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Conclusions Oral treatment with roflumilast in rats fed an 
HFD restores normal bladder function and downregulates 
expression of inflammatory factors in the bladder.
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Introduction

Overactive bladder (OAB) is characterized by urgency, with 
or without urgency urinary incontinence, usually associated 
with increased daytime frequency and nocturia. Usually, 
symptoms and a diagnosis of urodynamically demonstra-
ble detrusor overactivity (DO) are combined in OAB [1]. 
OAB significantly affects quality of life and mental health 
in affected patients and is mainly manifested as increased 
nocturia causing sleep disorders [2]. It is well known that 
the potential etiology and contributing factors of OAB are 
complex and diverse. In recent years, OAB incidence among 
elderly patients has shown an upward trend, and the preva-
lence of OAB has increased with age. Obese people with 
body mass index (BMI) above 25 are more likely to develop 
OAB. Therefore, obesity is considered a specific cause of 
OAB [2, 3].

Obesity has been established as a common risk factor for 
lower urinary tract symptoms (LUTS), including bladder 
hyperactivity and urinary incontinence [4]. Moreover, obe-
sity is associated with a chronic inflammatory response char-
acterized by a proinflammatory state with oxidative stress, 
increased acute-phase reactants, and activation of inflam-
matory signaling pathways. The increase in concentrations 
of interleukin (IL)-1, IL-6, and tumor necrosis factor alpha 
(TNF-α) in detrusor smooth muscle (DSM), associated with 
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obesity, may cause bladder detrusor dysfunction, includ-
ing DO [5–7]. Epidemiological research has shown that 
increased BMI is positively correlated with LUTS and obese 
individuals are more likely to develop prominent symptoms 
[8]. Female rats were fed a high-fat diet (HFD) to induce 
overweight, high insulin, high glucose blood concentrations, 
and DO. Female Sprague–Dawley (SD) rats fed a hyper-
lipidemic diet gained more weight and showed increased 
voiding and non-voiding bladder contractility on cystometry, 
suggesting bladder overactivity [9, 10]. Thus, the establish-
ment of this disease model is the premise of research on 
related OAB symptoms in obese rats.

In the clinical setting, conventional anticholinergic drugs 
find widespread use in OAB treatment, but have certain side 
effects, such as xerostomia, constipation, headache, and 
blurred vision, that limit their application [11]. Phosphodi-
esterase type-4 (PDE4) plays a key role in the degradation 
of cyclic adenosine monophosphate (cAMP) in inflamma-
tory cells as well as in vascular endothelial cells, smooth 
muscle cells, and related inflammatory keratinocytes [12]. 
PDE4 inhibitors can improve cAMP levels in airway smooth 
muscle to facilitate airway smooth muscle relaxation in the 
treatment of chronic obstructive pulmonary disease (COPD) 
[13]. In the physiological state, PDE4 inhibitors can induce 
relaxation and reduce the frequency of contractions in the 
DSM in guinea pigs, rats, and non-human primates [14–16]. 
Therefore, we hypothesized that PDE4 inhibitors could treat 
obesity-associated OAB through modulation of a systemic 
chronic inflammatory response. In this work, the obesity-
associated OAB model was established using a HFD feed-
ing to detect interventional effects of the PDE4 inhibitor 
roflumilast through Western blotting and quantitative reverse 
transcription-polymerase chain reaction (qRT-PCR) in OAB 
treatment.

Materials and methods

Animals

Ninety adult female SD rats (average weight 205.7 ± 6.6 g; 
China Medical University, Shenyang, PRC) were used in 
this study. All experimental procedures were approved by 
the Institutional Animal Care and Use Committee of China 
Medical University.

