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Design, synthesis and evaluation of PD176252
analogues for ameliorating cisplatin-induced
nephrotoxicity†
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Meng Hea and Risheng Yao*ac

Cisplatin is a clinical chemotherapy drug for cancers; however, its remarkably high kidney toxicity and other

toxicities pose a danger to patients. As the small molecule inhibitor of GRPR, PD176252 can inhibit the

growth and proliferation of various cancer cells, but the characteristics of high toxicity and poor water sol-

ubility has limited its use as a drug. When we studied PD176252 for the reduction of toxicity of cisplatin, we

modified its structure to synthesize 16 analogues. Surprisingly, the analogues showed reduced cisplatin-

induced renal toxicity, and unlike PD176252, the analogues 5d and 5m were almost non-toxic to the nor-

mal HK2 cells. Furthermore, the analogue 5d and PD176252 were subjected to cisplatin-induced inflamma-

tory response in vitro. The results showed that 5d was able to better prevent this condition by effectively

inhibiting its inflammatory response. Thus, this study will help in clinically reducing the side effects of

cisplatin.

Introduction

Cisplatin, one of the main pillars of clinical chemotherapy
drugs, is widely used to treat many kinds of human can-
cers, including lung, head and neck, breast, bladder, ovar-
ian, and prostate cancers.1,2 The complications of cisplatin
have been gradually discovered. In particular, kidney toxicity
has been a main side effect in cancer patients undergoing
cisplatin therapy.3,4 Furthermore, a high dose or prolonged
use of cisplatin is prone to cause kidney failure5–7 and even
death.8,9

At present, it has been found that cisplatin-induced kid-
ney inflammation is one of the important factors of renal
toxicity.10–12 In addition, the inhibition of this inflammatory
response could significantly reduce kidney toxicity.13–15

Researchers have demonstrated that monocyte chemotactic
protein (MCP-1), inflammatory cytokine (IL-6), and
proinflammatory cytokine TNF-α16 play an important role in
renal toxicity induced by cisplatin. Thus, they can be used as

important markers for the diagnosis of renal toxicity in vitro
and in vivo.17–19

Bombesin/gastrin-releasing peptide receptor (GRPR),20–23

which is a G protein-coupled receptor,24 is involved in the
regulation of the release of inflammatory factors and plays a
role in inflammatory diseases.22,25 In recent studies, GRPR
inhibitors have been known to ameliorate some diseases by
inhibiting the inflammatory response.26,27

PD176252 is a nonpeptide GRPR antagonist28,29 that can
inhibit the growth and proliferation of various cancer cells,
including head and neck cancer30 and lung cancer,21,31 but it
was not studied in the field of inflammatory diseases. In this
study, PD176252 has been used as a subject to ameliorate
cisplatin-induced nephrotoxicity. The result was pleasing
with PD176252 effectively inhibiting the cisplatin-induced ap-
optosis of human renal proximal tubular cells (HK-2 cells).
However, the characteristics of high cytotoxicity and poor wa-
ter solubility of PD176252 have limited its application and
development as a medicine.

Subsequently, a series of PD176252 analogues were
designed and synthesized. 16 analogues were efficiently syn-
thesized and evaluated for their activity of inhibition of
cisplatin-induced apoptosis of human renal proximal tubular
cells. To our delight, many of the analogues could reduce
cisplatin-induced renal toxicity, and the more active ana-
logues did not cause toxicity to the normal cells in HK2 cells.
In further studies, analogues 5d, 5m, and PD176252 were
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studied as compounds for the inhibition of cisplatin-induced
inflammatory responses in HK2 cells in vitro.

Results and discussion
Design and chemistry

As shown in Fig. 1, the PD176252 structure consisted of three
fragments. In order to reduce the cytotoxicity and improve
water solubility, the left part was replaced by phenylacetic
acid derivatives, which have commonly been used as frag-
ments in various lead compounds32 and drugs with anti-
inflammatory activity such as benzylpenicillin and diclofenac
sodium. Furthermore, natural amino acids containing L-
phenylalanine, L-tyrosine or L-tryptophan were inserted as an
intermediate part. Last but not the least, the unique structure
of the morpholine ring and imidazole ring with the desired
electron-rich feature is conducive to derivatives that readily
bind to receptors and various enzymes in biological systems
via a variety of weak interactions and exhibit a wide range of
biological activities.33,34 The structure of the compounds
used in this study is shown in Table 1.

