl residues, NODD and CODD, on HIF-1α (Pro402 and
Pro564 in humans, respectively) were hydroxylated by PHD
activity. The resultant hydroxylated form of HIF-1α was
ubiquitinated by the VHL complex. The ubiquitinated HIF-1α
was degraded via the ubiquitin-proteasome system. Because
most of the known HIF activators target the 2-OG HIF-α
prolyl hydroxylation epicenter in PHDs, we focused on
whether the prolyl motif in HIF-1α was hydroxylated. To
stabilize the HIF-α protein before ubiquitin-proteasome
degradation, we checked the toxic effects of the proteasome

inhibitor, MG132, in SKN, HeLa, and Hep3B cells. The three
cell types were treated with serial dilutions of MG132 for 24 h,
and the cell viability was analyzed using CCK-8. The LD50 of
MG132 in all three cell lines was over 10 μM (data not
shown). However, the majority of the Hep3B cells showed
ballooning features during treatment with high concentrations
of MG132; therefore, we decided not to use Hep3B to check
the inhibitory activity of HIF-α prolyl hydroxylation by PyrzA
and FG4592. To stabilize the HIF-1α protein, we set the
MG132 concentration at 10 μM to partially inhibit the
proteasomal activity. As shown in Figure 3, 5.0 × 105 SKN and
HeLa cells were challenged with various doses of PyrzA or
FG4592 (1, 5, 25, and 100 μM). The cells were treated with 10
μM MG132 for 24 h to investigate the hydroxylation of HIF-
1α prior to degradation. Two hydroxylation sites on HIF-1α,
including Pro402 and Pro564, were detected with hydrox-
ylation-specific antibodies. In SKN and HeLa cells, only PyrzA
or FG4592 treatment stabilized the HIF-1α protein. MG132
treatment also stabilized the HIF-1α protein in SKN and HeLa
cells.
PyrzA or FG4592 treatment blocked the Pro402 and Pro564

hydroxylation of HIF-1α in SKN and HeLa cells in a dose-
dependent manner (Figure 4A and B, respectively). Notably,
PyrzA inhibited the hydroxylation of Pro402 and Pro564 on

Figure 3. PyrzA stabilizes HIF-α protein in various cell lines. (A−C)
Immunoblot analyses of HIF-α during various concentrations (1.0,
5.0, 25, and 100 μM) of PyrzA and target positive control, FG4592, in
SKN (A), HeLa (B), and Hep3B (C) cells. Total cellular extract was
separated by SDS-PAGE and transferred to PVDF membrane prior to
treatment with appropriate antibodies. Lane 1 shows a negative
DMSO vehicle control. Equal loading was assessed by probing the
blots with antibody against β-actin. All of experiments were performed
in triplicate, representative data are shown.

Figure 4. PyrzA inhibits HIF-1α prolyl hydroxylation. (A, B)
Immunoblot analyses of HIF-α with its hydroxylated Pro402 and
564 residues on SKN (A) or HeLa (B). Cells were treated with
various concentrations (1.0, 5.0, 25, or 100 μM) of PyrzA and
FG4592 in the presence of proteasome inhibitor MG132 (10 μM) for
24 h. Simultaneously, cells were independently treated with PyrzA
(100 μM), FG4592 (100 μM), or MG132 (10 μM) for 24 h. Equal
loading was assessed by probing the blots with antibody against β-
actin.
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HIF-1α when compared with FG4592 activity. Furthermore,
PyrzA inhibited both Pro402 and Pro564 in HIF-1α
hydroxylation. In future studies, we will make other PyrzA
derivatives that can inhibit Pro402 and Pro564 on HIF-1α
independently. We conclude that PyrzA stabilizes HIF-α by
inhibiting PHDs as PyrzA decreases the hydroxylation of
Pro402 or Pro564 on HIF-1α and FG4592.
PyrzA Upregulates HIF Target Genes. We showed that

PyrzA could stabilize the HIF-α protein. To investigate HIF-α
transcriptional activity, we measured the mRNA expression
profiles of HIF target genes. To do this, we selected the
carbonic anhydrase 9 (CA9), PHD3, and erythropoietin (EPO)
genes. Hep3B cells (5.0 × 105 cells/well) were seeded into 3
cm dishes and preincubated for 16 h. After preincubation, the
cells were challenged with PyrzA or FG4592 (10, 30, and 100
μM) for 24 h and the negative control vehicle, DMSO. PyrzA
induced all selected genes and FG4592 at 100 μM (Figure
5A−C). The expression of the HIF target genes after treatment
with PyrzA responded significantly from 30 to 100 μM.

