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Introduction

Propranolol is a non-selective β-adrenergic receptor blocker 
which is mainly used clinically to treat hypertension (1),  
angina pectoris (2), myocardial infarction (3), and 

arrhythmia (4). Interestingly, growing evidences from pre-

clinical and clinical studies support its anti-tumor activity 

in a variety of solid tumors (5-11). A pre-operative clinical 

study conducted by our team found that propranolol 
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Background: In recent years, a large number of clinical and epidemiological studies have revealed the anti-
cancer activity of propranolol in solid tumors, though the underline mechanism is yet to be clarified. 
Methods: The proliferation of bladder cancer cells treated with propranolol was detected by MTS assays. 
In vivo tumor xenograft experiments were used to observe the effect of propranolol on bladder cancer growth 
in mice. The expression levels of Na+/H+ exchanger (NHE1) was measured by western blot. The frequency 
of CD8+ T cells and CD4+ T cells were detected via flow cytometry.
Results: In this study, propranolol inhibited the expression of NHE1 and sequentially led to a decrease of 
intracellular pH to 5.88 in MB49 cells and 6.85 in 5637 cells, thereafter, inhibited cell viability and induced 
apoptosis. Furthermore, propranolol inhibited the growth of bladder cancer in mice xenograft model. Flow 
cytometry found that the frequency of CD8+ T cells (34.58±2.11 vs. 32.34±0.6, P=0.35) and CD4+ T cells 
(57.80±2.45 vs. 51.44±0.79, P=0.06) in the spleen did not change compared with the control group, while the 
expression of IFN-γ, GZMB and T-bet secreted by CD8+ T cells increased respectively (IFN-γ 7.3±0.17 vs. 
3.37±0.58, P=0.0017; GZMB 16.66±2.13 vs. 4.53±0.62, P=0.0034; T-bet 3.62±0.35 vs. 1.74±0.26, P=0.0027). 
Meantime, the expression of FoxP3 on CD4+ T cells decreased both in spleen and tumor tissue (1.53±0.11 vs. 
0.91±0.1, P=0.004; 4.52±0.48 vs. 1.76±0.40, P=0.003). 
Conclusions: These results suggested that propranolol exerted anti-proliferation and pro-apoptosis effects in 
bladder cancer cell by inhibiting Na+/H+ exchange and activated systemic anti-tumor immune response in vivo.
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inhibited the proliferation of colorectal cancer by inhibiting 
the AKT (ATP-dependent tyrosine kinase)/MAPK 
(mitogen-activated protein kinase) signaling pathway and 
simultaneously immunomodulation activating autologous 
CD8+ T cells in tumor tissues (12). However, the underline 
mechanism is yet to be unveiled.

In tumor microenvironment (TME), the extracellular pH 
(pHe) is acidic at 6.2–6.9 compared with 7.3–7.4 in normal 
tissue, while the intracellular pH (pHi) is alkaline at 7.1–7.7 
and this number is 6.9–7.2 in normal cells (13,14). Tumor 
cells produces large amount of lactic caused by glycolysis 
for a mass of energy consumption (15). Sequentially, H+ 
are transported outside the cell via carbonic anhydrases 
(CAs), the Na+-dependent Cl−/HCO3− exchangers, 
ATP synthase and sodium/proton exchanger isoform 1 
(NHE1) (16). Among them, NHE1 is considered to be the 
most important factor in promoting tumor acidity (17).  
Activated NHE1 can promote Na+/H+ exchange and 
increased tumor pHi, thereafter affecting the expression 
of cell cycle regulators, promoting G1/S and G2/M 
transition, inducing phosphatidylinositol 4,5-biphosphate 
to accumulate in the cell membrane which increases MAPK 
activity then promote cell proliferation (18,19). Studies 
also revealed the negative influence of acidic TME on the 
anti-tumor immune response, including inhibiting the 
antigen presentation from DC cells, promoting infiltration 
of immune suppression cells and directly inhibiting the 
function of cytotoxic T cells (15,20). The activity of 
lymphokine-activated killer (LAK) and natural killer (NK) 
cells is also impaired in acidic TME (21). Tumor acidity 
negatively regulates CD8+ effector T cells, and the use of 
esomeprazole was able to restore the physiological pH of 
TME and promote the anti-tumor function of T cells (22). 
Interestingly, Hall et al. found that agonists stimulated 
β2 adrenergic receptors binding to NHERF (Na+/H+ 
exchanger regulatory factor) can regulate NHE effects 
which showed influence on pH in TME (23). This study 
explored the hypothesis that β-blockade with propranolol 
could suppress tumor proliferation, induce apoptosis and 
promote anti-tumor immune response by decreasing pHi 
via β-AR blocking mediated Na+/H+ exchange inhibition. 
We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://tau.
amegroups.com/article/view/10.21037/tau-22-113/rc). 

