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a b s t r a c t

The development of resistance poses a serious problem in the therapy of cancer due to the necessity of a
multiple-drug and unlimited treatment of affected patients. In chronic myeloid leukemia (CML), the
introduction of imatinib has revolutionized the therapy. The persistence of an untreatable cancer stem
cell pool and other resistance-causing factors, however, also impede the cure of this malignancy. New
therapeutic approaches are therefore essential to overcome current treatment drawbacks. In this regard,
an intervention in the STAT5 signaling pathway can significantly improve drug response, as this central
signaling node induces the formation of highly resistant CML cells. In the present study, we continued
the design of efficient chemosensitizers derived from the partial PPARg agonist telmisartan. The
developed 2-carbonitriles or 2-carboxymethyl esters showed improved potency in sensitizing K562-
resistant cells to imatinib treatment, even at concentrations, which are considered patient-relevant. At
5 mM, for instance, 2d sensitized the cells in such a manner that the resistance was fully overcome and
the recovered efficacy of imatinib resulted in >76% cell death. Importantly, all compounds were non-
cytotoxic per se. A transactivation experiment showed that only the carbonitriles are partial agonists
of PPARg, which does not seem to be involved in the mode of action. Yet, immunoassays revealed a
suppression of the STAT5 phosphorylation status by co-application of the most active derivatives with
imatinib. This mechanism consequently resulted in reduced cell proliferation and induction of cell death
in resistant CML cells.
© 2021 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
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considerably improved the treatment of chronic myeloid leukemia
(CML), patients still show suboptimal response and progression of
disease. The tumor initiating BCR-ABL fusion gene, which produces
the BCR-ABL protein that represents a constitutively active tyrosine
kinase, as well as additional genetic mutations maintain the he-
matological malignancy [1].

While drug resistance most commonly depends onmutations of
the BCR-ABL kinase domain, a number of independent mecha-
nisms, e.g. the dysregulation of the signal transducer and activator
of transcription 5 (STAT5) or drug transporters, the inhibition of
pro-apoptotic proteins, and the development of an insensitive
leukemic stem cell (LSC) pool were described [2]. Recent in-
vestigations focus on these independent mechanisms of resistance
in CML. Hoelbl et al. [3] reported that STAT5 is essential for leu-
kemia initiation and maintenance in vitro and in vivo. Moreover,
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persistent activation of this transcription factor was not only found
in the majority of hematologic malignancies, but also in solid tu-
mors. Thus, inhibition of STAT5 is a promising therapeutic option,
especially since it was identified as the central signaling node in
CML [4]. Wang et al. [5] and Yousefi et al. [6,7] studied the impact of
specific transporters on the emergence of resistance by a change in
intracellular uptake of imatinib or other chemotherapeutics. Be-
sides the controversially discussed organic cation transporter 1
(OCT1) transporter, they evaluated the role of P-glycoprotein-
mediated drug resistance in leukemic cells.

Peroxisome proliferator-activated receptor gamma (PPARg) li-
gands are capable to influence both STAT5 and the mentioned
transporters. Co-treatment of chemotherapeutics with the agonists
balaglitazone, pioglitazone, or rosiglitazone enhanced apoptosis as
well as cell cycle arrest via inhibition of STAT5 or P-glycoprotein in
resistant CML cells, although these PPARg ligands did not affect the
cells per se [7,8]. Notably, the eradication of the quiescent LSC pool
by combining themwith first, second, or third generation TKIs was
proven [9,10]. Despite the sensitizing effects and the possibility to
overcome resistance, a successful applicability and a widespread
clinical use of full PPARg agonists is not feasible. Typical glitazone-
like side effects caused a discontinuation of the clinical phase of
balaglitazone and led to an early withdrawal of rosiglitazone or
others from the market. Merely pioglitazone can be prescribed in
the European Union, if certain rules for prescription are followed.

In recent studies, we revealed promising results upon
combining the partial PPARg agonist telmisartan (Fig. 1), which
advantageously does not induce glitazone-like side effects, with
imatinib in K562-resistant CML cells. The sensitization to imatinib
treatment was even beneficial compared to that achieved by pio-
glitazone [11e13]. Regarding the activation of PPARg, the 4’-((2-
propyl-1H-benzo[d]imidazol-1-yl)methyl)-[1,10-biphenyl]-2-
carboxylic acid (lead, Fig. 1) was identified as essential part of tel-
misartan [14]. Within the same structure-activity relationship
(SAR) study, the 4’-((4-methyl-2-propyl-1H-benzo[d]imidazol-1-
yl)methyl)-[1,10-biphenyl]-2-carboxylic acid (methyl-lead, Fig. 1)
was found to have major impact on partial agonism. Derivatization
of the 2-COOH group to an amide, remarkably improved the cell
death modulating effects of telmisartan, the lead, and the methyl-
lead. Interestingly, this modification strongly reduced the
Fig. 1. Structures of telmisartan, the lead (colored in green), the methyl-le
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activation of PPARg [11,12,15] and points to a PPARg-independent
mode of action. Esterification of the lead even caused a nearly
complete loss of receptor binding [13].

In continuation of these SAR studies, we synthesized related 4-
substituted derivatives of the methyl-lead, resulting in the two new
series of carbonitriles (2a-h) and carboxymethyl esters (3a-h)
(Fig. 1). Since the 2-COOH group strongly contribute to a high
activation of PPARg, these derivatizations (esterification or ex-
change by carbonitrile) were aimed at reducing receptor-induced
side effects and simultaneously attaining significant cell death
modulation. Based on this intention, we investigated all com-
pounds regarding their PPARg activity and their potency to sensi-
tize resistant leukemia cells to TKI treatment with imatinib as
representative.

All compounds were examined for cytotoxicity in K562-
resistant CML cells either alone or in combination with imatinib
using propidium iodide (PI) FACS analyses. HS-5 human bone
marrow stromal cells were analyzed by PI FACS and COS-7 monkey
kidney fibroblast-like cells additionally in a modified MTT assay to
study the unspecific cytotoxicity of the synthesized derivatives or
their combination with imatinib at the applied concentrations.
COS-7 cells were further transiently transfected with the plasmids
pGal5-Tk-pGL3 and pGal4-hPPARgDEF, which enabled to quantify
the efficacy of the compounds to activate PPARg.

Furthermore, PPARg antagonists were examined as cell death
modulators for the first time in order to evaluate the role of PPARg
inactivation in the mechanism of action.

2. Results and discussion

2.1. Synthesis

The syntheses of target compounds (Scheme 1) were performed
as published in Refs. [11,14] and the corresponding analytical data
coincide with our previous findings. For further details on the
preparation of the compounds 1a-g see Ref. [11].

To synthesize the carbonitriles (2), 4’-(bromomethyl)-[1,10-
biphenyl]-2-carbonitrile served as reagent for N-alkylation of 1a-g,
whereas methyl 4’-(bromomethyl)-[1,10-biphenyl]-2-carboxylate
was applied to generate the carboxymethyl esters (3). These
ad (colored in red), and the investigated compounds 2a-h and 3a-h.



Scheme 1. Syntheses of 4’-((4-methyl-2-propyl-1H-benzo[d]imidazol-1-yl)methyl)-
[1,10-biphenyl]-2-carboxylic acid derivatives. Reagents and conditions: (i) NaH, anhy-
drous DMF, 0 �C to rt; (ii) H2, Pd/C, MeOH, rt.