Diet‑induced obesity and study treatment

For 12 weeks, study animals were housed three per cage on 
a 12-h light–dark cycle, and either normal diet (ND) (fat: 
5%; protein: 20%; carbohydrate: 75%) or HFD (fat: 30%; 
protein: 14%; carbohydrate: 56%) that induces obesity as 

previously described [17, 18]. Study animals were divided 
into three groups (N  =  30 in each group): (1) vehicle-
treated ND-fed (ND + vehicle) rats (normal diet for 8 weeks 
before receiving the vehicle); (2) vehicle-treated HFD-fed 
(HFD + vehicle) rats (HFD for 8 weeks before receiving the 
vehicle); and (3) roflumilast-treated HFD-fed (HFD + rof-
lumilast) rats (HFD for 8 weeks before receiving roflumi-
last). Roflumilast (5 mg/kg/day; MedChemexpress, USA) 
or vehicle (sterile water used as solvent for roflumilast) was 
administered orally by gavage during the last 4 weeks of 
HFD or ND feeding. All rats were weighed at 12 weeks, 
and urodynamic studies were conducted in ten rats of each 
group. Study animals were then killed in a carbon dioxide 
tank prior to collection of bladder specimens; the bladder 
mucosa was separated under microscopy, and the DSM tis-
sue was preserved in liquid nitrogen.

Cystometry

Based on previously described experimental methods, the 
anaesthetized cystometry was performed and general anes-
thesia was induced with 5% isoflurane/O2 gas inspiration 
using a facial mask [19, 20]. A catheter was inserted into 
the bladder dome after surgically exposing the bladder and 
was connected to a physiological pressure transducer and 
an injection pump (Dantec Menuet, Denmark). Cystometry 
was performed by infusing warm saline (37–38 °C) into the 
bladder at a flow rate of 12 mL/h. Three voiding events were 
recorded for each rat to assess: maximum voiding pressure 
(the maximum pressure during voiding), bladder capacity 
(the volume of saline infused to induce the voiding), voiding 
volume (the volume of micturition), voiding interval (the 
interval between voids), and the number of NVCs during 1 
voiding event. NVCs were defined as spontaneous contrac-
tions (>4 cmH2O from the baseline bladder pressure) that 
did not result in a void. Bladders assessed by cystometry 
were not used in other experiments.

qRT‑PCR

Total RNA was isolated from SD rat DSM strips using 
RNA isolater Extraction Reagent (Vazyme Biotech Co., 
Ltd, China). Reverse transcription of total RNA was 
undertaken using the HIScriptII One Step qRT-PCR SYBR 
Green Kit (Vazyme Biotech Co., Ltd) according to the 
manufacturer’s instructions. Real-time PCR was then per-
formed using the synthesized mRNA on an ABI PRISM 
7500 sequence detection system with SYBR GREEN PCR 
Master Mix. Real-time PCR was carried out to analyze 
the mRNA expression of TNF-α, IL-6, IL-1β, NF-κB, and 
GAPDH using specific primers (Table 1). PCR conditions 
were 50 °C for 5 min followed by 95 °C for 30 s and then 
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58 °C for 40 s for a total of 40 cycles. All reactions were 
run thrice and were normalized to GAPDH. Melt curves 
were utilized to analyze and assess the accuracy of the 
PCR results. Gene expression was evaluated by  2−△△Ct 
values. The relative mRNA expression of each target gene 
was normalized to that of GAPDH.

Western blotting

Briefly, protein from the SD rat DSM strips was isolated 
and homogenized in a homogenizer with RIPA buffer 
(50 mM Tris, 150 mM NaCl, 1% Triton X-100, 0.1% 
SDS, and 1% sodium deoxycholate) with a protease 
inhibitor cocktail (Beyotime Biotechnology, China). Pro-
tein concentrations were measured using the BCA Pro-
tein Assay kit (Beyotime Biotechnology). Approximately 
10–20 µg protein samples were separated in a denaturing 
10 or 12% SDS-PAGE gel and transferred to a nitrocel-
lulose membrane. The membranes were washed, blocked 
(5% bovine serum albumin [BSA] in Tris-buffered saline 
with Tween 20 [TBS-T]), and incubated in primary rab-
bit antibody of TNF-α (1:500; Abcam), IL-1β (1:1000; 
Abcam), NF-κB (1:1000; Abcam), β-actin (1:2000; 
Cell Signaling Technology), or mouse antibody of IL-6 
(1:1000; Abcam) overnight at 4 °C. Secondary antibodies 
were conjugated with horseradish peroxidase. Visualiza-
tion was done with ECL Western blotting detection rea-
gents (Beyotime Biotechnology). The relative density of 
target protein to β-actin was evaluated using Gel-Pro32 
software.