Methods

Cell lines and reagents

MB49 cell line was purchased from Cell Bank of Typical 
Culture Preservation Committee, Chinese Academy of 
Sciences (Shanghai). And 5637 cell line was purchased from 
ATCC. MB49 was cultured in DMEM medium (Gibco, Life 
Technologies, China), 5637 was cultured in 1640 medium 
(Gibco, Life Technologies, China), and the medium were 
supplemented with 10% FBS (Gibco, Life Technologies 
Austral ia) ,  100 U/mL penici l l in,  and 100 μg/mL  
streptomycin at 37 ℃ and 5% CO2 in culture incubator.

Cell viability assays

The viability of bladder cancer cells was detected by 
CellTiter 96® AQueous One Solution Cell Proliferation 
Assay (MTS, Promega). Cells were plated in 96-well plates 
at a density of (2–4)×103 and treated with 20–140 μM 
propranolol (propranolol hydrochloride, P0884, Sigma-
Aldrich, USA) for 24 and 48 h. Then MTS assays were 
detected absorbance at 490nm. Each test was carried out in 
three times.

BCECF AM fluorescence detection of intracellular pH

Standard curve detection: Use the BCECF AM fluorescent 
probe (Beyotime) to detect the fluorescence value of cells 
treated with phosphate buffer at pH 6.5, 7.0, 7.6, and 8.0. 
Then the fluorescence values of the cells treated with 
different concentrations of propranolol were detected. 
Construct a standard curve to calculate the intracellular pH 
value.

Apoptosis assays

Bladder cancer cells treated with different concentration 
propranolol were incubated with FITC and PI (Apoptosis 
detection kit, Beyotime) for 15 minutes. Then use flow 
cytometry to detect the rate of apoptosis.

Western blot analysis

Western blot analysis was performed on cell extracts of 

https://tau.amegroups.com/article/view/10.21037/tau-22-113/rc
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MB49 cell line treated with the corresponding inhibitory 
concentration of propranolol for 24 h. Immunoblotting 
was performed by adding RIPA Buffer (Cell Signaling 
Technology), dithiothreitol (DTT), and fresh protease and 
phosphatase inhibitors (Sigma) to the whole cell lysate. 
Cell lysates were quantified for protein content using a 
bicinchoninic acid (BCA) protein assay kit (Thermo). 
Sample were electrophoresed on 10% SDS-PAGE and 
electrotransferred onto nitrocellulose membrane by Bio-
Rad Mini Protean 3 System (Hercules, CA) and then 
transferred to 0.22 μm nitrocellulose membrane (Bio-Rad) 
according to the standard protocol. The nitrocellulose 
membranes were then blocked with TBS containing 5% 
milk powder and 0.1% Tween-20 at 37 ℃ for 1 h, then 
the membranes were incubated with antibodies (diluted 
at 1:1,000) overnight at 4 ℃. Antibodies specific for the 
following proteins were purchased from Cell Signaling 
Technology: MEK1/2 (L38C12) (mouse, 4694), ERK1/2 
(rabbit, 9102), phosphor-ser221-MEK (rabbit, 2338), 
phospho-ERK1/2-Thr202/Tyr204 (rabbit, 4370), caspase3 
(rabbit, 9662), cleaved-caspase3 (rabbit, 9664), Bcl-2 
(mouse, 15071), Bax (rabbit, 2772). The antibody specific 
for β-actin (mouse, A5411) was purchased from Sigma. The 
antibody specific for NHE1(rabbit, ab67313) was purchased 
from Abcam. Quantification of the bands was done with 
Image Lab. 

