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Caffeine improves bladder function in diabetic
rats via a neuroprotective effect
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Abstract. Diabetic cystopathy (DCP) is one of the most
common complications of diabetes mellitus (DM). A previous
study reported that caffeine may improve bladder dysfunction
in rats with DM. The aim of the present study was to investigate
the mechanisms behind the capacity for caffeine to improve
bladder function in rats with DM. Sprague Dawley rats were
divided into four groups: control, caffeine, DM and DM plus
caffeine treatment (DM + caffeine). Bladder function was
measured by urodynamic analyses. The levels of nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF) and
calcitonin gene-related peptide (CGRP) in the bladder tissue
were detected by ELISA. Apoptosis in the dorsal root ganglion
(DRG) was detected by terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling assay. The expression
levels of B-cell lymphoma-2 (Bcl-2), Bcl-2-associated X
protein (Bax), caspase-3, cleaved caspase-3, caspase-9 and
cleaved caspase-9 proteins in the DRG were detected by
western blotting. Following treatment with caffeine, the
urination time and micturition interval of rats with DM were
improved, the bladder wet weight was decreased, and the
maximum voiding pressure was increased. Relative to that in
the DM group, the expression levels of NGF, BDNF and CGRP
in the bladder tissue of DM + caffeine rats increased; cellular
apoptosis in the DRG of DM + caffeine rates decreased; and
the expression levels of Bcl-2, Bax, cleaved caspase-3 and
cleaved caspase-9 proteins in the DRG of DM + caffeine
rats were restored to a certain extent. In conclusion, caffeine
promotes bladder function in rats with DM through a protec-
tive effect on DRG.
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Introduction

In recent years, with ongoing lifestyle and diet changes,
population aging, and the rise in rates of obesity, the incidence
of diabetes mellitus (DM) is increasing at an alarming rate (1).
One of the common complications of DM is diabetic cystopathy
(DCP) and, even in patients with stable blood glucose control,
the incidence of DCP is as high as 25% (2). DCP is insidious and
has an asymptomatic progressive development, which is easily
ignored by clinicians and diabetic patients before ultimately
causing chronic urinary retention and urinary incontinence.
DCP mainly manifests in affected patients as reduced bladder
contractility and decreased urination. Upon progressing to
the end stage, the disease is irreversible and is accompanied
by urinary tract infections and reflux hydronephrosis, which
seriously affect the quality of life of patients and may even be
life-threatening (3).

The exact pathogenesis of DCP remains inadequately
understood to date and the condition is mainly attributed
to factors, including peripheral autonomic neuropathy and
impaired detrusor function of the bladder caused by DM.
An increasing number of studies have suggested that certain
signaling pathways affiliated with neurotransmitter-receptor
binding serve an important role in elements of DCP,
including the levels of peptide energy, nitrogen energy,
sputum energy, serotonin, endothelin, gamma-aminobutyric
acid and prostaglandins. Changes in the levels or activity of
corresponding neurotransmitters and receptors may trigger
bladder urethral dysfunction.

At present, although different conventional medical treat-
ments are available for DCP, the problem of the high recurrence
rate among patients cannot be satisfactorily solved. Cystostomy
is considered an effective treatment for cystopathy but it seri-
ously affects the quality of life of patients (4). It is generally
believed that medical nutrition therapy is an important part of
DM management (5). Previous guidelines and research have
focused on the type and amount of carbohydrates consumed.
However, how other food ingredients, including caffeine,
affect DM remains unknown. Caffeine is the main ingredient
in coffee and tea, which are consumed daily by numerous
people. The association between caffeine and human health
has long been of concern to scientists. A recent study suggested
that caffeine may improve bladder function by promoting
increased expression levels of nerve growth factor (NGF) and
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c-fos, improving bladder contractility, and repairing damaged
bladder nerves (6), while our previous study reported that
caffeine may improve bladder dysfunction in rats with DM (7).
However, the underlying mechanism of this remains unclear.
Another previous study has also indicated that calcitonin
gene-related peptides (CGRP) are the main transmitters affili-
ated with bladder sensory nerves; specifically, the content of
CGRP in the bladder wall of diabetic rats, particularly in the
submucosal plexus and the CGRP nerve distribution, were
significantly decreased, suggesting that CGRP serves a key
role in the development of DCP (8).

