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 Background: Sepsis causes acute kidney injury (AKI) in critically ill patients. Roflumilast, a phosphodiesterases-4 (PDE4) in-
hibitor, has been shown to be therapeutically effective in sepsis-induced organ injury. However, the function 
of roflumilast in sepsis-induced AKI is not clearly understood. The present study aimed to explore the protec-
tive effect of roflumilast on sepsis-induced AKI in mice.

 Material/Methods: A sepsis model was established by cecal ligation and puncture surgery. Roflumilast (1 mg/kg and 3 mg/kg) was 
used once daily for 7 consecutive days for treatment. Kidney tissues were pathologically examined by hema-
toxylin and eosin (H&E) and periodic acid-Schiff (PAS) staining. The levels of kidney injury markers including 
blood urea nitrogen (BUN), creatinine (Cre), kidney injury molecule-1 (KIM-1), and neutrophil gelatinase-asso-
ciated lipocalin (NGAL), and inflammatory cytokines including interleukin (IL)-6, tumor necrosis factor (TNF)-a, 
and IL-1b were detected by their corresponding test kits. The protein expression was measured using west-
ern blot and cell apoptosis of kidney tissue was determined by TUNEL (terminal deoxynucleotidyl transferase 
dUTP nick end labeling) assay.

 Results: Roflumilast was demonstrated to alleviate sepsis-induced AKI by reducing histopathological changes and de-
creasing the levels of kidney injury markers in a concentration-dependent way. The production of TNF-a, IL-6, 
and IL-1b was significantly suppressed by roflumilast. Besides, roflumilast inhibited the activation of NLRP3 
(nucleotide-binding domain (NOD)-like receptor protein 3) and NF-kB (nuclear factor kappa-light-chain-enhancer 
of activated B cells). Additionally, roflumilast inhibited cell apoptosis and changes in expression of apoptosis 
related proteins induced by sepsis. Finally, high concentration of roflumilast (3 mg/kg) did not have an adverse 
effect on liver, heart, lung, or spleen.

 Conclusions: Our study indicated that roflumilast could ameliorate AKI induced by sepsis through restraining inflammatory 
response and apoptosis of the kidney, providing a molecular basis for a novel medical treatment of septic AKI.
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Background

Sepsis is a severe infectious disease triggered by viral, bacte-
rial, or fungal infection and induces an inflammatory response 
in the host, resulting in septic shock and multiple organ fail-
ure [1]. The kidney is one of the major organs that is commonly 
afflicted during sepsis, and acute kidney injury (AKI) has become 
a common severe complication of sepsis [2]. The in-hospital 
mortality rate is up to 50% in sepsis-induced AKI, and survi-
vors have an increased risk of developing chronic kidney dis-
ease [3]. A large amount of evidence has reported on the long-
range and short-range risk of death in sepsis-induced AKI [4]. 
Despite improvements in supportive care, such as management 
of nosocomial infections and utilization of blood products, no 
singular effective therapy for AKI has been confirmed. Early 
detection of kidney injury coupled with appropriate supportive 
care and preventive care remains the mainstream of therapy.

Roflumilast is an orally administrated selective phosphodies-
terases-4 (PDE4) inhibitor that is specific to cyclic adenosine 
3’,5’-monophosphate (cAMP) degradation, and has been ap-
proved by Food and Drug Administration (FDA) to reduce the 
risk of exacerbations in patients with chronic obstructive pul-
monary disease (COPD) associated with chronic bronchitis and 
a history of COPD exacerbations [5 – 7]. Roflumilast has been 
demonstrated to regulate airway inflammation by inhibiting 
inflammatory activity [8]. Previous studies have reported that 
roflumilast could alleviate sepsis-induced liver damage and lung 
injury [9,10], however, whether it is also therapeutically effec-
tive in sepsis-induced kidney injury remain unclear. Hence, we 
aimed to investigate this potential therapeutic option.

In this study, we examined the protective role of roflumilast 
on kidney dysfunction, inflammatory response, and apopto-
sis in sepsis-induced kidney injury. Additionally, we explored 
the molecular mechanism underlying the protective role of ro-
flumilast to identify a potential therapeutic drug for sepsis-
induced kidney injury.