The procedure for the synthesis of the target com-
pounds 5a–p is illustrated in Scheme 1. Phenylacetic acid
derivatives and the amino acid methyl ester hydrochloride
were reacted to form chemical intermediates, and the in-
termediates were subsequently hydrolyzed. Then, the com-
pounds 4a–h and 2-morpholinoethan-1-amine (or 2-(1H-
imidazol-1-yl)ethan-1-amine) were converted to the target
compounds 5a–p (Table 1). The results obtained confirm
that the synthesis route was fast and efficient. The synthe-
sis route of the compounds used in this study is shown
in Scheme 1.

Activity of ameliorating cisplatin-induced nephrotoxicity

The effect of the synthesized compounds on the cell viability
of HK2 cells was evaluated by the MTT assay. The HK2 cells
were treated with cisplatin alone or be treated with a combi-
nation of the compound and cisplatin. The results are shown
in Fig. 2. The lethality of cisplatin was detected in the normal
HK2 cells; nevertheless, a majority of analogues synthesized
in this work showed an inhibitory effect on cisplatin-induced
cell death. In particular, 5d and 5m obviously enhanced the
survival rate compared with PD176252 and increased it by
more than 40% and 30%, respectively, compared with the
control group of cisplatin. A dose–response study of the ana-
logues 5d and 5m, which was performed on HK2 cells, fur-
ther demonstrated that the analogues exhibited more

Fig. 1 The general design strategy.

Table 1 The structure of the compounds

Compound R1 R2 R3

5a NO2 Phenyl Imidazole
5b NO2 3-Indolyl Imidazole
5c CH3 p-Hydroxyphenyl Imidazole
5d CH3 Phenyl Imidazole
5e F p-Hydroxyphenyl Imidazole
5f F Phenyl Imidazole
5g F 3-Indolyl Imidazole
5h CF3 3-Indolyl Imidazole
5i NO2 Phenyl Morpholine
5j NO2 3-Indolyl Morpholine
5k CH3 p-Hydroxyphenyl Morpholine
5l CH3 Phenyl Morpholine
5m F p-Hydroxyphenyl Morpholine
5n F Phenyl Morpholine
5o F 3-Indolyl Morpholine
5p CF3 3-Indolyl Morpholine
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powerful potency than PD176252 and maintained the level of
protection in cells treated with cisplatin in a concentration-
dependent manner (Fig. 3).

It is not hard to find that the methyl group, as an
electron-donating group, gives better protection. However,
the analogues become more active after the indole ring is re-
placed by a benzene ring or p-hydroxyphenyl moiety. More-
over, good results can be obtained while using 1-ethyl-1H-
imidazole or 4-ethylmorpholine, both of which are simple and
facile to obtain, instead of the rightmost fragment of
PD176252.

Cytotoxicity assay

During the discovery of a drug or a lead compound, there is
a high safety requirement for targets; therefore, this protec-
tion must be considered. In this case, the effect of different

concentrations of 5d, 5m and PD176252 on the viability of
HK2 cells by the MTT assay was used to study cell cytotoxicity
(Fig. 4). PD176252 reduced the viability of HK2 cells in a
dose-dependent manner, while 5d and 5m did not show any
significant cytotoxicity. This result was obtained by using a
low concentration to about 60 times the concentration of the
dosage. In this condition, the analogues 5d and 5m modified
by the PD176252 structure can indeed provide better safety
than the control.

Anti-inflammatory activity by real-time PCR

Proinflammatory mediators (TNF-α, IL-6 and MCP-1) play im-
portant roles in cisplatin-induced cell injury. Their expression
level in HK2 cells is a crucial indicator for the degree of

Scheme 1 Synthesis of compounds 5a–p. Reagents and conditions: (i) EDCI, HoBt, TEA, DCM, rt., 24 h; (ii) Na2CO3/CH3OH, 3–5 h; HCl/H2O; (iii)
EDCI, HoBt, TEA, DCM, rt., 24 h.

Fig. 2 Effect of compounds on cell viability with cisplatin treatment.
Compounds and PD176252 (4 μM) restored cell viability in cisplatin-
treated HK2 cells (ATCC, USA). HK2 cells were pre-cultured for 24 h,
the cells were then treated with the indicated concentrations of com-
pounds for 6 h, and then exposed to 20 μM cisplatin for 24 h. The re-
sults are shown as means ± SD (n = 3) for at least three independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the
control group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the
cisplatin-stimulated group. CIS, cisplatin; compounds, 5a–p; PD, PD
176252.