Therefore, we hypothesized in the present study that
caffeine may improve bladder function in rats with DM by
protecting bladder sensory neurons and promoting the release
of related neurotransmitters.

Materials and methods

Animal models. The present study was approved by the
Ethical Committee on Animal Experiment Committee of
Nanjing Medical University (Nanjing, China). The animal
models were prepared using a protocol described previously
by WenBo et al (9). Female Sprague Dawley (SD) rats (n=64;
weight, 200-220 g) were purchased from Nanjing Medical
University's Animal Experiment Center. All rats were housed
under similar conditions (temperature, 22+2°C; relative
humidity, 50+5%; light/dark cycle, 12-h) with free access
for food and water. A total of 40 rats were intraperitoneally
injected with 60 mg/kg streptozotocin (STZ) (Sigma-Aldrich;
Merck KGaA), while the other 24 rats were intraperitoneally
injected with the same volume of citric acid buffer. A level of
fasting blood glucose (FBG) measured three days after STZ
injection of >16.7 mmol/l was considered to indicate that the
DM model had been successfully induced. In total, 31 DM
rats were successfully induced, constituting 77.5% of the
total study population. Next, 24 diabetic rats were stratified
as the DM and DM plus caffeine treatment (DM + caffeine)
groups (n=12 each), while 24 STZ-untreated rats were divided
into the control and caffeine groups (n=12 each). The rats
in the DM + caffeine and caffeine groups were treated with
caffeine by oral gavage (10 mg/kg/day) for 16 weeks. The
urination time, micturition interval, bladder wet weight and
maximum voiding pressure of rats were used to measure
bladder function as reported in our previous study (10). Next,
the rats were sacrificed and the lumbosacral-segment dorsal
root ganglion (DRG) and bladder were prepared for analysis.

Hematoxylin and eosin (H&E) staining for the DRG tissues.
After the rats were sacrificed by being intraperitoneally injected
with 2% pentobarbital sodium (180 mg/kg), the spinal canal was
opened posteriorly to expose the spinal cord and the posterior
roots of the spinal nerves, the white and bright nodule on the
posterior root of the spinal nerve near the intervertebral foramen
was the DRG. DRG specimens were fixed with 10% neutral
formalin at room temperature for 4 h, routinely dehydrated,
embedded, and cut into 4-pum-thick sections for H&E staining
at room temperature for 8 min. The result is shown in Fig. S1.

ELISA. NGF, brain-derived neurotrophic factor (BDNF), and
CGRP levels in bladder tissue were measured using an ELISA

kit for rats; specifically, the NGF ELISA kit (cat. no. ab193736;
Abcam), BDNF ELISA kit (cat. no. ab213899; Abcam)
or CGRP ELISA kit (cat. no. 589001; Cayman Chemical
Company), according to the manufacturer's protocols. In brief,
total proteins were extracted from the bladder using lysis
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% NP-40,0.5% deoxycholic acid,0.1% SDS, 10 ul/ml protease
inhibitor cocktail and 1 mM PMSF) and the supernatants
were collected by centrifuging at 4°C at 12,000 x g for 15 min.
Subsequently, 96-well microplates were coated with 100 ul
biotinylated primary antibodies mixed with 100 xl EIA buffer
provided in the kit, plus 100 ul standard and sample aliquots.
Plates were incubated for 2 h at 30°C, followed by aspiration of
the samples and subsequent washing of them three times with
wash buffer. Next, 100 ul solution of streptavidin-horseradish
peroxidase conjugate was added to each well and incubated
for 30 min at 30°C, prior to washed again. Thereafter, 100 ul
substrate solution provided in the kits was added to each well
and the plates were incubated for 30 min at 30°C. The optical
density values were read at 450 nm using a Biotek Synergy
2 plate reader (BioTek Instruments, Inc.).

