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A B S T R A C T

(+)-Conocarpan (CNCP), a neolignan frequently found in many medicinal and edible plants displays a broad
spectrum of bioactivity. Here, we demonstrated that CNCP induced apoptotic cell death in human kidney-2 (HK-
2) cells in a concentration-dependent manner (IC50= 19.3 μM) and led to the sustained elevation of intracellular
Ca2+ ([Ca2+]i). Lower extracellular Ca2+ concentrations from 2.3mM to 0mM significantly suppressed the
CNCP-induced Ca2+ response by 69.1%. Moreover, the depletion of intracellular Ca2+ stores using thapsigargin
normalized CNCP-induced Ca2+ release from intracellular Ca2+ stores, suggesting that the CNCP-induced Ca2+

response involved both extracellular Ca2+ influx and Ca2+ release from intracellular Ca2+ stores. SAR7334, a
TRPC3/6/7 channel inhibitor, but neither Pyr3, a selective TRPC3 channel inhibitor, nor Pico145, a TRPC1/4/5
inhibitor, suppressed the CNCP-induced Ca2+ response by 57.2% and decreased CNCP-induced cell death by
53.4%, suggesting a critical role for TRPC6 channels in CNCP-induced Ca2+ influx and apoptotic cell death.
Further electrophysiological recording demonstrated that CNCP directly activated TRPC6 channels by increasing
channel open probability with an EC50 value of 6.01 μM. Considered together, these data demonstrate that the
direct activation of TRPC6 channels contributes to CNCP-induced apoptotic cell death in HK-2 cells. Our data
point out the potential risk of renal toxicity from CNCP if used as a therapeutic agent.

1. Introduction

Lignans and neolignans are a large group of naturally occurring
polyphenols derived from the oxidative coupling of two C6–C3 units
(Teponno et al., 2016). Lignans and neolignans are frequently found in
a variety of medical plants including Linum, Anthriscus, and Podo-
phyllum, as well as edible plants including flaxseed, sesame (Pedalia-
ceae), cereal products (Poaceae or Gramineae), and Brassica vegetables
(Brassicaceae) (Cao et al., 2015; Kim et al., 2010; Rizwan et al., 2014;
Stojakowska et al., 2013; Teponno et al., 2016). Lignans possess a
variety of pharmacological activities such as having anti-viral (Parhira
et al., 2014) and anti-inflammatory properties (Gao et al., 2018) and
neuroprotective activity (Chen et al., 2016; Jeong et al., 2013), and
they also have beneficial effects related to the prevention of cardio-
vascular diseases (Giglio et al., 2018), as well as nephropathies (Ma

et al., 2013; Rizwan et al., 2014; Zuniga-Toala et al., 2013).
(+)-Conocarpan (CNCP) is a benzofuran neolignan and was first

isolated from Conocarpus erectus (Hayashi and Thomson, 1975). This
compound was reported to occur in a number of medical plants, in-
cluding Piper regnellii (Felipe et al., 2006; Pessini et al., 2003), Krameria
lappacea (Baumgartner et al., 2011a, 2011b), Krameria triandra (Carini
et al., 2002) and Piper solmsianum (Da Silva et al., 2010). CNCP is a
main active compound of K. lappacea (Baumgartner et al., 2011a), a
drug listed in the European Pharmacopoeia, and can reach levels as
high as 0.71% in the roots. The concentrations of CNCP in the leaves,
stems and roots of P. regnellii are high, reaching 0.72%, 0.79% and
0.84%, respectively (Felipe et al., 2006). CNCP has been reported to
have insecticidal (Chauret et al., 1996), anti-fungal (De Campos et al.,
2005), anti-trypanosomal (Luize et al., 2006), anti-tuberculotic (Scodro
et al., 2013), photoprotective (Carini et al., 2002), antinociceptive and

https://doi.org/10.1016/j.fct.2019.04.061
Received 16 January 2019; Received in revised form 25 April 2019; Accepted 30 April 2019

∗ Corresponding author. Jiangsu Provincial Key Laboratory for TCM Evaluation and Translational Research, School of Traditional Chinese Pharmacy, China
Pharmaceutical University, Nanjing, Jiangsu, 211198, China.

∗∗ Corresponding author. Jiangsu Provincial Key Laboratory for TCM Evaluation and Translational Development, China Pharmaceutical University, Nanjing,
Jiangsu, 211198, China.

E-mail addresses: chaichengzhi@126.com (C. Chai), zycao1999@hotmail.com (Z. Cao).
1 Equal contribution.