Material and Methods

Animals and experimental design

In vivo experiments were conducted on adult female BALB/c 
mice (6 – 8 weeks, 35 – 40 g weight). The mice were purchased 
from the Experimental Animal Center of Wuhan University 
(Wuhan, China) and housed in the animal house at 22±2°C 
with 12 hours light/dark cycles; the mice had free access to 
food and water. The cecal ligation and puncture surgery (CLP) 
was performed to trigger sepsis-induced kidney injury as pre-
viously described [11]. The sham mice underwent the same 
procedure without cecal ligation and perforation. The animals 

were allocated to 6 groups including: 1) Control group, without 
any treatment; 2) ROF (3 mg/kg) group, administered roflumi-
last 3 mg/kg only; 3) Sham group; 4) CLP group; 5) CLP+ROF 
(1 mg/kg group), administrated with roflumilast at 1 mg/kg once 
daily for 7 consecutive days before CLP surgery; 6) CLP+ROF 
(3 mg/kg) group. All animal experiments were performed in ac-
cordance with the Care and Use of Laboratory Animals estab-
lished by the US National Institutes of Health, as approved by 
Shanghai Baoshan Hospital of Integrated Traditional Chinese 
and Western Medicine.

Western blot

The total protein in kidney tissues were extracted using radio-
immunoprecipitation assay (RIPA) buffer containing proteinase 
inhibitor; the concentration was detected using bicinchoninic 
acid (BCA) protein assay kit. The same amount of protein was 
subjected to 12% SDS-PAGE (sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis) and transferred onto PVDF (polyvi-
nylidene fluoride) membranes. The membranes were incubat-
ed in 5% non-fat milk for 2 hours at room temperature, and 
incubated with the primary antibodies against TNF-a, IL-1b, 
IL-6, NLRP3, NF-kB p65, Bcl-2, Bax, cleaved caspase-3, cleaved 
caspase-9, caspase-3, caspase-9, and GAPDH overnight at 4°C. 
The membranes were then incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibody for 1 hour at room 
temperature. The protein bands were detected using the elec-
trochemiluminescence (ECL) western blotting analysis system 
(Amersham Pharmacia Biotech, Piscataway, NJ, USA).

Histopathological analysis

The tissue samples including kidney, heart, liver, spleen, and 
lung were collected and fixed in 4% paraformaldehyde, and 
embedded in paraffin, respectively. The tissue sections of 4 μm 
thickness were stained with hematoxylin and eosin (H&E). In 
addition, the kidney sections were stained with periodic acid-
Schiff (PAS). The sections were then observed under an opti-
cal microscope (Olympus BX53, Tokyo, Japan).

Measurement of renal function

The serum and urine of mice in each group was collected for 
analysis. The serum levels of blood urea nitrogen (BUN), cre-
atinine (Cre), urine levels of kidney injury molecule-1 (KIM-1), 
and neutrophil gelatinase-associated lipocalin (NGAL) were de-
tected using commercially available assay kits in accordance 
with the respective manufacturer’s protocols.

Enzyme-like immunosorbent assay (ELISA)

The concentrations of IL-6, TNF-a, and IL-1b in serum were mea-
sured using an enzyme-like immunosorbent assay (ELISA) kit 
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(R&D Systems, Minneapolis, MN, USA) according to the man-
ufacturer’s instructions.

TUNEL assay

A terminal transferase dUTP nick-end labeling (TUNEL) assay 
with the in situ Apoptosis Detection Kit (KeyGen Biotech) was 
used to evaluate apoptosis. Briefly, the tissue sections were 

dewaxed by xylene and ethanol, followed by washing with phos-
phate-buffered saline (PBS), and incubation with 20 μg/mL pro-
teinase K (Abcam) for 25 minutes at 37°C. Then, the sections 
were incubated with the TUNEL reaction mixture for 60 min-
utes at 3°C. The apoptotic cells were observed and photo-
graphed by fluorescence microscopy.

Control ROF (3 mg/kg) Sham

CLPHE

PAS

CLP+ROF (1 mg/kg) CLP+ROF (3 mg/kg)

Control ROF (3 mg/kg) Sham

CLP CLP+ROF (1 mg/kg) CLP+ROF (3 mg/kg)

A

B

Figure 1.  Roflumilast alleviated sepsis-induced kidney injury. The kidney tissues were collected and stained with hematoxylin-eosin 
(H&E) (A) and periodic acid-Schiff (PAS) (B) to observe the histopathological changes. ROF – roflumilast; CLP – cecal ligation 
and puncture surgery.
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Data analysis

Data are presented as mean ± standard deviation (SD). The ex-
periments in vitro were performed 3 times. The statistical pack-
age for the SPSS 17.0 statistical software (SPSS, Inc., Chicago, 
IL, USA) was used in the statistical analysis. ANOVA following 
by Tukey’s multiple comparison test was performed to com-
pare the differenced among groups. P<0.05 was regarded as 
statistically significant.