Fig. 2. Results of the PI FACS analyses, investigating the death rate of K562-resistant
cells caused by the compounds 2a-h and 3a-h (5 mM each) without (A) or combined
with 1 mM of imatinib (B). Ctr. (DMSO) conforms to the vehicle treated control without
(A) or with imatinib (B). Data represent the mean þ SEM of �3 independent
experiments.
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reactions yielded isomeric mixtures of 4- and 7-substituted benz-
imidazoles, from which 2a-g and 3a-g were separated by flash
column chromatography. Finally, reduction of 2g and 3g with H2
and Pd/C in MeOH yielded 2h and 3h.

1H and 13C NMR spectroscopy as well as high-resolution mass
spectrometry (HRMS) indicated the identity of 2a-h and 3a-h and
HPLC assured a purity of >95%. For detailed information on the
analytical data of target compounds see the Supporting Information.

2.2. Biological activity

2.2.1. Induction of cell death and cytotoxicity assays
Pioglitazone and telmisartan, two established drugs in the

treatment of diabetes mellitus type II or hypertension, demon-
strated potency as sensitizers for chemotherapeutics [8,9,12]. Be-
side the ability to activate PPARg, both agents show an effect on
STAT5-signalling in resistant K562 cells. Co-application of telmi-
sartanwith imatinib (1 mM) reinstated the efficacy of the TKI in this
cell line (cell death: 21% (1.75 mM of telmisartan), 57% (5 mM of
telmisartan), and 63% (10 mM of telmisartan)). An optimization of
this effect was achieved by derivatization of the 2-COOH group at
the biphenyl moiety to a 2-CONH2 (cell death: 41% (1.75 mM of
telmisartan-amide), 76% (5 mM of telmisartan-amide), and 89%
(10 mM of telmisartan-amide)) [12]. These positive results induced
us to screen the new series of carbonitrile (2a-h) and carbox-
ymethyl ester (3a-h) derivatives of the methyl-lead in the same
manner.

First of all, the potency to sensitize K562-resistant cells to
imatinib treatment was evaluated. Co-application of the com-
pounds 2a-g or 3a-g at a concentration of 10 mM increased the cell
death rate induced by imatinib (1 mM) from 19% (inactive < 20%,
Fig. 2B) to > 85% (data not shown). Therefore, we used a concen-
tration of 5 mM in order to deduce a clear SAR. At this concentration,
all compounds were per se inactive and did not induce a cell death
rate higher than 20%. Most of them caused effects comparable to
the vehicle treated control (DMSO, ctr. in Fig. 2A). Yet, the combi-
nation with imatinib (1 mM) clearly demonstrated their cell death
modulating properties (Fig. 2B).
3

The 2-carbonitriles 2a-g are highly effective sensitizers and
allowed imatinib to cause a cell death rate of 50e80% (Fig. 2B). Most
active was the 4-Br derivative 2d, which enabled imatinib to induce
>76% cell death, whereas 4-NH2 substitution resulted in the less
potent compound 2h (28%). It is worth mentioning that the
formerly investigated 2-COOH derivatives were more or less inac-
tive and only marginally increased the efficacy of imatinib. Also
compared to the previously described carboxamides, 2a-g were
considerably more potent.

The 2-CO2CH3-substituted compounds gave a more differenti-
ated picture. In this series, the substituent at position 4 of the
benzimidazolemarkedly influenced the cell death rate. Compounds
3a (H), 3c (Cl), 3f (OCH3), and 3g (NO2) equally sensitized the cells
to imatinib treatment (57e70% cell death, Fig. 2B). Slightly less
activity (40% cell death) was observed for 3e (CH3). Finally, the
compounds 3b (F), 3d (Br), and 3h (NH2) showed only low sensi-
tizing efficacy at 5 mM (26e32% cell death).

In summary, these outcomes are far better compared to our
previous study [11]. Even at the low concentration of 5 mM,which is
considered as patient-relevant, the new derivatives enabled ima-
tinib to cause a cell death rate of >76%, while the cell death mod-
ulators designed before only enhanced the activity of imatinib up to
31%. As a very important result, we confirmed that the substituent
at position 2 of the biphenyl core is essential for the sensitizing
effects, which increase in the following order: 2-COOH [11] < 2-
CONH2 [11] < 2-CO2CH3 < 2-CN. Fine-tuning of the efficacy can
be realized by substituents at position 4 of the benzimidazole.

To ensure that these sensitizing effects are not caused by un-
selective cytotoxicity of the compounds, all derivatives were
examined in the non-malignant human bone marrow/stroma cell
line HS-5 by PI FACS analyses. Either applied with or without
imatinib, 2a-h and 3a-h did not induce significant cell death at



Fig. 4. Results of the modified MTT assay. COS-7 cells were treated with vehicle
(DMSO, ctr.), the compounds 2a-h, and 3a-h at 10 mM, respectively. Depicted are the
mean values þ SD of �4 independent experiments.
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5 mM (equal to the concentration within the PI FACS analyses in
K562-resistant cells). The compounds per se as well as their com-
bination with imatinib can therefore be verified as non-cytotoxic
(Fig. 3).

Of further interest was the influence on the viability of non-
malignant monkey kidney fibroblast-like COS-7 cells. These cells
were used in the transactivation assay to determine PPARg
activation.

Actively growing cells show a high metabolic activity. Accord-
ingly, NAD(P)H-dependent cellular enzymes catalyze the reaction
of the used MTT dye, which consists of a tetrazolium salt, to its
purple-colored formazan [16]. A high rate of transformation relates
to a large quantity of cells with functional mitochondria. Restricted
viability has a negative impact on the transactivation and interferes
with the determination of the agonistic potency.

None of the tested compounds (2a-h and 3a-h) reduced the cell
viability despite the high concentration of 10 mM (Fig. 4). Thus, COS-
7 cells could be used to determine the PPARg activity of the de-
rivatives up to this concentration in the dual-luciferase reporter
assay (results are shown in Table 1 and Fig. 5).

To complete our studies on cytotoxicity, PI FACS analyses were
also performed with the compounds alone or in combination with
imatinib using COS-7 cells (see Supporting Information Figure S49).
Again, no alteration of cell death was observed in both cases.
2.2.2. Transactivation assay
As mentioned above, our main aim was to reduce the PPARg

activity of the generated compounds and to efficiently sensitize
K562-resistant cells to imatinib at the same time. In order to
evaluate the extent of PPARg agonism, the receptor activation
induced by 2a-h and 3a-h was quantified in a dual-luciferase
Fig. 3. Death rate of HS-5 cells treated with 5 mM of each of the compounds 2a-h and
3a-h either without (A) or combined with 1 mM of imatinib (B). Ctr. (DMSO) represents
the vehicle treated control without (A) or with imatinib (B). Depicted are the mean
values þ SEM of �3 independent PI FACS experiments.
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reporter assay in COS-7 cells, transiently transfected with the
plasmids pGal5-TK-pGL3, pGal4-hPPARgDEF, and pRenilla-CMV.

Pioglitazone, which represents a full PPARg agonist, served as
reference and its intrinsic activity at 10 mM was set to 100% (Amax).
The effects of the compounds or the vehicle-treated control were
related to this value (Amax [%]). Telmisartan yielded an Amax of
59.8%, perfectly matching the literature [11,14]. The results of all
tested compounds (at 10 mM) are listed in Table 1 and the
concentration-activation curves, comprising the concentrations
0.05e10 mM, are depicted in Fig. 5.

Interestingly, the carbonitriles generally yielded partial intrinsic
activity on PPARg (Table 1), but did not reach the effect of pioglita-
zone. The most effective compounds 2a (Amax ¼ 64.5%), 2b
(Amax¼76.0%), and2c (Amax¼68.4%), causedconcentration-response
curves (Fig. 5) comparable to telmisartan (Amax ¼ 59.8%). Somewhat
weaker agonistic properties were determined for 2d-h with
Amax ¼ 32.2%e45.9%. The effects of 2a-e were similar to that of the
related 2-COOH derivatives [11], while 2f-h showed slightly higher
activity.