Food and Chemical Toxicology 129 (2019) 281–290

Available online 03 May 2019
0278-6915/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/02786915
https://www.elsevier.com/locate/foodchemtox
https://doi.org/10.1016/j.fct.2019.04.061
https://doi.org/10.1016/j.fct.2019.04.061
mailto:chaichengzhi@126.com
mailto:zycao1999@hotmail.com
https://doi.org/10.1016/j.fct.2019.04.061
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fct.2019.04.061&domain=pdf


anti-inflammatory activities (Da Silva et al., 2010). The topical anti-
edematous activity of CNCP occurs through the inhibition of NFκB,
cyclooxygenases, 5-lipoxygenase and microsomal prostaglandin E2
synthase-1 (Baumgartner et al., 2011b). Due to its broad activities,
CNCP has been synthesized by several groups (Chen and Weisel, 2013;
Silva et al., 2018; Zheng et al., 2003).

Our previous investigation on the chemical constitutes of Ribes
diacanthum Pall (RDP) and another related species, Ribes manshuricum
(Maxim.) Kom (RMK) identified a total of 50 compounds including
phenolic acids, anthocyanins, flavonoids and neolignans (Li et al., 2018;
Zhou et al., 2016). RDP, a Mongolian folk medicine, is widely used for
treating diseases of the urinary system such as bladder diseases, cystitis,
kidney stones, and edema (Ligaa, 2006). We demonstrated that RDP
aqueous extract displays protective effects on cisplatin-induced kidney
injury (Tilyek et al., 2016) and unilateral ureteral occlusion-induced
kidney fibrosis (Gu et al., 2018). Previous efforts to discover ne-
phroprotective components identified two acylated β-hydroxynitrile
glycosides, ribemansides A and B, that suppress the fibrogenesis of
human kidney-2 (HK-2) cells and inhibit the activity of transient re-
ceptor potential canonical 6 (TRPC6) channels (Zhou et al., 2018).
However, mice receiving a high dose of RDP crude extract (1000mg/
kg/d, ig.) for 28 consecutive days displayed significantly increased le-
vels of blood urea nitrogen and serum creatinine, suggesting the ex-
istence of components in RDP crude extract that are potentially toxic to
the kidney. Further analysis of the toxic components of RDP identified
CNCP as a toxic agent that decreased cell viability in HK-2 cells.

In the present study, we investigated the toxic effect of CNCP and
the mechanism by which CNCP induced cell death in HK-2 cells. We
demonstrated that CNCP induces apoptotic cell death in HK-2 cells
through the activation of caspase-3 pathway. We also demonstrated
that CNCP persistently elevates intracellular Ca2+ concentration
([Ca2+]i). Further pharmacological investigation demonstrated that
CNCP-induced Ca2+ response occurs through both extracellular Ca2+

influx mediated by TRPC6 channels and by Ca2+ release from in-
tracellular Ca2+ stores. Electrophysiological recording demonstrated
that CNCP directly activates TRPC6 channels with an EC50 value of
6.01 μM. These data demonstrate that the direct activation of TRPC6
channel contributes to CNCP-induced apoptotic cell death in HK-2 cells.

2. Materials and methods

2.1. Materials

(+)-Conocarpan (CNCP, CAS# 221,666-27-9) was purified from
RDP as described previously, and the purity was accessed to be greater
than 98% by HPLC (Zhou et al., 2016). Foetal bovine serum (FBS), 1-
oleoyl-2-acetyl-sn-glycerol (OAG), thapsigargin (TG) and all of the in-
organic chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA). HEPES, G418, RPMI 1640 medium, Earle's minimum essential
medium, penicillin, and streptomycin were purchased from Thermo-
Fisher Scientific (Waltham, MA, USA). The BCA Protein Assay kit was
obtained from Beyotime Institute of Biotechnology (Nanjing, Jiangsu,
China). The apoptosis detection kit, TRIzol reagent and the HiScript Q
RT SuperMix for qPCR (+gDNA wiper) kits were purchased from Va-
zyme Biotech Co., Ltd. (Nanjing, Jiangsu, China). The primary antibody

to caspase-3 was purchased from ProteinTech (Wuhan, Hubei, China).
Anti-TRPC6 and anti-tubulin antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA) and Bioworld technology Co.
Ltd. (Nanjing, Jiangsu, China), respectively. The IRDye (680RD or
800CW)-labelled secondary antibodies were purchased from LI-COR
Biotechnology (Lincoln, NE, USA). Hieff™ qPCR SYBR® Green Master
Mix (Low Rox Plus) was obtained from Yeasen Biotechnology Co. Ltd.
(Shanghai, China). SAR7334, Pico145 and Pyr3 were purchased from
MedChemExpress Co. Ltd. (Shanghai, China).

2.2. HK-2 cell culture

Human proximal tubular cells (human kidney-2, HK-2) were gen-
erous gifts from Professor Bicheng Liu (Zhongda Hospital, Southeast
University, Nanjing, China). HK-2 cells were cultured as previously
described (Zhou et al., 2018). Briefly, cells were cultured in RPMI 1640
medium supplemented with 2mg/mL NaHCO3, 10% FBS, 10mM
HEPES, 100 U/mL penicillin, and 0.1 mg/mL streptomycin at 37 °C in
an atmosphere of 5% CO2 and 95% humidity. Cells at 70–80% con-
fluency were digested with 0.05% trypsin and seeded in 96 well or 12
well plates (Corning; Corning, NY, USA) at densities of 6000 cells/well
or 40,000 cells/well, respectively. Cells were cultured overnight before
measuring CNCP-induced cell death.

