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Abstract
The Signal Transducer and Activator of Transcription 3 (STAT3) pharmacological targeting is regarded as a prospective
approach to treat cancer, autoimmune disorders, or inflammatory diseases. We have developed a series of reporters of the
STAT3, NF-κB, Nrf2, metal-responsive transcription factor-1 (MTF-1), and hypoxia-inducible factor 1α (HIF-1α)
transcriptional activation in human monocyte-macrophage line THP-1. The reporter lines were employed to test a set of
hydrazide-hydrazones as potential STAT3 inhibitors. A hydrazide-hydrazone library composed of 70 binary combinations of
7 carbonyl and 10 hydrazide components, including a STAT3 inhibitor clinical drug nifuroxazide, has been assembled and
screened by the reporters. For the library as a whole, significant correlations between responses of the STAT3 and NF-κB or
the STAT3 and HIF-1α reporters in THP-1 monocytes were found. For selected inhibitory combinations, respective
hydrazide-hydrazones have been prepared and tested individually. The most potent 2-acetylpyridine 4-chlorobenzoylhy-
drazone exhibited the STAT3 inhibitory potential significantly exceeding that of nifuroxazide (ED50 2 vs 50 μM respectively)
in THP-1 cells. We conclude that insulated reporter transposons could be a useful tool for drug discovery applications.
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Introduction

Remarkable achievements of modern medicine have
become possible, to some extent, due to advances in
molecular biology and high-throughput screening techni-
ques, which enabled target-specific drug discovery and
development [1]. Nevertheless, persistent vulnerability of
humankind to infections, cardiovascular diseases, cancer, or
neurological disorders implies that there remains a great
need in safer, more effective, and more affordable drugs [2].
To meet such a need, more efficient and less costly
screening and evaluation approaches at early stages of drug
discovery, such as multi-target profiling or drug repurposing
[3, 4], could help.

Signal Transducer and Activator of Transcription 3
(STAT3) is a cytoplasmic inducible transcription factor
which relays extracellular signals, typically provided by
cytokines or growth factors, such as interleukin-6 (IL-6)
or epidermal growth factor (EGF) [5]. The principal sig-
naling pathway leading to activation of STAT3 involves
recognition of IL-6 by a cytokine receptor, a subsequent
activation of associated Janus tyrosine kinases (JAKs),
phosphorylation of cytoplasmic STAT3 by JAK, and
translocation of phosphorylated STAT3 to the nucleus,
where it regulates gene expression. In turn, STAT3
induces the expression of a number of cytokines, che-
mokines and other factors which are known to support
chronic inflammation, a major risk factor in oncogenesis
[6]. Moreover, STAT3 upregulates a number of genes that
are involved in cancer proliferation, invasion, and
metastasis [5]. The involvement of this transcription fac-
tor in cancer cell immune evasion has been recognized, as
well [7]. Thus, targeting the JAK/STAT3 pathway has
been identified as a potentially important approach in
cancer immunotherapies, and a significant effort was
devoted to development of agents inhibiting the pathway.
For example, direct-acting inhibitors of JAK2 ruxolitinib
and fedratinib have been FDA approved for treatment of
some leukemias, whereas a couple dozen more JAK and
STAT3 inhibitors undergo clinical trials against various
cancers [8]. In addition, a number of drugs, currently in
clinical use, have been indicated for repositioning as
inhibitors of the JAK/STAT3 pathway in cancer [9]. For
instance, nifuroxazide, a synthetic antibacterial used in
treatment of infectious diarrheas, has been identified 15
years ago as a potent inhibitor of STAT3 [10], with effi-
cacy against experimental melanoma [11], pulmonary
fibrosis [12], hepatocellular carcinoma [13], or inflam-
matory conditions in diabetic kidney [14].

Nifuroxazide structure is 5-nitro-2-furaldehyde 4-hydro-
xybenzhydrazone, a representative of a vast class of aro-
matic hydrazide-hydrazones, a subclass of Schiff bases,
which are widely used in medicinal chemistry [15]. In
addition to nifuroxazide, many hydrazide-hydrazones were
proposed as potential anti-inflammatory or anti-cancer
agents [16, 17]. Because of well-known lability of the
azomethine bond in hydrazide-hydrazones, their therapeutic
effects may not necessarily be attributed to the Schiff base
structures, due to hydrolysis or cross-reaction with endo-
genous carbonyls in the cellular milieu. For drug discovery,
however, the “bioactivity first, mechanism later” approach
may be preferred in high-throughput screening of large
libraries or screening biological extracts, whereby defined
structure-driven search would be suboptimal. Nifuroxazide
and a number of other therapeutic drugs that contain azo-
methine bond [15], may be prepared readily in biocompa-
tible solvents in high yield via condensation reaction
between acyl hydrazide and carbonyl components, thus
skipping individual isolation of the drug candidates in such
“combinatorial library” before testing in biological models.