Derivatization of the carboxylic group to a carboxymethyl ester
strongly diminished the interaction with PPARg. 3a-h induced an
activation of at most 22% at 10 mM. Neither the carbonitriles nor the
carboxymethyl esters yielded a concentration-dependent satura-
tion of activation. Therefore, their profile corresponds to that of
weak agonists rather than of partial agonists (Fig. 5). Comparison of
the results with those of the related carboxamides (Amax ¼ 7%e
40%) indicates a distinctly stronger prevention of PPARg activity
upon esterification.

In summary, it was proven that regarding PPARg activation, the
moiety at position 2 of the biphenyl rather determines the activity
than the substituent at position 4 of the benzimidazole (medium
versus weak activity, respectively). Carboxylic acids and carbon-
itriles represent partial agonists without the option to reach the
maximum effect of the full agonist pioglitazone. Esterification and
amidation strongly reduced the potency with Amax < 30%e40% and
corresponding derivatives are therefore beneficial over the car-
bonitriles. The 4-substitution at the benzimidazole core is of minor
importance, as the activity within the groups barely changes.
2.2.3. Analyses of protein expression
It has been demonstrated that pioglitazone reduces the

expression of STAT5 and its downstream targets HIF2a and CITED2,
which are key guardians of the quiescence and stemness of LSCs,
in vitro. The positive preclinical results of the combination of ima-
tinib and pioglitazone led to their investigation within the ACTIM
phase II clinical trial, where the former findings of STAT5 down-
regulation could be confirmed [8,9]. However, the recent EDI-PIO
trial revealed that there was no significant difference in STAT5



Table 1
Summarized results of the transactivation assay with COS-7 cells, transiently transfected with the plasmids pGal5-TK-pGL3, pGal4-hPPARgDEF, and pRenilla-CMV.

R compound Amax [%]a,b at 10 mM R compound Amax [%]a,b at 10 mM

H 2a 64.5 ± 7.4 H 3a 21.6 ± 1.3
F 2b 76.0 ± 7.3 F 3b 14.7 ± 1.1
Cl 2c 68.4 ± 8.3 Cl 3c 22.2 ± 3.5
Br 2d 41.1 ± 3.8 Br 3d 11.6 ± 0.8
CH3 2e 32.2 ± 4.3 CH3 3e 13.8 ± 2.7
OCH3 2f 45.9 ± 5.8 OCH3 3f 20.7 ± 4.4
NO2 2g 37.9 ± 4.1 NO2 3g 15.0 ± 1.3
NH2 2h 43.0 ± 6.2 NH2 3h 0.11 ± 0.10

pioglitazone 100
telmisartan 59.8 ± 4.6

a Amax [%] is the intrinsic activity of each compound on PPARg, related to that of pioglitazone (Amax ¼ 100%).
b Data represent the mean ± SD of �3 independent experiments.

Fig. 5. Concentration-response curves caused by 2a-h and 3a-h in the dual-luciferase
reporter assay using COS-7 cells transiently transfected with the plasmids pGal5-
TKpGL3, pGal4-hPPARgDEF, and pRenilla-CMV. Pioglitazone ( ) and telmisartan ( )
were used as references. The data represent the mean ± SD of �3 independent ex-
periments with three replicates each.
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expression in CML patients treated with imatinib and pioglitazone
[17]. Though these results are inconsistent, various studies report
the role of STAT5 as critical tumor maintainer and inducer of
resistance in hematological malignancies [18,19]. Thus, we inves-
tigated STAT5 and its phosphorylation status at tyrosine 694/699
(/ pSTAT5), which is a keymarker of STAT5 activation. In BCR-ABL-
positive cells, STAT5 is steadily phosphorylated and therefore
constitutively activated. In sensitive CML cells, e.g. in K562 CML
cells, Jacobberger et al. [20] found the repression of pSTAT5 and the
consequent inhibition of STAT5 by imatinib. However, the over-
expression of STAT5 in resistant cells or LSCs, mediates imatinib
resistance and is associated with disease progression [19].

The impact of 2a-d and 3a-d on the expression of STAT5 and
pSTAT5 was investigated by the capillary-based Jess Simple West-
ern™ immunoassay (for the complete blots see Supporting
Figure S51). For this purpose, K562-resistant cells were treated
Fig. 6. Jess Simple Western™ immunoassays of STAT5 and pSTAT5 expression in K562-
resistant cells treated for 6 h with 5 mM of 2a-d, 3a-d, or vehicle (ctr., DMSO) alone (A),
and in combination with 1 mM of imatinib (B), respectively. GAPDH served as loading
control.



Fig. 7. Correlation between the efficacy of the compounds to activate PPARg and their
potency to sensitize K562-resistant cells to imatinib treatment. Data represent the
values of the transactivation assay (Amax) and the PI FACS analyses at a concentration of
10 mM.
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without or with imatinib (1 mM) and the compounds (5 mM) for 6 h.
As depicted in Fig. 6, the STAT5 and pSTAT5 expression was not
markedly affected by the compounds alone (Fig. 6A) and STAT5 was
also not downregulated by combining the compounds with imati-
nib (Fig. 6B).

In contrast, the combination of imatinib with 2a-d, 3a, or 3c
strongly repressed the phosphorylation status of STAT5 (pSTAT5 Y).
In case of 3b and 3d, the effect was somewhat less pronounced. The
inactivity of imatinib or the compounds when used alone indicates
an indirect impact on STAT5 phosphorylation in K562-resistant
cells.

This outcome perfectly coincides with the results of the cell
death induction (PI FACS analyses, Fig. 2). Although the compounds
were per se inactive at K562-resistant cells, they sensitized the cells
to imatinib treatment. These findings suggest that the repression of
STAT5 phosphorylation is part of the mode of action. However, the
detailed molecular mechanism has to be investigated in ongoing
studies.

2.3. Discussion

In the present study, we continued our investigations on the
circumvention of imatinib resistance in leukemia cells. Previously,
we developed potent cell death modulators derived from telmi-
sartan and showed that their use as non-cytotoxic add-ons restored
imatinib activity in resistant cell lines. This was demonstrated for
telmisartan, but also for the 4’-((2-propyl-1H-benzo[d]imidazol-1-
yl)methyl)-[1,10-biphenyl]-2-carboxylic acid (lead). Derivatization
was performed at the 2-COOH group of both and additionally at
position 4 of the benzimidazole core based on the 4’-((4-methyl-2-
propyl-1H-benzo[d]imidazol-1-yl)methyl)-[1,10-biphenyl]-2-
carboxylic acid (methyl-lead).

The PI FACS analyses using K562-resistant cells revealed high
sensitizing properties for all novel compounds at 10 mM. Despite
their non-cytotoxic properties, the derivatives strongly increased
the effects of imatinib in resistant leukemia cells. The extent mainly
depended on the nature of the substituent at position 2 of the
biphenyl moiety. Telmisartan and its 2-carboxamide were much
more effective than pioglitazone, which did not even show efficacy
at > 10 mM. At 5 mM they mediated a cell death rate of 57% and 76%
in combination with imatinib (1 mM), respectively.

Derivatization of the 2-COOH group at the biphenyl moiety of
the lead to an amide, and especially to an ester or a carbonitrile
considerably increased the sensitizing potency (2-COOH < 2-
CONH2 < 2-CO2CH3 < 2-CN). Substituents at position 4 of the
benzimidazole allowed an effective fine-tuning. At 5 mM, com-
pounds with a 4-H, 4-Cl, 4-OCH3, and 4-NO2 substituent showed
the highest potency in the ester series (3) (>60% cell death induced
by imatinib), while 4-Cl, 4-Br, 4-OCH3, and 4-NO2 substitution
resulted in the most active derivatives of the carbonitriles (2).