2.3. TRPC6-HEK-293 cell culture

HEK-293 cells stably expressing mouse TRPC6 channels were a
generous gift from Prof. Michael X. Zhu at the University of Texas
Health Science Center at Houston. The cells were cultured in Earle's
minimum essential medium supplemented with 10% FBS, 10mM
HEPES, 2mM L-glutamine, 100 U/mL penicillin, 0.1 mg/mL strepto-
mycin, and 200 μg/mL G418 at 37 °C in an atmosphere of 5% CO2 and
95% humidity. Cells cultured in T75 flasks (Corning, NY, USA) to ap-
proximately 80% confluence were digested with 0.05% trypsin and
seeded in poly-D-lysine coated 96 well plates or 35mm dishes
(Corning) at densities of ∼20,000 cells/well or 1000 cells/well, re-
spectively. Cells were cultured for 6 h before Ca2+ imaging and patch
clamp experiments.

2.4. Cell viability assay

A MTT assay was used to access cell viability. HK-2 cells cultured in
96 well plates were continuously exposed to CNCP in serum free
medium for 24 h. Inhibitors were applied 30min before addition of
CNCP. After the removal of the medium, a volume of 100 μL of 0.5mg/
mL MTT was added to each well and incubated for an additional 4 h at
37 °C. Subsequently, supernatants were removed and a volume of
100 μL of DMSO was added to each well to dissolve formazan crystals
that had formed. Absorbance was detected at 560 and 670 nm (re-
ference wavelength), and the differences between both extinctions were
calculated. Data were expressed as percentage of vehicle control (0.1%
DMSO).

Abbreviations

CNCP (+)-conocarpan
[Ca2+]i intracellular Ca2+ concentration
HK-2 human kidney 2
FBS foetal bovine serum
FDA fluorescein diacetate
OAG 1-oleoyl-2-acetyl-sn-glycerol

PI propidium iodide
Po open probability
RT room temperature
RDP Ribes diacanthum Pall
RMK Ribes manshuricum (Maxim.) Kom
TG thapsigargin
TRPC transient receptor potential canonical
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2.5. Fluorescein diacetate (FDA) and propidium iodide (PI) staining

FDA/PI staining was performed as described previously (He et al.,
2017) to quantify cell death. After exposure to CNCP for the indicated
lengths of time, HK-2 cells were stained by FDA (5 μg/mL) and PI (1 μg/
mL) at RT for 5min. Images were taken using a Nikon Eclips Ti–U in-
verted fluorescence microscope by using fluorescein isothiocyanate
(FITC) and Texas Red filters and the number of live (green) and dead
cells (red) were counted. Data were presented as percent dead cells.

2.6. Flow cytometry

Flow cytometry was used to detect cell apoptosis using a commer-
cially available apoptosis detection kit. After vehicle (0.1% DMSO) and
CNCP exposure, HK-2 cells were digested with 0.05% trypsin. After
centrifugation for 5min at 300×g, cells were resuspended in binding
buffer and incubated with a solution containing FITC-conjugated an-
nexin-V and propidium iodide (PI) for 10min. Fluorescence was de-
tected using a MACSQuant flow cytometer (Miltenyi Biotec, Bergisch
Gladbach, Germany). Percentage of apoptotic cells was calculated using
FlowJo software (Version 10, BD™; FlowJo, LLC, Ashland, USA).

2.7. Intracellular Ca2+ concentration determination

The intracellular Ca2+ concentration was determined as described
previously (Zou et al., 2017). Briefly, after incubation with 4 μM Fluo-
4/AM (TEFlabs, Austin, TX, USA) at 37 °C for 50min in the dark, the
HK-2 cells were gently washed four times with Locke's buffer (in mM:
HEPES 8.6, KCl 5.6, NaCl 154, D-glucose 5.6, MgCl2 1.0, CaCl2 2.3, and
glycine 0.1, pH 7.4) and transferred to the chamber of a fluorescent
imaging plate reader (FLIPRTetra®; Molecular Devices, Sunnyvale, CA).
Basal fluorescence units (F0) were recorded for 200 s followed by the
addition of various concentrations of CNCP and the fluorescent signals
(F) were continuously recorded for an additional 10min. To determine
the influence of TRPC inhibitors on CNCP, baseline fluorescence was
measured for 25 s, after which inhibitors were added and fluorescence
units were recorded for 75 s before the addition of CNCP. Data were
presented as F/F0 where F0 was the basal fluorescence unit and F was
the fluorescence unit at specific time point. The area under the curve
(AUC) was used to quantify the CNCP Ca2+ response and the effect of
inhibitors on CNCP induced Ca2+ response.