Animals and treatments

In order to analyze the anti-tumor immune response in vivo,  
an immunocompetent mice model, C57BL/6 male mice 
(Hunan Slack Jingda Experimental Animal Center), was 
used in this study. A total of 24 seven weeks old mice 
were injected subcutaneously into the right flank with 
2×106 living MB49 cells in 100 μL medium without FBS. 
The sample size was decided according to the minimum 
requirement for statistical analysis. Tumor volume was 
measured 2 to 3 times/week and tumor volume calculated 
= W2×L/2 mm3. After tumor volume reached around  
50 mm3, the mice were randomly divided into control and 
propranolol groups. The propranolol group divided into  
10 mg/kg, 20 mg/kg, 30 mg/kg propranolol and gavaged 
every day. The dose of propranolol was determined according 
to our previous publication in colorectal cancer (12).  
The mice were raised in a SPF level experimental lab 
and sacrificed at the 19th day and tumors were removed 
for further analysis. The animal experiment protocol was 

approved by the Ethics Committee of Xiangya Hospital, 
Central South University (No. 2018sydw0211) and all 
experiments were completed with the approved guidelines of 
Xiangya Hospital, Central South University. 

Immunohistochemistry assay

The paraffin-free tissue sections were treated with citrate 
antigen repair buffer (pH 6.0), and then the tissue sections 
were incubated with peroxidase blocking solution (S2023, 
Dako) for 15 minutes and blocked with protein (X0909, 
Dako) for 30 minutes. The corresponding specific primary 
antibodies were used: NHE1 (rabbit, ab67313, Abcam), 
phosphor-ser221-MEK (rabbit, 2338, CST), phospho-
ERK1/2-Thr202/Tyr204 (rabbit, 4370, CST) and caspase3 
(rabbit, 9662). After treatment, the slides were incubated 
overnight at 4 ℃. Rabbit HRP conjugated secondary 
antibody (K4003, Dako) and hematoxylin (MHS32, Sigma) 
counterstain were used for treatment. The samples were 
observed with a digital microscope (Panoramic Viewer), and 
protein expression was analyzed by IOD/area (area density).

Flow cytometry

The tumor and spleen were made single cell suspension and 
passed directly through a 70 mm nylon cell filter (Corning). 
The cells were washed with flowing buffer (0.1% BSA in 
PBS) and incubated with Zombie NIRTM Fixable Viability 
Kit (Biolegend, 1:100) for 20 minutes at room temperature 
and then cells were stained with extracellular antibodies: 
anti-mouse CD3 FITC, anti-mouse CD8a APC, anti-
mouse CD4 PerCP/Cy5.5, anti-mouse CD45 Brilliant 
Violet 510TM, anti-mouse CD 279 (PD-1) (Biolegend) and 
then intracellular staining: FoxP3/T-bet/IFN-γ/granzyme 
B (GZMB) after fixation and permeabilization according 
to the manufacturer’s protocol. All data were collected on a 
flow cytometer (BD Biosciences) and analyzed using FlowJo 
v10 software.

Statistical analysis

Data were presented as mean values ± SEM from three 
independent experiments. The two-way analysis of variance 
(ANOVA) test was used for tumor growth curve analyses. 
Differences between two groups were analyzed using 
unpaired Student’s t-test. Differences were considered 
significant at P values <0.05. All data were analyzed using 
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SPSS software (SPSS 25.0).

Results

Propranolol inhibited cell viability and induced apoptosis 
in vitro

MB49 and 5637 urothelial cancer cell lines treated with 
propranolol for 24 and 48 h observed significant reduction 
in cell viability in a concentration and time dependent 
manner (Figure 1A,1B), with the IC50 at 24 h was 79.93 μM 
and 91.08 μM in MB49 and 5637 respectively. Sequentially, 
the cell apoptosis was assessed by flow cytometry according 
to the IC50. Propranolol significantly increased the 
apoptosis rate of MB49 (30.2% vs. 7.7%, P<0.0001) and 

5637 (20% vs. 6.6%, P=0.0276) when compared with 
control group (Figure 1C,1D).

Propranolol decreased the intracellular pH and the 
expression of NHE1

The intracellular pH was detected by BCECF fluorescent 
probe. When treated with increasing dosage of propranolol, 
the intracellular pH of MB49 and 5637 was reduced to 
5.88 (80 μM) and 6.85 (100 μM) (Figure 2A,2B). Meantime, 
propranolol caused a nearly 50% decrease of the expression 
of NHE1 in MB49 cell lines (Figure 2C, P<0.05) compared 
with control group which explained the decrease of pHi in 
bladder cancer cells.