The attempt to increase the activity of the brominated carbox-
ymethyl ester 3d (66% at 10 mM) by shifting the Br substituent from
position 4 to position 5 (5-Br-CO2CH3) or 6 (6-Br-CO2CH3) of the
benzimidazole failed. Although used at the same concentration as
add-ons, only 31% and 63% of cell death was caused together with
imatinib, respectively. This finding points to the great importance
of position 4.

Analogously to pioglitazone, the activation of PPARg was postu-
lated as mode of action. However, the correlation between the po-
tencyas cell deathmodulatorand thePPARg activity is contradictory
(Fig. 7). While the esters 3a-h generally cause low receptor activa-
tion at 10 mM, they act as strong sensitizers to imatinib treatment at
the same concentration. A linear correlation can be supposed.

On the contrary, the carbonitriles induced the intrinsic activity
of partial PPARg agonists. In some cases, they were even equipotent
6

to telmisartan. As depicted in Fig. 7, though, the cell death modu-
lating effects and the receptor activity showed no clear correlation.
Therefore, PPARg activation is not part of the mode of action as a
sensitizer in this series of compounds.

Since it is well known that partial agonists comprise also the
pharmacological profile of antagonists, we included the reversible
PPARg antagonist diclofenac and the irreversible binder GW9662 in
this SAR study [21,22]. Both compounds, however, were not able to
increase the cytotoxicity of imatinib in K562-resistant cells (see
Supporting Figure S50). Consequently, the inhibition of PPARg does
not seem to play an essential role in the mode of action.

Considering all findings, the design and development of novel
cell deathmodulators to treat imatinib resistance should preferably
focus on compounds with low PPARg activity, since no negative
impact on the sensitizing activity can be expected (see carbox-
ymethyl ester derivatives). Importantly, typical PPARg-induced side
effects can be prevented in this way.

As the transcription factor STAT5 represents a critical factor for
the initiation and maintenance of LSCs, its expression and phos-
phorylation upon treatment with imatinib was analyzed by im-
munoassays. Imatinib, telmisartan, and related derivatives
including the lead did not influence the STAT5 expression in K562-
resistant cells. This was also true when imatinib was administered
together with the most active cell death modulators 2a-d and 3a-d.
Yet, the co-application led to a strong repression of STAT5 phos-
phorylation, which was not observed when the compounds were
administered alone. This outcome indicates that the used de-
rivatives amplified the imatinib-mediated downregulation of
pSTAT5, which in turn drives the resistant CML cells into cell death.
3. Conclusions

This study revealed the development of promising novel cell
death modulators, which showed improved efficacy in sensitizing
K562-resistant cells for imatinib treatment at patient-relevant
concentrations. The lead 4’-((2-propyl-1H-benzo[d]imidazol-1-yl)
methyl)-[1,10-biphenyl]-2-carboxylic acid exhibited high activity, if
the 2-carboxylic acid was replaced by a new kind of substituent, the
carbonitrile, or a carboxymethyl ester and if hydrophobic sub-
stituents were located at position 4 of the benzimidazole core.
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Although the derivatives represent analogues of telmisartan and
some acted similarly to partial PPARg agonists, we could demon-
strate that the interaction with this receptor plays a minor role.
There was no clear correlation between the cell death modulating
effects and the PPARg activation by the compounds or the inacti-
vation by respective antagonists. Hence, novel cell death modula-
tors should preferably exhibit low PPARg activity, since no negative
influence on sensitization is expected and the side effects that are
associated with high receptor activation can be reduced. This was
illustrated by the example of the carboxymethyl esters (see the
results of e.g. 3f). Furthermore, all sensitizing derivatives strongly
repressed the phosphorylation status of STAT5, when combined
with imatinib. It is therefore likely that STAT5 is involved in the
mechanism of action and that the disruption of this central
signaling node has drastic impact on the cell viability of resistant
CML cells. Notably, the combination therapy of the new compounds
and imatinib induced no cell death in non-malignant cell lines (HS-
5 and COS-7), underlining a selective re-sensitization of K562-
resistant cells to imatinib treatment. These results are of impor-
tance for the further design of non-cytotoxic cell death modulators
and may provide valuable information for the development of
chemosensitizers for a variety of malignancies.

4. Experimental section

4.1. Chemistry

4.1.1. General materials and methods
All reagents or further chemicals were purchased from Alfa

Aesar, Sigma Aldrich, and TCI Chemicals. The compounds 1a-g, 2a-
g, 3a-c, and 3ewere synthesized according to Refs. [11,14] and their
analytical data are consistent. All solvents were purified before
usage by distillation, except ethyl acetate (EA), petroleum ether
(PE), and N,N-dimethylformamide (DMF), which were purchased in
adequate quality. An Isolera One 3.0 flash purification system
(Biotage) served to perform medium pressure liquid chromatog-
raphy, using silica gel 60 (particle size 40e63 mm, 230e240 mesh)
as stationary phase. To carry out thin-layer chromatography, Poly-
gram SIL G/UV254 polyester foils that were covered with a 0.2 mm
layer of silica gel as well as a fluorescence indicator (Macherey-
Nagel) were used and visualized with UV light (254 or 366 nm). A
400 MHz Avance 4 Neo (Bruker) and a 700 MHz Avance 4 Neo
(Bruker) spectrometer served to record nuclear magnetic reso-
nance spectra (NMR). For this purpose, deuterated dimethyl sulf-
oxide (DMSO‑d6), acetone (acetone-d6), and methanol (CD3OD)
were used as solvents (Eurisotop). Chemical shifts (d) are reported
in parts per million (ppm) and were either referred to the solvent
peak or tetramethylsilane (TMS) as internal standard. Coupling
constants (J) are given in Hertz (Hz). Signals are described as fol-
lows: s ¼ singlet, d ¼ doublet, dd ¼ doublet of doublets, t ¼ triplet,
m ¼ multiplet. An Orbitrap Elite system (Thermo Fisher Scientific)
was applied to implement HRMS. HPLC was further used to
determine the purity of the compounds. The Shimadzu Nexera-i LC-
2040C-3D device with the autosampler SIL-20A HT, the column
oven CTO-10AS VP, the degasser DGU-20A, the detector SPD-M20A,
and the pumps LC-20AD was employed. An RP-18 column
(dimension 250 � 4 mm, 5 mm particle size, Knauer) served as
stationary phase and methanol/water as mobile phase. The chro-
matograms were analyzed with the program LabSolutions 5.86
(Shimadzu). All compounds exhibited a purity of >95%.

4.1.2. General procedure for the N-alkylation
The dried benzimidazoles 1a-g (1 eq) were dissolved in anhy-

drous DMF (~1e2.5 ml/mmol) under an argon atmosphere and it
was cooled to 0 �C in an ice bath. After slowly adding NaH (1.2 eq),
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the mixture was stirred for 30 min on ice. Either 4’-(bromomethyl)-
[1,10-biphenyl]-2-carbonitrile or methyl 4’-(bromomethyl)-[1,10-
biphenyl]-2-carboxylate (1.1 eq each) was added and the reaction
mixture was stirred at room temperature for 5e16 h. Then, it was
diluted with ice water to double the volume and 1 N HCl was
applied for neutralization. The solution was extracted three times
with EA and the organic layers were combined, washed with brine,
dried over anhydrous Na2SO4, and filtered. After removing the
solvent under reduced pressure, the crude product was purified by
flash column chromatography with stepwise gradient elution (PE/
EA, 7:3 to 3:7).