2.8. Electrophysiology recordings

HEK-293 cells stably expressing TRPC6 channels were seeded in
35mm dishes for 6 h before the experiments were conducted. Whole
cell and outside out patch recordings were performed at room tem-
perature using an EPC-10 (HEKA Instruments Inc., Bellmore, NY) am-
plifier controlled by PatchMaster software (HEKA, Pfalz, Germany) as
described previously (Qu et al., 2017). Recording pipettes were pulled
from micropipette glass to 2–3MΩ when filled with a pipette solution
containing (in mM): 140 CsCl, 1 MgCl2, 5 EGTA, and 10 HEPES, pH
adjusted to 7.2 with CsOH and placed in a bath solution containing (in
mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES, pH
adjusted to 7.4 with NaOH. Cells were held at 0 mV and voltage ramps
(300 ms) from −100 to +100 mV were applied every 1 s. Cells were
continuously perfused with CNCP diluted in the bath solution through a
press-driven multichannel system with the outlet placed approximately
50 μm away from the cell being recorded. All of the currents were re-
corded at 5 kHz.

2.9. Real-time quantitative PCR analysis

Cells were lysed and total RNA was extracted using TRIzol reagent.
The concentration of RNA was analysed by measuring the ratio of op-
tical density (260 nm/280 nm) using a nanodrop (Allsheng, Hangzhou,

China). Reverse transcription of RNA was performed using the HiScript
Q RT SuperMix for qPCR (+gDNA wiper) kit according to the manu-
facturer's protocol. Quantitative real time PCR (RT-PCR) was performed
using Hieff™ qPCR SYBR® Green Master Mix (Low Rox Plus) with a
QuantStudio 3 RT-PCR System (ThermoFisher Scientific, Waltham,
MA). The quantification of mRNA expression levels was performed
using 2−ΔCt method, with the housekeeping gene, GAPDH, as a control.
The primer sequences used in this study are listed in Table 1.

2.10. Western blotting

Western blotting experiments were performed as described pre-
viously (Zou et al., 2017). Briefly, protein samples (30–40 μg) were
loaded onto a 15% SDS-PAGE gel and then transferred to a ni-
trocellulose membrane. After electroblotting, the membranes were
blocked with 5% nonfat milk in PBS for 1 h at RT and then subsequently
incubated with primary antibodies overnight at 4 °C. The primary an-
tibodies used were anti-caspase-3 (1:1000) and anti-TRPC6 (1:500).
After washing, the membranes were incubated with IRDye (680RD or
800CW) labelled secondary antibodies (1:10,000) for 1 h at RT. Images
were obtained by scanning the membranes using the LI-COR Odyssey
Infrared Imaging System (LI-COR Biotechnology, Lincoln, NE). Densi-
tometry was performed using LI-COR Odyssey Infrared Imaging System
application software (version 2.1).

2.11. Statistical analysis

Graphing and statistical analysis were performed using GraphPad
Prism software (Version 6.0, San Diego, CA). All data are expressed as
the means ± S.E.M. Concentration response relationship curves were
fit using a nonlinear equation using GraphPad Prism software (Version
6.0). Statistical significance between groups was calculated using an
ANOVA and, where appropriate, a Dunnett's multiple comparison test.
A p value less than 0.05 was considered to be statistically significant.

3. Results

3.1. CNCP induced cytotoxicity in HK-2 cells

The chemical structure of CNCP is shown in Fig. 1A. After exposure
to CNCP, the cell viability was accessed by MTT assay. Fig. 1B shows
that 24 h exposure decreased cell viability with an IC50 value of 19.3 μM
(16.0–23.38 μM, 95% Confidence Intervals, 95% CI). FDA/PI staining
also showed that CNCP exposure induced HK-2 cell death in a time
dependent manner. Longer exposure induced more cell death. CNCP
(30 μM) exposure for 1 h led to an 11.78% increase in cell death, and
the levels gradually increased to be 17.83%, 19.63%, 27.98%, and
35.59% after 3, 6, 12 and 24 h exposure, respectively (Fig. 1D). To
investigate whether CNCP also induced apoptotic cell death, cells were
labelled with Annexin V-FITC/PI. Flow cytometry analysis showed that
treatment with CNCP (10 and 30 μM) for 2 h significantly increased
apoptotic cell death in HK-2 cells (Fig. 1E&F).

Table 1
Forward and reverse primers for qRT-PCR reactions.

