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It has been reported that trifluoperazine (TFP) inhibits proliferation of cancer cells, however, the effects of TFP
in renal proliferation diseases are still unclear. This study examined the effects of TFP on proliferation of hu-
man renal mesangial cells and analyzed the underlying mechanisms.

Cell proliferation in vivo was determined by HE staining, immunohistochemistry of proliferating cell nuclear an-
tigen (PCNA), and Western blot analysis (Ki-67 and PCNA). Effects of different TFP concentrations and treatment
duration on cell proliferation and cell cycle were analyzed using the MTT assay and flow cytometry. Expression
of G,/G, phase cell cycle-related proteins and TFP-induced MAPK and PI3K/AKT signaling pathways was esti-
mated with Western blot analysis.

Our findings suggest that TFP inhibits cell proliferation in a dose- and time-dependent manner and decreased
PCNA and Ki-67 levels in lupus MRL/lpr mice. TFP arrested the cell cycle in the G /G, phase, down-regulating
cyclin D1, CDK2, and CDK4, and up-regulating p21 expression in a dose-dependent manner. In addition, TFP
inhibited p-AKT and p-JNK, possibly by suppressing the activation of PI3K/AKT and JNK/MAPK signaling path-
ways. TFP treatment remarkably reduced the levels of serum creatinine (Cr) in lupus mice.

TFP exhibits inhibitory activity against mesangial cells in vivo and in vitro, which is associated with G1 cell cy-
cle arrest by inactivation of PI3K/AKT and JNK/MAPK signaling pathways. These results suggest the potential
of TFP in treatment of mesangial proliferative diseases.

Cell Cycle  Mesangial Cells ¢ Trifluoperazine

MsPGN - mesangial proliferative glomerulonephritis; TFP — trifluoperazine; PCNA — proliferating cell nu-
clear antigen; Cr — creatinine
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Background

Mesangial cells (MC) are specialized cells that form the glo-
merular mesangium and, combined with the mesangial ma-
trix, shape the vascular pole of the glomerulus. Mesangial
cells play an essential role in many aspects, for example, for-
mation of capillary loops during development, contraction to
regulate capillary flow, and removal of macromolecules [1-3],
but the severe proliferation of MC causes functional damage
of the kidneys.

Mesangial proliferative glomerulonephritis (MsPGN) is char-
acterized by MC proliferation and various degrees of extracel-
lular matrix (ECM) thickening [4,5]. Immunologically, MsPGN
can be an IgA- or non-IgA nephropathy. Inhibition of MC pro-
liferation was shown to slow the progression of MsPGN [6,7].

MRL/lpr lupus mice are a well-known pathological model of
mesangial cell proliferative nephropathy [8-10]. Due to muta-
tions of the lpr gene, MRL/lpr mice do not produce function-
al Fas receptor, which allows autoreactive T cells to escape
negative selection in the thymus and be released into the pe-
ripheral organs, causing spontaneous lupus nephritis (LN) in
animals at the age of approximately 24 weeks. Renal pathol-
ogy of LN involves MC proliferation and thickening of the me-
sangial matrix [11]. As high concentrations of fetal bovine se-
rum (FBS) stimulate abnormal proliferation of mesangial cells
in vitro, mesangial cells stimulated by 20% FBS were used in
this study [12].

The role of cell cycle regulation in MsPGN pathogenesis is wide-
ly recognized in cell and in vitro studies. In cultured human
MG, expression of cyclin-dependent kinases 2 and 4 (CDK2 and
CDK4) and cyclins A, D1, and E was up-regulated by stimulation
with different mitogens (6-8), whereas opposing p27*! and
p21"aft were down-regulated [13-15]. Ke et al. [16] reported
that morin inhibits MC proliferation and ECM accumulation in
vivo in rats, by promoting the activation of p27'%*! and p21%aft
and thus has potential use in the treatment of MC proliferative
nephropathy. Tian et al. [17] reported that early application of
low-dose rapamycin, an mTOR inhibitor, slows the progression
of MsPGN and protects renal function by arresting the cell cy-
cle in rats. These data suggest that modulating cell cycle reg-
ulation in glomerular MC may slow the progression of MsPGN.

Trifluoperazine (TFP) is a calmodulin inhibitor and a classic anx-
iolytic and antipsychotic drug. Calmodulin is involved in cellu-
lar proliferation, inflammation, neurodegeneration, and other
pathological processes. TFP was shown to suppress prolifer-
ation of breast cancer, fibrosarcoma HT1080, leukemia, and
human A549 lung adenocarcinoma cells, by regulating differ-
ent signaling pathways [18-22]. However, the role of TFP in
MC is unclear.
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The present study was planned to investigate the effects of
TFP on cell proliferation and cell cycle progression in human
mesangial cell line in vivo and in vitro.