4.1.2.1. 4’-((2-Propyl-1H-benzo[d]imidazol-1-yl)methyl)-[1,10-
biphenyl]-2-carbonitrile (2a). 1H NMR (400 MHz, acetone-d6):
d 7.87 (dd, 3J ¼ 7.7 Hz, 4J ¼ 0.8 Hz, 1H, H3), 7.79-7.72 (m, 1H, H5),
7.64-7.53 (m, 5H, H4, H6, H20, H60, H400), 7.46-7.41 (m, 1H, H700), 7.27
(d, 3J ¼ 8.5 Hz, 2H, H30, H50), 7.21-7.14 (m, 2H, H500, H600), 5.62 (s, 2H,
NCH2), 2.90 (t, 3J ¼ 7.6 Hz, 2H, CH2CH2CH3), 1.95-1.81 (m, 2H,
CH2CH2CH3), 1.01 (t, 3J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C NMR
(101 MHz, acetone-d6): d 156.0, 145.4, 144.2, 138.9, 138.5, 136.6,
134.7, 134.1, 131.0, 130.8, 130.1, 129.9, 129.0, 127.6, 122.7, 122.3, 119.8,
119.1, 111.9, 110.7, 46.9, 21.5, 14.2. HRMS: m/z calculated for
C24H21N3 [MþH]þ: 352.1808, found: 352.1810.

4.1.2.2. 4’-((4-Fluoro-2-propyl-1H-benzo[d]imidazol-1-yl)methyl)-
[1,10-biphenyl]-2-carbonitrile (2b). 1H NMR (400 MHz, acetone-d6):
d 7.87 (dd, 3J ¼ 7.6 Hz, 4J ¼ 0.8 Hz, 1H, H3), 7.80-7.74 (m, 1H, H5),
7.63-7.55 (m, 4H, H4, H6, H20, H60), 7.32-7.26 (m, 3H, H30, H50, H700),
7.20-7.12 (m, 1H, H600), 6.98-6.89 (m, 1H, H500), 5.65 (s, 2H, NCH2),
2.92 (t, 3J ¼ 7.6 Hz, 2H, CH2CH2CH3), 1.96-1.83 (m, 2H, CH2CH2CH3),
1.02 (t, 3J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C NMR (101 MHz, acetone-
d6): d 156.7, 155.8, 153.3, 145.4, 139.9,138.7, 138.5, 134.7, 134.1, 132.3,
131.1, 130.2, 129.0, 127.7, 123.2, 119.1, 112.0, 107.9, 107.7, 107.2, 47.3,
21.4, 14.2. HRMS: m/z calculated for C24H20FN3 [MþH]þ: 370.1714,
found: 370.1721.

4.1.2.3. 4’-((4-Chloro-2-propyl-1H-benzo[d]imidazol-1-yl)methyl)-
[1,10-biphenyl]-2-carbonitrile (2c). 1H NMR (400 MHz, acetone-d6):
d 7.87 (dd, 3J ¼ 8.0 Hz, 4J ¼ 0.8 Hz, 1H, H3), 7.80-7.73 (m, 1H, H5),
7.63-7.53 (m, 4H, H4, H6, H20, H60), 7.43 (dd, 3J ¼ 8.0 Hz, 4J ¼ 1.0 Hz,
1H, H700), 7.28 (d, 3J ¼ 8.4 Hz, 2H, H30, H50), 7.24 (dd, 3J ¼ 7.8 Hz,
4J ¼ 1.0 Hz, 1H, H500), 7.19-7.13 (m, 1H, H600), 5.66 (s, 2H, NCH2), 2.93
(t, 3J ¼ 7.6 Hz, 2H, CH2CH2CH3), 1.96-1.82 (m, 2H, CH2CH2CH3), 1.02
(t, 3J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C NMR (101 MHz, acetone-d6):
d 157.2, 145.4, 141.1, 138.7, 138.4, 137.8, 134.7, 134.1, 131.0, 130.2,
129.0, 127.7, 124.4, 123.4, 122.4, 119.1, 112.0, 109.9, 47.3, 21.5, 14.2.
HRMS: m/z calculated for C24H20ClN3 [MþH]þ: 386.1419, found:
386.1429.

4.1.2.4. 4’-((4-Bromo-2-propyl-1H-benzo[d]imidazol-1-yl)methyl)-
[1,10-biphenyl]-2-carbonitrile (2d). 1H NMR (400 MHz, acetone-d6):
d 7.87 (dd, 3J ¼ 7.7 Hz, 4J ¼ 0.8 Hz, 1H, H3), 7.80-7.73 (m, 1H, H5),
7.62-7.55 (m, 4H, H4, H6, H20, H60), 7.47 (dd, 3J ¼ 8.0 Hz, 4J ¼ 0.9 Hz,
1H, H700), 7.41 (dd, 3J ¼ 7.8 Hz, 4J ¼ 0.9 Hz, 1H, H500), 7.28 (d,
3J ¼ 8.6 Hz, 2H, H30, H50), 7.14-7.08 (m, 1H, H600), 5.65 (s, 2H, NCH2),
2.93 (t, 3J ¼ 7.6 Hz, 2H, CH2CH2CH3), 1.94-1.82 (m, 2H, CH2CH2CH3),
1.02 (t, 3J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C NMR (101 MHz, acetone-
d6): d 157.1, 145.4, 142.5, 138.7, 138.4, 137.3, 134.7, 134.1, 131.0, 130.2,
129.0, 127.7, 125.5, 123.8, 119.1, 113.2, 112.0, 110.4, 47.4, 21.6, 14.2.
HRMS: m/z calculated for C24H20BrN3 [MþH]þ: 430.0913, found:
430.0931.

4.1.2.5. 4’-((4-Methyl-2-propyl-1H-benzo[d]imidazol-1-yl)methyl)-
[1,10-biphenyl]-2-carbonitrile (2e). 1H NMR (400 MHz, acetone-d6):
d 7.87 (dd, 3J ¼ 7.7 Hz, 4J ¼ 0.8 Hz, 1H, H3), 7.80-7.72 (m, 1H, H5),
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7.61-7.54 (m, 4H, H4, H6, H20, H60), 7.29-7.22 (m, 3H, H30, H50, H700),
7.09-7.03 (m, 1H, H600), 6.99 (d, 3J ¼ 7.3 Hz, 1H, H500), 5.59 (s, 2H,
NCH2), 2.89 (t, 3J ¼ 7.6 Hz, 2H, CH2CH2CH3), 2.59 (s, 3H, CH3), 1.94-
1.80 (m, 2H, CH2CH2CH3), 1.02 (t, 3J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C
NMR (101 MHz, acetone-d6): d 155.1, 145.5, 143.3, 139.0, 138.5,
136.2, 134.7, 134.1, 131.0, 130.1, 129.5, 129.0, 127.6, 122.7, 122.6, 119.1,
111.9, 108.2, 47.0, 21.8, 16.7, 14.3. HRMS:m/z calculated for C25H23N3
[MþH]þ: 366.1965, found: 366.1977.

4.1.2.6. 4’-((4-Methoxy-2-propyl-1H-benzo[d]imidazol-1-yl)methyl)-
[1,10-biphenyl]-2-carbonitrile (2f). 1H NMR (400 MHz, acetone-d6):
d 7.87 (dd, 3J ¼ 7.7 Hz, 4J ¼ 1.2 Hz, 1H, H3), 7.79-7.73 (m, 1H, H5),
7.62-7.53 (m, 4H, H4, H6, H20, H60), 7.26 (d, 3J ¼ 8.6 Hz, 2H, H30, H50),
7.12-7.00 (m, 2H, H600, H700), 6.70 (dd, 3J ¼ 7.8 Hz, 4J ¼ 1.0 Hz, 1H,
H500), 5.58 (s, 2H, NCH2), 4.02 (s, 3H, OCH3), 2.87 (t, 3J ¼ 7.4 Hz, 2H,
CH2CH2CH3), 1.93-1.81 (m, 2H, CH2CH2CH3), 1.01 (t, 3J ¼ 7.4 Hz, 3H,
CH2CH2CH3). 13C NMR (101 MHz, acetone-d6): d 154.3, 152.3, 145.4,
138.9, 138.5, 134.7, 134.1, 131.0, 130.1, 129.0, 127.6, 123.5, 119.1, 111.9,
104.6, 103.7, 56.4, 47.0, 21.5, 14.2. HRMS: m/z calculated for
C25H23N3O [MþH]þ: 382.1914, found: 382.1930.