Fig. 3 Effect of different concentrations of 5d or 5m on cell
viability with cisplatin treatment. 5d and 5m restored cell viability in
cisplatin-treated HK2 cells (ATCC, USA). HK2 cells were pre-cultured
for 24 h, the cells were then treated with the indicated concentra-
tions of compounds for 6 h, and then exposed to 20 μM cisplatin
for 24 h. The results are shown as means ± SD (n = 3) of at least
three independent experiments. *p < 0.05, **p < 0.01, ***p <

0.001 compared with the control group; #p < 0.05, ##p < 0.01,
###p < 0.001 compared with cisplatin-stimulated group. CIS,
cisplatin.

MedChemComm Research Article

Pu
bl

is
he

d 
on

 1
1 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
M

el
bo

ur
ne

 L
ib

ra
ri

es
 o

n 
4/

12
/2

01
9 

2:
05

:4
9 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8md00632f


Med. Chem. Commun. This journal is © The Royal Society of Chemistry 2019

nephrotoxicity.11 To assess whether 5d, 5m and PD176252 re-
duced kidney damage by the inhibition of inflammatory re-
sponses, the mRNA expression of TNF-α, IL-6 and MCP-1
was examined in HK2 cells using real-time PCR. Cisplatin
used alone significantly increased the expression of in-
flammatory response compared with normal saline-treated
cells, which is shown in Fig. 5, and the phenomenon is
the same as that reported in the literature.35–38 Addition-
ally, real-time PCR showed that 5d, 5m and PD176252
suppressed the levels of TNF-α, IL-6 and MCP-1. Perhaps,
an important reason for the effective protection of 5d and
5m in HK2 cells with cisplatin is that the gene transcrip-
tion and mRNA stabilization of proinflammatory mediators
were interdicted.

Anti-inflammatory activity by enzyme-linked immuno-sorbent
assay (ELISA)

The anti-inflammatory effect of the synthesized compounds
was further evaluated by ELISA analysis. From the results in
Fig. 6, it can be seen that 5d and PD176252 showed

Fig. 4 Cytotoxicity of different concentrations of 5d, 5m or PD
176252 on HK2 cells. 5d and 5m reduce the viability of HK2 cells
(ATCC, USA). HK2 cells were pre-cultured for 24 h, the cells were then
treated with the indicated concentrations of compounds for 24 h. The
results are shown as means ± SD (n = 3) of at least three independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with con-
trol group.

Fig. 5 Effect of 5d or 5m for inflammatory response in HK2 cells with cisplatin treatment. Real-time PCR in HK2 cells (ATCC, USA). The results
demonstrate that the treatment of compounds reduced cisplatin-induced mRNA levels of TNF-α, IL-6, and MCP-1. Data represent the mean ±

SEM for 3–4 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control. #p < 0.05, ##p < 0.01, ###p < 0.001 com-
pared to the cisplatin-treated group. CIS, cisplatin; PD, PD176252.
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significant anti-inflammatory activity as evidenced by the de-
creased MCP-1, IL-6, and TNF-α expression levels. Moreover,

5d was significantly effective than the PD agent in the abate-
ment of TNF-α and MCP-1 levels.

Fig. 6 Effect of 5d or 5m for inflammatory response in HK2 cells with cisplatin treatment. ELISA in HK2 cells (ATCC, USA). The results demonstrate
that the treatment of compounds reduced cisplatin-induced mRNA levels of TNF-α, IL-6, and MCP-1. Data represent the mean ± SEM for 3–4 in-
dependent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to
cisplatin-treated group. CIS, cisplatin; PD, PD 176252.

Fig. 7 Effect of 5d and PD 176252 on cisplatin-induced phosphorylation of NF-κB p65. Results of western blot and quantitative data indicated that
5d and PD176252 had an effect on the phosphorylation of p65 for cisplatin-treated HK2 cells (ATCC, USA). Data represent the mean ± SEM for 3–4
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to the
cisplatin-treated group. CIS, cisplatin; PD, PD 176252.
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Compound 5d suppresses NF-κB activation

Nuclear factor κB (NF-κB) is a nuclear transcription factor
that is critical for the production of proinflammatory cyto-
kines.39 The IκB protein is phosphorylated to turn on tran-
scriptions of inflammatory genes when cisplatin stimulates
the activation of NF-κB. Herein, in Fig. 7, the result of west-
ern blots and quantitative data showed that compound 5d
significantly blocked the cisplatin-induced phosphorylation
of NF-κB p65. It is a possible mechanism by which com-
pound 5d alleviated the cisplatin-induced inflammation. It is
noteworthy that PD176252 displayed a certain level of toxic-
ity, i.e., it gently induced p65 phosphorylation; however,
PD176252 significantly reduced the phosphorylation level of
NF-κB when cisplatin was added.