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay. The apoptosis in DRG
was measured using a TUNEL kit for rats (cat. no. C1086;
Beyotime Institute of Biotechnology,) according to the manu-
facturer's protocols. Briefly, DRG specimens were fixed with
10% neutral formalin at room temperature for 4 h, routinely
dehydrated with an ascending ethanol gradient and xylene,
embedded with paraffin, and cut into 4-ugm-thick sections
for TUNEL assay. The section was incubated with 100 ul
TUNEL reagent (5 ul TdT enzyme, 45 ul fluorescent labeling
solution, 50 #l TUNEL test solution) in the dark at 37°C for
60 min. Cell nuclei were counter-stained with Hoechst 33342
(1:2,000, Thermo Fisher Scientific, Inc.) for 30 min at room
temperature. The sections were observed and photographed
with a fluorescent microscope (Leica Microsystems GmbH)
at x400 magnification. Under the microscope, six fields were
randomly selected to count the number of apoptotic cells for
each section.

Western blot analysis. Western blot analysis was applied
to determine the expression levels of B-cell lymphoma-2
(Bcl-2), Bel-2-associated X protein (Bax), caspase-3, cleaved
caspase-3, caspase-9 and cleaved caspase-9 proteins in DRG
tissues. Tissues were homogenized in RIPA lysis buffer
(Thermo Fisher Scientific, Inc.) with protease inhibitor
cocktail (Roche Diagnostics), before the supernatants were
collected by centrifuging at 4°C at 12,000 x g for 15 min.
The total protein was quantified by UV spectrophotometry
and 50 pg protein was separated by 12% SDS-PAGE. Next,
they were transferred onto the nitrocellulose membrane
(EMD Millipore). The transferred membrane was washed
with rinse buffer, prior to being incubated with blocking
buffer (5% skimmed milk in rinse buffer) for 30 min at room
temperature. Subsequently, the membrane was incubated with
the following primary antibodies for 4 h at room temperature:
rabbit anti-Bcl-2 (cat. no. ab194583; dilution, 1:800; Abcam),
rabbit anti-Bax (cat. no. ab32503; dilution, 1:800; Abcam),
rabbit anti-cleaved caspase-3 (cat. no. ab214430; dilution,
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Table I. Parameters in the animals after 16 weeks.
Parameters Control Caffeine DM DM + caffeine
Body weight, g 303.92+10.52 302.92+10.40 190.33+8.02*° 215.00+22 .54
FBG, mmol/l 4.60+1.27 4.59+1.11 25.33+3.0720 23.13+5.96*"
Bladder wet weight, g 0.20+0.02 0.20+0.03 0.40+0.072° 0.28+0.04*
Urination time, sec 18.33+2.42 18.17+£2.29 25.92+3.73%b 22.08+3.12*¢
Micturition interval, sec 40.67+3.87 41.50+3.66 236.33+63.942> 73.67+13.18°¢
Maximum voiding pressure, mmHg 41.00+£7.71 45.67+6.54 15.58+4.50*° 29.42+6.26%¢

"P<0.05 vs. control group; "P<0.05 vs. caffeine group; °P<0.05 vs. DM group. DM, diabetes mellitus; FBG, fasting blood glucose.