Recently, we have developed a series of insulated
reporter transposons for evaluation of the inflammation- and
cellular stress-relevant signaling pathways [18]. Introduc-
tion of these reporters into genomes of immortalized cell
lines allowed for generation of stable reporter cell lines
suitable for functional characterization of bioactive mole-
cules, such as flavonoids, in a middle- to high-throughput
fashion [19]. Here, we communicate results of testing a
stable THP-1 monocyte-macrophage based reporters of the
JAK/STAT3 pathway and four other cell signaling path-
ways for screening a small combinatorial library of
hydrazide-hydrazones structurally related to nifuroxazide.

Results and discussion

Validation of reporters

To generate new reporter cell lines, we employed pre-
viously assembled reporter plasmids which carry binding
sites for the transcription factors STAT3 [19] and MTF-1
[20] that are flanked by the cHS4 insulators and inverted
terminal repeats for recognition by the piggyBac transpo-
sase, as shown in Fig. 1A. The THP-1 monocytes, the
HepG2 hepatocytes, and the NIH 3T3 murine embryonic
fibroblasts were stably transfected with these plasmids,
whereas the THP-1 based reporters for the transcriptional
activity of NF-κB, Nrf2, and HIF-1α have been established
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earlier [18]. Keeping in mind that our goal in this study was
to screen hydrazide-hydrazones for the STAT3 modulation
and that hydrazide-hydrazones are established metal chela-
tors [21], our choice of the TF reporter set was driven by
implications of these TFs in oncogenic inflammatory pro-
cesses and cellular responses to transition metals [22–25].
The new reporter cell lines were tested for stability and
responsiveness to established inducers and inhibitors
(Fig. 1). The functional activity of the STAT3 reporter did
not change significantly within several weeks of culturing, it
was not lost during differentiation of THP-1 monocytes into
the macrophage phenotype, as well. However, there was a
notable difference in responses to cytokines between the
two phenotypes: while THP-1 monocytes were more sen-
sitive to interleukins IL-6 and IL-1β, the STAT3 activation
in response to interferon-α (IFNα) and granulocyte-
macrophage colony-stimulating factor (GM-CSF) was
more prominent in THP-1 macrophages (Fig. 1C). The

basal activity of STAT3 in THP-1 monocytes decreased,
dose-dependently, in presence of both inhibitors of JAK2
(AG490, ruxolitinib) and a direct STAT3 activation inhi-
bitor (stattic), but also an autophagy inhibitor chloroquine
(Fig. 1D).

Preparation and screening of the combinatorial
library with the reporters of STAT3, NF-κB, Nrf2,
HIF-1α, and MTF-1

The idea of hydrazide-hydrazone combinatorial library is
based on the readiness of Schiff base formation between
acyl hydrazides and sterically unhindered carbonyl groups
in polar solvents, including water. We employed a DMSO/
propylene glycol mixture as a solvent of choice, for reasons
of low cytotoxicity, low volatility and good solubilizing
capacity in respect to both reagents and products of the
condensation reactions. In our hands, the Schiff base
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μ μ μ
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Fig. 1 Transcriptional activation assay in human monocyte-macrophage
THP-1. A A general scheme of the reporter construct. Four to eight
specific transcription factor binding sequences (transcription factor
response elements, TREs) and the mCMV promoter regulate reporter
firefly luciferase, while the EF1 promoter provides constant production
of destabilized copepod GFP and puromycin resistance selector. The
flanking insulators (core hypersensitive site 4, cHS4) protect from epi-
genetic silencing of the reporter, while the piggyBac transposon ITRs
secure accurate and efficient insertion of the reporter into the genomic
DNA. B Stability of the reporters in time. Comparative luciferase

activity in reporter cells tested after 1 week (plainly colored bars) and
3 months (slanted fill pattern) that followed thawing of the cells.
Reporters of the NF-κB, STAT3, and MTF-1 were treated for 16 h with
100 ng/mL LPS, 480 pM IL-6, and 100 μMZnSO4, respectively. The
error bars are SDs, n= 3. C Comparison of responses to activators of
the STAT3 in the non-differentiated monocytic and differentiated
macrophage phenotypes of THP-1. D Comparison of responses to anti-
inflammatory agents in THP-1 monocytes reporting the STAT3 or NF-
κB activities. The data points in C and D are single measurements