Name Forward Primers (5’ – 3′) Reverse Primers (5’ – 3′)

hTRPC1 CACCTGTCATTTTAGCTGCTCATC CCGGAGGCTATCCTTTTTGTT
hTRPC3 CAAGAATGACTATCGGAAGC GCCACAAACTTTTTGACTTC
hTRPC4 AGGTACTCTGCCTACTCCCTTCAA GCAGCTCGCCTCCCTATTG
hTRPC5 CCACCAGCTATCAGATAAGG CGAAACAAGCCACTTATACCC
hTRPC6 TGAAGTGAAATCAGTGGTCA AAATTTCCACTCCACATCAG
hTRPC7 CATAGCCTATTGGATTGCTC GGTAGTCTGTGAAGGTTTCG
hGAPDH GAAGGTGAAGGTCGGAGTCAAC CAGAGTTAAAAGCAGCCCTGGT
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3.2. CNCP led to elevated intracellular Ca2+ in HK-2 cells that involved
both extracellular Ca2+ influx and intracellular Ca2+ release

The homeostasis of [Ca2+]i regulates a variety of physiological re-
sponses, and [Ca2+]i overloading is a major cause of cell death. We
therefore investigated CNCP Ca2+ response in HK-2 cells using a Ca2+

specific fluorescence dye, Fluo-4/AM. The addition of CNCP produced a
concentration-dependent elevation of [Ca2+]i. At 30 μM, CNCP pro-
duced a gradually increased Ca2+ response with a maximal response of
less than 0.3 units (ΔF/F0). However, at concentrations greater than or
equal to 50 μM, CNCP produced a rapid and robust elevation of [Ca2+]i
in HK-2 cells (Fig. 2A&B). To explore the Ca2+ source, the CNCP Ca2+

response was measured in the extracellular solutions with normal
(2.3 mM) and decreased Ca2+ (0mM, with 1mM EGTA). Fig. 2C&D
shows that replacement of the extracellular solution without Ca2+ re-
duced CNCP response by 69.1% suggesting that both extracellular Ca2+

influx and intracellular Ca2+ release were involved in CNCP-induced
Ca2+ response. To further confirm the Ca2+ release from intracellular
Ca2+ store as a factor of the observed CNCP-induced Ca2+ response,
HK-2 cells were treated with thapsigargin (TG, 2 μM) in the extra-
cellular solution without Ca2+ to deplete the intracellular Ca2+ store
before challenging with CNCP (50 μM). The application of TG produced
a transient elevation of [Ca2+]i that recovered to basal level within
10min (Fig. 2E). Pretreatment with TG abolished CNCP-induced Ca2+

response further demonstrating the role of Ca2+ release in the CNCP-
induced Ca2+ response in HK-2 cells (Fig. 2E&F).

3.3. Transient receptor potential canonical (TRPC) channels were expressed
in HK-2 cells

TRPCs are a class of Ca2+ permeable, nonselective cation channels
expressed in many cell types (Abramowitz and Birnbaumer, 2009). The
mutation of TRPC6 channels is associated with focal segmental glo-
merulosclerosis (FSGS) (Winn et al., 2005). Moreover, TRPC3 and
TRPC6 KO mice display attenuated kidney fibrosis in a unilateral ur-
eteral obstruction (UUO) mouse model (Saliba et al., 2015; Wu et al.,
2017). We therefore examined whether TRPC channels were expressed
in HK-2 cells. RT-PCR analysis showed the mRNA expression levels of
TRPC1 and TRPC3-6 but not TRPC7 channels in HK-2 cells with rank
order of TRPC1 > TRPC4 > TRPC6 > TRPC5 > TRPC3 (Fig. 3A).
To validate the reliability of the primers used for detecting TRPC7, we
analysed the TRPC7 expression in human keratinocyte cells. Keratino-
cytes showed marginal levels of TRPC7 mRNA expression (Fig. 3B).
Further Western blot analysis showed that TRPC6 protein was ex-
pressed in HK-2 cells (Fig. 3C). The TRPC6 channel activator, OAG
(Hofmann et al., 1999), elicited an elevation of [Ca2+]i (Fig. 3D&E)
albeit the response was smaller than that of CNCP (Fig. 2A). The OAG
Ca2+ response in HK-2 cells was inhibited by the TRPC6 channel