1:1,000; Abcam), rabbit anti-caspase-3 (cat. no. ab184787,
dilution, 1:1,000; Abcam), rabbit anti-cleaved caspase-9 (cat.
no. 20750; dilution, 1:1,000; Cell Signaling Technology, Inc.),
rabbit anti-caspase-9 (cat. no. ab184786; dilution, 1:1,000;
Abcam) and mouse anti-B-actin (cat. no. A1978; dilution,
1:5,000; Sigma-Aldrich; Merck KGaA). Next, each membrane
was washed with rinse buffer and incubated with the following
secondary antibodies for 1.5 h at room temperature: IRDye
680-conjugated affinity-purified goat anti-mouse immuno-
globulin G (cat. no. 610-144-121; dilution, 1:5,000; Rockland
Immunochemicals)andIRDye 800-conjugated affinity-purified
goat anti-rabbit immunoglobulin G (cat. no. 611-145-122; dilu-
tion, 1:5,000; Rockland Immunochemicals). The results were
visualized using the Odyssey laser scanning system (LI-COR
Biosciences). The relative quantity of the protein bands was
determined using the Odyssey version 3.0 software program
(LI-COR Biosciences).

Statistical analysis. The data obtained in the present study
were processed and analyzed using the SPSS version 21.0
software program (IBM Corp.). The measurement data are
expressed as the mean + standard deviation. Differences
between groups were estimated by one-way analysis of vari-
ance and compared using the Tukey's post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

General condition of the rats and urinary function of the
bladder. As mentioned previously, 40 rats were prepared for
the DM model with STZ and, of these, 31 rats were success-
fully induced for a success rate of 77.50%. There was no
significant difference in body weight between the control and
caffeine groups (P>0.05). However, compared with that in the
control and caffeine groups, the body weights of the rats in the
DM and DM+caffeine groups were significantly decreased,
with the decrease being more notable in the DM group, and
the variations among the groups were statistically significant
(P<0.05). There was no significant difference in FBG between
the control and caffeine groups (P>0.05) and no significant
difference in FBG between the DM and DM-+caffeine groups
(P>0.05). Compared with that in the control and caffeine
groups, the bladder wet weight of the rats in the DM and
DM-+caffeine groups was significantly increased, with the
bladder wet weight in the DM+caffeine group being lower

than that in the DM group (P<0.05). By contrast, there was
no significant difference in the urinary function between the
control and caffeine groups (P>0.05). Compared with that in
the control and caffeine groups, urinary function in the DM
and DM+caffeine groups was significantly decreased, but
the urinary function of the DM+caffeine group was signifi-
cantly better than that of DM group (P<0.05). The results are
presented in Table I.

NGF, BDNF and CGRP levels in the bladder tissue. ELISA
results demonstrated that there were no significant differ-
ences in the levels of NGF, BDNF and CGRP in the bladder
tissues between the control and caffeine groups (P>0.05).
Compared with that in the control and caffeine groups, the
levels of NGF, BDNF and CGRP in the bladder tissues of the
DM and DM-+caffeine groups were significantly decreased,
with the levels of NGF, BDNF and CGRP in the bladder tissue
of the DM+caffeine group being higher than those in the
DM group and the differences being statistically significant
(P<0.05; Fig. 1).

Cellular apoptosis in the DRG. TUNEL assay demonstrated
that there were almost no apoptotic cells present in the DRG
in the control and caffeine groups, while more apoptotic
cells were observed in the DRG in the DM and DM+caffeine
groups. Furthermore, the apoptotic cell count in the DRG in
the DM+caffeine group was less than that in the DM group and
all differences were statistically significant (P<0.05; Fig. 2).

Expression of Bcl-2, Bax, caspase-3, cleaved caspase-3,
caspase-9 and cleaved caspase-9 proteins in the DRG.
Western blot analysis demonstrated that there was no signifi-
cant difference in the expression of Bcl-2 protein in the DRG
between the control and caffeine groups (P>0.05). Compared
with that in the control and caffeine groups, the relative
expression levels of Bcl-2 protein in the DRGs of the DM and
DM-caffeine groups were significantly decreased, while the
expression level of Bcl-2 protein in the DM+caffeine group
was higher than that in the DM group and the difference was
statistically significant (P<0.05; Fig. 3A).