Results

Roflumilast alleviated sepsis-induced kidney injury

The kidney tissues were collected and stained with H&E and 
PAS to observe the histopathological changes. As shown in 
Figure 1A and 1B, the structure of glomerulus was clear and 
complete, and extracellular matrix was distributed normally, and 
the kidney tubules were tightly packed in the Control group, 
ROF (3 mg/kg) group, and Sham group. But in the CLP group, 
mice developed severe histological kidney injuries as glomer-
ular basement membranes markedly thickened companied 

with glomerular hypertrophy, and the kidney tubules exhib-
ited diffuse expansion. The kidney structures were improved 
in CLP+ROF group and more obviously in CLP+ROF (3 mg/kg) 
group, compared with those in the CLP group.

Roflumilast alleviated sepsis-induced kidney dysfunction

To examine whether roflumilast reduced sepsis-induced AKI, 
the functional parameters were examined. Sepsis-induced mice 
developed kidney dysfunction as reflected by a significant in-
crease of Cre, BUN, KIM1, and NGAL. The levels of Cre, BUN, 
KIM1, and NGAL in roflumilast treated-mice following CLP sur-
gery were significantly decreased compared to those in mice fol-
lowing CLP surgery only (Figure 2A–2D). These data suggested 
that kidney function following CLP surgery was relatively pre-
served by the treatment of roflumilast, especially at 3 mg/kg.

Roflumilast decreased sepsis-induced inflammatory 
response

Next, we explored whether roflumilast suppresses the expres-
sion of pro-inflammatory cytokines involved in sepsis. The re-
sults of ELISA assay and western blot assay in Figure 3A–3G 
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Figure 2.  Roflumilast alleviated sepsis-induced kidney dysfunction. The serum levels of creatinine (Cre) (A), blood urea nitrogen 
(BUN) (B), urine levels of kidney injury molecule-1 (KIM-1) (C), and neutrophil gelatinase-associated lipocalin (NGAL) (D) were 
detected using commercially available assay kits. *** P<0.001 versus Sham; ## P<0.01, ### P<0.001, versus CLP. 
ROF – roflumilast; CLP – cecal ligation and puncture surgery.
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revealed that the expressions of IL-1b, TNF-a, and IL-6 were 
substantially increased in the kidney of mice that received 
CLP surgery compared to the other groups. Whereas, roflumi-
last significantly reduced the expressions of IL-1b, TNF-a, and 
IL-6 dose-dependently in the kidney of mice that received CLP 
surgery. These results suggested that roflumilast inhibited in-
flammatory cytokines levels in kidney of sepsis-induced AKI.

NLRP3 and NF-kB are considered as important mediator of in-
flammatory process. Thus, we examined whether roflumilast 
also regulated the activity of NLRP3 and NF-kB. As shown in 
Figure 3H–3J, we revealed an increased expression of NLRP3 
and NF-kB in CLP group, whereas the expressions of NLRP3 
and NF-kB were significantly decreased in mice following the 
treatment of roflumilast compared to the mice with CLP sur-
gery only.

Roflumilast reduced sepsis-induced cell apoptosis

Then, we detected whether roflumilast attenuated sepsis-
induced kidney cell apoptosis. As shown in Figure 4A–4F, 
the CLP group showed the most apoptotic cells in the kidney 
tissue samples, whereas the apoptotic cells were markedly re-
duced in the kidney tissue samples of roflumilast-treated mice, 
especially at 3 mg/kg. In addition, we examined the expres-
sion of apoptosis-related proteins in the kidney tissue in each 
group. By western blot assay, we revealed that Bcl-2 was de-
creased, and Bax, cleaved caspase-3, and cleaved caspase-9 
were increased in the CLP group. By contrast, treatment of ro-
flumilast significantly increased the expression of Bcl-2, and 
decreased the expressions of Bax, cleaved caspase-3, and 
cleaved caspase-9. These findings suggested that roflumilast 
prevented kidney cell apoptosis through increasing Bcl-2 and 
inhibiting Bax, cleaved caspase-3, and cleaved caspase-9 in 
response to CLP surgery.
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Roflumilast had no adverse effect on other organs