4.1.2.7. 4’-((4-Nitro-2-propyl-1H-benzo[d]imidazol-1-yl)methyl)-
[1,10-biphenyl]-2-carbonitrile (2g). 1H NMR (400 MHz, acetone-d6):
d 8.01 (dd, 3J ¼ 8.0 Hz, 4J ¼ 0.9 Hz, 1H, H3), 7.93-7.85 (m, 2H, H5,
H500), 7.80-7.73 (m, 1H, H4), 7.63-7.55 (m, 4H, H6, H20, H60, H700),
7.41-7.35 (m, 1H, H600), 7.31 (d, 3J ¼ 8.3 Hz, 2H, H30, H5’), 5.77 (s, 2H,
NCH2), 3.01 (t, 3J ¼ 7.6 Hz, 2H, CH2CH2CH3), 1.97-1.83 (m, 2H,
CH2CH2CH3), 1.03 (t, 3J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C NMR
(101 MHz, acetone-d6): d 160.4, 145.3, 139.9, 139.5, 138.9, 138.0,
137.4, 134.7, 134.1, 131.0, 130.3, 129.1, 127.7, 122.0, 119.0, 118.9, 117.1,
111.9, 47.4, 21.6, 14.2. HRMS: m/z calculated for C24H20N4O2
[MþH]þ: 397.1659, found: 397.1678.

4.1.2.8. Methyl 4’-((2-propyl-1H-benzo[d]imidazol-1-yl)methyl)-
[1,10-biphenyl]-2-carboxylate (3a). 1H NMR (400 MHz, DMSO‑d6):
d 7.72 (dd, 3J¼ 7.7 Hz, 4J¼ 1.2 Hz,1H,H3), 7.63-7.56 (m, 2H,H5,H4‘’),
7.52-7.44 (m, 2H, H4, H7‘’), 7.38 (dd, 3J ¼ 7.7 Hz, 4J ¼ 0.9 Hz, 1H, H6),
7.24 (d, 3J ¼ 8.2 Hz, 2H, H2‘, H6‘), 7.20-7.11 (m, 4H, H3‘, H5‘, H5‘’,
H6‘‘), 5.54 (s, 2H, NCH2), 3.54 (s, 3H, CO2CH3), 2.84 (t, 3J¼ 7.5 Hz, 2H,
CH2CH2CH3), 1.85-1.71 (m, 2H, CH2CH2CH3), 0.96 (t, 3J ¼ 7.4 Hz, 3H,
CH2CH2CH3). 13C NMR (101 MHz, DMSO‑d6): d 168.4, 155.1, 142.4,
140.7, 139.7, 136.2, 135.4, 131.5, 130.7, 130.5, 129.3, 128.5, 127.5,
126.4, 121.7, 121.3, 118.5, 110.1, 51.8, 45.7, 28.6, 20.3, 13.8. HRMS:m/z
calculated for C25H24N2O2 [MþH]þ: 385.1911, found: 385.1934.

4.1.2.9. Methyl 4’-((4-fluoro-2-propyl-1H-benzo[d]imidazol-1-yl)
methyl)-[1,1’-biphenyl]-2-carboxylate (3b). 1H NMR (400 MHz,
acetone-d6): d 7.77 (dd, 3J¼ 7.7 Hz, 4J¼ 1.1 Hz,1H,H3), 7.62-7.56 (m,
1H, H5), 7.49-7.44 (m, 1H, H4), 7.40 (dd, 3J ¼ 7.7 Hz, 4J ¼ 0.9 Hz, 1H,
H6), 7.31-7.26 (m, 3H, H2‘, H6‘, H7‘’), 7.21-7.12 (m, 3H, H3‘, H5‘, H6‘’),
6.96-6.89 (m, 1H, H5‘‘), 5.59 (s, 2H, NCH2), 3.56 (s, 3H, CO2CH3), 2.91
(t, 3J ¼ 7.6 Hz, 2H, CH2CH2CH3), 1.93-1.82 (m, 2H, CH2CH2CH3), 1.02
(t, 3J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C NMR (101 MHz, acetone-d6):
d 169.3, 156.7, 142.4, 141.6, 136.8, 132.3, 132.2, 131.4, 130.4, 129.7,
128.3, 127.2, 123.2, 123.1, 107.8, 107.7, 107.2, 107.2, 52.1, 47.4, 21.4,
14.2. HRMS: m/z calculated for C25H23FN2O2 [MþH]þ: 403.1816,
found: 403.1845.

4.1.2.10. Methyl 4’-((4-chloro-2-propyl-1H-benzo[d]imidazol-1-yl)
methyl)-[1,1’-biphenyl]-2-carboxylate (3c). 1H NMR (400 MHz,
acetone-d6): d 7.77 (dd, 3J¼ 7.7 Hz, 4J¼ 1.1 Hz,1H,H3), 7.62-7.56 (m,
1H, H5), 7.50-7.44 (m, 1H, H4), 7.43-7.38 (m, 2H, H6, H7‘’), 7.29 (d,
3J ¼ 8.3 Hz, 2H, H2‘, H6‘), 7.25-7.13 (m, 4H, H3‘, H5‘, H5‘’, H6‘‘), 5.60
(s, 2H, NCH2), 3.56 (s, 3H, CO2CH3), 2.92 (t, 3J ¼ 7.6 Hz, 2H,
CH2CH2CH3), 1.94-1.81 (m, 2H, CH2CH2CH3), 1.02 (t, 3J ¼ 7.4 Hz, 3H,
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CH2CH2CH3). 13C NMR (101 MHz, acetone-d6): d 169.3, 157.2, 142.3,
141.6, 141.1, 137.9, 136.8, 132.3, 132.2, 131.4, 130.4, 129.7, 128.3, 127.2,
124.4, 123.3, 122.3, 109.9, 52.1, 47.5, 21.5, 14.2. HRMS:m/z calculated
for C25H23ClN2O2 [MþH]þ: 419.1521, found: 419.1555.

4.1.2.11. Methyl 4’-((4-bromo-2-propyl-1H-benzo[d]imidazol-1-yl)
methyl)-[1,1’-biphenyl]-2-carboxylate (3d). From 1d (0.10 g
0.4mmol) in anhydrous DMF (1ml), withNaH (0.01 g, 0.5mmol) and
methyl 4’-(bromomethyl)-[1,10-biphenyl]-2-carboxylate (0.14 g,
0.5 mmol). Colorless solid, yield: 38%. 1H NMR (700 MHz, CD3OD):
d 7.78 (dd, 3J¼ 7.7Hz, 4J¼ 1.4Hz,1H,H3), 7.67 (d, 3J¼ 7.8Hz,1H,H7‘’),
7.63 (d, 3J ¼ 8.3 Hz, 1H, H5‘’), 7.59-7.54 (m, 1H, H5), 7.48-7.43 (m, 1H,
H4), 7.39-7.33 (m, 2H, H6, H6‘’), 7.30 (d, 3J¼ 8.3 Hz, 2H, H2‘, H6‘), 7.24
(d, 3J¼8.1Hz,2H,H3‘,H5‘), 5.73 (s, 2H,NCH2), 3.59(s, 3H,CO2CH3), 3.16
(t, 3J¼ 7.7 Hz, 2H, CH2CH2CH3), 1.85-1.78 (m, 2H, CH2CH2CH3),1.05 (t,
3J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C NMR (176 MHz, CD3OD): d 170.5,
163.1, 157.7, 142.9, 135.7, 135.1, 132.6, 132.2, 131.7, 130.8, 130.3, 129.1,
128.7,127.6,127.0,112.6, 52.4, 29.1, 22.6,14.1.HRMS:m/z calculated for
C25H23BrN2O2 [MþH]þ: 463.1016, found: 463.1057.