The results of western blotting demonstrated that the
expression levels of Bax, cleaved caspase-3 and cleaved
caspase-9 proteins in the DRGs of the DM group and
DM-+-caffeine group were higher than those in the control
and caffeine groups and all differences were statistically
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Figure 1. NGF, BDNF and CGRP levels in the bladder tissue. The levels
of (A) NGF, (B) BDNF and (C) CGRP in rat bladders were detected by
ELISA. "P<0.05 vs. control; “P<0.05 vs. caffeine group; ®P<0.05 vs. DM
group. NGF, nerve growth factor; BDNF, brain-derived neurotrophic factor;
CGRP, calcitonin gene-related peptide; DM, diabetes mellitus.

significant (P<0.05). Furthermore, the levels of Bax, cleaved
caspase-3 and cleaved caspase-9 proteins in the DRGs of the
DM-+caffeine group were significantly lower than those in
the DM group (P<0.05). The differences of caspase-3 and
caspase-9 protein levels among groups were not statistically
significant (P>0.05; Fig. 3B).

Discussion

Caffeine is a methylxanthine and acts as an agonist of the
sarcoplasmic reticulum RyR receptor in the cell, regulating
RyR receptor-mediated calcium release and mitochondria
adenosine triphosphate production, thereby exerting a
biological function. In the present study, a DM rat model was
successfully prepared using STZ, prior to the DM rats being
treated with caffeine for 16 weeks. The results demonstrated
that bladder-function parameters, including urination time,
micturition interval and maximum voiding pressure, were
significantly improved in DM rats. Furthermore, the wet weight
of the bladder in treated DM rats was markedly decreased.
These findings suggested that caffeine may effectively improve
the bladder function of DM rats. Additionally, the results of
FBG analysis indicated that caffeine did not significantly
decrease the level of FBG in the DM rats, suggesting that
caffeine may have no impact on decreasing the blood glucose
level and supporting the hypothesis that its pharmacological
effect may be mainly associated with the target cells.

NGF is a member of the neurotrophic factor family and
is found primarily in sympathetic, partial sensory nerves
and distributed target organs. Previous studies have demon-
strated that NGF is associated with the pathogenesis of
bladder dysfunction caused by multiple etiologies (11-13).
NGF expression levels in tissues have been significantly
decreased in clinical animal models and the promotion of
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Figure 2. Cellular apoptosis in the DRG. (A) TUNEL assay was used to detect
apoptotic cells in rat DRGs. (B) A statistical graph of the percentage of apop-
totic cells in the DRG tissue of each group. "P<0.05 vs. control group; “P<0.05
vs. caffeine group; “P<0.05 vs. DM group. Scale bar, 50 ym. DRG, dorsal
root ganglion; DM, diabetes mellitus.

NGF expression may improve the function of the bladder to a
certain extent (11-13). Additionally, BDNF is another impor-
tant neurotrophic factor. Its amino acid sequence is similar
to that of NGF and is widely found in the nervous system
and corresponding target organs. BDNF-overexpression is
associated with an overactive bladder (14). Certain treatments
may improve bladder function by promoting the recovery of
the BDNF expression level (15).

Finally, CGRP is produced by sensory neurons. Once
released from the cells, CGRP initiates a biological response
by binding to a specific CGRP receptor located on cell surfaces
and serves a key role in a variety of physiological and patho-
logical processes, including cell proliferation, differentiation,
apoptosis, and inflammatory and immune responses (16). It
was reported that CGRP was the main transmitter of bladder
sensory nerves (8). Elsewhere, the content of CGRP in the
bladder walls of diabetic rats, particularly in the submucosal
plexus, was significantly decreased and CGRP nerve distribu-
tion was also significantly decreased, suggesting that CGRP
serves a key role in the development of DCP (8). The results of
the present study indicated that the expression levels of NGF,
BDNF and CGRP were significantly decreased in the bladder
tissues of DM rats. After 16 weeks of caffeine treatment, the
expression levels of NGF, BDNF and CGRP were restored to
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Figure 3. Expression levels of Bcl-2, Bax, caspase-3 and caspase-9 proteins
in the DRG. (A) The expression level of Bcl-2 protein in rat bladders was
detected by western blot analysis. (B) The expression levels of Bax, caspase-3,
cleaved caspase-3, caspase-9 and cleaved caspase-9 proteins in rat bladders
were detected by western blot analysis. “P<0.05 vs. control group; “P<0.05
vs. caffeine group; “P<0.05 vs. DM group. Bcl-2, B-cell lymphoma-2; Bax,
Bcl-2-associated X protein; DRG, dorsal root ganglion; DM, diabetes mellitus.