To understand whether roflumilast at a high concentration 
had any adverse effect on other organs, H&E staining was 
performed to detect the histopathology of heart, liver, spleen, 
and lung under the treatment of roflumilast (3 mg/kg) in mice. 
The heart, liver, spleen, and lung tissues were collected from 
mice that were treated with roflumilast (3 mg/kg) only and 
stained with H&E. The results in Figure 5 revealed that the 
structure of heart, liver, spleen, and lung were normal with-
out any damage. These results suggested that roflumilast, as 
used in this study, had no adverse effect on organs in mice.

Discussion

In our study, we revealed the protective ability of roflumilast 
in sepsis-induced AKI, using a realistic model of human sep-
sis. This was, to the best of our knowledge, the first study 
that investigated the influence of roflumilast on histopatho-
logical injury and kidney dysfunction in sepsis-induced AKI in 
mice, as well as investigated the underlying mechanism of ro-
flumilast on inflammatory response and cell apoptosis during 
sepsis-induced AKI. Our results clearly revealed that roflumi-
last significantly alleviated sepsis-induced histopathological 

damage and improved kidney function. Furthermore, roflumi-
last was found to retard the release of pro-inflammatory cy-
tokines and inhibit cell apoptosis, showing its anti-inflamma-
tory activity and anti-apoptotic activity in sepsis-induced AKI. 
Additionally, high concentration of roflumilast was demon-
strated to be nontoxic and have no adverse effect to the or-
gans in vivo. Thus, roflumilast may be potential drug candi-
dates for curing sepsis-induced AKI.

KIM1 and NGAL expression are the main characteristic of early 
AKI, and their monitoring has significance guiding the progno-
sis of AKI. KIM1, comprising an extracellular portion and cyto-
plasmic portion, is expressed at very low levels in the normal 
kidney. Once the kidney is injured, the extracellular portion 
could cleave and enter tubule lumens, and then could be de-
tected in the urine [12]. NGAL has been recognized as a hall-
mark of renal tubular injury [13]. NGAL has a high sensitivity 
and a high negative predictive value for detection of AKI in 
sepsis patients in serum and urine, which can be used as diag-
nostic and predictive biomarkers for AKI in critically ill patients 
with sepsis [14,15]. Our experimental results showed that ro-
flumilast could reduce the expression of KIM1 and NGAL, which 
were elevated in sepsis-induced AKI, indicating that roflumi-
last had a protective role on kidney function. The pathological 
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Figure 3.  Roflumilast decreased sepsis-induced inflammatory response. The concentrations of IL-1b, IL-6, and TNF-a in serum were 
determined by ELISA kits (A–C). The protein expression of IL-1b, IL-6, and TNF-a in kidney tissue was determined using 
western blot (D–G). The protein expression of NLRP3 and NF-kB was determined using western blot (H–J) *** P<0.001 
versus Sham; ## P<0.01, ### P<0.001 versus CLP. ROF – roflumilast; CLP – cecal ligation and puncture surgery; IL – interleukin; 
TNF – tumor necrosis factor; ELISA – enzyme-like immunosorbent assay; NLRP3 – nucleotide-binding domain (NOD)-like 
receptor protein 3; NF-kB – nuclear factor kappa-light-chain-enhancer of activated B cells.
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Figure 4.  Roflumilast reduced sepsis-induced cell apoptosis. Kidney cell apoptosis in mice were detected using TUNEL assay (A). 
The protein expressions of Bcl-2, Bax, cleaved caspase-3, caspase-3, cleaved caspase-9, and caspase-9 were detected using 
western blot assay (B–F). *** P<0.001 versus Sham; ## P<0.01, ### P<0.001 versus CLP. ROF – roflumilast; CLP – cecal ligation 
and puncture surgery; TUNEL – terminal transferase dUTP nick-end labeling.

changes of sepsis-induced AKI involved in the kidney are con-
sidered to be closely related to the course of the disease, and 
the histological results in our study demonstrated this.