Figure 1 The effect of propranolol on cell viability and apoptosis. (A,B) Cell viability of MB49 and 5637 was detected by MTS assay. (C,D) 
Cell apoptosis rate was detected by flow cytometry and quantification of apoptosis rate. *, P<0.05, ****, P<0.0001. All experiments were 
repeated three times.
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Propranolol suppressed MAPK pathway and induced 
apoptosis signaling in vitro

The phosphorylation level of MEK1/2 and ERK1/2 were 
significantly decreased 30% and 20% in propranolol group 
respectively when compared with control group (P<0.05, 
Figure 3). The expression of Bax was increased almost 
50%, the expression of cleaved-caspase3 displayed a 5-fold 
increase (P<0.05, Figure 3C,3E), and the level of Bcl-2 was 
reduced 50% at the same time (P<0.05, Figure 3D). These 
data verified the anti-proliferation and pro-apoptosis role of 
propranolol in bladder cancer. 

Propranolol inhibited the tumor growth in vivo

The therapeutic effect of propranolol on bladder cancer 
was assessed in MB49 tumor engrafted C57 mice. Once 
the tumor volume reached –50 mm3, mice were gavaged 
daily with propranolol for 10, 20, or 30 mg/kg. The mean 
tumor size on day 19 was significantly smaller in the three 
propranolol treated groups compared with treatment with 
vehicle alone (Control 2,090.82±412.17 vs. 688±119.86 vs. 
499.14±89.59 vs. 432.32±55.81 mm3, P<0.05, Figure 4A-4C). 

Meantime, the tumor weight was also significantly decreased 
than control (2.86±0.67 vs. 1.25±0.43 vs. 0.89±1.34 vs. 
0.59±1.67 g, Figure 4D). However, there was neither tumor 
size nor tumor weight was significantly different between 
propranolol 20 mg/kg and 30 mg/kg group. There was no 
significant change in the body weight of the mice before 
and after propranolol treatment (Figure 4E). Overall, these 
results indicated that propranolol can suppress the growth 
of bladder cancer without drug-limiting side effects. 

The effect of propranolol on NHE1, MAPK pathway and 
apoptosis signaling in vivo

The day 19 tumor tissues were stained by hematoxylin-eosin 
(HE) staining which showed that propranolol promoted cell 
necrosis in tumor, as the level of karyorrhexis and karyolysis 
was increased in propranolol treated group (Figure 5A). 
Using IHC, the expression of Ki-67, the phosphorylation 
level of MEK1/2, ERK1/2 and the expression of caspase3 
were not significantly different with propranolol treatment 
(Figure 5B-5E). The expression of NHE1 displayed a 
trend of reduction though it was not statistically different  
(Figure 5F). We further assessed these markers by western 

Figure 2 The effect of propranolol on intracellular pH and NHE1 expression in vitro. (A, B) Intracellular pH of MB49 and 5637 was 
detected by BCECF fluorescent probe with different concentration of propranolol in 24 h. (C) The expression of NHE1 protein in MB49 
treated with propranolol (80 μM) was detected by western blot and quantification of NHE1. *, P<0.05. Experiments were repeated three 
times. NHE1, Na+/H+ exchanger; BCECF, 2'-7'-bis(carboxyethyl)-5(6)-carboxyfluorescein.
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Figure 3 The effect of propranolol on MAPK pathway and apoptosis signaling. (A-E) The expression of p-MEK1/2, p-ERK1/2, Bax, Bcl-
2 and cleaved-caspase3 in MB49 treated with propranolol (80 μM) was detected by western blot. *, P<0.05, **, P<0.01. All experiments were 
repeated three times.

blotting. Compared with the control group, the expression 
of NHE1 decreased by 75% (P<0.05), while the expressions 
of Bax and cleaved-caspase3 increased 4-fold and 1.8-
fold (P<0.01 and P<0.05). Although the expressions of 
p-MEK1/2, p-ERK1/2, and Bcl-2 decreased slightly, this 
did not reach statistics significance (Figure 5G-5H). These 
data suggested that propranolol inhibited the expression of 
NHE1 in vivo at but the effect of propranolol doses that did 
not have dramatic effects on MAPK pathway inhibition. 