Therefore, PyrzA is able to stabilize the HIF-α protein and
stimulate the HIF signaling cascade.

PyrzA Upregulates HIF-α Expression in Mice. To
examine whether PyrzA promoted HIF signaling in wild-type
C57BL6 mice, we intraperitoneally administered 6-week-old
female mice with PyrzA (50 mg/kg) or DMSO. Six hours after
the PyrzA administration, we harvested blood and tissues from
the treated mice for further examination. Plasma EPO protein
is the primary inducer of erythropoiesis; hence, we measured
the level of EPO using ELISA. We observed minute alterations
in the levels of EPO in the PyrzA-treated group. However, the
change was not statistically significant compared to the control
group (Figure 6A). Moreover, we observed that the mRNA

levels of the principal target genes of HIF-α, including BCL2/
adenovirus E1B interacting protein 3 (Bnip3), and carbonic
anhydrase 9 (Car9), were significantly upregulated in the
kidneys of PyrzA-treated mice (Figure 6B). In conclusion, our
initial hit, the potential HIF-α inducer PyrzA, effectively drives
the HIF-α pathway, even in vivo. In future studies, we will
optimize the bioavailability of PyrzA in vivo after the chemical
modification of PyrzA.

Docking Simulation Using PyrzA with PHD2. We
showed that PyrzA could inhibit hydroxylation on HIF-α
prolyl residues (Figure 4). To predict the binding sites of PHD
and PyrzA, we performed a docking simulation (Figure 7). We
selected the human PHD2:Mn2+:N-oxalylglycine:HIF-α sub-
strate complex (PDB ID: 3hqr48) as a template structure using
the Molegro Virtual Docker 7.0.0 (Figure S3B-D).81 The

Figure 5. Effect of PyrzA on HIF-α target gene regulation. (A-C) The
expression levels of carbonic anhydrase 9 (CA9), PHD3, and
erythropoietin (EPO) were measured using RT-qPCR after treatment
with FG4592 or PyrzA (10, 30, and 100 μM) for 24 h and Hep3B.
Experiments were performed in triplicates. Each data is mean ± SEM
(n = 3) and based on the value from 1% DMSO-treated cells set as 1.
*P < 0.05, **P < 0.01 compared with 1% DMSO (one-way ANOVA
with Dunnett test). All data are expressed as mean ± SEM.

Figure 6. PyrzA activates HIF-α in mice. (A) Erythropoietin levels in
PyrzA (50 mg/kg, i.p.)-treated mice plasma (n = 6) were normalized
to vehicle control (n = 5). (B) The expression of BCL2/adenovirus
E1B interacting protein 3 (Bnip3) and carbonic anhydrase 9 (Car9)
was measured using RT-qPCR 6 h after PyrzA (50 mg/kg) or vehicle
injection in the kidney. *P < 0.05 compared with vehicle (two-tailed,
unpaired Student’s t test). All data are expressed as mean ± SEM.
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coordinates of the five-membered ring structure of PyrzA were
found to overlap the coordinates of Pro564 in HIF-1α CODD.
Additionally, both of the racemic PyrzA, including (S)- or (R)-
PyrzA, could bind to the PHD protein. Their docking
(MolDoc) scores were −99.6763 and −89.3412 (kcal/mol),
respectively (Figure 7 and Figure S3A, E, and F). Namely,
PyrzA had the potential to interrupt the PHD2 and HIF-1α
CODD binding. To the best of our knowledge, PHD inhibitors
with HIF-1α CODD analogs have not been reported, and this
may be the first study to do so. If the binding site of an
inhibitor does not have a 2-OG vacancy, it may potentially
have increased selectivity for enzymes with 2-OG as a cofactor
over inhibitors of 2-OG analogs. The docking results indicate
that PyrzA has that potential.
Experimental Measurement of the Partition Coef-

ficient of PyrzA.We evaluated the LogP (partition coefficient
in octanol/water) value experimentally to investigate the
pharmacokinetics of PyrzA. The LogP value of PyrzA was 1.10
± 0.09 and showed low lipophilicity. In the future, this
pharmacological feature will be improved by synthesizing more
efficient derivatives of this compound.