684 Medicinal Chemistry Research (2023) 32:682–693



formation between acyl hydrazides and aromatic aldehydes
or 2-acetylpyridine was complete, as evidenced by TLC
checkup, within 1–5 h at 55 °C. The library was assembled
in a 96-well plate format, with 10 hydrazides and 7 carbonyl
components coded, respectively, with the plate column
numbers, 1 through 10, and the row letters, A through G, as
shown in Fig. 2. The unreacted hydrazides were located in
the row H, the unreacted carbonyls were located in the
column 11. The column 12 was reserved for untreated
controls and blanks. Combinations producing particular
Schiff bases were subsequently coded by the well addresses,
such as A2, C10, G5 etc.

In our reporter constructs, continuous expression of
destabilized copepod GFP is driven by the EF1 promoter
(Fig. 1A); the expressed cGFP is continuously degraded and,
unlike EGFP, does not over-accumulate intracellularly and
does not affect important signaling pathways such as NF-κB
[26]. As a consequence, GFP fluorescence reads are pro-
portional to current total transcriptional/ translational activity
in cells and, as we have shown previously [19], well cor-
related with the cellular viability determined by the resazurin
(alamarBlue) reduction assay. Hence, relative viability of

cells in our assay could be assessed by simply GFP fluor-
escence measurements, immediately before addition of the
luciferase substrate for further determination of the specific
transcriptional factor activation in the cell lysates.

As shown in Fig. 3 and Supplementary Figs. S1–S8,
viabilities of THP-1 reporter cells, treated with any of the
hydrazide or carbonyl reagents or most of the combinations
at 25 μM, were not different from the carrier-only
(0.5% v/v) treated controls. Notable exceptions are several
combinations of 2-acetylpyridine, 4-(dimethylamino)-2-
hydroxybenzaldehyde, and 5-nitro-2-furaldehyde, which
could decrease the cellular viability by more than 30%. In
two instances, the combinations C6 and G6 produced
relative GFP fluorescence reads well above unit (Figs. S3,
S4, S5, and S7), a likely artefact of an intracellular agent
accumulation.

Screening the library with reporters of the STAT3,
NF-κB, Nrf2, HIF-1α, and MTF-1 transcriptional activities
produced a series of patterns (Fig. 4, Supplementary Figs.
S1–S10) with distinct features that are discussed below.

Treatment of THP-1 monocytes bearing the STAT3
reporter with 25 or 12.5 μM combinatorial library (Fig. 4

Fig. 2 Components of the
combinatorial library and their
codes. An example reaction of
the Schiff base formation in the
library is shown
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and S1) revealed A3 as clearly the most potent inhibitor of
the basal STAT3 activity. Compared to nifuroxazide (F5),
the inhibitory activity of A3 was about 5 times stronger, in
terms of the relative activation folds at these concentra-
tions. In general, the majority of hydrazide-hydrazones
were weak inhibitors of the basal STAT3 activity, and
some, such as A5 and E10, promoted weak activation of
the STAT3. When the STAT3 pathway in THP-1 mono-
cytes was activated with 240 pM interleukin-6, the luci-
ferase activity increased about 5-fold (Fig. 1C), but the
combinatorial library, at 25 μM, could counteract this
increase to an extent that produced a pattern (Fig. S6)
similar to that shown in Fig. 4. In fact, there was a good
correlation between these two sets of responses, as shown
in Fig. 5A. An equally good correlation was obtained when
interleukin-1β was chosen as a STAT3 activator
(Figs. S7, 5B), as well.

Next, we compared the STAT3 transcriptional responses
to the library between THP-monocytes and THP-1 mac-
rophages. In THP-1 macrophages, the cytotoxic and the
STAT3 inhibitory effects of the library were less pro-
nounced, as compared to the monocytes (Fig. S8), and the
correlation between these two datasets (Fig. 5C) was not
strong (R2= 0.342). Moreover, nifuroxazide and the rest of
combinations containing 5-nitro-2-furaldehyde, and even
this reagent alone, produced a pro-inflammatory effect of