Propranolol activated anti-tumor immune response in 
MB49 mice

The frequency of CD4+ and CD8+ T cells in tumor tissue 
and spleen was assessed at day 19 via flow cytometry. 
Compared with the control group, propranolol did not 
promote the frequency of CD8+ T cells (32.34±0.6 vs. 
34.58±2.11, P=0.3580, Figure 6A) and CD4+ T cells 
(51.44±0.79 vs. 57.80±2.45, P=0.0585, Figure 6A) in the 

spleen, but the frequency of IFN-γ+CD8+ T cells (3.37±0.58 
vs. 7.3±0.17, P=0.0017, Figure 6B), GZMB+CD8+ T cells 
(4.53±0.62 vs. 16.66±2.13, P=0.0034, Figure 6C) and 
T-bet+CD8+ T cells (1.74±0.26 vs. 3.62±0.35, P=0.0027, 
Figure 6D) were significantly elevated in propranolol-treated 
mice compared with control. However, the expression of 
PD-1 on CD8+ T cells did not change significantly (7.1±0.51 
vs. 6.6±0.78; P=0.6051, Figure 6E). The infiltration of CD8+ 
and CD4+ T cells in tumor tissues, as well as the expression 
of IFN-γ, GZMB, T-bet were also not significantly 
changed (P>0.05, Figure 6F-6I). But the expression of 
PD-1 was significantly reduced in tumor (30.04±1.22 vs. 
51.04±7.17, P=0.0418, Figure 6J) and the frequency of 
FoxP3+CD4+ T cells were both significantly decreased in 
spleen (1.53±0.11 vs. 0.91±0.1, P=0.004, Figure 6K) and 
tumor tissue (4.52±0.48 vs. 1.76±0.40, P=0.0030, Figure 6L) 
which suggested that propranolol could potentially restore 
the anti-tumor immune response by counteracting immune 
suppressive factors.
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Figure 4 Propranolol inhibits the tumor growth in vivo. (A) The picture of the tumor tissue peeled off from MB49 mice on the 19th day. (B) 
The tumor growth curve of the MB49 mice. (C) The tumor volume of the MB49 mice on the 19th day. (D) The statistics of the mice tumor 
weight on the 19th day. (E) The body weight changes of propranolol-treated mice and untreated mice on day 0 and day 19. *, P<0.05; **, 
P<0.01, N=6 per group. 

Discussion

This study elucidated that propranolol treatment 
significantly affected in vivo bladder tumor growth. Large 
decreases in pHi suggested β-AR blocking mediated Na+/H+ 
exchange inhibition, whereas only most effects on MAPK 
pathway and anti-tumor immune response were observed.

NHE1 plays a major role to extrude H+ from the 

cytoplasm that leads to the rise of pHi (intracellular 
alkalinization). Reshkin et al. proved that NHE1 dependent 
intracellular alkalinization is a key to oncogenic proliferation 
and maintenance of malignant phenotype of tumor (17).  
NHE1 deficient cancer cells showed severely slow 
tumor growth in xenograft mice models (24). Therefore, 
pharmacological inhibition of NHE1 is rational approach 
to develop novel anti-cancer therapeutics (25). In addition, 

Control

Propranolol

(10 mg/kg)

Propranolol

(20 mg/kg)

Propranolol

(30 mg/kg)

Control

Prop 10 mg/kg

Prop 20 mg/kg

Prop 30 mg/kg

Control

Prop 10 mg/kg

Prop 20 mg/kg

Prop 30 mg/kg

0       2       5       8      11    14     17     19
Day

0                           19
Day

Day 19

Day 19

Con
tro

l

Pro
p 10

 m
g/

kg

Pro
p 20

 m
g/

kg

Pro
p 30

 m
g/

kg

Groups

Con
tro

l

Pro
p 10

 m
g/

kg

Pro
p 20

 m
g/

kg

Pro
p 30

 m
g/

kg

Groups

6

4

2

0

Tu
m

or
 w

ei
gh

t, 
g

30

20

10

0

M
ic

e 
w

ei
gh

t, 
g

4000

3000

2000

1000

0

Tu
m

or
 v

ol
um

e,
 m

m
3

3000

2000

1000

0

Tu
m

or
 v

ol
um

e,
 m

m
3

**
**

**

*
*

A

B C

D E



Hu et al. Propranolol suppresses bladder cancer growth1090

© Translational Andrology and Urology. All rights reserved.   Transl Androl Urol 2022;11(8):1083-1095 | https://dx.doi.org/10.21037/tau-22-113