■ CONCLUSIONS

In this study, we reported a novel HIF activator, PyrzA, which
does not harbor a 2-OG scaffold. Compared with the synthesis
processes of known PHD inhibitors, including FG4592, PyrzA
can be generated in three reasonable steps, which reduces the
synthesis time and cost. PyrzA not only triggers the HIF
signaling cascade, but also has markedly low cytotoxicity in
mice. The efficacy of PyrzA as an activator of HIF is
comparable to that of the known PHD inhibitor DMOG.
PyrzA stabilizes the HIF protein in three types of cells and
accumulates both the HIF-α isoforms (HIF-1α and HIF-2α).
Most importantly, PyrzA is capable of upregulating HIF target
genes including EPO. When the proteasomal degradation was
inhibited by MG132 to prevent the degradation of
hydroxylated HIF-1α, PyrzA remarkably suppressed the
hydroxylated HIF-1α at both prolines. These findings suggest
that PyrzA effectively inhibits PHDs. Although our current
PyrzA biomolecule has the potential to promote the expression
of several HIF target genes in vivo, the only limitation is that
most PyrzA molecules are likely to be excreted through urine

due to their low LogP value. Therefore, future research should
primarily focus on optimizing the current PyrzA molecule to
improve its bioavailability.

■ EXPERIMENTAL SECTION

Reagents. Dimethyl sulfoxide (DMSO) was purchased
from Fujifilm Wako (Osaka, Japan). MG132 was obtained
from Peptide Institution (Osaka, Japan). FG4592 was
purchased from Cayman Chemical Company (Ann Arbor,
MI, USA). DMOG was purchased from Merck (Darmstadt,
Germany). All compounds used in this study were >95% pure,
achieved by HPLC.

Chemical Synthesis of PyrzA. All starting materials,
except (E)-1,3-dimethyl-5-(3-phenylacryloyl)barbituric acid,
were obtained from commercial suppliers and used without
additional purification. 1H and 13C NMR spectra were
recorded using a NMR 400 MHz system (Agilent, Santa
Clara, CA, USA). The chemical shift (δ) was assigned relative
to SiMe4 as an internal control at δ 0 ppm. High-resolution
mass spectra were obtained using an Agilent G6224AA TOF-
MS system.
(E)-1,3-Dimethyl-5-(3-phenylacryloyl)barbituric acid (1)

was synthesized as described in the literature.79

Synthesis of 1,3-Dimethyl-5-(5-phenylpyrazolidin-3-
ylidene)barbituric Acid (2). Under a nitrogen atmosphere,
(E)-1,3-dimethyl-5-(3-phenylacryloyl)barbituric acid (1) (1
mmol), hydrazine monohydrate (2 mmol), and ethanol (30
mL) were placed in a 50 mL two-necked flask. The mixture
was stirred under reflux for 1 h. After the reaction, a white
precipitate was formed. After the precipitate was filtered,
washed with ethanol, and dried, 2 was obtained in 84% yield.
1,3-dimethyl-5-(5-phenylpyrazolidin-3-ylidene)barbituric acid
(2): white solid; 1H NMR (400 MHz, CDCl3) δ 3.28 (s,
3H), 3.31 (s, 3H), 3.74 (dd, J = 7.7, 18.9 Hz, 1H), 4.10 (dd, J
= 9.2, 18.9 Hz, 1H), 4.80−4.88 (dd, J = 7.7, 9.2 Hz, 1H), 5.20
(d, J = 7.4 Hz, 1H), 7.29−7.40 (m, 5H), 12.02 (s, 1H); 13C
NMR (100 MHz, CDCl3) δ 27.6, 27.7, 42.9, 59.5, 86.2, 126.2,
128.4, 129.0, 139.2, 151.8, 162.2, 164.9, 165.8. HRMS (TOF)
calculated for C15H17N4O3 [M + H]+: 301.1301; found:
301.1302.