Statistical analysis

Data were further analyzed with GraphPad Prism 5.0 
(GraphPad software, San Diego, CA, USA) and are 
expressed as mean ± SEM (n = the number of strips and 
N = the number of rats). Statistical significance was tested 
using one-way ANOVA, followed by Newman–Keuls com-
parison test; P < 0.05 was considered an indication of 
statistical significance.

Results

Body weight changes

The body weight of obese rats increased significantly as 
compared to rats in the ND-fed group (HFD + vehicle 
651.4 ± 8.4 g, N = 30; ND + vehicle 370.4 ± 9.1 g, N = 30; 
P < 0.05). However, bladder weight did not significantly 
differ between normal and obese groups (ND + vehicle 
96.9 ± 3.2 mg, N = 30; HFD + vehicle 97.6 ± 4.1 mg, 
N = 30; P > 0.05). Oral roflumilast treatment for 4 weeks 
did not have any effect on the body weight (646.8 ± 10.5 g, 
N = 30; P > 0.05) and bladder weight (94.8 ± 5.7 mg, 
N = 30; P > 0.05) compared to the parameters of HFD-fed 
rats receiving the vehicle.

The changes in bladder function in obese rats

During cystometry, rats in the ND + vehicle group showed 
regular storage cycles with rare NVCs (Fig. 1a). Obese 
rats exhibited the reduced bladder capacity (0.3 ± 0.08 ml, 
N = 10) and voiding volume (0.26 ± 0.09 ml, N = 10) com-
pared to the parameters (0.64 ± 0.06 ml and 0.61 ± 0.07 ml, 
N = 10; P < 0.05; Fig. 1a–c) of normal rats. Maximum 
voiding pressure did not significantly differ between nor-
mal (42.5 ± 6.3 cm  H2O, N = 10) and obese (40.6 ± 7.1 cm 
 H2O, N = 10; P > 0.05; Fig. 1a, d) rats. Moreover, there 
was a decrease in the voiding interval (ND  +  vehicle 
3.5 ± 0.3 min, N = 10; HFD + vehicle 1.6 ± 0.4 min, 
N = 10; P < 0.05; Fig. 1a, e) and more frequent NVCs were 
detected (ND + vehicle 0.41 ± 0.2, N = 10; HFD + vehicle 
3.6 ± 0.5, N = 10; P < 0.05; Fig. 1a, f), indicating that DO 
was already induced.

Effect of roflumilast on healing bladder dysfunction 
in obese rats

Oral roflumilast treatment for 4 weeks improved the bladder 
function, such as bladder capacity (0.54 ± 0.08 ml; N = 10), 
voiding volume (0.52 ± 0.08 ml; N = 10), voiding inter-
val (2.8 ± 0.4 min; N = 10), and the frequency of NVCs 
(0.7 ± 0.4; N = 10) in obese rats, compared to rats from 

Table 1  Primers used for qRT-PCR experiments

bp base pairs

Gene Forward Reverse GenBank no Size (bp)