C
on

tr
ol

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 P
ro

p 
20

 m
g/

kg

H
E

C
on

tr
ol

  P
ro

p 
20

 m
g/

kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

   
  P

ro
p 

20
 m

g/
kg

M
B

49
-K

i-
67

40
×

M
B

49
-p

-M
E

K

M
B

49
-p

-E
R

K

M
B

49
-c

as
pa

se
3

M
B

49
-N

H
E

1

Tu
m

or
 ti

ss
ue

C
on

tr
ol

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 P
ro

p 
20

 m
g/

kg

C
on

tr
ol

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 P
ro

p 
20

 m
g/

kg

C
on

tr
ol

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 P
ro

p 
20

 m
g/

kg

C
on

tr
ol

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 P
ro

p 
20

 m
g/

kg

C
on

tr
ol

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 P
ro

p 
20

 m
g/

kg

C
on

tr
ol

  P
ro

p 
20

 m
g/

kg
C

on
tr

ol
  P

ro
p 

20
 m

g/
kg

C
on

tr
ol

  P
ro

p 
20

 m
g/

kg

C
on

tr
ol

  P
ro

p 
20

 m
g/

kg
C

on
tr

ol
  P

ro
p 

20
 m

g/
kg

p-
E

R
K

E
R

K

β -
ac

tin

p-
M

E
K

M
E

K

β -
ac

tin

C
le

av
ed

-c
as

pa
se

3

C
as

pa
se

3

β -
ac

tin

B
ax

β -
ac

tin

B
cl

-2

β -
ac

tin

N
H

E
1

β -
ac

tin

Tu
m

or
 ti

ss
ue

Tu
m

or
 ti

ss
ue

Tu
m

or
 ti

ss
ue

Tu
m

or
 ti

ss
ue

Tu
m

or
 ti

ss
ue

* *
**

ns ns

ns

ns ns ns ns ns

1.
5

1.
0

0.
5

0.
0

Fold change of p-ERK

1.
5

1.
0

0.
5

0.
0

Fold change of Bcl-2

1.
5

1.
0

0.
5

0.
0

Fold change of p-MEK

1.
5

1.
0

0.
5

0.
0

Fold change of NHE1

0.
25

0.
20

0.
15

0.
10

0.
05

0.
00

Area density

0.
02

5

0.
02

0

0.
01

5

0.
01

0

0.
00

5

0.
00

0

Area density

0.
00

8

0.
00

6

0.
00

4

0.
00

2

0.
00

0

Area density
0.

00
4

0.
00

3

0.
00

2

0.
00

1

0.
00

0

Area density

0.
00

4

0.
00

3

0.
00

2

0.
00

1

0.
00

0

Area density

2.
5

2.
0

1.
5

1.
0

0.
5

0.
0

Fold change of 
cleaved-caspase3

6 4 2 0

Fold change of Bax

K
i-

67

p-
M

E
K

p-
E

R
K

N
H

E
1

C
as

pa
se

3

40
×

40
×

40
×

40
×

40
×

40
×

40
×

40
×

40
×

40
×

40
×

A B C D E F

G H

Fi
gu

re
 5

 P
ro

pr
an

ol
ol

 a
ff

ec
te

d 
th

e 
M

A
P

K
 p

at
hw

ay
 a

nd
 a

po
pt

os
is

 s
ig

na
lin

g 
in

 v
iv

o.
 (

A
) 

H
E

 s
ta

in
in

g 
of

 c
on

tr
ol

 g
ro

up
 a

nd
 p

ro
pr

an
ol

ol
 t

re
at

m
en

t 
gr

ou
p 

(h
em

at
ox

yl
in

-e
os

in
, 

or
ig

in
al

 m
ag

ni
fic

at
io

n 
×4

0)
. (

B
-F

) 
Im

m
un

oh
is

to
ch

em
ic

al
 d

et
ec

ti
on

 o
f 

K
i-

67
, N

H
E

1,
 P

-M
E

K
1/

2,
 p

-E
R

K
1/

2,
 c

as
pa

se
3 

pr
ot

ei
n 

ex
pr

es
si

on
 l

ev
el

 i
n 

tu
m

or
 t

is
su

e 
(o

ri
gi

na
l 

m
ag

ni
fic

at
io

n 
×4

0)
. (

G
-H

) W
es

te
rn

 b
lo

t d
et

ec
tio

n 
of

, N
H

E
1,

 p
-M

E
K

1/
2,

 p
-E

R
K

1/
2,

 c
le

av
ed

-c
as

pa
se

3,
 B

ax
 a

nd
 B

cl
-2

 p
ro

te
in

 e
xp

re
ss

io
n 

le
ve

ls
 a

nd
 s

ta
tis

tic
s 

in
 tu

m
or

 ti
ss

ue
s.