Material and Methods

Animals

Young (6-7-week-old) female C57BL/6 mice weighing 20+5
g were purchased from the Experimental Animal Center of
Shanxi Medical University (Taiyuan, China). Female MRL/lpr
LN mice were purchased from the Model Animal Institute of
Nanjing University (induced from Jackson Laboratories, USA).
The mice were housed under controlled environmental condi-
tions (temperature 22°C, 12-h light-dark cycle), given free ac-
cess to water, and fed a standard laboratory diet. The animals
were active and had glossy hair before the start of the experi-
ments. The study was conducted in accordance with protocols
approved by the Institutional Animal Care and Use Committee
of Shanxi Medical University. Twenty-four female mice were
randomly divided into 3 groups: control group, LN group, and
LN+TFP group. Mice in the LN+TFP group were intraperitone-
ally injected with TFP (20 mg/kg-d, 12 weeks, Sigma, St. Louis,
MO, USA), whereas the LN group received saline for 12 weeks.
The animals were sacrificed 12 h after the last injection. Serum
was collected by centrifuging at 5000 rpm for 15 min at 4°C,
and stored at —20°C for determining CRE levels. Renal tissues
were obtained and kept in 10% neutral-buffered formalin and
embedded in paraffin for histopathological and immunohisto-
chemistry (IHC) analysis. Additional renal samples were immedi-
ately frozen in liquid nitrogen and stored at -80°C until analysis.

PCNA immunohistochemistry

Renal tissues were fixed in formalin and embedded with par-
affin. Tissue sections were deparaffinized in xylene. Unspecific
staining was blocked with 1.5% standard goat serum for 20
min before incubation with 1: 100 diluted primary PCNA an-
tibody overnight at 4°C. Sections incubated with PBS were
used as negative control. The samples were incubated with
a biotinylated secondary antibody for 1 h at room tempera-
ture. Glomeruli of mice (10 per mouse) were blindly assessed
at each time point using high-power light microscopy (x400).
PCNA relative density was calculated as the ratio of PCNA-
positive cells to total glomerular cells.

Cell culture and treatments

The human mesangial cell line T-SV40 was donated by Dr Li
Xuewang at Union Medical College Hospital (Beijing, China)
and grown in RPMI-1640 medium (HyClone, Logan, UT, USA)
supplemented with 10% FBS (HyClone) at 37°C with 5% CO..
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Approximately 70%-confluent cells were incubated in serum-
free medium for 24 h and treated with 10% and 20% FBS as
control and model groups, respectively. Different concentra-
tions of TFP were added to the corresponding groups.

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay

Cell proliferation was analyzed using the MTT assay. The cells
were grown in 96-well plates at the density of 10° cells/well
and treated with 10% or 20% FBS and different concentrations
of TFP (0, 5, 10, 20, and 30 umol/L) for 24 h. Following treat-
ment, the cells were incubated with 15 L MTT (0.5%, Sigma)
for 3 h at 37°C (n=6 per group). The medium was removed
and 150 pL of dimethyl sulfoxide (Sigma) was added to each
sample. A microplate reader (Bio-Rad Model 550, Hercules, CA,
USA) was used to determine absorbance at 560 nm.

Flow cytometry analysis

Effects of TFP on the cell cycle were analyzed using flow cy-
tometry. The cells (6x10° cells/well) were seeded in 6-well
plates and cultured without FBS for 24 h to achieve cell syn-
chronization. Next, the cells were treated with 10% or 20%
FBS and TFP (0, 5, 10, and 20 pumol/L) for 24 h. After washing,
the cells were fixed in 75% at 4°C overnight. The fixed cells
were collected and stained with propidium iodide (50 pg/mL;
Sigma) containing RNase (50 pg/mL). An FC500 flow cytome-
ter (Coulter, Beckman, Palo Alto, CA, USA) was used to deter-
mine the proportion of cells in different phases of the cell cy-
cle (G1, S, and G2/M).