NF-κB GCA AAC CTG GGA ATA CTT CAT GTG ACT AAG ATA GGC AAG GTC AGA ATG CAC CAG AAG TCC XM_001075876.2 123
IL-1β TGA CCC ATG TGA GCT GAA AG GGG ATT TTG TCG TTG CTT GT NM_031512.2 108
TNF-α TAC TGA ACT TCG GGG TGA TTG GTC C CAG CCT TGT CCC TTG AAG AGA ACC XM_008772775.2 295
IL-6 CAA GAG ACT TCC AGC CAG TTGC TTG CCG AGT AGA CCT CAT AGT GAC C NM_012589.1 614
GAPDH GTT ACC AGG GCT GCC TTC TC ACC AGC TTC CCA TTC TCA GC XM_001067272.2 152
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HFD + vehicle groups (N = 10; P < 0.05; Fig. 1). In con-
trast, maximum voiding pressure remained similar for rof-
lumilast-treated HFD-fed rats (41.5 ± 6.8 cm  H2O, N = 10; 
P > 0.05; Fig. 1a, d). Furthermore, the improved cystometric 
parameters detected after roflumilast treatment in obese rats 
were similar to the cystometric parameters in ND + vehicle 
rats (N = 10; P > 0.05; Fig. 1). Our present results indicated 
roflumilast induced an improvement in bladder function and 
voiding efficiency in obese rats.

Increased expression of TNF‑α, IL‑6, IL‑1β, and NF‑κB 
in DSM of obese rats

Obesity induces changes in systemic hormone secre-
tion that modulate the systemic inflammatory response, 
which involves production and release of inflammatory 
mediators, including TNF-α, IL-6, IL-1β, and NF-κB [21]. 
Therefore, we determined whether there were changes in 
the inflammatory medium in the smooth muscle layer 
of the bladder in lean and obese rats. Protein expres-
sion of NF-κB (ND + vehicle 0.64 ± 0.05; HFD + vehi-
cle 0.92  ±  0.07), TNF-α (ND  +  vehicle 0.35  ±  0.04; 
HFD  +  vehicle 0.67  ±  0.06), IL-6 (ND  +  vehicle 

0.31  ±  0.07; HFD  +  vehicle 0.84  ±  0.1), and IL-1β 
(ND + vehicle 0.34 ± 0.09; HFD + vehicle 0.68 ± 0.08) 
was enhanced in DSM from obese rats (n = 16) as com-
pared to that in normal rats (n = 16; P < 0.05; Fig. 2).

To observe molecular events proceeding from a chronic 
HFD, some genes were evaluated by RT-PCR. The results 
demonstrated that expression of NF-κB/p65 mRNA was 
significantly increased in smooth muscle from rats on 
the HFD (0.89 ± 0.09; n = 16) compared to those fed 
normal chow (0.61 ± 0.07; n = 16; P < 0.05; Fig. 3a). 
Accordingly, genes for TNF-α (ND + vehicle 0.34 ± 0.09; 
HFD  +  vehicle 0.63  ±  0.07), IL-6 (ND  +  vehicle 
0.26  ±  0.08; HFD  +  vehicle 0.81  ±  0.1), and IL-1β 
(ND + vehicle 0.39 ± 0.09; HFD + vehicle 0.66 ± 0.08), 
which are modulated directly by NF-κB, were also upregu-
lated (n = 16; P < 0.05; Fig. 3b–d).

Roflumilast inhibits inflammatory response in obese 
rats

To assess whether this PDE4 inhibitor is involved in the inhi-
bition of the inflammatory response and consequent DO in 
obese rats, study animals were treated with oral roflumilast. 
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Fig. 1  The changes and effects of roflumilast on healing bladder 
function in obese rats. a Representative cystometrogram illustrating 
that the changes and effect of roflumilast on bladder function in obese 
rats. Meanwhile, the decreased bladder capacity (b), reduced voiding 
volume (c), shorter voiding interval (e), and more frequent NVCs (f) 
were observed in obese rats (N = 10) compared with normal animals 