Synthesis of 5-(1-Acetyl-5-phenylpyrazolidin-3-ylidene)-
1,3-dimethylbarbituric Acid (3). Under a nitrogen atmos-

Figure 7. Predicted binding model of PHD2 (PDB ID: 3hqr) within PyrzA. HIF-1α CODD peptide (amino acids number 556−574) (yellow)
bound to PHD2; blue corresponds to positive charge and red to negative charge residues. Mn2+ (orange) and N-oxalylglycine were substitutes for
Fe2+ and 2-OG, respectively. PyrzA and N-oxalylglycine were drawn with carbon in white, oxygen in red, and nitrogen in blue. (A) Overall view.
(B) Enlarged view of the area around the Pro564 (CODD). (C) Enlarged view of the catalytic center of PHD2 showing Mn2+, 2-OG, (S)-PyrzA,
Pro564, and the specified residues of PHD2.
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phere, 2 (0.5 mmol), acetic acid (0.5 mL), and acetic
anhydride (0.5 mL) were placed in a 25 mL two-necked flask.
The mixture was stirred at 125 °C (bath temperature) for 2 h.
After the reaction, the mixture was concentrated and dried
under a vacuum. Purification was performed by recycling
preparative HPLC using GPC columns with CHCl3 as the
eluent. After purification, compound 3 was obtained in 74%
yield. 5-(1-acetyl-5-phenylpyrazolidin-3-ylidene)-1,3-dimethyl-
barbituric acid (3): white solid; melting point was 273−274
°C. 1H NMR (400 MHz, CDCl3) δ 1.94 (s, 3H), 3.27 (s, 3H),
3.37 (s, 3H), 3.99 (dd, J = 2.5, 19.5 Hz, 1H), 4.30 (dd, J =
10.9, 19.5 Hz, 1H), 5.40 (d, J = 8.2 Hz, 1H), 7.23−7.28 (m,
2H), 7.31−7.47 (m, 3H), 13.19 (br, 1H); 13C NMR (100
MHz, CDCl3) δ 20.6, 27.7, 45.1, 58.6, 86.3, 125.0, 129.0,
129.7, 139.3, 151.6, 157.7, 162.1, 163.6, 164.3. HRMS (TOF)
calculated for C17H19N4O4 [M + H]+: 343.1406; found:
343.1437. Compound 3 was racemic; therefore, we used it as a
racemic in the subsequent experiments.
Cell Culture. The human neuroblastoma cell line SKN and

the human hepatocellular carcinoma cell line Hep3B were
obtained from the American Type Culture Collection (ATCC;
Manassas, VA, USA). The HeLa human cervical epithelioid
carcinoma cell line was obtained from the RIKEN Bio
Resource Center (Tsukuba, Ibaraki, Japan). SKN was cultured
in RPMI1640 (Fujifilm Wako) then supplemented with 5%
fetal bovine serum (EQUITEC-BIO, Kerrville, TX, USA) and
1% penicillin-streptomycin (Nacalai Tesque, Kyoto, Japan).
HeLa and Hep3B cells were cultured in high-glucose DMEM
(Fujifilm Wako). All cell lines were cultured in a humidified
atmosphere containing 5% CO2 at 37 °C.
High-Throughput Screening Using the SKN:HRE-

NLuc Cell Line. SKN:HRE-NLuc cells, stable transformants
of SKN with a reporter vector possessing secretion-type NLuc,
were developed as previously described.72 The SKN:HRE-
NLuc cells (7.0 × 103 cells/well) were then seeded into a 384-
well plate and incubated for 16 h. After incubation, the
medium was replaced with new medium individually
containing the core 9600 chemical library of the HTS
compounds (20 μM final concentration with 1% DMSO)
supplied by the Drug Development Initiative (DDI), The
University of Tokyo, and treated for 24 h. The NLuc activity
was measured with a Nano-Glo Luciferase Assay System
(Promega, Madison, WI, USA) by SpectraMax Paradigm
(Molecular Devices, Sunnyvale, CA, USA). To ensure the HTS
accuracy, S/N, S/B, and Z′-factor were calculated using 1%
DMSO as a negative control and 100 μM CoCl2 as a 100%
positive control.
Evaluation of HIF Activity and Cellular Viability.