Fig. 1. CNCP induced cell death in HK-2 cells. (A) Chemical structure of CNCP. (B) Concentration-response relationship curve for CNCP exposure (24 h) induced cell
death in HK-2 cells as measured by MTT assay. (C) Representative images for FDA and PI double stained HK-2 cells after exposure to vehicle (0.1% DMSO) or various
concentrations of CNCP for 24 h. Scale bar = 100 μm. (D) Quantification of % dead cells measured by FDA and PI double staining after exposure to vehicle (0.1%
DMSO) and different concentrations of CNCP for different time periods. (E) Representative flow cytometry diagrams in the presence or absence of CNCP. Apoptosis in
HK-2 cells was detected by Annexin V-FITC/PI double staining and flow cytometry after exposure to vehicle (0.1% DMSO) or CNCP (10 μM and 30 μM). (F)
Quantitation of apoptotic cells measured by flow cytometry. Each data point represents mean ± S.E.M. *, p < 0.05, **, p < 0.01, CNCP vs. vehicle. All experiments
were repeated three times, each in triplicates.
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Fig. 2. Influence of CNCP on the elevation of intracellular Ca2+ concentration ([Ca2+]i) in HK-2 cells. (A) Representative trace of Ca2+ dynamics in the presence and
absence of CNCP (10 μM, 30 μM, 50 μM and 100 μM) in HK-2 cells. (B) Quantitation of CNCP-induced Ca2+ response in HK-2 cells. **, p < 0.01, CNCP vs. vehicle.
(C) Representative trace of Ca2+ dynamics induced by CNCP (50 μM) in HK-2 cells in Ca2+ free (1mM EGTA) and normal Ca2+ (2.3mM) extracellular solutions. (D)
Quantification of CNCP Ca2+ response in extracellular solutions containing 0mM or 2.3 mM Ca2+. **, p < 0.01, 0mM Ca2+ vs. 2.3 mM Ca2+ extracellular solution.
(E) Representative trace of CNCP (50 μM) on [Ca2+]i in the presence and absence of thapsigargin (TG, 2 μM) in a Ca2+ free extracellular solution in HK-2 cells. (F)
Quantification of CNCP effects on [Ca2+]i after depletion of intracellular Ca2+ store. Area under curve (AUC) values were from an epoch of 10 min from addition of
CNCP. **p < 0.01, CNCP vs. vehicle, ##, p < 0.01, TG+CNCP vs. CNCP. All experiments were repeated three times with similar results. Each data point represents
mean ± S.E.M.

Fig. 3. Expression of TRPC channels in HK-2 cells. (A) Relative mRNA expression of TRPC channels in HK-2 cells. (B) TRPC7 expression in human keratinocytes at the
mRNA level. (C) Representative western blots of TRPC6 expression in HK-2 cells. (D) Representative traces of OAG (100 μM) induced Ca2+ influx in the presence and
absence of SAR7334 in HK-2 cells. (E) Quantitation of SAR7334 effect on OAG-induced Ca2+ influx in HK-2 cells. Area under curve (AUC) values were analysed from
an epoch of 10 min following the addition of OAG. Each experiment was repeated twice, each in three replicates. Each data point represents mean ± S.E.M. **,
p < 0.01, OAG vs. vehicle, ##, p < 0.01, SAR+OAG vs. OAG.
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inhibitor, SAR7334 (Maier et al., 2015), suggesting the functional ex-
pression of TRPC6 channels in HK-2 cells (Fig. 3D&E).

3.4. Inhibition of TRPC6 channel activity suppressed CNCP-induced Ca2+

influx in HK-2 cells

Given the expression of many TRPC channels in HK-2 cells, we next
examined whether inhibitors of TRPC channels were able to inhibit
CNCP-induced Ca2+ influx. The TRPC3/6/7 inhibitor, SAR7734 (1 μM)
dramatically suppressed the CNCP-induced Ca2+ response by 57.2%
(Fig. 4A&B). However, a TRPC3 selective inhibitor, Pry3 (10 μM)
(Kiyonaka et al., 2009), minimally affected the CNCP Ca2+ response
(AUC values: 72.52 ± 5.85 vs. 76.71 ± 14.33, p > 0.05, n= 3)
(Fig. 4C&D). Similarly, the TRPC1/4/5 inhibitor, Pico145 (100 nM)
(Rubaiy et al., 2017), did not affect the CNCP-induced Ca2+ response
(AUC values: 85.46 ± 3.71 vs. 76.71 ± 14.33, p > 0.05, n= 3)
(Fig. 4C&D).

3.5. CNCP directly activated TRPC6 channels

We next examined whether CNCP can directly activate TRPC6
channels in a heterologous expression system. Whole cell recording
revealed that CNCP increased TRPC6 currents in a concentration de-
pendent manner at both positive (+100 mV) and negative (−100 mV)
potentials in TRPC6-HEK-293 cells (Fig. 5A). CNCP elicited character-
istic nonselective cation conductance with a reversal potential close to
0mV and dually rectifying current-voltage relationships (Fig. 5B).
SAR7344 inhibited both inward (−100 mV) and outward (+100 mV)
currents induced by CNCP (Fig. 5A, B&D). The EC50 values for CNCP-
induced TRPC6 currents at +100 mV and −100 mV were 6.01 μM
(4.37–8.29, 95% CI) and 3.79 μM (2.44–5.90, 95% CI), respectively

(Fig. 5C). Outside-out voltage patch recording showed that CNCP sig-
nificantly increased the open probability (Po) of TRPC6 channels from
0.050 ± 0.01 to 0.33 ± 0.08. A bath application of SAR7334 com-
pletely inhibited the CNCP-induced Po increase of TRPC6 channels
(Fig. 5E&F).