the STAT3 activation in the macrophages. All of the
acylhydrazide reagents induced the STAT3 activation
when presented to the macrophages, as well. Nevertheless,
the combination A3 retained the highest inhibitory poten-
tial against STAT3 within the library, with all but one
combinations of 2-acetypyridine attenuating the basal
STAT3 activity in the macrophages to some extent. In
contrast, 25 μM A3 was inducer of the STAT3 in human
hepatocytes HepG2, with the F9 taking the helm of the best
STAT3 inhibitor (Fig. S9, Fig. 5D) in these cells, while in
murine embryonal fibroblasts NIH 3T3, the A3 retained its
inhibitory activity against STAT3 activation, with
p-chlorobenzoyl hydrazide (3) taking the lead as the
strongest STAT3 pathway inhibitor (Fig. S10, Fig. 5E).
There was no significant correlations between responses of
the STAT3 reporters to the combinatorial library in THP-1
monocytes and HepG2 or NIH 3T3 cells (R2= 0.069 and
0.054, respectively). The nifuroxazide combination F5 was
inhibitory against the STAT3 in HepG2, but inactive
against this transcription factor in NIH 3T3. On the final
note, NIH 3T3 line was generally more sensitive to the
combinatorial library than THP-1 cells, especially to the
2-acetylpyridine combinations (but not to 2-acetylpyridine
alone), while the HepG2 cellular viabilities were generally
unaffected in presence of the combinatorial library (Figs.
S9 and S10).

Fig. 3 Viabilities of the STAT3 reporter THP-1 monocytes treated with the combinatorial library at 25 μM for 16 h. The data points are single
measurements

Fig. 4 Transcriptional activity of STAT3 in THP-1 monocytes treated
with the combinatorial library at 25 μM for 16 h. The STAT3 activa-
tion is expressed as log2(r. a. f.), where r. a. f.= relative activation

fold= luminescence in treated wells divided by luminescence in
untreated controls. The data points are single measurements
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We also compared transcriptional responses to the com-
binatorial library from the THP-1 reporters of five signaling
pathways. The majority of the combinations, including A3
and F5, inhibited the NF-κB pathway (Fig. S2), with the C6
combination standing out as the best inhibitor. Responses
from the NF-κB reporter correlated well with those recorded
in the STAT3 reporter, as shown in Fig. 5F. In contrast,
nearly all of the hydrazide and carbonyl reagents and their
combinations induced the master regulator of the cellular
stress and sensor of electrophilic species, transcription factor
Nrf2 (Fig. S4). An exception to this trend were combinations
of pyridoxal, but not pyridoxal alone. We found no corre-
lation between responses to the library from the THP-1
reporters of STAT3 and Nrf2, as evidenced in Fig. 5G. The
metal-sensitive transcription factors, HIF-1α and MTF-1,
responded to the combinatorial library differentially. The

activity hypoxia-inducible factor 1α was specifically
enhanced by the majority of combinations of salicyladehyde
and pyridoxal (Fig. S3). Notably, salicylaldehyde- and
pyridoxal-derived hydrazide-hydrazones are well known
biologically active chelators of iron(III) [27, 28], and acti-
vation of the HIF-1α is generally promoted by specific
Fe(III) chelators, as well [29]. We also found a correlation
between responses of the STAT3 and HIF-1α to the library,
with R2= 0.324 (Fig. 5H). The zinc-sensitive transcription
factor MTF-1, on the other hand, responded well to the
combinations of 2-acetylpyridine (Figure S5), while the
combinations of pyridoxal and 4-(dimethylamino)salicy-
laldehyde generally inhibited this transcription factor in
THP-1 monocytes. There was no significant correlation
between the STAT3 and MTF-1 responses to the library
(R2= 0.324), as could be seen in Fig. 5I.

β

β

κ

α

κ

α

Fig. 5 Correlations between the transcriptional activities in THP-1
monocytes or macrophages, HepG2 hepatocytes, or NIH 3T3 murine
embryonic fibroblasts, in response to the 25 μM combinatorial library
for 16 h. In all graphs, datasets for abscissa are the same and expressed
as log2(STAT3 activation fold), normalized for the basal STAT3
activity in untreated THP-1 monocytes. The STAT3 activation folds in
datasets used for ordinates in the plots (A) and (B) were normalized for

the STAT3 activity in THP-1 monocytes treated with IL-6 or IL-1β
only. The transcriptional activation folds in datasets used for ordinates
in the plots (C) through (I) were normalized for the basal transcrip-
tional activities in untreated cells. Labeled are combinations A3 (min
abscissa value, green dot), F5 (nifuroxazide, orange dot), E10 (max
abscissa value) and combinations with minimal and maximal values on
the ordinate scale
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Comparison of the dose-dependent STAT3
inhibitory activity displayed by combinations and
isolated hydrazide-hydrazones