Western blot analysis

The cells were lysed in radioimmunoprecipitation assay (RIPA)
lysis buffer (Beyotime Biotech, Jiangsu, China), and centri-
fuged at 12000x g for 45 min at 4°C. After harvesting the su-
pernatant, protein concentration was determined using the
BCA assay kit KeyGEN (Beyotime Biotech). Samples containing
60 g of protein were resolved on 12% SDS-PAGE electropho-
resis and transferred to nitrocellulose membranes (Whatman
International Ltd., Germany). After blocking for 1 h, the mem-
branes were incubated with the following primary antibodies
overnight at 4°C: Ki-67 (H-300), PCNA (FL-261), cyclin E (M20),
cyclin D1 (H-295), p27 (C-19), p21 (C-19), CDK2 (D-12), CDK4
(C-22), CDK®6 (C-21), p-ERK 1/2 (E-4), ERK 1/2 (H-72), p-JNK (G-
7), INK (D-2), p-AKT/Thr308 (p-AKT), AKT, and B-actin (C4): di-
lution 1: 200 (Santa Cruz Biotechnology) antibody. After be-
ing washed 3 times with TBST buffer, the membranes were
incubated with corresponding horseradish peroxidase-con-
jugated secondary antibodies for 1.5 h at room temperature
and analyzed using the Quantity One analysis system (Bio-
Rad, Hercules, CA, USA).
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Measurement of renal function

Creatinine (Cr), a key renal function marker, was determined
with commercially available kits according to the manufactur-
er’s instructions (Shanghai Elisa Biotech Co., Ltd.). The obser-
vation absorbance of Cr was read at 450 nm.

Statistical analyses

Statistical analyses were performed using SPSS 19.0 (IBM,
Armonk, NY, USA). The values are expressed as the means
+SD. The differences between the 2 groups were determined
by the two-tailed Student’s t-test. A p value <0.05 was con-
sidered statistically significant.

Results

TFP inhibits cellular proliferation in glomeruli of LN mice

Hematoxylin and eosin (HE) staining indicated diffuse prolif-
eration of mesangial cells and matrix in the glomeruli of LN
mice, compared to control, which decreased after 3-month
treatment with TFP (Figure 1A). Proliferating cell nuclear anti-
gen (PCNA) immunohistochemistry confirmed these findings
(Figure 1B). In addition, Western blotting showed that TFP sig-
nificantly decreased the expression of Ki-67 and PCNA in LN
mice (Figure 1C).

TFP reduces MC proliferation in vitro

The MTT assay showed time- and dose-dependent inhibition
of MC proliferation by TFP (Figure 2A). Meanwhile, the inhibi-
tive rate of MC was correspondingly added the increase of the
concentration of TFP (Figure 2B).

TFP arrests the MC cycle in the G1 phase

After 24-h treatment with TFP in 20% FBS, the number of MCs in
G,/G, and S phases was significantly increased and decreased,
respectively, compared to the 20% FBS group. The effect was
dependent on the dose of TFP (Figure 3).

Effects of TFP on expression of cell cycle-related proteins

Western blot analysis was used to confirm the effects of TFP
on expression of cell cycle-related proteins. Compared to con-
trol (10% FBS), high concentration (20%) of FBS markedly in-
creased the expression of cyclin D1, CDK2, CDK4, and CDK6
and decreased the expression of p21 and p27. TFP (5, 10, and
20 pM) pretreatment decreased the levels of cyclin D1, CDK2,
and CDK4 and increased p21 expression, in a dose-dependent
manner (Figure 4A). CDK6, cyclin E, and p27 expression was
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Figure 1. TFP inhibits cellular proliferation in glomeruli of LN mice. TFP inhibited cellular proliferation in LN mice. (A) HE staining (400x
magnification. Scale bar, 50 pm); (B) PCNA immunohistochemistry (400x magnification. Scale bar, 50 ym); (C) Expression of
PCNA and Ki-67 was analyzed with Western blotting. (n=6; * p<0.05 vs. N, ** p<0.01 vs. N, # p<0.05 vs. LN, # p<0.01 vs. LN;
N — control; LN — lupus nephritis groups; LN+TFP — TFP-treated lupus nephritis groups.)
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Figure 2. TFP reduces MC proliferation in vitro. TFP reduced MC proliferation. Quiescent MCs were treated with 10 and 20% FBS in the
absence or presence of TFP (5, 10, 15, 20, and 30 umol/L). Cell viability was assessed using the MTT assay after 12, 24, and
36 h. Data are presented as means +SD values of 3 independent experiments. (* p<0.05 vs. control, ** p<0.01 vs. control,
# p<0.05 vs. 20% FBS group, #* p<0.01 vs. 20% FBS group, **# p<0.001 vs. 20% FBS group).
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Figure 3. TFP arrests the MC cycle in the G1 phase. TFP-induced GO/G1 phase cell cycle arrest of mesangial cells. Data are presented
as means +SD values of 3 independent experiments. (* p<0.05 vs. control, # p<0.05 vs. 20% FBS group, ** p<0.01 vs. 20% FBS

group).

not affected by TFP. These results were further validated by
Western blot analysis in LN mice (Figure 4B).