4.1.2.12. Methyl 4’-((4-methyl-2-propyl-1H-benzo[d]imidazol-1-yl)
methyl)-[1,1’-biphenyl]-2-carboxylate (3e). 1H NMR (400 MHz,
acetone-d6): d 7.76 (dd, 3J¼ 7.7 Hz, 4J¼ 1.4 Hz,1H, H3), 7.61-7.55 (m,
1H, H5), 7.50-7.43 (m, 1H, H4), 7.39 (dd, 3J ¼ 7.9 Hz, 4J ¼ 1.4 Hz, 1H,
H6), 7.27 (d, 3J ¼ 8.3 Hz, 2H, H2‘, H6‘), 7.22 (d, 3J ¼ 7.7 Hz, 1H, H7‘’),
7.16 (d, 3J ¼ 8.5 Hz, 2H, H3‘, H5‘), 7.08-7.02 (m, 1H, H6‘’), 6.98 (d,
3J¼ 7.2 Hz, 1H, H5‘‘), 5.53 (s, 2H, NCH2), 3.56 (s, 3H, CO2CH3), 2.88 (t,
3J ¼ 7.6 Hz, 2H, CH2CH2CH3), 2.59 (s, 3H, CH3), 1.93-1.79 (m, 2H,
CH2CH2CH3), 1.02 (t, 3J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C NMR
(101 MHz, acetone-d6): d 169.3, 155.1, 143.3, 142.4, 141.4, 137.3,
136.3, 132.3, 132.1, 131.4, 130.4, 129.6, 129.5, 128.2, 127.1, 122.6,
122.5, 108.2, 52.1, 47.1, 21.7, 16.7, 14.3. HRMS: m/z calculated for
C26H26N2O2 [MþH]þ: 399.2067, found: 399.2104.

4.1.2.13. Methyl 4’-((4-methoxy-2-propyl-1H-benzo[d]imidazol-1-yl)
methyl)-[1,1’-biphenyl]-2-carboxylate (3f). From 1f (0.70 g,
3.7 mmol) in anhydrous DMF (3 ml), with NaH (0.11 g, 4.4 mmol)
and methyl 4’-(bromomethyl)-[1,10-biphenyl]-2-carboxylate
(1.24 g, 4.0 mmol). Colorless solid, yield: 34%. 1H NMR (400 MHz,
acetone-d6): d 7.76 (dd, 3J¼ 7.7 Hz, 4J¼ 1.4 Hz,1H,H3), 7.62-7.55 (m,
1H, H5), 7.50-7.43 (m, 1H, H4), 7.40 (dd, 3J ¼ 7.5 Hz, 4J ¼ 1.4 Hz, 1H,
H6), 7.27 (d, 3J ¼ 8.3 Hz, 2H, H2‘, H6‘), 7.16 (d, 3J ¼ 8.5 Hz, 2H, H3‘,
H5‘), 7.11-7.05 (m, 1H, H6‘’), 7.01 (dd, 3J ¼ 8.1 Hz, 4J ¼ 1.0 Hz, 1H,
H7‘’), 6.69 (dd, 3J ¼ 7.8 Hz, 4J ¼ 0.9 Hz, 1H, H5‘’), 5.53 (s, 2H, NCH2),
4.01 (s, 3H, OCH3), 3.56 (s, 3H, CO2CH3), 2.86 (t, 3J ¼ 7.4 Hz, 2H,
CH2CH2CH3), 1.92-1.80 (m, 2H, CH2CH2CH3), 1.01 (t, 3J ¼ 7.4 Hz, 3H,
CH2CH2CH3). 13C NMR (101 MHz, acetone-d6): d 169.4, 154.3, 152.3,
142.4,141.4, 138.5,137.3, 134.1, 132.3,132.1, 131.4, 130.4,129.6,128.2,
127.1, 123.4, 104.6, 103.7, 56.4, 52.1, 47.1, 21.5, 14.3. HRMS: m/z
calculated for C26H26N2O3 [MþH]þ: 415.2016, found: 415.2056.

4.1.2.14. Methyl 4’-((4-nitro-2-propyl-1H-benzo[d]imidazol-1-yl)
methyl)-[1,1’-biphenyl]-2-carboxylate (3g). From 1g (0.80 g,
3.9 mmol) in anhydrous DMF (3 ml), with NaH (0.11 g, 4.7 mmol)
and methyl 4’-(bromomethyl)-[1,10-biphenyl]-2-carboxylate
(1.31 g, 4.3 mmol). Colorless solid, yield: 20%. 1H NMR (400 MHz,
acetone-d6): d 8.00 (dd, 3J ¼ 8.0 Hz, 4J ¼ 0.9 Hz, 1H, H500), 7.89 (dd,
3J¼ 8.1 Hz, 4J¼ 0.9 Hz, 1H, H700), 7.77 (dd, 3J¼ 7.5 Hz, 4J¼ 1.2 Hz, 1H,
H3), 7.62-7.56 (m, 1H, H5), 7.50-7.44 (m, 1H, H4), 7.42-7.35 (m, 2H,
H6, H600), 7.30 (d, 3J ¼ 8.3 Hz, 2H, H20, H60), 7.21 (d, 3J ¼ 8.5 Hz, 2H,
H30, H50), 5.71 (s, 2H, NCH2), 3.57 (s, 3H, CO2CH3), 3.00 (t, 3J¼ 7.6 Hz,
2H, CH2CH2CH3), 1.95-1.83 (m, 2H, CH2CH2CH3), 1.03 (t, J ¼ 7.4 Hz,
3H, CH2CH2CH3). 13C NMR (101 MHz, acetone-d6): d 169.3, 160.4,
142.3, 141.8, 139.9, 139.5, 137.4, 136.3, 132.2, 131.4, 130.5, 129.8,
128.3, 127.2, 121.9, 118.9, 117.2, 52.1, 47.6, 21.6, 14.2. HRMS: m/z
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calculated for C25H23N3O4 [MþH]þ: 430.1761, found: 430.1806.

4.1.3. General procedure for reduction of the nitro-group
The respective nitro derivative was dissolved in MeOH

(200e300 ml/mmol) and Pd/C (0.1 eq) was added carefully under
the flow of argon. The suspension was shaken under a hydrogen
atmosphere for 2 h. Then, it was filtered and the transparent so-
lution was evaporated.