In order to contest the functional identity of our combina-
torial library with individually isolated hydrazide-hydra-
zones, we selected four combinations, A3, A4, B8, and F5.
Thus, the F5 combination was matched by a commercial
sample of nifuroxazide, while for the rest of selected
combinations, we prepared and structurally characterized
respective synthetic hydrazide-hydrazones, namely
2-acetylpyridine 4-chlorobenzoylhydrazone (APypCBH),
2-acetylpyridine 4-dimethylaminobenzoylhydrazone
(APyDMABH), and pyridoxal nicotinoylhydrazone (PNH)
in form of their salts (Fig. 6, Fig. S11–S13). Crystal-
lographic and structure parameters of these molecules are
given in Table 1 and Tables S1–S9. In all three synthetic
structures, the most basic nitrogen atoms resided on the
carbonyl pyridine rings, while the hydrazide-hydrazone
chain adopted the trans (E) configuration, similarly to
reported conformations found in nifuroxazide solvates
[30, 31].

We then measured the STAT3 activation folds in THP-
1 monocytes treated with different concentrations of
synthetic hydrazide-hydrazones and matching concentra-
tions of the hydrazide/carbonyl combinations. The
resulting dose-response curves are shown in Fig. 7.
Clearly, the synthetic compounds and the matching
combinations produced identical curves, signifying che-
mical identity of the combinations and the matching
Schiff bases. One striking difference between nifurox-
azide and the rest of tested hydrazide-hydrazones was the
shape of dose-response curves. While nifuroxazide

produced a typical sigmoid curve, the response curves
from THP-1 monocytes to APypCBH, APyDMABH, and
PNH were biphasic, with a maximum of the STAT3
activation reaching as high as threefold over the basal
level. Thus, even though A3, A4 and the matching
hydrazide-hydrazones were better inhibitors of the STAT3
pathway than nifuroxazide at 25 μM concentration, at
lower doses these combinations were rather pro-inflam-
matory, while their inhibitory activity at higher con-
centrations could be associated with their cytotoxic
effects. In presence of IL-6, treatment with APypCBH
produced a dose-response curve similar in shape to the
curve obtained in the absence of this cytokine, thus sug-
gesting a lack of significant synergistic or antagonistic
interactions between IL-6 and APypCBH in the STAT3
reporter cells. Hence, in our hands, the dose profiling
experiment singled out nifuroxazide as a pharmacological
choice for further evaluation of its potential as a STAT3
inhibitor in immune cells, in accord with earlier findings
by other research groups [10, 32].

Conclusions

This study demonstrated the utility of the insulated tran-
scriptional activity reporter transposon for simultaneous
monitoring of cytotoxic and anti-inflammatory effects of
agents of interest in immune cells. Screening of 70 aro-
matic acylhydrazide/carbonyl combinations in five
monocyte-macrophage based reporters of the
inflammation-related signaling pathways allowed map-
ping potentially pro- and anti-inflammatory effects of
these agents and exposed patterns of responses that were

Fig. 6 Thermal ellipsoids at 50%
probability for: A molecular
structure of 2-acetylpyridine 4-
chlorobenzoylhydrazone
hydronitrate monohydrate
(matches combination A3); (B)
molecular structure of pyridoxal
nicotinoylhydrazone
hydrochloride monohydrate
(matches combination B8); C.
molecular structure of
2-acetylpyridine 4-
dimethylaminobenzoylhydra-
zone hydrochloride dihydrate
methanolic solvate (matches
combination A4)
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consistent with nature of the carbonyl component in
combinations. All selected hydrazide/carbonyl combina-
tions and their matching hydrazide-hydrazone structures
produced identical dose-response patterns in the STAT3
reporter cells. Thus, the carbonyl/amino combinatorial
libraries deserve attention as an economical alternative to
sets of synthetic Schiff bases. Results of this in vitro study
may inform future laboratory and clinical studies aiming
at nifuroxazide pharmacology, as well as the transcrip-
tional effects of hydrazide-hydrazones.