TFP suppressed p-AKT and p-JNK without affecting
p-ERK1/2

Western blot analysis showed that 20% FBS activated extra-
cellular signal-regulated kinase (ERK)-MAPK, c-Jun N-terminal
kinase (JNK)-MAPK, and PI3K/AKT signaling pathways, com-
pared to control (10% FBS). TFP pretreatment significantly and

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

dose-dependently decreased p-JNK and p-AKT levels in 20%
FBS-cultured MCs, with no observable change in p-ERK levels,
compared to the 20% FBS group (Figure 5). These results sug-
gest that TFP inhibits JINK-MAPK and PI3K/AKT signaling path-
ways without affecting ERK-MAPK.

The effect of TFP in renal function in LN mice

The effect of TFP on renal function in LN mice was investigat-
ed. The level of serum Cr was markedly increased in the LN

Indexed in:
[ISI Journals Master List] [Index Medicus/MEDLINE]
[Chemical Abstracts/CAS]  [Index Copernicus]

[EMBASE/Excerpta Medica]

[Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]



LAB/IN VITRO RESEARCH

Wang B. et al.:
Trifluoperazine regulates proliferation
© Med Sci Monit, 2017; 23: 3461-3469

A
- -
HE - . .
wuUewe
- -, -
(DK4 --M }' e
mp gee———— Y

Normal 0 5 10 20
20% FBS+TFP (uM)

—
Bal.

(yclin D1

(DK2

(yclin D1

(DK4

B-actin

Normal LN LN-+TFP

CyclinE
Il Normal
[ 20% FBS
(DK6 I 20% FBS+TFP 5 uM
[120% FBS+TFP 10 uM
I 20% FBS+TFP 20 uM
p27
Cyclin D1
(DK2
*%
(DK4
p21
0.0 0.2 0.4 0.6 0.8 1.0
Protein reelative expression level
2.0
W Normal
[ 20% FBS
Il 20% FBS+TFP 5 uM

Protein relative expresiion level

(yclin D1

K2 (DK4 p21

Figure 4. Effects of TFP on expression of cell cycle-related proteins. Effects of TFP on expression of G /G, phase cell cycle-related
proteins in mesangial cells. (A) Expression of cell cycle-related proteins in MCs was determined by Western blot analysis.
Data are expressed as means + SD for 3 experiments per group. (* p<0.05 vs. control, ** p<0.05 vs. control, # p<0.05 vs.
20% FBS group, ** p<0.01 vs. 20% FBS group, *#* p<0.001 vs. 20% FBS group); (B) Western blot analysis of cell cycle-related
proteins in LN mice. (n=6/group; * p<0.05 vs. N, ** p<0.01 vs. N, # p<0.05 vs. LN, # p<0.01 vs. LN; N — control; LN — lupus
nephritis groups; LN+TFP — TFP-treated lupus nephritis groups).

group compared to the control groups. However, serum Cr was
significantly decreased in TFP-treated LN mice (Figure 6). The
data demonstrate that TFP improved renal function in LN mice.

Discussion

MC proliferation is a key feature of glomerular diseases, includ-
ing IgA nephropathy, lupus nephritis, and diabetic nephropathy.

In experimental animal models of nephritis, MCs are used as
target cells of immune injury because stimulation-induced MC
proliferation accelerates kidney damage and promotes glomer-
ulosclerosis because of the release of inflammatory factors and
ECM components. Therefore, inhibition of MC proliferation has
become an important treatment approach for proliferative glo-
merular diseases. As TFP was recently shown to inhibit prolif-
eration of cancer cells, this study focused on the effects of TFP
on MC proliferation, using MC cells in 20% FBS and LN mice.
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Figure 5. 2.5 TFP suppressed p-AKT and p-JNK without affecting p-ERK1/2. TFP-mediated inhibition of AKT and JNK phosphorylation.
Protein levels were determined by Western blot. Data are expressed as means +SD for 3 experiments per group. (* p<0.05 vs.
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Figure 6. The effect of TFP in renal function in LN mice. TFP
reduced level of serum Cr in serum of LN mice. (n=6;
* p<0.05 vs. N, ** p<0.01 vs. N, # p<0.05 vs. LN, ##
p<0.01 vs. LN; N — control; LN — lupus nephritis groups;
LN+TFP — TFP-treated lupus nephritis groups).