3.6. Inhibition of TRPC6 channel activity attenuated CNCP-induced
cytotoxicity in HK-2 cells

Given that a TRPC6 inhibitor suppressed the CNCP-induced Ca2+

response, we examined whether the inhibition of TRPC6 ameliorated
CNCP-induced toxicity in HK-2 cells. The pretreatment of cells with
SAR7344 significantly decreased CNCP-induced cell death by 53.4%
(Fig. 6A&B) and apoptosis by 48.7% (Fig. 6C&D).

3.7. CNCP increased caspase-3 activity

We next examined weather CNCP-induced HK-2 cell apoptosis was
through caspase activity. CNCP (30 μM) exposure gradually increased
cleaved caspase-3 levels, which reached a plateau at 4 h following
CNCP exposure (Fig. 7A&B). Pretreatment with SAR7334 attenuated
CNCP-induced caspase-3 activation by 64.1% (Fig. 7C&D).

4. Discussion

CNCP is a neolignan abundantly present in medicinal plants, in-
cluding K. lappacea (Baumgartner et al., 2011b), a drug listed in the
European Pharmacopoeia and the edible plants such as P. regnellii
(Felipe et al., 2006), R. diacanthum Pall, and R. manshuricum (Maxim.)
Kom. CNCP displays a variety of activities including insecticidal
(Chauret et al., 1996), anti-fungal (De Campos et al., 2005), anti-

Fig. 4. Influence of SAR7334, Pyr3 or Pico145 on CNCP (50 μM) -induced Ca2+ influx in HK-2 cells. (A) Representative traces of CNCP induced [Ca2+]i elevation in
the presence or absence of SAR7334 (1 μM) in HK-2 cells. (B) Quantification of the effect of SAR7334 on CNCP evoked elevation of [Ca2+]i. (C) Representative traces
of CNCP evoked [Ca2+]i elevation in the presence or absence of Pico145 (100 nM) or Pyr3 (10 μM) in HK-2 cells. (E) Quantification of the effect of Pico145 and Pyr3
on CNCP evoked elevation of [Ca2+]i. Each experiment was performed three times each in triplicates. Each data point represents mean ± S.E.M. **, p < 0.01,
CNCP vs. vehicle (0.1% DMSO), ##, p < 0.01, SAR+CNCP vs. CNCP.
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trypanosomal (Luize et al., 2006), anti-tuberculotic (Scodro et al.,
2013), anti-nociceptive and anti-inflammatory activities (Da Silva et al.,
2010). CNCP has also been demonstrated to display antioxidative and
photoprotective activities in rat erythrocytes and human keratinocytes
with IC50 values of 2.5 μM and 12.3 μM, respectively (Carini et al.,
2002). However, in the current study, we demonstrated that CNCP-in-
duced apoptotic cell death in HK-2 cells, suggesting the potential renal
toxicity of CNCP as a therapeutic agent. We also demonstrated that the
activation of TRPC6 contributed to CNCP-induced apoptosis in HK-
2 cells (see discussion below). It is possible that the tissue-dependent
expression of TRPC6 may be responsible for this discrepancy
(Abramowitz and Birnbaumer, 2009; Sawamura et al., 2016; Zhang
et al., 2014).

Intracellular Ca2+ acts as a second messenger to regulate diverse
cellular functions such as the cell cycle, DNA synthesis, and cell pro-
liferation, differentiation, and death (Berridge et al., 1998, 2000;
Clapham, 2007; Zhivotovsky and Orrenius, 2011). The overloading of
[Ca2+]i leads to necrosis and/or apoptosis, depending on the cell type
(Orrenius et al., 2003; Rizzuto et al., 2003; Zhivotovsky and Orrenius,
2011). We demonstrated that CNCP induces a rapid and sustained
elevation of [Ca2+]i in HK-2 cells, suggesting that CNCP-induced
apoptotic cell death in HK-2 cells was a consequence of [Ca2+]i over-
loading. Overloading of [Ca2+]i can result from augmented

extracellular Ca2+ influx through a variety of Ca2+ permeable ion
channels (Carafoli et al., 2001; Szydlowska and Tymianski, 2010) or
from enhanced Ca2+ release from intracellular Ca2+ stores (Gorlach
et al., 2006; Marks, 1997). In extracellular buffer without Ca2+ (with
1mM EGTA), CNCP-induced a much smaller Ca2+ response than what
was observed in the physiological buffer with a Ca2+ concentration of
2.3 mM. Moreover, in the extracellular buffer without Ca2+ (with 1mM
EGTA), the depletion of intracellular Ca2+ stores with TG abolished the
CNCP-induced Ca2+ response. Considered together, these data de-
monstrate that both extracellular Ca2+ influx and Ca2+ release from
intracellular Ca2+ stores were involved in the CNCP-induced Ca2+ re-
sponse.