Materials and methods

Organic solvents, a collection of acyl hydrazide and carbonyl
reagents, cell culture media and other reagents, TLC plates
and cell culture plasticware were purchased from Thermo
Scientific or Millipore-Sigma vendors. All reagents were
used without purification. Nifuroxazide was from Millipore-
Sigma (cat. #481984500MG); human recombinant inter-
leukin-1 β (PeproTech cat. #200–01B), human recombinant
interleukin-6 (PeproTech cat. #200–06), human recombinant

Table 1 Crystallographic parameters of synthetic hydrazide-hydrazones

Molecule 1 2 3

CCDC code 2234388 2234387 2234389

Crystal data

Chemical formula C14H13ClN3O × NO3 × H2O C16H19N4O × Cl × 2(H2O) × CH4O C14H15N4O3 × Cl × H2O

Mr 354.75 386.87 195.19

Crystal system,
space group

Orthorhombic, P212121 Monoclinic, P21/n Triclinic, P1

Temperature (K) 150 150 100

a, b, c (Å) 7.0997 (7), 13.1368 (13),
16.4855 (16)

6.9109 (8), 15.3081 (16), 17.8913 (19) 5.9934 (5), 9.9511 (8),
13.4663 (10)

α, β, γ (°) 90, 90, 90 90, 92.463 (2), 90 91.208 (6), 93.702 (5),
104.811 (5)

V (Å3) 1537.6 (3) 1891.0 (4) 774.25 (11)

Z 4 4 2

Radiation type Mo Kα MoKα CuKα
μ (mm−1) 0.28 0.23 2.43

Crystal size (mm) 0.32 × 0.08 × 0.08 0.35 × 0.25 × 0.2 0.5 × 0.12 × 0.1

Data collection

Diffractometer Bruker APEX II area detector Bruker APEX II area detector Bruker X8 Prospector

Absorption correction Multi-scan Bruker AXScale Multi-scan Bruker AXScale Multi-scan Bruker AXScale

Tmin, Tmax 0.692, 0.745 0.686, 0.746 0.600, 0.754

No. of measured,
independent and observed
[I > 2σ(I)] reflections

21573, 3173, 2626 27875, 4239, 3259 11958, 2982, 2743

Rint 0.055 0.044 0.046

θmax, θmin (°) 26.5, 2.0 27.3, 1.8 72.4, 3.3

Refinement

R[F2 > 2σ(F2)], wR(F2), S 0.034, 0.073, 1.02 0.022, 0.057, 1.08 0.044, 0.125, 1.06

No. of reflections 3173 4239 2982

No. of parameters 230 260 227

No. of restraints 2 0 0

H-atom treatment H atoms treated by a mixture of
independent and constrained
refinement

H atoms treated by a mixture of
independent and constrained refinement

H atoms treated by a mixture of
independent and constrained
refinement

Δρmax, Δρmin (e Å−3) 0.21, −0.17 0.25, −0.28 0.51, −0.29

Absolute structure[37] Flack x determined using 954
quotients [(I+)-(I-)]/[(I+)+(I-)]

Absolute structure
parameter

0.01 (3)

Medicinal Chemistry Research (2023) 32:682–693 689



interferon-α1b (GenScript cat. #Z02866), and human
recombinant GM-CSF (Shenandoah Biotech cat. #100-08 s)
were purchased from Thermo Scientific.

Assembly of the combinatorial library

Stock solutions of 10 acyl hydrazides and 7 carbonyls
were prepared in 1:4 (v:v) DMSO/propyleneglycol at
20 mM concentration. The carbonyl/hydrazide combina-
tions of equal 100 μL volumes were arranged in the 96-
well plate format and kept in strips of closed poly-
propylene PCR tubes for 1–6 h, until completeness of the
reactions, as evidenced by TLC on silica gel. Immediately
before addition to cells, the stock solutions were diluted in
the experimental cell culture media to desired
concentrations.

Syntheses of hydrazide-hydrazones

2-Acetylpyridine 4-chlorobenzoylhydrazone

p-Chlorobenzoic hydrazide (171 mg, 1 mmole) and
2-acetylpyridine (112 μL, 1 mmole) in 5 mL 95% EtOH
were completely dissolved, then 200 μL 5 NHNO3 were
added and the solution was heated at 70 °C for 10 min.
Crystallization started during heating. The reaction mixture
was allowed to stand at room temperature for 18 h, washed
with cold ethanol and dried in vacuo. From this crop,
crystals was taken for further X-ray diffraction studies.
Yield 252 mg (71%) of 2-acetylpyridine 4-chlor-
obenzoylhydrazone hydronitrate monohydrate (1). Analy-
sis. Calc. for C14H13N4O4Cl × H2O: N, 15.79%; found: N,
15.78%. Exact mass of the [M+H]+ ion. Calc. for
C14H13N3OCl: m/z 274.07 (100.0%), 276.07 (32.0%),
275.08 (15.1%). Found: m/z 274.01 (100.0%), 276.02
(35%), 275.03 (19%). See Fig. 6, S11 and Table 1, S1-S3
for exact molecular structure and crystal parameters.