4.1.3.1. 4’-((4-Amino-2-propyl-1H-benzo[d]imidazol-1-yl)methyl)-
[1,10-biphenyl]-2-carbonitrile (2h). From 2g (0.06 g, 0.15 mmol) in
MeOH (20 ml) with 10% Pd/C (0.02 g, 0.02 mmol). Colorless solid,
yield: 87%. 1H NMR (400 MHz, CD3OD): d 7.78 (dd, 3J ¼ 7.7 Hz,
4J ¼ 1.1 Hz, 1H, H3), 7.70-7.64 (m, 1H, H5), 7.52-7.44 (m, 4H, H4, H6,
H20, H60), 7.17 (d, 3J ¼ 8.6 Hz, 2H, H30, H50), 7.01-6.94 (m, 1H, H600),
6.68 (dd, 3J ¼ 8.1 Hz, 4J ¼ 0.9 Hz, 1H, H700), 6.55 (dd, 3J ¼ 7.7 Hz,
4J ¼ 0.9 Hz, 1H, H500), 5.44 (s, 2H, NCH2), 2.84 (t, 3J ¼ 7.8 Hz, 2H,
CH2CH2CH3), 1.84-1.71 (m, 2H, CH2CH2CH3), 0.98 (t, 3J ¼ 7.4 Hz, 3H,
CH2CH2CH3). 13C NMR (101 MHz, CD3OD): d 154.5, 146.1, 139.6,
139.1, 138.9, 137.4, 134.8, 134.4, 131.9, 131.2, 130.4, 129.1, 127.8, 124.9,
119.5, 112.1, 108.1, 100.7, 47.5, 30.1, 22.4, 14.2. HRMS: m/z calculated
for C24H22N4 [MþH]þ: 367.1917, found: 367.1936.

4.1.3.2. Methyl 4’-((4-amino-2-propyl-1H-benzo[d]imidazol-1-yl)
methyl)-[1,10-biphenyl]-2-carboxylate (3h). From 3g (0.10 g,
0.23 mmol) in MeOH (30 ml) with 10% Pd/C (0.02 g, 0.02 mmol).
Colorless solid, yield: 89%. 1H NMR (400 MHz, CD3OD): d 7.73 (dd,
3J ¼ 7.7 Hz, 4J ¼ 1.4 Hz, 1H, H3), 7.56-7.48 (m, 1H, H5), 7.44-7.37 (m,
1H, H4), 7.32 (dd, 3J¼ 7.7 Hz, 4J¼ 0.9 Hz,1H, H6), 7.20 (d, 3J¼ 8.2 Hz,
2H, H20, H60), 7.09 (d, 3J ¼ 8.2 Hz, 2H, H30, H50), 7.02-6.94 (m, 1H,
H600), 6.69 (dd, 3J¼ 8.1 Hz, 4J¼ 0.9 Hz, 1H, H700), 6.55 (dd, 3J¼ 7.8 Hz,
4J¼ 0.9 Hz, 1H, H500), 5.42 (s, 2H, NCH2), 3.55 (s, 3H, CO2CH3), 2.86 (t,
3J ¼ 7.6 Hz, 2H, CH2CH2CH3), 1.84-1.72 (m, 2H, CH2CH2CH3), 0.99 (t,
3J ¼ 7.4 Hz, 3H, CH2CH2CH3). 13C NMR (101 MHz, CD3OD): d 170.7,
154.5, 143.0, 142.1, 139.5,137.4, 137.2, 132.5,132.3, 131.7, 130.7, 129.9,
128.4, 127.3, 124.9, 108.1, 100.8, 52.4, 47.6, 30.1, 22.4, 14.2. HRMS:m/
z calculated for C25H25N3O2 [MþH]þ: 400.2020, found: 400.2064.

4.2. Biology

4.2.1. General cell culture methods
Incubation of the cells was performed in a humidified atmo-

sphere (5% CO2/95% air) at 37 �C. They were passaged twice per
week. Vehicle-treated controls were included within all cell-based
assays and the final concentration of DMSO never exceeded 0.1%.

The cultivation of the human bone marrow stromal cell line HS-
5 (ATCC) was implemented using Dulbecco’s Modified Eagle Me-
dium (DMEM) supplementedwith 10% fetal calf serum (FCS, Sigma-
Aldrich), 2 mM L-glutamine (GE Healthcare), 100 U/ml penicillin
(Lonza), and 100 mg/ml streptomycin (Lonza). The monkey kidney-
derived cell line COS-7 (ATCC) was cultured equally, however,
without antibiotics, phenol red, or sodium pyruvate. Both cell lines
were kept as a monolayer culture.

For the chronic myelogenous leukemia cell lines K562 (ATCC)
and K562-resistant, the Roswell Park Memorial Institute (RPMI)
1640 medium (Lonza) supplemented with 10% FCS, 2 mM L-gluta-
mine, 100 U/ml penicillin, and 100 mg/ml streptomycin was used.
We received the K562-resistant cells, which were originally
described as doxorubicin-resistant subclone of the K562 cell line
(termed as KD225 cells) [23], from Ernesto Yague.

4.2.2. Determination of cell death by flow cytometry
Either 2 � 105 K562 cells, 2 � 105 K562-resistant cells, or

0.5 � 105 HS-5 cells per well were seeded in 24-well plates as
described previously [11,24]. The compounds were added at the
9

respective concentrations and the cells were incubated for 72 h.
Subsequently, the cells were harvested and stained with PI/Triton-
X100 for 2 h at 4 �C. Forward/sideward scatter analyses were per-
formed using a CytomicsFC-500 Beckman Coulter. Dead cells were
detected as stained nuclei in the sub-G1 marker window. The re-
sults of 2a-h and 3a-h are represented by the mean ± SEM of �3
independent experiments.

4.2.3. Determination of metabolic activity
The metabolic activity was evaluated by a modified MTT color-

imetric assay (EZ4U kit, Biomedica). 2 � 103 COS-7 cells per well
were seeded in 96-well plates in triplicates and incubated for 24 h.
The compounds 2a-h and 3a-h were added to obtain a final con-
centration of 10 mM. After an incubation for 72 h, the appropriate
substrate was added. According to the manufacturer’s instructions,
absorbance was measured and unspecific staining was excluded. To
analyze the data, metabolic activity of the control (ctr., DMSO) was
set to 100% as reference. The results of the compounds 2a-h and 3a-
h are represented by the mean þ SD of �3 independent experi-
ments with threefold determination [25].

4.2.4. Immunoassay
After preparing total protein extracts [12], protein expression

was assessed with the capillary-based Jess Simple Western™
detection system (ProteinSimple, Bio-Techne). The assay was per-
formed according to the manufacturer’s instructions at default
settings. Antibodies specific to STAT5 (#AF2168, R&D Systems;
10 mg/ml) or GAPDH (#2118, Cell Signaling; 0.4 mg/ml) in combi-
nation with 0.2 mg/ml protein lysate, the pSTAT5 antibody
(#05e886R, Merck; 20 mg/ml) combined with 2 mg/ml protein
lysate, as well as the HRP-conjugated secondary anti-rabbit anti-
body included in the Jess Detection Module kit were used. Data
analyses were performed with the Compass for Simple Western™
4.0 software (ProteinSimple, Bio-Techne).

4.2.5. Dual-luciferase reporter assay
The transactivation assay was applied according to the manu-

facturer’s protocol (Promega). 104 COS-7 cells per well were seeded
in 96-well plates in triplicates and incubated for 24 h. Transient
transfectionwas conductedwith the reagent TransIT-LT1 (MoBiTec)
and the three plasmids pGal5-TK-pGL3 (90 ng), pGal4-hPPARgDEF
(9 ng), and pRenilla-CMV (3 ng) in phosphate-buffered saline (PBS).
After 7 h of incubation, the cells were treated with the compounds
2a-h,3a-h, or vehicle (DMSO) at selected concentrations and further
incubated for 39 h. The medium was removed and it was washed
with PBS. Lysis was induced by freezing at �80 �C overnight. To
complete lysis a buffer was added and it was shaken for 30 min.
Following the protocol, the appropriate reagents were added and
luciferase activity was measured with the Multimode Plate Reader
EnSpire (PerkinElmer). Renilla luciferase activity served as internal
control [26]. The results of the references pioglitazone and telmi-
sartan aswell as 2a-h and 3a-h are represented by themean± SD of
�3 independent experiments with three replicates each.
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