In LN mice, HE staining indicated that 12-week daily TFP treat-
ment attenuated MC proliferation. Western blot analysis con-
firmed the inhibition of cell proliferation markers PCNA and
Ki-67, compared to untreated LN mice. These results indicate
that TFP suppresses MC proliferation in vivo.

In vitro, TFP inhibited MC proliferation, as shown by the MTT
assay. TFP effects on the cell cycle were analyzed using flow
cytometry. In TFP-treated cells, prolonged G /G, phase and
shortened S phase were observed, indicating that TFP extend-
ed the G, phase and inhibited cell proliferation. These results
are consistent with previous studies on TFP in other tissues
and proliferative diseases [23,24].

The 4 stages of the cell cycle- G /G,, S, G,, and M - are regu-
lated by growth factors, oncogenic stimulation, or regulatory

units such as cyclin/CDK complexes [25,26]. As flow cytome-
try indicated that TFP mainly affected MCs in the G /G, phase,
we focused on G,/G, regulators. Cyclins D and E, together with
CDK2, CDK4, or CDK6, promote progression of cells from the
G, to the G, phase, whereas p21 and p27 have an opposite
effect. Our results showed that upon stimulation with 20%
FBS, expression of cyclins D and E, and CDKs 2, 4, or 6 in MCs
was increased, whereas expression of p27 and p21 was sig-
nificantly inhibited, in agreement with previous work [12]. TFP
treatment decreased cyclin D1, CDK2, and CDK4 expression,
whereas p21 expression was increased in a dose-dependent
manner. No changes in the protein levels of cyclin E, CDK6, and
p27 were observed. In vivo, Western blotting indicated that cy-
clin D1, CDK2, and CDK4 expression levels were up-regulat-
ed in LN mice, whereas p21 expression was decreased, com-
pared to control. For cyclin D1, CDK2, and p21, the trend was
reversed after 12 weeks of TFP treatment. These results in-
dicate that, in proliferating MCs, TFP down-regulates the ex-
pression of cyclin D1, CDK2, and CDK4 and up-regulates p21
expression, in a dose-dependent manner.

MAPK and PI3K/AKT signaling pathways participate in reg-
ulation of cell apoptosis and proliferation. The MAPK family
of serine/threonine kinases consists of 3 subtypes: ERK, JNK,
and p38MAPK. ERK is activated by growth factors and is as-
sociated with differentiation and cell death. In contrast, JNK
responds to environmental stress, pro-cytokines, and mito-
gens [27,28]. ERK and JNK are activated during abnormal pro-
liferation of mesangial cells, in vivo and in vitro, affecting cell
cycle progression [17,29]. AKT is a promoter of cell prolifera-
tion and survival and is overexpressed in tumors, suggesting
that activation of AKT may promote abnormal proliferation
of cells [30,31]. Previous studies suggest that inactivation of
AKT decreases the expression of cyclin D1, CDK2, and CDK4,
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Figure 7. Proposed mechanisms of TFP effects on mesangial cell
proliferation.

inhibiting G,/S cell cycle progression [26,32]. In this study, ERK,
JNK; and AKT were activated by 20% FBS. TFP treatment inacti-
vated AKT and JNK in MCs, consistent with TFP-mediated sup-
pression of cyclin D1 and CDK2 expression and up-regulation
of p21 expression. ERK levels were not affected by TFP treat-
ment. Therefore, we conclude that TFP arrests cell cycle pro-
gression in the G /G, phase by down-regulating phosphorylat-
ed AKT and JNK, and subsequently increasing p21 levels and
decreasing cyclin D1, CDK2, and CDK4 expression.

Serum Cr (a blood measurement) is an important indicator of
renal health because it is an easily measured byproduct of mus-
cle metabolism that is excreted unchanged by the kidneys. A
rise of creatinine in blood always predicts marked damage to
functioning nephrons [33]. In our study, the level of serum Cr
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was associated with markedly increased injury in the LN mice
group; however, there was an obviously decrease after TFP
treatment TFP (20 mg/kg-d, 12 weeks). These results indicate
that TFP slows LN progression in the MRL/lpr mice.

Conclusions

In summary, we demonstrated that TFP exhibits anti-prolifer-
ative effects on mesangial cells in vivo and in vitro. TFP inhib-
ited JNK and AKT-mediated signaling pathways, suppressing
the expression of cyclin D1, CDK2, and CDK4 complexes, and
increasing p21 expression, leading to G/G, cell cycle arrest
(Figure 7). These findings indicate that TFP is a promising an-
ti-proliferative agent for the treatment of mesangial prolifer-
ative glomerulonephritis and related diseases.
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