2-Acetylpyridine 4-dimethylaminobenzoylhydrazone

4-Dimethylaminobenzhydrazide (358 mg, 2 mmoles) and
2-acetylpyridine (224 μL, 2 mmole) in 15 mL 95% EtOH/
MeOH (2:1, v/v) were completely dissolved, then 333 μL
6 NHCl were added and the solution was heated at 70 °C for
30 min. The reaction mixture was kept at 4 °C for 4 days, the
resulting dark orange crystals were washed with ice-cold
ethanol and dried in vacuo. Yield 354mg (46%) of
2-acetylpyridine 4-dimethylaminobenzoylhydrazone hydro-
chloride dihydrate MeOH solvate (2). Analysis. Calc. for
C16H19N4OCl × 2H2O: N, 15.79%; found: N, 15.52%. Exact
mass of the [M+H]+ ion. Calc. for C16H19N4O: m/z 283.16
(100.0%), 284.16 (17.6%). Found: m/z 283.08 (100.0%),
284.09 (17.5%). See Fig. 6, S12 and Table 1, S4–S6 for
exact molecular structure and crystal parameters.

Pyridoxal nicotinoylhydrazone

Solutions of nicotinoylhydrazide (137mg, 1mmole) in 5mL
95% EtOH and pyridoxal hydrochloride (207mg, 1mmole) in
400 μL H2O were combined and left to crystallize at room
temperature. The resulting dense crystalline mass was recrys-
tallized from 10mLMeOH, washed with ice-cold ethanol and
dried in vacuo. Yield 125mg (37%) of pyridoxal nicoti-
noylhydrazone hydrochloride monohydrate (3). Analysis. Calc.
for C14H15N4O3Cl ×H2O: N, 16.44%; found: N, 16.53%.
Exact mass of the [M+H]+ ion. Calc. for C14H15N4O3: m/z
287.11 (100.0%), 288.12 (15.4%). Found: m/z 287.08
(100.0%), 288.08 (16%). See Fig. 6, S13 and Table 1, S–S9 for
exact molecular structure and crystal parameters.

X-ray diffraction studies

Crystal data and experimental details of the crystallographic
studies are given in Table 1, S1–S9. The crystal structures
were solved with the direct methods program SHELXS and

Fig. 7 Dose-response curves for transcriptional activity of the STAT3
reporter in THP-1 monocytes treated with the A3, A4, B8, and F5
combinations and matching synthetic hydrazide-hydrazones
APypCBH, APyDMABH, PNH, and nifuroxazide. In one case (left
panel) the cells were also treated with combinations of 240 pM IL-6

and synthetic APypCBH; the relative STAT3 activation fold was
calculated as luciferase activity in wells treated with the combinations
divided by luciferase activity in wells treated with IL-6 alone. The
error bars are SDs, n= 3
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refined by full-matrix least squares techniques using the
SHELXL suite of programs [33], with the help of Olex2
[34]. Data were corrected for Lorentz, polarization, and
absorption effects. Non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydroxyl and ammo-
nium hydrogen atoms were located in difference Fourier
maps and were allowed to refine freely. The remaining H
atoms were placed at calculated positions and included in
the refinement using a riding model. All hydrogen atom
thermal parameters were constrained to ride on the carrier
atoms (Uiso(methine, methylene H)= 1.2 Ueq and Uiso(hy-
droxyl, ammonium H)= 1.5 Ueq). Structure visualization
was carried out with the Mercury program [35].

Signaling pathway reporters

Super piggyBac transposase expression vector PB210PA-1
was purchased from System Biosciences. The preparation
and validation of reporter plasmids carrying insulated pig-
gyBac transposon constructs, which contain transcriptional
response element (TRE) and reporter genes, firefly lucifer-
ase, and a copepod green fluorescent protein (cGFP), as
shown in Fig. 1, were reported earlier [18–20].

Cell culture

Human monocyte-macrophage cell line THP-1 [36] has been
purchased from the American Type Culture Collection
(ATCC). The original cells, as well as the THP-1 based
reporter transfects, have been routinely cultured in RPMI-
1640 medium (Sigma) supplemented with 10% heat-
inactivated FBS (HyClone), additional 2 g/L glucose, 1 mM
sodium pyruvate, 10mM HEPES (both from Sigma), and 1%
penicillin/streptomycin cocktail (pen/strep, CellGro). The cell
density was maintained between 1 × 105 and 1 × 106 cell/ mL.