 
ns

, n
o 

si
gn

ifi
ca

nc
e,

 *
, P

<0
.0

5,
 *

*,
 P

<0
.0

1.
 W

es
te

rn
 b

lo
t w

as
 r

ep
ea

te
d 

th
re

e 
tim

es
. M

A
P

K
, m

ito
ge

n-
ac

tiv
at

ed
 p

ro
te

in
 k

in
as

e;
 N

H
E

1,
 N

a+ /H
+  e

xc
ha

ng
er

.



Translational Andrology and Urology, Vol 11, No 8 August 2022 1091

© Translational Andrology and Urology. All rights reserved.   Transl Androl Urol 2022;11(8):1083-1095 | https://dx.doi.org/10.21037/tau-22-113

Con
tro

l

Pro
p 10

 m
g/

kg

Pro
p 20

 m
g/

kg

Pro
p 30

 m
g/

kg

Groups

Con
tro

l

Pro
p 10

 m
g/

kg

Pro
p 20

 m
g/

kg

Pro
p 30

 m
g/

kg

Groups

100

80

60

40

20

0

C
D

3+
 C

D
8+

 T
 c

el
ls

, %

15

10

5

0

C
D

3+
 C

D
4+

 T
 c

el
ls

, %

ns ns

Con
tro

l

Pro
p 10

 m
g/

kg

Pro
p 20

 m
g/

kg

Pro
p 30

 m
g/

kg

Groups

Con
tro

l

Pro
p 10

 m
g/

kg

Pro
p 20

 m
g/

kg

Pro
p 30

 m
g/

kg

Groups

Con
tro

l

Pro
p 10

 m
g/

kg

Pro
p 20

 m
g/

kg

Pro
p 30

 m
g/

kg

Groups

Con
tro

l

Pro
p 10

 m
g/

kg

Pro
p 20

 m
g/

kg

Pro
p 30

 m
g/

kg

Groups

8

6

4

2

0

IF
N

-γ
+

 C
D

8+
 T

 c
el

ls
, %

5

4

3

2

1

0

T-
be

t+
 C

D
8+

 T
 c

el
ls

, %

10

8

6

4

2

0

P
D

-1
+

 C
D

8+
 T

 c
el

ls
, %

20

15

10

5

0G
Z

M
B

+
 C

D
8+

 T
 c

el
ls

, %

Control                                       Prop 10 mg/kg                               Prop 20 mg/kg                               Prop 30 mg/kg

Control                                       Prop 10 mg/kg                               Prop 20 mg/kg                               Prop 30 mg/kg

Control                                       Prop 10 mg/kg                               Prop 20 mg/kg                               Prop 30 mg/kg

Control                                       Prop 10 mg/kg                               Prop 20 mg/kg                               Prop 30 mg/kg

ns

**

**

**

IFN-γ-spleen

GZMB-spleen

T-bet-spleen

PD-1-spleen

B

C

D

E

F

Control                                         Prop 10 mg/kg                                   Prop 20 mg/kg                                    Prop 30 mg/kgA

Con
tro

l

Pro
p 10

 m
g/

kg

Pro
p 20

 m
g/

kg

Pro
p 30

 m
g/

kg

Groups

Con
tro

l

Pro
p 10

 m
g/

kg

Pro
p 20

 m
g/

kg

Pro
p 30

 m
g/

kg

Groups

40

30

20

10

0

C
D

3+
 C

D
8+

 T
 c

el
ls

, %

80

60

40

20

0

C
D

3+
 C

D
4+

 T
 c

el
ls

, %

CD8-spleen CD4-spleen

ns
ns

Control                                       Prop 10 mg/kg                                  Prop 20 mg/kg                                    Prop 30 mg/kg

CD8-tumor
CD4-tumor



Hu et al. Propranolol suppresses bladder cancer growth1092

© Translational Andrology and Urology. All rights reserved.   Transl Androl Urol 2022;11(8):1083-1095 | https://dx.doi.org/10.21037/tau-22-113