SKN:HRE-NLuc cells (7.0 × 103 cells/well) were seeded into
a 384-well plate and incubated for 16 h. The medium was
replaced with fresh medium containing the target compounds,
PyrzA or FG4592, sequentially diluted from 100 μM to 98 nM.
The cells were stimulated for 24 h. After incubation, the
luciferase activity was measured using the Nano-Glo Luciferase
Assay System by SpectraMax i3x (Molecular Devices). HIF
activity was calculated as the intensity of luciferase activity
based on the vehicle treatments (1% DMSO). To analyze
cellular viability, the medium of chemically stimulated
SKN:HRE-NLuc was replaced with new medium containing
1/10 (v/v) of CCK-8 assay reagents (Cell Counting Kit-8,
Dojindo, Kumamoto, Japan) and incubated for 1 h. After
incubation, the OD450 of CCK-8 reagents was measured using
the SpectraMax i3x. Cell viability was presented as a

percentage based on the cells stimulated with 1% DMSO
and used as a positive control.

Immunoblot Assay. The cells were solubilized with SDS
sample buffer (0.25 M Tris-HCl, pH 6.8, 20% [w/v] DTT, 8%
[w/v] SDS, 20% [w/v] sucrose, 0.008% [w/v] bromophenol
blue) and boiled at 90 °C for 10 min. The samples were
subjected to SDS-PAGE electrophoresis and transferred to
polyvinylidene fluoride membranes (Fujifilm Wako). The blots
were incubated with primary antibodies against HIF-1α
(Abnova, Taipei, Taiwan), Anti-HIF-1-alpha, hydroxyproline
(Pro402) (Merck), Hydroxy-HIF-1α (Pro564) (Cell Signal
Technology, Danvers, MA, USA), HIF-2α (Cell Signal
Technology), or β-actin (Fujifilm Wako), and subsequently
treated with immunogen-matched horseradish peroxidase-
conjugated secondary antibodies. The proteins were visualized
with ImmunoStar LD (Fujifilm Wako) using Lumino Graph I
(ATTO, Tokyo, Japan).

RNA Isolation and Quantitative PCR. Total RNA from
the cells was prepared using the Blood/Cultured Cell Total
RNA Mini Kit (FAVORGEN, PingTung, Taiwan) following
the manufacturer’s instructions. Total RNA from the mouse
liver was extracted using Sepasol RNA I Super G (Nacalai
Tesque) according to the manufacturer’s instructions. The
total RNA was reverse transcribed to cDNA using the
Transcriptor Universal cDNA Master (Roche, Basel, Switzer-
land). The resulting cDNA was used as a template for
quantitative PCR (qPCR) using the KAPA SYBR FAST qPCR
Master Mix (2×) Kit (Roche) with a LightCycler 96 system
(Roche) and Mx3005P qPCR system (Agilent). β-actin
expression levels were used as internal controls. The primer
sequences used were as follows: human carbonic anhydrase 9
(CA9): (forward) 5′-CCTTTGCCAGAGTTGACGAG-3′
and (reverse) 5′-GACAGCAACTGCTCATAGGC-3′;
human PHD3: (forward) 5′-CACGAAGTGCAGCCCTCT-
TA-3′ and (reverse) 5′-TTGGCTTCTGCCCTTTCTTCA-
3′; human erythropoietin (EPO): (forward) 5′-TCATCTGT-
GACAGCCGAGTC -3′ and (reverse) 5′- CAAGCTG-
CAGTGTTCAGCAC-3′; human β-actin: (forward) 5′-
CCTCGCCTTTGCCGATCC -3′ and (reverse) 5′-
CATGCCGGAGCCGTTGT-3′; mouse BCL2/adenovirus
E1B interacting protein 3 (Bnip3): (forward) 5′-GTTACC-
CACGAACCCCACTTT-3′ and (reverse) 5′-GTGGACAG-
CAAGGCGAGAAT-3′; mouse carbonic anhydrase 9 (Car9):
(forward) 5′-TGCTCCAAGTGTCTGCTCAG-3′ and (re-
verse) 5′-CAGGTGCATCCTCTTCACTGG-3′; and mouse
18S rRNA (forward): 5′-GTAACCCGTTGAACCCCATT-3′
and (reverse) 5′-CCATCCAATCGGTAGTAGC-3′.

Animals. All procedures for the mouse experiments were
approved by the Animal Care Committee of Saga University
and conformed with the Guide for the Care and Use of
Laboratory Animals issued by the National Institute of Health.
Six-week-old female C57B6 mice were housed in environments
with a 12 h light/12 h dark cycle and constant temperature.
PyrzA or corn oil (negative control) was administrated
subcutaneously at 50 mg/kg body weight. Six hours after
injection, blood and tissues were harvested from all mice.