(N = 10; *P < 0.05 HFD + vehicle versus ND + vehicle). Moreover, 
roflumilast improved the changed urodynamic parameters in obese 
rats (N = 10; #P < 0.05 HFD + roflumilast versus HFD + vehicle). 
However, there is no significant difference in maximum voiding pres-
sure among the three groups. The arrow indicates the number of 
voiding
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Fig. 2  Oral roflumilast treatment attenuated increased expression of 
inflammatory factor protein in obese rat bladder. Comparison of pro-
tein expression levels of NF-κB (a and b), TNF-α (c and d), IL-6 (e 
and f), and IL-1β (g and h) in the DSM. The data are the ratio of tar-
get protein with reference. The protein levels of vehicle-treated HFD-
fed rats (n = 6) were significantly higher than those of the ND + vehi-

cle group (n = 6; *P < 0.05 HFD + vehicle versus ND + vehicle). 
The protein levels of roflumilast-treated HFD-fed rats were sig-
nificantly reduced compared to vehicle-treated HFD-fed rats (n = 6; 
#P < 0.05 HFD + roflumilast versus HFD + vehicle). Data are shown 
as relative protein expression normalized to β-actin
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Fig. 3  Enhanced mRNA expression of inflammatory factor was 
reduced after oral roflumilast treatment in obese rat bladder. qRT-
PCR analyses showed increased mRNA expression of NF-κB (a), 
TNF-α (b), IL-6 (c), and IL-1β (d) in vehicle-treated HFD-fed rats, 
compared with normal chow-fed rats (n = 16; *P < 0.05 HFD + vehi-

cle versus ND  +  vehicle). The group of roflumilast-treated HFD-
fed rats showed significantly decreased mRNA expression in the 
DSM (n = 16) compared with DSM in vehicle-treated HFD-fed rats 
(n = 16; #P < 0.05 HFD + roflumilast versus HFD + vehicle). Data 
are shown as relative mRNA expression normalized to GAPDH
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Obese rats treated with roflumilast showed decreased expres-
sion of inflammatory cytokines (NF-κB 0.68 ± 0.06, TNF-α 
0.41 ± 0.06, IL-6 0.39 ± 0.09, and IL-1β 0.36 ± 0.09) in 
bladder smooth muscle when compared to vehicle-treated 
obese rats, as demonstrated by the gray level (n  =  16; 
P < 0.05; Fig. 2). Similarly, a qRT-PCR test confirmed that 
roflumilast treatment reduced the expression of inflamma-
tory factor genes in obese rats (NF-κB 0.64 ± 0.08, TNF-α 
0.39 ± 0.08, IL-6 0.37 ± 0.09, and IL-1β 0.41 ± 0.09; 
n = 16; P < 0.05; Fig. 3). Moreover, the reduced expression 
of inflammatory factor genes and proteins after roflumilast 
treatment in obese rats was similar to the expression profile 
in ND + vehicle rats (n = 16; P > 0.05; Figs. 2, 3). There-
fore, PDE4 inhibitors may play a primary role in inhibiting 
the release of inflammatory mediators and the activation of 
immune cells [22, 23].

Discussion

In fact, obesity is a chronic systemic inflammatory response, 
and inflammation and immune response constitute important 
aspects of it [24]. Following administration of an HFD, rats 
in the obese group had increased inflammatory media in the 
bladder smooth muscle, which showed that systemic chronic 
inflammatory reaction also affects bladder smooth muscle.

Obesity is recognized as a low-intensity inflammatory 
response, mainly mediated by the high level of serum 
C-reactive protein (CRP) and TNF-α, IL-6, IL-1β, and 
other inflammatory factors in metabolism and tissue dys-
function, which plays a major role in the body [6, 21, 25]. 
To verify that PDE can provide a potential novel treat-
ment option for obesity-associated OAB, we selected SD 
rats, according to recommendations in the literature, to 
build the model [17], and the urodynamically demonstra-
ble DO can help objectively diagnose OAB [26]. Simulta-
neously, through urodynamic study, the obese group was 
compared with the normal group; the number of NVCs 
was significantly increased, the duration of voiding inter-
val was shorter, and bladder capacity was significantly 
decreased in obese rats. In the literature [18, 27], experi-
mental results have shown that the OAB model is success-
ful for research purposes. Moreover, experimental results 
show that the smooth muscle of obese rats has significantly 
higher expression of TNF-α, IL-6, IL-1β, and NF-κB than 
that in rats belonging to the normal group. Results showed 
that both inflammatory factor gene and protein expressions 
were increased with the degree of obesity, and obesity was 
one of the causes of excessive bladder activity.