a certain extent in the bladder tissues of DM rats but remained
lower than those in the normal control rats. These results
supported the idea that caffeine may promote the synthesis
and release of neurotrophic factors in bladder tissues; however,
the specific mechanism behind this concept requires further
investigation. NGF, BDNF and CGRP have neurotrophic
effects, which reduce the neuronal damage caused by high
glucose by exerting a protective effect on DRG neurons, and
may regulate certain biological signaling pathways to improve
bladder function by acting on corresponding receptors on
bladder smooth muscles (15,16).

DRG is the main source of bladder sensory nerve fibers.
Previous studies have demonstrated that, in the context of
chronic hyperglycemia, neuron apoptosis and the number of
autonomic nerves distributed in the bladder were decreased,
further aggravating the level of damage to the bladder
smooth muscle function (17,18). The results of the present

study revealed that apoptotic cells of the DRG in DM rats
were significantly decreased following caffeine treatment,
suggesting that caffeine has neuroprotective effects. This
result may be associated with the increased expression of NGF,
BDNF and CGRP triggered by caffeine. Several previous
studies have reported that NGF, BDNF and CGRP may bind
to their specific receptors, activate the related signaling path-
ways, and subsequently exert anti-apoptotic cytoprotective
actions (19-24). There are numerous apoptotic proteins known
to be involved in the process of apoptosis, among which the
anti-apoptotic protein BCL2, the pro-apoptotic protein BAX,
caspase-3 and caspase-9 have been heavily studied (25-28).
The results of the present study demonstrated that the expres-
sion levels of Bax, cleaved caspase-3 and cleaved caspase-9
proteins in the DRG were increased in DM rats, while the
expression level of the Bcl-2 protein was decreased. Following
caffeine treatment, the expression levels of Bax, cleaved
caspase-3, cleaved caspase-9 and Bcl-2 proteins were partially
restored. These results suggest that the effect of caffeine on
protecting DRG cells from apoptosis is associated with the
regulation of Bax, cleaved caspase-3, cleaved caspase-9 and
Bcl-2 expression levels.

There are certain limitations to the present study. At
present, the majority of previous studies have focused on
sensory neurons. However, the urinary bladder contractile
function is regulated by sensory neurons, the motor neurons
innervating the bladder, and the smooth muscle function. The
bladder is controlled by two types of motor neurons, inner-
vated by sympathetic and parasympathetic efferent nerves,
which has highlighted certain difficulties to the related
research, which may also be the reason for the lack of relevant
literature. It may be necessary to design more sophisticated
experiments to solve this problem. In addition, the mechanism
by which caffeine attenuated the bladder hypertrophy was
not sufficiently addressed in the present study. We hypoth-
esize that CGRP may be associated with the mechanism by
which caffeine attenuated the bladder hypertrophy. Finally,
considering the impact on cells when digested into single
cell suspension, flow cytometry detection was not performed
in the present study, and the level of apoptosis was assessed
using the percentage of the number of apoptotic cells to the
number of total cells and the detected of related apoptotic
proteins.

In summary, the results of the present study suggested that
caffeine promotes bladder function in rats with DM through
protective effects on the DRG, which may involve at least the
signaling pathways associated with Bax, caspase-3, caspase-9
and Bcl-2.
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