Erythropoietin ELISA. Whole blood from the mice treated
with PyrzA or the vehicle control was collected in a 1.5 mL
tube containing heparin. Samples were spun at 5000 rpm for 5
min at 4 °C. The concentration of mice plasma was measured
using an enzyme-linked immunosorbent assay (ELISA). The
erythropoietin analysis was performed using the mouse
erythropoietin ELISA kit (Proteintech, Rosemont, IL, USA)
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following the manufacturer’s instructions. The detection and
quantification of plasma EPO were performed using Spec-
traMax i3x with SoftMax Pro 7 (Molecular Devices). The
detection limits of the samples were calculated as half of the
detection limit.
Docking Simulation. To calculate the docking simulation

between PHD2 and PyrzA, we used the Molegro Virtual
Docker 7.0.0. We obtained the crystal structure data for PHD2
(PDB ID: 3hqr48) from the Protein Data Bank. The docking
simulations were performed using the Molegro Virtual Docker
7.0.0.81 To select a favorable binding mode, we used the
MolDock score. The number of trial runs for calculations was
20. The chemical structures of the ligands were drawn using
ChemBioDraw Ultra 20.0 and optimized by MM2 calculations
in Chem3D Pro 20.0.
Experimental Measurement of the Partition Coef-

ficient of PyrzA. A saturated octanol solution of PyrzA was
prepared by adding 5.4 mg of PyrzA to 100 mL of octanol in a
200 mL beaker. The remaining PyrzA was removed by
filtration, and 10 mL of the saturated PyrzA octanol solution
and purified water were added to a separatory funnel, shaken,
and allowed to stand to obtain an octanol layer and an aqueous
layer, respectively. The absorbance of the octanol and aqueous
layers was each measured at a maximum wavelength of 321 nm
by a spectrophotometer (JASCO V-650, JASCO, Tokyo,
Japan).
LogP = Log(absorption of octanol layer/absorption of

water). This measurement was repeated three times and the
average value was obtained.
Statistical Analysis. All data were expressed as mean ±

standard error of the mean. All data were analyzed using one-
way ANOVA or two-tailed, unpaired Student’s t tests. For
multiple comparisons, the Dunnett test was used.
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■ ABBREVIATIONS

PyrzA, 5-(1-acetyl-5-phenylpyrazolidin-3-ylidene)-1,3-dime-
thylbarbituric acid; HIF-α, hypoxia inducible factor-α; 2-OG,
2-oxoglutarate; PHDs, prolyl hydroxylase domain containing
proteins; VEGF, vascular endothelial growth factor; EPO,
erythropoietin; GLUT1, glucose transporter 1; PAS, PER-
ARNT-SIM; bHLH, basic helix−loop−helix; HRE, hypoxia
response element; ODDs, oxygen-dependent degradation
domains; pVHL, von Hippel−Lindau protein; CKD, chronic
kidney disease; HTS, high-throughput screening; SKN:HRE-
NLuc, SK-N-BE(2)c cells that stably harbored a nanoluciferase
reporter system construct; DDI, Drug Discovery Initiative,
University of Tokyo; DMSO, dimethyl sulfoxide; CCK-8, Cell
Counting Kit-8; CA9 or Car9, carbonic anhydrase 9; Bnip3,
BCL2/adenovirus E1B interacting protein 3
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■ NOTE ADDED AFTER ISSUE PUBLICATION
Due to a production error, this paper was published in volume
5, issue 5, before the final corrections had been incorporated.
Notably, on pages 362 and 369, the surname of the second
author is corrected, from “Bogahawattha” to “Bogahawaththa”,
and an additional affiliation is given for the eighth author,
Norio Suzuki: Applied Oxygen Physiology Project, New
Industry Creation Hatchery Center (NICHe), Tohoku
University, 2-1 Seiryo-machi, Aoba-ku, Sendai, Miyagi 980-
8575, Japan. Additional changes are made in notations
throughout the text, none of which has a significant impact
on the scientific content or the conclusions of the paper. The
online version of the original paper has been updated to reflect
these final corrections. The revised version was published on
the Web on June 9, 2022. An Addition/Correction was
published in Volume 5, Issue 7.
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