Furthermore, repeated nerve stimulation by inflamma-
tory factors can lead to permanent changes or sensitization 
[28]. Inflammatory cytokines promote smooth muscle cell 
DNA and mitochondrial damage as well as induce smooth 

muscle cell proliferation and fibrosis, resulting in impair-
ment of bladder function [6, 29]. Experiments show that 
inflammatory mediators induce high expression of protein 
and mRNA in bladder smooth muscle of obese rats, which 
leads to excessive activity of bladder detrusor, with result-
ant symptoms of OAB. Therefore, it chronic inflammation 
is associated with OAB.

Acetylcholine is the main neurotransmitter in DSM, and 
antimuscarinic agents can competitively inhibit acetylcho-
line in DSM cells and bladder wall receptors to reduce 
nerve sensitivity, thereby playing a role in the treatment 
of detrusor disorders [30, 31]. However, conventional anti-
muscarinic pharmacotherapy causes side effects such as 
dry mouth, constipation, headache, and cardiac that limit 
the application of these drugs. It has been shown that [14, 
32] PDE4 inhibitors can induce bladder smooth muscle 
relaxation and reduce bladder smooth muscle contraction 
frequency in rats and of non-human primates. Therefore, 
PDE4 inhibitors may potentially have application as novel 
treatment for obesity-associated OAB. Of these, roflumi-
last is an FDA-approved oral PDE4 inhibitor that plays a 
major role in inflammatory cells to induce PDE4-specific 
effects in various cells and reduce the cAMP degradation, 
thereby blocking proinflammatory signaling, and also has 
anti-inflammatory activity [33]. Moreover, roflumilast 
inhibits inflammatory reaction induced by lipopolysac-
charide [22, 34]. In addition [15], PDE4 inhibitors can 
regulate smooth muscle contractions in normal or patho-
logical bladder, through a mechanism that inhibits smooth 
muscle contraction through mediation of protein kinase 
A and protein kinase G, increasing calcium recovery, and 
thereby promoting relaxation of bladder smooth muscle. 
Experimental results show that, following administration 
of an oral phosphodiesterase inhibitor, symptoms of uri-
nary irritation in the treatment group were relieved sig-
nificantly compared to that in the obese control group. 
Further, protein and mRNA expression of inflammatory 
factors in bladder smooth muscle in the treatment group 
were decreased after 4 weeks of oral roflumilast. Accord-
ing to Oba et al. [35], during the course of treatment with 
oral roflumilast, gastrointestinal reactions, neurologi-
cal symptoms, and other symptoms were mild or mod-
erate, and occurred in the early stage of treatment and 
disappeared gradually during the course of treatment. 
The PDE4 inhibitor significantly inhibited the release of 
inflammatory cytokines such as TNF-α, IL-1β, and IL-6 
by monocytes, macrophages, eosinophils, mast cells, and 
T cells [23]. Therefore, PDE4 inhibitors may prove to be 
a new treatment for obesity-associated OAB.

In conclusion, this experiment relied on serological and 
cystometric data to construct an OAB model and evaluate 
the symptoms of rats in each group, specifically to demon-
strate the therapeutic effect of PDE4 inhibitors on OAB, 
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through the expression of inflammatory factor proteins and 
genes, in DSM cells. However, research on excitability 
and contractility of bladder smooth muscle was not further 
developed. Future experiments will aim to further study 
bladder smooth muscle to seek more favorable and defini-
tive evidence of PDE4 inhibitors in OAB.
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