Conclusions

In the in vitro experiments, PD176252 analogues, 5d and 5m,
possessed better activity in alleviating cisplatin-induced
nephrotoxicity through screening for a higher activity. A
dose–response study of 5d and 5m demonstrated that they
exhibited effective protection in a concentration-dependent
manner. It is worth noting that the synthesized analogues
have very low cytotoxicity. We further identified that 5d and
5m suppressed the inflammatory response via a NF-κB-
dependent mechanism. In conclusion, this study demon-
strated that compound 5d protects against cisplatin-induced
cell injury and inflammation. It may be further explored as a
preventive agent for cancer patients treated with cisplatin.

Conflicts of interest

The authors declare no conflict of interest associated with
this manuscript.

Acknowledgements

This work was supported in part by Key Program of Natural
Science Research by Education Department of Anhui Province
of China (KJ2017A707).

References

1 M. Zoldakova, B. Biersack, H. Kostrhunova, A. Ahmad, S.
Padhye, F. H. Sarkar, R. Schobert and V. Brabec,
MedChemComm, 2011, 2, 493–499.

2 K. BasenEngquist, Obstet. Gynecol., 2006, 107, 948–949.
3 Z. H. Siddik, Oncogene, 2003, 22, 7265–7279.
4 N. Pabla and Z. Dong, Kidney Int., 2008, 73, 994–1007.
5 A. Linkermann, N. Himmerkus, L. Rölver, K. A. Keyser, P.

Steen, J. H. Bräsen, M. Bleich, U. Kunzendorf and S.
Krautwald, Kidney Int., 2011, 79, 169–178.

6 D. Portilla, G. Dai, T. Mcclure, L. Bates, R. Kurten, J.
Megyesi, P. Price and S. Li, Kidney Int., 2002, 62, 1208–1218.

7 G. Brillet, G. Deray, M. Lucsko, C. Faucher, P. Aubert, J.
Rottembourg and C. Jacobs, Nephrologie, 1993, 14,
227–229.

8 T. Taguchi, A. Nazneen, M. Abid and M. S. Razzaque,
Contrib. Nephrol., 2005, 148, 107–121.

9 F. De Castro, M. Benedetti, G. Antonaci, L. Del Coco, S. De
Pascali, A. Muscella, S. Marsigliante and F. Fanizzi,
Molecules, 2018, 23, 2301.

10 R. P. Miller, R. K. Tadagavadi, R. Ganesan and R. W. Brian,
Toxins, 2010, 2, 2490–2518.

11 L. Gao, W. F. Wu, L. Dong, G. L. Ren, H. Di Li, Q. Yang, X. F.
Li, T. Xu, Z. Li and B. M. Wu, Front. Pharmacol., 2016, 7, 479.

12 B. Zhang, G. Ramesh, S. Uematsu, S. Akira and W. B. Reeves,
J. Am. Soc. Nephrol., 2008, 19, 923–932.

13 K. Sahin, M. Tuzcu, H. Gencoglu, A. Dogukan, M. Timurkan,
N. Sahin, A. Aslan and O. Kucuk, Life Sci., 2010, 87, 240–245.

14 A. Kuhad, S. Pilkhwal, S. Sharma, N. Tirkey and K. Chopra,
J. Agric. Food Chem., 2007, 55, 10150–10155.

15 Y. C. Huang, M. S. Tsai, P. C. Hsieh, J. H. Shih, T. S. Wang,
Y. C. Wang, T. H. Lin and S. H. Wang, Toxicol. Appl.
Pharmacol., 2017, 329, 128–139.

16 Z. Song, H. Chang, N. Han, Z. Liu, Y. Liu, H. Wang, J. Shao,
Z. Wang, H. Gao and J. Yin, RSC Adv., 2017, 7, 19794–19807.

17 S. Faubel, E. C. Lewis and L. Reznikov, J. Pharmacol. Exp.
Ther., 2007, 322, 8–15.

18 G. Ramesh and R. WB, J. Clin. Invest., 2002, 110, 835–842.
19 G. Ramesh, B. Zhang, S. Uematsu, S. Akira and W. B. Reeves,

Am. J. Physiol., 2007, 293, 325–332.
20 Y. G. Sun and Z. F. Chen, Nature, 2007, 448, 700–703.
21 T. J. Mcdonald, H. Jörnvall, G. Nilsson, M. Vagne, M. Ghatei,

S. R. Bloom and V. Mutt, Biochem. Biophys. Res. Commun.,
1979, 90, 227–233.

22 F. Petronilho, R. Roesler, G. Schwartsmann and P. F. Dal,
Inflammation Allergy: Drug Targets, 2007, 6, 197–200.

23 A. Kaloudi, E. Lymperis, A. Giarika, S. Dalm, F. Orlandi, D.
Barbato, M. Tedesco, T. Maina, M. De Jong and B. A. Nock,
Molecules, 2017, 22, 1–13.