Although we were not able to delineate the molecular target(s) of
CNCP-induced Ca2+ release from intracellular Ca2+ stores, we de-
monstrated that CNCP-induced Ca2+ influx was mediated by TRPC6.
TRPCs are a class of Ca2+-permeable, nonselective cation channels
expressed in many cell types (Abramowitz and Birnbaumer, 2009;
Sawamura et al., 2016; Zhang et al., 2014). Many studies have de-
monstrated the importance of TRPCs on kidney pathophysiology. Gain-
of-function mutations in TRPC6 channels in patients with FSGS enhance
Ca2+ influx into podocytes with subsequent destruction of glomerular
filtration barrier (Dryer and Reiser, 2010; Reiser et al., 2005; Winn
et al., 2005). In the current study, we observed the mRNA expression of

Fig. 5. CNCP evoked TRPC6 currents in TRPC6-HEK-293 cells. (A) Representative traces of whole cell currents at +100 mV and−100 mV potentials recorded before
and after consecutive bath application of increasing concentrations of CNCP and SAR7334 (1 μM). (B) Current-voltage (I–V) relationships in the presence or absence
of different concentrations of CNCP. (C) Concentration-response curves for CNCP-activated TRPC6 currents at both +100 mV and −100 mV potentials. (D)
Quantification of SAR7334 (1 μM) effects on CNCP (50 μM)-induced TRPC6 currents at both +100 mV and−100 mV potentials. (F) Representative traces of outside-
out recordings in HEK-293 cells expressing TRPC6 after exposure to vehicle (top trace), CNCP (50 μM) (middle trace) and CNCP+SAR7334 (1 μM, bottom trace). The
voltage was clamped at −80 mV potential. (E) Quantification of TRPC6 channel open probability (nPo) after exposure to vehicle, CNCP and CNCP+SAR7334. Each
data point represents mean ± S.E.M. (n ≥ 4 cells). **, p < 0.01, CNCP vs. vehicle, ##, p < 0.01, CNCP + SAR7334 vs. CNCP.
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TRPC1-6 but not TRPC7 in HK-2 cells. SAR 7334, a TRPC3/6/7 in-
hibitor, inhibited CNCP-induced Ca2+ response while Pyr3, a TRPC3
inhibitor, and Pico145, a TRPC1/4/5 inhibitor had little effect, sug-
gesting that CNCP-induced Ca2+ influx was mediated by TRPC6
channel activity. It has been demonstrated that TRPC6 channels are
involved in neonatal glomerular mesangial cell apoptosis by the acti-
vation of the calcineurin-NFAT pathway (Schloendorff et al., 2009).
The pharmacological inhibition or genetic ablation of TRPC6 channels
suppresses oxidative stress induced apoptosis in renal proximal tubular
cells (Hou et al., 2018). In agreement with previous studies, we also
demonstrated that CNCP-induced HK-2 apoptosis was inhibited by
TRPC6 inhibition.

TRPC6 channels can be activated by diacylglycerol (DAG), a lipid
second messenger that is mainly formed by cleavage of phosphatidyli-
nositol-4,5-bisphosphate by phosphatidylinositol-specific phospholi-
pases as a consequence of Gq-protein coupled receptor (GPCR) activa-
tion (Hofmann et al., 1999). CNCP activated TRPC6 channels by
increasing the open probability in a heterologous expression system,
suggesting the direct activation of TRPC6 channels but not enhanced
Gq-coupled signalling pathways was responsible for CNCP-induced
[Ca2+]i elevation and apoptotic death in HK-2 cells. It should be noted
that although OAG, an analogue of DAG, was capable of inducing Ca2+

influx in HK-2 cells, OAG was not able to trigger apoptosis in HK-2 cells
(Supplemental Figure 1). Whether CNCP-induced Ca2+ release from
intracellular Ca2+ stores can facilitate CNCP-induced apoptosis in HK-
2 cells needs further investigation. Another explanation is that CNCP-

induced Ca2+ influx is much more robust than that of OAG in HK-
2 cells.

In summary, we demonstrated that CNCP, a neolignan that is found
in high levels in several medical plants, triggered apoptotic cell death
through caspase-3 activation. We further demonstrated that CNCP
elevated [Ca2+]i through both Ca2+ release from intracellular Ca2+

stores and extracellular Ca2+ influx. Moreover, we demonstrated that
the direct activation of TRPC6 channels contributed to CNCP-induced
Ca2+ influx and apoptotic cell death in HK-2 cells. Our data not only
show the potential risk of using CNCP or medical plants containing
CNCP as therapeutic agents but also demonstrate a novel mechanism
that apoptotic cell death in HK-2 cells through the activation of caspase-
3 due to the activation of TRPC6. Given the efficacious response of
CNCP on endogenously expressed TRPC6 channels, CNCP may re-
present a useful tool to probe the function of TRPC6 channels.
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