Figure 6 Propranolol activated anti-tumor immune response in MB49 mice. (A-E) The flow plots and quantification of CD8+, CD4+ T 
cells of CD3+ T cells, IFN-γ, GZMB, T-bet, PD-1 of CD8+ T cells and CD4+FoxP3+ cells in spleen of mice. (F-J) The flow plots and 
quantification of CD8+, CD4+ T cells of CD3+ T cells, IFN-γ, GZMB, T-bet, PD-1 of CD8+ T cells in tumor tissue. (K-L) The flow plots 
and quantification of CD4+FoxP3+ cells in spleen and tumor tissue of mice. *, P<0.05, **, ns, no significance, N=6 per group. IFN, interferon; 
GZMB, granzyme B.
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the activity of NHE1 can be regulated by cell surface  
receptors (26), such as stress hormone induced β2-AR 
activation could regulate NHE function via a direct binding 
of Na+/H+ exchanger regulatory factor (NHERF) (23). 
Stimulation of β2-AR by adrenaline or noradrenaline leads 
to growth and metastasis of many cancer types (27,28). 
These effects have previously been revealed to be mediated 
by the activation of intracellular G Protein-Coupled 
Receptor (GPCR) signaling pathways (29). However, certain 
key physiological effects of β2-AR stimulation, notably the 
regulation of pHi via NHE1, provided additional way to 
promote tumor progression. In this study, blocking β2-AR 
by propranolol directly decreased pHi from 7.22 to 5.88 
and was associated with tumor cell death in vitro and vivo. 
Various cell activities require Na+/H+ exchange, including 
metabolism, cell cycle, angiogenesis, the maintenance of 
glycolysis, which may suggest that propranolol can affect 
tumor hallmark behaviors and exert anti-tumor activity, 
which requires further exploration.

Calcinotto et al. demonstrated that low extracellular 
pH (pHe) does not impair the activation of T-cells, 
whereas it does suppress production and release of many  
cytokines (30). In this study, the infiltration of CD8+ and 
CD4+ T cells and production of IFN-γ, GZMB, T-bet 
in tumor tissues were not significantly changed after 
propranolol treatment suggesting the pHe value was not 
changed in line with the decrease of pHi. However, Treg 
cells were both significantly decreased in spleen and tumor 
tissue indicating that propranolol could counteract with 
immune suppressive factors by decreasing pHi in Treg cells. 

As we know, the 5-year recurrence rate of bladder cancer 
is about 40%, so exploring effective treatments is imperative. 
This study proves that propranolol can effectively inhibit the 
development of bladder cancer and promote the apoptosis 
of tumor cells, which provides a possible mechanism for 
the clinical treatment of bladder cancer. This is also the 
first time to reveal the effectiveness of propranolol in the 
treatment of bladder cancer. Based on this preclinical study, 
our team further conducted a clinical study to explore the 
efficacy and safety of propranolol in the treatment of bladder 
cancer (NCT04493489). A large number of clinical studies 
of propranolol are underway, and a study on melanoma 
showed that propranolol treatment significantly improved 
the disease-free survival of patients (89% vs. 64% at 3 years; 
P=0.04) (31). Few adverse events were observed in the 
propranolol treated cancer patients from current clinical 
trials, which is an advantage of repurposing propranolol 
from a cardiac disease drug to an antitumor agent. However, 

in one hand, in the existing clinical trials, propranolol is 
generally effective in combination with other first-line 
antitumor drugs, which may be the limitation of propranolol 
as an antitumor drug in clinic. In the other hand, current 
clinical trials on propranolol are mostly operated in small 
cohort. There may be certain selection bias and statistical 
errors. A single-arm clinical study of gastric cancer 
about propranolol has completed the preliminary patient 
recruitment work by our team, and is undergoing efficacy 
evaluation and data analysis (NCT04005365). This is a good 
way to provides strong clinical data support for propranolol 
as an antitumor drug.

In summary, propranolol inhibited the growth of 
bladder cancer by blocking β2-AR mediated cell signaling 
and NHE1 inhibition caused decrease of pHi, meantime, 
counteracting with immune suppression in bladder cancer. 
Propranolol can control tumor development through a 
variety of mechanisms, and we found that the change of the 
acid-base environment of tumor cells is a new anti-cancer 
approach, suggesting that NHE1 may become a target for 
synergistic anti-tumor therapy. 
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