Human hepatocellular carcinoma line HepG2 and murine
embryonic fibroblasts NIH 3T3 were obtained from the
ATCC. HepG2, NIH 3T3, and their reporter cell lines for
the STAT3 activation have been routinely cultured in 1:1
DMEM/F12 Ham (Sigma-Millipore) media supplemented
with 5% newborn calf serum (NCS, HyClone) and 1% (v/v)
pen/strep. This medium is henceforth referred to as the
DMEM/F12 complete medium. To passage, the cells were
treated with 0.05% trypsin (MP Biochemicals) in 1:1
Corning CellStripper cocktail/PBS (Sigma-Millipore) and
subcultured at 1:5 ratio upon reaching near confluency.

The standard culturing conditions for all cells were
37 °C, 5% CO2, and 100% humidity.

Stable transfections

Generation of THP-1 based stable reporter cell lines for the
NF-κB, Nrf2, and HIF-1α transcriptional activation has

been described earlier [18]. To perform stable transfection
of the reporter plasmids for the STAT3 and MTF-1 tran-
scriptional activation [19, 20], the original THP-1 cells were
seeded into wells of a 96-well plate, at 5 × 105 cells per well
in antibiotic-free 300 μL RPMI-1640, supplemented with
5% heat-inactivated FBS and 1% of the NATE inhibitor
cocktail (InVivoGen). After 30 min, the cells were treated
with a mixture of 100 ng of a reporter plasmid and 33 ng
Super piggyBac transposase plasmid complexed with
TransIT X2 transfection reagent (Mirus) at 1:2 (μg DNA/
μL) ratios. After 16 h, the regular media were added and the
cells were left to proliferate for next 48–72 h. The trans-
fected cells were then treated with the selecting antibiotic
(5 μg/mL puromycin) for another week, and the surviving
cells were expanded for cryopreservation and activity vali-
dation. Stable reporters of the STAT3 activation in HepG2
and NIH 3T3 cells were generated in the similar way,
except these cell lines were adherent, at 2 × 105 cells per
well in complete DMEM/F12 media, and did not require the
NATE inhibitor treatment.

Cell treatment schedules

In a typical experiment, reporter monocyte THP-1 cells
were adapted to a low serum medium, RPMI-1640 med-
ium supplemented with 2 mg/L insulin, 2 mg/L transfer-
rin, 2 μg/L selenite (2-ITS), 4% NCS, and the pen/strep
antibiotic. After 40 h, the adaptation medium was replaced
with the Phenol Red-free 5:5:1 DMEM/F12 Ham/RPMI-
1640 mixture, supplemented with 1 g/L BSA, the 2-ITS
mix and the pen/strep (the test medium). The cells were
cultured for next 6 h, then seeded into wells of a 96-well
U-bottom plate, at 5 × 104 cells per well in fresh test
medium, now containing standards or synthetic test
agents.

To obtain a macrophage phenotype, THP-1 cells were
suspended in Serum-free Macrophage Medium (Lonza)
containing 2 ng/mL phorbol myristate acetate (PMA) and
seeded at 5 × 105 cells per well in a 96-well flat-bottom
plate. After 48 h, the differentiation medium was replaced
with the test medium. The THP-1 macrophages were cul-
tured for next 6 h, followed by addition of standards or
synthetic test agents.

HepG2 and NIH 3T3 cells were seeded at 1.5 × 104 cells/
well in 100 μL of an adaptation low-serum medium, which
consisted of the DMEM/F12 media mixture supplemented
with 2% NCS, 2-ITS, and the pen/strep antibiotic. After
40 h, the adaptation medium was replaced with the test
medium, the cells were cultured for next 6 h, followed by
addition of standards or synthetic test agents.

The experimental treatments lasted, unless specified, 18 h
in standard conditions (37 °C, 100% humidity and
5% CO2).
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Transcriptional activity reporter assay

Immediately after the treatments, the reporter cells in 96-
well plates were carefully washed with PBS and lysed in
70 μL of the lysing buffer [19] for 16 h at 8 °C. The lysates
GFP fluorescence was measured at the 482(9)/512(17) nm
wavelength (slit width) setup; this was followed by an
addition of 20 μL the luciferase substrate [19], and kinetic
luminescence readings in the wells were done in 2 min
intervals for 8 min total. All measurements were done using
a Synergy MX (BioTek) plate reader. The GFP fluorescence
values were used for both evaluation of relative cell tran-
scriptional/translational activity/proliferation and normal-
ization of the reporter luciferase activities in respective
wells [18].

Plotting and statistical analysis

Statistical tests and plots were done using SigmaPlot,
version 13.0
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