24 C. Morgat, R. Varshney, D. Vimont, C. Savona-Baron, C. Riès,
C. Chanseau, S. S. Bertrand, A. K. Mishra, E. Hindié, P.
Fernandez and J. Schulz, MedChemComm, 2016, 7, 1217–1223.

25 R. S. Czepielewski, B. N. Porto, L. B. Rizzo, R. Roesler, A. L.
Abujamra, L. G. Pinto, G. Schwartsmann, F. Q. Cunha and
C. Bonorino, Proc. Natl. Acad. Sci. U. S. A., 2012, 109,
547–552.

26 R. S. Czepielewski, N. Jaeger, P. E. Marques, M. M. Antunes,
M. M. Rigo, D. M. Alvarenga, R. V. Pereira, S. R. Da, T. G.
Lopes and S. Vd Da, Eur. J. Immunol., 2017, 47, 646–657.

27 S. Zhou, E. N. Potts, F. Cuttitta, W. M. Foster and M. E.
Sunday, Proc. Natl. Acad. Sci. U. S. A., 2011, 108, 2100–2105.

28 V. Ashwood, V. Brownhill, M. Higginbottom, D. C. Horwell,
J. Hughes, R. A. Lewthwaite, A. T. Mcknight, R. D. Pinnock,
M. C. Pritchard and N. Sumanchauhan, Bioorg. Med. Chem.
Lett., 1998, 8, 2589–2594.

29 I. A. Schepetkin, L. N. Kirpotina, A. I. Khlebnikov, M.
Leopoldo, E. Lucente, E. Lacivita, P. De Giorgio and M. T.
Quinn, Biochem. Pharmacol., 2013, 85, 404–416.

30 Q. Zhang, N. E. Bhola, V. W. Lui, D. R. Siwak, S. M. Thomas,
C. T. Gubish, J. M. Siegfried, G. B. Mills, D. Shin and J. R.
Grandis, Mol. Cancer Ther., 2007, 6, 1414–1424.

MedChemCommResearch Article

Pu
bl

is
he

d 
on

 1
1 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
M

el
bo

ur
ne

 L
ib

ra
ri

es
 o

n 
4/

12
/2

01
9 

2:
05

:4
9 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8md00632f


Med. Chem. Commun.This journal is © The Royal Society of Chemistry 2019

31 T. W. Moody, J. Leyton, L. Garciamarin and R. T. Jensen,
Eur. J. Pharmacol., 2003, 474, 21–29.

32 E. Pontiki and D. Hadjipavlou-Litina, Bioorg. Med. Chem.,
2007, 15, 5819–5827.

33 S. Dugar, D. H. Jr, R. E. Burrier and B. G. Salisbury, Bioorg.
Med. Chem., 1995, 3, 1231–1236.

34 L. Zhang, X. M. Peng, G. L. V. Damu, R. X. Geng and C. H.
Zhou, Med. Res. Rev., 2014, 34, 340–437.

35 M. Ueki, M. Ueno, J. Morishita and N. Maekawa, J. Biosci.
Bioeng., 2013, 115, 547–551.

36 S. Malik, K. Suchal, N. Gamad, A. K. Dinda, D. S.
Arya and J. Bhatia, Eur. J. Pharmacol., 2015, 748,
54–60.

37 E. S. Elsayed, A. R. Abdallah, A. M. Mansour and A. A.
Elarabey, J. Biochem. Mol. Toxicol., 2016, 30, 37–44.

38 K. Amirshahrokhi and A. R. Khalili, Inflammation, 2015, 38,
1–9.

39 L. Z. Chen, W. W. Sun, L. Bo, J. Q. Wang, C. Xiu, W. J. Tang,
J. B. Shi, H. P. Zhou and X. H. Liu, Eur. J. Med. Chem.,
2017, 138, 170–181.

MedChemComm Research Article

Pu
bl

is
he

d 
on

 1
1 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
M

el
bo

ur
ne

 L
ib

ra
ri

es
 o

n 
4/

12
/2

01
9 

2:
05

:4
9 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8md00632f

	crossmark: 