A previous study revealed that roflumilast suppressed the re-
lease of pro-inflammatory cytokines including IL-6 and TNF-a 

in mice suffering from sepsis, and reduced the bacterial load, 
as well as an improved survival of mice, suggesting that ro-
flumilast lead to a better outcome for septic mice [10]. In ad-
dition, roflumilast has also been shown to prevent inflamma-
tion of multiple organs involved in sepsis, such as liver and 
lung [9,10]. In the present study, the results revealed that 
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roflumilast obviously decreased the concentration of and IL-1b, 
IL-6, and TNF-a both in serum and kidney tissue, indicating 
that roflumilast also prevented inflammation of kidney tissue 
in septic mice. As sepsis is a systemic inflammatory disease, 
roflumilast might exert its protective function through sup-
pressing inflammatory response of multiple organs that includ-
ing liver, lung, and kidney. It is known that activation of NLRP3 
inflammasome could result in the generation of series of pro-
inflammatory cytokines, such as cleaved caspase-1, IL-1b, IL-6, 
IL-18, and TNF-a [16]. Rolipram, another type of PDE4 inhib-
itor, has been demonstrated to inhibit NLRP3 inflammasome 
and cleaved caspase-1 in lipopolysaccharides-induced inflam-
mation in salivary glands [17]. Here, roflumilast was also dem-
onstrated to inhibit NLRP3 inflammasome which was elevated 
in sepsis-induced AKI. Therefore, roflumilast play a suppres-
sive role on NLRP3 inflammasome to mediate the release of 
inflammatory cytokines. Moreover, NF-kB is pivotal in inflam-
matory and immune response. The activation of NF-kB was 
observed in CLP-induced septic mice, and the inhibition of it 

might be an effective way to discover drugs that have a pro-
tective effect on kidney injury [18]. Roflumilast has been re-
ported to suppress inflammation by inhibiting NF-kB signaling, 
thus protecting against lung injury, renal damage, and diabetic 
bladder dysfunction [19 – 21]. In our study, results also showed 
a significant suppressive effect of roflumilast on NF-kB, indi-
cating that roflumilast might suppress inflammation through 
inhibiting NF-kB.

Apoptosis, a type of programmed cell death, plays a pivotal 
role in the injury and development of multicellular organisms 
in different tissues [22]. A combined action that include in-
flammation and apoptosis may take major responsibility for 
AKI caused by sepsis [23,24]. Here, we found that apoptotic 
cells were increased in the CLP group, whereas this condition 
was reversed in mice receiving roflumilast treatment. Besides, 
roflumilast treatment significantly increased the expression of 
Bcl-2, an indicator of anti-apoptosis, which was decreased in 
septic mice. On the contrary, roflumilast showed an opposite 

Heart Liver
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Figure 5.  Roflumilast had no adverse effect on other organs. The heart, liver, spleen, and lung tissues were collected from mice that 
were treated with roflumilast (3 mg/kg) only and stained with hematoxylin and eosin (H&E) for observation.
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function on cleaved caspase-3, cleaved caspase-9, and Bax, 
indicators of apoptosis, which were elevated in septic mice, 
suggesting that roflumilast could protect mice against kidney 
injury partly through downregulating cell apoptosis.

However, some limitations existed in our study. We focused 
on the potential effect of roflumilast in sepsis-induced AKI, 
so as to provide a basis for clinical therapy. In our opinion, 
a stable and effective plasma concentration is important for 
an effective treatment in vivo. Treatment with roflumilast pri-
or to CLP induction could make the effective plasma concen-
tration stable and reach a threshold value. Once CLP surgery 
induced sepsis resulted in acute kidney injury, the stable plas-
ma concentration exerted an effect immediately, and we could 
directly observe the effect of roflumilast. Therefore, roflumi-
last was begun 7 days prior to CLP in our study. However, in 
a real-life scenario, it is not possible to take the drug prior to 
sepsis, which was not taken into account in this study. Thus, 
more basic studies are needed to prove that roflumilast can 

have a potential role once sepsis is diagnosed. We plan to in-
vestigate the therapeutic effect of roflumilast after CLP in our 
further investigations to strengthen our understanding of the 
benefit of roflumilast in sepsis-induced AKI.

Conclusions

To conclude, our study indicated that roflumilast could ame-
liorate AKI induced by sepsis through restraining inflammatory 
response and apoptosis of the kidney, which might be asso-
ciated with its suppressive effect on NLRP3/NF-kB. According 
to such evidence, in sepsis-induced AKI treatment, roflumilast 
has a potential application.
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